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ABSTRACT

Many studies have revealed the existence of stem cells in various human tissues including dental structures.
We isolated and selected by flow cytometry, a distinctive population of cells (CD105+;CD146-) from human
dental pulp and aimed to identify multipotential adult stem cells in this selected population, and to study the
differentiation capacity of these cells to angiogenic and neuronal fates. The isolated cells showed high
proliferative capacity, angiogenic induction by chemical stimulation resulted in endothelial differentiation as
shown by both confocal microscopy and real time PCR for vascular endothelial growth factor (VEGF) and when
already described standard neuro-differentiation protocols were used, cultures exhibited neuro-differentiation
shown by cell morphology, and real time PCR for neuroectodermal marker Nestin. In conclusion, we report the
isolation, culture and characterization of stem cell containing cultures from human dental pulp. Furthermore, our
data clearly show that the isolated population can differentiate into endothelial cells or to a neuronal fate in
response to appropriate chemical stimuli. Therefore, these cells have high potential to serve as resources for
tissue engineering not only for dental or bone reconstruction, but also for neuroregenerative treatments.
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Introduction

Mesenchymal stem cells (MSCs) have been used for cell therapy in various experimental disease models.
Dental pulp stem cells (DPSCs) are an attractive alternative mesenchymal stem cell (MSC) source because of
their isolation simplicity compared with the more invasive methods associated with harvesting other MSC
sources (Hilkens et al, 2013). The unequivocal isolation and identification of dental pulp stem cells have not
been achieved yet, since there are no specific cell surface markers for dental pulp stem cells (Iohara et al, 2006).
Previous work has been done to isolate different populations of dental pulp stem cells such as side population
cells (SP) (Ishizaka et al, 2013), CD31-;CD146- and CD31+;CD146- sub-fractionations of SP cells (Iohara et al,
2008). The fact that DPSCs are derived from neural crest mesenchyme raises hope that they may be good
sources of stem cells to treat neural tissue injuries or degenerative diseases (Brar and Toor, 2012). Moreover,
regenerative therapy using stem cells is a promising approach for the treatment of stroke as it was reported that
CD317/CD146" side population (SP) cells from porcine dental pulp exhibit highly vasculogenic potential in
hind limb ischemia (Sugiyama et al, 2011). A recent study proved that pulp stem cells have higher angiogenic,
neurogenic and regenerative potential and may therefore be superior to bone marrow and adipose stem cells for
cell therapy. (Ishizaka et al, 2013). In our study, we isolated and purified (CD105+;CD146-) population by flow
cytometry from human primary pulp cells and investigated their ability to differentiate into neurogenic and
angiogenic fates.

Materials and Methods
Isolation of total human dental pulp cells:

Human third molar teeth indicated for extraction were collected. The extracted teeth were kept in Dulbecco
modified Eagle’s media (DMEM) (Biowhittaker, GIBCO, Sigma, USA) to which penicillin/streptomycin
(Invitrogen Co., USA) and 10% Fetal bovine serum (GIBCO, Invitrogen, USA) were added. The teeth were split
open and the pulp was gently removed using sterile dental probe. All cell culture procedures were done in a
sterile environment, in a biological safety cabinet (Bio Clean Bench, MCV-B131F, Sanyo Electric Co., Ltd,
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Japan. 0.2% collagenase type two (Worthington biochemical corporation, Lakwood, USA) solution was added
to the dissected pulp tissue and shook in a water bath shaker at 37°C for 30 minutes. The digested pulp cells
were centrifuged at 1500 rpm for five minutes. The supernatant was discarded and fresh DMEM media
supplemented with 10% FBS, was added to the cells. The cells were dispersed well and the solution was then
passed through 40-um cell strainer (BD Falcon, USA). Primary total pulp cells were then centrifuged at 1500
rpm for 5 minutes.

Isolation of (CD105+; CD146-) cell population from human dental pulp cells:

The supernatant was then discarded and the red blood cells were then lysed using 1%IO test3 lysing
solution (Beckman coulter, France), then was put on vortex (Genic2) for 10 seconds, and left at room
temperature for 10 minutes. Tube was centrifuged again at 1500 rpm for five minutes. For blocking and
reducing the non-specific binding receptors, the cells were incubated with purified anti-mouse CD16/CD32 FC
gamma III/II receptor (BD, pharmingen) for 20 minutes at 4°C. Cells were further incubated with, negative
control rabbit anti-mouse immunoglobulin G1 (IgG1) (Serotec clon w/3/25), Negative control FTC rabbit anti-
mouse [gG1 (Serotec MRC OX-34), Negative control Alexa 647 rabbit anti-mouse IgG1 (Serotec OJ), CD 105-
FITC Anti-human (Biolegend MEM-226), CD146-Alexa 647 mouse anti-human in dark for 60 minutes at 4°c.
The cells were then washed with PBS supplemented with 20% FBS and then centrifuged at 1300 rpm for 1 min
at 4°c. The supernatant was discarded and cells were resuspended in Hank’s solution (Invitrogen) which was
supplemented with FBS, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer solution (HEPS)
(Invitrogen) to which 2pg/ml propidium iodide (PI) stain (Sigma) was added in order to stain dead cells.
Analysis and sorting of cells were performed on the flow cytometer (JSAN, Bay Bioscience, Kobe, Japan), and
human dental pulp stem cells (CD105+;CD146-) were isolated and then cultured in fresh DMEM media
supplemented with 10% FBS and incubated at 37°C and 5% CO2 (Thermo Scientific Forma® Steri-Cycle®,
Japan) CO2 Incubator. Medium was changed twice per week thereafter. Dental pulp cells were subsequently
detached using 0.25% trypsin/l mM ethylene diamine tetraacetic acid (EDTA) replated at 5 - 10° cells/cm2, and
cultured as first passage cells (P1) until confluency. First passage (P1) were trypsinized and replated at 5 - 10°
cells/cm? to yield second passage cells (P2). First strand complementary Deoxyribonucleic acid (cDNA)
synthesis was performed from 2 pg of total Ribonucleic acid (RNA) by reverse transcription using ReverTra
ace- alpha- kit (Toyobo, Japan).Reverse transcriptase polymerase chain reaction (RT-PCR) amplifications were
performed using, human Signal transducer and activator of transcription 3 (Stat3), polycomb ring finger
oncogene (Bmil), and Beta —Actin (B actin) primers (Tablel).The RT-PCR products were then separated by
electrophoreses on 2% Agarose gel for 30 minutes and visualized by ethyl ultraviolet-induced fluorescence
using ethyl bromide transilluminator with digital printgraph (AE-6931FXCF Printgraph, ATTO cooperation,
Japan).

Stimulation of angiogenic and neurogenic differentiation of human dental pulp cells (CD105+;CD146-):
Angiogenic differentiation:

The 3rd passage culture of the isolated human dental pulp cells were grown to 80%-90% confluence in non-
coated 3.5cm dishes, (BD, Falcon, USA) in optimal media. The cells were detached and counted then cultured
in 96 wells plate (BD, Falcon, USA) at density of 1x105 cells/well. Cells were seeded on the Matrigel (BD
Biosciences) in endothelial cell growth medium-2 (EGM-2) (Lonza, USA) supplemented with 10% FBS,
recombinant human insulin-growth factor 1 (rhIGF-1) and recombinant human epidermal-growth factor
(thEGF) (both Lonza, USA). Network formation of endothelial cells was observed after 24-hour cultivation
using inverted phase contrast light microscope. After two days, cells were stained using Calcein AM (BD, USA)
which is a cell-permeant dye that can be used to determine cell viability in most eukaryotic cells. In live cells the
nonfluorescent calcein AM is converted to a green-fluorescent calcein after acetoxymethyl ester hydrolysis by
intracellular esterases. Confocal images were captured using confocal laser scanning microscope (Leica, TCS
SPS5 II, Germany) with 4x objective lens for quantification of tubule formation. Total RNA was extracted from
gel using Trizol (Invitrogen, USA), and first strand cDNA was synthesized from 2 pg RNA after
homogenization of gel. RT-PCR was performed to measure level of vascular endothelial growth factor (VEGF)
gene expression (Table 1). Products were separated on 2% agarose gels and visualized by ethidium bromide
staining.

Neurogenic differentiation:

The 3rd passage culture of the human dental pulp cells were grown to 80%-90% confluence in non-coated
3.5cm dishes, (BD, Falcon, USA) in optimal media. Cells were then cultured in neural progenitor basal medium



3532
J. Appl. Sci. Res., 9(6): 3530-3535, 2013

(NPBM) (Lonza, USA), supplemented with 0.02% neural cell survivor factor 1 (NSF-1) (Lonza, USA), 0.05%
gentamicn sulphate amphotericin-B (GA) (Lonza, USA), 0.002% rhEGF (Lonza, USA), and recombinant
human fibroblast growth factor (thFGF) (Lonza, USA). Cells were maintained in this medium for fifteen days
and the growth factors replaced every 3—4 days. After fifteen days of culture the cells were examined using
inverted phase contrast light microscope for neurospheres (cluster of floating cells) formation. Total RNA was
extracted from neurospheres using Trizol (Invitrogen, USA) and first strand cDNA was synthesized from 2 pg
RNA. RT-PCR analysis was performed to measure level of Nestin gene expression, a neuroectodermal marker
and an early marker for brain cells that is present in neural progenitors (Table 1). Products were separated on 2%
agarose gels and visualized by ethidium bromide staining.

Table 1: Human primers used for real-time reverse transcription-polymerase chain reaction.

Gene 5' DNA sequence 3’ Product size (base pairs) Accession Number
Bmil Forward ATATTTACGGTGCCCAGCAG 179 CK451985
(Human) Reverse GAAGTGGCCCATTCCTTCTC
Stat3 Forward GTGGTGACGGAGAAGCAGCA 191 NM213662
(Human) Reverse TTCTGCCTGGTCACTGACTG
Beta Actin Forward GGACTTCGAGCAAGAGATGG 234 NMO001101
(Human) Reverse AGCACTGTGTTGGCGTACAG
Beta Actin Forward GGACTTCGAGCAAGAGATGG 234 NMO001171630
(Human) Reverse AGCACTGTGTTGGCGTACAG
Vascular Endothelial Forward 211 NMO006617
Growth Factor GGGCAGAATCATCACGAAGT
(VEGF) Reverse
(Human) TGGTGATGTTGGACTCCTCA

Results:

Human total primary dental pulp cells, and dental pulp cells (CD105+;CD146-) were successfully isolated
from the pulp of the human teeth. Following the isolation and culturing procedures, the isolated
(CD105+;CD146-) cells began to attach to the bottom of dishes. Cell morphologies became more uniformly
spindle-shaped and the cells continued to proliferate and propagate until 90 % of the dish area was covered with
cells by day 4 indicating a highly proliferative ability of the isolated cell population (Figure 1).

Fig. 1: Cultured dental pulp cells (original magnification x 100) on day: A. One, B. Tow, C. Three and D. Four.

Following confluence, the cells were successfully passaged up till 25th passage. Human dental pulp
(CD105+;CD146-) cells maintained their fibroblastic and spindle like appearance. The expression of Stat3 and
Bmil was noticed up to the 25th generation, indicating the stemness of the isolated population and its ability to
self renew (Figure 2).

Angiogenic differentiation:

The endothelial differentiation potential was assessed; the induced cells started to penetrate the Matrigel
and readily formed extensive networks of cords and tube-like structures as early as 12 hours after seeding. A
phenotype typically associated with endothelial cells, suggesting an angioblast phenotype. Examining the cells
under confocal microscope showed the formation of the tubular network structure of the endothelial cells
(Figure 3).

Total RNA was extracted from the induced cells using Trizol (Invitrogen), and RT-PCR was performed to
analyze the messenger RNA (mRNA) level of vascular endothelial growth factor (VEGF). The VEGF gene was
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successfully expressed in the differentiated cells (Figure 4). This proves that the isolated population
(CD105+;CD146-) of dental pulp cells is capable of differentiating into endothelial progenitor cells.

Stat3

Bmil

Beta actin
1¢ 150

Fig. 2: Expression of Bmi 1 and Stat 3, stem cell makers were expressed in the isolated (CD 105"; CD146) cells
up to the 25" generation.

Fig. 3: Dental pulp cells examined under inverted light microscope (original magnification x 10): A. Twelve
hours after seeding on Matrigel. B. 24 hours after seeding on Matrigel. C. Formation of the tubular
network structure as seen by confocal laser microscope.

Fig. 4: Vascular endothelial growth factor (VEGF), maker of angiogenic differentiation was expressed in the
induced cells.

Neurogenic differentiation:

Examining the induced cells at day 15 of culture using the inverted light microscope showed that Clusters
of proliferating neurospheres were formed. Total RNA was extracted from the induced cells using Trizol
(Invitrogen), and RT-PCR was performed to analyze the messenger RNA (mRNA) level of Nestin gene which
was successfully expressed in the differentiated cells (Figure 5). This proves that the isolated dental pulp cells
are capable of differentiating into neurogenic progenitor cells.

Fig. 5: A. Clusters of nerurospheres. B. Nestin, maker of early neurogenic differentiation was expressed in the
induced cells.
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Discussion:

Although our understanding of the molecular pathways underlying tooth morphogenesis and regeneration is
increasing, the translation of this knowledge into dental tissue engineering strategies remains in early stages
(Nakashima and Reddi, 2003). It is still not possible to state with any certainty which cell populations and which
molecular signalling pathways predominate during dental regeneration, although variety of cell populations
potentially involved and many of the signalling events are becoming clearer (Sloan and Smith, 2007). CD105 is
predominantly expressed on endothelial cells. Consistently, elevated levels of CD105 expression were detected
on human microvascular endothelium and on vascular endothelial cells in tissues undergoing active
angiogenesis, such as regenerating and inflamed tissues or tumors. CD105 is a component of the receptor
complex of transforming growth factor (TGF)-f, a cytokine involved in cellular proliferation, differentiation and
migration. It binds several components of the TGF-f3 superfamily (Fonsatti and Maio, 2004) In particular,
CD105 is present on MSC surface, but are lost during the developmental progression into differentiated
phenotypes (Harvanova et al., 2011). It was demonstrated that positive selection using commercialized anti
endoglin (CD105) antibody makes it possible to obtain homogenous cultures of MSCs without contamination
with haematopoietic derived cells (Arufe et al., 2009).Autologous pulp stem/progenitor (CD105(+)) cells were
also transplanted into a root canal with stromal cell-derived factor-1 (SDF-1) after pulpectomy in mature teeth
with complete apical closure in dogs. The pulp CD105 (+) cells highly expressed angiogenic/neurotrophic
factors and localized in the vicinity of newly formed capillaries after transplantation, demonstrating its potent
trophic effects on neovascularization (Iohara et al, 2011). CD146, a well described marker of endothelial cells, is
a cell surface adhesion molecule involved in cell interactions. On endothelial cells, it is located primarily, but
not exclusively, at the endothelial junction. Any approach using CD146 to discriminate endothelial cells from
other cells has to deal with the low expression of this marker (Elshal et al, 2007). In the present study, we have
successfully isolated and selected by flow cytometry, a distinctive and highly enriched population of stem cells
(CD105+;CD146-) derived from human primary pulp cells obtained by enzymatic digestion. We obtained a
homogenous population of CD105+;CD146- adherent cells with the typical spindle shaped fibroblast-like
appearance. The Bmil gene has been implicated in self renewal. Similarly, Stat3 has been implicated in
maintenance of self renewal and pluripotency. Both, Stat3 and Bmil were highly expressed in the isolated
population (CD105+;CD146-) up till the 25th generation suggesting that it has a high self renewal capacity. We
demonstrated that isolated CD105+;CD146- pulp-derived cells are capable to differentiate in vitro into
neurogenic, and angiogenic lineages under specific differentiation culture conditions. DPSCs are considered a
subgroup of BMSCs (Pierdomenico et al, 2005) Although the therapeutic potential of DPSCs has not been fully
investigated, studies on BMSCs (Phinney et al, 2007) suggest that BMSCs can stimulate nurogenesis; produce
and secret growth factors, and treat tumors (Nakamizo et al, 2005), neurodegenerative diseases (Hellmann et al,
2006), and diabetes mellitus. Based on the high similarity in gene expression profiles and differentiation
potentials between DPSCs and BMSC:s, it is logical to consider similar uses for DPSCs and BMSCs (Huang et
al, 2008). In the present study, the neuronal potential of the isolated cell population was investigated. Gene
expression of the early marker for brain cells that is present in neural progenitors (Nestin) was expressed in
chemically induced cells, cultured in the presence of growth factors such as EGF and FGF (Arthur et al, 2008)
suggesting the presence of stem cell population in the dental pulp. When the isolated dental pulp cells, were
cultured in an endothelial medium, the gene expression levels of endothelial marker VEGF increased. VEGF is a
substance made by cells that stimulates new blood vessel formation, a gene for vascular endothelial (vessel
lining) cells. It is an excellent regulator of angiogenesis and is known to increase vascular permeability. VEGF
gene stimulated vascular growth during regeneration. Confocal microscopy showed the successful tubular
formation of endothelial cells indicating that dental pulp contains a population of cells that are capable of such
differentiation. These successful differentiation potentials prove that the cell population (CD105+;CD146-) is
enriched with stem cells.

Conclusion:

The data presented in this study demonstrate that dental pulp cell population CD105+;CD146- is capable of
differentiation into neurogenic and angiogenic lineages, a property that effectively define them as stem cells.
There is still much to learn of the nature, potentiality and behavior of dental stem/progenitor cells, but the
opportunities for their exploitation in dental tissue regeneration are immense and will lead to significant benefits
for the management of the effects of dental disease. The promise of tissue engineering in dentistry is great, but
there exist major challenges that must be met in the next fifteen to twenty years for this new field to reach its
potential application. Some of the main challenges lie not in the scientific side, but in the application of the
technology.
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