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Human Dental Pulp Stem Cells Grown in Neurogenic Media Differentiate Into Endothelial Cells and Promote Neovasculogenesis in the Mouse Brain
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Dental pulp stem cells (DPSCs) have the capacity to give rise to cells with neuronal-like phenotypes, suggesting their use in brain cell therapies. In the present work, we wanted to address the phenotypic fate of adult genetically unmodified human DPSCs cultured in NeurocultTM (Stem Cell Technologies), a cell culture medium without serum which can be alternatively supplemented for the expansion and/or differentiation of adult neural stem cells (NSCs). Our results show that non-genetically modified human adult DPSCs cultured with Neurocult NS-A proliferation supplement generated neurosphere-like dentospheres expressing the NSC markers Nestin and glial fibrillary acidic protein (GFAP), but also the vascular endothelial cell marker CD31. Remarkably, 1 month after intracranial graft into athymic nude mice, human CD31+/CD146+ and Nestin+ DPSC-derived cells were found tightly associated with both the endothelial and pericyte layers of brain vasculature, forming full blood vessels of human origin which showed an increased laminin staining. These results are the first demonstration that DPSC-derived cells contributed to the generation of neovasculature within brain tissue, and that Neurocult and other related serum-free cell culture media may constitute a fast and efficient way to obtain endothelial cells from human DPSCs.
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INTRODUCTION

The dental pulp is home to an active population of neural crest stem cells, which are responsible of renewing adult differentiated cells, such as odontoblastic cells and Schwann cells, within the pulp tissue (Kaukua et al., 2014; Aurrekoetxea et al., 2015). These cells are referred to as dental pulp stem cells (DPSCs) when extracted from permanent teeth, and as stem cells from human exfoliated deciduous teeth (SHEDs) when extracted from first generation teeth during childhood (Gronthos et al., 2000, 2002; Miura et al., 2003). Periodontal tissues also harbor different sources of stem cells with related characteristics (Marrelli et al., 2015; Chen and Liu, 2016; Avinash et al., 2017). All the aforementioned cell populations share stemness properties (Gronthos et al., 2000, 2002) and under the appropriate conditions are able to differentiate into several cell types, preferentially to those of mesenchymal lineages, like osteoblasts, chondroblasts, and adipocytes (Gronthos et al., 2002; Laino et al., 2005). Differentiation of SHEDs and DPSCs toward neural lineages has also been extensively reported in the literature in the presence (Zhang J. et al., 2016) or absence of scaffolds (Kim et al., 2012; Chang et al., 2014; Majumdar et al., 2016), especially when cells were cultured with DMEM/F-12 or Neurobasal medium supplemented with B27 and EGF/FGF growth factors (Widera et al., 2007; Arthur et al., 2008; Bonnamain et al., 2013; Gervois et al., 2015). However, a large debate remains as to whether those cells are genuinely neuronal or merely neuronal marker-expressing cells (neuron-like cells), or whether they can effectively integrate into the host brain neuronal connectivity after their graft in vivo.

Interestingly, DPSCs also have the ability to co-differentiate synergistically to osteoblast and endothelial cell phenotypes when cultured with fetal bovine serum (FBS)-containing media (d’Aquino et al., 2007; Hilkens et al., 2017). Despite the generation of a highly vascularized bone-like tissue after their subcutaneous graft in vivo (d’Aquino et al., 2007; Hilkens et al., 2017), the possibility to use of DPSCs as a source of young neovasculature has not yet been seriously considered with a view to the clinic. One of the underlying reasons is the need of fetal serum (10–20% FBS + α-MEM) which makes part of most endothelial differentiation recipes (d’Aquino et al., 2007; Arthur et al., 2008; Bueno et al., 2013). Although fetal serum is beneficial for cell survival and rapid cell expansion, its presence also favors the differentiation of DPSCs toward osteoblastic/odontoblastic lineages (Yu et al., 2010; Pisciotta et al., 2012). Moreover, cellular uptake of serum during in vitro culture might also cause host allergies and immune reactions against the transplanted cells (Gregory et al., 2006).

In this study, we explored the possibility to obtain endothelial cells ready to use for in vivo grafts starting from genetically unmodified human DPSCs. For this purpose, cells were extracted and cultured directly with a completely serum-free medium. We chose a commercial neural stem cell (NSC) growth medium with the presence of heparin, EGF/FGF growth factors, and B27 without vitamin A. This proliferation-supplemented culture medium is routinely used to expand neural stem and brain cancer stem-like cells. We found that this medium was also supportive for DPSC expansion, and importantly, it was also permissive for the generation of endothelial cells (mesoderm), without any need of scaffolds or the presence of serum. Furthermore, the addition of the differentiation supplement kit to this culture medium made DPSCs receptive to in vitro differentiation toward neuronal and astroglial (neuroectoderm) fates. When DPSCs were grafted into the brain of immunocompromised nude mice, they were able to integrate into murine vasculature differentiating toward endothelial and pericyte lineages without osteoblast/cartilage production. The clinical relevance is major, because (i) we generated a large endothelial cell population out of free floating DPSC dentospheres and (ii) we did not use fetal serum, which is known to be highly allergenic and responsible for the rejection of cell transplants in humans (Gregory et al., 2006).

MATERIALS AND METHODS

Cell Culture and Cell Proliferation

Human third molars were obtained from healthy donors of between 19 and 45 years of age. Tooth samples were obtained by donation after written informed consent in compliance with the 14/2007 Spanish directive for Biomedical research, and the protocol was approved by the CEISH committee of UPV/EHU. DPSC isolation and culture were carried out as previously reported (Gronthos et al., 2000). Briefly, DPSCs were isolated by mechanical fracture and enzymatic digestion of the pulp tissue for 1 h at 37°C with 3 μg/mL collagenase (17018-029, Thermo Fisher Scientific, Waltham, MA, United States), and 4 mg/mL dispase (17105-041, Thermo Fisher Scientific, Waltham, MA, United States). After centrifugation at 1500 rpm for 5 min, cells were resuspended and underwent mechanical dissociation by 18-G needles (304622,BD Microlance 3). Then DPSCs were cultured in parallel with different types of culture media: (i): DMEM (Lonza 12-733, Basel, Switzerland) supplemented with 10% of inactivated FBS (SV30160.03, Hyclone, GE Healthcare Life Sciences, Logan, UT, United States), 2 mM L-glutamine (G7513, Sigma, St. Louis, MO, United States), and 100 U/mL penicillin + 150 μg/mL streptomycin antibiotics (15140-122, Gibco). (ii): Human Neurocult medium composed of Human Neurocult NS-A basal medium (cat# 05750, Stem Cell Technologies, Vancouver, BC, Canada) with Neurocult proliferation supplement (cat# 05753, Stem Cell Technologies, Vancouver, BC, Canada) or Neurocult differentiation supplement (cat# 05752, Stem Cell Technologies, Vancouver, BC, Canada) both at 9:1 ratio, and supplemented with Heparin solution 2 μg/mL (cat# 07980, Stem Cell Technologies, Vancouver, BC, Canada), EGF 20 ng/mL, and FGFb 10 ng/mL (Peprotech, London, United Kingdom) as previously described (Pineda et al., 2013) in the presence of antibiotics penicillin 100 U/mL and streptomycin 150 μg/mL (15140-122, Gibco). For NSC cultures isolated from Nestin-GFP mice, dissected hippocampi were removed with ice-cooled PBS-sucrose and processed as SVZ as previously described (Pineda et al., 2013). Cells were maintained at standard conditions in a humidified 37°C incubator containing 5% CO2. Neurosphere cultures were then passaged every 7 days by enzymatic disaggregation with Accutase (Sigma, St. Louis, MO, United States). We cultured DPSCs cells for 1 month and a maximum of four total passages in order to avoid cell aging issues.

The population doubling (PD) rate was determined by initial cell culture. Cells, neurospheres, and dentospheres were disaggregated, counted, and passaged at day 7. At each passage, cells were re-plated at the initial density and cultures were performed until passage 4. The PD rate was calculated as previously described (Pisciotta et al., 2012). All cells were seeded at the density of 6 × 103 cells/cm2 and cultured for 1 week. Cell counting was performed after cell detachment or dissociation using an automated TC20 from Bio-Rad cell counter. The total number of cells estimation was calculated on three experimental samples for each type of culture.

For phospho-STAT3 inhibition experiment on Neurocult proliferation cultures, 25,000 cells were allowed to attach and growth as monolayer using a coating of laminin matrix (1:100, Sigma) during 3 days. Then, Stattic an irreversible Stat3 inhibitor (S7947, Sigma, St. Louis, MO, United States) was added to the medium at 0, 1, and 2.5 μM concentration for 72 h as previously described (Li et al., 2018) and then cells were fixed for immunofluorescence analysis.

Flow Cytometry

Half-million DPSCs grown in either DMEM 10% FBS or Neurocult proliferation media were detached, disaggregated, and then incubated with PBS 0.15% BSA solution with 0.5 μg of CD31-FITC or IgG2a κ Isotype control (#303103 and #400107, respectively, BioLegend CS, United States) for 1 h at 4°C. After a wash with PBS 0.15% BSA cells were resuspended in 300 μL of PBS 0.15% BSA and analyzed using a FACS Beckman Coulter Gallios (Beckman Coulter Life Sciences, Indianapolis, IN, United States). The data were analyzed using Flowing Software 2.5 (University of Turku, Finland).

Animals and Cell Graft

Consanguine c57bl6 litters from Nestin GFP mice and Athymic Swissnu/nu were used as hosts for murine and human in vivo graft purposes. Nestin-GFP neurospheres or DPSCs dentospheres in the active growth phase were disaggregated, washed, and collected in Neurocult serum-free media. Two microliters containing 100,000 cells were injected (0.5 μL/min) unilaterally into the dentate gyrus of the hippocampus at the following coordinates (from bregma): AP = -1.9, L = -1.2, and DV = -2 and -2.1. The cell transplantations were performed using a small animal stereotaxic apparatus (Kopf model 900) with a 10 μL Hamilton syringe and a 33-G needle (Hamilton, Bonaduz, Switzerland). Pre-operatory and post-operatory animal care were carried out as previously described (Jeitany et al., 2015). Animals were provided with food and water ad libitum and housed in a colony isolator maintained at a constant temperature of 19–22°C and humidity (40–50%) on a 12:12 h light/dark cycle.

Immunostaining of Brain Sections and Cell Culture

Animals were deeply anesthetized with Avertin 2.5% and perfused with a 4% paraformaldehyde solution in 0.1 M sodium phosphate, pH 7.2, and processed as previously described (Pineda et al., 2013). In order to detect grafted genetically unmodified human DPSCs on mice brain, specific antibodies targeted to human Nestin (MAB1259, 1:200 R&D systems) (Jeitany et al., 2015), and human CD31 (BBA7, 1:200 R&D systems) were used. Pericyte staining was performed using of anti-CD146 (ab75769, 1:150, Abcam). Immunostaining of brain vasculature was made using CD31 (550247, 1:300 BD Pharmingen), laminin (L9393, 1:200 Sigma, St. Louis, MO, United States), and VEGF (ABS82-AF647, 1:200 Sigma, St. Louis, MO, United States) antibodies. Both NSCs and DPSCs, either in the form of dissociated cells or small spheres, were seeded into laminin-treated coverslips (L2020, Sigma, St. Louis, MO, United States) as previously described (Silvestre et al., 2011). After 3 days or 1 week, they were fixed by incubation with 4% PFA for 10 min at room temperature and permeabilized by incubation in 0.1% Triton X-100. They were then incubated overnight at 4°C with primary antibodies at the following dilutions: glial fibrillary acidic protein (GFAP) (MAB3402, 1:400; Millipore, Lake Placid, NY, United States), Nestin (NES, 1:200 Aves Labs), S100ß (Z0311, 1:1000, Dako, Glostrup, Denmark), NeuN (EPR12763, 1:200; Abcam, Cambridge, United Kingdom), doublecortin (DCX) (sc-8066, 1:200; Santa Cruz, Dallas, TX, United States), CD31 (550247, 1:300 BD Pharmingen, San Jose, CA, United States), anti-VEGFR (#9698S 1:800, Cell Signaling Technologies, Danvers, MA, United States) anti-STAT3 (phospho Y705) antibody (ab76315, 1:500 Abcam), anti-human-CD31 (F8402, 1:200, Sigma St. Louis, MO, United States). For both tissue sections and cell culture, secondary antibodies conjugated to Alexa 488, 568, and 647 Donkey anti-mouse, anti-rabbit, or anti-goat were incubated for 2 h and 30 min, at room temperature. Preparations were counterstained with DAPI and images were captured using a Leica SP8 confocal microscope at 40X magnification.

Conventional PCR and Quantitative Real-Time PCR (QPCR)

RNA extraction from cell pellets, reverse transcription, and QPCR were performed as previously described (Uribe-Etxebarria et al., 2017). The molecular weights of the amplification products were checked by electrophoresis in a 2% agarose gel. All reactions were performed in triplicate and the relative expression of each gene was calculated using the standard 2-ΔΔCt method (Livak and Schmittgen, 2001). GAPDH and β-ACTIN were used as housekeeper genes. Primer pairs used were obtained through the Primer-Blast method (Primer Bank) and they are listed in Supplementary Table S1.

Western Blot

Dental pulp stem cells grown using either Neurocult proliferation medium or DMEM + 10% FBS and liver sinusoidal endothelial cells (LSECs) were counted, pelleted, and resuspended in a ratio of 20,000 cells/μL with RIPA lysis buffer (R0278, Sigma, St. Louis, MO, United States) supplemented with protease (11873580001; Roche) and phosphatase inhibitors (78420; Thermo Scientific) in order to obtain the same cellular concentration for the different type of cells and culture media. From this, 30 μg of protein were diluted in a mix of RIPA buffer and LDS Sample Buffer (NP0007; Invitrogen by Life technologies). Electroblot was performed as previously described (Jeitany et al., 2015). Phosphorylated-ERK and total ERK antibodies (both 1:1000, #4370 and #4695, respectively, Cell Signaling Technologies) and phospho-Stat3 and Stat3 (both 1:1000, #9145 and #9132, respectively, Cell Signaling Technologies, Danvers, MA, United States) were used to detect the angiogenic signaling pathways and Ponceau staining (P7170-1L, Sigma St. Louis, MO, United States) was used as loading control to detect protein in the charged lanes.

Statistical Analysis

Comparisons between multiple groups were made using Kruskal-Wallis followed by Dunn’s post hoc test. Comparisons between only two groups were made using U-Mann–Whitney test or Student’s t-test. p < 0.05 was considered as statistically significant. Results were presented as mean ± SD or SEM. The number of independent experiments is shown in the respective section.

Study Approval

The animal experiments were performed in compliance with the European Communities Council Directive of November 24, 1986 (86/609/EEC) and were approved by the competent authority (Diputación Foral de Bizkaia).

RESULTS

Comparative Characterization of DPSC Growth and Neural Stem Marker Expression Using Neurocult NS-A Proliferation Medium

Previous research had shown that the dental pulp tissue of adult teeth contained neural-crest derived DPSCs, which expressed NSC markers such as Nestin and GFAP (Gronthos et al., 2000; Chang et al., 2014). DPSCs were fully viable after 1 month post-graft and capable of in vitro differentiating into mesenchymal cell lineages and generating a dentin pulp-like tissue complex, after in vivo subcutaneous transplantation (Gronthos et al., 2002). Our first aim was to evaluate whether NeurocultTM, a serum-devoid cell culture medium widely used to grow adult NSCs and progenitors, would be also permissive for the growth of DPSCs. For this purpose, we compared DPSC cultures grown with the standard medium DMEM/FBS and Neurocult proliferation medium. Interestingly, DPSCs cultured with Neurocult maintained the expression of the brain-derived neurotrophic factor (BDNF, Supplementary Figure S1), a neurotrophin involved in neurogenesis and neuron survival (Canals et al., 2004; Rossi et al., 2006). As Neurocult proliferation medium is specially designed to generate neurospheres from dissected and isolated brain neurogenic niches, we used control cultures of NSCs from mouse hippocampi, by adapting the protocol previously described (Pineda et al., 2013).

Both DPSC-derived dentospheres and NSC-derived neurospheres were grown in human and mouse-specific NeurocultTM proliferation supplemented media, respectively. Once disaggregated from spheres, both NSCs and DPSCs were induced to attach to the platting surface using laminin-coated coverslips for 45 min, and they were immunostained against the intermediate filament Nestin, a marker expressed by NSCs both in vitro and in vivo (Reynolds and Weiss, 1992; Morshead et al., 1994). Both DPSCs grown with DMEM + 10% FBS or Neurocult proliferation media cells were positive for Nestin, as well as NSCs (Figures 1A,B).
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FIGURE 1. Human DPSCs grown in Neurocult proliferation culture media generate dentospheres similar to neurospheres from murine neural stem cells (NSCs). (A) Human DPSCs seeded in standard culture DMEM + 10% FBS acquire a flat morphology and adhere to the flask surface. However, when cultured with Neurocult proliferation media, DPSCs start to grow forming free-floating dentospheres. (B) Control neurospheres of murine NSCs. All cells are positive for the neural stem/progenitor marker Nestin. (C) Population doubling rates for human DPSCs grown either with DMEM + 10% FBS or Neurocult proliferation compared with murine NSCs. (D) Cumulative population doubling (CPD) of DPSCs seeded in standard culture DMEM+10%FBS or Neurocult proliferation media and NSCs cultured in Neurocult proliferation media. All different cell culture conditions were assessed in parallel (n = 3 for each) for a total of four passages and non-parametric Kruskal–Wallis with post hoc test was used (mean ± SD of two independent experiments ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001). Scale bar 75 μm.



We evaluated the growth kinetics of DPSCs cultured either using DMEM + 10% FBS or human specific Neurocult NS-A proliferation medium. NSCs were grown with mouse specific Neurocult proliferation medium. Human DPSCs showed a lower proliferative index than murine NSCs (Figures 1C,D). The PD rate in DPSCs showed no statistically significant differences between Neurocult proliferation with respect to DMEM + 10% FBS, but it showed a faster growth of NSCs (p = 0.0556 and p = 0.0037, respectively; one-tailed Kruskal–Wallis test; Figure 1C). However, the analysis of cumulative population doubling (CPD) showed that both DMEM/FBS and Neurocult DPSCs cultures had a parallel trend with steadily rising growth kinetics after consecutive passages without reaching significant differences until P3, where differences began to emerge between both conditions (p = 0.0273, one-tailed Kruskal–Wallis test; Figure 1D). It is noteworthy that DPSCs cultured using DMEM + 10% FBS grew attached to the flask plastic surface, even without any coating. Meanwhile, DPSCs in Neurocult proliferation had a progressively slower growth, and generated free-floating dentospheres during all the successive passages, as normally NSCs do.

Triple immunofluorescence analysis was performed against GFAP, Nestin, and S100β at 3 days post seeding for high proliferating NSCs, and at 7 days for the more slowly growing human DPSCs in Neurocult proliferation medium. Both cultures showed comparable proportions of label-positive cells in DPSCs and NSCs, for each of the three tested markers (Figure 2). Nestin-GFAP coexpression is a long-known and widely reported marker profile characteristic of NSCs (Davidson, 1994; Pineda et al., 2013), which was also found in DPSCs cultures using neuronal inductive media (Chang et al., 2014). The mature astrocytic marker S100β, whose expression in GFAP-expressing cells coincides with the loss of their NSCs potential (Raponi et al., 2007), could also be detected in a minority of cells, both in DPSC and NSC cultures. We determined that all human DPSCs cells were Nestin positive, in agreement with the results published by Chang et al. (2014) with a proportion of 69 ± 34% GFAP and 24 ± 17% S100β positive cells (Figures 2A,A’); 96 ± 18% murine NSCs grown with Neurocult proliferation media were Nestin-positive with a proportion of 52 ± 12% GFAP and 35 ± 10% S100β positive cells (Figures 2B,B’). Thus, DPSCs and NSCs grown in Neurocult proliferation media contained similar proportions of cells expressing NSC markers, and putatively astrocyte-committed S100β positive cells.
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FIGURE 2. Human DPSCs grown in Neurocult proliferation share neural stem/progenitor markers with murine NSCs. (A,A’) Human DPSCs were allowed to grow for 7 days in laminin-coated wells in the presence of Neurocult proliferation media are Nestin positive and also express astroglial markers GFAP and S100ß (n = 230). (B,B’) Murine NSCs grown for 3 days (to avoid confluency) in the same culture conditions also express these astroglial markers in similar proportion (n = 242). Mean ± SEM of three independent experiments. Scale bar 75 μm.



DPSCs Grown Using Neurocult NS-A Proliferation Medium Increased the Expression of the Endothelial Marker CD31

Stem cells from human exfoliated deciduous teeth and DPSCs grown in the presence of serum are able to differentiate into endothelial vasculature (d’Aquino et al., 2007; Sakai et al., 2010; Zhang D. et al., 2016), but it remained unknown whether this capability was dependent or not on the presence of fetal serum. Given that DPSCs grown in serum-free Neurocult proliferation expressed the stem cell marker Nestin, which has also been reported to be a marker of proliferative endothelial cell progenitors (Suzuki et al., 2010), we wondered if serum-free Neurocult proliferaton would also be permissive for the generation of endothelial cells by detecting the expression of CD31 and VEGF, which are both markers of endothelial cells (Wong and Dorovini-Zis, 1996; Maharaj et al., 2006). Q-PCR of CD31 mRNA expression in DPSCs cultured with Neurocult proliferation showed an increase of up to several orders of magnitude (249 ± 172 fold-increase of expression) with respect to cultures with DMEM 10% FBS (p = 0.0286; Mann Whitney test, Figure 3A). To confirm this result, in a next step, we decided to perform an immunofluorescence analysis for the endothelial marker CD31 followed by a confocal orthogonal cell reconstruction on laminin-coated slides, in both DPSCs grown in DMEM + 10% FBS and Neurocult proliferation conditions. Interestingly, murine NSCs derived from neurogenic niches were completely negative for CD31 staining (Figure 3B, right panel) and did not integrate into murine vasculature after intracerebral graft in consanguine mice, although they showed some projecting contacts to the brain vasculature, as previously described (Pineda et al., 2013; Supplementary Figure S2). By quantifying the fluorescence labeling intensity in images, we determined that DPSCs grown in Neurocult proliferation increased CD31 expression by 62 ± 10%, with respect to DMEM+10% FBS (p = 0.0008, one-tailed Mann–Whitney test, Figure 3C). It is known that laminin could induce a morphologic differentiation of DPSC to endothelial cells (Lawley and Kubota, 1989). In order to exclude this possibility, we cultured DPSCs without laminin as floating dentospheres and thereafter we run a flow cytometry analysis by labeling the cells either with CD31-FITC or the IgG control isotype. We detected an increase of up to 26% of CD31-FITC positive cell population in DPSCs when these cells were grown with Neurocult proliferation (Figure 3E). In contrast, the flow cytometry analysis only gave a residual value of 0.3% of CD31-positive DPSCs, when these cells were grown in DMEM + 10% FBS (Figure 3D). In conclusion, our results demonstrated that serum-free Neurocult proliferation medium promoted the expression of the CD31 endothelial-cell marker in DPSC cultures.
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FIGURE 3. The endothelial marker CD31 is absent from NSCs whereas it can be enriched depending on the type of culture medium in DPSCs. (A) mRNA fold change of the endothelial marker CD31 on DPSC cultures depending on the culture medium: DMEM/FBS vs. Neurocult proliferation. Axis represented as logarithmic scale of CD31 expression from DPSC cultures of four different patients (mean ± SEM ∗p = 0.05, one-tailed Mann–Whitney test). (B) CD31 immunofluorescence and orthogonal projection of DPSCs cultured with (left column) DMEM + 10% FBS or (middle column) Neurocult proliferation media NSC (right column) cultured with Neurocult proliferation. Scale bars 10 μm. (C) Quantification of the immunolabeling signal intensity for CD31 (mean ± SEM of two independent experiments, n = 10 for DMEM 10% FBS and n = 10 for Neurocult proliferation, ∗∗∗p = 0.0008, one-tailed Mann–Whitney test), and (D) flow cytometry analysis for CD31 expression in DPSC culture with DMEM+10%FBS or (E) Neurocult proliferation media (n = 10.000 events for each condition; ∗p = 0.05, one-tailed Mann–Whitney test).



DPSCs Grown in Neurocult NS-A Proliferation Medium Expressed the VEGFR2 Receptor and Showed an Increased ERK Pathway Activity

It was previously reported that ERK signaling and VEGFR expression were required for endothelial differentiation of SHEDs (Bento et al., 2013). Because DPSCs grown with Neurocult proliferation expressed endothelial markers VEGF and CD31, we checked by RT-PCR that DPSC cultures were able to produce VEGF (Figure 4A). Next, we decided to test the presence of VEGFR2 at mRNA and protein level by Q-PCR and immunofluorescence. DPSCs cultured with Neurocult proliferation showed 17 ± 10 fold-increase of VEGFR2 mRNA with respect to cultures with DMEM 10% FBS (p = 0.0002; one-tailed Mann–Whitney test, Figure 4A’) and a corresponding increase of VEGFR2 immunostaining, which presented a characteristic punctuated pattern. We quantified immunolabeling intensity as the average of brighter pixels per cell above the autofluorescence level (signal without primary antibody). Neurocult proliferation DPSCs showed an average of signal of 416 ± 79 bright pixels per cell with respect to the average of 22 ± 3 bright pixels corresponding to cultures with DMEM 10% FBS (p = 0.001, one-tailed Mann–Whitney test, Figures 4B,C). Previous reports associated phosphorylation of ERK1/2 protein to endothelial cell differentiation of SHED (Bento et al., 2013), in addition to cell proliferation in a large variety of cell types (Cobb, 1999). Interestingly, DPSCs cultured with Neurocult proliferation clearly showed an increased pERK staining (Figure 4D, middle) with respect to DPSCs cultured with DMEM 10% FBS (Figure 4D, left). No staining was found in controls without primary antibody and a pixel signal threshold was set to determine and subtract background (Figures 4B’,D’). Quantification of pERK immunolabeling was made by averaging bright pixels per cell above the autofluorescence level (signal without primary antibody). Neurocult proliferation-grown DPSCs showed an average of signal of 116 ± 61 bright pixels per cell with respect to the average of 42 ± 23 bright pixels corresponding to cultures with DMEM 10% FBS (p = 0.001, one-tailed Mann–Whitney test, Figures 4D,E).
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FIGURE 4. DPSCs grown in Neurocult proliferation increase the expression of VEGFR2 and activate downstream ERK signaling. (A) RT-PCR detection for VEGF, confirming its expression in both DMEM/FBS- and Neurocult-grown DPSCs. (A’) mRNA fold change of the endothelial marker VEGFR2 on DPSC cultures depending upon the type of media: DMEM/FBS vs. Neurocult proliferation. Axis represented as logarithmic scale (mean ± SEM of three independent samples, ∗∗∗p = 0.0002, one-tailed, Mann–Whitney test). (B) Immunofluorescence of VEGFR2 receptor staining for cells grown during 7 days with DMEM + 10% FBS (left) or Neurocult proliferation (right). (B’) Control with no 1ary antibodies. Scale bar 10 μm. (C) Quantification of distribution of the average amount of bright pixels per cell corresponding to VEGFR2 staining (n = 33 cells for DMEM + 10% FBS and n = 69 cells for Neurocult proliferation, ∗∗∗p = 0.0001, one-tailed, Mann–Whitney test). (D) Immunofluorescence of phospho-ERK1/2 showed an increase of staining for cells grown with Neurocult proliferation medium, in contrast to DMEM + 10% FBS DPSCs. Scale bar 10 μm. (D’) Control with no 1ary antibodies. Scale bar 10 μm. (E) Quantification of distribution of the average of bright pixels per cell corresponding to phospho-ERK1/2 staining (n = 30 cells for DMEM + 10% FBS and n = 47 cells for Neurocult proliferation of three independent samples. ∗∗∗p = 0.0001, one-tailed, Mann–Whitney test).



DPSCs Grown in Neurocult NS-A Proliferation Presented a Concurrent Activation of Proangiogenic ERK and STAT3 Signaling Pathways

Previous reports demonstrated that endothelial cells differentiation requires STAT3 phosphorylation by a VEGFR2 dependent mechanism (Chen et al., 2008). This VEGFR/STAT3 signaling pathway represents a point of convergence for many angiogenic events (Chen et al., 2008). Once demonstrated the increased presence of phospho-ERK and VEGFR2 in Neurocult-grown DPSCs by PCR and immunofluorescence, we assessed the levels of phospho-STAT3 with respect to total STAT3, as well as phospho-ERK to total ERK by western blot (WB). LSECs were used here as a positive control of mature endothelial cells. As expected, free-floating DPSC dentospheres cultured with Neurocult proliferation presented a higher ratio of phospho-ERK/total ERK band intensity with respect to standard DMEM + 10% FBS conditions [p = 0.04 (DMEM + 10% FBS vs Neurocult proliferation and p = 0.0273 (DMEM + 10% FBS vs LSEC, Figures 5A,A’)]. Interestingly, the same also applied to the phospho-STAT3/total STAT3 levels, whose ratio was increased specifically in DPSCs grown with Neurocult, with respect to the rest of conditions (p = 0.05; one-tailed Kruskal–Wallis test, Figures 5B,B’). Mature LSEC displayed a strong activation of phospho-ERK signaling (Figure 5A) but not of phospho-STAT3 signaling (Figure 5B). Thus, both p-ERK and p-STAT3 signaling pathways were concurrently activated exclusively in Neurocult-grown DPSCs.
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FIGURE 5. DPSCs grown in Neurocult Proliferation activate both proangiogenic ERK and STAT3 signaling. Western blot membranes of 200,000 cells for each condition showing (A) phospho-ERK1/2 and total ERK protein levels and (B) phospho-STAT3 and total STAT3 for DPSCs grown either with DMEM + 10% FBS (D) or Neurocult proliferation (N) media. As a positive control, human liver sinusoidal endothelial cells (L, LSEC) were used. (A’) Quantification of phospho-ERK1/2 western blot in three different samples for each (D, N, L) condition [mean ± SEM; ∗p = 0.04 (D vs N) and ∗p = 0.0273 (D vs L); one-tailed Kruskal–Wallis test]. (B’) Quantification of phospho-STAT3 [mean ± SEM; ∗p = 0.05 (D vs N); one-tailed Kruskal–Wallis test (full blotting of the gel is shown in Supplementary Material)]. (C) Immunofluorescence and orthogonal projection of phospho-STAT3 and human CD31 label of DPSCs grown with Neurocult proliferation medium during 72 h using different concentrations of the STAT3 inhibitor Stattic. At concentrations above 1 μM, Stattic abolishes the expression of CD31 in DPSCs. Scale bar 10 μm.



Pharmacological STAT3 Inhibition Abolished Endothelial Cell Induction in Neurocult NS-A-Proliferation-Grown DPSCs

A concurrent activation of ERK and STAT3 has been reported to be necessary for the endothelial cell differentiation of mesenchymal stem cells (Almalki and Agrawal, 2017). Given the evidence that both pathways were active in Neurocult-grown dentospheres, our next step was to disrupt phospho-ERK and phospho-STAT3 signaling to assess whether this was also required for the endothelial differentiation of DPSCs. Because it had been reported that the simple inhibition of ERK basal activity was sufficient to trigger apoptosis in cells cultured without serum (Berra et al., 1998), we decided to focus on the blockage of the STAT3 pathway on DPSCs cultured with Neurocult proliferation. To this end, we chose to test the irreversible inhibitor Stattic (Schust et al., 2006) on DPSCs that had been previously seeded over laminin-coated coverslips. DPSCs cultured with Neurocult proliferation were treated with the inhibitor Stattic for 72 h at concentrations of 0 (control), 1, and 2.5 μM, as previously described (Li et al., 2018). Despite an expected reduction in the number of cells (Villalva et al., 2011), none of the cells in culture in the presence of 1 and 2.5 μM Stattic expressed human-CD31 positive staining (Figure 5C and Supplementary Figures S4A–C). In conclusion, DPSCs grown using Neurocult proliferation media increased concurrently the activity of both ERK and STAT3 signaling pathways, and pharmacological blockade of the latter abolished endothelial cell differentiation of DPSCs in these conditions.

DPSCs Grown in Neurocult NS-A Differentiation Medium Expressed Neuronal and Astroglial Markers but Not Endothelial CD31

Dental pulp stem cell cultures using Neurocult proliferation media showed increased levels of VEGFR2, CD31+ phospho-STAT3 and phospho-ERK. Similarly, a large body of literature suggested that DPSCs were able to differentiate toward neuronal and astroglial lineages in response to the appropriate stimuli (Gronthos and Zannettino, 2008; Chang et al., 2014; Gervois et al., 2015). Commercial Neurocult media can be optimized for either stem cell expansion or adult neural cell differentiation, by adding their respective culture supplements. Thus, the addition of the differentiation kit supplement to Neurocult medium was already known to induce neuronal and astroglial differentiation of murine NSCs (Lanza, 2006; Belkind-Gerson et al., 2013). In order to test the capacity of neural cell derivation out of DPSCs as compared to NSCs (positive control), both NSCs and DPSCs were grown in parallel with Neurocult differentiation media. Both neurospheres and dentospheres were disaggregated and cells were seeded in laminin-coated coverslips (in adherent form) for 7 consecutive days and then processed for immunofluorescence.

To assess neuronal lineage differentiation, we used DCX and NeuN markers, both for immature and mature neurons, respectively (Figure 6A). Differentiated NSCs showed a 40 ± 8% of cells positive for DCX and 36 ± 9% for NeuN staining. Differentiated NSC showed a characteristic neuron-like dendritic morphology. On the other hand, when neuronal marker expression was assessed in differentiated DPSCs, 39 ± 33% of cells were positive for DCX, and 34 ± 13% of them showed NeuN staining. However, the morphology of differentiated DPSCs was completely different to differentiated NSCs, with long lamellipodia, and neither presence of dendrites nor any other morphological feature that could make them resemble a neuron. Despite a lack of morphological relationship, we did not find any significant difference between the obtained rates of DCX or NeuN positive cells, (p = 0.9701 and p = 0.8920, respectively; Student’s t-test) depending on the type of source cells employed for differentiation: both DPSCs and NSCs gave rise to neuronal marker-expressing cells in similar proportions (Figure 6B).


[image: image]

FIGURE 6. Human DPSCs are able to commit toward differentiation to neuronal-like and glial-like lineages. One week of culture of both human DPSCs and murine (control) NSCs in Neurocult differentiation media is sufficient to induce them express markers for (A) neuronal lineage differentiation: doublecortin (DCX) and NeuN staining, for immature and mature neurons, respectively, and (C) Astroglial lineage differentiation: glial fibrillary acidic protein (GFAP) and S-100β immunostaining, for immature and mature astrocytes, respectively. (B,D) Graphs showing quantifications (mean ± SEM, n = 360 cells) of three independent experiments. (E) After 1 week of growth in neural differentiation conditions, both NSCs and DPSCs still express VEGF but downregulate CD31. (F) Quantification of the proportion of CD31 positive cells (n = 571). (G) Control with no 1ary antibodies. Scale bar 20 μm.



In addition, the proportions of cells that differentiated toward astroglial lineage were also assessed. GFAP and S100β were used as markers for immature and mature astrocytes, respectively. It was found that 48 ± 15% of NSCs were positive for GFAP, and 27 ± 7% for S100β staining. On the other hand, 35 ± 6% of human DPSCs showed GFAP staining, and only 9 ± 7% of differentiated DPSCs showed S100β staining. All the cells that showed labeling for S100β also presented bipolar morphology. Again, there were no statistically significant differences in astroglial marker labeling proportions between differentiated DPSCs and NSCs (p = 0.0764 Student’s t-test, Figures 6C,D).

Finally, we decided to check the generation of endothelial cells in these conditions. Murine NSCs cultured using Neurocult differentiation medium showed cytoplasmic VEGF staining but were negative for the CD31 receptor. In the DPSC counterparts, VEGF expression remained in the nucleus and a dramatic reduction of CD31 labeling, with a scarce 5 ± 1% of CD31-positive cells, were detected (Figures 6E,F). In conclusion, the addition of proliferation supplement to Neurocult medium induced human DPSCs, but not murine NSCs, to express endothelial markers, whereas the addition of differentiation supplement induced both DPSCs and NSCs to generate cells which expressed both immature and mature neuronal and astroglial markers in similar proportions, but with very different morphologies, and a near-absence of expression of CD31.

DPSCs Grown in Neurocult NS-A Proliferation in vitro and Grafted Into the Mouse Brain in vivo Migrated and Integrated Into Brain Vasculature

In view of the previous in vitro results showing DPSCs being competent to differentiate into endothelial marker-expressing cells using Neurocult NS-A proliferation medium, or switch to neuronal and astroglial marker-expressing cells in Neurocult NS-A differentiation medium, it was important to assess the fate of DPSCs after their in vivo grafting into the brain. Because no previous data existed about the generation of brain neovasculature from DPSCs, we decided to carry out in vivo intracranial cell grafts using DPSCs grown in Neurocult NS-A proliferation medium. The athymic nude mice model was chosen because it had been previously employed successfully to perform intracranial grafts of human periodontal ligament-derived cells (Bueno et al., 2013). Ten thousand human DPSC cells were grafted as previously described (Pineda et al., 2013) varying the stereotaxic coordinates to place cells intrahippocampally in the dentate gyrus. Cell integration in brain tissue was assessed after 30 days as previously described (Pineda et al., 2013) to better assess the long-term viability of grafted DPSC-derived cells. Human cells were identified using the specific anti-human Nestin antibody as previously described (Jeitany et al., 2015).

Many grafted human cells were located within or very close to blood vessels, which were labeled by laminin and VEGF staining (Figure 7A). Interestingly, some of the small to medium caliber blood vessels (arterioles and venules) appeared to be mostly or exclusively generated by human DPSC-derived cells, showing a very uniform and homogeneous labeling for human proteins in coronal sections. Previous reports demonstrated that Nestin protein is expressed in stem cells, but also in type-2 pericytes and proliferative endothelial cells, but absent in the mature vasculature (Suzuki et al., 2010; Birbrair et al., 2014). Interestingly, recent works using post-mortem human brain tissue reported that human brain capillary-associated pericytes express CD146 (Smyth et al., 2018). We wondered whether our grafted human DPSCs would generate both CD146+ pericyte and CD31+ endothelial cells which could integrate into the murine vasculature. Co-immunolabeling using CD146 (pericyte) or CD31 (endothelia) antibodies was performed together with the human-specific Nestin antibody. By this approach, we detected the presence of both human pericyte cells integrated in the outer layers of the newly generated vasculature (Figure 7B) and also endothelial cells facing the lumen of these human DPSC-derived blood vessels (Figure 7C). To further validate the presence of human endothelial cells derived from DPSC grafts, we proceeded to label serial sections with a human-specific anti-CD31 antibody. Again, we corroborated the presence of human CD31 positive cells integrated into the host brain vasculature of athymic nude mice at 1-month post graft (Figures 7D,E) expressing the endothelial marker CD31 and a characteristic flattened/elongated nuclear morphology, consistent with an endothelial cell identity (Figures 7E,E’).
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FIGURE 7. Human DPSCs survive after 1-month post graft into the brain of nude mice, expressing CD31 and VEGF and integrating into the host brain vasculature. (A) Detail of human Nestin-positive DPSC-derived cells covering brain vasculature showed an increase in the staining for laminin and VEGF, suggesting de novo vasculature formation. (B) Triple staining and orthogonal projection of human-Nestin, CD146, and DAPI shows human pericytes wrapping around the endothelial murine (DAPI) cells (arrow). Scale bar 10 μm. (C) CD31 staining for both murine and human endothelial cells colocalizes with human Nestin-positive DPSC-derived cells in some medium caliber blood vessels, showing their human origin. (D) A specific antibody for human-CD31 cells recognizes human DPSC-derived endothelial cells within some of the blood vessels, which precisely correspond to the ones showing an increased laminin staining. Scale bar of images and orthogonal projection 10 μm. (D’) Quantification of laminin staining intensity for murine blood vessels and blood vessels containing human DPSC-derived endothelial cells (mean ± SEM n = 30 and 35 blood vessels, respectively, for n = 4 grafted animals, ∗∗∗p = 0.0001, one-tailed Mann–Whitney test). Scale bar 20 μm. (E) 3D-reconstruction from a 10-μm thick cryostat slice showing human-CD31 endothelial cells in the inner wall of a blood-vessel decorated with laminin staining. Scale bar 5 μm. (E’) Close detail of a human-CD31 positive cell showing the elongated nuclear morphology characteristic of endothelial cells (arrows). Scale bar 5 μm.



Close detail allowed us to determine an increased staining of laminin and VEGF in blood vessels containing human cells, with respect to blood vessels only containing the natural murine vasculature (Figure 7A). Remarkably, all the vasculature that contained human cells presented higher amounts of laminin staining. This was quantified by choosing blood vessels of the same caliber, and normalizing the level of intensity of murine vasculature to 100 ± 12%. Thus, we determined that the presence of human DPSC-derived cells within the blood vessel raised the laminin-labeling intensity to 266 ± 33% (p < 0.0001 Student’s t-test, Figure 7D’). In summary, we demonstrated that human DPSCs, grown with serum-free Neurocult proliferation medium, were able to survive for 1-month and functionally integrate within the brain vasculature of athymic nude mice, expressing markers and morphological vasculature features with characteristics of both pericyte and endothelial cells.

DISCUSSION

In this work, we reported for the first time that human DPSCs can be grown long-term using serum-devoid Neurocult proliferation media. In these conditions, both murine NSCs and human DPSCs grew as spheres in suspension. Remarkably, the Neurocult NS-A supplemented proliferation medium also increased largely the generation of CD31-positive cells in DPSC cultures. These cells integrated into host nude mice brain vasculature and acquired endothelial cell characteristics, which could be clearly observed after one month post-intracraneal graft. The newly formed vasculature contained both pericyte and endothelial human cells, and included many small to medium size blood vessels which expressed VEGF and had increased levels of laminin staining, suggesting that grafted DPSCs favored a process of angiogenesis and neovascularization. These results open a window to use the DPSCs as a safe source of stem cells to generate endothelial cells which integrate safely and contribute to the generation of complete functional blood vessels into the host brain tissue, thus potentially approaching innovative autologous cellular therapies. To our knowledge, this is the first time in which DPSCs, disaggregated from floating dentospheres grown in a serum-free medium and grafted into the brain of immunosuppressed mice, give rise to CD31-positive endothelial and CD146-positive pericyte cells that can integrate into the host brain vasculature, promoting de novo generation of new blood vessels containing both endothelial and mural layers, within brain tissue. Previous works using myocardial infarction model showed that DPSC grafts were able to induce heart angiogenesis (Gandia et al., 2008). Finally, other studies also reported a positive effect of DPSC transplants on the recovery of sensorimotor brain functions after stroke, which was attributed to diverse paracrine mechanisms (Leong et al., 2012). However, in all these cases, DPSCs had been grown in the presence of 10–20% fetal serum.

Previous reports described the capability of sorted DPSCs grown in the presence of 10% fetal serum to differentiate synergistically into osteoblasts and endotheliocytes mantaining their fate when grafted subcutaneously in vivo (d’Aquino et al., 2007). However, woven bone chips produced in vitro were necessary, contrary to the present results where no bone was generated after the in vivo DPSC brain graft. Remarkably, it is known that at a 10–20% concentration, FBS can also stimulate osteoblastic differentiation which in turn promotes the generation of neovasculature (Laino et al., 2006), although bone production is not desirable in the brain. FBS is usually added to the culture medium to support DPSC survival and facilitate cell expansion. This addition imposes at least two big caveats that make serum use very impractical to apply to DPSC transplants to treat brain lesions: (i) the non-desired osteoblastic differentiation of the grafted cells and (ii) the stem cell incorporation and contamination of xenogenic FBS that might cause a dangerous brain inflammatory reaction (Gregory et al., 2006). In the present work, we overcome these limitations using a serum-free culture medium compatible with the intracranial graft of human DPSCs. Neurocult serum-free culture media are routinely used for in vitro amplification of NSCs and progenitors and do not cause graft rejection.

Very few works in the literature describe the culture of dental stem cells with no fetal serum in none of the culture phases: expansion and/or differentiation. Hirata et al. (2010) demonstrated for the first time the possibility to maintain stem cells from deciduous or wisdom tooth pulp cells without the need of serum, but without further characterization. Also, Bonnamain et al. (2013) were able to culture human pulp stem cells in a serum-free supplemented basal medium, but they reported a 30% of efficiency to generate non-adherent spheroid-like morphologies (Morsczeck et al., 2010). By a protocol using serum-free Neurocult medium supplemented with proliferation kit and with EGF/FGF2, heparin and B27 without vitamin A, we achieved a near 100% success in dentosphere generation in human DPSC cultures. Previous literature about DPSC intracranial grafts had mainly focused on searching for neuronal fates of the transplanted cells (Arthur et al., 2008; Chang et al., 2014). Our work is the first to report that non-engineered or non-genetically modified human DPSCs can differentiate and integrate into mouse intracerebral vasculature, promoting neovasculogenesis. This approximation for cell expansion without the use of serum is an important aspect for future translational therapies, excluding the potential variability and risk of contamination by xenogenic FBS or genetical manipulation. These results are of major interest because no report exists to date which is focused on obtaining endothelial cells and fully blood vessels starting from DPSCs and using a serum-free protocol. Previous works were focused on the neural differentiation of DPSCs in serum-free media (Widera et al., 2007; Hirata et al., 2010; Bonnamain et al., 2013), or the obtention of endothelial vascular cells using 10% FBS (Weiss et al., 1990; d’Aquino et al., 2007) but none of them addressed the issue of endothelial cell generation out of human DPSCs in the total absence of serum. Non-human vascular cells had already been succesfully cultured without the need of serum, although the reported protocol was not optimized for human cells (Weiss et al., 1990; Gorfien et al., 1993).

Nestin expression had been related to de novo formation of vasculature (Suzuki et al., 2010). The coexpression of Nestin and VEGF in grafted human DPSC-derived cells constitutes a solid evidence of neoangiogenesis (Ferrara et al., 2003). Altogether, Nestin/VEGF and/or CD31 human positive cells integrated into the host vasculature with increased laminin staining are the hallmarks that led us to advocate for de novo angiogenesis (Nguyen et al., 2000; Malinda et al., 2008). We could speculate that grafts of human DPSC cultured with Neurocult proliferation media could favor a rejuvenation-like benefitial effect in brain vasculature, because laminin is one of the main extracellular matrix (ECM) components that progressively decreases up to 50% during the aging process (Gavazzi et al., 1995). Interestingly, there is also an increase of vascular TGF-β during aging, which has been reported to induce quiescence of neurogenic niches (Pineda et al., 2013). Furthermore, laminin has been described to be able to downregulate TGF-β, at least in epithelial cells (Streuli et al., 1993). Thus, the increase of vascular laminin could again constitute a rejuvenation-like stimulus through TGF-β. From a point of view of biological or therapeutic interest, the increase of vascular laminin observed in blood vessels containing DPSC-derived cells could also have beneficial effects in the case of neurodegenerative illnesses such as Alzheimer’s disease. It has been reported that laminin is able to induce depolymerization of amyloid αβ fibrils reducing the toxic effects of amyloid peptides (Bronfman et al., 1996; Morgan and Inestrosa, 2001). In cerebro-vascular accident models such as focal cerebral ischemia, a degradation of the microvascular matrix of collagen, perlecan and laminin has been reported (Fukuda et al., 2004). In addition, variations of laminin levels during CNS injury have been associated to an attempt to revascularize and oxygenate the tissue (Fukuda et al., 2004; Ji and Tsirka, 2012). In other ischemia models such as the middle cerebral artery occlusion (MCAO), the ECM, and secreted factors such as VEGF are involved in the progressive recovery (Fukuda et al., 2004). Per se, the use of DPSCs as a source of cells secreting neuroprotective BNDF also brings an enormous potential for vasculogenesis (Alomari et al., 2015) and neuroprotective therapies (Canals et al., 2004; Pineda et al., 2005). Interestingly, we showed that DPSCs cultured with Neurocult proliferation media maintained BDNF expression. This could provide an improvement for neurotrophic therapy in cerebrovascular accidents such as stroke (Schäbitz et al., 2007), a condition which carries a strong economic and social burden (Di Carlo, 2009) together with an increased probability of future dementia (Pendlebury et al., 2019). Furthermore, from a perspective of cellular therapy, brain-grafted DPSCs could compensate the reduction in proliferation of vascular endothelial progenitor cells which is observed after acute ischemic cerebrovascular events (Blum et al., 2019). However, all these discussed applications are beyond the scope of this manuscript, but warrant further investigations.

Interestingly, DPSC expansion in Neurocult proliferation culture media increased the proportion of cells expressing the endothelial markers VEGF and CD31, with respect to neural-differentiated or DMEM/FBS grown DPSC cultures. We also attempted to shed light on the involved mechanism(s) for this effect. It has been reported that constitutive STAT3 activity upregulated VEFG expression (Niu et al., 2002). In agreement, our results clearly showed that Neurocult proliferation medium actually activated the VEGFR/STAT3 signaling pathway in DPSCs, which is fundamental for endothelial cell differentiation. Indeed, we observed a concurrent increase of both phospho-STAT3 and phosphor-ERK levels in Neurocult-grown DPSCs, and this dual concurrent signaling has been associated not only to the activation of endothelial cells (Chen et al., 2008), but also to the ability of mesenchymal stem cells to differentiate to endothelial cell phenotypes (Almalki and Agrawal, 2017). Interestingly, selective inhibition of phospho-STAT3 signaling using the chemical compound Stattic was just enough to abolish the endothelial induction effect of Neurocult proliferation medium in DPSCs. This result highlighted the importance of downstream signaling events to control DPSC endothelial differentiation. Stattic was already known to abrogate both cancer stem cells proliferation (Villalva et al., 2011) and tumor angiogenesis (Niu et al., 2002). Meanwhile, phospho-ERK had been long regarded to play a role in the differentiation of endothelial cells into angiogenic vessels (Xu et al., 2008).

Other dental stem cell types such as SHEDs were also reported to be able to differentiate to neural and astroglial lineages (Miura et al., 2003) and endothelium (Sakai et al., 2010; Bento et al., 2013). Interestingly, the expression of VEGF by SHEDs was required to induce cellular expression of endothelial differentiation markers such as vascular endothelial growth factor receptor-2 (VEGFR2), CD31 (PECAM-1), and VE-Cadherin (Sakai et al., 2010). Similar results have been published with stem cells from the apical papilla (SCAPs) or DPSC previously expanded with α-MEM (d’Aquino et al., 2007; Hilkens et al., 2017). However, the aforementioned studies relied on the presence of 10% FBS in the cell culture medium, and/or the use of hydroxyapatite/tricalcium phosphate 3D scaffolds to show the successful formation of vascularized tissue (Sakai et al., 2010). Our results demonstrate that a serum-free medium designed to culture NSCs is also permissive to grow endothelial cells derived from human DPSC cultures. In our comparative study, we found that murine NSCs in Neurocult proliferation medium presented high levels of phospho-ERK signaling but low levels of phospho-STAT3 signaling, as opposed to human DPSCs grown in the same conditions, which activated both pathways simultaneously. Interestingly, murine NSC were neither able to differentiate toward endothelial cells in the same medium, nor to give rise to functional blood vessels after their graft in vivo. Some works have reported the need of estradiol for the endothelial differentiation of neural stem/progenitor cells (Sekiguchi et al., 2013), which might somehow affect these signaling pahways.

CONCLUSION

In the present work, we show that DPSCs cultured using NeurocultTM NS-A proliferation supplemented medium increase CD31 and VEGFR2 expression and a concurrent activation of proangiogenic ERK and STAT3 signaling pathways. Pharmacological inhibition of STAT3 is sufficient to impair DPSC differentiation to endothelial cell fate. In vivo approach by intrahippocampal graft of DPSCs previously cultured using Neurocult proliferation medium demonstrated that human DPSC-derived endothelial cells migrated and integrated into the host brain vasculature, contrary to murine NSCs. Our results highlight the potential of non-genetically modified human DPSCs grown in serum-free media for cell therapy in future therapeutical approaches for brain vasculopaties. This advance is of utmost importance because the applications of DPSCs in cell therapy have been so far largely limited by the use of fetal serum in conventional DPSC cultures.

DATA AVAILABILITY

All datasets generated for this study are included in the manuscript and/or the Supplementary Files.

AUTHOR CONTRIBUTIONS

JP, FU, JE, and GI contributed to conception and design and financial support. JP, GI, OP-A, FU, and JL contributed to provision of study materials and manuscript writing. JL, OP-A, and JP contributed to collection and/or assembly of data. JL, GI, and JP contributed to data analysis and interpretation. JL, OP-A, JE, FU, GI, and JP contributed to manuscript discussion and final approval of the manuscript.

FUNDING

This work was funded by ≪ Ramón y Cajal ≫ program RYC-2013-13450 (JRP) and RYC 2012-11137 (JME); Spanish Ministry of Economy and Competitiveness SAF2015-70866-R; UPV/EHU (GIU16/66, UFI 11/44); and Basque Government (GV/EJ; IT831-13). JL and OP-A obtained a Ph.D. fellowship from the University of the Basque Country (UPV/EHU).

ACKNOWLEDGMENTS

The authors would like to thank all the staff of the Leioa animal facility of UPV/EHU, Escobar L., and Díez A. for technical support of microscopy and for flow cytometry services in the Achucarro and SGIKER of UPV/EHU. Liver sinusoidal endothelial cells (LSECs) were a generous gift from Prof. Iker Badiola.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2019.00347/full#supplementary-material

REFERENCES

Almalki, S. G., and Agrawal, D. K. (2017). ERK signaling is required for VEGF-A/VEGFR2-induced differentiation of porcine adipose-derived mesenchymal stem cells into endothelial cells. Stem Cell Res. Ther. 8:113. doi: 10.1186/s13287-017-0568-4

Alomari, M. A., Khabour, O. F., Maikano, A., and Alawneh, K. (2015). Vascular function and brain-derived neurotrophic factor: the functional capacity factor. Vasc. Med. 20, 518–526. doi: 10.1177/1358863X15598390

Arthur, A., Rychkov, G., Shi, S., Koblar, S. A., and Gronthos, S. (2008). Adult human dental pulp stem cells differentiate toward functionally active neurons under appropriate environmental cues. Stem Cells 26, 1787–1795. doi: 10.1634/stemcells.2007-0979

Aurrekoetxea, M., Garcia-Gallastegui, P., Irastorza, I., Luzuriaga, J., Uribe-Etxebarria, V., Unda, F., et al. (2015). Dental pulp stem cells as a multifaceted tool for bioengineering and the regeneration of craniomaxillofacial tissues. Front. Physiol. 6:289. doi: 10.3389/fphys.2015.00289

Avinash, K., Malaippan, S., and Dooraiswamy, J. N. (2017). Methods of isolation and characterization of stem cells from different regions of oral cavity using markers: a systematic review. Int. J. Stem Cells 10, 12–20. doi: 10.15283/ijsc17010

Belkind-Gerson, J., Carreon-Rodriguez, A., Benedict, L. A., Steiger, C., Pieretti, A., Nagy, N., et al. (2013). Nestin-expressing cells in the gut give rise to enteric neurons and glial cells. Neurogastroenterol. Motil. 25, 61–69.e7. doi: 10.1111/nmo.12015

Bento, L. W., Zhang, Z., Imai, A., Nör, F., Dong, Z., Shi, S., et al. (2013). Endothelial differentiation of SHED requires MEK1/ERK signaling. J. Dent. Res. 92, 51–57. doi: 10.1177/0022034512466263

Berra, E., Diaz-Meco, M. T., and Moscat, J. (1998). The activation of p38 and apoptosis by the inhibition of Erk is antagonized by the phosphoinositide 3-kinase/Akt pathway. J. Biol. Chem. 273, 10792–10797. doi: 10.1074/jbc.273.17.10792

Birbrair, A., Zhang, T., Wang, Z.-M., Messi, M. L., Olson, J. D., Mintz, A., et al. (2014). Type-2 pericytes participate in normal and tumoral angiogenesis. Am. J. Physiol. Cell Physiol. 307, C25–C38. doi: 10.1152/ajpcell.00084.2014

Blum, A., Pastukh, N., Sirchan, R., Blum, N., Chernikoff, L., and Vaispapir, V. (2019). Inhibition of endothelial Progenitor Cells Inhibition in the first 24 hours of an acute ischemic cerebrovascular event. Isr. Med. Assoc. J. 21, 71–76.

Bonnamain, V., Thinard, R., Sergent-Tanguy, S., Huet, P., Bienvenu, G., Naveilhan, P., et al. (2013). Human dental pulp stem cells cultured in serum-free supplemented medium. Front. Physiol. 4:357. doi: 10.3389/fphys.2013.00357

Bronfman, F. C., Garrido, J., Alvarez, A., Morgan, C., and Inestrosa, N. C. (1996). Laminin inhibits amyloid-beta-peptide fibrillation. Neurosci. Lett. 218, 201–203. doi: 10.1016/S0304-3940(96)13147-5

Bueno, C., Ramirez, C., Rodriguez-Lozano, F. J., Tabares-Seisdedos, R., Rodenas, M., Moraleda, J. M., et al. (2013). Human adult periodontal ligament-derived cells integrate and differentiate after implantation into the adult mammalian brain. Cell Transplant. 22, 2017–2028. doi: 10.3727/096368912X657305

Canals, J. M., Pineda, J. R., Torres-Peraza, J. F., Bosch, M., Martin-Ibanez, R., Munoz, M. T., et al. (2004). Brain-derived neurotrophic factor regulates the onset and severity of motor dysfunction associated with enkephalinergic neuronal degeneration in Huntington’s disease. J. Neurosci. 24, 7727–7739. doi: 10.1523/JNEUROSCI.1197-04.2004

Chang, C. C., Chang, K. C., Tsai, S. J., Chang, H. H., and Lin, C. P. (2014). Neurogenic differentiation of dental pulp stem cells to neuron-like cells in dopaminergic and motor neuronal inductive media. J. Formos. Med. Assoc. 113, 956–965. doi: 10.1016/j.jfma.2014.09.003

Chen, S. H., Murphy, D. A., Lassoued, W., Thurston, G., Feldman, M. D., and Lee, W. M. (2008). Activated STAT3 is a mediator and biomarker of VEGF endothelial activation. Cancer Biol. Ther. 7, 1994–2003. doi: 10.4161/cbt.7.12.6967

Chen, Y., and Liu, H. (2016). The differentiation potential of gingival mesenchymal stem cells induced by apical tooth germ cell-conditioned medium. Mol. Med. Rep. 14, 3565–3572. doi: 10.3892/mmr.2016.5726

Cobb, M. H. (1999). MAP kinase pathways. Prog. Biophys. Mol. Biol. 71, 479–500. doi: 10.1016/S0079-6107(98)00056-X

d’Aquino, R., Graziano, A., Sampaolesi, M., Laino, G., Pirozzi, G., De Rosa, A., et al. (2007). Human postnatal dental pulp cells co-differentiate into osteoblasts and endotheliocytes: a pivotal synergy leading to adult bone tissue formation. Cell Death Differ. 14, 1162–1171. doi: 10.1038/sj.cdd.4402121

Davidson, R. M. (1994). Neural form of voltage-dependent sodium current in human cultured dental pulp cells. Arch. Oral Biol. 39, 613–620. doi: 10.1016/0003-9969(94)90137-6

Di Carlo, A. (2009). Human and economic burden of stroke. Age Ageing 38, 4–5. doi: 10.1093/ageing/afn282

Ferrara, N., Gerber, H. P., and LeCouter, J. (2003). The biology of VEGF and its receptors. Nat. Med. 9, 669–676. doi: 10.1038/nm0603-669

Fukuda, S., Fini, C. A., Mabuchi, T., Koziol, J. A., Eggleston, L. L., and del Zoppo, G. J. (2004). Focal cerebral ischemia induces active proteases that degrade microvascular matrix. Stroke 35, 998–1004. doi: 10.1161/01.STR.0000119383.76447.05

Gandia, C., Arminan, A., Garcia-Verdugo, J. M., Lledo, E., Ruiz, A., Minana, M. D., et al. (2008). Human dental pulp stem cells improve left ventricular function, induce angiogenesis, and reduce infarct size in rats with acute myocardial infarction. Stem Cells 26, 638–645. doi: 10.1634/stemcells.2007-0484

Gavazzi, I., Boyle, K. S., Edgar, D., and Cowen, T. (1995). Reduced laminin immunoreactivity in the blood vessel wall of ageing rats correlates with reduced innervation in vivo and following transplantation. Cell Tissue Res. 281, 23–32. doi: 10.1007/BF00307955

Gervois, P., Struys, T., Hilkens, P., Bronckaers, A., Ratajczak, J., Politis, C., et al. (2015). Neurogenic maturation of human dental pulp stem cells following neurosphere generation induces morphological and electrophysiological characteristics of functional neurons. Stem Cells Dev. 24, 296–311. doi: 10.1089/scd.2014.0117

Gorfien, S., Spector, A., DeLuca, D., and Weiss, S. (1993). Growth and physiological functions of vascular endothelial cells in a new serum-free medium (SFM). Exp. Cell Res. 206, 291–301. doi: 10.1006/excr.1993.1149

Gregory, C. A., Reyes, E., Whitney, M. J., and Spees, J. L. (2006). Enhanced engraftment of mesenchymal stem cells in a cutaneous wound model by culture in allogenic species-specific serum and administration in fibrin constructs. Stem Cells 24, 2232–2243. doi: 10.1634/stemcells.2005-0612

Gronthos, S., Brahim, J., Li, W., Fisher, L. W., Cherman, N., Boyde, A., et al. (2002). Stem cell properties of human dental pulp stem cells. J. Dent. Res. 81, 531–535. doi: 10.1177/154405910208100806

Gronthos, S., Mankani, M., Brahim, J., Robey, P. G., and Shi, S. (2000). Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo. Proc. Natl. Acad. Sci. U.S.A. 97, 13625–13630. doi: 10.1073/pnas.240309797

Gronthos, S., and Zannettino, A. C. (2008). A method to isolate and purify human bone marrow stromal stem cells. Methods Mol. Biol. 449, 45–57. doi: 10.1007/978-1-60327-169-1_3

Hilkens, P., Bronckaers, A., Ratajczak, J., Gervois, P., Wolfs, E., and Lambrichts, I. (2017). The angiogenic potential of DPSCs and SCAPs in an in vivo model of dental pulp regeneration. Stem Cells Int. 2017:2582080. doi: 10.1155/2017/2582080

Hirata, T. M., Ishkitiev, N., Yaegaki, K., Calenic, B., Ishikawa, H., Nakahara, T., et al. (2010). Expression of multiple stem cell markers in dental pulp cells cultured in serum-free media. J. Endod. 36, 1139–1144. doi: 10.1016/j.joen.2010.03.002

Jeitany, M., Pineda, J. R., Liu, Q., Porreca, R. M., Hoffschir, F., Desmaze, C., et al. (2015). A preclinical mouse model of glioma with an alternative mechanism of telomere maintenance (ALT). Int. J. Cancer 136, 1546–1558. doi: 10.1002/ijc.29171

Ji, K., and Tsirka, S. E. (2012). Inflammation modulates expression of laminin in the central nervous system following ischemic injury. J. Neuroinflammation 9:159. doi: 10.1186/1742-2094-9-159

Kaukua, N., Shahidi, M. K., Konstantinidou, C., Dyachuk, V., Kaucka, M., Furlan, A., et al. (2014). Glial origin of mesenchymal stem cells in a tooth model system. Nature 513, 551–554. doi: 10.1038/nature13536

Kim, B. C., Bae, H., Kwon, I. K., Lee, E. J., Park, J. H., Khademhosseini, A., et al. (2012). Osteoblastic/cementoblastic and neural differentiation of dental stem cells and their applications to tissue engineering and regenerative medicine. Tissue Eng. Part B Rev. 18, 235–244. doi: 10.1089/ten.TEB.2011.0642

Laino, G., d’Aquino, R., Graziano, A., Lanza, V., Carinci, F., Naro, F., et al. (2005). A new population of human adult dental pulp stem cells: a useful source of living autologous fibrous bone tissue (LAB). J. Bone Miner. Res. 20, 1394–1402. doi: 10.1359/JBMR.050325

Laino, G., Graziano, A., d’Aquino, R., Pirozzi, G., Lanza, V., Valiante, S., et al. (2006). An approachable human adult stem cell source for hard-tissue engineering. J. Cell. Physiol. 206, 693–701. doi: 10.1002/jcp.20526

Lanza, I. K. (2006). Adult Stem Cells. Methods in Enzymology. Cambridge, MA: Academic Press.

Lawley, T. J., and Kubota, Y. (1989). Induction of morphologic differentiation of endothelial cells in culture. J. Invest. Dermatol. 93, 59S–61S.

Leong, W. K., Henshall, T. L., Arthur, A., Kremer, K. L., Lewis, M. D., Helps, S. C., et al. (2012). Human adult dental pulp stem cells enhance poststroke functional recovery through non-neural replacement mechanisms. Stem Cells Transl. Med. 1, 177–187. doi: 10.5966/sctm.2011-0039

Li, C. H., Xu, L. L., Jian, L. L., Yu, R. H., Zhao, J. X., Sun, L., et al. (2018). Stattic inhibits RANKL-mediated osteoclastogenesis by suppressing activation of STAT3 and NF-kappaB pathways. Int. Immunopharmacol. 58, 136–144. doi: 10.1016/j.intimp.2018.03.021

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Maharaj, A. S., Saint-Geniez, M., Maldonado, A. E., and D’Amore, P. A. (2006). Vascular endothelial growth factor localization in the adult. Am. J. Pathol. 168, 639–648. doi: 10.2353/ajpath.2006.050834

Majumdar, D., Kanafi, M., Bhonde, R., Gupta, P., and Datta, I. (2016). Differential neuronal plasticity of dental pulp stem cells from exfoliated deciduous and permanent teeth towards dopaminergic neurons. J. Cell. Physiol. 231, 2048–2063. doi: 10.1002/jcp.25314

Malinda, K. M., Wysocki, A. B., Koblinski, J. E., Kleinman, H. K., and Ponce, M. L. (2008). Angiogenic laminin-derived peptides stimulate wound healing. Int. J. Biochem. Cell Biol. 40, 2771–2780. doi: 10.1016/j.biocel.2008.05.025

Marrelli, M., Paduano, F., and Tatullo, M. (2015). Human periapical cyst-mesenchymal stem cells differentiate into neuronal cells. J. Dent. Res. 94, 843–852. doi: 10.1177/0022034515570316

Miura, M., Gronthos, S., Zhao, M., Lu, B., Fisher, L. W., Robey, P. G., et al. (2003). SHED: stem cells from human exfoliated deciduous teeth. Proc. Natl. Acad. Sci. U.S.A. 100, 5807–5812. doi: 10.1073/pnas.0937635100

Morgan, C., and Inestrosa, N. C. (2001). Interactions of laminin with the amyloid beta peptide. Implications for Alzheimer’s disease. Braz. J. Med. Biol. Res. 34, 597–601. doi: 10.1590/S0100-879X2001000500006

Morsczeck, C., Vollner, F., Saugspier, M., Brandl, C., Reichert, T. E., Driemel, O., et al. (2010). Comparison of human dental follicle cells (DFCs) and stem cells from human exfoliated deciduous teeth (SHED) after neural differentiation in vitro. Clin. Oral Investig. 14, 433–440. doi: 10.1007/s00784-009-0310-4

Morshead, C. M., Reynolds, B. A., Craig, C. G., McBurney, M. W., Staines, W. A., Morassutti, D., et al. (1994). Neural stem cells in the adult mammalian forebrain: a relatively quiescent subpopulation of subependymal cells. Neuron 13, 1071–1082. doi: 10.1016/0896-6273(94)90046-9

Nguyen, B. P., Ryan, M. C., Gil, S. G., and Carter, W. G. (2000). Deposition of laminin 5 in epidermal wounds regulates integrin signaling and adhesion. Curr. Opin. Cell Biol. 12, 554–562. doi: 10.1016/S0955-0674(00)00131-9

Niu, G., Wright, K. L., Huang, M., Song, L., Haura, E., Turkson, J., et al. (2002). Constitutive STAT3 activity up-regulates VEGF expression and tumor angiogenesis. Oncogene 21, 2000–2008. doi: 10.1038/sj.onc.1205260

Pendlebury, S. T., Rothwell, P. M., Oxford Vascular, and Study (2019). Incidence and prevalence of dementia associated with transient ischaemic attack and stroke: analysis of the population-based Oxford Vascular Study. Lancet Neurol. 18, 248–258. doi: 10.1016/S1474-4422(18)30442-3

Pineda, J. R., Canals, J. M., Bosch, M., Adell, A., Mengod, G., Artigas, F., et al. (2005). Brain-derived neurotrophic factor modulates dopaminergic deficits in a transgenic mouse model of Huntington’s disease. J. Neurochem. 93, 1057–1068. doi: 10.1111/j.1471-4159.2005.03047.x

Pineda, J. R., Daynac, M., Chicheportiche, A., Cebrian-Silla, A., Sii Felice, K., Garcia-Verdugo, J. M., et al. (2013). Vascular-derived TGF-β increases in the stem cell niche and perturbs neurogenesis during aging and following irradiation in the adult mouse brain. EMBO Mol. Med. 5, 548–562. doi: 10.1002/emmm.201202197

Pisciotta, A., Riccio, M., Carnevale, G., Beretti, F., Gibellini, L., Maraldi, T., et al. (2012). Human serum promotes osteogenic differentiation of human dental pulp stem cells in vitro and in vivo. PLoS One 7:e50542. doi: 10.1371/journal.pone.0050542

Raponi, E., Agenes, F., Delphin, C., Assard, N., Baudier, J., Legraverend, C., et al. (2007). S100B expression defines a state in which GFAP-expressing cells lose their neural stem cell potential and acquire a more mature developmental stage. Glia 55, 165–177. doi: 10.1002/glia.20445

Reynolds, B. A., and Weiss, S. (1992). Generation of neurons and astrocytes from isolated cells of the adult mammalian central nervous system. Science 255, 1707–1710. doi: 10.1126/science.1553558

Rossi, C., Angelucci, A., Costantin, L., Braschi, C., Mazzantini, M., Babbini, F., et al. (2006). Brain-derived neurotrophic factor (BDNF) is required for the enhancement of hippocampal neurogenesis following environmental enrichment. Eur. J. Neurosci. 24, 1850–1856. doi: 10.1111/j.1460-9568.2006.05059.x

Sakai, V. T., Zhang, Z., Dong, Z., Neiva, K. G., Machado, M. A., Shi, S., et al. (2010). SHED differentiate into functional odontoblasts and endothelium. J. Dent. Res. 89, 791–796. doi: 10.1177/0022034510368647

Schäbitz, W.-R., Steigleder, T., Cooper-Kuhn, C. M., Schwab, S., Sommer, C., Schneider, A., et al. (2007). Intravenous brain-derived neurotrophic factor enhances poststroke sensorimotor recovery and stimulates neurogenesis. Stroke 38, 2165–2172. doi: 10.1161/STROKEAHA.106.477331

Schust, J., Sperl, B., Hollis, A., Mayer, T. U., and Berg, T. (2006). Stattic: a small-molecule inhibitor of STAT3 activation and dimerization. Chem. Biol. 13, 1235–1242. doi: 10.1016/j.chembiol.2006.09.018

Sekiguchi, H., Ii, M., Jujo, K., Thorne, T., Ito, A., Klyachko, E., et al. (2013). Estradiol promotes neural stem cell differentiation into endothelial lineage and angiogenesis in injured peripheral nerve. Angiogenesis 16, 45–58. doi: 10.1007/s10456-012-9298-5

Silvestre, D. C., Pineda, J. R., Hoffschir, F., Studler, J. M., Mouthon, M. A., Pflumio, F., et al. (2011). Alternative lengthening of telomeres in human glioma stem cells. Stem Cells 29, 440–451. doi: 10.1002/stem.600

Smyth, L. C. D., Rustenhoven, J., Scotter, E. L., Schweder, P., Faull, R. L. M., Park, T. I. H., et al. (2018). Markers for human brain pericytes and smooth muscle cells. J. Chem. Neuroanat. 92, 48–60. doi: 10.1016/j.jchemneu.2018.06.001

Streuli, C. H., Schmidhauser, C., Kobrin, M., Bissell, M. J., and Derynck, R. (1993). Extracellular matrix regulates expression of the TGF-beta 1 gene. J. Cell Biol. 120, 253–260. doi: 10.1083/jcb.120.1.253

Suzuki, S., Namiki, J., Shibata, S., Mastuzaki, Y., and Okano, H. (2010). The neural stem/progenitor cell marker nestin is expressed in proliferative endothelial cells, but not in mature vasculature. J. Histochem. Cytochem. 58, 721–730. doi: 10.1369/jhc.2010.955609

Uribe-Etxebarria, V., Luzuriaga, J., García-Gallastegui, P., Agliano, A., Unda, F., and Ibarretxe, G. (2017). Notch/Wnt cross-signalling regulates stemness of dental pulp stem cells through expression of neural crest and core pluripotency factors. Eur. Cell Mater. 34, 249–270. doi: 10.22203/eCM.v034a16

Villalva, C., Martin-Lanneree, S., Cortes, U., Dkhissi, F., Wager, M., Le Corf, A., et al. (2011). STAT3 is essential for the maintenance of neurosphere-initiating tumor cells in patients with glioblastomas: a potential for targeted therapy? Int. J. Cancer 128, 826–838. doi: 10.1002/ijc.25416

Weiss, T. L., Selleck, S. E., Reusch, M., and Wintroub, B. U. (1990). Serial subculture and relative transport of human endothelial cells in serum-free, defined conditions. In Vitro Cell Dev. Biol. 26, 759–768. doi: 10.1007/BF02623617

Widera, D., Grimm, W. D., Moebius, J. M., Mikenberg, I., Piechaczek, C., Gassmann, G., et al. (2007). Highly efficient neural differentiation of human somatic stem cells, isolated by minimally invasive periodontal surgery. Stem Cells Dev. 16, 447–460. doi: 10.1089/scd.2006.0068

Wong, D., and Dorovini-Zis, K. (1996). Platelet/endothelial cell adhesion molecule-1 (PECAM-1) expression by human brain microvessel endothelial cells in primary culture. Brain Res. 731, 217–220. doi: 10.1016/0006-8993(96)00673-7

Xu, J., Liu, X., Jiang, Y., Chu, L., Hao, H., Liua, Z., et al. (2008). MAPK/ERK signalling mediates VEGF-induced bone marrow stem cell differentiation into endothelial cell. J. Cell. Mol. Med. 12, 2395–2406. doi: 10.1111/j.1582-4934.2008.00266.x

Yu, J., He, H., Tang, C., Zhang, G., Li, Y., Wang, R., et al. (2010). Differentiation potential of STRO-1+ dental pulp stem cells changes during cell passaging. BMC Cell Biol. 11:32. doi: 10.1186/1471-2121-11-32

Zhang, D., Mai, Q., Li, T., Huang, J., Ding, C., Jia, M., et al. (2016). Comparison of a xeno-free and serum-free culture system for human embryonic stem cells with conventional culture systems. Stem Cell Res. Ther. 7:101. doi: 10.1186/s13287-016-0347-7

Zhang, J., Lu, X., Feng, G., Gu, Z., Sun, Y., Bao, G., et al. (2016). Chitosan scaffolds induce human dental pulp stem cells to neural differentiation: potential roles for spinal cord injury therapy. Cell Tissue Res. 366, 129–142. doi: 10.1007/s00441-016-2402-1

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Luzuriaga, Pastor-Alonso, Encinas, Unda, Ibarretxe and Pineda. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fphys-10-00347-g007.jpg
- & Iy
oOl&a0i:. o
~ & §
Qs \.‘./ ~ ’ \ -
i o i e
\ \ g‘ %
\ v K‘\ 4 -
‘ ) & 4
o O I\ r L O \ Y A p
o % Lo = L
hNestin Laminin . VEGF 8/ DAPI® ¢
| | | Orthogonal projection
A I - I “ - ‘.»‘ I
- | - M - I P —
. T | \
hNestin | cp14s I I

®
)
f

4 . e
CD31 hNestin
‘\ ]
s J
\__ - ’ O ogonal projectio
\ P .
&~ L te } X ° 3
( O \4-’ a, ®
Human-CD31 N\~ Laminin Nt bl
P D) - ) N 5 _ . ; Kl (;,‘ &~ ‘.L :
4 <

DAPI
Laminin DAPI Human | Laminin MERGE
Human-CD31 [ CD31 S—






OPS/images/fphys-10-00347-g002.jpg
b’ . T oA

o V @/ s \SA . -Au/ \huV\)A
\" )

( | .

Y ¥ ~ * Pt X
£ X | K= o _ B — A
g / < S % i .

Z O %) a =

\ - .

e A 2 % 4 X /(.yi " /;
» ® 4 > bt /wo

l 1 &

y S¢ PR W ? . AEYRL

™ N LT K . N\ '

al \ ol N

A Y






OPS/images/cover.jpg
, frontiers
in Physiology

Human Dental Pulp Stem Cells
Grown in Neurogenic Media
Differentiate Into Endothelial Cells
and Promote Neovasculogenesis
in the Mouse Brain





OPS/images/fphys-10-00347-g001.jpg
DPSCs B NSCs

DMEM 10%FBS Neurocult proliferation Neurocult proliferation

)
%)
(1]
el

=

cC
o
(&)
Q
"
©
<
a.

Population Doubling rate

%k ok
%% Sk

n.s. n.s. n.s.
PO P1 P2 P3 P4
Passages Passages

NSCs Neurocult Proliferation
-+ DPSCs DMEM + 10% FBS

-# DPSCs Neurocult Proliferation








OPS/images/fphys-10-00347-g006.jpg
o

A \ § - o 4 N =
™ x ™ 00 9
.\ 90
5 \ DP
. ’ = 80
\ » < a 0
) t
60
= e e S o
S | | — 50
- ? P v 40
& ; A & c 30 II
A F .“;_,.)};‘:, : Fo “‘9‘ ' ! A\
T ¢ { . e . 0
& ¥ 0
DCX NeuN DAPI MERGE —
)
00
L]
90
¥ ¥ | . e
R 3 Q X
o] @) '.
oo 0
=4 Wz g, 40
4 ¢ KRR
£ 4 & { d
/ ’l"/"( ‘ : 0
0 S 4 a 0
0 /7
5 ‘ / Z ’ 0
4 " P
/S Q
GFAP S$100b DAPI MERGE e
W ®
_ 4 ‘ o
g » -
0
Laminin CD31 VEGF RAPI MVMERGE ey
» 00
N O
QL d ..
& 0
;)
X O
488 568 647 DAPI [— D







OPS/images/fphys-10-00347-g005.jpg
>
b

D N L D N L . 200007
§ 15000+
— | €44 KDa - 44 KDa _
- ?42 KDa ‘ w42 KDa g 10000-
8
Phospho-ERK Total ERK R
(14
0_
® D N L D N L ol
‘ __ 1000,
O
(a]
Phospho-STAT3 STAT3 < 6004
o
D= DMEM + 10% FBS g 401
N= Neurocult proliferation % 2004
L= LSEC (control +) o
L DAPI pSTAT3 hCD31 Phase MERGE

(Y705) contrast

Stattic OuM

Stattic 1uM

Stattic 2.5uM







OPS/images/fphys-10-00347-g004.jpg
A B DMEM + 10% FBS Neurocult proliferation B’
B-Actin  VEGF :

%
%

No lary IgG

$
s
A!
[J]
-1}
c
©
L
9
o
Rl
% 1,0 -
°\° [
€ ) £ 0o
X 3B %
01-X8 2% “£
T Ogw 3=
O
: 2% F
c D DMEM + 10% FBS
VEGFR2 :
-t % % %
£
e
‘: 3400-
o 3
[
% @ 200
o £
>
<
0-

No lary IgG
1 DMEM + 10% FBS

@l Neurocult proliferation

m

P-ERK
200+ * %k %k

100+

Average of staining
Intensity / cell
>~
|
//
i

04
C DMEM + 10% FBS N
@l Neurocult proliferation \ 2





OPS/images/fphys-10-00347-g003.jpg
.l
0000
D 0%FB euro prolite O euro proliteratio
00
0,01 4 8 £ &
-
D
30
o 160
o 140
0
.. -~
- H Phase contrast Phase‘con,trzist Phase contrast
.. fan) o \ .~ . g .
= . N\ N 3 3
* e N — < "k |
MERGE MERGE', + | mereE
- “‘ ‘.'u 3
A < \
o . % R
~ \ ‘\‘\.
."‘ \’. :‘~ = . 2y
\_\ e \ — T S
, b
D D 0%FB euro oliferatio edla
O otype D O O otype D
0,2% 0,3% 0%
I A L






OPS/images/logo.jpg
, frontiers
in Physiology





