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Abstract During the process of development, neural crest
cells migrate out from their niche between the newly formed
ectoderm and the neural tube. Thereafter, they give rise not
only to ectodermal cell types, but also to mesodermal cell
types. Cell types with neural crest ancestry consequently
comprise a number of specialized varieties, such as ectoder-
mal neurons, melanocytes and Schwann cells, as well as
mesodermal osteoblasts, adipocytes and smooth muscle
cells. Numerous recent studies suggest that stem cells with
a neural crest origin persist into adulthood, especially within
the mammalian craniofacial compartment. This review dis-
cusses the sources of adult neural crest-derived stem cells
(NCSCs) derived from the cranium, as well as their differ-
entiation potential and expression of key stem cell markers.
Furthermore, the expression of marker genes associated
with embryonic stem cells and the issue of multi- versus
pluripotency of adult NCSCs is reviewed. Stringent tests are
proposed, which, if performed, are anticipated to clarify the
issue of adult NCSC potency. Finally, current pre-clinical
and clinical data are discussed in light of the clinical impact
of adult NCSCs.
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Introduction

During the last two decades, a number of emerging studies
have identified the presence of neural crest-derived stem
cells (NCSCs) within different adult craniofacial tissues,
such as the skin, periodontal ligament and the lamina
propria of the palate, oral cavity and nasal turbinates.
Growing evidence currently indicates that these adult
stem cell types can differentiate into cells of more than
just one germ layer.

Importantly, the persistence of such highly plastic cells
into adulthood could provide an explanation for the vast
regenerative potential demonstrated by many mammalian
craniofacial tissues. Although several reviews are available
concerning the neural crest and NCSCs in general (e.g.,
[1-4]), a current summary of the knowledge concerning
craniofacial NCSCs and their relationship to the embryonic
cranial neural crest, potential pluripotency, and clinical po-
tential is missing. In this review, the various sources of adult
craniofacial NCSCs are therefore presented. Furthermore,
adult NCSCs are discussed in light of their ancestry, pattern
of expression of key stem cell markers, and possible clinical
impact.

The Neural Crest and the Development of Vertebrate
Craniofacial Tissues

During the development of craniofacial tissues in verte-
brates, cranial neural crest cells give rise to ectodermal cell
types (e.g., peripheral sensory and autonomic neurons, glial
cells and pigment cells), as well as to mesodermal cell types
(e.g., perivascular muscle cells and connective tissues) (see
[5] and [6] for reviews). The neural crest was first described
with respect to the development of the chick embryo as the
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‘Zwischenstrang’ (German, ‘zwischen’: between; ‘Strang’:
cord), or the ‘intermediate chord’, because it appeared be-
tween the neural chord and the future ectoderm [7] (see also
Fig. 1). The emergence of the neural crest is closely aligned
with the process of neurulation and the formation of the
neural tube. The transient neural crest arises precisely at the
fusion line between the invagination of the neural tube and
its covering epidermis during vertebrate embryonic devel-
opment. While the neural tube later gives rise to the brain
and the spinal cord, neural crest cells migrate soon after
neurulation and engender various populations of cells in the
adult body (see Fig. 1). As described above, uncommitted
neural crest cells differentiate into cells of both mesodermal
and ectodermal types after reaching their target tissues,
giving the neural crest its description as a probable fourth
germ layer (reviewed in [6, 8, 9]). An overview of the
developmental origin of neural crest cells and an illustrative
genealogical chart of craniofacial cells and tissues with
neural crest ancestry is shown in Fig. 1.

Underlining the developmental importance of neural
crest cells, deficiencies in neural crest gene expression result

in malformations and defects of the murine and human head.
Such genetic deficiencies include Twist -/~ (failure of neural
tube closure, Saethre-Cotzen Syndrome); Tcofl -/- (neural
crest apoptosis, Treacher Collins-Franceschetti Syndrome);
Pax9 -/-, Sox10 -/-, MITF -/-, Slug -/-, EDN3 -/- and
EDNRB -/- (cleft secondary palate, absent teeth, oligodontia)
[10]; Pax3 -/- (neural tube defects, deficiency of Schwann
cells and dorsal root ganglia, Waardenburg Syndrome type
1); and Tgtb2 -/- (cleft palate, defects in neural crest skeleto-
genesis) (reviewed in [11]). In addition, premature gliogenesis
(Hirschsprung’s disease) has recently been attributed to defi-
ciencies in Hedgehog and Notch 1 [12].

Adult Neural Crest-Derived Stem Cells

Despite their capability to give rise to various types of cells
during development, cells derived from the embryonic neu-
ral crest also persist into adulthood in the human, as de-
scribed in a number of reports [13-21]. In particular, these
reports suggest that NCSCs may exist as a dormant
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Fig. 1 Developmental origin of adult neural crest-derived stem cells
and their ancestry. The neural crest arises between the newly formed
ectoderm and the neural tube during the development of the vertebrate
embryo. While the neural tube gives rise to the central nervous system
(brain and spinal cord), embryonic NCSCs migrate away from the

neural tube and differentiate into cells of both mesodermal and ecto-
dermal nature. Importantly, new data suggest that embryonic NCSCs
not only contribute to terminally differentiated tissues, but also persist
as uncommitted adult NCSCs. Adult NCSCs can undergo self-renewal,
as well as multi-lineage differentiation
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multipotent stem cell population in the adult, as their plu-
ripotent state becomes gradually more restricted after mi-
gration. The number of highly multipotent adult NCSCs that
persist long-term is largely unknown and may depend on the
source of craniofacial tissue from which they are derived
(see Fig. 2). However, it is known that such cells have a high
capacity for both self-renewal and the generation of multiple
kinds of progeny under the appropriate conditions in vitro
and in vivo. In light of these characteristics, highly multi-
potent adult cells derived from the embryonic neural crest
represent an extremely important stem cell population [22]
with a differentiation potential that is only surpassed by that
of pluripotent embryonic stem cells (ESCs). Indeed, these
sphere-forming adult NCSCs seem to harbour a fascinating-
ly broad differentiation potential, especially in regard to the
generation of neuronal and glial cells [13, 17, 18, 23-26],
«-smooth muscle actin (SMA)-positive mesodermal cells
[13, 19, 23, 24, 27], osteogenic cells [21, 26-32], adipocytes
[13, 26, 27, 31, 32], chondrocytes [13, 23, 26, 27, 31, 32],
melanocytes [23, 31], keratinocyte-like cells [13] and mul-
tinucleated MyoD-positive myotubes [17].

With respect to their gene expression profiles, the majority
of adult NCSCs express high levels of nestin, an intermediate

filament that is essential for the self-renewal of neural stem
cells [33]. However, the expression of several additional
markers, such as the low-affinity p75 neurotrophin receptor
(p75N™), seems to differ between populations of NCSCs and
is dependent, up to a certain extent, on the applied cultivation
method (Table 1). Furthermore, when cultivated under serum-
free conditions in vitro, adult NCSCs demonstrate a common
ability to grow as free-floating neurospheres.

Craniofacial Skin

The mammalian craniofacial skin has a very high contribu-
tion of neural crest cells during development (reviewed in
[2]), as demonstrated by lineage tracing using the neural
crest-specific Wntl-Cre/Rosa26R-lacZ mouse model
[34-36]. Fernandes et al. employed this model to demon-
strate that many dermal cells were (3-gal-positive [37], em-
phasizing the possibility that neural crest-derived cells can
persist as stem cells in adult craniofacial skin. In a ground-
breaking study, Toma and colleagues definitively described,
for the first time, the presence of neural crest-related stem
cells in the dermis of adult mice and the skin of the human
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Fig. 2 Sources of neural crest-derived stem cells within the craniofa-
cial compartment of mammalia. EPI-NCSCs: epidermal neural crest
stem cells; SKPs: skin-derived progenitors; COPs: corneal precursors;
MCCs: murine corneal cells; OECs: olfactory ensheathing cells; OE-
MSCs: olfactory mucosa mesenchymal stem cells; ITSCs: inferior
turbinate stem cells; nm-MSCs: nasal mucosa mesenchymal stem cells;
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pNCSCs: palatal neural crest-derived stem cells; OMLP-PCs: oral
mucosa lamina propria progenitor cells; hOMSCs: human oral mucosa
stem cells; DPSCs: dental pulp stem cells; SHEDs: stem cells derived
from exfoliated human deciduous teeth; PDLSCs: periodontal ligament
stem cells; pNSCs: periodontium-derived neural stem cells
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Table 1 Key stem cell markes expressed by different craniofacial stem cell populations
Cell type Expressed stem cell markers References
SKPs nestin, Snail, Slug, Twist, Sox9, Oct4, Nanog [1, 2]
EPI-NCSCs nestin, Sox10, Lin28, Oct4, Nanog, Klf4, Sox2, c-Myc [3-6]
pNCSCs nestin, p75, Sox9, Notchl, Slug, Snail, Sox2, K14, Oct4, c-Myc [7]
OMLP-PCs nestin, Oct4, Nanog, Sox2, KIf4, TERT, Snail, Slug, Sox10, Twist [8, 9]
hOMSCs nestin, p75, SSEA4, Oct4, Sox2, Nanog, Tra-2-54, Tra-49, ALP [10]
PDLSCs nestin, STRO-1, Slug, Twist, Sox9, ABCG2 and SSEA-1, p75, NHK-1, Oct4, Sox2, Nanog, Klf4, SSEA-1, [11-14]
SSEA-3, SSEA-4, TRA-1-60, TRA-1-81
pdNSCs nestin, Sox2, A2B5, CNPase [15]
DPSCs/SHEDs nestin, p75, Oct4, Sox2, Nanog, Rex1 [16-21]
OECs nestin, p75, S100 [22, 23]
OE-MSCs nestin, CD54, CD90, Sox9 [24]
ITSCs nestin, p75 (in vivo), Sox9, Sox10, Slug, Oct4, Sox2, Klf4, c-Myc, CNPase, vimentin, CD117 [25, 26]
nm-MSCs CD90, CD54, CD29, CD44, CD73, CDI105 [27]
COPs nestin, Musashi-1, Notchl, Scal, Sox9, Twist, Slug, Snail [28]
MCCs nestin, Sox9, Snail, Slug, Twist, Musashi-1, vimentin [29]

scalp [38]. The investigators termed this cellular population
skin-derived progenitors (SKPs). Isolated SKPs displayed
characteristic stem cell expression of nestin, as well as the
capability to undergo multi-lineage differentiation into ec-
todermal and mesodermal progeny in vitro. The differenti-
ated SKPs also expressed several specific markers for both
neural and mesodermal differentiation, e.g., 3-III-tubulin
and neurofilament (neuronal cell markers); glial fibrillary
acidic protein (GFAP), 2°,3’-cyclic nucleotide 3’-phosphodi-
esterase (CNPase) and A2B5 (glial cell markers); and x-SMA
(a smooth muscle-like cell marker). In addition, the produc-
tion of lipid drops was demonstrated for adipocyte-like cells.
Moreover, scalp SKPs were positive for fibronectin, whereas
no expression of the mesenchymal stem cell marker vimentin
was detected. SKPs also expressed several neural-crest
markers, such as Snail, Sox9, Slug and Twist [37].

In vivo, transplanted yellow fluorescent protein (YFP)-
expressing SKPs migrated into the sympathetic ganglia, the
dorsal root and the spinal nerve. These cells were positive
for (3-IlI-tubulin in developing chick embryos, revealing
their broad differentiation potential [37]. Furthermore,
Joannides et al. highlighted the neurogenic potential of
human SKPs [39]. Exposure of SKPs pre-cultivated as
spheres to an astrocyte conditioned medium led to a
highly efficient neuronal differentiation, whereby the
differentiated cells demonstrated the presence of
depolarization-evoked calcium transients. In addition to
their expression of nestin and the neural crest markers
Snail, Slug, Twist and Sox9, scalp-derived SKPs were
also shown in 2006 to be positive for octamer-binding
transcription factor 4 (Oct4) and Nanog, both transcrip-
tion factors associated with pluripotency [31].

Sieber-Blum and colleagues discovered a further popula-
tion of adult cranial NCSCs located in the epidermal niche,
particularly within the bulge region of whisker hair follicles
[23, 40] (reviewed in [14]). With respect to their endoge-
nous niche and neural crest ancestry, which was clearly
demonstrated using the Wnt-1Cre/Rosa26R reporter system,
these cells were termed epidermal neural crest stem cells
(EPI-NCSCs). EPI-NCSCs were positive for nestin and the
neural crest-specific transcription factor Sox10. In addition,
gene profiling using the LongSAGE system demonstrated a
panel of 19 transcripts that were unique to EPI-NCSCs in a
comparison of EPI-NSCs, embryonic neural crest cells and
SKPs [41]. A demonstration of the self-renewal of EPI-
NCSCs and serial cloning experiments revealed their enor-
mous differentiation potential; the cells successfully gener-
ated ectodermal cell types such as neurons, melanocytes and
Schwann cells, as well as mesodermal smooth muscle cells
and chondrocytes in vitro. Furthermore, transplanted EPI-
NCSCs integrated into the lesioned murine spinal cord and
differentiated into (3-III-tubulin/glutamate decarboxylase 67
(GADG67)-positive GABAergic neurons in vivo. Additionally,
a subset of transplanted EPI-NCSCs showed expression of
myelin basic protein (MBP), as well as the glial marker RIP.
Remarkably, no signs of proliferation or migration were
observed after transplantation. Furthermore, the transplanted
EPI-NCSCs reversed sensory defects resulting from spinal
cord injury to control values in the Semmes-Weinstein touch
test (reviewed in [42]). Meanwhile, in contrast to transplanted
ESCs, no tumour formation attributable to transplanted EPI-
NCSCs was observed in the murine spinal cord [40].

Concerning their expression of pluripotency factors,
Sieber-Blum and colleagues demonstrated that murine
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trunk EPI-NCSCs expressed c-Myc, KlIf4 and Sox2 at a
similar level. However, the ESC markers Lin28, Oct4
and Nanog were expressed at a significantly lower level in EPI-
NCSCs than in ESCs [43]. Of great interest, recent findings
from the same group demonstrated the successful isolation of
human trunk EPI-NCSCs from a bulge of hair follicles. While
keeping their multipotent status, these easily accessible adult
human NCSCs could be expanded ex vivo with high
purity and underwent efficient differentiation into osteocytes
and melanocytes [44]. Importantly, both the easy accessibility
of hair follicle EPI-NCSCs and their efficient differentiation
makes these cells promising candidates for potential
therapeutic uses. Klf4, Nanog and c-Myc were shown
to be expressed at similar levels in hair follicle EPI-NSCs and
human embryonic stem cell line h9, whereas Oct4, Lin28 and
Sox2 displayed pronounced differences in expression between
the two cell types.

Palate

The palate is a richly innervated and highly regenerative
craniofacial tissue. The development of the palate
requires the direct contribution of neural crest cells. It
is well recognized that wounds within oral mucosa heal
rapidly [45-47]. This capability for rapid regeneration
may be explained either by the presence of growth fac-
tors, e.g., FGF-2 in the saliva, or by presence of at least
one stem cell source within the palatal mucosa. Our group
recently identified nestin-positive cells adjacent to Meissner’s
corpuscles (touch receptors) and Merkel cell-neurite com-
plexes within the palatal ridges (palatal rugae/rugae palati-
nae) of adult rats [19]. Due to their niche within the adult
palate, these cells were termed palatal neural crest-derived
stem cells (pNCSCs).

Cultivated pNCSCs were positive for a set of stem cell
markers including nestin, p75, Sox9, Notchl, Slug and Snail.
Since 84.8% of the cells also expressed Sox2, a further anal-
ysis was conducted of pluripotency-associated gene products
(e.g., Kif4, Oct4 and c-Myc). Of particular interest, pNCSCs
were not only positive for Sox2, but also for c-Myc, Kif4 and
Oct4. Directed neuronal differentiation resulted in a high
frequency of cells positive for the neuronal markers (3-11I-
tubulin and the neuron-specific intermediate filament,
neurofilament-M (NF-M). In addition, 22.6+10.9% of the
cells showed high expression of Map2. The highly efficient
neuronal differentiation of pNCSCs in our study provided
further evidence for the stemness of this cell population.
Finally, in order to identify more closely the potential stem
cell pools within the human palate, anterior and posterior
samples from the hard palate were investigated, in addition
to samples from the papilla incisiva and the distal processus
alveolaris maxillae. Reverse transcription polymerase chain
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reaction (RT-PCR) was employed to demonstrate the highest
expression of the human stem cell markers CD133 and nestin
within the papilla incisiva and the distal processus alveolaris.
These palatal regions also expressed the highest levels of
Sox2, Klif4, Oct4 and c-Myc.

Although pNCSCs are a cell population of potential clini-
cal interest, in our hands it was difficult to cultivate human
pNCSCs from clinical material without contamination from
yeast. About 75% of the cultures contained yeast contami-
nates, even in the presence of fungicides. Furthermore, cul-
tures without contamination showed a slow doubling time and
could not generate secondary neurospheres, which is in sharp
contrast to our observations obtained with rat pNCSCs.

Oral Mucosa

The presence of nestin-positive cells within the lamina propria
of the mammalian oral mucosa was first demonstrated in rats
[48]. Although this study revealed that such cells are non-
epithelial, as demonstrated by the absence of the epithelial
marker cytokeratin, and multipotent, as suggested by the
ability of the cells to differentiate into osteoblast-, adipocyte-
and astrocyte-like cells, a clear link to the neural crest was not
provided. More recently, Davies et al. reported the isolation of
a multipotent neural crest-derived progenitor cell population
from the human buccal mucosa lamina propria [49]. The
expression of Oct4, Nanog, Sox2, KIf4 and hTERT was
demonstrated within this tissue by PCR. Isolated cells were
cultivated in medium containing 10% fetal calf serum (FCS)
and formed colonies, with the cells displaying a fibroblast-like
morphology. Further PCR studies revealed the neural crest
origin of the cultivated cells by demonstrating that they
expressed Snail, Slug, Sox10 and Twist. However, the expres-
sion of nestin was only investigated in cells after their
differentiation into the neural lineage. Importantly, such human
oral mucosa lamina propria progenitor cells (OMLP-PCs)
could be differentiated into different lineages, including
neurons, astrocytes and Schwann cells, as well as mes-
enchymal cell types, such as osteoblasts and chondrocytes.
A further recent study identified a stem cell source and
the efficient isolation of the cells from the gingival and
alveolar lamina propria of human oral mucosa [26]. In this
study, the authors isolated human oral mucosa stem cells
(hOMSCs) by an explant culture method in the presence of
10% FCS. More than 65% of the cells were positive for
pluripotency-related ESC markers, such as SSEA4, Oct4
and Sox2, whereas 40% of the cells expressed Nanog. In
addition, similar to cells of ESC lineage, the hOMSCs
expressed the surface antigens Tra-2-54 and Tra-49. Surpris-
ingly, alkaline phosphatase expression was two-fold higher
in these cells than in human ESCs. Quantitative RT-PCR
revealed that Oct4, Sox2 and Nanog were all expressed at a
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level that was several hundred-fold higher than baseline, but
an order of magnitude lower than the expression level in
ESCs. The neural crest origin of the hOMSCs was sug-
gested by their expression of p75. These cells could be
differentiated into neural, mesodermal and endodermal lin-
eages. In addition, in vivo studies detected chord-like struc-
tures within the endogenous niche of the cells (i.e., the
lamina propria of the mucosa) that were positive for p75,
Oct4 and Sox2 [26].

Periodontium

The periodontal ligament represents a cell renewal system in
steady state. In 2004, Seo and co-workers identified a multi-
potent stem cell population within the human periodontal
ligament. In their study, the authors isolated periodontal
stem cells using single colony selection and magnetic cell
sorting based on cellular expression of the STRO-1 antigen
[50]. Although differentiation of the periodontal ligament
stem cells (PDLSCs) into cementoblasts, adipocytes and
collagen-forming cells was demonstrated, there was no direct
link to the neural crest.

Using sphere culture conditions that included FGF-2,
epidermal growth factor (EGF) and leukaemia inhibitory
factor (LIF) in the culture medium, the group of Miura
was able to efficiently expand nestin-positive rat-derived
periodontal stem cells. Moreover, PCR analysis revealed
the expression of Slug, Twist, Sox9, ABCG2 and SSEA-1
by the cells. Interestingly, in contrast to other NCSC pop-
ulations, rat-derived periodontal stem cells showed no ex-
pression of Oct4 [17]. However, this cell population was
able to differentiate into neurofilament-positive neuron-like
cells, multinucleated myotube-like structures and GFAP-
positive cells with a glial phenotype. Using periodontal
biopsies as the source material, which were obtained during
routine, minimally-invasive access surgery, our group was
able to isolate sphere-forming stem cells from the adult human
periodontium. These cells were termed periodontium-derived
neural stem cells (pdNSCs) [18]. The pdNSCs expressed high
levels of nestin and Sox2 and were negative for the hemato-
poietic stem cell markers CD133 and CD34. No expression of
typical neural crest markers such as p75™ '~ was detected
when the cells were cultured in serum-free neurosphere me-
dium containing EGF and FGF-2. Furthermore, in accordance
with the study by Techawattanawisal et al., human pdNSCs
cultivated as spheres were negative for Oct4.

Although the expression of neural crest markers was
absent in pdNSCs under proliferative conditions, a highly
efficient neuronal differentiation of periodontal stem cells
was still achieved in our study. This was demonstrated by
the up-regulated expression of synaptophysin, MAP2,
neurofilament-M, neurofilament-H and neurofilament-L.

Moreover, GFP-transfected cells integrated into hippocampal
slice cultures, and proper depolarization-induced calcium
transients were observed after neuronal differentiation. In
addition, human pdNSCs were shown to generate
osteopontin-positive, osteoblast-like progeny cells [29].

In contrast to our study, Coura and colleagues reported
the expression of neural crest cell markers p75™' % and
HNK-1 in adherent cultures of human periodontal stem
cells. This study employed neural crest-inductive media
containing FCS, chicken embryo extract, transferrin, hydro-
cortisone, glucagon, insulin, triiodothyronine, EGF and
FGF-2 [51]. These culture conditions therefore seem to be
more efficient in regard to the maintenance and/or stimula-
tion of the neural crest-typical gene expression profile in
human periodontal ligament stem cells. Importantly, the so-
cultivated cells were able to differentiate into adipogenic,
osteogenic, myofibroblastic and neuronal phenotypes.

A study in 2009 demonstrated than human periodontal
stem cells isolated from impacted wisdom teeth of young
adults expressed nestin, Slug, p75 and Sox10. The stem
cells were successfully differentiated into neuronal, cardio-
myogenic, chondrogenic and osteogenic lineages [52]. A
subset of the wisdom tooth-derived periodontal stem cells
expressed the ESC markers Oct4, Sox2, Nanog and Klf4. In
arecent study, Kawanabe et al. showed that human PDLSCs
also expressed SSEA-1, SSEA-3, SSEA-4, TRA-1-60 and
TRA-1-81 [53].

Dental Pulp

In addition to the periodontal ligament, progenitor cells
exhibiting features of NCSCs have been identified in the
dental pulp (dental pulp stem cells/DPSCs) and exfoliated
human deciduous teeth (stem cells from human exfoliated
deciduous teeth/SHEDs) [54-56] (reviewed in [57]). Al-
though cells from dental pulp and the dental follicle are
often defined as ectomesenchymal, it is noteworthy that
implantation and tissue recombination studies have demon-
strated that dental tissues, including cementum, are tooth-
related and neural crest-derived [58]. This result is demon-
strated by a study using genetic lineage tracing in Wnt1-Cre/
Rosa26R mice, which revealed that the dental pulp origi-
nates from the neural crest [59]. Cultivated DPSCs were
shown to form nestin-positive spheres under appropriate
culture conditions [60]. In an animal model, DPSCs sur-
vived, integrated and differentiated into functional neurons
after injection into avian embryos [61]. Using magnetic cell
sorting, Waddington and colleagues isolated DPSCs based
on their expression of p75 [32]. However, both p75" and
p75 populations differentiated into osteoblasts, adipocytes
and chondrocytes. Recent studies also demonstrated that
subsets of DPSCs isolated from human deciduous and natal
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teeth expressed the markers Oct4, Sox2, Nanog and Rex1
[62, 63]. Although the plasticity of DPSCs is promising, the
practical usefulness of human dental pulp cells is limited by
the need to exfoliate third molars, if still obtainable, or to
access the dental pulp of permanent teeth.

Olfactory Mucosa

A well-studied adult stem cell type within the nasal
cavity is the so-called olfactory ensheathing cell (OEC)
[64—66]. OECs are glial cells that ensheath the olfactory
nerve [67]. Genetic lineage tracing with Wntl-Cre/
Rosa26R-YFP mice showed that OECs directly originate
from mouse neural crest cells. Neural crest-derived
OECs can be found within both the embryonic [68]
and adult olfactory mucosa [24]. OECs express nestin
[69], GFAP, p75, S100, laminin and N-CAM [70]. They
also possess a sphere-forming ability [71].

However, to our knowledge, there are no reports on the
expression of Oct4 or other pluripotency markers by OECs.

Although OECs are quite plastic and represent a promis-
ing NCSC population, the stem cell source is very limited
and age-related. OECs are located in humans in the lamina
propria of the olfactory epithelium. The total area of this

region is only about 3% of the total surface area of the nasal
cavity, and as a further complication, OECs are wrapped
around bundles of axons [72]. Moreover, the human adult
olfactory epithelium is gradually replaced by the respiratory
epithelium, leading to a decreased source of material during
normal aging [73]. Additionally, the random biopsy of the
olfactory region does not assure a pure source of the olfac-
tory epithelium [74, 75]. Another source limitation is gov-
erned by the fact that the removal of large tissue biopsies
from the human olfactory mucosa may result in the loss of
the sense of smell.

A further population of adult stem cells derived from the
olfactory epithelium was recently described by Murrel and
colleagues [27]. These olfactory mucosa mesenchymal stem
cells (OE-MSCs, see Fig. 3 for anatomical localization)
were able to form spheres and expressed high levels of
nestin, CD54 and CD90, while showing no expression of
the hematopoietic markers CD133 and CD45 and the IL-6
receptor CD126. Nestin was expressed in OE-MSCs at a
level more than seven-fold higher than that in bone marrow
MSCs. On the other hand, Sox9 expression was lower in
OE-MSCs compared with bone marrow MSCs. The authors
successfully differentiated OE-MSCs in both osteogenic and
adipogenic directions, although no chondrogenic differenti-
ation was observed.

Olfactory
4 sensory
neurons

Supporting cells/
sustencullar cells —

.-: 2 / Basal cells OE
- 1
OECs
Glands

LP

Nerve fibers

Blood vessel
0 ____________._._----"'"

Fig. 3 Neural crest-derived stem cells within the olfactory mucosa. At
least two distinct stem cell populations can be detected within the olfac-
tory mucosa: glia-related olfactory ensheathing cells (OECs) adjacent to
nerve fibres, and olfactory epithelium mesenchymal stem cells (OE-
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MSCs), which harbour similarity to bone marrow mesenchymal stem
cells (MSCs). OE: olfactory epithelium; BM: basal membrane; LP:
lamina propria
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Respiratory Mucosa

Apart from the extensively studied regenerative potential of
the olfactory epithelium, regeneration of complex tissues
can also be achieved by cell populations residing within
the human respiratory mucosa. For instance, Mansour et
al. demonstrated that the transplantation of grafts containing
human inferior turbinates led to an efficient closure of small-
and medium-sized nasal septal perforations [76]. Thus, our
group hypothesized that at least one NCSC population is
present in the respiratory mucosa of the adult human inferior
turbinate. Based on this hypothesis, a novel NCSC type was

identified within the respiratory epithelium of the adult
human inferior turbinate. These cells were termed inferior
turbinate stem cells (ITSCs) [21]. Within their niche, ITSCs
were localized within the lamina close to the nerve fibres
(see Fig. 4 for anatomical localization).

Whereas the isolation of OECs from the superior and middle
turbinate cannot be assured in elderly patients, detection of
p75-positive ITSCs derived from the respiratory mucosa is
not affected by aging. For example, the successful isolation
and expansion of these easily accessible NCSCs was demon-
strated in our study in an age-independent manner from indi-
viduals aged 4 to 76 years. In vitro, ITSCs revealed the
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Supporting cells/
sustencullar cells

Basal cells

Blood vessel

1L11
w
=

LP
ITSCs

nm-MSCs

b A/Neurofilament

INestin

Fig. 4 The respiratory mucosa is an easily accessible and stem cell-
rich anatomical region. a Similar to the olfactory mucosa, different
stem cell populations are present within the respiratory mucosa. Infe-
rior turbinate stem cells (ITSCs) are localized close to nerve bundles
within the lamina propria. A further adult stem cell population within
the respiratory mucosa is the so-called nasal mucosa mesenchymal
stem cell (nm-MSC), which shows MSC-like characteristics. RE:

respiratory epithelium; B: basal membrane; LP: lamina propria. b
Sections from human inferior turbinates were fixed and stained with
antibodies against nestin and p75, and counterstained for DNA with
SYTOX green. Confocal microscopy analysis revealed that nestin- and
p75-postive ITSCs are localized adjacent to neurofilament-positive
nerve fibres
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capacity to form spheres and expressed high levels of
nestin, Slug and Sox10. Interestingly, prolonged culti-
vation was associated with the down-regulation of p75.
However, none of the other markers investigated (nes-
tin, Sox10, Klf4 and c-Myc) were down-regulated with
increasing time in culture. Furthermore, cultivated
ITSCs were robustly positive for Oct4 and Sox2 at both
the transcript and the protein level. Nevertheless, these
pluripotency-associated markers, together with Lin28 and
Nanog, were expressed at a dramatically lower level com-
pared with the expression level in the human embryonic stem
cell line HUES6 and the teratoma-derived cell line
NTERA-2. Furthermore, although ITSCs were positive
for CD117 [30], flow-cytometric analyses displayed a
dramatically low expression levels of CD54 (unpub-
lished data).

In regard to their differentiation capability in vitro,
ITSCs were able to give rise to [3-IlI-positive neuronal
cells and «-SMA-expressing mesodermal cells in a
spontaneous differentiation assay [21]. Moreover, ITSCs
successfully differentiated into osteogenic cell types, as
demonstrated in our work by both alkaline phosphatase
activity and signs of mineralization (shown by alizarin
red S and von Kossa staining) [21, 30]. Indicating their
potential for in vivo transplantation, ITSCs survived and
showed neural crest-typical dorsolateral chain migration
after transplantation into avian embryos [21]. Further-
more, our group developed a novel three-dimensional
(3D) and animal serum-free cultivation method for
ITSCs, which is promising for potential clinical appli-
cations of these cells [30]. In particular, human blood plasma
was used as a personalizable supplement for the cultivation
medium, which led to the formation of a 3D fibrin matrix. This
work provided evidence that ITSCs can be efficiently grown
in a 3D blood plasma matrix, resulting in increased prolifera-
tion, while retaining their ploidy, expression profile of stem
cell markers, and potential to differentiate into neural and
osteogenic lineages.

In another study, Jakob and co-workers isolated MSC-
like stem cells from the adult inferior turbinate. The cells
were then cultivated as adherent cultures in presence of 10%
FCS without growth factor supplementation [28]. This cell
population, termed nasal mucosa MSCs (nm-MSCs), showed
fibroblast-like morphology and was negative for p75
(CD271). A minority of the cells were positive for CD117
and STRO-1, whereas CD90 was expressed at a high level.
Moreover, in contrast to our work with ITSCs, the authors
showed high expression of CD54 in nm-MSCs. Despite their
successful differentiation into osteogenic, adipogenic and
chondrogenic lineages, neither the capacity of sphere forma-
tion, nor the expression of nestin or other NCSC or pluripo-
tency markers by nm-MSCs, was investigated. Therefore, it
remains unclear if nm-MSCs are related to the neural crest.
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Using fate mapping, Gage and colleagues demonstrated that
numerous cell types are of neural crest ancestry within the
anterior part of the vertebrate eye [77].

Moreover, Yoshida et al. reported the successful isolation
of NCSCs residing in the murine cornea. When expanded in
vitro, such cells derived from the cornea of adult mice
expressed nestin, Musashi-1, Notchl and the neural crest
markers Sox9, Twist, Slug and Snail. Terming these cells
crest-derived corneal precursors (COPs), the authors further
reported that they were positive for Scal and the hemato-
poietic stem cell marker CD34, whereas no expression of
CDI117 was detected. Furthermore, underlining their multi-
lineage differentiation potential, COPs were capable of dif-
ferentiating into neuroectodermal (-III-tubulin-positive
neuron-like cells, as well as mesodermal a-SMA-positive
cells [13]. However, only a few (-III-tubulin-expressing
COPs were observed in a neuronal differentiation assay, and
COPs of a less differentiated nature were also positive for
neurofilament, a marker of mature neurons. More recently,
neural crest-like cells were isolated from the corneal limbus of
juvenile mice using an explant approach [78]. In addition to
their ability to undergo osteogenic and neurogenic differenti-
ation, murine corneal cells (MCCs) also expressed nestin,
Sox9, Snail, Slug, Twist, Musashi-1 and vimentin.

As reported in a recent study, cells positive for Oct4, Sox2
and Nanog were isolated from different regions of a special-
ized conjunctive epithelium that covered the surface of the
anterior part of the eye. Importantly, even a heterogeneous
expression of Oct4, Nanog and Sox2 supported the suggestion
of a stem cell population residing in this epithelium [79],
although no nestin expression was detected. However, a more
detailed analysis of pluripotency-associated markers at the
protein level will be necessary to ascertain the potential stem-
ness of these cells because the investigators focused solely on
marker expression at the RNA level [79].

In another study, Zhou et al. demonstrated the persistence of
an additional population of cells expressing Oct4 within the
mammalian eye, particularly in the limbal epithelial basal cell
layer [80]. Very recently, isolation of sphere-forming stem cells
from the human corneal limbus and the central epithelium was
shown by Chang et al. However, the sphere-forming potential
of the cells declined with the advancing age of the donor [81].

De-Differentiated Schwann Cells as a Potential Neural
Crest-Related Stem Cell Population

Schwann cells are directly related to the neural crest, share
several markers with post-migratory NCSCs, and are rou-
tinely separated or enriched based on the expression of
common receptors, such as p75 [82—86]. Several studies
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propose that Schwann cell progenitors and Schwann cells
themselves possess a highly unstable phenotype [87, 88]. In
particular, the differentiated phenotype of Schwann cells can
be reversed or de-differentiated, suggesting a potential stem-
ness of these cells. In light of these findings, it is intriguing
to note that myelinating Schwann cells were responsible for
a marked induction of pigmentation occurring after the
lesion of the adult sciatic nerve [89, 90]. Furthermore,
Schwann cells and post-migratory NCSCs share their ex-
pression of several markers, such as Notchl and Notch2
[91], Sox10 [92, 93], p75 [82-86, 94] and neuregulin [95],
at least during certain developmental stages. Moreover, as a
consequence of nerve injury, several reports provide evidence
for the re-induction of proliferation and de-differentiation of
mature myelinating Schwann cells [87, 96]. Finally, isolated
Schwann cells can trans-differentiate into -SMA-expressing
myofibroblasts, as convincingly demonstrated by Dupin and
co-workers [88]. Trans-differentiation occurred through the
generation of a pluripotent progeny, indicating that the neural
crest phenotypes are highly plastic and unstable.

Recently, our group showed successful cellular reprog-
ramming of adult trunk Schwann cells into a multipotent
neural crest-like phenotype [97]. In particular, an up-
regulated expression of p75, c-Myc, Sox2, KlIf4, Oct4,
Sox9 and Slug was demonstrated in the Schwann cells after
their cultivation as neurospheres, whereas nestin expression
had already been observed before the isolation. Importantly,
as demonstrated by the generation of ectodermal and mes-
odermal progeny, adult trunk Schwann cells reprogrammed
by culture also revealed the ability to differentiate into
multiple lineages in vitro. It is notable that such cellular
reprogramming also seems to occur in vivo after injury, as
demonstrated in a Wntl-Cre/lox-EGFP mouse model [98].
Neural crest-derived Schwann cells residing at the nerve
roots de-differentiated into proliferating PO /p75" immature
Schwann cells, followed by their migration into the lesion
site. Although these two studies [97, 98] dealt with trunk
Schwann cells, a similar reprogramming mechanism is very
likely for cranial Schwann cells.

Are Adult NCSCs Pluripotent?

In their pioneering studies in 2006 and 2007, Takahashi and
colleagues demonstrated the successful reprogramming of
adult cells, e.g., skin fibroblasts, into an ESC-like, pluripo-
tent state using forced expression of Oct4, Sox2, Klf4 and
c-Myec [99, 100]. Numerous additional studies have provided
evidence for the expression of these pluripotency-related
markers in adult NCSCs of cranial origin, as discussed above.
Moreover, ESCs and NCSCs share their broad differentiation
potential, and it is thus feasible that adult NCSCs exist in an
almost pluripotent state. However, several important issues

must be addressed to unequivocally demonstrate the pluripo-
tency of NCSCs. First, although NCSCs express several
markers of ESCs, such as Oct4, Lin28, Sox2, Nanog, SSEA-
1, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81, only a few
studies have compared the expression level of these
markers to that in ESCs. Indeed, studies performing this
comparison reported significantly lower expression
levels of ES markers in NCSCs compared with ESCs
[21, 43, 44]. Second, the demonstration of marker expression
is only one of several evidences for a potentially pluripotent
state of cells. Attempts to demonstrate pluripotency should
also focus on, for example, the methylation status of
pluripotency-associated genes. Moreover, NCSCs do not form
teratomas as a consequence of transplantation into immuno-
deficient mice [21, 26, 43], which casts doubt on their
potentially pluripotent status. Whereas some of these studies
did not detect any tumour formation at all, Marynka-Kalmani
et al. demonstrated only the formation of bi-lineage tumours
by NCSCs [26].

A further unavoidable hallmark of pluripotent cells is
their ability to give rise not only to cells of all three germ
layers, but also to beget germ cells themselves. To our
knowledge, there are currently no reports providing evi-
dence for differentiation into germ cells by adult NCSCs.
Moreover, difficulties concerning the proof of pluripotency
affect mainly human cells. In particular, the gold standard
for proof of pluripotency includes the ability of the cells to
form tetraploid embryo chimaeras, as recently discussed by
Smith [101]. Ethical concerns provide an obvious hindrance
to carrying out the tetraploid embryo complementation test
in humans, and therefore, such an assay can only be per-
formed using materials that are derived from an animal
source. Thus, the final proof of the potential pluripotent
state of NCSCs will be chimaera formation and the birth
of fertile animals that are generated using animal NCSCs in
a tetraploid embryo complementation assay.

Taken together, we propose that the developmental poten-
tial of NCSCs should be classified as “extended multipo-
tency”, at least until further studies verify or falsify the
presumption of their pluripotency.

Clinical Potential of Adult NCSCs

Due to their extraordinary plasticity and their on-going pres-
ence in the adult organism, craniofacial NCSCs may represent
an ideal source of cells for regenerative medicine. Indeed,
recent pre-clinical and clinical data with NCSCs raise hope
for the treatment of several complex clinical syndromes.

In a pre-clinical study, isolated and cultivated EPI-
NCSCs were shown to encourage the recovery of function
after experimental spinal cord injury, as demonstrated by the
significant improvement of sensory perception in animals
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that received EPI-NCSC grafts [40, 102] [103]. Central to
their regenerative potential and in contrast to transplanted
but undifferentiated ESCs, transplanted EPI-NCSCs demon-
strated no signs of tumour formation.

OECs are another promising cranial stem cell population
that have been used for the treatment of spinal cord lesions. In a
study by Li and colleagues, transplanted olfactory bulb OECs
mediated the repair of corticospinal lesions in a rat model [104].

Recently, human OECs have been applied in clinical
studies for the treatment of spinal cord injury. In 2008, a
report demonstrated that the transplantation of OECs
resulted in a slight improvement of light touch and pin prick
sensitivity in one of three treated patients [105]. Three
further studies suggested that OEC transplantation may lead
to the improvement of additional sensory and motor scores.
However, no controls were applied in these studies, making
added clinical investigation mandatory to address the ques-
tion of the clinical effectiveness of OECs for the treatment
of spinal cord injury (reviewed in [106]).

Human OECs have been successfully employed in an
experimental rat model of Parkinson’s disease [107]. In this
study, the authors showed significantly reduced behavioural
asymmetry after the application of human OECs compared
with the control group. More recently, Nivet et al. reported that
isolated and cultivated human OE-MSCs also improved mem-
ory dysfunction and restored neuroplasticity in mice with
chemically-induced hippocampal lesions [108]. In this study,
human OE-MSC:s differentiated into neurons, restored synap-
tic transmission, and contributed to the restoration of the
hippocampal neuronal network.

In addition to these promising reports concerning regen-
eration after neurological defects, several pre-clinical reports
have described the contribution of adult NCSCs to the
regeneration of mesodermal tissues. For instance, it has been
reported that SKPs participated in bone repair in a tibial
bone fracture model [109]. Furthermore, a clinical study
showed that transplanted grafts of DPSCs within a collagen
matrix induced the repair of large mandible bone defects
resulting from the extraction of third molars [110].

In conclusion, adult craniofacial NCSCs represent an easily
accessible, ethically unambiguous, and highly plastic source
of cells with high clinical potential. Adult NCSCs show great
promise concerning the treatment of several diseases requiring
the regeneration of multiple cell types, and may be of vital
importance for the future of regenerative medicine.
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