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ABSTRACT

The post-natal dental pulp tissue contains a popula-
tion of multipotent mesenchymal progenitor cells
known as dental pulp stromal/stem cells (DPSCs),
with high proliferative potential for self-renewal. In
this investigation, we explored the potential of DPSCs
to differentiate into pancreatic cell lineage resem-
bling islet-like cell aggregates (ICAs). We isolated,
propagated, and characterized DPSCs and demon-
strated that these could be differentiated into adipo-
genic, chondrogenic, and osteogenic lineage upon
exposure to an appropriate cocktail of differentiating
agents. Using a three-step protocol reported previ-
ously by our group. we succeeded in obtaining ICAs
from DPSCs. The identity of ICAs was confirmed as
islets by dithiozone-positive staining, as well as by
expression of C-peptide, Pdx-1, Pax4, Pax6, Ngn3,

There were several-fold np-regulations of
these transcription factors proportional to days of dif-
ferentiation as compared with undifferentiated
DPSCs. Day 10 ICAs released insulin and C-peptide
in a ghicose-dependent manner, exhibiting in vitro
functionality. Our results demonstrated for the first
time that DPSCs could be differentiated into pancre-
atic cell lineage and offer an unconventional and
non-controversial source of human tissue that could
be used for autologous stem cell therapy in diabetes.

and Isl-1.
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Differentiation of Dentdl
Pulp Stem Cells info Islet-like
Aggregates

INTRODUCTION

iabetes is a4 degenerative disease in which the destruction of pancre-
ic P-cells leads to persistent hyperglycerma (DeFronzo ef al., 2004).
Transplantation of insulin-producing islet cells isolated from a donor pancreas
could be a cure for type 1 diabetes (Shapiro ef al., 2000). However, a critical
shortage of sufficient donor organs and the side-effects of immunosuppres
sive therapy limit its therapeutic usage, prompting a search for a},tertm,uve
sources of islet cells. In the past few years, huge advances have been made
in the understauding of endocrine development. These provide an important
guide to further atternpts to produce islet cells in vitro (Serup ef al., 2001).
Embryonic stem {5 cells have been favorites 1n the race because uf the
tremendous differentiation potential. However, the ongoing ethical and legal
considerations involved in S cell research Himit its use in translational medi-
cine (Soria et al., 2000).

Hence, mesenchymal stem cells (IMSCs) are now being widely evaluated
for their differentiation potential for cell replacement therapy. Recently, many
studies have shown that hepa"i e stern cells (Yaug ef al., 2002), umrmu,al cord
blood (UCB) (Koblas et af., 2009), and bote-martow (BM)-derived MSCs
{Chen et al., 2004) have the potential to differentiate into insulin-producing
cells. However, scarcity of the source and the invasive procedures required to
isolate and culture these ceils have limited their use. In this scenario, dental
pulp ster cells (DPSCs) are considered to be an appealiog soucce for MSCs,
since they are non-countroversial, readily accessible, have a large donor pool,
and pose no risk of discomfort for the donor. DPSCs reside in the central cav-
ity of the teeth containmng the pulp tissue. These cells, first reported in 2000
by Grouthos et ¢l., share similar functions with BM-MSCs and can differenti-
ate into osteoblasts, adipocytes, and neurogenic cell types in vitro.

Previously, we have reported that DPSCs express some endoderm markers
suchas GATAG, GATA4, and SOX17 (Govindasary ef al., 2010a). Conversely,
it has been reported that pancreatic $-cells of endodermal origin share many
common features with those of neurons of ectodermal origin (Burns er 4l
2005). Many of the essential functional elements associa"ed with pancreati
~cells, such as ion channels and glucose transporters, are expressed in sub-
populations of neurons (Yang ef a/., 1999), and pancreatic B-cells also express
neuro-transmitter biosynthetic enzymes (Teitelman and Lee, 1987; Backkeskov

al., 1990; De Vroede ef al., 1990). The intrinsic similarities between neural
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cells and DPSCs, previcusly established by our group
(Govindasamy et al., 2010a), suggest that stemn cells of dental
origin may offer a -.J.seful starting tissue from which insubn-
producing cells could be generated.

Huang ef al. (2009) reported that steru cells derived from
periodontal ligament exhibited a potential to differentiate into
msulin-producing cells, but until now there has been no report,
to our knowledge, of differentiation of mesenchymal cells from
dental pulp into pancreatic lineage. Therefore, the present study
was undertaken to detenmine whether DPSCs from deciduous
teeth could be differentiated into pancreatic f-cell phenotype,
and we anticipate that our findings will create a benchmark
toward cell repk.a,emem therapy for type 1 diabetes {a childhood
diabetes) by autologous transplantation of islet-like cell aggre-

s (ICAs) differentiated from a patient’s own teeth.

MATERIALS & METHODS
Somples

Sound intact deciduous molars were exiracted from children
(n = 5; ages 7-11 yrs} who were undergoing a planned serial
extraction for management of occiusion at the Department of
Children’s Dentistry and Orthodontics, Faculty of Dentistry,
University of Malaya. Samples were obtained under a protocol
that was approved by the Medical Ethics Comrr‘i-‘tee Facuitv of
Dentistry, University of Malaya (Medical Ethics Clearance
Number: DFCD0907/0042[L}}. The study was conducted with
these samples, and all experiments were repeated md-ependenﬂy
to ensure the reproducibility of the results.

Cell Culture

DPSC primary cuitures from deciduous teeth were established
as previously described (Govindasamy ef af., 2010a}. In brief,
the pulp tissue was minced into small fragments before diges-
tion in a solution of 3 mg/mL collagenase type I (Gibeo, Grand
Island, NY, USA) for 40 min at 37°C. After neutralization with
10% of fetal bovine serum (FBS) (Hyclone; ThermoFisher
Scientific Inc., Waltham, MA, USA)}, the cells were centrifuged
and then seeded in culture flasks with culture medium contain-
ing a-MEM (Invitrogen, Carlsbad, CA, USA}, 0.5% 10,000 mg/
mbL penicﬂlin/strepmmvcin (Invitrogen), 1% Ix Glutamax
(Invitrogen), and 10% FBS, with humidified atmosphere of 95%
air and 5% CO, at 37°C. Non-adherent cells were removed 48
brs after initial plating. When the primary culture became sub-
confluent, cells were collected by trypsinization and processed
for subsequent passages. All experiments were conducted in
DPSCs cultured in passage 2 (P2). The DPSCs were checked for
their cell-surface marker expression (CD44, CD45, CD73,
CD90, CD166, and HLA-DR) with flow cytometry as described
previously (Govindasamy e al., 20104}

in vitro Differenkiation of DPSCs into ICAs

Differentiation of DPSCs into ICAs was carried out in 3 stages,
as described previously (Chandra ef ¢f., 2009) with slight modi-
fications (Fig. 1A). In brief, undifferentiated DPSCs were

1 Dent Res X{X} XXXX

re-suspended 1 serum-free medivm (SFM)-A and plated in a
petridish [1x 10° cells/om?] {Coming, Fisher Scientific International,
Hampton, NH, USA). SEM-A contained Dulbeceo’s modified
Bagle’s medium Knock Out (DMEM-KO), 1% BSA Cohn frac-
tion V, fatty acid free (Sigma-Aldanch, St. Louis, MO, USA), Ix
wsolin-transferrin-selenivm  {ITS), 4 oM activin A, 1 mM
sodium butyrate, and 50 uM 2-mercaptoethanol. The cells were
cultured 1n this medium for 2 days. On the third day, the medium
was changed to SFM-B, which coutained DMEM-KO, 1%
BSA, IT5, and ¢.3 M taurine, and was fnally shifted to
SEFM-C on the fifth day. SFM-C contained DMEM-K0, 1.5%
BSA,ITS, 3 mM taurine, 100 nM glucagon-like peptide (GLP)-1

{ambide fragroent 7-36; Sigma Aldrich), 1 M uicotinamide,
and Ix non-essential amino acids (NEAAs). The cells were
fed with fresh SFEM-C every 2 days for another 5 days. All
chemicals were purchased from Sigma Aldrich unless otherwise
tadicated.

Reverse-franscription Polymerase Chain-reaction
{RT-PCR} and Recl-ime RT-PCR

Total RNA extraction and ¢cDNA synthesis were carried out as
described previousty (Govindasamy efal., 2010a). Commercially
available RNA from human pancreas (Human Pancreas Total
RNA, Cat: 636577, Clontech Laboratories, Inc., Mountain
View, CA, USA; www.clontech.com) was used as the positive
control in this study. The primer sequences used in this study are
tabulated in Appendix Table 1. The expressions of some of the
primers in the semi-quantitative RT-PCR analysis were quanti-
fied in duplicate with SYBR green master mix {Applied
Biosystems, Foster City, CA, USA). PCR reactions were run on
an ABI 7900HT RT PCR system (Applied Biosystems), and all
measurements were normalized by 18s rRNA. For data analysis,
the comparative C; method (AAC,) was used.

immunocytochemisiry

Undifferentiated DPSCs or ICAs were fixed for 20 min 1o 4% ice-
cold paraformaldehyde, treated with 0.1% Triton-X for optimal
penetration of celi mermbranes, and incubated at room temperature
(RT) in a blocking solution (0.3% BSA; Sigma Aldrich) for 30
min. Pritnary antibodies were incubated overnight at 4°C, washed
with Dulbecco’s Phosphate Buffer Saline (DPBS; Invitrogen}, and
then incubated with secondary antibodies (either fluorescein iso-
thiocyanate [FITCl-conjugated IgG or rhodamine-conjugated IgG)
at RT for 90 min. Slides were counterstained with 4',6"-diamidino-
2-phenylindole dihydrochloride (DAPI, Chemicon, Temecula,
CA, USA) for 5 min. Fluorescent images were captured by means
of a Nikon-Eclipse-901 microscope (Nikon, Tokyo, Japan, http:/
www.nikon.com). The sources of antibodies and dilutions used are
summmarized in Appendix Tabie 2.

In vitro Multilineage Differentiction Studies

Adipogenesis, chondrogeunesis, and osteogenesis differentiation
of DPSCs were carried outaspreviously desc rlbed {Govindasamy
et al., 2010b}. Dithizone (DTZ) (Sigma-Aldeich) stain of 10 mg/
mL dimethyl sulfoxide concentration was used to stain ICAs.
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Figure 1. Generafion of ICAs from DPSCs. {A} Schematic representation of stepwise protocol for
generating ICAs. (B} Phenotypic changes in DPSCs during the 10-day differentiation procedure {a-d].
Most of the day 10 ICAs stained with Dithizone {DTZ}, a zincchelating agent known fo selectively stain
pancreatic Bcells because of their high zinc content [e]. Scale bar: 100 pm.

Total Insulin Content and Release Assays

Glucose-stimulated insulin and C-peptide release assay was car-
ied out as described previously {Chandra er a/., 2009). Insulin and
C-peptide concentration was measured with the use of an Immulite
1006 Insulin Kit (LKIN1) and Immulite 1000 C-peptide Kit

Activiti A, Sod-Butyrate, 8-mgrcaptoethang!

Taurine {32 mAM), GLP-I, Nicotinamide, NEAA

Differentiation of Dental Pulp Stem Cells 3

(LKPEP1) on the Immulite 1000
(Stemens Medical Solotions),
respectively. In  addition, we

measured  ntracellular 1nsulin
coucentrations by incubating

ICAs overnight in acid/ethanol
(18 mL 10 M HCL, 70% ethanol
at 4°C}. The total msulin coutent
of ICAs was estimated after the
ICA pellet was sonicated in 200
Taurine (0.3 mM} pk acid/ethanol.

Statistical Analysis

Results  were analyzed by
Student’s 7 test {Version 11.0,
SPSS  Predictive  Analytics,
Chicago, IL, USA; htip//www,
spss.cony) and were expressed as
mean + standard deviation (SD)
of a least 5 biological replicates
{n = 5} or samples. nfferences
were cousidered statistically sig-
nificant when p < ¢.05.

RESULTS
Characterization of DPSCs

Morphological characteristics
of DPSCs displayed indistin-
guishable fibroblastic morphol-
ogy resembling that of
BM-MSCs (Fig. 2A). Flow
cytometry analysis of DPSCs
at P2 showed that the cells
expressed cell-surface markers
CD44 (94.21 = 2.9%), CD45
0y, CD73 (99.88 + 3.1%;,
CD90 (94.25 + 0.8%), CD166
(98.11 = 0.9%), and HLA-DR
(0%). To further characterize
the DPSCs, we examined the
expression of markers of undif-
ferentiated ESCs, and RT-PCR
analysis showed that undiffer-
entiated DPSCs expressed Oct-
3/4, Nanog, and Sox-2, which
are expressed in undifferentiated
embryonic stem cells (Fig. 2B).
This was confirmed at the protein
level by immunocytochemistry
analysis (Figs. 2C-2E). DPSCs
were also positive for cytoskel-
etal proteins Nestin and Vimentin (Figs. 2F, 2G}. DPSCs exhib-
ited in vitro competence to differentiate into adipogenic,
osteogenic, and chondrogenic lineages upon specific induction,
as confirmed by Oil red O, Von Kossa staining, and Alcian Blue
staining, respectively (Figs. 2H-21.
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figure 2. In vifro characterization of DPSCs. {A} Phase-confrast microscopy, 10x of DPSCs at passage 2. {B} Semi-quantitative reverse-transcriptase
polymerase chainreaction [RT-PCR] of selected pluripotent markers. immunofluorescence images of DPSCs at passage 2 for the pluripotent markers
{C} OCT4, D} Sox2, and (E} Nanog. Immuncfiuorescence image of DPSCs for cytoskeleton markers {F} Nestin and {G} Vimentin. Cell nuclei were
stained with DAP! {blue]. For Nastin and Vimentin, the cells were counterstained with OCT4. {H} Calcium depositions in extraceliular matrix stained
by Von Kossa staining indicate osteogenic differentiation. (I} Adipogenesis was demonstrated by the accumulation of neutral lipid vacuoles stained
with oif red O. {§} Chondrogenesis was demonsirated by sulfated proteogiycans stained with Alizarin Blue. Scale bar: 100 pm.

were further confirmed by immunofluorescence staining (Fig.
4A). Flow cytometry analysis to quantitate the Pdx-1, Isl-1, and
c-peptide in day 10 ICAs revealed that 44.92 + 0.9% (p < 0.05},
40.1 + 2% (p < 0.05), and 30.56 + 2% (p < 0.05) of cells in day
10 ICAs expressed Pdx-1, Isl-1, and C-peptide, respectively, sig-
nificantly greater than in undifferentiated DPSCs (Fig. 4B). The
numbers of ICAs obtained at day 10 (initial cell plating: 2 x 10°
cells) were 156 + 23, which ndicates that ICAs can be sufficiently
produced from DPSCs for transplantation.

Differentiation of DPSCs inte Pancreatic Cell Lineage

DPSCs that proliferated as ao adherent monolaver aggregated into
spherical cells when the medium was changed from serum-
contatning medium to day 1 SFM-A (Fig. 1B). After § days of
incubation in SFM-C, most of the day 10 ICAs stained positive
for DTZ, a zinc-chelating agent known to selectively stain pancre-
atic P-cells. Real-ttme PCR aunalysis of day 10 ICAs showed a
greater transeript abundance of pancreatic f-cells markers such as
Pdx-1 (55-fold), Ngo3 (107-fold), Pax4 (67-fold), Nkx6.1 (49-
fold), Isl-1 (32-fold), Insulin 26-fold}, and Glut2 (128-fold) in

) : , Static Stimulation and Total Insulin Content of ICAs
day 10 ICAs as compared with undifferentiated DPSCs (Figs. 3A,

3B}. The expression of transcription factors in ICAs formed dur-
ing day 5 and day 10 were compared with human pancreas tran-
script factors as a positive control to validate our data. The resulis

The total insulin and C-peptide contents of day 10 ICAs when
exposed to 5.5 mM glucose were 30.4 + 12.6 MIU/L (Fig. 4C)
and 1.15 = .07 pg/L (Fig. 4D), respectively. When stimulated
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C

with 20 mM ghucose, the total jusulin and
C-peptide contents were 212 + 62.33

P

MIU/L {p < 0.05) and 1.95 + 0.21 pe/l
respectively, coufirming theiwr in vitro Progenitor
4 ey - A
ability to respond to glucose. The total kY \\\\ :
intracetlvlar insulin content of day 10 Hai3p \ :
= i
ICAs was also analyzed, and the value $ \\
- R p . N 1 ™
was 165.5 42,42 MIU/L oy
S\s Ngn3 3
by N
DISCUSSION N
NN
Type 1 diabetes or insulin-dependent dia- { geuron |
betes mellitus (IDDM) s a disorder char- e R 3 “,‘»‘i\\\
acterﬁed by total loss of pancreatic \\\;"" Paxt
. o N N
B-ceils as & vesult of avtoimmune destruc- PAX4 SN
tion (R(u,hv et al., 2005). The only rem- oo 3
NKx6.1 N
edy for IDDM is islet transplautation, \\
SN
which is hampered by the lack of avail- PAX-6 N \
ability of donor pancreas coupled R
. - . ) - - A S
with lifelong amume suppression. In this N X
scenario, the only source of autologous { if';:ﬁ }
stem cells is bone marrow, the acquisition AN

of which is invasive and painful. Hence,
there is a need for suitable alternative
sources of stem celis for possible autolo-
gous ransplantation of islets, eliminating B
the need for imumune suppression.

Our experimental design involved the
differentiation of raultipotent DPSCs mto
ICAs following our established protocol
(Hardikar et al, 2003; Chandra er al,
2009}, Strikingly, the in vitro testing of
ICAs by statie stirmulation assays showed
that ICAs responded to the addiion of glu-
cose, as shown by measurable increases in
increased insulin and C-peptide in a dose-
dependent manmer. Although we did not
transplant the ICAs into experimental dia-
betic animals, the in vifro results revealed
their competency to secrete insulin in
response to a glucose challenge. This is an
extremely important consideration for

35¢

3

Pancreas {control}

300 -

20¢ -

156 -

186 -

rered

%

Gene Expression {normalized against 18s RNA
undifferentisted DPSCs was used as control=1)

~ . N

future islet transplantation programs using § X
ICAs. Pioncer work {Huang ef al., 2009) § X
supported our findings that the stem cells FA A\

1 IS-1 INSULIN GLUTZ

from other dental origins such as the peri- PDX-1  NGN3  PAX4 NXx6.

odontal ligament have the potential to dif-

ferentiate into pancreatic cells. However, Figure 3. ICAs derived from DPSCs expressed varicus genes involved in pancreas
this study did not include a glucose chal- development. {&} Semiquantitative reversedranscriptase polymerase chainreaction (RT-PCR)
lenge experiment, so it is difficuit to evalu- of selected pancreatic « cell markers. {B) ReaMime RT-PCR was p@n‘ormeu to analyze the status

of endoderm markers during the differentiation process. Samples were collected at days 5
Our work (Govindasamy ef al., 2010a) cmd 10 and compared with Ur'jidifferen.ﬁ.a’red DPSCS.. Co.mmercictﬂy ia\,/_ctiic:ab!e iRNA from

L . o D human pancreas was used as the positive control in this study. Relafive levels of gene
and that of others {Kerlis ef al., 2006) expression were normalized o the 18s RNA mRNA level; the asterisks dencte a significant
showed the general potential of pulp cells difference between groups. [C} Brief overview of temporal sequence of pancreatic franscription
from deciduous teeth to form stem cells. In factors known fo be expressed during development.

ate their value for clinical applications.
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figure 4. Expression of endoderm and pancreatic hormone genes in ICAs. A}
Immunofluorescence andlysis was performed on control {undifferentiated] DPSCs and day 10
CAs for the expression of definitive endoderm genes like Sox17, early pancreatic genes like
PDX-1 and MNgn3, and pancreatic hormene genes like Isk-1, Cpeptide, and Glui2. Sox 17 is
a transcription factor gene and hence displayed nuclear localization, while PDX-1, Ngn-3,
Cpeptide, Ish1, and Glut2 demonstrated cytoskeletal localization. DAPI was used as o
countersiain; green and red represent FITC and rhodamine conjugates, respectively. Except for
Sox17, there was no expression of PDX-1, Ngn3, Isli, C-peptide, and Glut2 in the control
{undifferentiated) DPSCs as compared with day 10 ICAs. {B} We performed flow cytometric
analysis to determine the expression of PDX-1, Cpeptide, and Isl-1 in day 10 1CAs. Isotype-
matched antibady control was also used to eliminate background staining. Scale bar: 200 pm.
[€} ICAs release insulin in response to glucose in vitro. The amount of insulin in the culture
media was measured by the use of an immulite 1000 Insufin Kit [LKINT] after the cells were
exposed to different concentrations of glucose. (B} ICAs release C-peptide in response to
glucose in vitro. The amount of Cpeptide in the culture media was measured by the use of an
Immulite 1000 Cpepfide Kit {LKPEP1} after the cells were exposed to different concentrations
of glucaose.

1 Dent Res X{X} XXXX

contrast, stem cells isolated from perma-
nenit teeth are more restricted i thei
potential and are mainly committed to a
neuro-ectoderma  lineage.  Furthermore,
adult-derived dental stem cells lose plastic-
ity over increased pumbers of passages.
We believe that the increased phunipotency
and greater plasticity of DPSCs from
deciduous teeth makes ther ideally suited
for pancreatic lineage differentiation.

There are several alternative, well-doc-

uriented sources of stern cells for generat-
ing insulin-producing ICAs {(Appendix
Table 3). However, all seem to be suitable
only for allogeneic islet transplantation,
which unfortunately requires irmmuno-sup-
pression. Furthermore, adult stern cells
have yielded controversial results with
regard to their ability to secrete wsulin ix
vitro and vormalize hyperglycenna in vive.
For instance, BM-MSCs, which possess
pluripotent differentiation capabiities, are
candidate for stem cell therapy in dia-
etic islet cell replacement (Lee ef af,
2006). Conversely, other studies have
failed to support the ability of BM-MSCs
to differentiate into islet cells (Taneera
et al., 2006). Moreover, our group has
recently shown that BM-MSCs differenti-
ate into immature islets in vitro, and these
islets mature under iz vive conditions upon
transplantation (Phadnis ef al, 2010).
However, this does mnot disqualify
BM-MSCs for the treatment of diabetes.
BM-MSCs as such are a gold standard for
allogeneic stem cell fransplantation. If one
compares the ability of BM-MSCs and
DPSCs to differentiate into insulin-produc-
ing ICAs in vitro, DPSCs will be a better
choice, since they can differentiate into
mature insulin-producing ICAs, whereas
BM-MSCs differentiate into immature
islets which do not secrete insulin.

In summary, the present study clearly
docurmnents the potential of DPSCs derived
from deciduous teeth to differentiate into
insulin-producing cells, thus offering yet
another  non-pancreatic, nON-NVasive
source of cells for islet generation that can
be used for autologous transplantation
without risk of rejection. The methods we
have developed could be transferred from
bench to bedside for the treatment of
children with type 1 diabetes. Analysis
of our data also suggests that banking of

e oW

g
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dental pulp stem from deciduous teeth should be considered for
those patients at nisk for developmg maturity-onset, type 2 diabetes.
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