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Regeneration of dental pulp after pulpotomy by
transplantation of CD31/CD146" side population

cells from a canine tooth

Aim: To achieve complete regeneration of dental pulp in vivo by stem/progenitor cells obtained from a
fraction of side population (SP) cells from canine pulp. Materials & methods: A subfraction of SP cells,
CD31/CD146- SP cells, were isolated by flow cytometry from canine dental pulp. The efficiency of this
subfraction of SP cells was evaluated in an experimental model of pulp injury in the dog. Results: The
fractionated SP cells formed extensive networks of tube-like structures in vitro. Transplantation of the SP
cells into an in vivo model of amputated pulp resulted in complete regeneration of pulp tissue with
capillaries and neuronal cells within 14 days. Gene-expression studies demonstrated the expression of
pro-angiogenic factors, implying trophic action on endothelial cells. Conclusions: This investigation
demonstrates the potential utility of fractionated SP cells as a source of cells for total pulp regeneration

complete with angiogenesis and vasculogenesis.

KEYWORDS: amputated pulp

Dencal caries is one of the most prevailing health
problems, causing early loss of dental pulp and
resultant tooth loss. Dental pulp is critical for
maintenance of homeostasis of teeth and essen-
tial for longevity of teeth and quality of life.
Therefore, regeneration of pulp is an unmet
need in endodontics and dentistry. The vascular
system in dental pulp plays a role in nutrition
and oxygen supply and functions as a conduit
for the transport of metabolic waste. Cellular cle-
ments of blood vessels, such as endorhelial cells,
pericytes and associated cells, and nerves con-
tribute to pulpal homeostasis. Thus, angiogen-
esis/vasculogenesis and neurogenesis are critical
for pulp regeneration 1]. Vascularization during
pulpal wound repair and regeneration may be
due to angiogenesis (formation of blood vessels
by endothelial cells) and vasculogenesis (forma-
tion of new blood vessels by angioblasts derived
from bone marrow and by endothelial progenitor
cells from circulating peripheral blood) [2). The
precise origin and mechanism of angiogenesis/
vasculogenesis during the pulpal wound-healing
process are not known. It has been proven that
dental pulp has the ability to regenerate in teeth
with incomplete apical closures (3.4}, There has
been no repore, however, on successful angio-
genesis/vasculogenesis and pulp regeneration on
the amputated pulp or disinfected root canals in
teeth with complete apical closure withour cell
transplantation or without protein application.
Endothelial progenitor cells (EPCs) home in to
sites of neovascularization and differentiate into

CD31 dental
pulp regeneration side population cells

pulp stem cells dentinogenesis

endothelial cells in situ (s). This prompted us
to explore cell therapy for angiogenesis/vascu-
logenesis and pulp regeneration to treat pulp
injury. EPCs have been identified by cell-surface
markers, AC133, CD34, VEGFR2, CXCR4
and c-Ki {5-7], and they have been shown to
express endothelial markers, CD31 (PECAM)
and CD146, following further differentiation ts].
We have recently isolated a distinct population
of CD34*, VEGFR2/Flk1*, CD31"/CD146side
population (SP) cells from porcine dental pulp
that differentiate into endothelial cells in vitro
and have been shown to enhance revasculariza-
tion of hindlimb ischemia (). In the present
study, we furcher examined the potential util-
ity of this subfraction of cells from dog dental
pulp for angiogenesis/vasculogenesis and pulp
regeneration in a surgically ampucated model
of pulp injury.

Materials & methods

@ Cell isolation by flow cytometry
Canine primary pulp cells were separated from
pulp tissues that had been extracted from one
upper éanine and then labeled with Hoechst
33342 (Sigma, St Louis, MO, USA), as previ-
ously described pro}. The isolated SP cells were
cultured in EBM2 (Cambrex Bio Science,
Walkersville, MA, USA) supplemented with
IGF (Cambrex Bio Science), EGF (Cambrex
Bio Science) and 109 fetal bovine serum
(Invitrogen Corporation, Carlsbad, CA, USA).
The SP cells at the second passage were further
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subfractionated into CD31" and CD31° SP cells
after labeling. The cells were then resuspended
in HEPES buffer containing 2 pg/ml propidium
iodide (Sigma). Analysis/sorting of cells was
performed using a flow cytometer JSAN (Bay
Bioscience, Kobe, Japan). Each cell fraction was
plated into 35 mm collagen type I-coated dishes
(Asahi Technoglass Corp., Funabashi, Japan)
in EBM2 supplemented with suitable growth
facrors and 10% fetal bovine serum (Invitrogen
Corporation) to maintain each phenotype. The
medium was changed every 4-5 days. When
the cells had reached 50-60% confluence,
they were detached by incubation with 0.02%
EDTA at 37°C for 10 min and subculcured at
a 1:4 dilucion.

The phenotypes of canine CD31" and CD31*
SP cells were characterized at the second, third
and sixth passage of culture, They were immuno-
labeled with mouse IgG1 negative control (AbD
Serotec Ltd, Oxford, UK), mouse IgGl nega-
tive contral (fluorescein isothiocyanate; FITC,
MCA928F, AbD Serotec), mouse IgG1 negative
control (Alexa 647, MRC OX-34, AbD Serotec),
and antibedies against CD146 (FITC; sc-18837,
Santa Cruz, Biotech, Santa Cruz, CA, USA),
CD14 (Alexa Flour 647, TuK4, AbD Serotec),
CD34 (Allophycocyanin, APC, 1H6, R&D
Systems, Inc., MN, USA) and CD105 (FITC;
MEM-226, BioLegend, San Diego, CA, USA).
The CD31-/CD146-and CD31°/CD146" SP cells
were further isolated from CD31-and CD31° SP
cells, respectively, at the third passage.

@ Endothelial cell differentiation

in vitro

Multidishes with 96 wells were coated with 160 pl
of Matrigel™ (BD Biosciences Pharmingen,
San Jose, CA, USA). The CD31/CD146 and
CD31*/CD146- SP cells were seeded at the
fourth passage (104 cells) on the Martrigel in
EGM2 (EBM2 supplemented with VEGF, basic
FGF, IGF, EGF, hydrocortisone, heparin, ascor-
bic acid and 2% fetal bovine serum) (Cambrex
Bio Science). Network formation was observed
after 12 h of cultivation. '

@ Autogenous in vivo
transplantation of stem cells on the
amputated pulp

An experimental model of canine pulp par-
tial removal 11} and rtransplantation of the
CD31'/CD146" or CD31'/CD146° SP cells was
established in adult dogs (Narc, Chiba, Japan).
At the fourth passage, both of these populations,
2 x 10° cells in each, were cultured in pellets

(cellular aggregates) with scaffold (collagen rype 1
(Cellmatrix type IA, Nitta Gelatin, Osaka, Japan)
and collagen type III (Cellmatrix type III, Nitta
Gelatin) [1:1}) after Dil (Sigma) labeling ata final
concentration of 4.7 pg/ml at 37°C for 15 min
without serum. Under anesthesia with intrave-
neous sodium pentobarbital (Schering-Plough,
Germany), surgical ampucation was carried out
approximately 1 mm under the cervical line by No.
018 round burr in three canine teeth per dog, and
aurogenous transplantarion of the pellets on day 1
of cultivation was performed on the ampurated

" pulp. The cavity was sealed with zinc-phosphate

cement (Elite Cement, GC, Tokyo, Japan) and
composite resin (Clearfil FII, Kuraray, Kurashiki,
Japan) following treatment with a bonding agent
(Clearfil Mega Bond, Kuraray). A total of 54 teeth
from 18 dogs were used; six teeth transplanted
with CD31/CD146" SP cells, six teeth trans-
planted with CD314/CD146" SP cells, two teeth
without a pellet and four teeth with a scaffold
only (without cells) were harvested for histology
after 14 days, Six teeth, each transplanted with
CD31/CD146" SP cells, CD31*/CD146" SP cells
and with a scaffold only {without cells) were har-
vested after 30 and 60 days. They were fixed in
4% paraformaldehyde (Nakarai Tesque, Kyoto,
Japan) at 4°C overnight and embedded in par-
affin wax (Sigma) after demineralization with
10% formic acid. The paraffin sections (5 pm in
thickness) were morphologically examined after
staining with hemacoxylin and eosin.

Fluorescence microscopic images 1X 71
(Olympus, Tokyo, Japan) in 5-pm thick par-
affin sections of Dil-labcled transplanted cells
were scanned into a computer and superim-
posed on to images of endothelial cell stain-
ing with anti-CD146 (sc-18837, Santa Cruz,
CA, USA) and goat anti-mouse IgG-FITC
(MP Biomedicals, LLC, Solon, OH, USA)
to examine the migration and localizacion of
transplanted cells.

For neuronal staining, 5-pm thick paraffin
sections were deparaffinized, rehydrared and
boiled with Protein Unmasking solution (Vector
Laboratories, Burlingame, CA, USA), according
to the manufacturer’s instructions, to retrieve
antigens. Sections were then blocked for endo-
genous peroxidase by incubating with peroxidase-
blocking reagent (Dako Cytomation, Glostrup,
Denmark) for 10 min. After incubation with
2.5% normal goat serum to block nonspecific
binding, they were incubated with an antineuro-
filament antibody (ABC Laboraories, Onrario,
Canada) (1:50) ac 4°C overnight. Subsequently,

peroxidase-conjugated secondary antibody
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(ImmPRESS® reagent, Vector Laboratories)
and 3,3-diaminobenzidine-tetrachloride (Vector
Laboratories) were used according to the manu-
facturer’s instructions. Sections were, counter-
stained with hematoxylin, A negative control
was designed by using phosphate-buffered saline
instead of the primary antibody.

Relative amounts of regenerative pulp tissue,
14 and 60 days after transplantation, were exam-
ined in each sample by capturing video images
of the histological preparations on a Keyence
BZ-9000 fluorescence microscope (Keyence,
Tokyo, Japan). Three sections, at 150-pm inter-
vals for each tooth from a total of six teeth, each
transplanted with CD31'/CD146" and CD31°*/
CD146" SP cells, were examined. Onscreen
image outlines of newly regenerated pulp tissue
were traced, and the surface area of these outlines
in the cavity of amputated pulp was determined
by using a BZ-II Analyzer (Keyence) software.
The ratio of regenerated area to cavity area on

the ampurated pulp was calculated in three sec-

tions of each rooth and the mean value was deter-
mined. Statistical analyses were performed using
an unpaired Student’s #-test. Data are presented
as means + standard deviation of six determina-
tions. Al animal experiments were conducted
using the strict guidelines of the Animal Protocol
Committees and DNA Safety Programs both in
National Center for Geriatrics and Geronrology
and Aichigakuin University, Japan.

@ Analysis of gene expression

of cytokines & enzymes by

real-time RT-PCR

Toral RNA was isolated by Trizol®
(Invitrogen) from canine CD31/CD146" and
CD31*/CD146" SP cells at the fourth passage

TR

of culture. The number of these cells was nor-
malized to 5 x 10* cells in each experiment.
First-strand ¢cDNA syntheses were performed
from total RNA by reverse transcription using
ReverTra Ace-a (Toyobo, Tokyo, Japan) fol-
lowing thie manufacturer’s recommendations.
Real-time reverse transcription-PCR (RT-PCR)
amplifications were performed at 95°C for 105,
62°C for 15 s and 72°C for 8 s using the prim-
ers for canine B-actin, VEGF-A, GM-CSF,
MMP3 and CXCR4 labeled with Light Cycler-
Fast Start DNA master SYBR Green I (Roche
Diagnostics, Pleasanton, CA, USA) in Light
Cycler (Roche Diagnostics). The design of the
oligonucleotide primers was based on published
canine cDNA sequences. The RT-PCR prod-
ucts were confirmed by sequencing based on
published cDNA sequences. The expression in
canine CD31/CD146 SP cells was compared
with CD31*/CD146- SP cells after normalizing
with B-actin,

@ In situ hybridization

In vivo gene expression of angiogenic factors
strongly expressed in CD31/CD146" SP cells
was examined by in situ hybridizacion in cryo-
sections 14 days after the transplancation of
CD31-/CD146" SP cells in regenerated pulp
tissue. Canine cDNA of VEGF-A (183 bp),
GM-CSF (195 bp), MMP3 (210 bp), CXCR4
(210 bp) and SDFI/CXCL12 (270 bp) lincar-
ized with Neo I, Neo 1, Neo 1, Spe I and Spe 1,
respectively, were used as antisense probes. The
probes were constructed out of the plasmids after
subcloning the PCR products using the same
primers as those designed for real-time RT-PCR
(Tanse 1), The DIG signals were detected by TSA
system FITC-conjugated tyramide (Invitrogen).

5"« DNA sequence —» 3° Product size Accession -
' (b}')) number:

CXCR4 Forward CTGTGGCAAACTGGTACTTC 210 NM_001048026
Reverse  TCAACAGGAGGGCAGGTATC

VEGFA Forward CTACCTCCACCATGCCAAGT 183 NM_001003175
Reverse  ACGCAGGATGGCTTGAAGAT

GM-CSF Forward GCAGAACCTGCTTTICTTGG 195 $49738
Reverse  CCCTCAGGGTCAAACACTTC

SDF1a/CXCL12 Forward GCCATGAACGCCAAGGTC 270 DQ182700
Reverse  CTTGTTTTAGAGCTTTCTCCAGGT

MMP3 Forward CCCTCTGATTCCTCCAATGA 210 AY183143
Reverse  GGATGGCCAAAATGAAGAGA

B-actin Forward AAGTACCCCATTGAGCACGG 257 270044
Reverse  ATCACGATGCCAGIGGTGCG

bp: Base pair.
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Figure 1. Isolation and comparison of the endothelial differentjation potentialof
subfractions of CD31/CD146- and CD31¢/CD146"slde population cells from canine adult
dental pulp. (A) Flow cytometric analyses of side population (SP) cells. Pulp cells isolated from
canine adult pulp tissues identified approximately 2% of the population with relatively low Hoechst
33342 fluorescence (SP cells). (B) Isolation of further distinct populations from canine pulp SP cells
using antibodies against CD31. CD31- and CD31* SP cells atcounted for 80 and 20% of total 5P cells,
respectively. The experiment was repeated ten times and results of oné-representative experiment
are presented. (C & D) Fourth passage of cell culture on day 3. (C) CD31/CD146°SP cells

showing stellate cells with long processes or spindle-shaped cells (D} CD31*/CD146°SP cells.

(€ & F) Differentiation of canine pulp-derived CD31/CD146-SP cells into endothellal cells on the
Matrigel™, 12 h after seeding. Extensive networks of cords and tube-like structures in '

(E) CD31/€D146" SP cells, Smaller number of cords in (F) CD31°/CD146:SP cells.
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Results & discussion

1 Characterization of

CD31/CD146" SP cells from

dental pulp

The isolated Hoechst SP cells ranged from 0.5
to 2% of the total canine primary pulp cells
(Fioue 1A). The toral SP cells were further subfrac-
tionated at the second passage by flow cytometry,
and the CD31" subfraction and CD31* subfrac-
tion accounted for 80 and 20% of the toral SP
cells, respectively (Fioure 1B). Next we determined
the optimal growth factors, EBM2 supplemented
with 10 ng/ml IGF1, 5 ng/ml EGF and 10%
feta) bovine serum was used for CD31" SP cells,
and EBM2 with 10 ng/ml basic FGF, 10 ng/ml
VEGF, 138 nM hydrocortisone, 0.09 mg/ml
heparin, 50 pg/ml ascorbic acid and 10% feral
bovine serum was used for CD31° SP cells, They
maintained the phenotype of each of the CD31"
and CD3}*SPcells, CD31- and CD31°, 100 and
95.5%. respectively, at the fifth passage.

The flow cysomerric analysis demonstrated that
CD31" and CD31" SP cells at the second passage
conrained CD34, accounting for 28 and 2%,
respectively, CD31" and CD31* SP cells, ar the
third passage, contained CD34 accounting for
68 and 31%, respectively, suggesting that these
populations increase the number of CD34* cells
during passage of culture (Tasiz2). Bone marrow
angioblasts are CD34", and when migrating to
the systemic circulation, EPCs gradually lose
their progenitor properties and CD34 expression
rate (12]. Canine pulp CD31" SP cells contained
CD105, another mesenchymal stem cell marker,
accounting for 25 and 26.3% at the third and
sixth passage of culture (Tase2), respectively, indi-
cating no change in phenotype of stem cells. On
the other hand, the CD31and CD31* SP cell pop-
ulation contained a CD146" subfraction of 99.6
and 90%, respectively. At the second passage this
was 99.9 and 97%, respectively (Tasie2). Thus, the
phenotype of each population was suggested to be
maintained by che optimal growth facrors. Both
SP subfractions lacked CD14, a macrophage/
mononuclear cell marker, indicating that these
cells are distinct from the hematopoietic lineage.

CD31"/CD146" and CD31*/CD146° SP cells,
similar to porcine pulp CD31/CD146" SP cells
91, were isolated at the third passage of culture
(Ficuse 1C & D) and used for further experiments.

& Differentiation of CD31/CD146- SP
cells into endothelial cells in vitro

We assessed endothelial differentiation poten-
tial using the Matrigel assay. CD31/CD146
SP cells readily formed extensive networks of

$P: Side population.

" CD146 (%)

2nd 3rd 2nd 3rd
CD31"SPcells 28 68 0.4 04
CD31"SPcells 2 N 10 3

CD105 (%)

6th
26

14

cords and capillary-like structures after only
12 h (Ficuse 1E), a phenotype typically associ-
ared with endothelial cells. On the other hand,
CD31*/CD146"SP cells could form few tubules
(Fouse 1F). These results suggested that canine
pulp CD317/CD146" SP cells have a highly vas-
culogenic potential as early angioblasts in bone
marrow and EPCs [13].

@ CD31/CD146° SP cells generate
neovascularization & pulp
regeneration on amputated pulp

Pulp tissue filled in the cavity on the ampu-
tated pulp when CD31'/CD146" SP cells were
transplanted and capillaries were extended to
the surface of tissue (Ficurz 24 & D). Conversely,
few capillaries were seen in the cavity on
the ampurated pulp after transplantation of
CD31*/CD146" SP cells, despite engraftment of
the cells (Ficuza2zB & E). There was no engraftment
in the cavity on the amputated pulp after trans-
plantation of only a scaffold (collagen type I and
collagen type 11, 1:1) without cells (Ficuss 2€).
Dil-labeled transplanted CD31/CD146" SP cells
were observed in the lower region of the cavity
of newly regenerated pulp (Ficuas 2F & Taste 3),
whereas the transplanted CD31°/CD146" SP
cells were dispersed in the cavity on the ampu-
tated pulp (Fioraz2G & Tams 3). CD31/CD146° SP
cells exhibited high migration activity compared
with CD31*/CD146" SP cells in a chemotaxis
experiment induced by stromal cell-derived
factor (SDF)1 [5). These results suggested the
potential capacity of CD31/CD146" SP cells
to migrate to the injured site of pulp tissue.
Fluorescence microscopic images of Dil-labeled
transplanted cells were superimposed with thar
of endothelial cell staining with anti-CD146,
demonstrating no overlapping expression
of Dil with CD146 in the regenerated pulp
tissue. There were numerous transplanted
CD31/CD146" SP cells in the vicinity of the
newly formed capillaries. However, they were
not incorporated in the regenerated capillaries
on the amputated site (Ficuns 21), implicating a
trophic role in neovascularization. The neuronal
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cavity. Arrows indicate the amputated site. White lines indicate

originated. (M) Osteadentin formation at the top of the ca

‘line represents transplantation of CD31/CD146" SP

~~~~~~

Figure 2. Neovascularization and pulp regeneration in the cavity of the amputated puilp of
dags after autogenous transplantation of CD31/CD146° side.population cells, {A-1) 14 days
after transplantation of a 3D pellet on day 1 of culture:with type: e |l collagen:(hiematoxylin
and eosin staining). Amputated sites.of dental pulp-are dicate ; e £ ‘
tissue was demarked by dotted lines. (A & D) CD31/CD146 sii .
the amputated pulp is filled with regenerated pulp tissu d he t
beneath the site of the filling cement. (B & E) CD31*/CD146° SP.ca pillaries - ]
cavity on the amputated pulp despite engraftment of the transplanted pellet. (C) Control
transplantation with only a scaffold (type | and type Il collagen) withaut cells. There was no
engraftment in the cavity on the amputated pulp. (F~H) Fluorescent-mi oscopic observation of
Dil-labeled transplanted cells 14 days after transplantation. {F) P.cells seen'in the
cavity at the bottom of newly regenerated pulp. (G) CD31 e din

CD146. Dil-labeled CD31/CD146- SP cells (arrows) can be'seen dl
capillaries (V). (H &) In the regenerated pulp tissue on the amputated
tissue under the amputated site. (I & J) Immunostaining of neurofilament. {
transplantation of CD31/CD146" SP cells. (K) Regenerated pulp tissu
sites (arrows). Note tubular dentin and/or ostecdentin only along t
formation along the dentinal wall in the cavity. A bax representing’

tissue in the cavity. (O) Ratio of newly regenerated a

CD31+/CD146- SPcells, Data are means = standard deviation of six ¢

Statistical analysis was performed by the unpaired Stdent’s fitest. ©
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process, stained by ncurofilament antibody in
the original pulp tissue under the amputated site
(Ficune 21), was extended into the newly regenerated
pulp (Rower2)). Tubular dentin and/or osteoden-
tin formation along the dentinal wall (Rowe 2
& 1) and osteodentin formation at the top of the
cavity under the cement (Rioure 2M) were seen 60
days after transplantation of CD31'/CD146"SP
cells, and the rest of the cavity on the amputated
pulp was still filled with regenerated pulp tissue
Rcure 2K & N), Little formation of neuronal pro-
cessesand dentin and/orosteodentin was observed
in CD31*/CD146" SP cells on day 14 and 60. The
ratio of newly regenerated area 1o cavity area on
the amputated pulp was significantly higher in
the case of CD31//CD146" SP cell transplanta-
tion than in the case of CD31'/CD146" SP cell
transplantation on day 60 (Fiouse 20).
Vasculogenic potential of CD34* pulp stem
cells from human adult weth has been reported
in induced bone tissue after subcutaneous trans-
plantation [14) and in myocardial infarction ps).
Stem cells from human exfoliated deciduous
teeth seeded in a biodegradable scaffold within
a tooth slice differentiate into both adontoblasts
and endothelial-like cells after transplantation
into immunodeficient mice, and the resulting tis-
sue within the tooth slice resembles physiologic
dental pulp ps). Transplantation of porcine pulp
CD31/CD146" SP cells induced increase in bleod
flow and neovascularization in mouse hindlimb
ischemia [9). The critical role of vasculature and
vasculogenesis in pulp regeneracion is well known,
Pulp regencration isa distinct reality by the use of
stem/progenitor cells with scaffold and signaling
molecules j1). However, there has been no report
on successful pulp regeneration using the triad of
tissue engineering in teeth in which root formation
is completed. The present study demonstrated, for
the first time, that pulp-derived CD31//CD146°SP
cells induced a strong vasculogenic response and
pulp regeneration in a model of pulp amputation
in dogs. The root formation of the canine teeth was
completed and remaining pulp tissue had no abil-
ity to proliferate and regenerate spontaneously in
the cavity on the amputated pulp as demonstrated
by the control. Transplantation of CD31*/CD146
SP cells also had no effect on pulp regeneration,
suggesting that the CD31/CD146" subfraction of
SP cclls have cell-specific properties. The cavity
was filled with regencrated pulp tissuc cven 60
days after transplantation of the SP cells. The
regenerated pulp tissue was physiologically nor-
mal since the pulp cells differentiated into odon-
toblasts only at the periphery of dentin under
the influence of morphogen and extracellular

CD31'SPcells  CD31*SP cells
(%) (%)

Top 9 38

Middle 45 29

Base 46 33

SP: Side population.

matrix in dentin. Therefore, these results dem-
onstrate that the CD31/CD146" subfraction of
SP cells has a potential utility as cell therapy for
therapeutic angiogenesis/vasculogenesis and pulp
regeneration.

3 Analysis of gene expression in vitro
& in vivo
Real-time RT-PCR analysis showed that the
expression levels of VEGF-A, GM-CSF, MMP3
and CXCR4 in CD31'/CD146" SP cells were 2.4,
250, 15, and ©o-fold higher, respectively, than
those in CD31*/CD146" SP cells at the fourth pas-
sage of culture (Roure34). The expression levels of
VEGF-A, GM-CSFand MMP3by CD31//CD146
SP cells might explain the observed increase in
vascular response by chemotaxis, proliferation and
differentiation into endothelial cells of host stem/
progenitor cells [9.17-21). The persistence of Dil-
labeled CD31/CD146" SP cells on the amputated
site lends credence and support to this argument.
Analysis of gene expression by i situ hybrid-
ization demonstrated that the transplanted
CD31'/CD146" SP cells expressed a variety of
pro-angiogenic factors and cytokines such as
VEGF-A, GM-CSFand MMP3 (Fiousz 38-)). The
transplanted cells were in close proximity to the
vasculature and expressed several pro-angiogenic
factors, as previously shown in an ischemic
hindlimb [9), implying critical trophic paracrine
functions in premoting neovascularization, They
also expressed CXCRS and were localized in the
immediate vicinity of stromal cells thac expressed
SDFI (Fiomz 3K-P), suggesting an SDF1/CXCR4
system for migration [22) of pulp CD31'/CD146"
SP cells to the amputated site.

Conclusion

This study demonstrated for the first time thar
pulp CD31/CD146' SP cells have a high vasculo-
genic potential and that they induce angiogenesis/
vasculogenesis and pulp regeneration following
pulp injury. Expression of pro-angiogenic factors
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Figure 3. Analysis of gene expression /n vitro and In vivo. (A) Relative mRNA
expression analysis of cytokines and enzymes by real-time reverse transcription-PCR
in CD31+/CD146' side population (SP) cells compared with CD31+/CD146" SP cells.
(B~P) Confocal microscopic analysis of gene expression by in situ hybridization in
the amputated pulp 14 days after transplantation. (B-D) VEGF-A, (E-G) GM-CSF,
{H-J) MMP3, (K-M) CXCR4 and (N-P) SDF1. Note CXCR4 mRNA is expressed in
the Dil-labeled CD31/CD146-SP cells next to SDF1-expressing cells.

and cytokines such as VEGF-A, GM-CSF and
MMP3 by the transplanted cells has important
implications for their trophic actions on endo-
thelial cells and promotion of neovascularization.
Pulp CD31-/CD146' SP cells have porential clini-
cal udility in the induction of pulp regencration
by cell cherapy.

Future perspective
Endothelial progenitor cells are present in bone
marrow, peripheral blood and adipose tissue.
These cells, however, are obtained by inva-
sive biopsy, a potentially painful procedure.
Autologous pulp tissue is easily available during
orthodontic treatment and from discarded teeth
after extraction without any ethical issues. In
addition, the immunosuppressive propertics of
the tissue [23) may be useful for allogeneic trans-
plantation. Therefore, autologous pulp tissue has
advantages for clinical use. Pulp CD31/CD146
SP cells may be a novel stem-cell source for cell-
based therapy of angiogenesis/vasculogenesis
during regeneration in other ischemic diseases
as well as pulp disease. Isolation of similar pulp
SP subfraction from human teeth and compara-
tive experiments on the effects of angiogenesis/
vasculogenesis with human endothelial progeni-
tor cells from a variety of tissues such as bone
marrow, umbilical cord, adipose tissue and
peripheral blood are needed before clinical use.
The vascular contribution to regeneration of
a dentin—-pulp complex is immense. Isolation
of pulp stem cells suitable for angiogenesis/vas-
culogenesis has been 2 major challenge in end- -
odontics and dentistry. Therefore, ccll therapy
harnessing pulp CD31/CD146" SP cells will be
very useful for achieving higher rates of pulp
preservation and improvement of longevity in
teeth. Finally, we have initiated the isolation
of trophic factors for angiogenesis/vasculogen-
esis from the pulp CD31//CD146" SP cells. We
are confident thar these defined facrors will
enhance neovascularization and regeneration
of damaged pulp.
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Licd 3, MoFRRICEEN FMR] B#ETOMIKRLIZCGG P Fry P Y E— MK DIERENS ¥
Ry BEMEREI MY, BRI FMR1 OBREETHHEC D IER%E27 5, CGG YTy b
JE— & FMR] OBBBETICRZEY 2 27 1 v 2 SFIENSESHV TV 34, <9 2 TREDS
KRETFNVRBFEL TS -1, M55 X EREF—t » ES fileiRE e 7 ATk, EHREREcE
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HSIM HEROLARE

#£2 CchETHIEShEEFESHRRBEFI

BEFI-YT1 0% i
Lesh-Nyhan syndrome §g ]Ig;
PGD
Fragle X syndrome R 28)
Adrencleukodystrophy XAk 29)
Duchenne muscular dystrophy XAk 29)
Becker muscular dystrophy AR 29)
Fanconi anemia SC#R 29)
Complementation group A AR 29)
Huntington disease Xk 29)
Marfan syndrome Bk 29)
Myotonic dystrophy TRR 29)
Neurofibromatosis type1 R 29)
Thalassaernia SCHR 29)
Cystic Fibrosis & F508 SCER 30)
Myotonic dystrophy typel 3CAR 31)
Hemophtia A R 31)
Cystic Fibrosis 405+1G @k 31)

C BRSO KB L 7 BS Mt L & bic FMRI BT 7 0 €— 7880 DNA * Fu{LPt
2 b V&S, FMR] GEFOREMSET 5 < &1 LI5S X GEREIO 4 71 = XL 42T 5 1 b O
BIAEMEONTVS, ORI, IO Y7Ly Y E—MRTOA NS MlaZRVWI Y
FLy b3 EHETREUED 2 /1 = X AR B TREANSEERTH 5o |

5 HEBEFNORE

b b ES{IMEE WS £ 1L, e oRBeFAHIRAFEE 15505, ETRBERE
LI FET SIROBVS —F v FIR~OSLHFUENLEL L5, ES Mlad >0
OWEkEtk (EB) DTk, OREOHIINEE bV /- 2D HER. OMERXFMIaL AWk
HR YR T L, BOMEBEREELE I3, 5. ES M X 3 5RE T 7 UHEIE, Bkl
FLREEMESEBILAT 7o -FThHh ., NHREEEOHEBMRAELSTFLIVTO
RIFMAEATSH 5, ES ML SHMEFULTHELFRTOT 7o — 705, REETVOXNRL
123, HicWA, HMFAPDROE, BREEOREL LMELHENE LiRBETT VR L
LA PGD LD ESHfassiahic s LTHLEROERBREALULRIL LI W &t
%o BEHAWBERICKHET 2 MM, EHIIRT - TH Y Bisdla~otFELERO
WML HATH %0
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6 SHOTHEE

t b ESHfGic & 3RBEF VR Y2 57 413, BHRBETCNE TOWET 70— 7 Hi[E
bfe, RICBYLE by v 7N DBERRAETS » HREADT 70— FOHHELEZ 31]
%ﬁﬁk%hoﬁi%ﬁ%@c?ﬁﬁ&m%%ﬁﬁiaﬁénéﬁﬁéﬁﬁfé\ﬁ%é%&
T4y Y2 NTHRAETS 2, BUCMMASEL TSR, RELRCHADTESER
FIRIIE R A FRRBASTEREE T 083, T TH . COBRRIBERTLTNT
6ﬁta77m-%$§ﬁ@f%5:&mﬁam§Lntmot&iw\&ﬁu%ﬁy&@m
REFEHHZ LS5O MEREFAVREGETUIERE,. TA Y dv— Nk vy
YIRS L DRER & CHIT, SISICERT 2MEORBARINT 3 C LHTE 5, EMNE
FCRADET 21D 0 MHT 3 EHEEO HTRE LTRECEDE Y —LELDES,
RESZHS NI L SOBETR, RERER T 32, TORENEDOLS 3|32 s h
TEIh, FRBEOCHEFERSFER LML TORVRBICE T, WROMEEEE
UTBLBEHD BB BUN . MIMEERTLTORY 2 Wl CRIEL TR 2 Re
. MlARITONY 2 -V 2 YREDYLIBERA 5 F U-EBIRTE 206 LAKL,
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