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Mesenchymal stromal/stem cells (MSCs) from human dental pulp (DP) can be expanded
in vitro for cell-based and regenerative dentistry therapeutic purposes. However, their
heterogeneity may be a hurdle to the achievement of reproducible and predictable
therapeutic outcomes. To get a better knowledge about this heterogeneity, we designed
a flow cytometric strategy to analyze the phenotype of DP cells in vivo and upon in
vitro expansion with stem cell markers. We focused on the CD31~ cell population
to exclude endothelial and leukocytic cells. Results showed that the in vivo CD31~
DP cell population contained 1.4% of CD56%, 1.5% of CD146%, 2.4% of CD271+
and 6.3% of MSCA-1* cells but very few Stro-1T cells (<1%). CD56%, CD146™,
CD2717", and MSCA-17 cell subpopulations expressed various levels of these markers.
CD146TMSCA-1*, CD271+TMSCA-1T, and CD1467CD271% cells were the most
abundant DP-MSC populations. Analysis of DP-MSCs expanded in vitro with a medicinal
manufacturing approach showed that CD146 was expressed by about 50% of CD56™,
CD271%, MSCA-17T, and Stro-17 cells, and MSCA-1 by 15-30% of CD56™, CD146™,
CD2717%, and Stro-17 cells. These ratios remained stable with passages. CD271 and
Stro-1 were expressed by <1% of the expanded cell populations. Interestingly, the
percentage of CD56™ cells strongly increased from P1 (25%) to P4 (80%) both in all
sub-populations studied. CD146TCD56%, MSCA-1tCD56™", and CD146+TMSCA-1+
cells were the most abundant DP-MSCs at the end of P4. These results established
that DP-MSCs constitute a heterogeneous mixture of cells in pulp tissue in vivo and in
culture, and that their phenotype is modified upon in vitro expansion. Further studies are
needed to determine whether co-expression of specific MSC markers confers DP cells
specific properties that could be used for the regeneration of human tissues, including
the dental pulp, with standardized cell-based medicinal products.
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representative patient. n = 3.

FIGURE 1 | Immunophenotypic characterization of human dental pulp mesenchymal stromal cells in vivo. (A) Flow cytometry gating strategy used for the
removal of debris, doublets, dead cells and CD317 cells. The CD31~ cell population obtained after enzymatic digestion of the whole dental pulp represented 98.4%
of all recovered DP cells. It contained 1.38 + 0.04% of CD561 cells, 1.52 + 0.40% of CD146% cells, 2.39 & 2.09% of CD2717 cells, 6.26 & 2.62% of MSCA-17,
but very few Stro-17 cells (0.27 + 0.05%). Mean values + standard deviation obtained from 3 dental pulps from different patients. (B) Proportion of CD31~ DP cells
stained with the CD146 antibody and percentages of CD56, CD271, MSCA-1, and Stro-1 positive cells in the CD146% population. Data shown are from one

The proportion of CD2717 cells positive for CD146 and Stro-1
was about 9.1 and 1.5%, respectively, a percentage much lower
than that recently reported in DPs from adult patients (Yasui
et al,, 2016). Although both studies are not directly comparable
since these authors only considered CD90TCD271" DP cells,
differences between their results and ours might also be related
to the age of the patients since the wisdom teeth we used
were from younger, 13-17 year-old patients. Co-expression of
CD146 and MSCA-1 was previously detected in perivascular
cells from adipose and muscular tissues where it was particularly
abundant in pericytes (Crisan et al., 2008). Since MSCA-1 was
shown to be mainly and strongly expressed in the subodontoblast
cell-rich zone in human teeth (Zweifler et al., 2014), it is
possible that the CD146TMSCA-17 cell population we identified
in the human DP originated from pericytes localized in the
subodontoblast perivascular region (Alliot-Licht et al., 2005). To
our knowledge, we are the first to report the quantification of
CD56" cells in the human DP by flow cytometry. CD56 was
previously localized by immunohistochemistry in the central
region of the mouse molar DP, but no indication was given on
the type of cells that expressed it (Obara and Takeda, 1993).
More recently, CD56 was immunolocalized in Schwann cells
surrounding perivascular nerve fibers in the DP of patients
who had undergone head and neck radiotherapy (Faria et al,
2014). Since Schwann cells are able to generate MSCs then to
give rise to pulp cells and dentin-producing odontoblasts in

TABLE 3 | Percentage of cells expressing MSC surface markers in gated
DP cell populations (n = 3).

Gated DP
cell population

Surface markers

CD56 CD146 CD271 MSCA-1 Stro-1
CDs6+ - 1.78+0.3 4.6+£1.5 6.4+29 0.7+£02
CD146% 26+0.6 - 11.6+39 358+£33 04+03
cb271+ 35+1.5 9.1+£563 - 18+£10.5 1.5+0.6
MSCA-1+ 1.4+0.3 8.0£29 55+28 - 0.6+0.2

damaged adult mouse growing incisors (Kaukua et al., 2014),
it is possible that the CD56" cells we identified in the healthy
human DP are part of the Schwann cell population, given the
capacity of our cultured CD56" DP-MSCs to differentiate into
odontoblast-like cells upon specific induction (Ducret et al.,
2015b).

Besides the heterogeneity of the MSC population isolated
from the tissue, modification of cell immunophenotype during
amplification is an additional factor of MSC diversity in
vitro (Cournil-Henrionnet et al., 2008; Kozanoglu et al., 2009;
Bonnamain et al., 2013). We previously showed that the
proportion of CD146™, CD271", MSCA-17 and Stro-17 cells
did not change in the whole DP-MSC population with passages
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FIGURE 2 | Quantification of CD56" DP-MSCs upon in vitro
amplification. Proportion of cells expressing CD56 in the whole DP-MSC
population in vitro at the end of passages 1 (P1), 3 (P3), and 4 (P4). Error bars:
mean + SD.n=5.* P <0.01.

(Ducret et al., 2015b). We further demonstrate here that CD146
and MSCA-1 were co-expressed by the higher number of
cells in each gated DP-MSC population (about 50% and 15-
30%, respectively). A similar CD146"MSCA-17 cell population,
isolated from the human skeletal muscle and non-muscle tissues,
was shown to easily differentiate into myogenic cells in culture
and in vivo (Crisan et al.,, 2008). CD146 is a transmembrane
glycoprotein which belongs to the immunoglobulin superfamily
of cell adhesion molecules. Its engagement leads to CD146
association with the actin cytoskeleton and regulation of cell
migration (Ouhtit et al., 2009). It is constitutively expressed
by endothelial cells, pericytes, smooth muscle cells, some
lymphocytes, and melanoma cells (Bardin et al., 2001). It is also
an early marker of MSCs of diverse origins, including bone
marrow, adipose tissue, umbilical cord and dental pulp (Wu
et al, 2016). CD146 is preferentially detected in MSCs with
high clonogenicity, multipotency and differentiation potential
(Lv et al., 2014). In human DP, CD146 was immunolocalized
in perivascular cell niches (Shi and Gronthos, 2003). We
previously showed that DP-MSCs expanded in our culture
conditions contain a high percentage (*50%) of CD146-
expressing cells, suggesting that they may contain a high amount
of multipotent DP-MSCs. Their capacity to differentiate into
osteo/odontoblasts, adipocytes, and chondrocytes (Ducret et al.,
2015b; Fabre et al.,, in preparation) are in accordance with this
hypothesis.

One major finding of our work is the progressive increase in
the number of CD56-expressing DP-MSCs with passages in vitro.
CD56 (also called Neural Cell Adhesion Molecule or NCAM)
is a cell adhesion molecule which belongs to the superfamily of
immunoglobulin receptors. It is widely expressed in the central
nervous systems, in which it mediates several neuronal functions
by controlling intercellular adhesion, neurite outgrowth, and
cell migration, proliferation, survival and differentiation. These
events are triggered by the homophilic interaction of CD56
molecules on adjacent cells as well as by the heterophilic
binding of CD56 to other adhesion molecules, extracellular
matrix components or cell surface receptors (Hinsby et al., 2004;
Francavilla et al., 2007; Cavallaro and Dejana, 2011; Leshchyns’ka

and Sytnyk, 2016). CD56 is also expressed by muscle-derived
stem cells and natural killer cells and, interestingly, by cells
migrating from the cephalic neural crest (Kolkova et al., 2000;
Sinanan et al., 2004; Melsen et al., 2016). Upon in vitro expansion
of DP-MSCs in our serum-free culture conditions, the proportion
of CD56™ cells increased in the whole population, as well as
in gated CD146%, CD271%, MSCA-17, and Stro-17 cells, from
about 25% at the end of P1 to 80% at the end of P4. This
increase was very similar in all subpopulations, indicating that
it is not related to the expression of the other MSC markers
tested. High proportions of CD56™ cells have been previously
identified in cultures of human DP-MSCs, ranging from about
50-70% of the whole cell population (Degistirici et al., 2008;
Bonnamain et al., 2013; Tomlinson et al., 2015), but we are the
first to show the progressive increase in the number of CD56™
cells without the use of a neuro-inductive culture medium. This
increase might be related to the selection of a specific CD56™
cell population in DP explants by our culture conditions, in
relation to components present in the culture medium. Another
possibility is that CD56% DP-MSCs migrating from the DP
explants possess high proliferative intrinsic capacities which
allow them for progressively overriding the CD56~ DP-MSC
populations. Since DP mesenchymal cells are of neural crest
origin, several authors have suggested that cultures of DP-
MSCs expanded in vitro contained a high proportion of cells
of neural crest origin (Aurrekoetxea et al.,, 2015). Although a
direct link between neural crest-derived DP-MSCs and the neural
crest marker CD56 has not been established, it is reasonable
to speculate that our cultured CD567 DP-MSC populations are
primarily composed of cells that possess greater capacities to
differentiate into cells of the neuronal lineage. This hypothesis
is strengthened by the fact that DP-MSCs share a common
origin with peripheral nerve glial progenitor cells (Kaukua
et al., 2014) and by the fact that the neural crest origin of
DP-MSCs confers them a greater capacity to differentiate into
neuronal cells than MSCs of mesodermal origin such as bone
marrow or adipose tissue MSCs (Arthur et al., 2008; Degistirici
et al, 2008; Huang et al, 2009; Alipour et al., 2010; Karadz
et al, 2011; Bonnamain et al, 2013; Gervois et al.,, 2015).
CD56 was also related to myogenic stem cell differentiation
into myoblasts, chondrocytes and osteoblasts (Sinanan et al,
2004; Crisan et al., 2008; Lecourt et al., 2010). The CD567 cell
population within human muscle-derived cells was found to be
heterogeneous and composed of lineage-committed myogenic
cells and multipotent cells (Sinanan et al., 2004; Lecourt et al.,
2010). Similarly to our results, a few percents of freshly isolated
muscle stem cells expressed CD56, whereas more than 70%
expressed this marker after three passages (Lecourt et al,
2010). In our study, increase in the percentage of CD56™
DP-MSCs with passages led to a modification of the relative
proportions of the cell populations in culture between P1 and
P4. Indeed, the most abundant DP-MSC populations were,
in decreasing order, CD146*CD56™", CD146TMSCA-17, and
MSCA-17CD56% at the end of P1, whereas CD146TCD567,
MSCA-1TCD56™, and MSCA-1TCD146™ cells were the most
abundant ones at the end of P4. MSCA-1tCD146" were
recently identified in cultured DP-MSCs (Tomlinson et al,
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FIGURE 3 | Inmunophenotypic analysis of CD561, CD146%, CD271%, MSCA-11, and Stro-1t DP-MSC populations upon in vitro amplification. MSC
markers’ expression in the gated populations during the amplification process. P < 0.05 was signified with * and <0.01 with **. n = 5.
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TABLE 4 | Variations of MSC markers between passages 1 (P1) and 4 (P4)
in the gated DP-MSC populations.

CD56 P1AAP4 CD146™ population
CD271% population
MSCA-1+ population
Stro-11 population

CD146 P12P4 MSCA-11 population

CD271 P1NP4 CD561 population

CD1467 population

ANP <0.05 AAP < 0.01.

2015), but their proportion was lower than that we found
(3 vs. 8% in our study), possibly owing to the presence
of serum in the culture medium of Tomlinson et al. (2015).
Co-expression of CD56 and MSCA-1 markers was previously
observed in DP-MSCs and bone marrow MSCs (Battula et al,,
2009; Sobiesiak et al., 2010; Tomlinson et al.,, 2015), and it
was associated with high clonogenicity and multipotency. Co-
expression of CD56 and CD146 has been described as a factor
promoting muscle cell differentiation (Lecourt et al., 2010; Bosch
et al, 2012). Finally, since CD56 and CD146 are both cell
adhesion molecules important for cell-cell contacts and cell
propagation, their co-expression in neighboring cells would
help recreate the appropriate environment of the stem niche
in vivo which allows them for retaining their stemness and
pluripotency.

In summary, the data reported in this study suggest that
DP-MSC populations in vivo possess diverse and complex
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