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Abstract

Dental follicle cells (DFCs) are dental stem cells that can only be obtained from tooth germs or after extraction of unerupted wisdom

teeth. For many years, DFCs have been studied in basic research and preclinical studies in regenerative dentistry, as they are involved in

both the development of the periodontium and tooth eruption. Since the first isolation, the number of studies with DFCs has increased.

This article summarizes the most important articles of the last five years to provide an overview of current research topics. The focus

was on basic research and preclinical research. Basic research includes articles on tooth development and tooth eruption, as well as

research into molecular mechanisms during osteogenic differentiation. In addition, articles on preclinical research with DFCs focused on

regenerative therapies and immunotherapies are also discussed. These new studies show that DFCs have improved our understanding of
periodontal development and regeneration. DFC research is important for the regenerative dentistry of the future; however, preclinical
studies indicate that significant progress is still needed before DFCs can be integrated into routine clinical practice.
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1. Introduction

Human dental follicle cells (DFCs) were first iso-
lated and characterized as dental stem cells approximately
20 years ago [1]. Human DFC are special somatic stem
cells because they cannot be obtained from the body at
any time, but are lost during the development of the tooth
when the follicle disappears. They can therefore play an
important role in biological studies of tooth development.
These multipotent dental stem cells can either be used in
basic research for molecular studies under in vitro con-
ditions or in different applications of regenerative den-
tistry such as tissue engineering. As the number of stud-
ies on DFCs has increased over the years, it is important
to categorize and summarize recent developments in DFC
research. This article has taken on this task and is di-
vided into different chapters: tooth developmental, stem
cell culture conditions, senescence, molecular processes
of osteogenic differentiation, tissue engineering and im-
munomodulation/extracellular vesicles.

2. Tooth Development
2.1 Dental Follicle Cell Populations

The dental follicle is an important tooth germinal
tissue as it is involved in both tooth root development
and tooth eruption. New insights into tooth root devel-
opment have been gained through single-cell transcrip-
tome analyzes using murine dental follicle cells and their
progeny such as cementoblasts and periodontal ligament
cells [2]. Ono and co-workers identified parathyroid
hormone-related protein (PTHrP) as a specific marker for
undifferentiated cells in murine dental follicles [2,3]. An-

other possible marker for undifferentiated human dental
follicle cells is the fibroblast activation protein-o (FAPq).
This protein is a membrane protein with dipeptidyl pepti-
dase and type I collagenase activity, but very little is known
about their function in tooth development [4]. In con-
trast more information can be obtained from PTHrP pos-
itive DFCs in mice. RNA velocity analyses from single
cell transcriptomes showed for example that cementoblasts
were derived directly from PTHrP+ DFCs at the early stage
of development and not from other DFC derived cell types
[5]. High expression of PTHrP is also an important marker
for human DFCs with enhanced osteogenic differentiation
potential [6] (see also below) and therefore an interesting
marker of DFCs in studies of tooth development.

Another study showed that murine dental follicles dif-
fer from incisor or molar tooth germs. In a study pub-
lished in 2021, He et al. [7] isolated cells from murine
tooth germs, which came from either the incisor or molar
germ. These cells were cells from the cervical loop, Her-
twig’s epithelial sheath and follicular cells, which were iso-
lated from either the incisor (I DFC) or the molar (M_DFC)
from postnatal rats on the seventh day. The study investi-
gated to what extent conditioned medium from dental ep-
ithelial cells (cervical loop, Hertwig epithelium), which are
likely to control both tooth root formation and tooth erup-
tion, influences the properties of I DFCs or M_DFCs. In-
terestingly, there were clear differences. The osteogenic
differentiation and mineralization abilities of I DFCs were
stronger than those of M_DFCs. Both cervical loop- and
Hertwig’s epithelial sheath cell-derived CM enhanced these
abilities of I DFCs, whereas they showed the opposite ef-
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fect of M_DFCs. Overall, immunohistochemical studies on
tooth germ tissues from mice suggested that I DFCs ex-
pressed markers for bone formation rather than bone resorp-
tion relative to M_DFCs. This may be related to tooth erup-
tion, which could control DFCs in tooth germs of molars
[7]. In this context, Wang et al. [8] were able to show that
bleomycin, which has a known cytostatic effect, can pre-
vent tooth eruption when administered locally to the den-
tal follicle. According to the authors’ conclusion that this
outcome does not have a cytotoxic effect, signaling path-
ways inhibited by bleomycin may provide initial clues as to
which factors may play a role in tooth eruption. The molec-
ular mechanism of bleomycin in DFCs is also related to os-
teogenic differentiation (see below). As suggested by the
studies with PTHrP positive DFCs (see above), there are
subpopulations of undifferentiated DFCs that differ signif-
icantly. It will be important in the future to further charac-
terize these populations and their roles in tooth eruption and
periodontal formation.

2.2 Relationship to Dental Papilla Cells

The relationship between the mesodermal dental germ
tissues, the dental follicle and the apical papilla remains un-
clear in tooth development and has also been an area of re-
search. While stem cells from the apical dental papilla are
the actual precursors of odontoblasts and other cell types
of the dental pulp/dentin complex, the odontoblastic dif-
ferentiation or trans differentiation potential of DFC is un-
clear. However, a new study could help clarify this. This
study showed that cells from harmatomatous, hyperplastic
calcifying dental follicles had an odontoblastic phenotype
[9]. These mineralizing cells expressed typical odontoblast
markers such as dentin sialoprotein (DSP) or nestin. While
this study suggests an odontoblastic potential of DFCs, an-
other study also demonstrated strong interactions between
cells of the dental follicle and the apical papilla. It was
shown here that apical papillary cells inhibit the differen-
tiation of DFCs via the Hedgehog signaling pathway [10].
This appears to be related to the secretion of osteoglycin
(OGN) by apical papillary cells. The results of these two
studies suggest a close relationship and essential interac-
tions between the cells of the dental follicle and the dental
papilla.

2.3 Epigenetics

In recent years, studies have also been carried out into
the importance of epigenetic factors in tooth development.
One study examined the expression levels of long-non-
coding RNAs in dental follicles that came from impacted
wisdom teeth [11]. Here, the RNA maternally expressed 3
(MEG3) and non-coding RNA activated by DNA damage
(NORAD) were induced in the dental follicles. However,
these data do not allow conclusions to be drawn about the
molecular mechanisms that led to the cystic lesion of the
dental follicle. Another study looked at the chromatin orga-

nization of Hox genes [12]. The study examined the methy-
lation of histone proteins and was able to show clear differ-
ences that could suggest a causal connection between the
expression of HOX genes and the methylation patterns of
the promoters. The authors showed this particularly for the
promoters of undifferentiated dental follicle cells and alve-
olar osteoblasts [12]. However, the tight regulation of HOX
gene clusters appears to be related to tooth formation and, to
a lesser extent, to periodontal development and tooth erup-
tion. One factor for the tight regulation of HOXA2 gene is
for example is the long non-coding RNA HOTAIRM1 (see
also below for molecular mechanism in osteogenic differ-
entiation) [13]. However, a study on epigenetic factors dur-
ing osteogenic differentiation of DFCs have become more
common in recent years [14].

Research investigating molecular mechanisms should
be as important in the study of tooth development as studies
of cell populations outlined above. The work on molecular
mechanisms is probably even more important, as it must be
remembered that cells, especially after isolation, are very
heterogeneous and can have very different properties. Ex-
amples of this are given in the next chapter.

3. DFC Cultivation and Its Further
Characterization by Comparison with Other
Cell Types

3.1 Isolation of Epithelial Cells

An important topic of research with dental follicle
cells is isolation and cell culture. A major concern with
the initial isolations of DFCs was the extent to which con-
tamination with epithelial cells might have occurred [15].
These could, for example, be remnants of Hertwig epithe-
lial cells. This concern is entirely justified, as epithelial
cells can often be seen in histological specimens of dental
follicles [16]. However, there has always been interest in
epithelial cells from the dental follicle, with a major focus
on the question of the extent to which these epithelial cells
can be converted into mesenchymal cells (EMT) not only
in order to obtain another source of periodontal progenitor
cells. Interestingly, in recent years a working group was
able to isolate epithelial cells from human dental follicles
[17,18]. They cultured them in serum-free medium. Inter-
estingly, EMT took place in the presence of serum and the
cells became ectomesenchymal DFCs. It remains unclear
with which oral epithelial cell type these isolated cells can
best be compared and what the proportion of native epithe-
lial cells is in DFC cultures after EMT, since DFC culture
media are mainly not serum-free.

In this context, it should be noted that the cell culture
conditions have a major influence on the properties of the
DFCs, such as the surface properties and the cell culture
medium. The plasticity of the cells should also not be for-
gotten, which, in combination with factors that cannot be
further determined, determines the selection of stem cells
that define the quality of the DFCs.
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3.2 Cryopreservation

Another topic of stem cell culture is cryopreservation.
The quality issue of cryopreserved cells compared to freshly
isolated DFCs has long been unclear, but two recent pub-
lications addressed this issue [19,20]. Interestingly, both
studies came to different conclusions. While Raik et al.
[19] showed that dental stem cells, including DFCs, are
very robust and do not require complicated preservation
protocols, AlHindi and Philip [20] showed a large variation
in osteogenic differentiation potential in fresh and cryop-
reserved samples. Although cryopreservation for research
purposes generally does not cause major problems, future
research projects in the field of cell therapies and/or stem
cell banking should examine this topic in more detail.

3.3 Comparison with Other Stem Cells

In recent years there have also been some studies that
have compared the differentiation potential of DFCs with
other mesenchymal stem cells, particularly from dental tis-
sue. Qu ef al. [21] compared the osteogenic differentia-
tion of DFCs with dental pulp stem cells (DPSCs), peri-
odontal ligament stem cells (PDLSCs), and alveolar bone
derived mesenchymal stem cells (ABMSCs). While DFCs
showed higher proliferation and apoptosis rate, ABMSCs
and PDLSCs showed the highest osteogenic ability, fol-
lowed by DPSCs. DFCs had the lowest potential [21].
In contrast to this study, Perczel-Kovach et al. [22] and
coworkers showed that DFCs, PDLSCs, and DPSCs had
similar functional osteogenic differentiation capacities, al-
though their expression profiles of key osteogenic mark-
ers showed significant differences. This study also showed
that the expression of stem cell markers such as STRO-
1 should not necessarily be used to assess the quality of
stem cells, but rather functional studies should be carried
out [22]. Petrescu et al. [23] were able to achieve simi-
lar results in a comparison with DPSCs. They showed that
the expression of osteogenic markers was higher in DFCs
than in DPSCs after differentiation [23]. On the other hand,
another study showed that DPSCs have an excellent po-
tential in biomineralizing cells, which can be further en-
hanced by 173-estradiol [24]. The osteogenic differenti-
ation potential of DFCs was weaker, which corresponded
well with a strong adipogenic differentiation potential [24].
Interestingly, another study showed that DFCs and PDLSCs
have better adipogenic differentiation potential than DP-
SCs, which may indicate the strongest differentiation po-
tential of DPSCs into biomineralizing cells [25]. Look-
ing at these studies as a whole they suggested that the os-
teogenic differentiation of DFCs is more difficult than that
of other stem cells and requires further investigation to im-
prove this. Therefore, studies on osteogenic differentiation
mechanisms will also be discussed later in this article. They
represent one of the most important focuses of research with
DFCs.
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Finally, a new comparative proteome study has also
been published in recent years. The proteome of DFCs
was compared with that of closely related stem cells of
the apical papilla (SCAP) [26]. The authors found that
12 proteins were significantly upregulated and 4 were sig-
nificantly downregulated, and concluded that the high ex-
pression of cluster of differentiation (CD)13 and Myris-
toylated alanine-rich C-kinase substrate (MARCKS) could
explain that DFCs have a higher proliferation ability than
SCAP [26]. However, such generalizations should always
be treated with caution, as there are differences within dif-
ferent isolations of stem cell cell-lines. For example, there
may be differences between stem cells that come from the
same donor or even from the same cell culture [27,28].
Moreover, we were also able to show that, for example, a
higher endogenous expression of PTHrP is associated with
greater osteogenic differentiation potential in DFCs [6].

4. Senescence
4.1 DNA Replication

Cellular senescence is a problem in stem cell therapy
and needs to be controlled and understood. Induction of
cellular senescence in DFCs reduces typical features of so-
matic stem cells such as osteogenic differentiation or cell
proliferation [29], but the actual cause of senescence is still
unclear and a major focus of DFC research [30]. One study
showed that senescence is induced more quickly in pre-
senescent cells with shortened telomeres than in compara-
bly old cells with longer telomeres [31]. Interestingly, P53,
which is a well-known cell cycle regulator protein and a
marker of cellular senescence, is not associated with the in-
duction of cellular senescence in DFCs [32]. In contrast to
P53, the cell cycle protein E2F1 is involved in the induction
of cellular senescence and it is also discussed to what extent
DNA repair plays a role in the induction of senescence [32].

4.2 DNA-protein Kinase

Although a recently published study showed that re-
pair sites for DNA double-strand breaks appear after mild
irradiation but do not cause radiation-induced senescence
despite cell cycle arrest [33], another study showed that an
impaired expression of DNA repair protein DNA-protein
kinase (DNA-PK) inhibits cellular senescence [34]. Al-
though DNA-PK contributes to the induction of cellular
senescence, inhibition of DNA-PK did not lead to the
restoration of senescent DFCs [34]. Rather, inhibition of
DNA-PK appears to inhibit osteogenic differentiation and
the import of glucose and glycolysis, which is also as-
sociated with a suppressed osteogenic differentiation po-
tential [34]. Cellular senescence is associated with in-
creased demand of glycolysis or the “glycolytic metabo-
type”, which can be induced by activation of 5’adenosine
monophosphate-activated protein kinase (AMPK), and de-
creased autophagy [35]. These last two studies suggest that
stimulation (by AMPK inducer metformin) or inhibition of
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glycolysis (by DNA-PK inhibitor NU7441) are associated
with the induction or inhibition of cellular senescence, re-
spectively [34,35]. Overall, induction of signals that inhibit
apoptosis, such as activation of protein kinase B (AKT)
[34], and support cell cycle progression, such as the extra-
cellular signal-regulated kinases (ERK) signaling pathway
[36], appear to be involved in the induction of senescence.

4.3 Curcumin as a Senescence Suppressor

A recently published study showed how senescence
can be prevented [37]. Interestingly 50 mM curcumin (50
mM) inhibited senescence in DFCs, which showed no effect
on cell size, but restored the ability to proliferate. Curcumin
is supposed to work by downregulating senescence marker
P16 and restoring expression of proliferation marker E2F1,
among other things. In addition, curcumin also restored the
osteogenic differentiation potential in DFCs by inducing os-
teogenic markers such as Runt-related transcription factor
(RUNX2) and osteopontin (OPN) [37]. However, the acti-
vated signaling pathways and the “metabolic status” in the
treated cells remain unclear. It is also not clear to what ex-
tent the results obtained in the studies with DFCs on senes-
cence are reproducible. Interestingly, Dasi et al. [37] sug-
gest that P53 is involved in cellular senescence of DFCs,
but they did not contradict previous observation that cellu-
lar senescence in DFCs is independent of P53 expression
[32]. However, the expression of P53 was induced after
curcumin treatment, but experiments after inhibition of P53
showed that this factor did not induce cellular senescence of
DFCs [37].

5. Evaluation of Molecular Mechanisms of
the Osteogenic Differentiation

Elucidating the process of osteogenic differentiation is
one of the main research topics of DFCs and a comprehen-
sive review article has been published recently [14]. A cur-
rent model for the molecular mechanism is also presented
in Fig. 1. However, this article summarizes the last trends
of this research.

5.1 Inducers and Inhibitors of the Osteogenic
Differentiation

One trend is the discovery of more or less specific in-
ducers and inhibitors of the osteogenic differentiation. For
example, Wei et al. [38] showed that the expression of
periostin supports osteogenic differentiation and the main-
tenance of cell viability in an inflammatory microenviron-
ment. Periostin appears to be involved in the suppression of
cellular stress, which, as the authors have shown, has a neg-
ative effect on differentiation. Cellular stress is caused by
oxidative stress, among other things, and reactive oxidative
species (ROS) inhibit osteogenic differentiation of DFCs
[39]. However, a study with N-acetylcysteine, which has
an antioxidant effect, have shown that in the right dosage
it can also improve cellular properties, particularly osteo-

genesis and senescence [40]. The authors showed that this
positive effect on the osteogenic differentiation is mediated
via AKT, which has already been shown to be involved
in the differentiation of DFCs [41]. Moreover, a natural
product can also influence the differentiation of DFCs. A
study showed that puerarin, an isoflavone glycoside, pro-
moted osteogenic differentiation of rat DFCs via the acti-
vation of the nitric oxide pathway [42]. On the other hand,
there are also molecules or proteins that have an inhibitory
effect on osteogenic differentiation. For example, antidi-
uretic hormone inhibits osteogenic differentiation of DFCs
via Vla receptors and a phospholipase C-associated sig-
naling pathway, resulting in increased cytoplasmic calcium
concentration and inhibition of mineralization [43]. Inter-
estingly, the known inhibitory effect of bleomycin on tooth
eruption (see above) could also be attributed to the inhi-
bition of osteogenesis in DFCs via activation of the Trans-
forming growth factor (TGF)-51/Mothers against decapen-
taplegic homolog 7 (SMAD7)/RUNX2 signaling pathway,
which inhibits the differentiation of DFCs [44]. The effects
of the inhibitors and activators summarized here seem to be
due to side effects such as regulation of oxidative stress or
inhibition/activation of signaling pathways, which are in-
volved in osteogenic differentiation.

5.2 AMP-activated Protein Kinase

Another study indicates that AMPK and the down-
stream activated process of autophagy inhibit osteogenic
differentiation of human dental follicle cells [45]. These
processes are particularly activated when the cell is lack-
ing energy and indicate that hunger signals disrupt differ-
entiation. In line with this hypothesis, another study was
able to show an increased energy supply through glycolysis
and oxidative phosphorylation during differentiation [46].
It can therefore be assumed that an increased energy level
and/or processes associated with it play an essential role in
osteogenic differentiation and that manipulation of regula-
tory proteins of this process, such as AMPK, inhibits os-
teogenic differentiation [45].

5.3 Signaling Pathways

PTHrP, which has been studied for many years, is im-
portant for osteogenic differentiation (Fig. 1) because it
connects important parts of the osteogenic differentiation
machinery (bone morphogenetic protein (BMP)-pathway,
WNT-pathway and AKT and protein kinase C (PKC)). A
negative feedback loop has been demonstrated between
PTHrP and the BMP signaling pathway through which
PTHrP and the osteogenic differentiation are induced [47,
48]. It has also been shown that the nuclear localized form
of PTHrP, which is highly associated with the osteogenic
differentiation potential of DFCs [6], is also involved in the
activation of protein kinase A, which induces the expression
of DLX3 and downstream the osteogenic differentiation
[49]. On the other hand, another study seems to show that
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Fig. 1. Simplified representation of the DLX3 associated mechanisms of osteogenic differentiation of DFCs. AKT, protein kinase B;
BMP2, bone morphogenetic protein 2; DLX, distal-less homeobox transcription factor; GSK, glycogen synthase kinase; LEF, lymphoid
enhancer-binding factor; PKA, protein kinase A; PKB, protein kinase B; PKC, protein kinase C; PTHrP, parathyroid hormone-related
protein; Smad, small mothers against decapentaplegic; LEF/TCF, lymphoid enhancer factor family/T cell factor; DFCs, dental follicle

cells.

the expression of the receptor of PTHrP (PTH1R) also posi-
tively influences osteogenic differentiation [50]. Important
in this context is a study that showed that PTHrP is involved
in the expression of protein kinase C, which regulates the
activation of S-catenin via the AKT/Glycogen synthase ki-
nase (GSK)-£ signaling pathway; PKC and AKT are highly
regulated during osteogenic differentiation [48,51,52]. Cu-
riously, the WNT signaling pathway inhibitor dickkopf
(DKK1) induced the expression of the WNT signaling path-
way target protein S-Catenin and the osteogenic differenti-
ation in human DFCs [48], but it inhibited the differenti-
ation of rat DFCs [53]. These studies suggest a complex
interplay between PTHrP, the WNT signaling pathway, the
BMP signaling pathway, AKT and PKC for the osteogenic
differentiation of DFCs.

Other factors have also been found that are probably
not directly related to PTHrP. Examples are the transcrip-
tion factors nuclear factor 1 C-type (NFIC) or ALF tran-
scription elongation factor 4 (AFF4), which promote the
proliferation and osteogenic/cementogenic differentiation
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of DFCs [54,55]. Moreover, endosomal sorting complexes
vacuolar protein sorting 4 homolog B (VPS4B) [56], gap
junction communication membrane protein Connexin 43
(CX43) [57], ion channel protein transient receptor poten-
tial melastatin 7 (TRPM?7) [58] and the mechanosensitive
ion channel Piezol [59] were discovered to be involved in
the osteogenic differentiation of DFCs. However, the con-
text of the underlying mechanisms is largely unknown, so
PTHrP and the PTHrP-related signaling pathway have been
and will likely continue to be the most fruitful targets for
exploring the molecular mechanisms of osteogenic differ-
entiation of DFCs.

5.4 Epigenetics

In the investigation of the molecular mechanisms of
differentiation, another focus is on nucleic acids such as
non-coding RNAs associated or proteins associated with
epigenetics. The long non-coding RNA HOXA transcript
antisense RNA, Myeloid-Specific 1 (HOTAIRM1) has been
mentioned earlier in this article to regulate the expres-
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sion of homeobox gene HOX2A and to be involved in the
osteogenic differentiation of DFCs [13]. A recent study
showed that HOTAIRM1 upregulates the oxygen-sensing
histone demethylases lysine demethylase 6B (KDM6A/B)
and inhibits the methyltransferase enhancer of zeste 2 poly-
comb repressive complex 2 subunit (EZH2) in a hypoxia
inducible factor 1 subunit alpha (HIF-1«)-dependent man-
ner to enhance the osteogenesis of hDFCs [60]. Although
it will be interesting to further elucidate this process, the
postulated induction of HIF-1« during differentiation con-
tradicts another study that showed that HIF-1« is inhib-
ited [46]. The microRNA miR-204 could also provide im-
portant insights into the field of osteogenic differentiation.
Initial data suggest that miR-204 regulates genes involved
in the osteogenic differentiation of DFC. In particular, the
bone-specific transcription factor RUNX2, the mineraliza-
tion maker alkaline phosphatase (ALP) and the bone ex-
tracellular matrix protein SPARC are targeted by miR-204
[61]. It will be important to integrate these data into a model
of differentiation. RNA modification is also involved
in the regulation of differentiation. N®-methyladenosine
(mC®A) is the most common RNA modification and reg-
ulates gene expression in many processes. Its effect on
the osteogenic differentiation of DFCs was recently inves-
tigated [62]. Here, N®-methyladenosine (m®A) demethy-
lases, fat mass and obesity-associated protein (FTO) and
AlkB homolog 5 (ALKBHS5) were investigated in DFSCs.
The authors demonstrated a RUNX2-independent signal-
ing pathway consisting of m6A demethylase, microRNA
miR-7974, and FK506-binding protein 15 (FKBP15) on
the osteogenic differentiation of DFCs, which, among other
things, affected the organization of the actin cytoskeleton in
DFCs [62].

5.5 Opportunities for Translational Research

All studies in this section show that the mechanism of
osteogenic differentiation is far from being completely un-
derstood. However, it can be assumed that with the help
of individual key proteins or signaling pathways, an under-
standing can be achieved in the near future that will enable
targeted control of osteogenic differentiation. Key proteins
could be PTHrP and PKC. It is difficult to assess whether
these key proteins or its pathways have potential effects on
clinical application such as supporting bone regeneration.
There are substances, such as the PKC inhibitor Gottingen
(GO)6976, which, based on in vitro study [52], could be
well suited for bone regeneration. However, osteogenesis
is a complex process that is slowly becoming better under-
stood, but not yet in all its complexity. In order to under-
stand this precisely, thorough basic research is still required.

6. Tissue Engineering

Tissue Engineering is another major DFC research
topic. In tissue engineering, stem cells are combined with
biomaterials to obtain functional organs for transplantation

under ex vivo conditions. One problem is obtaining enough
cells for therapy. Suitable carriers were therefore sought
that would support the mass cultivation of multipotent stem
cells. A previous study showed that one product could be
nanofiber microspheres (NFM), which support the prolifer-
ation, metabolic activity and differentiation of DFCs [63].
Another possibility is an agarose-based spheroid culture.
This cell culture method increased the stem cell capacity
and also promoted the differentiation potential of DFCs
[64]. The future will also show to what extent the formation
of so-called organoids can support stem cell cultivation for
regenerative therapy [65].

6.1 Alveolar Bone

For bone tissue engineering stem cells are not only
combined with biomaterials but growth factors are also re-
quired. However, biomaterials are the main subject for
bone tissue engineering research. Although there are dif-
ferent topics the main goal is the compatibility of biomate-
rials and stem cells. In a current study, E et al. [66] com-
bined a nanohydroxyapatite/collagen/poly(l-lactide) scaf-
fold with DFCs and recombinant human BMP2. With this
combination, DFCs showed better osteogenic differenti-
ation ability than alveolar marrow-derived mesenchymal
stem cells, demonstrating the potential of DFCs for alveo-
lar bone regeneration. In a more sophisticated study, the mi-
cromechanical compatibility between cell and substrate was
investigated to achieve energetically favorable mechan-
otransduction that guides the stem cell [67]. The results of
this study suggest that maximal mechanical interaction can
only occur when cell stiffness and substrate stiffness (local
scaffold stiffness) are comparable, which is important for
stem cell proliferation or differentiation. Authors of this
study used atomic force microscopy in combination with
a cell to investigate the mechanical properties [67]. An-
other study used a real-time bioimaging system to investi-
gate the success of tissue formation under in vivo conditions
[68]. Interestingly, a previous study of this group focused
on 3-dimensional (3D) culture of DFCs on biomaterials for
bone regeneration. They were able to show that 3D scaf-
folds loaded with DFCs cultured under dynamic conditions
showed higher tissue growth and stronger osteogenic dif-
ferentiation than dental pulp cells [69]. Two other stud-
ies showed that stem cell properties of DFCs benefit from
low-intensity pulsed ultrasound [70] or de-differentiation
of already differentiated cells [71]. Moreover, xenogeneic
dentin matrix [72] and a lyophilized, platelet-rich fibrin that
forms a composite with gelatin and bioadhesive bone ce-
ment [73] were evaluated as scaffolds for biomineralization
and for the regeneration of alveolar bone defects. These
studies demonstrate again that advances that increase our
understanding of the cultivation and differentiation of DFCs
will bring us closer to the goal of successful bone tissue en-
gineering.

&% IMR Press


https://www.imrpress.com

6.2 Periodontal Tissue

Further studies have focused on the regeneration or tis-
sue engineering of the periodontium. One problem in the
differentiation of DFCs is the oxidative stress that is gener-
ated due to the formation of an extracellular matrix [40,74].
A study by Zhang et al. [74] attempted to solve the problem
and their results suggest that N-acetylcysteine can signifi-
cantly protect the viability and stem cell property of DFCs
under oxidative stress and achieve better and longer last-
ing effects in bioroot grafts. Interestingly, in a subsequent
study on periodontal ligament regeneration, the group of
Lan ef al. [75] showed that administration of rosiglitazone
(RSG), an agonist of the adipogenic transcription factor per-
oxisome proliferator activated receptor gamma (PPAR-7),
significantly increased the host’s antioxidant capacity and
increasing the efficiency of periodontal ligament tissue re-
generation. The authors conclude that RSG preserves the
biological properties of the transplanted stem cells under
oxidative stress (OS) microenvironment [75]. These stud-
ies used natural decellularized dentin scaffolds, which are
very commonly used for periodontal tissue engineering.
Recently, another technology has emerged that 3D prints
scaffolds using hydroxyapatite, which is a promising can-
didate for personalized bioroot regeneration [76]. The same
3D printing technology using a combination of biomaterials
and DFCs as ink was able to produce biomimetic periodon-
tium patches for functional periodontal regeneration [77].
Printed tissue patches resembled functional periodontal tis-
sue after transplantation.

6.3 Tissue Engineering of Non-dental tissues

In addition to dental therapies significantly more at-
tempts have been made to use DFCs for tissue engineer-
ing. DFCs are also being investigated for the regenera-
tion of nerve tissue [78], cartilage [79,80], tendons [81] and
wound healing [82]. However, these studies are still at an
early stage and it is unclear to what extent DFCs are actu-
ally suitable for such treatments. The studies mentioned are
only preliminary results and need to be confirmed by further
similar studies. It is important to note that basic research
will be particularly important to better understand the key
molecular processes required to generate tissues from non-
dental tissues using DFCs.

7. Immune Modulation and Extracellular
Vesicles

The use of dental stem cells such as DFCs for immune
modulation is an important goal of current pre-clinical
and/or clinical research. This stem cell-based treatment
is part of immunotherapy and generally weakens immune
cells of patients suffering from autoimmune diseases or pe-
riodontitis, for example [83,84]. An obvious application of
DFCs is periodontitis and it has recently been shown in pre-
clinical experiments that a successful use is not only due to
the formation of new tissue, but also to the modulation of
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immune cells involved in the degradation of periodontal tis-
sues [85]. Extracellular vesicles, which were derived from
lipopolysaccharide (LPS) stimulated DFCs, facilitate peri-
odontal regeneration through macrophage reprogramming
via the formation of M2 macrophages, which, for example,
suppress bone resorption by osteoclasts [85]. Moreover,
Wei et al. [86] demonstrated a possible mechanism. They
showed that recombinant periostin, which is matricellular
protein and highly expressed in transplanted DFCs, facili-
tates this macrophage reprogramming through the integrin-
aM/phosphorylated extracellular signal-regulated kinase
(p-Erk)/Erk signaling pathway [86]. This result also sug-
gest that the positive effect of DFC-based therapy might
be due to periostin and is a promising molecular agent to
promote periodontal regeneration [86]. In addition to pe-
riodontal regeneration, the immunomodulatory properties
of DFCs also appear to have an effect on other types of
immune diseases. Examples are Sjogren’s syndrome [87],
Crohn’s disease [88] or sepsis [89]. Here, initial studies
showed immunosuppressive properties of DFCs when they
were co-cultured with immune cells isolated from patients
or animal models.

It should be noted that this immunotherapeutic as-
pect in research with DFCs has increased in recent years.
This topic also includes work with extracellular vesicles
that could be obtained from cell cultures with DFCs. In
continuation of previous studies on immunomodulation
and periodontal regeneration, Huang et al. [85] recently
demonstrated that extracellular vesicles isolated from LPS-
preconditioned DFC cultures (see above [85]) inhibit apop-
tosis in periodontal cells and alveolar bone loss in an animal
model of periodontitis [90]. Interestingly, similar results
with vesicles from DFCs were also shown by another group,
who could particularly demonstrate increased cell prolifer-
ation on periodontal ligament (PDL) cells [91]. These new
results further demonstrate the versatility of DFC-derived
extracellular vesicles for periodontal regeneration. How-
ever, while the signaling pathways involved for example in
anti-apoptosis and macrophage reprogramming have been
at least partially elucidated, the responsible molecules of
the extracellular vesicles that trigger these biological pro-
cesses remain unclear. However, in further experiments, Yi
et al. [92] were able to show that the matrix vesicles acti-
vate PKC in supporting osteogenesis, which again shows
that this kinase plays an important role in the regulation
of osteogenic differentiation (see above). Another study
showed that bacteria are also direct targets of these small
vesicles because they prevent growth and biofilm forma-
tion by Porphyromonas gingivalis. They also prevent the
adhesion and invasion of gingival epithelial cells, thereby
reducing the expression of pro-inflammatory cytokines and
bacterial invasion of gingival epithelial cells. This treat-
ment also resulted in less bone loss in animal experiments
[93]. Interestingly, isolation of extracellular vesicles does
not seem to be absolutely necessary, as a medium condi-
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tioned by DFCs can also increase the regenerative capacity
of the inflamed dental pulp of rats via a paracrine pathway
[94]. The use of DFCs vesicles also does not seem to be ab-
solutely necessary, as vesicles from non-dental stem cells
such as adipogenic stem cells also lead to regeneration of
periodontal tissue [95]. It will be interesting to see to what
extent extracellular vesicles from different stem cells differ
and whether there are also similarities that can explain these
therapeutic successes.

8. Conclusions

The research focus with DFCs in recent years has been
on basic research and preclinical research. The studies with
and on DFCs in recent years have shown that PTHrP is not
only an interesting marker for stem cells, but also plays a
special role during osteogenic differentiation. In the future,
it will be important to further characterize this PTHrP pos-
itive cell population and its role in tooth eruption and peri-
odontal formation.

Senescence is also an important research area with
DFCs. Even if the results on the development of cellular
senescence of DFCs seem to contradict each other, cell cy-
cle and crucial metabolic processes are important keywords
for future research projects. Finally, preclinical research is
becoming more and more exciting, with not only tissue re-
generation but also immunotherapy playing an important
role. The use of components of DFCs such as extracellu-
lar vesicles is also a groundbreaking development, espe-
cially when considering clinical feasibility. These biologi-
cal products are much easier to characterize and may even
be replaced by cell-free products based on new research
results in the future. However, extensive research is still
needed. The next few years will determine the direction in
which DFC-based research and therapies will develop.

The results of the studies summarized here indicate
that DFC cell lines are heterogeneous in their properties.
However, it is unlikely that these differences are solely
due to the isolation method, as previous experiments have
shown differences between cell lines despite identical iso-
lation methods. This also applies to different cell lines de-
rived from the same donor [27]. However, it can also be
assumed that the isolation method influences the properties
of the cell. New methods could help to better understand
the properties of DFCs. The development of new technolo-
gies such as single-cell RNA sequencing or CRISPR/Cas9
could help to solve open questions in DFC research. The
new sequencing techniques could help to answer ques-
tions about different subpopulations and also help to de-
velop new concepts for identifying certain (differentiated)
cells [96]. Using the clustered regularly interspaced short
palindromic repeats/CRISPR-associated 9 (CRISPR/Cas9)
method, DFCs could be manipulated in a targeted manner,
for example to optimize osteogenic differentiation. These
could be important steps towards clinical application. How-
ever, studies are also necessary that show a proof of concept

of the feasibility of the therapies. So care must be taken to
ensure that there are suitable animal models that are very
similar to human application in order to obtain approval for
clinical trials based on their reliability and safety. For clin-
ical trials, there must also be clear parameters that allow an
assessment of success. However, it can be assumed that the
first attempts could be disappointing and that there is still
a lot to learn here. A new direction in therapy will then be
necessary. Basic research in dental cell biology could help
here.
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