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Abstract

Background/Aims: Human Dental Pulp Stem Cells (hDPSCs) are one of the most promising
types of cells to regenerate nerve tissues. Standard DMEM+10% fetal bovine serum (FBS)
culture medium allows a fast expansion of hDPSC as a surface-adherent cell monolayer.
However, the use of FBS also compromises the clinical use of these protocols, and its long-
term presence favors hDPSCs differentiation toward mesenchymal cell-derived lineages, at
the expense of a reduced capability to generate neural cells. The objective of this work was
to characterize the role of neurotrophin signaling on hDPSCs using a serum-free culture
protocol, and to assess the neurogenic and gliogenic capacity of hDPSCs for future nerve
tissue bioengineering and regeneration. Methods: We compared the different expression of
neurotrophin receptors by RT-PCR, Q-PCR, and IF of hDPSCs cultured with different growth
media in the presence or absence of serum. Moreover, we assessed the response of hDPSCs
to stimulation of neurotransmitter receptors by live cell calcium imaging under these different
media. Finally, we compared the osteogenic potential of hDPSCs by Alizarin red staining,
and the differentiation to gliogenic/neurogenic fates by immunostaining for Schwann lineage
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and neuronal lineage markers. We tested a commercial serum-free medium designed for
the growth of mesenchymal stem cells: StemPro MSCTM (STP). Results: hDPSCs cultured in
STP generated small non-adherent floating dentospheres that showed very low proliferation
rates, in contrast to standard FBS-containing medium. We found that hDPSCs grown in STP
conditions overexpressed neurotrophin receptor genes NTRK2 (TrkB) and NTRK3 (TrkC).
Interestingly, the stimulation of these receptors by adding their respective ligands BDNF and
NT-3 to STP medium enhanced the neural crest (NC) progenitor features of cultured hDPSCs.
We observed a 10 to 100-fold increase of migratory NC cell markers HNK7 and P75"'%, and a
significant overexpression of pluripotency core factors SOX2, OCT4 and NANOG. Moreover,
hDPSCs cultured in BDNF/NT-3 supplemented STP showed a largely increased potential
to differentiate towards neuronal and Schwann glial lineage cells, assessed by positive
immunostaining for DCX, NeuN and S1008, p75N™® markers, respectively. Conclusion: Our
results demonstrate that the use of BDNF and NT-3 combined with STP induced the partial
reprogramming of ectomesenchymal hDPSCs to generate early NC progenitor cells, which are
far more competent for neuronal and glial differentiation than hDPSCs grown in the presence
of FBS.

© 2019 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Adult human tissues possess their own specific adult stem cell niches, which harbor
populations of non-committed multipotent stem cells that are responsible of cell and tissue
renewal during adulthood. Those stem cells are usually activated on demand to replenish
populations of post-mitotic differentiated cells. Some of the most studied adult stem cell
niches include the bone marrow, the subventricular and subgranular zones of the brain,
the olfactory epithelium, the skin, the intestine, the adipose tissue, the hair follicles and the
dental pulp [1-7]. Dental pulp tissue has been under intense focus by the tissue-engineering
field owing to the multifaceted characteristics of the heterogeneous stem cell populations
located within it. These are collectively named Dental Pulp Stem Cells (DPSCs) [8-10] and
were first described and characterized 18 years ago [11, 12]. Considering their neural crest
(NC) marker expression and remarkable differentiation abilities to osteogenic, adipogenic
and chondrogenic lineages they were traditionally regarded as neural crest derived
mesenchymal stem cells (MSC), or ectomesenchymal stem cells [13-19]. However, most
recent studies showed that the stemness of DPSCs far exceeded their consideration as merely
ectomesenchymal cells, because they were able to give rise to non-mesenchymal lineages
such as Schwann and endothelial cells as well [20-25]. Most cranial tissues, including teeth,
are derived from the NC during embryo development, just like neuronal and glial cells of the
peripheral nerve system (PNS). As an evidence of this common origin, it has been shown that
hDPSCs can differentiate to neural cell lineages [24, 26-29], exactly like other sources of
NC-derived cells distributed throughout the body [30, 31]. At present, some populations of
human DPSCs (hDPSCs) could be regarded as true early NC progenitors, one step upstream to
ectomesenchymal stem cells [32, 33]. However, in vitro reprogramming of ectomesenchymal
hDPSCs to neurogenic and gliogenic NC progenitors remained largely unexplored.

One important drawback of many of the reported neural differentiation protocols using
hDPSCs is the use of fetal serum of animal origin (bovine or calf) added to the culture medium
[28, 29]. Serum favors cell survival but also induces hDPSCs differentiation towards osteo/
odontoblastic lineages. This directly imposes a reduction in the capacity of differentiation
towards neuronal or glial cell fates [34-36]. Moreover, the incorporation of xenogenic
elements from FBS to hDPSC cultures could be responsible for host immune-reactivity, graft
rejection or cell contamination [37, 38]. Therefore, a vast amount of research is being carried
out to establish new serum free culture protocols. Stem cells are defined as cell-based
medicinal products (CBMPs) for human therapies. Thus, hDPSCs need to be cultured and
prepared under strict and reproducible conditions in order to achieve good manufacturing
practice (GMP), a required quality standard described in EU Regulation 2003/94/EC [39].
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When neural stem/progenitor cells (NSCs) are cultured in vitro with serum free media,
it is typical to observe the formation of floating neurospheres [40, 41] similarly to other
NC-derived cells [34]. Importantly, hDPSCs also have the capacity to form floating spheres
(dentospheres) in serum free media, in contrast to the typical surface-attached monolayer
morphology that hDPSCs acquire when they are cultured in the presence of FBS [42, 43].
This unique morphology and culture characteristics of hDPSCs grown as dentospheres has
been related to a higher responsiveness to neural differentiation [27, 44]. However, so far
there has been no extensive characterization of the physiological changes occurring within
hDPSCs dentospheres, especially to what concerned a possible differential activity of specific
neural signaling regulators: neurotransmitters and/or neurotrophins. In the present study,
we assessed the differentiation potential of hDPSCs to neural cell lineages in both a serum-
free specific medium, StemPro MSC™ (STP) and the standard DMEM+10% FBS medium.

Materials and Methods

hDPSC cultures

Primary hDPSCs were isolated from human third molars from healthy donors between 18 and 40
years of age, who gave their informed consent. Teeth were fractured mechanically, and the dental pulp
enzymatically digested by 3 mg/ml collagenase and 4 mg/ml dispase (ThermoFisher Scientific, Waltham,
Massachusetts, USA) for 1h at 37 2C. After centrifugation at 15000 rpm for 5 minutes, cells were mechanically
dissociated with 18G needles (BD Microlance). Then, DPSCs were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Lonza, Basel, Switzerland) supplemented with 10% of inactivated FBS (Hyclone, GE
Healthcare Life Sciences, Logan. UT, USA), 2 mM L-glutamine (Sigma, St. Louis, MO, USA) and penicillin
100 U/ml + streptomycin antibiotics 150 pg/ml (Gibco, Karlsruhe, Germany). Once the culture was in
confluence hDPSCs were subcultured in a fresh defined culture medium named STP, which was composed
of StemPro MSC SFM basal medium (Gibco, Karlsruhe, Germany) supplemented with StemPro MSC SFM
supplement (Gibco, Karlsruhe, Germany) at 9:1 ratio and in presence of antibiotics penicillin 100 U/ml
and streptomycin 150 pg/ml (Gibco, Karlsruhe, Germany). After 1 week of culture, the STP medium was
replaced with STP+NTP medium, consisting in the same formulation described above with the addition of
500 ng/ml BDNF (Peprotech, London, UK) and 20 ng/ml NT-3 (Peprotech, London, UK). Culture media were
renewed every 2-3 days. Using this protocol, hDPSCs were maintained in optimal conditions even up to 3
months, with a total accumulation of 6 passages as maximum.

Flow cytometry

hDPSCs cultured in either DMEM+10% FBS or STP were enzymatically detached with Trypsin-EDTA
(Lonza, Basel, Switzerland) from the surface and then incubated with PBS 0.15% bovine serum-albumin
(BSA) solution with 0.5 mg/ml of CD90-FITC 1:50 (Biolegend, San Diego, California, USA), CD105-PE 1:50
(eBioscience,Waltham, Massachusetts, USA), CD73-APC 1:50 (eBioscience,Waltham, Massachusetts, USA),
CD45-APC 1:50 (Biolegend, San Diego, California, USA) or IgG2a k Isotype control (Biolegend, San Diego,
California,USA) for 40 minutes on ice. hDPSCs were washed with PBS 0.15% BSA after staining, then cells
were resuspended in 300 pl of PBS 0.15% BSA and analyzed using a FACS Beckman Coulter Gallios (Beckman
Coulter Life Sciences, Indianapolis, United States). Flowing Software 2.5 (University of Turku, Finland) was
used for data analysis.

DPSC differentiation protocols

hDPSCs were initially cultured for 2 weeks using the three abovementioned different culture media
(DMEM+10% FBS, STP, STP+NTP). The initial seeding for all conditions was 15000 cells/cm? using non-
coated cover slips. In order to test differentiation capabilities, culture media for each condition were
changed for neurogenic or osteogenic differentiation. Neurogenic induction was achieved using Neurocult™
medium with differentiation supplement at 9:1 ratio (Stem Cell Technologies, Vancouver, Canada), Heparin
at 2 pg/ml (Stem Cell Technologies, Vancouver, Canada), EGF at 20 ng/ml, FGFb at 10 ng/ml (Peprotech,
London, UK), 2% of B27 supplement (Thermofisher, Waltham, Massachusetts, USA) and a mixture of
antibiotics penicillin/streptomycin at 100 U/ml and 150 pg/ml respectively (Gibco, Karlsruhe, Germany).
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For osteogenic differentiation, the culture medium was changed to DMEM+10% FBS, 20 uM (-glycerol-
phosphate (Sigma, G9422, St. Louis, MO, USA), 10 nM dexamethasone (D4902, Sigma, St. Louis, MO, USA),
and 52 nM ascorbic acid (#100468, Merck, Darmstadt, Germany) for three weeks.

Alizarin Red assay

To test osteogenic potential after three weeks of culture, extracellular calcified bone matrix deposits
were stained using Alizarin Red. Briefly, hDPSCs were fixed for 30 minutes with 10 % formaline (#F7503,
Sigma, St. Louis, MO, USA), rinsed and stained using 2 g/100 ml Alizarin Red S (#400480250, Fisher Scientific,
Hampton, Nou Hampshire, USA), pH 4.3 for 45 minutes. After three PBS rinses of 5 min, Alizarin Red
absorbance was measured at 450 nm using a Synergy HT Multi-Mode Microplate Reader (Biotek,Winooski,
Vermont, USA).

RNA extraction and retrotranscription

Cell pellets from the different cultures were obtained after trypsin disaggregation and centrifugation
and were immediately frozen at -80 2C until use. RNA extraction was performed following RNeasy mini
kit instructions (Qiagen, Hilden, Germany). RNA concentration was determined using Nanodrop Synergy
HT (Biotek, Winooski, Vermont, USA) and purity was calculated by 260/280nm absorbance ratio. RNA
retrotranscription to synthetize cDNA was performed starting from 1000 ng of the total extracted RNA
using iScript cDNA Kit (1708890, Biorad, Hercules, California) following manufacturer instructions.

Conventional RT-PCR and Quantitative Real-Time PCR (qPCR)
Conventional PCR was performed amplifying cDNA using specific oligonucleotide primers and the
commercial My Taq™ Red

Mi #B10-25043 Bioli
ix ’ 19N rable 1. List of primers used in this study

International, Canada)

. . . Primers Sequence 5’-3° Annealing (C2) Amplicon (bp)
according to the instructions B-actin Upstream GTTGTCGACGACGAGCG 58.50 03
of the manufacturer. The PR *" bemmn | cocwicior am o %
products were flnally analyzed es Downstream CTCAAGATGTCCCTCAGCCT 58.80

7 . Bl Tubulin _ UPStream CCAGCTGCAAGTCCGAGT 59.65 141
by gel electrophoresis in a 2% Downstream  CGCCCAGTATGAGGGAGAT 58.25
N octd Upstream CGTGAAGCTGGAGAAGGAGA 59.11 137
agarose gel. Quantitative Real- c Downstream  CATCGGCCTGTGTATATCCC 57.61
. . . Upstream ATAATAACAATCATCGGCGG 53.64
Time PCR were carried out using Sox2 Downstream  AAAAAGAGAGAGGCAAACTG 53.72 20
Power SYBR® Green PCR Master Nano Upstream GTCAAGAAACAGAAGACCAG 53.88 184
. . g Downstream GCCACCTCTTAGATTTCATTC 54.35
Mix 2x (#4367659, Applied Snail Upstream AACAATGTCTGAAAAGGGAC 53.69 95
. . . nal Downstream  ATAGTTCTGGGAGACACATC 53.86
™
Biosystems™, California, USA) Snai2 Upstream AAACAACCTGAAGACTTGTG 53.96 157
. Downstream  TTCTTTGTACAGTGGTTTGG 53.64
and a CFX96 Real-Time System Hnld Upstream TGTGAGTGCTGGTAATGAG 5451 169
(Biorad, Hercules, California, Downstream ACTGCCCTCATCCTTATG 53.17
i ) Ntrkl Upstream AAACAAGTTTGGGATCAACC 54.26 161
USA) as previously described Downstream  CACTGAAGTATTGTGGGTTC 53.93
Ntrk2 Upstream TTATGTGGATCAAGACTCTCC 54.46 121
[45]. Data were analyzed T Downstream  AAACCACAATTGGGTATCTG 53.43
. . Upstream CATACACATAGAGAACTGGC 53.22
using Bio-Rad CFX manager Nerk3 Downstream  AAGTCCTGAGTTCTTGATGG 54.67 100
software Biorad,  Hercules Upstream CCATGTTGTTCTACACTCTG 53.67
( ’ ’ NGF Downstream GGAATGCTGAAGTTTAGTCC 53.99 125
California, USA)_ All reactions NT-3 Upstream CGCAACTACTTTCTTCTCTC 53.83 189
. o Downstream  CTTGTTCACCTGTAAGATCG 53.79
were performed in triplicate Bdn Upstream TTACAAAGCTGCTAAAGTGG 53.82 82
d th lati . £ Downstream  GAACTGAGATTAGATGGCTTC 53.82
an € relative expression o _ Upstream TCTTTCCGCTGGTACAGCTT 59.31 149
; Downstream  AGCTGCAGTGATGTTTTCCA 58.01
each gene was calculated using Crikz Upstream ATTGGGCCAGATTCCACATA 56.55 106
the standard 222 method [46]_ Downstream GCACCGTTAAACTCCTGCTC 59.20
Gabbri Upstream GGGTGTCTTTTCAGTCGCTT 58.41 137
B-ACTIN and GAPDH were used abor Downstream  GATGAGATGACTGAGGCGGT 59.25
h K Pri Gabrb1 Upstream TGCAGTTCTGCTCATCCAGT 59.31 145
as housekeeper genes. Frimer Downstream  AAATCATTTGTGCATGGGGT 56.15
; _ Upstream ATAAAGGCACGGGCTACTACA 58.89
pairs used for PCR and Q PCR Glrb Downstream CGTCCGGGTTGATCCAGAA 59.41 141
were obtained from the Primer- Cx26 Upstream CATGTACGACGGCTTCTCCAT 60.20 146
) Downstream  GCAGGATGCAAATTCCAGACAC 60.42
Blast method (Primer Bank) and cxa3 Upstream GGTGACTGGAGCGCCTTAG 60.15 225
h listed i bl Downstream  GCGCACATGAGAGATTGGGA 60.46
they are listed in Table 1. Pansl Upstream GCTCTTTGCGATCCTCCTGTA 59.86 118
a Downstream  TGCACGGTTGTAAACTTTGTCAA 59.81
Covl.2 Upstream TAGGCATTGGGGTGAAAGAG 57.19 125
: Downstream  GAAGATGATTCCAACGCCAC 57.17
Naviz Upstream  GCTAAGAGACCCAAACAGGAAC 58.92 210

Downstream  GAATCGAGAGATTGCTTTCCCTT 58.80
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Immunofluorescence (IF)

Cells grown on laminin-coated glass coverslips were fixed with 4 % PFA for 10 minutes and washed
with PBS. Blocking step was performed by 10 minutes of incubation with Normal Goat Serum (501972,
ThermoFisher Scientific, Waltham, Massachusetts, USA) and then coverslips were incubated overnight at
4 °C with the following primary antibodies diluted in PBS + 1 % BSA + 0.1 % Triton X-100: BIII-Tubulin
1:300 (ab182027, Abcam, Cambridge, UK), Collagen1 1:300 (ab34710, Abcam Cambridge, UK), Ki67 1:100
(ab15580, Abcam, Cambridge, UK), Sox2 1:200, Oct-4 1:200 (ab19857, Abcam Cambridge, UK), Vimentin
1:200 (ab24525, Abcam Cambridge, UK), Glial Fibrillary Acidic Protein (GFAP) 1:400 (MAB3402, Millipore,
Lake Placid, NY), Nestin 1:200 (NES, Aves Labs), S1002 1:1000 (Z0311 Dako, Glostrup, Denmark), NeuN
1:200 (EPR12763, Abcam, Cambridge, UK), Doublecortin (DCX) 1:200 (sc-8066, Santa Cruz, Dallas, TX,
USA), Tyrosine Hydroxylase (TH) 1:1000 and GABA 1:100 (ab6211 and ab8891, Abcam, Cambridge, UK),
MAP2 1:1000 (M4403, Sigma-Aldrich, St. Louis, USA), TrkB 1:200 (MBS417499, Abyntek Biopharma, Derio,
Spain) and TrkC 1:2000 (sc-80403, Santa Cruz technologies, Dallas, USA). After 3 rinses of 5 min using
PBS, goat anti-mouse and anti-rabbit secondary antibodies conjugated to Alexa 488 and Alexa 594 were
incubated for 2 h at room temperature. DAPI 1:1000 incubation was used to counterstain cell nuclei. Images
were acquired at 20X and 40X magnification with a Zeiss Apotome fluorescent microscope managed by Zen
software or Leica Confocal SP8. Fiji software was used to quantify the IF signal in images.

Live cell calcium imaging

hDPSCs were grown on poly-lysine coated glass coverslips and allowed to grow and make contacts for
7 days. In order to register cell calcium imaging, 5 uM fura-2/AM or 2 uM fluo-4/AM (Invitrogen, Waltham,
Massachusetts, USA) were incubated for 60 minutes at 37 2C. Immediately, coverslips were placed in a flow
chamber (Warner Instruments) with constant perfusion of Hank's balanced salt solution (HBSS, Invitrogen,
Waltham, Massachusetts, USA) supplemented with 10 mM Hepes (2-[4-(2-hydroxyethyl) piperazin-1-yl]
ethanesulfonic acid) at room temperature. Then, cells were alternately excited at 340 and 380 nm for fura-2
imaging, recording the emitted light above 510 nm. The F340/380 ratio was used as index of cytoplasmic
[Ca%]. For fluo-4 imaging, single excitation at 488 nm and emission at 520 nm was used and data were
plotted as AF/F, where AF =F-F F is the fluorescence intensity of agonist-containing solution and Fis the
fluorescence intensity of control solution. Recordings were performed using a C10600-10B Hamamatsu
camera installed on an Olympus IX71 microscope. Data analysis was performed using manually selected
regions of interest (ROI), including background subtraction using Fiji software. Results are based on
recordings from hDPSCs of 3-4 patients cultured in with DMEM/FBS, STP, and STP+BDNF and NT-3 (NPS)
culture media.

ELISA

BNDF and NT3 content were determined in duplicate by the R&D DuoSet Immunoassay (R&D)
as described previously (Canals et al., 2004). Briefly, 250.000 cells were seeded in T75 flasks with 5 mL
of either DMEM or STP and culture media were collected after 7days of seeding. We analyzed 100 pL of
supernatants and lysed cell pellet from cell culture diluted 1:1 in reagent buffer 1X. Values were normalized
and expressed as picogram of neurotrophins per mL and cell. At day 7 the total number of cells were counted
using an automated TC20 cell counter (Bio-Rad) to determine the amount of BDNF and NT-3 secreted per
cell at the end of the experiment. Quantifications were performed generating a four parameter logistic (4-
PL) curve fit following the manufacturer instructions.

Statistical analyses

All results are presented as mean * standard error, also referred as SEM. Statistical comparisons were
performed through either a Mann Whitney U test or Student’s t-test for single comparisons, and either
Kruskal-Wallis or a one-way ANOVA, followed by post-hoc tests, for multiple comparisons. Statistical tests
were performed by IBM SPSS Statistics v.22. Statistical significance was considered to be *p < 0.05, ** p <
0.01, **p < 0.001.
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Results

hDPSC proliferation and phenotype marker characterization in both serum-containing

DMEM and serum-free STP media

To assess the capacity of hDPSCs to undergo neural and glial differentiation without the
use of serum, we selected STP as a serum-free medium commercialized for the in vitro culture
of mesenchymal stem cells. We found that hDPSC in STP generated small dentospheres (Fig.
1a) as previously reported in other studies using different serum-free media [27, 42, 43].
Dentosphere culture has been reported to reproduce the characteristics and physiology of
typical neural stem cell (NSC) neurospheres [40]. We determined that dentospheres were
positive for Nestin, a typical NSC marker (Fig. 1a). Dentospheres cultured with STP could be
maintained in a very slow proliferative state for several months.

Fig. 1. Characterization of hDPSCs
cultures in DMEM+10% FBS and STP
media: a) Different growth patterns
depending on the culture medium.
Migrating adherent cells soon
colonize the whole plating surface in
DMEM+10% FBS. In contrast, floating
dentospheres persist in STP medium,
with occasional emergence of long
spindle-like adherent cells. IF; images
showing expression of mesenchymal
markers (Collagen 1) and neural
markers (Nestin, (3-Tubulin) in
hDPSCs in both DMEM+10% FBS and
STP culture media. Scale Bar 50um.
b) Conventional RT-PCR derived
electrophoresis gel bands showing
the expression of mesenchymal genes,
neural genes and pluripotency core
factor genes in both conditions. c) Cell
cycle analysis by propidium iodide flow
cytometry of hDPSCs grown in both
culture media, showing a limitation of
the growth rate in STP medium, with
respect to DMEM+10% FBS. d) Flow
cytometry analysis for mesenchymal
and hematopoietic stem cell markers
(CD90, CD105, CD73, CD45) confirmed
a  generalized ectomesenchymal
phenotype of hDPSCs in both media
conditions.
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In sharp contrast, hDPSCs grown using DMEM+10% FBS formed small adherent
colonies that boosted in a rapid cellular proliferation and created a confluent monolayer
culture after one-two weeks (Fig. 1a). Despite these different cell morphology and dynamics,
flow cytometry analysis showed no differences of expression of the main mesenchymal
markers; CD90 (DMEM: 97.3+2.09%; STP: 93.4+2.23%), CD105 (DMEM: 93.1+4.5%; STP:
88.1+1.79%) and CD73 (DMEM: 99.8+0.08%; STP: 99.95+0.02%). Cells were negative for
hematopoietic stem marker CD45, excluding blood contamination (Fig. 1d).Inagreementwith
that, immunofluorescence staining showed 100% of cells being positive for mesenchymal/
connective marker Collagen I and neural Nestin and BIII-Tubulin markers (Fig. 1a). These
results were also confirmed by RT-PCR (Fig. 1b) where those markers showed a similar
expression in different culture media. These three markers were also maintained in hDPSCs
during all culture passages (data not shown).

Nextwe soughtto determineifthose different culture media could affect cell proliferation.
For this purpose, we incubated hDPSCs with propidium iodide to visualize their cell cycle
profile. We determined that 78.6% of total cells were in GO/G1 phase and 21.6% in S/G2
phase for DMEM+10% FBS hDPSCs cultures. In contrast, hDPSCs cultured with STP showed
a marked decrease of cells in S/G2 phase to a 10.5%, together with an increase to 88.5%
in GO/G1 phase (Fig 1c). To confirm these results, IF against the proliferation marker Ki67
was performed. 25.2+4.15% of cells were Ki67-positive for DMEM+10% FBS, which were
reduced to 10.2+2.64% in STP conditions (*=p<0.022 Student’s t-test. Fig. 1¢). In conclusion,
both types of culture media maintained the main mesenchymal characteristics of hDPSC,
but the STP culture in the absence of serum reduced the S phase of hDPSCs, delaying their
proliferative growth.

hDPSCs expressed functional neurotransmitter receptors, voltage-dependent ion channels,

and GAP junctions

Because hDPSCs are regarded as a very promising source of stem cells for nerve tissue
regeneration [15], we sought to determine whether our cells expressed the principal
neurotransmitter receptor families. Thus, we screened for the principal ionotropic and
metabotropic receptors for GABA, glutamate, acetylcholine, glycine and ATP, by conventional
RT-PCR. Since many of those receptors are multi-heteromeric proteins, only the most
important and widely characterized subunits were analyzed for each of them. We found that
DPSCs strongly expressed GABA-A (GABBR1), GABA-B (GABRB1), ionotropic ATP receptor
(P2XR7), glutamate (kainate subtype (GRIK2)) and glycine (GLRB) receptor subunits (Fig.
2b). In contrast, acetylcholine (CHRNA6), Glutamate ionotropic AMPA (GRIA1) and NMDA-
receptor (GRIN1) subunits were only detected in marginal amount (data not shown). We also
found that hDPSCs presented a high expression of L-type Voltage-dependent Ca?* channel
(VDCC) subunits (CAV 1.2; Fig. 2d). Taking all these results in consideration and keeping
in mind that some of the detected subunits belonged to excitatory ionotropic receptors
(kainate and ATP receptors), it was plausible that hDPSCs could undergo a cell-membrane
depolarization after their activation. In order to test this, we assessed the functionality of
these receptors in hDPSCs by Fluo-4 and Fura-2 Ca?* imaging. Whether directly induced by
Ca?* permeation, or indirectly triggered by secondary activation of VDCCs (if the receptors
were functional), we speculated that the selective activation of these receptors by their
pharmacological agonists would cause an increase in intracellular Ca?* concentration in
hDPSCs. To test this, we transiently stimulated the respective receptors with a pulse of 30 s
of 50 uM kainate and 100 pM ATPyS respectively. We recorded hDPSCs showing intense Ca?*
increases (Fig. 2a-c; Supplementary Movies 1 and 2) which returned to steady basal Ca?
levels after agonist stimulation (for all supplemental material see www.cellphysiolbiochem.
com). Some hDPSCs responded to more than one agonist (ATPYS, kainate) whereas others
were completely insensitive to any stimulation. This result indicated a large degree of cell
heterogeneity within each hDPSC culture. When assessing the effect of different culture
media (DMEM+10% FBS vs STP) on the response rate of hDPSCs to ATPyS and Kainate, we
only found statistically significant differences for ATPyS (Fig. 2g). Additionally, we also found
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Fig. 2. Presence of functional neurotransmitter receptors, voltage-dependent Ca?* channels, hemichannels
and GAP junctions on hDPSCs: a) Some hDPSC showed functional Ca?* responses (yellow arrows) to
stimulation with 50 uM Kainate and 100 pM ATPYS. Scale bar 50 um. b) Conventional RT-PCR bands
showing expression of subunits of neurotransmitter receptors PZXR7 (ATP), GRIKZ (Kainate), GABBR1
(GABAB), GABRB1 (GABAA), GLRB (Glycine). c) Plotting of Fluo-4 fluorescence live measurements before
and after stimulation of hDPSCs for 30 s with 50 uM Kainate and 100 uM ATPYS. Mean * SEM. AF/F Fluo-
4 fluorescence signal of different hDPSCs within a same coverslip (n= 14 and 6, respectively). d) hDPSCs
showed functional Ca?* responses to stimulation with 10 uM Bay-K 8644 (yellow arrows). Regions of cell
confluence occasionally showed spontaneously propagating calcium waves. Scale bar 50 um. e) Conventional
RT-PCR bands showing expression of Connexin (CX26, CX43) and Pannexin (PANX1) subunits, and L-type
voltage gated calcium (Cav1.2) channel subunits and sodium channels (Nav1.2). f) Plotting of Fluo-4
fluorescence live measurements before and after stimulation of hDPSCs for 30 s with 10 uM Bay-K 8644,
and spontaneous Ca?* wave recorded on confluent hDPSCs in the absence of pharmacological stimulation.
g) Global quantifications of Ca?* responsive hDPSCs to different pharmacological treatments. Percentage of
hDPSC responding cells vs total cells in cultures grown with DMEM+10% FBS or STP media. Global rates of
response to ATPYS, Bay-K 8644 and Kainate were analyzed (n= 50 to 100 cells from 3 independent hDPSCs
cultures). Statistics were analyzed by Mann Whitney *=p<0.05. Movies 1-4 corresponding to frames shown
in a) and d) are available as supplementary material. Supplementary Movie 5 also shows the triggering of
Ca?* waves by stimulation with ATPYS, Bay-K 8644 and Kainate in confluent cells.
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Ca? responses in hDPSCs tested with the specific L-type VDCCs agonist 10 uM Bay-K 8644
(Fig. 2d, 2f; Supplementary Movie 3). The rate of response to Bay-K 8644 decreased in STP
medium cultured cells (Fig. 2g). Interestingly, 67% of the cells that responded to ATPyS and/
or kainate did not respond to Bay-K 8644 (not shown), indicating that the observed Ca?
transients in these cells likely originated from receptor activity, with little or no contribution
by L-type VDCCs.

We also observed that confluent hDPSCs occasionally presented spontaneous and
synchronous Ca?* oscillations, which propagated as waves along all the cell monolayer (Fig. 2d,
2fand Supplementary Movie 4). Importantly, Ca** waves could also be triggered by application
of kainate, ATPyS and Bay-K 8644 to confluent hDPSC cultures in either DMEM+10% FBS,
STP or STP+NTP conditions (Supplementary Movie 5 & 6). This synchronous Ca?*activity on
cell cultures was characteristic of cell coupling through GAP junctions. Thus, we analyzed by
RT-PCR the expression of Connexin (CX43) and Pannexin (PANX1) subunits, showing a high

Fig. 3. Expression

of Neurotrophin
ligands and
receptors in

hDPSCs grown in
DMEM+10% FBS
and STP media: a)
hDPSC grown in
DMEM+10% FBS
and STP express
neurotrophin

receptors, as
assessed by
conventional RT-

PCR. b) Changes in
the expression levels
of neurotrophin
receptor coding
genes NTRK1, NTRK2
and NTRK3  as
assessed by Q-PCR.
Significantly higher
levels of expression
were found in NTRK2
and NTRK3 for STP-
grown hDPSCs. Mann
Whitney ** = p<0.01.
c) Expression levels
of TrkB and TrkC in
hDPSCs for 7 days
in DMEM or STP
culture media. d)

Quantification of

percentage of cells colocalizing both TrkB ansd TrkC receptors. Scale bar 50pm. e) hDPSCs cultured using
STP media significantly reduced the release of BDNF (left) and increased the release of NT-3 (right). Data
were analyzed by Mann-Withney *=p<0.05. Experiments were performed in triplicate. f) Changes in the
expression levels of neurotrophin ligands in DMEM+10% FBS, STP and STP/NTF2 conditions by Q-PCR.
Significantly higher levels of expression were found for NT-3 on both STP and STP/NTF2 media. Statistics
were analyzed by ANOVA following by Scheffe post-hoc analysis. *=p<0.05, *** =p<0.001. Experiments were
performed in triplicate.
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expression of both in hDPSCs grown in either DMEM+10% FBS or STP (Fig. 2e). This result
highlighted that hDPSCs could functionally coordinate and communicate by responding
through Ca?* waves to activation of the principal excitatory receptors.

hDPSCs overexpressed neurotrophins and neurotrophin receptors in serum-free STP

medium

The consolidation and maintenance of nerve circuitryimply the establishmentofneuronal
connectivity during development, requiring the proper signaling of both neurotransmitters
and neurotrophins as proposed by the thropic theory [47]. Neurotrophins are classified as
an important family of neural growth factors comprised of four ligands: NGE, BDNF, NT-3,
NT-4/5, and its receptors: of high affinity NRTK1/TrkA, NTRK2/TrkB, and NTRK3/TrkC,
and the low-affinity co-receptor p75"™ [48]. Neurotrophic signaling is of utmost importance
for both neuronal growth and survival. For this reason, we examined whether DMEM+10%
FBS or STP culture media could provoke changes in neurotrophin ligand and/or receptor
expression on hDPSCs. Conventional RT-PCR showed expression of the three neurotrophin
ligands NGEF, BDNF and NT-3 (Fig. 3a), as well as for their respective high affinity tyrosine
kinase receptors TrkA/NTRK1, TrkB/NTRK2 and TrkC/NTRK3 (Fig. 3b). RT-PCR band for
NTRK1 was lighter than for NTRK2 and NTRK3 in both DMEM+10% FBS and STP culture
conditions (Fig. 3a) so we decided to quantify their relative levels of expression by Q-PCR.
Interestingly, we found out that NTRKZ2 and NTRK3 were quite over-expressed in STP,
especially NTRK3, whose levels increased ~30 fold with respect to DMEM+10% FBS (Fig.
3b). We confirmed this result by IF for the respective receptors TrkB and TrkC (Fig. 3c).
We quantified the number of cells that were positive for both receptors and we found an
increase of 65.6+12.85% of double colocalization in STP cultures (*=p<0.0179, Student’s
t-test, Fig. 3d). These changes prompted us to hypothesize that DPSCs in STP medium could
be more sensitive to their natural ligands, BDNF and NT-3, with respect to standard medium,
and probably, this could have also implications in hDPSCs differentiation.

First of all, we decided to measure secreted neurotrophin levels in both DMEM and STP
media. For this purpose, hDPSCs cultures were Kept for 7 days in each respective culture

Fig. 4. Expression of neural crest and
pluripotency core factors in hDPSCs grown in
DMEM+10% FBS, STP and STP/NTF2 media:
a-b) Q-PCR assessment of expression levels
of neural crest genes SLUG, SNAIL, HNK1 and
P75MR in hDPSCs grown in DMEM+10% FBS,
STP and STP/NTF2. Significantly higher levels
of expression were found for migratory NC
markers HNK1 and P75"® in hDPSCs grown in
BDNF/NT-3-supplemented STP (STP + NTF2)
*p<0.05 and **p<0.01. c) Pluripotency factor
genes SOX2, OCT4, and NANOG expression
levels in DMEM+10% FBS, STP and STP +
NTF2. Higher expression levels were found
for the three core factors in BDNF/NT-3-
supplemented STP (STP + NTF2) conditions.
*#*=p<0.001. d) Ki67 proliferation marker
positive cell percentage of hDPSCs grown in
all three culture media, showing a limitation of
the growth rate in STP medium, with respect
to DMEM+10% FBS and STP+NTF2. Statistics
were analyzed by ANOVA following by Scheffe
or Bonferroni post-hoc analysis. Experiments
were performed in triplicate.
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medium and ELISA quantitative assay on supernatants detected 17.66+1.47 fg/uL/cell and
8.41+0.66 fg/pL/cell of BDNF and NT-3 with DMEM+10% FBS and 6.44+2.77 fg/uL/cell and
16.36+2.08 fg/uL/cell of BDNF and NT-3 with STP (Fig. 3e). This result demonstrated that
STP conditions reduced and increased significantly the release of BDNF and NT-3 respectively
(*=p<0.032 and p<0.041 Mann-Whitney, Fig 3e). To assess the effect of neurotrophin receptor
activation on hDPSCs, we chose to supplement STP medium with 500 ng/ml of BDNF and 20
ng/ml of NT-3 for 7 days, based on previous reports [49, 50]. First, we assessed whether
this supplementation (STP+NTF2) would influence de novo neurotrophin gene expression
by hDPSCs. We found a silencing of BDNF expression in STP and STP+NTF2 conditions, and
an overexpression of NT-3 in STP, with respect to standard DMEM+10% FBS (Fig. 3f).

The low affinity neurotrophin co-receptor P75N™® is crucial for Trk signaling [51, 52]
and it is also an important marker of differentiation for certain cell types of the peripheral
nerve system [53]. In BDNF/NT-3-treated hDPSC cultures, p75NTR expression increased up
to ~90 fold (Fig 4a). Thus, we wondered whether STP supplementation with BDNF and NT-3
promoted differentiation of hDPSCs towards neural lineages, as expected for neurotrophic
signaling on adults [54, 55]. In order to check this, we evaluated the expression of a battery
of markers for immature and mature neurons (DCX, NeuN), Schwann cells (S1008), adult
myelinating cells (PLP1), and astrocytes (GFAP) by conventional RT-PCR and IF. All of
these markers were either completely absent or only marginally expressed (GFAP) in
hDPSCs cultured in any medium (DMEM+10% FBS, STP, or STP+NTF2; data not shown). In
conclusion, STP supplementation with BDNF and NT-3 did not induce hDPSC differentiation
to neural cells.

Fig. 5. Immunofluorescence
analysis of OCT4 and
P75"™® in  hDPSCs grown
in DMEM+10% FBS, STP
and STP/NTF2 media: a)
OCT4 immunostaining for
DMEM+10% FBS, STP and
STP/NTF2 growing hDPSCs.
A higher IF nuclear signal
corresponding to the active
form of OCT4 is found in
hDPSCs grown in BDNF/
NT-3-supplemented STP.
Scale Bar 50 pm. b) Graph
showing quantification of
nuclear OCT4 IF intensity
per cell (n=3. *=p<0.05. c)
P75"™®  immunostaining for
DMEM+10% FBS, STP and
STP/NTF2 growing hDPSCs.
A higher IF signal for P75N™®
is found in hDPSCs grown
in raw STP and BDNF/NT3-
supplemented STP (n=3).
Scale Bar 50 pm. d) Graph
showing quantification of
P75N™® IF signal in each
condition. All statistics were
analyzed by ANOVA following
by Scheffe post-hoc analysis
*=p<0.05, ***=p<0.001. Experiments were performed in triplicate.
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Supplementation of STP with BDNF and NT-3 induced hDPSCs to acquire characteristics of

early non-committed Neural Crest Stem Cells

During embryonic development, hDPSCs originate from NC stem cells that migrate
dorsoventrally from the neural tube to the pharyngeal arches to form most craniofacial
tissues, including the dental pulp. Those migratory cells specifically express certain markers
such as P75 "™ and HNK1 [56]. Additionally, NC stem and progenitor cells also express core
factors associated to cell pluripotency, such as 0CT4a, SOX2 and NANOG [16, 34]. Given that
BDNF/NT-3 supplemented-STP did not induce any differentiation of hDPSCs toward mature
neural lineages, we wondered if the exposure to neurotrophins would have somehow an
impact on hDPSCs stemness. Thus, we first analyzed the expression of NC and pluripotency
core factors by hDPSCs on different media conditions. Remarkably, as assessed by Q-PCR,
expression of the migratory NC markers HNK-1 increased ~10 fold, inhDPSCs grown in BDNF/
NT-3-supplemented STP medium, with respect to DMEM+10% FBS (Fig. 4b). Expression of
the core factors 0CT4a, SOX2 and NANOG was markedly and consistently increased ~2 -5
fold in BDNF/NT-3-STP medium (Fig. 4c). Interestingly, expression of core factors dropped
markedly in raw STP medium with respect to DMEM+10% FBS, to recover sharply in
neurotrophin-supplemented STP medium. This recovery of stemness marker expression
mediated by BDNF/NT-3 followed a recovery in the number of proliferating cells assessed
by IF against Ki67 (Fig. 4d). IF against P75"™ and OCT4 confirmed these changes in cell
phenotype (Fig. 5a-d). Therefore, our results indicated that STP supplementation with BDNF
and NT-3 reversed quiescence of hDPSCs and the so-derived cells acquired characteristics of
non-committed P75 ™+ /HNK1+ neural crest stem cells.

Preconditioning by BDNF/NT-3-STP medium rendered hDPSCs more responsive to neural

differentiation protocols

Despite showingalarger expression of pluripotency core factors and NC markers, hDPSCs
grown in BDNF/NT-3-STP medium completely lost the ability to respond to osteogenic
differentiation media, as assessed by alizarin Red staining (Supplementary Fig. 1). Thus, we
hypothesized that the neurotrophin treatment could actually be reprogramming hDPSCs
to a prior stage of NC lineage commitment. Then BDNF/NT-3-exposed hDPSCs would have
an increased capacity to differentiate to neural cells, at the expense of a reduced capacity
to differentiate to mesenchymal lineage cells. To test that hypothesis we used Neurocult™
differentiation medium, which is widely used to drive neuronal and glial differentiation of
neural stem cells [57]. hDPSCs were grown in three different media conditions (DMEM+10%
FBS, STP, BDNF/NT-3-STP) and then switched to Neurocult™ differentiation for another 21
days. Differentiation of hDPSCs to neurons was assessed by immunofluorescence against
immature (DCX) and mature (NeuN) neuronal markers, whereas differentiation to glial
(Schwann) cells was assessed by P75N™® and S100.

We found that preconditioning with BDNF/NT-3 rendered hDPSCs more responsive
to neural differentiation (Fig. 6a-b). After 3 weeks of growth in Neurocult™ differentiation
culture medium, nearly half (48.18+2.82%) of BDNF/NT-3-treated cells showed a clear
nuclear staining for NeuN, indicative of neuronal lineage commitment (Fig. 6b). This was
corroborated withimmunostaining of mature neuron marker MAP2 showinga 50.53+23.11%
of positive cells (Supplementary Fig. 2a). Up to 66.2+31.3% hDPSCs were positive for
tyrosine hydroxylase, a specific marker for dopaminergic neurons (***=p<0.001, Kruskal-
Wallis, Supplementary Fig. 2d), and 34.8+4.83% were positive for GABA neurotransmitter
(**=p<0.0044, Kruskal-Wallis, Supplementary Fig. 2e). On the other hand, we found
43.84+10.60% of cells that showed the immature neuronal marker DCX (Fig. 6¢). Similarly,
about the other half of the cultured cells (54.88+4.60%) were positive for the Schwann cell
marker S100f (Fig. 6€), and a majority of cells showed labeling for p75N™® (73.21+£2.69%);
Fig. 6f). In contrast, only a tiny fraction of cells grown in DMEM+10% FBS showed such adult
neural cell characteristics (5.98+2.59% NeuN+; 6.76+4.06% DCX+; 6.28+3.01% S1008; Fig.
6b-e) and only 24.35+3.37% of them showed p75 ™ labeling (Fig. 6f). These results indicated
that hDPSCs preconditioned with BDNF/NT-3-STP medium showed a better responsiveness
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Fig. 6. Differentiation of hDPSCs grown in DMEM+10% FBS, STP and STP/NTF2 media to neuronal and glial-
lineage cells: a) After a preconditioning growth phase of hDSPSCs in different culture media, neuronal and
glial differentiation of hDPSCs was induced by culturing cells with the neural-inductive medium Neurocult
Differentiation for 3 weeks. Cells were stained for the immature neuronal marker DCX (green), and mature
neuronal marker NeuN (Red). Scale Bar 50um. b-c) Graph showing positively marked cell percentage for
NeuN and DCX. d) hDPSCs were stained with the Schwann cell markers, P75V® (green) and S100£ (Red).
Scale Bar 50um. e-f) Graph showing percentage of positive cells for S10013 and P75N™. All statistics were
analyzed by ANOVA following by Scheffe post-hoc analysis *=p<0.05, **=p <0.01, ***p<0.001. Experiments
were performed in triplicate.

to the neural differentiation protocol, with a higher proportion of cells expressing neuronal
markers than hDPSCs grown in standard serum containing medium.

Discussion

Stem cells and especially mesenchymal stem cells have become not only a promising
but also a realistic option for next generation cell therapies to treat irreversible nerve tissue
injury [58]. Among the different types of mesenchymal stem cells that can be found within
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the adult human body, ectomesenchymal NC-derived stem cells derived from dental tissues,
such as hDPSCs, appear particularly attractive to this purpose because of their possibility
of extraction with low invasiveness, amenability to autologous graft, as well as their shared
embryonic origin with the nerve system itself [9, 15].

Several researchers have described important phenotypic changes of hDPSCs when
these cells are cultured in different serum-free media, in particular to what concerns floating
sphere/dentosphere generation [27, 42, 43]. This shows that hDPSCs can mimic the way
both central NSC and peripheral neural crest stem cells behave in vitro, in the same or related
serum-free media [33, 34, 59]. DMEM supplemented with 10-20 % FBS has been traditionally
regarded as a gold standard for hDPSCs culture, owing to high cell amplification rates and a
long-term maintenance of mesenchymal stem cell phenotype, but this is not appropriate for
the generation of neural cells. Moreover, continuous presence of FBS is also associated with
a plastic-adherent cell growth and a spontaneous differentiation of hDPSCs to osteoblasts/
odontoblasts after serial culture passaging [35, 36]. Serum incorporation during stem cell
culture procedure might also cause allergies and immune rejection of grafted cells, making
its use challenging for nerve cell therapy [37, 38].

Despite the obvious differences in cell growth and culture characteristics, in our hands
hDPSCs presented a near identical expression of mesenchymal and neural stem cell markers
regardless of the employed culture medium. Thus, both serum-exposed adherent hDPSCs
and serum-free dentosphere hDPSCs showed a generalized near 100 % expression of the
mesenchymal stem markers CD90, CD105 and CD73, together with the neural stem marker
Nestin. This particular profile of markers is characteristic of NC-derived ectomesenchymal
cells. Although as mesenchymal phenotype cells, hDPSCs have the preferential ability to
differentiate to specialized connective tissue lineages, including bone, dentin, cartilage and
adipose tissue [12], these stem cells are originally derived from early NC precursors that
reside in perivascular locations within the dental pulp [23, 60, 61]. NC precursors constitute
a small population of Sox10+, p75"™+ and HNK1+ cells within the dental pulp tissue, which
have the capacity to give rise to both neural and non-neural cell lineages [23, 33]. Thus,
an important question was whether hDPSCs initially cultured with FBS still retained the
ability to reverse their acquired in vitro ectomesenchymal phenotype, and be reprogrammed
to early NC precursors with the capacity to give rise to populations of neural cells. In this
work, we found this is indeed possible, when combining serum-free culture media with a
stimulation of hDPSCs with BDNF and NT-3 neurotrophins for 7 days.

Histointegrity is one the most important aspects of cell therapy. The success of the
graft of foreign cells in a host tissue is given by the capacity of these cells to adapt to the
new surrounding environment. This adaptation capacity is described as the ability of cells
to generate functional interactions and exchanges of signals in the place they are grafted
[62, 63]. In neural tissue, the establishment and/or regeneration of nerve connectivity
depend on intercellular communication through neurotransmitters. In particular, excitatory
neurotransmission through both GABA and glutamate is fundamental for the fine-tuning of
synaptic connections during development [64, 65]. For this reason, any cell to be grafted
to regenerate nerve tissue should ideally detect and respond to those neurotransmitters,
and thus interplay coordinately with host neural cells. Thus, in the context of cell therapy
it is important to assess if hDPSCs are able to respond to different neurotransmitters. We
found that hDPSCs grown in both serum-containing and serum-devoid conditions expressed
mRNAs for different subunits of ionotropic neurotransmitter receptors. These were also
functional, because they produced clear cytoplasm Ca?** rises in subsets of hDPSCs after
their stimulation with specific agonists. In addition, hDPSCs in both DMEM+10% FBS and
STP media also presented a high expression of Connexin (Cx26, Cx43) and Pannexin (Pnx1)
subunits. We observed propagating Ca?* waves under cell confluence, which is another shared
characteristic with developing neural networks in vivo [66-69]. In addition, by live-cell Ca?*
imaging techniques we confirmed the results of other groups describing the presence of
functional Bay-K-sensitive L-type voltage dependent calcium channels in hDPSCs [70]. Thus,
in this work we show that hDPSCs express a good repertoire of neurotransmitter receptors,

1374



Cellular Physiology Cell Physiol Biochem 2019;52:1361-1380

. . DOI: 10.33594/000000096 © 2019 The Author(s). Published by
and Biochemi Stry Published online: 11 May 2019 |cel Physiol Biochem Press GmbH&Co. kG

Luzuriaga et al.. BDNF and NT3 Reprogram Human Dental Pulp Stem Cells to Neural

Crest Progenitors

voltage-dependent channels, GAP junctions, and the ability to generate synchronous Ca®*
waves in vitro, in response to depolarization and the stimulation of kainate and ATP receptors.
All these characteristics may render benefits with regard to the functional integration of
grafted hDPSCs within nerve tissues.

Neurotrophins and their receptors are also essential in nerve signaling. It has been long
described their effect in neural stem cell differentiation, neuronal survival, synaptogenesis
and synapse plasticity [71-73]. Unexpectedly, we found that hDPSCs grown as dentospheres
in serum-free STP medium presented significantly higher levels of mRNA expression for
NTRK2 and NTRK3, two important high-affinity neurotrophin receptors with Tyrosine
Kinase activity. Mesenchymal stem cells, in particular hDPSCs, produce and secrete large
amounts of neurotrophins [74], which may account for neuroprotective abilities [75, 76]. In
this work, we also showed that hDPSCs grown in different media were able to express NGF,
BDNF and NT-3. However, until now little if any information was available about the presence
of neurotrophin receptors in hDPSCs, and their possible involvement in the regulation of
hDPSCs homeostasis and/or differentiation. Addition of BDNF and NT-3, which are the
respective ligands of NRTK2/TrkB and NRTK3/TrkC, as a medium supplement for 7 days
to hDPSCs grown in STP, induced some remarkable changes in the phenotype of these cells:
1) hDPSCs recovered a high proliferation capacity, even in the absence of serum, 2) they
increased the expression of pluripotency core factors NANOG, SOX2 and OCT4a. 3) this switch
came along with an overexpression of NC progenitor markers HNK1 and p75"™® with respect
to hDPSCs cultured in DMEM+10% FBS. These results suggested that ectomesenchymal
hDPSCs cultured with BDNF and NT3 in a serum free medium were reprogrammed one step
back to become true NC progenitors.

NC progenitors are known to be present within dental pulp tissue [16, 23]. One major
step of NC lineage specification consists on differentiation of NC progenitors into either
neural-committed cells, or alternatively to ectomesenchymal stem cells. The former give rise
to peripheral nerve system (PNS) neurons and Schwann cells, whereas the latter differentiate
to other specialized connective tissues like bone, cartilage, and adipose tissue, among others.
Importantly, the fate of NC progenitors in vitro depends on the presence or absence of serum
in the culture medium [33]. Thus, serum presence favors ectomesenchymal differentiation,
whereas its absence promotes neural differentiation. Then in the presence of 10 % FBS in
vitro, most NC progenitors tend to differentiate towards ectomesenchymal type, expressing
typical markers such as STRO-1, CD90, CD73 and CD105, as it was indeed the case for our
starting DPSC cultures (Fig. 1d). We show here that this ectomesenchymal conversion process
isreversible. We found that previous exposure of hDPSCs to FBS, even if afterwards cells were
cultured either with DMEM+10% FBS or STP media, produced a generalized expression of
mesenchymal markers that may suggest a lower capacity to give rise to neural lineages. To
our surprise, the addition of BDNF and NT-3 in STP medium was sufficient to reverse this
phenotype, changing the scenario dramatically and allowing hDPSCs to overexpress NC and
pluripotency core factors. These changes have been attributed to an enhanced stemness [45].

To confirm the dedifferentiation towards NC or a more initial stemness stage, we
investigated whether hDPSCs gained an improved capacity to give rise to neural (neuronal
or glial), and non-neural (e.g. mesenchymal) cell lineages, thus losing the preconditioned
response to differentiate towards osteoblasts after FBS exposure. BDNF/NT-3 treated hDPSCs
cultured with standard protocols of osteoblastic (mesenchymal lineage) differentiation,
by addition of dexamethasone, (-glycerolphosphate and ascorbate to the medium, did
not retain the capacity to differentiate to osteoblasts and generate a mineralized bone
matrix. In contrast, when cultured with differentiation (Neurocult™) media, BDNF/NT-3-
reprogrammed hDPSCs gave rise to significantly larger populations (~50 %) of neuronal-
like cells (expressing NeuN, DCX, MAP2 and/or dopaminergic and GABAergic markers),
and also to Schwann glial marker-expressing cells (p75N™®, S100). In comparison, hDPSCs
that were grown in DMEM+10% FBS typically generated less than 10% of cells with these
characteristics. The exposure of hDPSCs to BDNF and NT-3 for 7 days in STP medium was
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Fig. 7. Summary of research
findings: Stem Cells within
dental pulp tissue, collectively
termed Dental Pulp Stem
Cells or DPSCs, comprise
actually a mixture of early
HNK1+ and p75"™®+ NC
progenitors, which are able to
give rise to neuronal and glial
cells, together with further
committed ectomesenchymal
stem cells, which are
specialized to differentiate to
connective tissue cell lineages.
Under standard in vitro
culture media containing FBS,
hDPSCs tend to differentiate
to ectomesenchymal
phenotypes, characterized
by the expression of CD90,
CD73, CD105 and Collagen 1
markers. This differentiation
process may be reverted by culturing hDPSCs with a serum free (STP™) medium, supplemented with BDNF
and NT-3 neurotrophins. Under these conditions, hDPSCs highly upregulate NC progenitor markers HNK1
and p75M*®and acquire an enhanced capacity to give rise to neuronal and glial lineage cells.

sufficient to reprogram these cells to acquire a more prominent NC progenitor phenotype,
becoming more competent for direct neural differentiation.

One of the most remarkable aspects of the current work is that a serum-free medium
combined with BDNF and NT-3 is enough to reprogram ectomesenchymal hDPSCs to early NC
progenitors. These progenitors can in turn generate neurons and/or glial cells when exposed
to other standard Neurobasal and/or B27 containing serum-free media. Previous reports
had already described a very efficient generation of neuron-like cells and Schwann cells out
of hDPSCs [24, 27, 28]. However, those protocols very often included aggressive treatments
involving indiscriminate epigenetic reprogramming (5-azacitidine) and/or manipulation
of cellular signaling pathways (dbcAMP, trans-retinoic acid, etc.). Here we present a two-
step alternative protocol, whose principal novelty is the physiological stimulation of hDPSCs
with BDNF and NT-3 neurotrophins to induce a partial reprogramming of ectomesenchymal
hDPSCs to NC progenitors. The main findings of this work can be found summarized in Fig. 7.

Conclusion

In conclusion, the present work sheds light on the important role of neurotrophin
signaling in hDPSCs, for the preservation of a multipotential NC phenotype in these cells.
These results may have a direct application to medical therapy because they represent a
significant improvement of current existing protocols to obtain populations of autologous
neural cells out of hDPSCs. Given that the reprogramming of hDPSCs takes place safely and
in a serum-free medium, this and other related protocols could hold a great promise for
the clinical therapy of many so far yet incurable and irreversible nerve tissue lesions and
diseases.
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