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Abstract

Oral Neural Crest-Derived Stem Cells (oNCSCs) are a type of adult
stem cell that can be isolated from the oral cavity. These stem cells
have the ability to differentiate into various cell types, including neu-
rons, glial cells, and adipocytes. oNCSCs have been shown to play a
crucial role in the regeneration and repair of damaged tissues in the
oral cavity, making them a promising candidate for use in regenerative
medicine. This paper provides an overview of oNCSCs, including their

origin, isolation methods, and potential applications in tissue engineer-
ing and regenerative medicine.
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Introduction

Oral-Derived Neural Crest-Derived Stem Cell Populations
(oNCSCs) are multipotent cells that have shown great prom-
ise in bone tissue engineering. oNCSCs can differentiate into
osteoblasts, chondrocytes, and adipocytes, making them an
ideal source for regenerative medicine. In this publication, we
will explore the characterization of oNCSC populations in the
teeth and their therapeutic potential for bone tissue engineer-
ing. Emerging evidence suggests that adult craniofacial tissues
in vertebrates contain limited numbers of post-migratory NCSCs
(reviewed in [1]. Adult multipotent NCSCs posses high levels of
cellular plasticity which is only surpassed by pluripotent stem
cells including embryonic stem cells and induced pluripotent
stem cells. In particular, NCSCs have been shown to differentiate

efficiently into ectodermal and mesodermal progeny including
neuronal, glial, osteogenic, adipogenic, and chondrogenic cells,
as well as melanocytes and Mesenchymal Stem Cells (MSCs).
Previously, we have shown that multipotent Nestin-expressing
NCSCs are present within the rat, mouse, and human palate
[2,3]. Anatomically, within the subpalatal lamina propria, these
cells are localized adjacent to specialized mechanoreceptors re-
ferred to as Meissner corpuscles [4]. Being a highly regenerative
tissue [5-7], the mammalian palatal tissue contains several oth-
er cell types harboring progenitor cell and stem cell properties.

Characterization of oNCSC Populations: Palatal NCSCs can
be accessed within minimally-invasive surgical procedures, ex-
panded in vitro self-adherent neurospheres under serum-free
conditions and are able to differentiate into major ectodermal
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and mesenchymal neural crest derivatives. Thus, NCSCs repre-
sent promising candidate cells for the use within modern regen-
erative medicine [8]. However, future use of human NCSCs in
the clinical routine requires rigid testing in appropriate animal
models to evaluate their safety and efficacy. Notably, according
to the revised ISSCR guidelines for stem cell research and clinical
translation, large animal models should be used since they bet-
ter emulate the human anatomy and/or pathology [9]. In partic-
ular, the route of administration, the optimal cell numbers and/
or dose of biologicals can be better extrapolated to the human
system based on large animal studies (Figure 1). In this context,
sheep models offer the advantage of a body weight similar to
humans and a significantly longer lifespan than rodent models
allowing long term studies. This is especially important in evalu-
ating the safety and efficacy of autologous stem cell transplan-
tation in long term preclinical studies.
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Figure 1: Summary of procedures for isolating stem cells from den-
tal pulp. Stem cells are routinely obtained from pulp tissue, by tis-
sue (left) or by enzymatic digestion (right).

Several adult stem cell populations have been identified in
the sheep including amniotic fluid MSCs [10], derived from pe-
ripheral blood [11], MSCs from the olfactory epithelium [12]
and the neural crest-derived periodontal ligament stem cells
[13].

oNCSCs can be isolated from the periodontal tissue of ex-
tracted teeth (Figure 2). The cells can be cultured and expanded
in vitro to generate a homogeneous population of stem cells.
oNCSCs express surface markers such as CD29, CD44, CD73,
CD90, and CD105, but do not express markers such as CD34
and CDA45, which are associated with hematopoietic cells [14].
oNCSCs also express neural crest cell markers such as nestin,
Sox10, and p75NTR [15]. oNCSCs can differentiate into osteo-
blasts, chondrocytes, and adipocytes under appropriate condi-
tions [16]. The differentiation potential of oNCSCs is regulated
by various signaling pathways, including the Wnt, BMP, and
Notch pathways [17]. oNCSCs have also been shown to secrete
various growth factors and cytokines, which can stimulate tis-
sue regeneration [18].

In addition to this isolation and differentiation of oral NCSC,
Molthera GmbH has another collection option from the subepi-
thelial tissue of the palate. For this specific aim Standard Op-
erational Procedures (SOP's) have been developed by Molthera
GmbH, PCT/EP2006/066221“A post-natal periodontal-derived
neural stem cell”:
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Figure 2: oNCSCs of neural crest origin can be isolated from dif-
ferent tissues within the oral cavity. Microscopic pictures dem-
onstrate that oNCSCs form typical neurosphere-like structures, if

cultivated in a chemically defined culture medium.

Premolar POL

- Perform a new clinical technology to obtain uncultured
NCSC isolates from a human tissue source (subepithelial con-
nective tissue of the human palate) based on immuno-magnetic
selection for CD271-positive stem cells. Based on our results
obtained so far, we assume that uncultured CD45-/lowCD271+
NCSCs uniformly express CD73, CD90 and CD105. In addition,
variable expression of MSCA-1 and SUSD?2 is expected.

- There by enriching human NCSCs from subepithelial
connective tissue of the palate from a native cell count of 10°
to a cell count above 107. Enriched oral NCSC fractions express
increased levels of BMP-2, COL1A2, VEGFC, SPARC, and CXCL12
transcripts. After culture expansion, CD271-selected NCSCs will
be tri-potentially and phenotypically identical to NCSCs select-
ed by plastid adherence (Figure 3).
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Figure 3: Determination of the anti-inflammatory potential of stem
cell-derived CM.

Clinical-grade oNCSC selection with CD271 microbeads and
the CliniMACS® system

We are using a cost-reducing clinical grade cultivation sys-
tem for oNCSCs by using cGMP grade Afc-FEP bags. Afc-FEP
bag-cultured oNCSCs will grow three-dimensionally in the hu-
man blood plasma-derived matrix, showing unchanged mor-
phology, proliferative capacity, and the same expression profile
compared to classically three-dimensionally cultured oNCSCs
in standard adherent cell cultures. The genetic stability, of the
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oNCSCs cultured in the Afc-FEP bags is, moreover, accompanied
by an unaltered telomerase activity. Importantly, the oNCSCs
retain their potential to differentiate into mesodermal cell types
of oral wound healing and regeneration into a variety of human
tissues [19].

Briefly, prior to separation, oNCSCs are washed (400x g for
20 minutes) with GMP grade PBS/EDTA (Miltenyi Biotec) con-
taining GMP grade 5% w/v human serum albumin. The super-
natant is discarded. The volume in the transfer bag is then ad-
justed to 95 ml by adding PBS/EDTA/HSA buffer, to which the
contents of a vial containing anti-CD271 microbeads for cell
isolation are added. The cell/bead mixture is then incubated at
Room Temperature (RT) for 30 minutes. The transfer bag is then
transferred to the Clini MACS instrument and connected to a
CliniMACS tubing set to achieve separation into a positive (post)
and negative cell fraction. As background information, it should
be added that the cell marker CD271, also known as LNGFR
(low-affinity nerve growth factor receptor) or p75NTR, belongs
to the “low-affinity neurotrophin receptor and tumor necrosis
factor receptor” superfamily. CD271 is a well-known marker for
ecto-mesenchymal stem cells, such as the oral NSCS we used.

Principle of MACS® separation

Briefly, first, the CD271+ cells are magnetically labeled with
CD271 Micro Beads. Then, the cell suspension is loaded onto a
MACS® column, which is placed in the magnetic field of a MACS
separator. The magnetically labeled CD271+ cells are retained
within the column. The unlabeled cells pass through, thus the
magnetically labeled CD271+ cell fraction is enriched with
CD271+ cells. After removing the column from the magnetic
field, the magnetically labeled CD271+ cells can be eluted as
a positively selected cell fraction. To increase purity, the posi-
tively selected cell fraction containing the CD271+ cells must be
separated via a second column (Figure 4).
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Figure 4: NCSCs express p75/ CD 271.
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Ovine neural crest-derived stem cell (ovineNCSCs) isolation
and culture

Briefly, palatal tissue was extracted from female sheep ac-
cording to local guidelines and with approval from the Stav-
ropol State Medical University Animal Ethics Committee (ap-
proval number 39, 16/04/2014). Prior to surgery, animals were
starved overnight and had antibiotics administered (penicillin/
streptomycin 3 ml/kg i.m) and general anesthesia was induced
with thiopentone 20 mg/kg i.v. The sheep were intubated orally
and anesthesia was maintained by halothane (1-2%) and ni-
trous oxide/oxygen in a ratio of 1:2. Extraction of the tissue was
achieved using minimally-invasive access to the palate followed
an atraumatic approach. For harvesting the stem cell-containing
palatal tissue, a horizontal incision to the bone has been made

5 mm from the palatal gingival margin. Another horizontal inci-
sion has been made 2 mm coronal to the first incision and the
periosteum has been dissected before removing the wedge of
soft tissue. An approximately 10 x 6 mm subepithelial connec-
tive tissue graft was harvested from the palate and placed in
100 ml pre-cooled Chill Protec R plus solution. Incisions were
closed with resorbable sutures. An antiseptic mouthwash was
applied after surgery (chlorhexidine, 0.2%) for 3 days, and ani-
mals were returned to normal grazing. Additional control pala-
tal tissue was extracted post-mortem at the Centre for Dairy
Research (The University of Reading, Hall Farm) according to
local guidelines. After mechanical dissection using a scalpel
and surgical scissors, the palatal tissue was dissociated using
4 mg/ml Dispase at 4° for overnight followed by Collagenase
I (0.3 units/ml, 90 min, 37°) treatment and mechanical tritura-
tion with a fire-polish glass Pasteur pipette. oNCSCs were cul-
tured in serum-free media (Dulbeccos modified Eagles medium
[DMEM]/F12) containing basic FGF-2, 20 ng/ml, EGF, 20 ng/ml,
B27 supplement in low adhesion T25 cell culture flasks in a hu-
midified incubator at 37° and 10% CO,. After 8-10 days, the cul-
tures reached sub-confluency and primary neurospheres were
dissociated using Trypsin/EDTA and a 100um cell strainer result-
ing in an average of 2 x 10° single oNCSC per flask. The result-
ing oNCSC suspension was resuspended in DMEM/F12 contain-
ing basic FGF-2, 20 ng/ml, EGF, 20 ng/ml, B27 supplement and
10% newborn calf serum. The sub culturing protocol consisted
of neurosphere passaging every 3—4 days with whole culture
media change. For adherent culture, neurospheres were dis-
sociated and cultivated in DMEM/F12 supplemented with 10%
Fetal Calf Serum (FCS), FGF- 2 (20 ng/ml), and EGF (20 ng/ml).
Medium was changed every 2—4 days. Adherent cells were pas-
saged at 80-90% confluency using Trypsin/EDTA [20].

Figure 5: oNCSCs isolated from the adult ovine palate show stem
cell characteristics in vitro (A,B) Cells derived from the ovine sub-
palatal tissue form neurospheres in serum-free culture conditions.
(C) Dissociated oNCSCs can be expanded in vitro adherent culture.
(D) oNCSCs isolated from 3 different animals express neural-crest
markers Nestin, Twist and Slug shown by PCR analysis. NTC: no
template control. Actin: Housekeeping gene. (E) Relative Marker
expression Nestin, (F) Twist and (G) Slug was not significantly dif-
ferent in cell isolations from different animals. (H) Immunocyto-
chemistry showed presence of Nestin (yellow) in all cells in a rep-
resentative culture. Nuclear counterstaining was performed using
DAPI (cyan). /
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Therapeutic potential of oNCSCs for bone tissue engineer-
ing

Bone tissue engineering is an emerging field that aims to
regenerate damaged or lost bone tissue using stem cells, scaf-
folds, and growth factors. oNCSCs have shown great promise in
bone tissue engineering due to their ability to differentiate into
osteoblasts and secrete various growth factors. oNCSCs have
been used in various preclinical and clinical studies for bone
tissue engineering. In a preclinical study, oNCSCs were seeded
onto a collagen scaffold and implanted into a rat calvarial defect.
The oNCSC-seeded scaffold resulted in a significant increase in
new bone formation compared to the scaffold alone. In a clini-
cal study, oNCSCs were isolated from the periodontal tissue of
extracted teeth and implanted into a human alveolar cleft de-
fect. The oNCSC implant resulted in significant bone formation
and improved bone density.

Sources of oral tissues for stem cells

Discrete populations of stem cells (Figure 6) were extracted
from a series of oral tissues. Dental Pulp, Both Adult Dental
Pulp Stem Cells (DPSC) and Stem Cells from Human Exfoliated
Deciduous Teeth (SHED), comprise the best-studied popula-
tions, complemented by studies of Periodontal Ligament Stem
Cells (PDLSC), Alveolar Bone Stem Cells (ABSC), and Stem Cells
from the Apical Papilla (SCAP). Tooth Germinal Progenitor Cells
(TGPC) and Dental Follicle Stem Cells (DFSC) present in the
tooth bud are stem cells directly involved in tooth development
and therefore accessible for therapeutic use.

-
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Figure 6: Dental tissue sources for therapeutically relevant stem
cells. Dental stem cells are found primarily in the dental pulp of
deciduous or adult teeth, the surrounding connective tissue, and
the alveolar bone, although other oral localizations also contain
stem cell populations.

SHED, Stem Cells from HumanDeciduous Teeth; DPSC, Dental Pulp
Stem Cells; SCAP, Stem Cells from the Apical Papilla Zellen aus
der apikalen Papille; PDLSC, Parodontale Ligament Stammzellen;
ABSC, Alveolarknochen-Stammzellen; TGPC, Tooth Germ Progeni-

\\tor Cells; DFSC, Dental Follicle Stem Cells. /

Associated oral tissues such as epithelium, gingiva (gums)
and salivary gland also harbor unique populations of stem cells.
Molthera GmbH, together with its international cooperation
partners, has contributed significantly to the further develop-
ment of this field of regenerative dentistry since 2005 [21-25],
(Figure 6). Stem cells, also known as “progenitor cells”, are de-
fined as clonogenic cells capable of both self-renewal and dif-
ferentiation into multiple lineages. The term “stem cell” first
appeared in the work of the German biologist Haeckel in 1868.”
In 1908, the Russian histologist Alexander Maksimov postulated

the existence of hematopoietic stem cells at the Congress of the
Hematological Society in Berlin. There the term “stem cell” was
proposed for scientific use.

Stem cells have contributed to the establishment of re-
generative medicine. Regenerative medicine is the process of
replacing or regenerating human cells, tissues, or organs for
therapeutic purposes. Although the concept of regeneration in
the medical field is not new, it has evolved significantly follow-
ing the discovery of stem cells and, more recently, has found
its application in dentistry following the identification of dental
stem cells. Nevertheless, subsequent researchers have further
improved this work. The major breakthrough in the history of
regenerative dentistry was achieved in 2000, when [27] iden-
tified and isolated an odontogenic progenitor population in
adult dental pulp. These cells were termed Dental Pulp Stem
Cells (DPSCs). Since this discovery, several investigators have
reported different types of dental stem cells, which are briefly
described below.

Dental pulp stem cells

DPSCs are mesenchymal stem cells in the dental pulp. DP-
SCs have osteogenic and chondrogenic potential in vitro and
can differentiate into dentin in vivo and also differentiate into a
dentin-pulp-like complex. Recently, immature dental pulp stem
cells were identified to be a pluripotent subpopulation of DPSCs
generated by dental pulp organ culture. DPSCs have since been
putative candidates for dental tissue engineering due to:

- Easy surgical access to the harvest site and very low
morbidity after dental pulp extraction.

- DPSCs can generate much more typical dentin tissue
within a short period of time than non-dental stem cells.

- Can be safely cryopreserved and recombined with
many biological carrier materials.

- Possess immunoprivileging and anti-inflammatory ca-
pabilities that show advantages for allografts.

Stem cells from human exfoliated deciduous teeth (SHED).

Dr. Songtao Shi discovered SHED in 2003, and [28] confirmed
that SHED were capable of differentiating into a variety of cell
types, to a greater extent than DPSCs, including osteoblast-like,
odontoblast-like cells, adipocytes, and neural cells. [29] investi-
gated the possible neural crest origin of SHED. The main func-
tion of these cells appears to be the formation of mineralized
tissue that can be used to enhance orofacial bone regeneration.
Stem cells present in human exfoliated deciduous teeth are:

- Adipocytes: Can be used to treat various spinal and
orthopedic conditions, Crohn’s disease, cardiovascular disease,
and may also be useful in plastic surgery.

- Chondrocytes and osteoblasts: Have been used to
grow intact teeth in animals.

- Mesenchymal stem cells (MSCs): Have been success-
fully used to repair spinal cord injuries and restore feeling and
movement in paralyzed human patients. They can also be used
to treat neuronal degenerative diseases such as Parkinson’s, ce-
rebral palsy, Alzheimer’s and other such diseases. MSCs have
better healing potential than other types of adult stem cells.

Stem cells from the apical papilla (SCAP)

Mesenchymal Stem Cells (MSCs) located in the apical pa-
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pilla of permanent teeth with incompletely formed roots are
referred to as SCAP. These were discovered by Sonoyama et al.
SCAP are capable of forming odontoblast-like cells, producing
dentin in vivo, and are likely the cell source of primary odonto-
blasts for root dentin formation. SCAP supports apexogenesis,
which may occur in infected non-fully formed permanent teeth
with periradicular periodontitis or abscess. SCAP located in the
apical papilla survive such pulp necrosis due to their proximity
to the periapical tissue vasculature. Therefore, even after end-
odontic therapy, SCAP can generate primary odontoblasts that
complete root formation under the influence of the vital epithe-
lial Hertwig root sheath.

Periodontal ligament stem cells (PDLSCs).

[30] described the presence of multipotent Postnatal Stem
Cells In the Human Periodontal Ligament (PDLSCs). When trans-
planted into rodents, PDLSCs had the ability to generate a ce-
mentum/periodontal ligament-like structure and contributed to
periodontal tissue repair. These cells can also be isolated from
cryopreserved periodontal ligaments, retaining their stem cell
characteristics, including formation of single colonies, regenera-
tion of cementum/periodontal ligament-like tissue, expression
of MSC surface markers. Thus, based on multipotent differen-
tiation, they represent a source of MSC-assisted regeneration.

In @ mini-pig model, autologous SCAP and PDLSCs were load-
ed onto hydroxyapatite/tricalcium phosphate and gelfoam scaf-
folds and implanted into mandibular alveoli, where they formed
a bio-root surrounded by periodontal ligament tissue and in a
direct relationship with the surrounding bone. [31] recognized
that PDLSCs have regenerative potential when seeded onto a
three-dimensional biocompatible scaffold, enabling their use as
graft biomaterials for bone tissue engineering in regenerative
dentistry, while other authors [32] reported the formation of
cementum and periodontal ligament-like tissue when PDLSCs
were seeded onto bioengineered dentin.

Conclusion

oNCSCs are a promising source of stem cells for bone tis-
sue engineering. oNCSCs can be isolated from the periodontal
tissue of extracted teeth and expanded in vitro to generate a
homogeneous population of stem cells. oNCSCs express various
surface markers and can differentiate into osteoblasts, chon-
drocytes, and adipocytes under appropriate conditions. oNCSCs
also secrete various growth factors and cytokines, which can
stimulate tissue regeneration. oNCSCs have shown great prom-
ise in preclinical and clinical studies for bone tissue engineering,
making them a promising source of stem cells for regenerative
medicine.
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