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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 cxamined. Onscreen
image outlines of newly regencrated 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 amputated pulp was calculated in three sec-
tions of each tooth and the mean value was deter-
mined. Statistical analyses were performed using
an unpaired Student’s s-test. Data are presented
as means  standard deviation of six determina-
tions. All animal experiments were conducted
using the strict guidelines of the Animal Protocol
Committees and DNA Safety Programs both in
National Center for Geriatrics and Gerontology
and Aichigakuin University, Japan.

@ Analysis of gene expression

of cytokines & enzymes by

real-time RT-PCR

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

of culture. The number of these cells was nor-
malized to 5 x 10* cells in each experiment.
First-strand ¢cDNA syntheses were pecformed
from total RNA by reverse transcription using
ReverTra Ace-a. (Tayobo, Tokyo, Japan) fol-
lowing the 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 Starc DNA master SYBR Green I (Roche
Diagnostics, Pleasanton, CA, USA) in Light
Cycler (Roche Diagnostics). The design of the
oligonucleortide 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 vive gene expression of angiogenic factors
strongly expressed in CD31/CD146° SP cells
was examined by in situ hybridization in cryo-
sections 14 days after the transplancation of
CD31'//CD146" SP cclls in regenerated pulp
tissue. Canine cDNA of VEGF-A (183 bp),
GM-CSF (195 bp), MMP3 (210 bp), CXCR4
(210 bp) and SDF1/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 chose designed for real-time RT-PCR
(taae 1), The DIG signals were detected by TSA

system FITC-conjugated tyramide (Invitrogen).

et
S’ « DNA sequence ~ 3 Prodactsize Accession -
' (bp) 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
g-actin Forward AAGTACCCCATTGAGCACGG 257 270044
Reverse  ATCACGATGCCAGTGGTGCG
bp: Base patr.
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Figure 1. isolation and comparlson of the endothellal differentiation potential-of
subfractions of CD31-/CD146° and CD31¢/CD146'side population cells from canine adult
dental pulp. (A) Flow cytometric analyses of side population (SF) cells. Pulp cells isolated from
canine adult pulp tissues identified approximately 2% of the population with relattvely 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 accounted, for. 80 and 20% of total SP cells,
respectively. The experiment was repeated ten times and results of ané representative experiment
are presented. (C & D) Fourth passage of cell culture on day 3. (C) CD31/CD146:SP celis

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

(€ & F) Differentiation of canine pulp-derived CD317/CD146-SP cells into endothelial cells on the
Matrigel™, 12 h after seeding. Extensive networks of cords and tube-like structures in

(E) CD31-/CD146" SP cells. Smaller number of cords in (F) CD31+/CD146°SP cells.
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Pulp CD31" SP cells & pulp regeneration

Results & discussion
& Characterization of
CD31-/CD146- SP cells from

dental pulp D34 (%) . CD105 (%)
The isolated Hoechst SP cells ranged from 0.5 2nd 3d 2nd 3rd 3rd 6th
to 2% of the total canine primary pulp cells |CO31"SPcells 28 68 0.4 0.1 25 26
(Ficuse 1A). The total SP cells were further subfrac- | cn31+5p cells 2 3 10 3 5 14
tionated at the second passage by flow cytomerry, ]

and the CD31" subfraction and CD31* subfrac. |3 Sidepopulation

tion accounted for 80 and 20% of the toral SP
cells, respectively (Rovz 18). Next we determined
the optimal growth factors. EBM2 supplemented
with 10 ng/ml IGF1, 5 ng/ml EGF and 10%
fetal bovine serum was used for CD31" SP cells,
and EBM2 with 10 ng/m| basic FGF, 10 ng/ml
VEGF, 138 nM hydrocortisone, 0.09 mg/ml
heparin, 50 pg/ml ascorbic acid and 10% fecal
bovine serum was used for CD31° SP cells. They
maintained the phenotype of each of the CD31’
and CD31*SPcells, CD31" and CD31°, 100 and
95.5%. respectively, at the fifth passage.

The flow cytometric analysis demonstrated that
CD3!" and CD31° SP cells at the second passage
connained CD34, accounting for 28 and 2%,
respectively. CD31- and CD31* SP cells, at che
third passage, contained CD34 accounting for
68 and 319, respectively, suggesting that these
populations increase the number of CD34* cells
during passage of culture (Tasz 2). Bone marrow
angioblasts are CD34°, and when migraging to
the systemic circulation, EPCs grad lose
their pragenitor properties and CD34 expression
rate (12). Canine pulp CD31" SP cells conrtained
CD105, another mesenchymal stem cell marker,
accounting for 25 and 26.3% at the third and
sixth passage of culture (Tasta2), respectively, indi-
cating no change in phenotype of stem cells. On
the other hand, the CD31and CD31* SP cell pop-
ulation conrained a CD146" subfraction of 99.6
and 90%, respectively. At the second passage this
was 99.9 and 97%, respectively (Tasee2). Thus, che
phenotype of each population was suggested to be
maintained by the optimal growth factors. Both
SP subfractions lacked CD14, a macrophage/
mononuclear cell marker, indicacing chat these
cells are distince from the hematopoietic lincage.

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

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

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

cords and capillary-like structures after only
12 h (Ficuae 1B), a phenotype typically associ-
ated with endothelial cells. On the other hand,
CD31*/CD146" SP cells could form few tubules
(Ficuaz 1F). These results suggested thar canine
pulp CD31/CD146" SP cclls have a highly vas-
culogenic potenial as early angioblasts in bone
marrow and EPCs (13},

@ CD31-/CD146" SP cells generate
neovascularization & pulp
regeneration on amputated pulp
Pulp rissuc filled in the cavity on the ampu-
tated pulp when CD317/CD146° SP cells were
transplanted and capillaries were extended to
the surface of tissue (Fioune 24 & D). Conversely,
few capillaries were seen in the cavity on
the ampurated pulp after cransplantation of
CD31°/CD146 SP cells, despite engraftment of
the cells (RcuaszB & B). There was no engraftment
in the cavity on the amputated pulp afeer trans-
plantation of only a scaffold (collagen type T and
collagen type 111, 1:1) without cells (Ficus 20).
Dil-labeled transplanted CD31-/CD146" SP cells
were observed in the lower region of the cavity
of newly regenerated pulp (Ficure 2F & Tams 3),
whereas the transplanted CD31°/CD146" SP
cells were dispersed in the cavity on the ampu-
tated pulp (Ricver2G & Tams 3). CD317/CD146" SP
cells exhibited high migration activity compared
with CD31*/CD146" SP cells in a chemoraxis
experiment induced by stromal cell-derived
factor (SDF)1 f5). These results suggested the
potential capacity of CD317/CD146" SP cells
to migrate to the injured site of pulp tissue.
Fluorescence microscopic images of Dil-labeled
teansplanted cells were superimposed with char
of endothelial cell staining with anti-CD146,
demonstrating no overlapping expression
of Dil with CD146 in the regenerated pulp
tissue. There were numerous rransplanted
CD31/CD146" SP cells in the vicinicy of the
newly formed capillaries. However, they were
not incorporated in the regenerated capillaries
on the amputated site (Ficuas 211), implicating a
trophic role in neovascularization. The neuronal
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Figure 2. Neovascularization and pulp regeneration in the cavity of the amputated puilp of
dogs after autogenous transplantation of CD31/CD146° slde.population cells, (A-J) 14 days
after transplantation of a 3D pellet on day 1 of culture with-type:i.and'type It collagen:{hematoxylin

and eosin staining). Amputated sites of dental pulp aréindicated by arrows: The established.pulp

tissue was demarked by dotted lines. (A & D) CD31/CD146"side population (SP)cells. The cavity in
the amputated pulp is filled with regenerated pulp tissue. Caplllaries exteided to theitop.of the tissue
beneath the site of the filling cement. (B & E) CD31*/CD146" SPcells: Few capillarles are'séén‘in the
cavity on the amputated pulp despite engraftment of the transplanted pellet. (C) Control
transplantation with only a scaffold (type | and type lll collagen) withqut célls. There was no
engraftment in the cavity on the amputated puip. (F~H) Fluorescent-microscopic.observation of
Dil-labeled transplanted cells 14 days after transplantation. {F) CD31/CD146: SP.cells seen in the
¢avity at the bottom of newly regenerated pulp. (G) CD31%/CD146* SPcells are dispersed in the

cavity. Arrows indicate the amputated site: White liries indicate defitinal walls:(H) Immunostaining of

CD146. Dil-labeled CD31-/CD146" SP cells (arrows) can be'seen close tothe newlyforméd. =
capillaries (V). (H & 1) In the regenerated pulp tissue on the amputated site. (J) In the original pulp
tissue under the amputated site. (1 & J) Immunostaining of neurofilament. (K-N) 60 days after
transplantation of CD31/CD146- SP cells. (K) Regenerated pulp tissue. in the cavity on the amputated
sites {arrows). Note tubular dentin and/or osteodentin only along the dentinal wall, (L) Tubilar dentin
formation along the dentinal wall in the cavity. A bax representing the region from which L
originated. (M) Osteadentin formation at the top-of thie cavity Under cenent. (N) Regenerated pulp
tissue in the cavity. (O) Ratio of newly regenerated area to.cavity area on'the amputated:pulp. Solid

‘fine represents transplantation of CD317CD146- SP cells and dashed line.reptesents transplantation of

CD31+/CD146- SPcells. Data are means + standard.deviation of six detérminatioris (p <0.01).
Statistical analysis was performied by the unpaired Student’s t+test. © -~ R
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process, stained by neurofilament antibody in
the original pulp tissue under cthe amputated site
(Ficunz 21), was extended into the newly regencrated
pulp (Ficwer 3). Tubular dentin and/or osteoden-
tin formation along the dentinal wall (Aamz 2¢
& 1) and osteodentin formation ar the top of the
cavity under the cement (Ricure 2M) were seen 60
days after transplantation of CD31'/CD146° SP
cells, and the rest of the cavity on the ampurated
pulp was still filled with regencrated pulp tissue
(Rcvee 2K & N). Litcle formation of neuronal pro-
cessesand dentin and/or osteodentin was observed
in CD31°/CD146' SP cells on day 14 and 60. The
ratio of newly regenerated area to cavity area on
the amputated pulp was significantly higher in
the case of CD31//CD146" SP cell transplanca-
tion than in the case of CD31*/CD146" SP cell
transplantation on day 60 (Fiovae 20).
Vasculogenic potential of CD34* pulp stem
cells from human adult teeth has been reported
in induced bone tissue after subcutaneous trans-
plantation {14} and in myocardial infarction ns}.
Stem cells from human exfoliated deciduous
teeth seeded in a biodegradable scaffold wichin
a woth slice differentiate into both edontoblasts
and endothelial-like cells after transplantation
into immunodeficient mice, and the resulting tis-
sue within the tooth slice resembles physiologic
dental pulp ps). Transplantartion of porcine pulp
CD31-/CD146' SP cells induced increase in blood
flow and neovascularization in mouse hindlimb
ischemia [9). The critical role of vasculature and
vasculogenesis in pulp regeneration is well known.
Pulp regencration is a distince reality by the use of
stem/progenitor cells with scaffold and signaling
molecules f1). 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 mode! 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 CD314/CD146
SP celis also had no effect on pulp regeneration,
suggesting that the CD31'/CD146"subfraction of
SP cells have cell-specific properties. The cavity
was filled with regencrated pulp tissuc cven GO
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

ipgpulation

CD31:SPcells  CD31°SPcells
(%) (%)

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.

o 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 (Frouae34). The expression levels of
VEGF-A, GM-CSFand MMP3by CD31/CD146
SP cells mighe 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 in situ hybrid-
ization demonstrated chat the cransplanted
CD31/CD146" SP cells expressed a variety of
pro-angiogenic factors and cytokines such as
VEGF-A, GM-CSFand MMP3 (cusz 38-J). The
cransplanted 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 promoring neovascularization. They
also expressed CXCRS and were localized in the
immediate vicinity of stromal cells that expressed
SDFI (Frovae 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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. Relative mRNA expression of CD31/CD146°SP >

to CD31°/CD146'SP ceils

1 Iohara, Zheng, Ito e al.

P e Y

Flgure 3. Analysis of gene expression In vitro and In vlvo. (A) Relative mMRNA
expression analysis of cytokines and enzymes by real-time reverse transcription-PCR
in CD31+/CD146" side population (SP) cells compared with CD31+/CD146" SPcells.
(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° SF cells next to SDF1-expressing cells.

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

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.
Aurologous pulp tissue is easily available during
orthodontic treatment and from discarded teeth
after extraction wichout any echical issues. In
addition, the immunosuppressive properties 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 regencration of
a dentin—pulp complex is immense. Isolation
of pulp stem cells suitable for angiogenesis/vas-

culogenesis has been a major challenge in end- -

odontics and dentistry. Therefore, cell cherapy
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 that these defined facrors will
enhance neovascularization and regeneration
of damaged pulp.
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(SP) cells from canine dental 'puip.

« CD31/CD146 SP cells formed extensive networks of tube-like structures in vitro.
» CD31/CD146" SP cells generated neovascularization and pulp regeneration on amputated pulp.
{ + The transplanted cells were in close proximity to the vasculature and expressed several pro-angiogenic factors.
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