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ABSTRACT

Treatment of deep carieswith pulpitis is amajor challenge in dentistry. Stem cell therapy represents
a potential strategy to regenerate the dentin-pulp complex, enabling conservation and restoration
of teeth. The objective of this studywas to assess the efficacy and safety of pulp stem cell transplan-
tation as a prelude for the impending clinical trials. Clinical-grade pulp stem cells were isolated and
expanded according to good manufacturing practice conditions. The absence of contamination,
abnormalities/aberrations in karyotype, and tumor formation after transplantation in an immuno-
deficient mouse ensured excellent quality control. After autologous transplantation of pulp stem
cells with granulocyte-colony stimulating factor (G-CSF) in a dog pulpectomized tooth, regenerated
pulp tissue including vasculature and innervation completely filled in the root canal, and regener-
ated dentin was formed in the coronal part and prevented microleakage up to day 180. Transplan-
tation of pulp stem cells with G-CSF yielded a significantly larger amount of regenerated dentin-pulp
complex compared with transplantation of G-CSF or stem cells alone. Also noteworthy was the
reduction in the number of inflammatory cells and apoptotic cells and the significant increase in
neurite outgrowth compared with results without G-CSF. The transplanted stem cells expressed
angiogenic/neurotrophic factors. It is significant that G-CSF together with conditioned medium of
pulp stem cells stimulated cell migration and neurite outgrowth, prevented cell death, and pro-
moted immunosuppression in vitro. Furthermore, there was no evidence of toxicity or adverse
events. In conclusion, the combinatorial trophic effects of pulp stem cells and G-CSF are of immedi-
ate utility for pulp/dentin regeneration, demonstrating the prerequisites of safety and efficacy
critical for clinical applications. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:000–000

INTRODUCTION

Dental pulp has multiple functions in the ho-
meostasis of teeth, such as regulation of in-
flammation, control of pulp defense, and a
source of stem cells for dental regeneration
and repair. Maintenance of the function of
pulp tissue is critical for longevity of teeth and
attendant enhancement of quality of life. Den-
tal caries with associated pulpitis is one of the
most challenging public health issues. Deep
caries and pulp exposure have been treated by
pulp capping or pulp amputation to conserve
pulp tissue. To date, however, success has
been very limited, resulting in early loss of den-
tal pulp, followed by tooth fracture and/or pe-
riapical disease and final loss of teeth. Thus, a
potential stem cell-based therapy has been de-
veloped to regenerate the dentin-pulp com-
plex for conservation and total restoration of
the structure and function of a tooth. We have

established a potential cell therapy for pulp
regeneration in a canine pulpitis model har-
nessing autologous dental pulp-derived mes-
enchymal stem cells, CD31� side population
(SP) cells, or CD105� cells together with stro-
mal cell-derived factor 1 (SDF-1) [1, 2]. The ef-
ficacy and safety of this therapy for pulp regen-
eration must be examined prior to initiating
clinical evaluation. Since CD31� SP cells have
to be labeled with the DNA-binding dye
Hoechst 33342 and isolated by flow cytometry,
it is difficult to evaluate safety. Alternatively,
isolation of CD105-positive cells by the mag-
netic antibody bead method is cost-effective.
Therefore, we have recently developed a novel
method for cell isolation and processing to ob-
tain clinical-grade human pulp stem cells from
a small amount of pulp tissue based on good
manufacturing practice (GMP)-grade guide-
lines [3]. The isolated human pulp stem cells
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expressed higher levels of CD105, CXCR4, and granulocyte
colony-stimulating factor receptor (G-CSFR) compared with
unfractionated total pulp cells, and they showed stronger an-
giogenic and neurogenic properties. Transplantation of the
human pulp stem cells with a scaffold of the tooth root in
ectopic sites induced pulp regeneration in an immunodefi-
cient mouse, demonstrating their potential utility for pulp
regeneration (our unpublished data). In addition to pulp stem
cells, GMP-grade migration/homing factors for transplanta-
tion must be evaluated. The combinatorial effect of SDF-1 and
pulp CD105� cells on accelerated pulp regeneration has been
suggested by the homing of stem cells expressing CXCR4 by
the SDF-1-CXCR4 axis during pulp regeneration [2]. SDF-1,
however, is not available in GMP grade. Granulocyte-colony
stimulating factor (G-CSF) also has a migratory effect on pulp
stem cells similar to that of SDF-1 [4]. G-CSFR-positive cells
represented 59% of the human pulp stem cells (Murakami M,
Horibe H, Iohara K et al., manuscript in preparation). Thus,
G-CSF, which stimulates migration of bone marrow mesen-
chymal stem cells, is based on their expression of G-CSFR [5]
and may be a potential alternative to SDF-1 for pulp regener-
ation. Transplantation of stem cells derived from other tis-
sues, bone marrow stromal cells, neuronal stem cells, and
amniotic fluid stem cells, with G-CSF into the spinal cord injury
results in a better functional and morphological recovery with
augmentation of nerve regeneration. The synergistic/additive
effect of stem cells and G-CSF is involved in the suppression of
apoptotic death in transplanted stem cells and in the attenu-
ation of inflammatory response [6–8]. We therefore set out
to harness pulp stem cells in combination with G-CSF for re-
generation of teeth.

Accumulating data have demonstrated the therapeutic ef-
fects of mesenchymal stem cells (MSCs) in animal models of var-
ious diseases, and a number of clinical trials have been con-
ducted to test the safety and efficacy of MSCs [9]. There have
been no preclinical reports, however, to support the potential
use of the pulp stem cells for treatment of pulpitis in clinical
trials. Thus, in this study, pulp stem cells were isolated in a totally
enclosed system in a GMP-compliant facility. We examined the
karyotype, safety, and efficacy of the pulp stem cells. Autologous
pulp stem cells were transplanted in canine pulpectomized teeth
in combination with GMP-grade G-CSF to establish preclinical
feasibility, safety, and efficacy of pulp regeneration in a canine
pulpitis model. The results of this investigation will demonstrate
the standardization and implementation of regulatory aspects of
stem cell therapies in clinical and translational endodontics.

MATERIALS AND METHODS

This study was approved by the animal care and use committees
of the National Center for Geriatrics and Gerontology, Research
Institute, and Aichi-gakuin University. All experiments were con-
ducted using the strict guidelines of DNA Safety Programs.

Cell Isolation and Culture
Freshly extracted upper canine teeth from 8–10-month-old bea-
gle dogs (Kitayama Labes, Ina, Japan, http://www.labes.co.jp)
were soaked in Hanks’ balanced salt solution (Invitrogen, Carls-
bad, CA, http://www.invitrogen.com) after a longitudinal
cut was made, and they were transported to a GMP-
compliant facility in a container (Taiyo Kogyo, Tokyo, Japan,

http://www.taiyokogyo.co.jp) within 1 hour under strict control
of temperature (Testo, Yokohama, Japan, http://www.testo.jp).
Dental pulp tissues were separated from the teeth, minced into
pieces in a totally enclosed system of the Isolator (Panasonic
Healthcare, Tokyo, Japan, http://panasonic.co.jp/hcc), and
enzymatically digested in 0.04 mg/ml Liberase (Roche,
Mannheim, Germany, http://www.roche.com) for 30 minutes
at 37°C. The isolated pulp cells were plated at 2–6 � 104 cells
on 35-mm dishes (Asahi Technoglass, Funabashi, Japan,
http://www.atgc.co.jp) in Dulbecco’s modified Eagle’s me-
dium (DMEM) (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com) supplementedwith 10% autologous ca-
nine serum (autoserum). Theywere detached by incubationwith
TrypLE Select (Invitrogen) prior to 70% confluence (additional
details are given in the supplemental online data).

We next isolated pulp stem cells by a novel method we de-
vised using G-CSF-induced stem cell mobilization [3] (additional
details are given in the supplemental online data). Isolated pulp
stem cells and unfractionated total pulp cells at 60%–70% con-
fluencewere detached by incubationwith TrypLE Select (Invitro-
gen) and subcultured at a 1:3 dilution into cell culture flasks (25
cm2 and, further, 75 cm2) (Asahi Technoglass) at 1� 104 cells per
cm2 in DMEM (Sigma-Aldrich) supplemented with 10% autose-
rum according to a standard operational procedure under strict
GMP conditions. The cells were suspended at a cell concentra-
tion of 1 � 106 cells per milliliter in an extracellular cryopro-
tectant, CP-1 (Kyokuto Pharmaceutical Industrial, Tokyo, Japan,
http://www.kyokutoseiyaku.co.jp/english) that was gradually
decreased in temperature to �40°C at a rate of �2°C/minute
and further to �80°C at a rate of �10°C/minute for cryopreser-
vation according to freezing protocol in a Program Deep Freezer
(Strex, Osaka, Japan, http://www.strex.co.jp).

Characterization of Pulp Stem Cells
The phenotype of pulp stem cells was further characterized by
flow cytometry at the seventh passage of culture comparedwith
total pulp cells after immunolabeling with antigen surface mark-
ers (additional details are given in the supplemental online data).
To examine expression of angiogenic/neurotrophic factors, real-
time reverse transcription-polymerase chain reaction analysis
was also performed [2] (additional details are given in the sup-
plemental online data). The multilineage differentiation poten-
tial of pulp stem cells at the seventh passage was comparedwith
that of total pulp cells as described previously [10]. Proliferation
and migration activities with G-CSF were examined (additional
details are given in the supplemental online data).

Bacteria, Mycoplasma, Endotoxin Tests, Q-Banding
Karyotype Analysis, and Tumorigenicity Assay of Pulp
Stem Cells
Additional details are given in the supplemental online data.

Preclinical Efficacy Test of Pulp Regeneration
For preclinical efficacy assessment, an experimental model of
pulp regeneration was established in the permanent teeth with
complete apical closure in dogs at 9–11 months of age [2]. The
whole pulp tissue was removed, and the root canals were en-
larged to open the apical foramen to 0.6 mm in width in incisors.
A total of 72 teeth from 18 dogs were randomly divided into six
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groups for autologous transplantation and morphological analy-
sis: group I, pulp stem cells and G-CSF (Neutrogin; Chugai Phar-
maceutical, Tokyo, Japan, http://www.chugai-pharm.co.jp) with
a clinical-grade atelocollagen scaffold (Koken, Tokyo, Japan,
http://www.kokenmpc.co.jp); group II, unfractionated total pulp
cells and G-CSF; group III, pulp stem cells only; group IV, unfrac-
tionated total pulp cells; group V, G-CSF only; and group VI, col-
lagen only (additional details are given in the supplemental on-
line data).

Routine histologywith hematoxylin and eosin staining, in situ
hybridization, immunohistochemistry, real-time reverse tran-
scription-polymerase chain reaction, and microarray analysis
was performed in the regenerated pulp tissue. Functional revas-
cularization, vitality, reinnervation/neurogenesis, and x-ray
analysis (Morita, Osaka, Japan, http://japan.morita.com) was
also performed in the regenerated pulp tissue (additional details
are given in the supplemental online data).

Combinatorial Effect of the Conditioned Medium of
Pulp Stem Cells With G-CSF In Vitro
The migratory effect, antiapoptotic effect, proliferative effect,
immunomodulatory effect, and neurite extension effect of the
conditioned medium of pulp stem cells with G-CSF were com-
paredwith those of the conditionedmediumonly andG-CSF only
(additional details are given in the supplemental online data).

Statistical Analyses
Data are reported asmeans� SD. p valueswere calculated using
Student’s t test and Tukey’s multiple comparison test method in
SPSS 21.0 (IBM, Armonk, NY, http://www.ibm.com).

RESULTS

Isolation and Characterization of Stem Cells From Pulp
Tissue
Clinical-grade canine pulp stem cells were isolated by a novel
method using G-CSF-induced stem cell mobilization in the isola-
tor, and colony formation assays demonstrated that the isolated
cells accounted for 5%–7% of primary total pulp cells (Fig. 1A).
The pulp stem cells were stellate with long processes (Fig. 1B).
Clonal culture of pulp stem cell yielded a colony in 10 days, doc-
umenting the colony-forming ability of these cells (Fig. 1C). Lim-
iting dilution analysis at the third-passage culture showed that
the ratio of colony-forming units in pulp stem cells was approxi-
mately 90%, whereas the ratio in unfractionated total pulp cells
was approximately 75%.

To characterize the “stemness” of pulp stem cells, cell sur-
face antigen markers were examined by flow cytometry and
compared with those for unfractionated total pulp cells. Pulp
stem cells and total pulp cells were positive for CD29, CD44,
CD73, and CD90 and negative for CD31 at the seventh passage,
which are minimal positive criteria for mesenchymal stem cells.
It is noteworthy that, as expected, the percentages of pulp stem
cells expressing CD105, CXCR4, and G-CSFR were higher than
those of total pulp cells (Table 1). ThemRNA expression levels of
stem cell markers Sox2, Bmi1, CXCR4, Stat3, and Rex1were 3–29
times higher in pulp stem cells than in unfractionated total pulp
cells, indicating enrichment of stem cells and establishing the
properties of pulp stem cells. Angiogenic factors and/or neu-
rotrophic factorsGM-CSF (granulocytemacrophage colony-stim-

ulating factor),MMP3 (matrix metalloproteinase 3), VEGF, E-se-
lectin, BDNF, GDNF, and NGF were expressed at levels 3–87
times higher in pulp stem cells than in total pulp cells (Fig. 1D).
Immunosuppressive factors Prostaglandin E2 (PG) and in-
doleamine-2,3-dioxygenase (IDO) were expressed at levels 3
times higher in pulp stem cells than in unfractionated total pulp
cells (Fig. 1D).

Differentiation of pulp stem cells into endothelial cells (Fig.
1E), neuronal cells (Fig. 1G, 1I–1K), adipose cells (Fig. 1L, 1N), and
odontoblast lineage cells (Fig. 1O, 1Q) was demonstrated. The
G-CSF-induced proliferationwas significantly higher in pulp stem
cells than in unfractionated total pulp cells (Fig. 1R). Migration
activity with G-CSF shown in TAXIScan-FL (ECI, Inc., Kanagawa,
Japan, http://effec564.rsjp.net/english/) was much higher in
pulp stem cells than that in total pulp cells (Fig. 1S).

Safety Evaluation
The expanded cells were characterized to evaluate the sterile
nature, viability, and karyotype before transplantation. After in
vitro expansion for seven passages and cryopreservation, pulp
stem cells showed no bacterial, fungal, mycoplasma, endotoxin,
or virus contamination (supplemental online Table 1). It is note-
worthy that there were no chromosomal abnormalities/aberra-
tions in the karyotype (supplemental online Fig. 1A). Further-
more, injection of pulp stem cells in intratesticular sites in
immunodeficient mice resulted in no teratoma formation hema-
tological abnormality (supplemental online Fig. 1B).

Pulp Regeneration After Transplantation of Pulp Stem
Cells With G-CSF in the Root Canal
We next evaluated the efficacy of autologous transplantation
of clinical-grade pulp stem cells and G-CSF into the root canals
of mature teeth after pulpectomy in dogs (Figs. 2–4). Pulp-like
loose connective tissue with vasculature was regenerated 14
days after autologous transplantation of pulp stem cells with
G-CSF (Fig. 2A, 2B). Odontoblast-like cells attached to the den-
tinal wall in the root canal (Fig. 2C). The pulp-like tissue dif-
ferentiated further to the cementum-enamel junction below
the cement filling 60 days after transplantation of pulp stem
cells with G-CSF (Fig. 2E), indicating a coverage of more than
90% of the total area of the root canal (Fig. 2D). Cell morphol-
ogy, cell density, and architecture of the extracellular matrix
were similar to those of the normal pulp (Fig. 2F, 2G). It is
noteworthy that dentin formation was observed along the
dentinal wall (Fig. 2H). The odontoblasts lining the dentinal
wall were positive for enamelysin/matrix metalloproteinase
(MMP) 20 (Fig. 2I) and Dspp (dentin sialophosphoprotein)
(Fig. 2J), two markers for odontoblasts. Infiltration of inflam-
matory cells was not observed at all in the periapical region,
such as the periodontal ligament and alveolar bone 30 days
after transplantation. In addition, there was no internal or
external resorption of the tooth (Fig. 2K).

The three-dimensional image of vascularization in the re-
generated tissue was also similar in density and orientation to
that of the normal pulp (Fig. 2L–2N). Nerve fibers positively
stained by Protein Gene Product 9.5 (PGP9.5) antibody in-
vaded the newly regenerated tissues, formed a dense su-
bodontoblastic plexus, and terminated in the odontoblastic
layer as in the normal pulp, indicating neurogenesis/reinner-
vation of the regenerated tissue (Fig. 2O, 2P). In the apical
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part of the root canal, the physiological apical foramen grad-
ually decreased in diameter by additional formation of dentin
and cementum (Fig. 2Q–2T). In the coronal part of the root
canal, thick dentinal bridge formation was observed on the
surface of the regenerated pulp tissue on day 180 (Fig. 2U). DiI
labeling on the regenerated pulp in the lower third incisor in

vivo showed the inferior alveolar nerve connecting to the neu-
ronal process in the regenerated pulp, suggesting reinnerva-
tion (Fig. 2V). Dental radiographical examination on day 180
showed complete obliteration of the enlarged apical portion
following pulpectomy and lateral and coronal dentin forma-
tion (Fig. 2W).

Figure 1. Isolation of pulp stem cells from canine adult total pulp cells. (A): Primary total pulp cells on day 7. (B): Pulp stem cells on day 2. (C):
Pulp stem cells forming a colony on day 10. (D): Real-time reverse transcription-polymerase chain reaction analysis of the relative expression
of stem cellmarkers and angiogenic/neurotrophic factors in pulp stem cells comparedwith those in total pulp cells. #, p� .01 versus total pulp
cells. The experiment was repeated four times, and one representative experiment is presented. (E–Q):Multilineage differentiation potential
of pulp stem cells and total pulp cells. (E, G, J, L, O): Pulp stem cells. (F, H, M, P): Total pulp cells. (E, F): Angiogenic potential on Matrigel. (G,
H): Neurosphere formation. (I): Sox2 mRNA expression in neurospheres. (J, K): Neurogenic potential 14 days after induction of dissociated
neurosphere cells. (J): Immunostaining with neurofilament. (K): Scn1A, neurofilament, and neuromodulin mRNA expression. (L–N): Adipo-
genic potential. (L, M): Oil Red O staining. (N): Expression of aP2 mRNA. (O–Q): Odontogenic potential. (O, P): Alizarin red staining. (Q):
Expression of enamelysin andDsppmRNA. (R): Proliferation activitywith granulocyte colony-stimulating factor (G-CSF). Data are expressed as
means� SD of four determinations. Note that pulp stem cells had significantly higher proliferation activity compared with total pulp cells (�,
p� .01). (S): Themigration activitywithG-CSF in TAXIScan-FL. Data are expressed asmeans� SDof three determinations. Note that pulp stem
cells had significantly higher chemotactic activity comparedwith total pulp cells (�,p� .01). Abbreviations: Dspp, dentin sialophosphoprotein;
GM-CSF, granulocyte macrophage colony-stimulating factor; VEGF, vascular endothelial growth factor.
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Pulp Regeneration Confirmed by Gene Expression
Analyses
To further confirm that pulp-like tissue regeneratedwith clinical-
grade pulp stem cells and that G-CSF is identical to normal func-
tional pulp tissue, specific markers for the periodontal ligament
and pulp tissue, respectively, were used. The mRNA expression
levels of periostin and asporin/periodontal ligament-associated

protein 1 (PLAP-1) were much higher (47.5-fold and 8.9-fold,
respectively) in the normal periodontal ligament than in the re-
generated tissue on day 28 (Fig. 2X). The expression levels of
tenascin C, syndecan 3, and TRH-DE, known to be highly ex-
pressed in pulp, were 62.5 times, 7.7 times, and 5.0 times higher
in the regenerated tissue than in the periodontal ligament, al-
though the expression levels in the regenerated tissuewere similar
to those in normal pulp (Fig. 2Y). Hierarchical clustering based on
Affymetrix (Santa Clara, CA, http://www.affymetrix.com) data in-
dicated that a gene expression pattern in regenerated tissue
was more similar to that in normal pulp tissue compared with
that in periodontal ligament (Fig. 2Z). Thus, gene expression
analyses demonstrated that the regenerated tissue was iden-
tical to true functional dental pulp, and thus the efficacy of
the pulp stem cell therapy in the preclinical trial was firmly
established.

Combinatorial Effects of G-CSF and Pulp Stem Cells in
Regeneration of Pulp Tissue
Confocal laser microscopic analyses in cryosections demon-
strated that the DiI-labeled transplanted pulp stem cells with
G-CSF were not stained with Ki67, a proliferation marker, on day
14. (Fig. 3A). The DiI-labeled transplanted pulp stem cells were in
the vicinity of the newly formed capillaries and outgrowth neu-
rites, implicating their trophic role in angiogenesis and reinner-
vation (Fig. 3B, 3C). The proportions of terminal deoxynucleoti-
dyl transferase dUTP nick-end labeling (TUNEL)-positive cells in
the DiI-labeled transplanted cells was significantly lower in the
case of transplantation of pulp stem cells with G-CSF compared
with in the case of transplantation of pulp stem cells alone (0.5%
and 40.0%, respectively) (Fig. 3D, 3E), suggesting an antiapop-
totic effect of G-CSF on the transplanted pulp stem cells. On the
other hand, the proportions of TUNEL-positive cells in migrating
endogenous cells in the case of transplantation of pulp stem cells
with G-CSF and in the case of transplantation of pulp stem cells
alone were 0.6% and 0.4%, respectively. High expression levels
of angiogenic/neurotrophic factors, includingNGF, GDNF, BDNF,
neuropeptide Y, VEGF, and GM-CSF, by the DiI-labeled trans-

planted pulp stem cells were found by in situ hybridization (Fig.
3F–3K), demonstrating their potent trophic effects. TRH-DE, a
pulp biomarker, was expressed in all of the transplanted pulp
stem cells and in some of the migrating endogenous cells (Fig.
3L).

The regenerated area was significantly larger in the case of
transplantation of pulp stem cells with G-CSF than in the case of
transplantation of collagen only, stem cells alone, or G-CSF alone
(4.6-fold, 3.1-fold, and 3.3-fold increase, respectively). Trans-
plantation of total pulp cells with G-CSF also resulted in less re-
generated pulp tissue (0.6-fold) than transplantation of pulp
stem cells with G-CSF (Fig. 4A, 4H). There was little difference in
BS-1 lectin staining after all transplantations except for trans-
plantation of collagen only (Fig. 4B, 4I). Longer neurite out-
growth was observed in transplantation of pulp stem cells with
G-CSF (Fig. 4C, 4J).

There were more G-CSFR-positive cells in transplantation of
pulp stem cells with G-CSF, pulp stem cells alone, and G-CSF
alone compared with collagen only (Fig. 4D, 4K), suggesting that
exogenous G-CSF and trophic factors released from the trans-
planted stem cells promote migration of G-CSFR-positive stem
cells from the surrounding tissue such as the periodontal liga-
ment, bone marrow, and blood vessels in the whole body. The
numbers of CD68 and major histocompatibility complex class
II-positive cells were fewer in transplantation of pulp stem cells
with G-CSF, pulp stem cells alone and G-CSF alone compared
with collagen only (Fig. 4E, 4F, 4L, 4M). In addition, there were
significantly fewer Caspase-3-positive cells in transplantations of
pulp stem cells with G-CSF and G-CSF alone compared with pulp
stem cells alone (Fig. 4G, 4N), suggesting an antiapoptotic
effect of G-CSF. The migratory and immunosuppressive ef-
fects of pulp stem cells with G-CSF were significantly greater
than those of total pulp cells with G-CSF (Fig. 4K, 4L). Further-
more, the number of CD68-positive cells in transplantation of
pulp stem cells with G-CSF was lower compared with pulp
stem cells alone and G-CSF alone (Fig. 4L), suggesting combi-
natorial effects of pulp stem cells and G-CSF on immunosup-
pression. The in vivo results demonstrate that pulp stem cells
together with G-CSF have a combinatorial influence on pulp
regeneration that is based on stem cell migration, neurite
outgrowth, immunosuppression, and inhibition of cell death.

To address the migratory effect of G-CSF, DiI-labeled pulp
stem cells were transplanted with and without G-CSF. When
pulp stem cells were transplanted without G-CSF into the root
canal, the transplanted cells were dispersed in the apical peri-
odontal tissue and the alveolar bone 36 hours after transplan-
tation (Fig. 4O) and had declined in number after 60 hours,
indicating their migration in the absence of G-CSF into the
surrounding tissue from the root canal (Fig. 4P). On the other
hand, when pulp stem cells were transplanted together with
G-CSF, the transplanted cells remained in the root canal even
after 60 hours (Fig. 4P), suggesting a localized effect of G-CSF
on G-CSFR-positive transplanted pulp stem cells in the root
canal.

Stimulation by the conditioned medium (CM) of pulp stem
cells together with G-CSF was further examined in both cultures
of pulp CD31� SP cells and bonemarrow CD31� SP cells. The CM
of pulp stem cells with G-CSF had higher levels of proliferation
activity, migration activity, and antiapoptotic activity compared
with the CM of pulp stem cells only, G-CSF only, or CM of total
pulp cells with G-CSF in both cultures (Fig. 5A–5C). A greater

Table 1. Expression of cell surface markers in pulp stem cells
compared with unfractionated total pulp cells

Pulp stem cells Total pulp cells

Positive (%) SD Positive (%) SD

CD29 99.4 0.3 99.4 0.2
CD31 0.4 0.1 0.3 0.1
CD44 99.5 0.9 99.7 0.3
CD73 94.1 0.9 94.1 0.3
CD90 96.6 2.5 96.3 3.4
CD105 95.2a 0.3 38.7 5.4
CXCR4 18.2b 2.0 4.9 1.0
G-CSFR 71.5a 3.6 19.6 3.9
ap � .01 versus total pulp cells.
bp � .05 versus total pulp cells.
Abbreviation: G-CSFR, granulocyte colony-stimulating factor receptor.

5Iohara, Murakami, Takeuchi et al.

www.StemCellsTM.com ©AlphaMed Press 2013



Figure 2. Regeneration of pulp tissue after autologous transplantation of pulp stem cells with granulocyte colony-stimulating factor in
pulpectomized teeth of dogs. (A–C, E, F, H–K, M, N, P–R, U–W): Regenerated pulp tissue. (G, L, O, S): Normal pulp tissue. (D): Ratio of newly
regenerated area to root canal area on days 14 and 60. Data are means� SD of five determinations (��, p� .001). (C, H):Odontoblastic cells
(arrows) lining to newly formed osteodentin/tubular dentin along with the dentin. (I, J): In situ hybridization analyses of odontoblastic
differentiation markers enamelysin (I) and Dspp (J) on day 60. (K): Periapical region on day 28, indicating no infiltration of inflammatory cells
and no internal/external resorption of the tooth. (L–N): Three-dimensional images of vascularization by whole mount immunostaining with
BS-1 lectin. (N): Higher magnification of (M). (O, P): Three-dimensional images of innervation by whole mount immunostaining with Protein
Gene Product 9.5 (PGP9.5) (Q–S): The apical part. (T):Gradual decrease in width of the physiological apical foramen. Data represent means � SD
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immunosuppressive effect of the CM of pulp stem cells with G-
CSF was also demonstrated by mixed lymphocyte reaction
assay (Fig. 5D). A stimulatory effect of the CM of pulp stem cells
on neurite outgrowth was also shown in human neuroblastoma

TGW cells (Japanese Collection of Research Bioresources
Cell Bank, Tokyo, Japan, http://cellbank.nibio.go.jp). G-CSF,
however, had little effect on neurite outgrowth (Fig. 5E). G-CSF
significantly enhanced the migratory, antiapoptotic, and

of five determinations (��, p� .001). (U): The coronal part of the root canal. Note thick formation of regenerated dentin. (V):DiI labeling from
the upper part of the regenerated pulp on day 21. Note the inferior alveolar nerve connecting to the regenerated pulp (white dotted line),
suggesting reinnervation. (W): X-ray photograph showing apical closure on day 180. (X, Y): Relative mRNA expression of biomarkers for
periodontal ligament (X) and pulp (Y) by real-time reverse transcription-polymerase chain reaction analyses. #, p � .01 versus normal
pulp/regenerated pulp. �, p� .01 versus normal periodontal ligament/regenerated pulp. The experimentswere repeated four times, and one
representative experiment is presented. (Z): Hierarchical cluster analysis of gene expression patterns among normal pulp, regenerated pulp,
and periodontal ligament. A total of 13,286 probe sets are displayed. Red indicates high expression level, green indicates low expression level,
and black indicates median expression level. Abbreviations: Ab, alveolar bone; OB, odontoblastic layer; OD, osteodentin/tubular dentin; Pl,
periodontal ligament; TD, tubular dentin; v, vessels.

Figure 3. Localization and gene expression in regenerated pulp tissue on day 14 by confocal laser microscopic analysis. (A–D, F–L): Trans-
plantation of pulp stem cells with granulocyte colony-stimulating factor. (E): Transplantation of pulp stem cells only. (A–E): Immunohisto-
chemical staining of Ki67 (A), BS-1 lectin (B), PGP9.5 (C), and TUNEL (D, E). (F–L): In situ hybridization analysis of mRNA of NGF (F), GDNF (G),
BDNF (H), NPY (I), VEGF (J), GM-CSF (K), and pulp biomarker TRH-DE (L). Red indicates DiI-labeled transplanted cells. The experiment was
repeated three times and yielded similar results. Abbreviations: GM-CSF, granulocytemacrophage colony-stimulating factor; PGP9.5, Protein
Gene Product 9.5; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; VEGF, vascular endothelial growth factor.
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Figure 4. Combinatorial effect of G-CSF and pulp stem cells in regenerated pulp tissue. (A–N): Transplantation of pulp stem cells and G-CSF
with collagenwas comparedwith transplantations of collagen only, G-CSFwith collagen only, pulp stem cells with collagen only, and total pulp
cells and G-CSF with collagen on day 14. (A): Hematoxylin and eosin staining. (B–G, I–N): Immunohistochemical analysis of BS-1 lectin (B, I),
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immunosuppressive effects of the CMof pulp stem cells, indicat-
ing a combinatory effect of the CM and G-CSF.

Safety Evaluation of the Pulp Stem Cell Therapy
Toxicology assessment showed no adverse effects on appear-
ance, clinical signs, food consumption, and body weight after
autologous transplantation of clinical-grade pulp stem cells (5�
105) and G-CSF embedded in a collagen scaffold into pulpecto-
mized teeth in dogs. Serum and urine chemistry parameters
showed values within normal ranges for 4 weeks after stem cell
transplantation. Necropsy and histopathological examinations
revealed no abnormalities due to transplantation in any organ or
tissue of the dogs at day 28.

Functional Recovery of Regenerated Pulp Tissue
Laser Doppler analysis showed that there was no significant dif-
ference in pulpal blood flow in regenerated pulp tissue com-
pared with that in normal pulp tissue 90 days after transplanta-
tion (1.8� 0.2 and 1.9� 0.1 ml/minute per 100 g, respectively),
indicating complete functional angiogenesis/vasculogenesis. As-
sessment of pulp vitality by pulp testing (Vitality Scanner 2006;
SybronEndo, Orange, CA, http://www.sybronendo.com) in re-
generated pulp tissue demonstrated a positive response on day
60 and day 180, suggesting functional reinnervation/neurogen-
esis in the regenerated pulp tissue.

DISCUSSION

The present investigation represents the first preclinical demon-
stration of the efficacy and safety after transplantation of clini-
cal-grade pulp stem cells together with G-CSF for dentin-pulp
regeneration in the pulpectomized tooth in dogs. An increasing
number of clinical trials focusing on a variety of diseases, includ-
ing different types of ischemic diseases and neurological disor-
ders, have shown that the therapeutic effects of MSCs depend
not only on their differentiation ability to repair damaged tissue
but also on their potency to modulate the local environment,
activate endogenous progenitor cells, and secrete various fac-
tors [11, 12]. However, the detailedmechanisms of these effects
are far from clear, and scientific evidence of the safety and effi-
cacy of stem cell therapies must be established in appropriate
animal models before clinical application in humans. Our previ-
ous study [2] has demonstrated the utility of a canine model of
pulpectomy for pulp regeneration, which is similar to that in
humans in various aspects including tooth morphology, biology,
and physiology, harnessing autologous pulp-derived CD105�

stem cells with SDF-1. Thus, in this preclinical study, clinical-
grade canine pulp stem cells were isolated by our novel method
using G-CSF-induced chemotaxis through a chemically embel-
lished membrane, and the biological characteristics of the pulp
stem cells that contribute to the therapeutic effects on angio-

genesis/vasculogenesis, neurogenesis, and pulp regeneration
were elucidated. The results demonstrate the following three
critical criteria: (a) high migratory activity in order to migrate to
the apical part before vascularization in the pulpectomized root
canal; (b) high expression of multiple trophic factors in order to
stimulate migration and proliferation of endogenous stem/pro-
genitor cells from adjacent tissues and vessels, to enhance an-
giogenesis and reinnervation, and to inhibit apoptosis; and (c)
high immunomosuppressive and immunomodulatory proper-
ties. The pulp stem cells aremore advantageous than the unfrac-
tionated total pulp cells, resulting in significantly less inflamma-
tion and apoptosis, significantly larger volume of regenerated
pulp tissue, and higher density of angiogenesis and neurogenesis
in vivo.

G-CSF has been approved by the Pharmaceuticals and Med-
ical Devices Agency, Japan, and the U.S. Food and Drug Adminis-
tration for decreasing the incidence of infection. G-CSF has been
used extensively for several decades to mobilize CD34� hema-
topoietic stem cells in neutropenic patients for reconstitution of
bone marrow [13, 14]. It has been shown to be safe with only a
few well-described side effects. G-CSF has a therapeutic poten-
tial in neuroprotective action attributed to its anti-inflammatory
and antiapoptotic effects and regenerative activity induced by
neurogenesis and angiogenesis [15] in experimental strokemod-
els [16–18], retinal ganglion cell axotomymodels [19], and spinal
cord injury models [20, 21]. G-CSF is also critically involved not
only in mobilizing bone marrow-derived stem cells into periph-
eral blood but also in functional recovery, cardiac muscle regen-
eration, acceleration of healing, and direct protection for cardi-
omyocytes in acute myocardial infarction [22–25]. Beneficial
effects of local application of G-CSF on recovery of blood flow
and an increase in the number of capillaries have been shown in
ischemic hind limb models for peripheral vascular disease, indi-
cating its direct enhancement of endothelial cell migration and
vessel formation [26]. Treatment of stroke patients with G-CSF
also results in a positive functional and potentially structural ef-
fect [27–29]. Recent experimental studies on combined strate-
gies (i.e., transplantation of neural stem cells, bonemarrow stro-
mal cells, or amniotic fluid mesenchymal stem cells together
with local application of G-CSF) have shown augmentation of
peripheral nerve regeneration [30], spinal cord regeneration [6,
7], and cerebral ischemia recovery [31], suggesting that the pos-
itive effect is attributed to increased proliferation of progenitor
cells, suppression of apoptotic death of transplanted stem cells,
attenuation of inflammatory response, and induction of extrinsic
and endogenous neurogenesis. The safety and efficacy of the use
of G-CSFwith autologous bonemarrow stem/progenitor cells for
improvement of cardiac function and symptoms in heart failure
patients have recently been investigated in a clinical trial [32]. In
the present in vitro study, G-CSF showed stimulatory effects on

PGP9.5 (C, J), G-CSFR (D, K), CD68 (E, L),MHC class II (F,M), and Caspase-3 (G, N). (H–N):Morphometric statistical analyses. Data aremeans� SDof
fivedeterminations.Theexperimentwasrepeatedthreetimes. (H):Ratioofnewly regeneratedareatorootcanalarea.�,p� .01;��,p� .001versus
stemcellswithG-CSF transplantation. (I, J):Ratio of positively stained area in a frame composed of 310�m� 240�m in size. ##, p� .01; #, p� .05
versus stem cells with G-CSF transplantation. ��, p� .01; �, p� .05 versus collagen only. (K–N): Ratio of positively stained cell number to total cell
number in a frame 310� 240�m in size.Microscopic digital images of six sections every 120�mwere scanned in the frame. ##, p� .01; #, p� .05
versus stem cells with G-CSF transplantation. ��, p� .01; �, p� .05 versus collagen only. (O, P):Migration analysis of pulp stem cells transplanted
with G-CSF in the upper left central incisor (L) and without G-CSF in the right central incisor (R) 36 and 60 hours after transplantation. Dotted line
indicates incisors.Note that theDiI-labeled transplantedpulpcells (red)weremigrating fromtherootcanalof the right incisor (R)andweredispersed
in the periapical region and alveolar bone, although the cells were localized in the root canal in the left incisor (L). Abbreviations: DPSC, dental pulp
stem cells; G-CSF, granulocyte colony-stimulating factor; G-CSFR, granulocyte colony-stimulating factor receptor; L, left central incisor;MHC,major
histocompatibility complex; PGP9.5, Protein Gene Product 9.5; R, right central incisor.
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migration, antiapoptosis, and proliferation in pulp and bone
marrow stem cell culture and on immunosuppression and neu-
rite outgrowth. These results are consistent with some reports
showing neuroprotective effects in vitro attributed to an anti-
inflammatory effect, an antiapoptotic effect on neurons partially
mediated by the phosphatidylinositol 3-kinase/Akt potential
pathway, and induced differentiation of neuronal stem cells [33,
34]. The stimulatory effect of G-CSF with secretory factors from
pulp stem cells on these properties was also elucidated in pulp
and bonemarrow stem cell culture. It was further demonstrated
in pulp stem cell transplantation that pulp regeneration was en-
hancedbyG-CSF. Thismaybedue to greater localization of trans-
planted pulp stem cells in the root canal without migration to
tissue surrounding the tooth, greater migration of G-CSFR-posi-
tive cells, less inflammation, lower apoptosis, higher density
of vascularization, and longer extension of neurites. The
transplanted pulp stem cells expressed neurotrophic factors,
including NGF, GDNF, and BDNF, in the regenerated pulp tis-
sue. Neurotrophic factors (NGF in particular but also GDNF)
provided by pulp stem cells are the main factors responsible
for the innervation of pulp [35]. BDNF influences the terminal
arborization pattern, the biochemical phenotype of neurons,
and/or the survival of some subpopulations of trigeminal gan-

glion neurons that are engaged [35]. These results indicated
endogenous effects of trophic factors from the transplanted
pulp stem cells and exogenous effects of transplanted G-CSF
on pulp regeneration, including creation of a favorable envi-
ronment for migration of stem cells, inhibition of apoptosis
and promotion of cell survival, suppression of inflammation,
and induction of angiogenesis and neurogenesis (schematic
diagrams are shown in Fig. 6).

The critical challenge and ultimate goal for pulp/dentin re-
generation is functional recovery of the tooth. Innervation of the
pulp has a critical role in the homeostasis of dental pulp. The pulp
defense mechanism in which immune and inflammatory cells
invade sites of injury in the pulp is stimulated by sensory nerves
[36]. Sensory denervation results in rapid necrosis of pulp be-
cause of impaired blood flow and extravasation of immune cells
[37, 38]. Reinnervation/neurogenesis leads to recovery in coro-
nal dentin [36]. The results of the present study showing a posi-
tive reaction in electric pulp testing and DiI-labeled nerves ex-
tending to the trigeminal ganglion indicated that regenerated
tissue can transmit sensory signals perceived as pain, the sensory
nerves of which are derived from the trigeminal ganglion, includ-
ing nociceptive axons. This reinnervation/neurogenesis might
contribute to angiogenesis, extravasation of immune cells, and

Figure 5. Combinatorial effect of G-CSF and CM of pulp stem cells. (A–D): In pulp CD31� side population (SP) cells and bone marrow CD31�

SP cell cultures. (A):Migration activity during a 24-hour period of culture was analyzed by TAXIScan-FL. ��, p� .001 versus control. #, p� .05;
##, p� .01 versus CM of pulp stem cells with G-CSF. (B): Relative percentages of viable and apoptotic cells analyzed by flow cytometry. In the
presence of 100 nM staurosporine, CM of pulp stem cells with G-CSF had a significantly stronger antiapoptotic effect compared with CM of
pulp stem cells only, G-CSF only, or CM of total pulp cells with G-CSF (#, p � .05; ##, p � .01). ��, p � .01 versus only staurosporine-treated.
(C): Proliferation activity at 2, 16, 32, and 40 hours of culture. CM of pulp stem cells with G-CSF had a significantly stronger proliferative effect
compared with CM of pulp stem cells only, G-CSF only, or CM of total pulp cells with G-CSF (#, p� .05; ##, p� .01) at 30 hours of culture. (D):
Mixed lymphocyte reaction assay. Note that the CM of pulp stem cells with G-CSF had a significantly stronger immunomodulatory effect
comparedwith the CMof pulp stem cells only, G-CSF only, or the CMof total pulp cellswithG-CSF (#, p� .01; ##, p� .001). ��, p� .001 versus
control. (E): Neurite outgrowth was not seen in the presence of G-CSF only in TGW cell culture. The CM of pulp stem cells with G-CSF had a
significantly stronger effect compared with the CM of pulp stem cells only, G-CSF only, or the CM of total pulp cells with G-CSF (#, p � .01).
�,p� .001versusuntreatedcontrol.Dataareexpressedasmeans�SDof fourdeterminations. Eachexperimentwas repeated three times, andone
representative experiment is presented. Abbreviations: BM, bonemarrow; CM, conditionedmedium;G-CSF, granulocyte colony-stimulating factor;
GM-CSF, granulocytemacrophage colony-stimulating factor; non, nontreated; PBMC, peripheral bloodmononuclear cell; SP, side population.

Figure 6. Schematic diagrams demonstrating the mechanism of pulp regeneration after transplantation of pulp stem cells with G-CSF in a
canine pulpitis model in permanent mature teeth. (A): Pulpitis model. (B):Whole pulp removal and enlargement of apical foramen, 0.6 mm
in width. (C): Irrigation and filling with pulp stem cells and G-CSF together with collagen scaffold. (D): Combinatorial effect of pulp stem cells
and G-CSF. (E): Complete pulp regeneration. Abbreviation: G-CSF, granulocyte colony-stimulating factor.
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regulation of inflammation to minimize initial damage, maintain
pulp tissue, and strengthen pulpal defensemechanisms [39]. The
present study demonstrated the recovery of blood flow in the
regeneratedpulp analyzedby a laserDoppler blood flowmeter at
2 months after transplantation to the same level as that in nor-
mal pulp. This vascularization may play an important role in reg-
ulation of inflammation and subsequent regeneration of pulp
and dentin [39]. An intimate association of the neural elements
with vascular supply in the regenerated pulp as in normal pulp
[40] suggested interplay of neural and vascular elements and
involvement in pulp homeostasis in the regenerated pulp. Fur-
thermore, the present findings of obliteration of the enlarged
apical portion following pulpectomy and lateral dentin forma-
tion indicated an advantage for preventing tooth fracture. Thick
coronal dentin formation with mechanical integrity of the native
dentin-pulp complex also prevents coronalmicroleakage leading
to secondary caries. Thus, this complete regeneration of pulp
tissue can possibly prolong the life of teeth.

The production of clinical-grade pulp stem cells identified
stable quality; more than 95% viability at release; positive ex-
pression of CD29, CD44, CD73, CD90, and CD105 cell surface
markers and negative expression of the CD31 cell surface
marker; and microbiological safety. Potential side effects linked
to genomic instability driving transformation and senescence or
decrease in cell function were not detected at the 30th passage
of human pulp stem cell culture [41]. There was little change in
cell phenotype, biological characteristics, or properties that con-
tributed to the therapeutic effects after prolonged ex vivo cul-
ture, indicating stability of the pulp stem cells, consistent with
results of other studies showing that MSCs are not prone to ge-
netic instability and do not easily transform during the normal
culture process [42]. To examine the safety of humanMSCs from
tumorigenicity in the cell-based therapy,wehave to discriminate
between cells that have the capacity to form tumors and cells
that do not. In this study, canine pulp stem cells were xenog-
enously transplanted into NOD/SCID mice [43], in which T and B
cells are absent and NK cell activity is reduced, resulting in no
tumor formation in the mice. However, residual NK cell activity
might interfere with engraftment efficiency for transplanted hu-
man cells in the NOD/SCIDmice [44, 45]. Recently, NOD/Shi-scid
IL2Rgnull (NOG) mice (T, B, and NK cell-defective) have been de-
veloped that have a higher susceptibility to xenotransplanted
tumors [46]. In this study, however, canine pulp stem cells were
further autologously transplanted in the emptied root canals to
evaluate their safety in tumorigenicity as a more sensitive assay.
It is noteworthy that no tumorswere formed in any of the tissues
or organs for the 3-month duration of the study in dogs by toxi-
cological and histopathological analyses. This condition is the

same as that of our recently proposed clinical trial in humans.
Based on these results of preclinical trials, scientific evidence of
the safety of pulp stem cell therapy for pulp regeneration has
been presented before clinical application.

CONCLUSION

This investigation demonstrates the safety of clinical-grade pulp
stem cells and their potential for pulp and dentin regeneration
when used with G-CSF and collagen scaffolds in a canine pulpec-
tomy model. The current study establishes that preclinical effi-
cacy and safety evaluation has elucidated versatile combinato-
rial functions of pulp stem cells with G-CSF to induce
angiogenesis, neurogenesis, and pulp regeneration. These ad-
vances will provide a framework for further standardization and
implementation of regulatory rules for emerging stem cell ther-
apies in clinical and translational endodontics.
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