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Tooth infections or injuries involving dental pulp are treated routinely by root canal therapy. Endodontically
treated teeth are devitalized, susceptible to re-infections, fractures, and subsequent tooth loss. Here, we report
regeneration of dental-pulp-like tissue by cell homing and without cell transplantation. Upon in vivo implan-
tation of endodontically treated real-size, native human teeth in mouse dorsum for the tested 3 weeks, delivery
of basic fibroblast growth factor and/or vascular endothelial growth factor (bFGF and/or VEGF) yielded re-
cellularized and revascularized connective tissue that integrated to native dentinal wall in root canals. Further,
combined delivery of bFGF, VEGEF, or platelet-derived growth factor (PDGF) with a basal set of nerve growth
factor (NGF) and bone morphogenetic protein-7 (BMP7) generated cellularized and vascularized tissues positive
of VEGF antibody staining and apparent neo-dentin formation over the surface of native dentinal wall in some,
but not all, endodontically treated teeth. Newly formed dental pulp tissue appeared dense with disconnected cells
surrounded by extracellular matrix. Erythrocyte-filled blood vessels were present with endothelial-like cell lining.
Reconstructed, multiple microscopic images showed complete fill of dental-pulp-like tissue in the entire root canal
from root apex to pulp chamber with tissue integration to dentinal wall upon delivery of bFGF, VEGF, or PDGF
with a basal set of NGF and BMP7. Quantitative ELISA showed that combinatory delivery of bFGF, VEGF, or
PDGF with basal NGF and BMP7 elaborated von Willerbrand factor, dentin sialoprotein, and NGF. These findings
represent the first demonstration of regenerated dental-pulp-like tissue in endodontically treated root canals
of real-size, native human teeth. The present chemotaxis-based approach has potent cell homing effects for re-
cellularization and revascularization in endodontically treated root canals in vivo, although in an ectopic model.
Regeneration of dental pulp by cell homing, rather than cell delivery, may accelerate clinical translation.

Introduction treatment, potentially leading to posttreatment tooth fracture
and trauma.”™* Endodontically treated teeth have lost pulpal
sensation, and are deprived of the ability to detect secondary
infections.>>® The complications of current endodontic
treatment are inevitable because of pulp devitalization or the

loss of the tooth’s innate homeostasis and defense mecha-

DENTAL PULP IS THE ONLY vascularized dental tissue
encapsulated in highly mineralized structures, includ-
ing dentin, enamel, and cementum, and maintains homeo-
stasis of the tooth as a viable organ.! The overall health of the

tooth is compromised upon dental pulp trauma or infections,
frequently manifested as pulpitis.> A typical endodontic
treatment or root canal therapy for irreversible pulpitis is
pulpectomy, involving pulp extirpation followed by root
canal enlargement and obturation with gutta percha, a
bioinert thermoplastic material.”> Despite reported clinical
success, endodontically treated teeth become de-vitalized
and brittle, susceptible to postoperative fracture and other
complications, including re-infections due to coronal leakage
or microleakage.> A substantial amount of tooth structures,
including enamel and dentin, is removed during endodontic

nisms.

Existing effort in dental pulp regeneration has focused on
cell transplantation (reviews®™®). Several reports have docu-
mented regeneration of dental-pulp-like tissue in vitro or
ectopically by transplantation of dental pulp stem cells.”"!
Deciduous and adult dental pulp stem cells seeded in a self-
assembling peptide-amphiphile hydrogel showed distinctive
behavior: greater proliferative rate for deciduous cells but
greater osteogenic differentiation potential for adult cells.”®
Delivery of collagen scaffolds with dental pulp stem cells
and dentin matrix protein-1 in dentin slices in mice led to

Tissue Engineering and Regenerative Medicine Laboratory (TERML) and 2College of Dental Medicine, Columbia University Medical

Center, New York, New York.

3023



3024

ectopic formation of pulp-like tissue.'”> Deciduous dental
pulp stem/progenitor cells seeded in Matrigel in 1.5-mm
cross-sectional tooth slices regenerated vascular pulp-like
tissue after ectopic implantation in SCID mice."® Similarly,
stem/progenitor cells from apical papilla and dental pulp in
root fragments yielded vascularized pulp-like tissue after
ectopic implantation also in SCID mice.'? Despite its scien-
tific validity, dental pulp regeneration by dental pulp stem
cells encounters clinical and commercialization hurdles.
Pulpectomy, the most common endodontic treatment, in-
volves extirpation of dental pulp, and therefore leaves no
dental pulp stem cells in the same tooth for pulp regenera-
tion. For a patient who requires endodontic treatment in a
given tooth but has intact dentition otherwise, no healthy
tooth is to be sacrificed for isolation of dental pulp stem cells.
Even in patients whose autologous dental pulp stem cells can
be harvested, for example, from extracted wisdom teeth,
clinical therapy of dental pulp regeneration is difficult to
develop due to excessive costs, including cell isolation,
handling, storage, and shipping, ex vivo manipulation, im-
mune rejection (for allogeneic cells), not to mention liabilities
of potential contamination, pathogen transmission, and tumor-
igenesis that may be associated with cell transplantation.'*'?

Cell homing has been regarded as a process of exit of
hematopoietic stem cells from blood vessels by transen-
dothelialization and subsequent migration.'® In tissue re-
generation, cell homing is dubbed as active recruitment of
endogenous cells, including stem/progenitor cells, into an
anatomic compartment.’”'® The hypothesis of this study is
whether dental-pulp-like tissue can be regenerated in end-
odontically treated root canals of real-size, native human
teeth by chemotaxis-induced cell homing, rather than cell
transplantation. Our motivation for the study is to explore
whether chemotaxis-induced cell homing is sufficient for the
regeneration of dental-pulp-like tissue in endodontically
treated root canals of real-size, native human teeth.

Materials and Methods
Endodontic treatment in extracted human teeth

After IRB approval, intact permanent maxillary and
mandibular incisors and cuspids that have been freshly ex-
tracted during dental treatment were collected. Residual
periodontal and peri-apical soft tissues were removed with a
scalpel and cleaned with 70% ethanol. The teeth were dis-
infected further in 10% NaOCl for at least 1 week. En-
dodontic treatment was performed as in patients.”> An access
opening was made through the lingual crown into pulp
chamber. Pulpal tissue was extirpated, followed by cleaning
and shaping the root canal with hand files and rotary in-
struments, but without obturation of root canal with gutta
percha. All teeth were then autoclaved to eliminate any bi-
ological tissue.

Cytokine delivery

All cytokines in this study are recombinant human growth
factors. Vascular endothelial growth factor (VEGF-2) at a
dose of 10ng/mL (R&D, Minneapolis, MN) was adopted for
its chemotactic, mitogenic, and angiogenic roles in dental
pulp cells.'”?° Basic fibroblast growth factor (bFGF) at a dose
of 100ng/mL (R&D) was adopted for its chemotactic and
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angiogenic roles.?!?? Platelet-derived growth factor (PDGF)
at a dose of 10ng/mL (R&D) was adopted for its roles in
promoting angiogenesis, especially sprouting of existing
blood vessels.*?* Nerve growth factor (NGF) at a dose of
50ng/mL (R&D) was adopted for its roles in promoting the
survival and growth of nerve fibers.”> Bone morphogenetic
protein-7 (BMP?) at a dose of 100ng/mL was adopted for its
roles in promoting mineralized tissue formation.***” Cyto-
kines were adsorbed in 2mg/mL neutralized collagen gel
solution (BD Biosciences, Bedford, MA) that was injected
into pulp chambers and root canals of endodontically treated
human teeth. A total of 100-150 pL collagen gel solution was
needed for each pulp chamber and root canal. Cytokine-free
collagen gels served as controls. Endodontically treated hu-
man teeth treated with cytokine-loaded or cytokine-free
collagen gel were incubated at 37°C for 1h to induce gelation.

In vivo implantation

After IACUC approval, 5-7-week-old male mice (Harlan
Laboratories, Boston, MA) were anesthetized with 1%-5%
isoflurane. A linear incision was made in the dorsum to
create a subcutaneous pocket. Endodontically treated human
teeth with cytokine-adsorbed or cytokine-free collagen gel
were implanted subcutaneously for 3 weeks.

Hisotology, immunohistochemistry, and ELISA

Retrieved implants were fixed in 10% buffered formalin,
demineralized with 10% formic acid, and embedded in
paraffin. Histological sections (5 pm thickness) were stained
with hematoxylin-eosin or unstained for immunohi-
stochemistry. In separate implants, soft tissue in pulp
chamber was isolated for ELISA with antibodies conjugated
using Lightning-Link HRP Conjugation Kit (Innova Bio-
sciences, Cambridge, United Kingdom) and following man-
ufacture’s protocol (Santa Cruz Biotechnology, Santa Cruz,
CA) to detect von Willerbrand factor (vWEF), dentin sialo-
protein (DSP), and NGF. Immunolocalization of anti-VEGF
(Abcam, Cambridge, MA) was used.”**® After overnight
incubation with primary antibodies in a humidity chamber,
sections were rinsed with phosphate-buffered saline and
incubated with a secondary antibody. Sections were then
incubated with streptavidin-horseradish peroxidase conju-
gate for 30min in humidity chamber. After washing in
phosphate-buffered saline, the double linking procedure
with the secondary antibody was repeated. Slides were de-
veloped with diaminobenzadine solution and counterstained
with Mayer’s hematoxylin for 3-5 min. Counterstained slides
were dehydrated in graded ethanol and cleared in xylene.
The same procedures were performed for negative controls
except for the omission of the primary antibodies. All immu-
nohistochemistry procedures followed our previous methods.”

Statistical analysis

One-way analysis of variance and post hoc LSD tests were
used with o level at 0.05 upon confirmation of normal data
distribution.

Results

Upon retrieval of in-vivo-implanted human teeth, we ob-
served typical pale access opening in teeth implanted with
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collagen scaffold alone (Fig. 1A1), as well as pale root apex
opening (but impossible to image due to its pointed mor-
phology). Microscopically, root canals filled with collagen
scaffold alone showed residual amount of collagen scaffold
(cs) that is adjacent to dentin (d), but little sign of cell in-
growth (Fig. 1A2). Contrastingly, bFGF delivery yielded red
pigmentation in access opening upon in vivo harvest (Fig.
1B1), suggesting re-vascularization of endodontically treated
human teeth, with a representative microscopic section
showing abundant cells and some extracellular matrix that
integrated with dentinal wall of root canal (Fig. 1B2). Simi-
larly, VEGF delivery yielded vascularization in the repre-
sentative gross specimen (Fig. 1C1) and connective tissue
with abundant cells that integrated with dentinal wall (Fig.
1C2). Combined bFGF and VEGF delivery also generated
red pigmentation in access opening (Fig. 1D1) and abun-
dant cells that integrated with dentinal wall (Fig. 1D2). In
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absence of cell delivery, all the cells present in endodonti-
cally treated root canals after in vivo implantation are host
derived.

Given the initial positive data with delivery of bFGF and/
or VEGF, two potent angiogenic cytokines, we followed up
with an exploration of the efficacy of additional cytokines,
with or without bFGF or VEGF, in pulp regeneration. A
basal combination consisted of NGF and BMP7 due to its
potency on induction of odontoblast/osteoblast differentia-
tion. Combined delivery of bFGF with basal cytokines (NGF
and BMP?) also yielded re-cellularization in the entire end-
odontically treated root canal of real-size human tooth as
shown by reconstructed, multiple microscopic images (Fig.
2A1). A representative close-up image shows abundant cells
in the endodontically treated root canal and apparent inte-
gration of regenerated tissues with dentinal wall in root ca-
nal (Fig. 2A2). A representative higher magnification image
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FIG. 1. Re-cellularization and revascularization of endodontically treated root canals in real-size human teeth. Clinically
extracted human teeth were treated endodontically as in patients, with the exception of filling with gutta percha, a bioinert
thermoplastic material. Instead, collage scaffolds were implanted in endodontically treated root canals with or without
delivery of basic fibroblast growth factor (bFGF) and/or vascular endothelial growth factor (VEGF) followed by 3-week
in vivo implantation. (A1) Endodontically treated root canals with collagen scaffold alone showed pale access opening. (A2)
Microscopically, root canals with collagen scaffold alone showed residual collagen scaffold (cs) that is adjacent to native
dentin (d), but little cell ingrowth. (B1) bFGF delivery in collagen scaffold yielded red pigmentation. (B2) Corresponding
micrograph showing re-cellularization of endodontically treated root canal with abundant cells and some extracellular matrix
that integrated with the wall of native dentin (d). (C1) VEGF delivery yielded re-cellularization with connective tissue within
root canal (C2). Separation of soft tissue with dentinal wall is likely due to artifacts in histology processing, in consideration of
tissue integration with dentin in other groups and also in Figure 2 below. Combined bFGF and VEGF delivery also generated
red pigmentation (D1) and abundant cells within root canal (D2). Scale bars (A2, B2, C2, D2): 500 pm. Color images available
online at www liebertonline.com/ten.
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FIG. 2. Combinatory cytokine delivery and chemotactic effects on pulp regeneration from host endogenous cells. (A1)
Combined delivery of bFGF with basal cytokines of nerve growth factor (NGF) and bone morphogenetic protein-7 (BMP7)
yielded re-cellularization in the entire endodontically treated root canal as shown by reconstructed, multiple microscopic
images from root apex to pulp chamber. (A2) Close-up image showing abundant cells and integration with native dentin (d)
in endodontically treated root canal. (A3) Higher magnification showing erythrocyte-filled blood vessels (arrows) in con-
nective tissue. (A4) Scattered islands of positive VEGF antibody staining (arrows). (B1) Combined delivery of VEGF with
basal cytokines of NGF and BMP7 induced re-cellularization in the entire endodontically treated root canal. (B2) Connective
tissue with abundant cells integrated with native dentin (d), including a layer of dentin-like tissue between abundant cells
and dentinal wall (arrows). (B3) Multiple blood-vessel-like structures in regenerated connective tissue (arrows). (B4) Positive
VEGF antibody staining. Arrows indicate positive VEGF staining. (C1) Combined delivery of platelet-derived growth factor
(PDGF) with basal cytokines of NGF and BMP? yielded fully regenerated tissues in the entire endodontically treated root
canal. (C2) Abundant cells in connective tissue that integrated to native dentin (d). (C3) Blood-vessel-like structures (arrows)
in connective tissue. (C4) VEGF antibody staining. Arrows indicate positive VEGF staining. Scale bars (A1, B1, C1): 1 mm;
(A2, B2, C2): 100 pm; (A3): 100 um; (B3, C3): 300 um; (A4, B4, C4): 300 um. Color images available online at www
Jiebertonline.com/ten.

further shows the presence of erythrocyte-filled, blood-
vessel-like structures (arrows in Fig. 2A3). Scattered islands of
positive VEGF antibody staining were found in association
with combined bFGF +basal cytokine delivery (Fig. 2A4).
Further, combined delivery of VEGF with basal cytokines
(NGF and BMP?) induced re-cellularization in endodontically
treated root canal from root apex to pulp chamber as shown by
reconstructed, multiple microscopic images (Fig. 2B1). Abun-

dant cells were present in the endodontically treated root canal
and showed apparent integration with dentinal wall (Fig.
2B2). Remarkably, a layer of amorphous dentin-like tissue was
present on the surface of native dentinal wall (arrows in Fig.
2B2), resembling newly formed secondary dentin. Multiple
blood vessel-like structures were present in regenerated soft
tissue in root canal (arrows in Fig. 2B3). Areas of positive
VEGF antibody staining were readily identified in association
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with VEGF + basal cytokine delivery (Fig. 2B4). Combined
delivery of PDGF with basal cytokines (NGF and BMP?) in an
endodontically treated root canal resulted in re-cellularization
along the entire root canal as shown by reconstructed,
multiple microscopic images (Fig. 2C1). A representative
close-up image shows abundant cells and integration of re-
generated tissue with dentinal wall in root canal (Fig. 2C2). A
representative higher magnification image further shows the
presence of blood vessel-like structures (arrows in Fig. 2C3)
with abundant cells and some extracellular matrix. VEGF
antibody staining revealed scattered positive locations in as-
sociation with PDGF +basal delivery (Fig. 2C4). Given all
human teeth utilized in the present work were endodontically
treated and autoclaved to remove any biological tissue, all
regenerated tissues, including vasculature, in the root canal
are derived from host endogenous cells.

The regenerated tissue in endodontically treated root canal
of human teeth after in vivo implantation in mice was re-
trieved for ELISA relative to collagen scaffold only group.
Quantitatively, vVWF, an endothelium-elaborated glycopro-
tein in blood plasma, was present in bFGF, VEGF, or PDGF
in conjunction with basal cytokines of NGF and BMP7, with
significantly higher content in association with VEGF + basal
cytokines and bFGF +basal cytokines than PDGF + basal
cytokines (Fig. 3A). Further, delivery of VEGF + basal cyto-
kines or bFGF + basal cytokines induced significantly more
DSP, an odontoblastic marker,”® than PDGF +basal cyto-
kines (Fig. 3B). Also, combined delivery of bFGF + basal
cytokines yielded significantly more NGF than VEGF + basal
cytokines or PDGF + basal cytokines (Fig. 3C). These ELISA
data suggest that ectopically homed cells, in mouse dorsum,
elaborate angiogenesis, mineralization, and neurogenesis in
regenerated dental pulp-like tissue in endodontically treated,
real-size human teeth. Given delivery of exogenous NGF,
ELISA-quantified total NGF includes both exogenous and
endogenous NGF.

Discussion

The present findings demonstrate regeneration of dental-
pulp-like tissue in endodontically treated root canals of real-
size human teeth after in vivo ectopic implantation. This is
another step forward and scale up from previous approaches
of regeneration of ectopic-pulp-like tissue in 1.5-mm cross-
sectional tooth slices or root fragments.'">'> As a departure
from previous reports of dental pulp regeneration by cell
transplantation (e.g., Refs.”'%), we have taken a cell homing
approach by chemotaxis of host’s endogenous cells. As
compared to incurable and life-threatening diseases such as
diabetes, Parkinson’s, muscular dystrophy, and Alzheimer’s,
for which cell transplantation is warranted,'*** dental pulp
regeneration by cell transplantation likely will not be eco-
nomically viable or competitive with current root canal
therapy or dental implants. Cell transplantation and cell
homing are both scientifically meritorious approaches for
dental pulp regeneration, and should both continue. How-
ever, cell homing represents a novel concept for dental pulp
regeneration and may offer a clinically translatable ap-
proach. Bioactive cues can be adsorbed, tethered, or encap-
sulated in biomaterials (Fig. 4A) 3! Upon release of bioactive
cues in vivo, adjacent and/or systemic cells adjacent to root
apices of endodontically treated root canals, including stem/
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FIG. 3. ELISA of von Willerbrand factor (vWF), dentin
sialoprotein (DSP), and NGF in regenerated dental-pulp-like
tissue relative to collagen scaffold only group. (A) Codeliv-
ery of bFGF or VEGF with basal cytokines of NGF and BMP7
yielded significantly more vVWF than PDGF with NGF and
BMP?. (B) Codelivery of bFGF or VEGF with basal cytokines
of NGF and BMP?7 yielded significantly more DSP than
PDGF with NGF and BMP7. (C) Codelivery of bFGF or
VEGF with basal cytokines of NGF and BMP7 yielded sig-
nificantly more NGF than PDGF with NGF and BMP7. n =6;
*p < 0.05. Color images available online at www.liebertonline
.com/ten.

progenitor cells, migrate into an anatomic compartment (Fig.
4A), which in this case, is root canal that serves as a native
scaffold.

The rationale for delivery of multiple cytokines, either
singularly or in combination, is to broadly survey their in-
dividual and combined effects on dental pulp regeneration.
Our present data show that multiple cytokines, bFGF, VEGF,
or PDGF, alone or in combination with NGF and BMP7,
induce cell homing, angiogenesis, and mineralized tissue
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FIG. 4. Schemes of cell homing for dental pulp regeneration and clinical translation. (A) Bioactive cues can be adsorbed,
tethered, or encapsulated in biomaterial scaffolds. Upon release of bioactive cues, such as from endodontically treated root
canals in this work, local and/or systemic cells, including stem/progenitor cells, can be homed in vivo into an anatomic
compartment, which in this case, is root canal that serves as a native scaffold. Current root canal treatment of diseased dental
pulp (B1) necessitates removal of substantial enamel and dentin structures because obturation of gutta percha requires un-
obstructed access (B2, B3), yet leading to a de-vitalized tooth (B4). We propose that a diseased dental pulp (B1) can be treated
with a revised, minimally invasive root canal therapy (B5) on the basis that delivery of injectable bioactive cues does not require
unobstructed access to pulp chamber and root canal (B6). Although residual inflammation in endodontically treated root canal
and peri-apical region are anticipated to present challenges for pulp regeneration, chemotaxis-induced angiogenesis as shown
in the present may provide the potential for native defense mechanisms that may counteract residue infection in the root canal
(B6), leading to a vital tooth with regenerated dental pulp (B7). Color images available online at www.liebertonline
.com/ten.
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formation. It appears that not all presently tested cytokines
are needed in a single formulation for dental pulp regener-
ation. Our ongoing work takes a reduction approach to de-
termine whether a minimum subset of cytokines, or even a
single cytokine, can regenerate dental pulp. This reduction
approach is necessary to minimize the cost of dental pulp
regeneration in translational approaches. Our data showing
bFGF’s potency in pulp-like tissue formation in endodonti-
cally treated root canals are consistent with dentinal bridge
formation by bFGF in a pulp capping model.*' Our data
showing VEGF-mediated vascularization and pulp-like tis-
sue genesis are supported by its potent chemotactic effects on
dental pulp cells and expression in primary and permanent
tooth pulps.'** Host endogenous cells, some of which are
likely vasculature-elaborating cells, are capable of homing
into and populate root canals of endodontically treated hu-
man teeth. Although bFGF and VEGF in conjunction with a
basal set of NGF and BMP7 induced significantly more vWF,
DSP, and NGF than PDGF plus the same basal set of NGF
and BMP7, it remains possible that the amount of PDGEF-
elaborated vWF, DSP, and NGF is sufficient for dental pulp
regeneration, which can only be ascertained in an orthotopic
model. Angiogenesis is indicated by the presence of vVWF in
endodontically treated root canals upon delivery of bFGF,
VEGEF, or PDGF. The present two-step experiments, first by
delivery of angiogenic and chemotactic cytokines, bFGF and
VEGEF, and then combined delivery of bFGF, VEGF, or PDGF
with a basal set of NGF and BMP7, are based on our working
hypothesis that angiogenesis is a priority in dental pulp re-
generation, followed by regeneration of odontoblastic and
neural tissue.

Dental pulp regeneration by chemotactic cell homing
represents a variation from the mainstream approach of pulp
regeneration by cell transplantation. During the course of our
experiments, an interesting model was reported to seed
dental pulp stem cells and/or endothelial progenitor cells in
1.5-mm cross-sectional human tooth slices, followed by
in vivo ectopic implantation.'®** Tissue regeneration and
vascularization are apparent in harvested tooth slices.
However, the acellular control group also reveals tissue re-
generation and vascularization in tooth slices,'*** suggesting
the potential of re-cellularization and revascularization
without cell delivery. The pulp regeneration model created
in this work, that is, endodontically treated root canals of
real-size human teeth, represents a scale up from previous
tooth slice or root fragment models.'*** Substantial tissue
formation in endodontically treated root canals in this study
suggests the potency of delivered cytokines to induce cell
homing and regeneration in a presumably anaerobic envi-
ronment in root canals (up to 8-10mm in length) of in vivo
implanted, endodontically treated human teeth, consistent
with the observed proliferation of human dental pulp cells in
hypoxia.>® Although angiogenesis is primary, dental pulp
regeneration likely is incomplete without regeneration of
odontoblasts and nerve fibers. BMP7, when delivered to the
site of pulp exposure, elaborates dentinogenesis and regen-
eration of dentin-like tissue.”’?**® Our data showing puta-
tive dentin formation by combinatory cytokines including
BMP7 is consistent with its illustrated roles in pulp cap-
ping.5?¢%7243% The presence of DSP in this work serves as
another indication of mineralization in endodontically root
canals, in addition to apparent mineralized neo-dentin for-
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mation on native dental wall (Fig. 2B2). However, other
members of the transforming growth factor-beta/BMP su-
perfamily such as BMP2 or transforming growth factor-beta
isoforms may also induce dentin regeneration, which war-
rants additional studies. Most of the nerve fibers in dental
pulp are nociceptive and vasoregulatory, signifying the im-
portance of pain as a defense mechanism.*’ Several neuro-
trophic factors, especially NGF, promote the outgrowth and
sprouting of sensory nerve endings.”” Therefore, NGF and
other neurotrophic factors are viable candidates for nerve
regeneration in dental pulp, as shown by NGF assay in the
present work. Given that NGF was delivered in equal
amounts in bFGF, VEGF, and PDGF groups, significantly
different NGF content in regenerated pulp-like tissue among
bFGF, VEGF, and PDGF groups indicates that endogenously
produced NGF differs among these groups.

We propose that endogenous cells of peri-apical regions in
the jaw bone in an orthotopic model such as endodontic
patients can be recruited by chemotactic effects of released
bioactive cues and differentiate along odontoblastic, angio-
genic, and neurogenic directions that initiate dental pulp
regeneration (Fig. 4A). This hypothesis obviously needs to be
tested in orthotopic dental pulp regeneration models. One of
the potential beneficial factors for orthotopic dental pulp re-
generation includes available stem/progenitor cells and blood
vessels in the peri-apical region in the marrow of the trabec-
ular bone of the maxilla or mandible, in comparison with the
ectopic environment of the dorsum. These data showing cell
homing into endodontically treated root canals of real-size,
native human teeth suggest that chemotaxis has induced cell
recruitment, survival, and retention for no <3-4mm (% of
human incisor/cuspid root length due to bidirectional
opening in crown and apex) into a presumably anaerobic
root canal environment over the tested 3 weeks. This is re-
markable and provides the rationale to test dental pulp re-
generation orthotopically in vivo in our ongoing work. The
present translational approach is perhaps counterintuitive to
mechanistic investigations to study one biomolecule at a
time, but paves foundation for our ongoing reduction ap-
proach to regenerate dental pulp in a large animal model and
subsequently in endodontic patients, utilizing a translatable
approach that may serve as an alternative to gutta percha for
endodontic treatment (Fig. 4B). Current root canal treatment
of a diseased dental pulp (Fig. 4B1) necessitates removal of
substantial enamel and dentin structures because filling of
gutta percha requires unobstructed access (Fig. 4B2, 4B3),
and yet leads to a de-vitalized tooth (Fig. 4B4). We propose
that a diseased dental pulp can be treated with a revised,
minimally invasive root canal therapy (Fig. 4B5) on the basis
that delivery of injectable bioactive cues does not require
unobstructed access to pulp chamber and root canal
(Fig. 4B6). Although residual inflammation in endodontically
treated root canal and peri-apical region may present addi-
tional challenges for pulp regeneration, chemotaxis-induced
angiogenesis in this study provides the potential for native
defense mechanisms that may counteract any residue infec-
tion in the root canal (Fig. 4B6, 4B7). Further, some of the
cytokines that are endogenously elaborated during inflam-
mation are also those capable of chemotaxis in tissue re-
generation.*"*? Taken together, this study represents the first
step toward perhaps a clinically translatable approach of
dental pulp regeneration by cell homing.
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