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Abstract

Since dental pulp stem cells (DPSCs) were first reported, six types of dental SCs (DSCs)
have been isolated and identified. DSCs originating from the craniofacial neural crest
exhibit dental-like tissue differentiation potential and neuro-ectodermal features. As a
member of DSCs, dental follicle SCs (DFSCs) are the only cell type obtained at the early
developing stage of the tooth prior to eruption. Dental follicle tissue has the distinct
advantage of large tissue volume compared with other dental tissues, which is a
prerequisite for obtaining a sufficient number of cells to meet the needs of clinical
applications. Furthermore, DFSCs exhibit a significantly higher cell proliferation rate,
higher colony-formation capacity, and more primitive and better anti-inflammatory
effects than other DSCs. In this respect, DFSCs have the potential to be of great clinical
significance and translational value in oral and neurological diseases, with natural
advantages based on their origin. Lastly, cryopreservation preserves the biological
properties of DFSCs and enables them to be used as off-shelf products for clinical
applications. This review summarizes and comments on the properties, application
potential, and clinical transformation value of DFSCs, thereby inspiring novel

perspectives in the future treatment of oral and neurological diseases.
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Core Tip: This review is intended to summarize and comment on the properties,
application potentials, and clinical transformation value of dental follicle stem cells
(DFSCs). Stem cells derived from dental SCs (DSCs) originating from the craniofacial
neural crest exhibit dental-like tissue differentiation potentials and neuro-ectodermal
features, making them a promising alternative for the treatment of oral and
neurological diseases. Moreover, in contrast to other DSCs, DFSCs from the early-
developing tissues exhibit a number of superior properties, including larger tissue
volume, higher cell proliferation rate, more similar biological profiles to progenitor cells
of origin, and better anti-inflammatory effects, etc. These advantages are part of the
critical mechanism by which DFSCs exert therapeutic effects and are relevant for large
scale scaling and industrial generation for clinical applications. Moreover,
cryopreservation preserves the biological properties of DFSCs and enables them to be
used as off-shelf products for clinical applications. Therefore, DFSCs could have great
clinical prospects and translational value in oral and neurological diseases with natural

advantages.

ETRODUCTION

Stem cells are undifferentiated cells characterized by the ability of self-renewal,
clonality, and differentiation into various types of cellsl'l. With the development of cell
biology and modern medicine, the application of stem cells has brought a new approach
for restoring tissue defects and treatment of some refractory diseases/23l. To date,
regenerative medicine has become an important branch of modern medical science and
has played an increasingly important role in clinical treatment. Stem cells are a vital

element of regenerative medicine, and different stem cell types have their own
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advantages and drawbacksl4. With stem cell research deepening, it is crucial to explore
the appropriate stem cells to solve clinical problems and obtain better clinical outcomes.

Stem cells for application in regenerative medicine are divided into the following two
Etegoriesz Pluripotent and multipotent. Pluripotent stem cells include natural
embryonic stem cells (ESCs) originating from the inner cell mass of the blastocyte and
artificially induced pluripotent SCs (iPSCs)[5l. Multipotent stem cells refer to adult stem
cells that exist in different tissues of the body, and their main fupction is general
homeostasis and repair of injured tissues by differentiationl®l. Adult stem cells are also
known as postnatal stem cells and mainly originate from either epithelial cells or
mesenchymal cellsil.

Mesenchymal SCs Cs) are typical adult stem cells derived from mesenchymal
tissues. In addition to the ability of self-renewal, high proliferation, and multidirectional
differentiation, MSCs also present high immunomodulation and antiapoptotic capacity,
to achieve the purpose of promoting tissue regeneration and disease treatment.
Compared with ESCs, MSCs are multipotent but limited in terms of differentiation
ability. However, the acquisition and clinical application of ESCs are also dramatically
restricted to ethical, legal, safety, and source constraints!”l. Moreover, since iPSCs were
first generated in 2006 by Yamanaka et all® with four factors, a growing number of
researchers have focused on the clinical application prospects and transformation value
of iPSCs and their specialized differentiation cells. Nevertheless, iPSCs also present
some worrying aspects as follows: (1) iPSCs have pluripotency, similar to ESCs, as well
as the ability to cause possible teratomas while the specialized differentiated final
product contains undifferentiated cellsl’l; (2) there is poﬂaility of tumor formation by
integrated oncogenes, insertional mutagenesis, and disrupting tumor suppressor
genesl; (3) epigenetic memories and genomic aberrations have been detected in
reprogrammed cells['”; and (4) human skin fibroblast-derived iPSCs have a 72%
ultraviolet light-related damage, and human blood-derived iPSCs have a high

prevalence of acquired BCL6 corepressor mutations (26.9% of lines)[!1l.
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The first human trial using retinal pigment epithelium derived from iPSCs for the

treatment of age-related macular degeneration was star in Japan in 2014 but was
later suspended[’2l. Recently, another study has reported a distinctive case of immature
teratoma after the patient underwent autologous iPSC-derived cell therapy for diabetes.
Two months after the cells had been injected into the deltoid muscle, a teratoma formed
in the injection areal’®. Safety remains the most important criterion of a cellular product
for clinical applicationsl?]; thus, more safety-related quality detections with iPSC-
derived cell therapy should be performed. In contrast to ESCs, iPSCs, and iPSCs
specialized differentiation cells, several studies have demonstrated that MSCs exhibit
good safety profiles, making MSCs the most widely used cell type for clinical
applications at present!*1°l. To date, various MSCs have been discovered in different
tissues, including bone marrow, umbilical cord, umbilical cord blood, placenta,
amniotic fluid, hair follicle, adipose tissue, and dental tissues('7-26],

Since dental pulp stem cells (DPSCs) were first reported by Gronthos et all27 in 2000, a
growing interest has been observed toward the potential of dental stem cells (DSCs) for
the treatment of oral a eurological diseases/2%?1, Six types of human DSCs have been
isolated and identified at different stages of tooth development(*!. For instance, DPSCs,
stem cells from apical papilla (SCAPs)P!, stem cells from human exfoliated degiduous
teeth (SHEDs)P, periodontal ligament stem cells (PDLSCs)P3, and gingival
mesenchymal stem cells (GMSCs)34l can be gained after tooth eruption, while dental
follicle stem cells (DFSCs) are a special kind of DSCs, which can be obtained at the early
deyeloping stage of the tooth prior to eruption(*®! (Figure 1).

The dental follicle is an ectomesenchyme-derived and loose connective tissue
originating from the cranial neural crest. During the bud stage of tooth development,
the dental follicle is formed and surrounds the dental papilla and enamel organ, whi
plays a critical role in tooth eruption via regulating bone resorption and formation®l. In
the late bell stage, the denal follicle gives rise to the supporting tissues of the tooth-
periodontium, including cementum, alveolar bone, and periodontal ligament?7..

Compared with other dental tissues, dental follicle tissue has the obvious advantage of
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large tissue volume, which is the premise of obtaining a sufficient number of cells to
meet the needs of clinical application. Meanwhile, the number of DFSCs obtained in the
same passage is far greater than that of DPSCs, accordingly being more suitable for
large-scale expansion and industrial generation[3l. Due to the origin of dental follicle
tissue in the early stage of tooth development, it has been demonstrated that DFSCs
have the following advantages over DPSCs. First, DFSCs exhibit a significantly higher
cell proliferation rate and colony-formation capacity than DPSCs[3], which further
suggests that DFSCs may be better able to meet the needs of clinical transformation in
terms of quantity and quality. Second, &‘:’Cs originate from neural crest cells. DFSCs
have more sEilar protein profiles with cranial neural crest cells (CNCCs) than DPSCs,
and possess high potency in odontogenic differentiation in vitroP°l, which demonstrates
that DFSCs may have better transformation advantages for the treatment of
neurological and oral diseases. Third, DFSCs have better inhibitory effects on the
proliferation of proinflammatory lymphocytes and better promote the proliferation of
anti-inflammatory Treg cells than SHEDs and DPSCsl4, which indicates that DFSCs
have better immunoregulation capacity. Of note, the advantages in terms of quantity,
quality, differentiation, and immunoregulatory properties, as mentioned above, are part
of the critical mechanism by which MSCs exert therapeutic effects. In this regard,
DFSCs appear to be the gandidate cells with natural advantages for regenerative
medicine corﬁ-ared with stem cells from other dental tissues. Indeed, as a kind of
dental tissue-derived stem cells originating from the neural crest, DFSCs may be more
advantageous in promoting oral tissue regeneration, including periodontium, dental
pulp, and tooth regeneration, as well as in treating neurglogical injury and
neurodegenerative diseases, such as spinal cord and brain injury, as well as Parkinson's

disease (PD) and Alzheimer’s disease.

ORAL DISEASES AND FUNCTIONAL UNIT REGENERATION VIA DENTAL
FOLLICLE STEM CELLS

Periodontitis and periodontal regeneration
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The periodontium is a ﬁ)mplex functional unit that plays a critical role in the oral
cavityl4ll. Periodontitis is a common and chronic inflammatory disease caused by
plaque in the teeth®2l. As the disease progresses, gingival recession, loss of soft tissue
attachment, and even intrabony defects can occur, ultimately resulting in premature
tooth loss[#3l. To date, while numerous conventional clinical treatments for periodontitis
have been shown to control inflammation and aggressive progression, these strétegies
have not been able to achieve periodontal regeneration. Previous preclinical studies
have demonstrated that the transplantation of stem cells presented the potential and
provided new hope for periodontal regeneration!44.451,

The combination of DFSCs and hydroxyapatite scaffold forms a cpéentum-like
matrix in vivo after transplantation into micelP’l. Scaffold plays a critical role in tissue
engineering, providing support for transplanted stem cells and enhancing the
therapeutic effects of tissue regeneration. The cell sheet technique prevents extracellular
matrix degradation and provides a novel scaffold-free cell delivery strategyl‘tl. The
extracellular matrix contains numerous growth factors and provides support to the cells
without the need for additional scaffoldsl*’]. In addition, cell viability and function can
be restored without the digestion operation step. A complex of dental follicle cell sheets
forms periodontal tissue-like structures, including cementum-like structures and
periodontal ligament with abundant blood vessels after transplantation into the
subcutaneous areas of nude micel#], demonstrating that DFSC sheets have the potential
to achieve the goal of periodontal regeneration.

The tooth root development requires stimulation from Hertwig’'s epithelial root
sheath (HERS), and DFSCs differentiate into cementoblasts during the epitheljal-
mesenchymal interaction processi*l. Accordingly, it has been demonstrated that the
formation of cementum and periodontal ligament-like tissue was enhanced at 5 wk after
implantation into rat submentum when DFSCs had been pre-exposed to HERSCsl*,
suggesting that establishing a microenvironment similar to tooth root development is
important for periodontal regeneration. Moreover, appropriate microinflammation

preconditioning is important for improving the regeneration and immunoregulation
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capacity of DFSCs and their secreted exosomes. Lipopolysaccharides (LPS) upregulated
the expression of osteogenic and adhesion-related proteins in DFSC sheets, which
showed good performance in canine periodontal regeneration®ll. Furthermore, LPS
enhanced the paracrine activity and immunomodulatory effect of DFSCs, and LPS-
preconditioned DFSC-derived small extracellular vesicles (sEV) were beneficial for
repairing lost alveolar bone in rats®2. A later study further clarified that LPS-
preconditioned DFC-sEV inhibited intracellular reactive oxygen species (ROSé as an
antioxidant; it reduced the NF-«B receptor activator ligand/gsteoprotegerin ratio of
PDLSCs by inhibiting ROS/Jun amino-terminal kinase (JNK) signaling under
inflammatory conditions and promoted macrophages to polarize toward the M2
phenotype via ROS/extracellular signal-regulated kinase (ERK) signaling[®3l.

For clinical applications, autologous PDLSCs have been used in clinical studies
(ClinicalTrials.gov Identifier: NCT01357785; www.isrctn.com Identifier:
ISRCTN13093912), and the results showed no significant differences in the effect on
intrabony lesions between PDLSCs groups and scaffold-only groupsl5455l. Although
some previous studies have demonstrated that PDLSCs might be the first choice for
periodontal regeneration!?43, DFSCs can give rise to periodontal supporting tissues,
including cementum, alveolar bone, and periodontal ligaments. Moreover, previous
comparative studies have revealed that DFSCs exhibit a stronger capacity for the
regeneration of cementum and periodontal attachment than PDLSCsl4.5]. Thus, DFSCs

can be considered a better candidate cell source for periodontal regeneration.

Dental pulp necrosis and pulp regeneration

Dental pulp necrosis is an irreversible inflammatory dental disease that causes
destruction and loss of the pulp tiﬁ,le, resulting in the loss of teeth and even abscesses
of the jawll. Bacterial infections play a key role in the development of dental pulp
necrosis. Bacterial invasion and colonization were observed in the pulp necrotic areas
with caries exposure and symptomatic irreversible pulpitis. Additionally, bacterial

penetration of blood vessels occurred, which may spread bacterial infections!®®l. Before
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it leads to more serious consequences, endodontic treatment must be performed to
remove the damaged pulpl®6l. However, the tooth becomes more fragile and
susceptible to caries, periapical infection, and fracture after endodontic treatment
because of the loss of blood and nutrition supplyl5?1.

Stem cell-based dental pulp regeneration the objective of developing new
methods to replace the coﬁentional treatment of dental pulp necrosis. Scaffolds, stem
cells, and growth factors have been used for de pulp regeneration. Findings from
animal studies have shown that DPSCs seeded in a collagen scaffold with dentin matrix
protein 1 were able to induce the formation of dental pulp-like tissues in
immunodeficient micel¢ll, and DPSCg pellets stimulated by bone morphogenetic protein
2 promotednthe dentin formation onto the amputated pulp of dog teethl®?l. Later,
autologous pulp stem cells and granulocyte colony-stimulating factor with a clinical-
grade atelocollagen scaffold were transplanted into the dog pulpectomized teeth,
promoting pulp/dentin regenerationl®3l. A pilot clinical study using a similar strategy
has also observed complete pulp regeneration in humansl®l. Moreoyer, a scaffold-free
translation strategy has also been used for pulp rﬁneration. DPSC aggregates derived
from the autologous canine tooth pulp induced the regeneration of three-dimensional
pulp tissue equipped with blood vessels and sensory nerves 12 mo after treatment/®l.
Consequently, DPSCs are derived from the pulp tissue and it appears that DPSCs have
the potential to promote dentin-pulp regeneration, while DFSCs have a similar capacity.

Previous studies have demonstrated that providing an inductive microenvironment
with a suitable scaffold could achieve dentin and even dental pulp regeneration.
Treated dentin matrix (TDM) is derived from animal or human dentin matrix treated
with ethylenediamine tetraacetic acid, containing abundant collagen, noncollagenous
proteins, and growth factors. Both rat and human TDM induce and support complete
dentin regeneration, in addition to inducing transplanted DFSCs to differentiate into
odontoblasts and express dentin sialoprotein and matrix protein 1156671, The cell sheet
technique promotes tal pulp regeneration. DFSC sheets were substituted for DFSCs

and, in combination with TDM, were implanted subcutaneously into the dorsum of
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mice. New dentin pulp-like tissues were observed after eight weeks post-
transplantationl®8l. Moreover, native_dental pulp extracellular matrix (NDPE) can be
used to obtain prefabricated-shaped dental pulp. Dentin-pulp complex-like tissues and
columnar odontoblasts-like layers arranged along the interface between newly formed
predentin matrix could be found after DFSCs-NDPE-TDM transplantation to the jaw of
miniature swine for 12 wkl®l. Therefore, DFSCs could also exhibit the capacity to

regenerate the dentin-pulp tissues with suitable inductive scaffolds.

Tooth root and whole-tooth regeneration

The regeneration of whole teeth is a major objective and promise of oral regenerative
medicine. To date, two main strategies have been used to achieve this goal. The first
strategy is a combination of mesenchymal and epithelial cells to construct a
bioengineered tooth germ, which is then transplanted into the alveolar socket. Parts of
animals showed whole-tooth eruption around 3.5 mo after tooth-germ implantationl”?l.
However, several barriers should be addressed in future studies of bioengineered teeth,
such as indiscriminate shape and smaller size than natural teethl*”073l The second
strategy includes the direct reconstruction of the functional units, such as bio-tooth root
with periodontal tissue-like structures and dentin-pulp-like tissues.

As with the combination of implants and crowns to replace missing teeth, researchers
have explored implant-like scaffolds to reconstruct the root. As mentioned above, TDM
has the potential to be a suitable scaffold for root reconstruction. Yang et all®8l used
calcified human dentin to model an alveolar microenvironment and used DESC sheets-
TDM-DFSC sheets to reconstruct the pulp-root-periodontium structure. TDM could
induce and support DFSC sheets to develop new dentin-pulp and cementum-
periodontium-like tissues after subcutaneous transplantation into nude mice for 8
wkl68l. Moreover, with seed DFSCs, the complex of aligned PLGA /Gelatin electrospun
sheet/TDM/NDPE generated tooth root-like tissues after 12 wk of transplantation in
porcine jawsl®l. Shape-optimized TDM scaffolds with DFSCs were transplanted into the

alveolar bone of swine, and ceramic crowns were installed. These bio-tooth roots not
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only regenerated histologically but also allowed masticatory functions and remained
stable for 3 mol74l. In nonhuman primates, a novel functional biological root complex
was constructed based on DFSC sheets and in vitro three dimensional (3D) suspension
culture. This complex was then transplanted into rhesus monkeys and gradually
restored occlusal function and long-term masticatory function for 2 years during the
evaluation period!”l. In this regard, DFSCs with suitable scaffolds have the potential to
be suitable stem cells for whole-tooth reconstruction based on bio-booth root
regeneration.

THERAPEUTIC POTENTIALS OF DENTAL FOLLICLE STEM CELLS IN
NEUROLOGICAL DISEASES

Neural differentiation gf dental follicle stem cells

As mentioned above, dental follicle is an ectomesenchyme tissue that originates from
the cranial neural crest. DFSCs not only express the markers typical of MSCs [e.g.,
cluster of differentiation (CD) 44, CD90, CD105] but alswxpress neural cell markers
(e.g., Nestin, p-III tubulin, and CNpase)/’>78] and even embryonic stem cell markers
(octamer-binding transcription factor 4 and sex-determining region Y-box 2)I79l,
indicating that DFSCs may retain some of the neur d embryonic features and can
differentiate into neural-like cells. DFSCs display neural-like cell morphology with
small neurite-like cell extrusions with a neuronal differentiation strategyl7l. Dental pulp
comprises blood vess neural fibers, and connective tissue, and DPSCs exhibit
extraordinary capacity to differentiate into neural-like cells and represent a potential
source for neuronal regeneration therapies!®l. However, a comparative study has
demonstrated that DFSCs possess more similar protein profiles to CNCCs than
DPSCsl*l. Moreover, compared with DPSCs, the expression of CNpase, neurofilament
protein, Nestin, and pB-III tubulin of DFSCs was upregulated significantly after
treatment in the same neural-induction condition!”8l. From this perspective, DFSCs may
be a better candidate cell type for neural differentiation and even for the treatment of

neurological diseases based on pre-differentiation.
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Therapeutic potentials of dental follicle stem cells in neurotrauma and

irodegenerative disorders
Spinal cord injury (SCI) is a severe neurological trauma that causes the impairment of
sensory and motor functionsl®l. The acute stage of injury is directly caused by trauma,
including compression, contusion, and shear injury forces. Proinflammatory cells are
then activated, releasing abundant inflammatory cytokines, which induce a cascade of
secondary injuryl®2l. Many neurons, astrocytes, and other neural cells die in the injured
area due to necrosis or apoptosis during the secondary injury/®l. Until now, current
clinical strategies have not achieved satisfactory outcomes due to irreversible damage to
neural cells. Stem cell-baged therapies hold the promise of developing new approaches
for the treatment of SCI. Several types of stem cells have been used for transplantation,
such as neural SCs (NSCs), ES/iPS-derived NSCs, and MSCsl#l. However, the sources
of NSCs are limited and also face ethical issues. ES/iPS-derived cells exhibit some of the
aforementioned worrying aspects. Thus, MSCs may now be a better candidate cell type
for SCI. Researchers have compared the therapeutic effeﬁ of MSCs from bone marrow
and dental pulp. Transplantation of DPSCs promoted marked recovery of locomotor
function in the hind limbs, while transplantation of bone marrow SCs (BMSCs) resulted
in substantially less recmﬁy of locomotor function in rats with complete SCI. The main
mechanisms include inhibition of apoptosis in neurons, astrocytes, and
oligodendrocytes; promotion of regeneration of disjunct axons; and differentiation into
mature oligodendrocytes to replace lost cells(®l. Later, another comparative study
explored the differences among DFSCs, SCAPs, and DPSCs for the treatment of SCI.
Findings from an animal study demonstrated that all three types of DSCs, especially
DFSCs, have the potential to promote functional recovery after SCI by reducing the
inflammatory response, promoting neurite regeneration, reducing progressive
hemorrhagic necrosis, and differentiation into mature neurons and oligodendrocytes
but not astrocytesl”7l. Moreover, scaffolds_yith DFSCs were also used to repair the

spinal cord defect; for example, aligned poly-e-caprolactone/poly-lactide-co-glycolic
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acid electrospun material allowed nerve fibers to pass through, and induced DFSCs to
diEerentiate in vivol8el,

PD is a common and progressive neurodegenerative disorder characterized by
tremors, rigidity,_and bradykinesial8758l. The aggregates of ubiquitin and a-synuclein-
positive protein, Lewy bodies, and the loss of dopaminergic neurons in the substantia
nigra pars compacta are the main characteristics that define PD?. The incidence of the
disease rises steeply with age, affecting approximately 1% of the population between
the ages of 70 years and 79 years/®. Although pharmacological approaches (such as
amantadine and levodopa) and nonpharmacologic strategies (deep brain stimulation,
exercise, and physical therapy) have been used in PD treatment(?192], these therapeutic
strategies only delay the progression of the disease and relieve the symptoms but do
not achieve regeneration of dopaminergic neurons. There has been considerable
excitement about the use of MSCs to treat neurodegenerative diseases via secretion of
anti-inflammatory factors [e.g indoleamine (2,3)-dioxygenase (IDO), prostaglandin E2
(PGE2)], growth factors [e.g., vascular endothelial growth factor (VEGF), glial cell line-
derived neurotrophic factor (GDNF)|, and exosomes to achieve neuroinﬂan@ation
attenuation and neural regeneration!”%l. Various cell types, including BMSCs, adipose
derived stem cells, umbilical cord mesenchymal stem cells (UCMSCs), and DSCs, and
their neural-primed cells or accessory products (such as exosomes) have been used to
treat PDI%I. The locomotive defect was recovered in PD rats after neural-primed
SHEDs were transplanted and differentiated into neurons and dopaminergic neurons in
vivo. The transplanted cells resided in the brains of rats and formed functional
connections”®l. DFSCs have also been transplanted for the treatment of PD and
survived in the transplanted regions of PD mice for more than 6 wk after surgery.
DFSCs not only increased the number of dopaminergic neurons around them but also
differentiated into tyrosine hydroxylase-positive cells, indicating that DFSCs may be a
potential source in the exploration of possible therapeutic roles in PDI%I. In addition,
other DSCs have been used to treat stroke, Alzheimer’'s disease, and a variety of

peripheral nervous system diseases/!%:101], Based on the biological properties of DFSCs,

12/17




they may also present promising therapeutic effects in the treatment of the

aforementioned neurological diseases.

IMMUNOREGULATION OF DENTAL FOLLICLE STEM CELLS

Both in oral and neurological diseases, the immunomodulatory capacity is one of the
most crucial functions of MSCs to facilitate the repair or regeneration of damag

tissues(5177]. MSCs can regulate the proliferation, activation, maturation, and function of
innate and adaptive immune cells via cell-to-cell direct contact, soluble cytokines, and
exosomes!®2. As a kind of MSCs, DFSCs also present immunomodulatory
characteristics. In acute lung injury models, DFSCs could suppress the production of
proinflammatory cytokines, such as monocyte chemoattractant protein (MCP)-1,
interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a; decregse the proportion of
proinflammatory macrophage M1 phenotype; increase the level of anti-inflammatory
cytokine IL-10 and the prcﬁrtion of anti-inflammatory M2 phenotype both in
bronchoalveolar lavage fluid in vive and in vitro experiments[1%3l. Furthermore, DFSCs
also exhibit great therapeutic potential in autoimmune diseases and chronic
inflammatory disorders. DFSCs suppress the proliferation of T lymphocytes and
lymphocyte apoptosis but increase the number of Tregs. DFSCs_aglso reduce the
secretion level of TNF-a but upregulate the level of IL-10 in peripheral blood
mononuclear cells (PBMCs) of patients with rheumatoid arthritis/'®l. Moreover, in
inflamed mononuclear cell samples of patients with Crohn’s disease, DFSCs al

downregulate lymphocyte proliferation, CD4 + IL22BP T cell ratio, and the secretion of
TNF-a and IL-6, but increase the frequency of Tregs and the level of IL-10[1%5]. From the
case studies mentioned above, we can briefly summarize that DFSCs exert the common
immune modulatory capacity via suppressing proinflammatory immune cells [e.g.,
T-helper (Th) 1, Th17, macrophage M1] and cytokines (e.g., TNF-a, IL-1, IL-6) and
increasing the number of anti-inflammatory immune cells (e.g., Tregs, macrophage M2)
and cytokines (e.g., IL-4 and IL-10). Therefore, it is necessary to design experiments to

examine the ratio or level changes in inflammatory cells and cytokines after co-culture
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of DFSCs with activated PBMCs, which can help us to screen the cells with superior

immune properties and obtain better clinical outcomes.

CRYOPRESERVATION OF DENTAL FOLLICLE STEM CELLS

Stem cell-based therapies have been investigated for tissue engineering and treatment
of many diseases for several decades, and cryopreservation can be used to effectively
preserve stem cells. Cryopreservation is the process of gradually cooling cells or tissues
to sub-zero temperatures, and finally preserving them in the gas phase liquid nitrogen
(-150°C to -196°C) for an extended period. In this state, the biological activity of the cells
is stopped, and their viability can be restored by careful thawing when needed[106l.
Human DFSCs isolated from fresh and cryopreserved dental follicles show similar
biological characteristics, such as proliferation ability, surface markers, and tri-linage
differentiation capacities!!97l. Moreover, the two types of DFSCs possess the same
osteogenic differentiation potential and immunomodulatory properties for bone tissue
engineering, resulting in the inhibition of adaptive immune response, which
demonstrates that the stemness and immunomodulatory capacity of long-term-
preserved dental follicle tissues can be restored(l%8l. Another study compared the
biological characteristics between cryopreserved DFSCs and the cells from
cryopreserved dental follicles. After 3 mo of cryopreservation, the cells from the
cryopreserved dental follicles showed similar levels of stemness and apoptosis-related
genes and exhibited similar osteogenic and adipogenic differentiation capabilities to
cryopreserved DFSCsl1??. In this regard, both cryopreservation of DFSCs from fresh
dental follicle tissues and direct cryopreservation of dental follicle tissues can preserve
the biological properties of the cells. As a consequence, cryopreservation technology
enables DFSCs to the off-the-shelf products for clinical applications.

Cryopreservation addresses the preservation of DFSCs. Another problem is that it is
questionable whether allogeneic stem cells exhibit the same therapeutic effects as
autologous stem cells. A previous study compared the therapeutic effects of allogeneic

and autologous PDLSCs on periodontal tissue regeneration in a miniature pig model of
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periodontitis. Significant periodontal tissue regeneration_was achieved in both

transplanted groups without significant difference due to low immunogenicity and
marked immunosuppression of T-cell antigen via PGE2M10. Furthermore, allogeneic
DSCs likely did not affect the therapeutic effects because of their inherent
characteristics. However, more experiments should be performed to compare the
outcomes of allogeneic and autologous DFSCs in different diseases.

In addition to cell cryopreservation, sorrﬁbiological materials can be cryopreserved.
For instance, after being cryopreserved in liquid nitrogen with cryoprotectant for
several months, the cryopreserved TDM exhibited superior mechanical properties,
more dentin-related proteins, and a lagger pore diameter than the fresh TDM. The
cryopreserved TDM was also able to induce dental follicle cells to regenerate new
dentin-pulp-like tissuesl'!!], suggesting that the cryopreservation techniques address the
preservation of biological materials and also enable them to be used as off-the-shelf

scaffold for tissue engineering.

CONCLUSION

In this review, it was found that among MSCs, stem cells derived from dental tissue

originating from the craniofacial neural crest exhibit ﬁental—like tissue differentiation
potential and neuro-ectodermal features, which makes them a promising alternative for
the treatment of oral and neurological diseases. Moreover, in contrast to other DSCs,
those from the early-developing tissues exhibit several superior properties, including
larger tissue volume, higher cell proliferation rate and colony-formation capacity, more
similar biological profiles to progenitor cells of origin, and better anti-inflammatory
effects. These advantages are part of the critical mechanism by which MSCs exert
therapeutic effects and are relevant for large-scale scaling and industrial generation for
clinical applications. Cryopreservation preserves the biological properties of DFSCs and
enables them to be used as off-shelf products for clinical applications. Therefore, DFSCs
could have great clinical prospects and translational value in oral and neurological

diseases with natural advantages.
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Currently, SHEDs, DPSCs, PDLSCs, and GMSCs have been used in clinics(5465112113],
and clinical trials of DFSCs are also forthcoming. For fuﬁre clinical applications of
DFSCs, several key points need further investigation. First, as one of the three essential
elements in tissue engineering, the selection of stem cells is vital. Therefore, potency
assessment and screening criter'&x should be established, including donor screening and
culture system optimization. In addition to sterility, safety, activity, homogeneity,
purity, and stability, the levels of released cytokines or markers associated with
immunomodulation (e.g., IL-4 and IL-10), dental tissue (e.g, VEGF, dentin
sialophosphoprotein), or neural regeneration (e.g., Nestin, GDNF, and brain-derived
neurotrophic factor, nerve growth factor) should be detected(!”l. Furthermore, the
potency evaluation system should contain the_inhibition of proinflammatory immune
cells (e.g., Th1, Th17, and macrophage M1) and cytokines (e.g., TNF-a, interferon-y, IL-1,
and IL-6), the promotion of anti-inflammatory immune cells (e.g., Tregs, macrophage
M2) and cytokines (e.g., IL-4 and IL-10) after PBMCs co-culture with DFSCs in vitro, and
the promotion of neuron and oligodendrocyte or multi-differentiation capacity that
includes neural/osteogenic differentiationl7*103105114-120] - Then, in vivo experimerﬁ
should be used to verify the correctness of the potency assessment system. Second, in
the field of tissue engineering, appropriate scaffold materials have a synergetic effect on
the promotion of regeneration with stem cells. Some of these materials include beta-
tricalcium phosphate, collagen sponge, xenogeneic bone substitute, and TDM, some of
which have been used in the clinicl®%74113121122] Without a doubt, the quest for more
suitable scaffold materials remains a long-term process. Third, a wide range of bioactive
factors and RNAs, including proteins, cytokines, proinflammatory components, extracts
from biological materials, long non-coding RNAs, and microRNAs, have been used to
enhance differentiation and immunomodulation capacities!>12-127], and these strategies
may further improve the therapeutic potential of DFSCs in clinical applications in the
future. Collectively, with the development of materials and preconditioning strategies,

and in combination with the natural superiority exhibited by DFSCs in terms of
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medicinal properties, DFSC-based therapeutics are a promising strategy for the future
treatment of oral and neurological diseases.

Figure 1 Main dental stem cells derived from different dental tissues. This image
shows the six types of human dental stem cells isolated and identified at different stages
of toot velopment. Dental follicle stem cells are obtained at the early developing
stage of the tooth prior to eruption.

Figure 2 The origin of dental follicle stem cells and the main strategies/mechanisms
of dental follicle stem cell-based therapies in oral and neurological diseases. Dental
follicle stem cells (DFSCs) originating from the craniofacial neural crest exhibit dental-
like tissue differentiation potential and neuro-ectodermal features. For the regeneration
of periodontium and pulp, the main strategy is the combinatign of DFSCs or their
accessory products (exosomes) with various scaffolds (such as treated dentin matrix,
native dental pulp extracellular matrix, and hydroxyapatite). The cell sheet technique
prevents the degradation of the extracellular matrix and makes it a natural scaffold. In
addition, appropriatﬁtimulation may enhance the therapeutic effect, such as
preconditioning with Hertwig’s epithelial root sheath cells or lipopolysaccharides. For
the treatment of neurotrauma and neurodegenerative disorders, DFSCs enable tissue
regeneration primarily by reducing inflammatory response and apoptosis, promoting

angiogenesis, and differentiating into mature functional neurons and oligodendrocytes.
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