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These findings indicate that bioengineered tooth generation tech-
niques can contribute to the rebuilding of a fully functional tooth.
Critical issues in tooth regenerative therapy are whether the bioengi-
neered tooth can reconstitute functions such as mastication (32) and
responsive potential to mechanical stress (31, 33) and noxious stimu-
lations (34), including cooperation of the regenerated tooth with both
the oral and maxillofacial regions. Eruption and occlusion are essential
first steps toward dental organ replacement therapy and successful
incorporation into the oral and maxillofacial region (21, 36). Our
laboratory has demonstrated previously that a bioengineered tooth
germ can develop into a tooth with the correct structure in an adult
mouse (29). It has also been reported previously that normal tooth germ
isolated from murine embryos and a bioengineered tooth constructed
from cultured tooth bud cells can develop and erupt in a toothless oral
soft tissue region (diastema) of adult mice and in the tooth extraction
sockets of an adult rat (37-42). In our current study, we provide
evidence that a bicengineered tooth with the same hardness as an adult
natural tooth can erupt with normal gene expression, including Csf7 and
Prhrl, which are thought to regulate osteoclastogenesis, and achieve
functional occlusion with the opposing natural teeth. Previous reports
have suggested that the eruption of tooth germ is generally induced at
the site of tooth development and by the gubernacular cord, which is
derived from the epithelium of the dental lamina (43). Hence, our
findings provide significant insights into. tooth eruption mechanisms
and strongly suggest that masticatory potential can be successfully
restored by the transplantation of bioengineered tooth germ.

To establish cooperation between the bioengineered tooth and
the maxillofacial region, 1 critical issue to address is whether a
functional PDL is achieved and thereby the restoration of interac-
tions between the bioengineered tooth and the alveolar bone (31,
33). The PDL has essential roles in tooth support, homeostasis, and
repair, and is involved in the regulation of periodontal cellular
activities such as cell proliferation, apoptosis, the secretion of
extracellular matrices, the resorption and repair of the root cemen-
tum, and remodeling of the alveolar bone proper (31, 33). Although
implant therapy has been established and is effective for replace-
ment of a missing tooth, this therapy involves osseointegration into
the alveolar bone that does not reconstitute the PDL (44). The
regeneration of PDL has been studied previously using cell sheets
(17) and stem cells (22), but has not yet been fully successful. It is
thought that orthodontic tooth movement, a process involving
pathogenic and physiologic responses to extreme forces applied to
a tooth through bone remodeling controlled by osteogenesis and
osteoclastgenesis (31), is a good assay model for the evaluation of
PDL functions. In our present study, the PDL associated with the
bioengineered tooth performed in complete cooperation with the
oral and maxillofacial regions and bone remodeling successfully
occurred following the application of orthodontic mechanical force.
These findings indicate that it is possible to restore and re-establish
cooperation between the bioengineered tooth and maxillofacial
regions and thus regenerate critical dental functions.

The peripheral nervous system plays important roles in the
regulation of organ functions and the perception of external
stimuli such as pain and mechanical stress (45). During devel-
opment of the peripheral nervous system, growing axons navi-
gate and establish connections to their developing target organs
(46). The recovery of the nervous system, which is associated
with the reentry of nerve fibers, is critical for organ replacement
(47). Although the functions of several internal organs, including
the liver, kidney, and pancreas, are also mediated by specific
humoral factors such as hormones and cytokines via blood
circulation (45), perceptions of external stimuli are also essential
to the functions of several organs, such as the eye, limbs, and
teeth (45). The tooth is well recognized as a peripheral target

1. Brockes JP, Kumar A (2005) Appendage regeneration in adult vertebrates and impli-
cations for regenerative medicine. Science 310:1919-1323.
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organ for sensory trigeminal nerves, which are required for the
function and protection of the teeth (46). It is known also that
the perception of mechanical forces during mastication is limited
in implant patients (48). Thus, the restoration of nerve functions
is also critical for tooth regenerative therapy and future organ
replacement therapy (13, 45). In our current study, we demon-
strate that several species of nerve fibers, including NF, NPY,
CGRP, and galanin-immunoreactive neurons, successfully re-
entered both the pulp and/or PDL region of the bioengineered
tooth. These nerves could thereby transduce the signals from
noxious stimulations such as mechanical stress by orthodontic
treatment and the exposure of pulp. Previous studies have also
revealed that trigeminal nerve fibers navigate and establish their
axonal projections into the pulp and PDL during early tooth
development in a spatiotemporally controlled manner through
expression of regulatory factors such as nerve growth factor, glial
cell line-derived neurotrophic factor, and semaphorin 3a (46).
Our present results suggest the possibility that the transplanta-
tion of regenerated tooth germ can induce trigeminal axon
innervation and establishment in an adult jaw through the
replication of trigeminal axon pathfinding and nerve fiber pat-
terning during early tooth development (46).

In conclusion, this study provides evidence of a successful
replacement of an entire and fully functioning organ in an adult
body through the transplantation of bioengineered organ germ,
reconstituted by single cell manipulation in vitro. Our study
therefore makes a substantial contribution to the development
of bioengineering technology for future organ replacement
therapy. Further studies on the identification of available adult
tissue stem cells for the reconstitution of a bicengineered tooth
germ and the regulation of stem cell differentiation into odon-
togenic cell lineage will help to achieve the realization of tooth
regenerative therapy for missing teeth.

Methods

Transplantation. The upper first molars of 5-week-old C57BL/6 (SLC) mice were
extracted under deep anesthesia. Mice were maintained for 3 weeks to allow
for natural repair of the tooth cavity and oral epithefium. Before transplan-
tation, we confirmed using microCT analysis that the remaining tooth root
components and/or the tooth that had developed from them could not be
observed in the bony holes (S/ Methods). Following repair, an incision of
approximately 1.5 mm in length was made through the oral mucosa at the
extraction site with fine scissors to access the alveolar bone. A fine pin vice
(Tamiya) was used to create a bony hole of about 0.5-1.0 mm in diameter in
the exposed alveolar bone surface. Just before transplantation, we removed
the collagen gel from the bioengineered tooth germ in the in vitro organ
culture and marked the top of the dental epithelium with vital staining dye,
such as methylene blue, to ensure the correct direction of the explants. The
explants were then transplanted into the bony hole according to the dye. The
incised oral mucosa was next sutured with 80 nylon (8~0 black nylon 4 mm
1/2R, Bear Medic Corp.) and the surgical site was cleaned. The mice containing
the transplants were fed a powdered diet (Oriental Yeast) and skim milk until
the regenerated tooth had erupted.
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1. ABSTRACT

Regulation of sizes and shapes of tooth are important matters
to consider in generating an entirely bioengineered tooth for
future tooth replacement therapy. In our current study, we
investigated that whether an extent of contact area between
epithelial and mesenchymal cell aggregates, which was
reconstituted from embryonic day 14.5 molar tooth
germ-derived. single cells by our cell manipulation method,
affect the morphology of the bioengineered tooth. Statistical
analysis showed that there were reliable correlations between
the contact length of bioengineered tooth germ and the crown
widths (R=0.84), and the cusp numbers (R=0.85). These
observations indicate that the crown widths and the cusp
numbers of bicengineered molar were determined by the
contact length between epithelial and mesenchymal cell layers.
Our study results will provide important insights into the
regulatory mechanisms of sizes and shapes of bioengineered
tooth and the application of cell manipulation technology in
future tooth replacement therapy. :

2. INTRODUCTION

The current approaches  being used to develop future
regenerative therapies are influenced by our understanding
of embryonic development, stem cell biology, and tissue
engineering technology [1-4]. One of the more attractive
concepts under consideration in regenerative therapy is stem
cell transplantation of enriched or purified tissue-derived
stem cells [5], or in vitro manipulated embryonic stem (ES)
and induced pluripotent stem (iPS) cells [6, 7]. This
therapy has the potential to restore the partial loss of organ
function by replacing hematopoietic stem cells in
hematopoietic malignancies [8], neural stem cells in
Parkinson’s disease [9],
myocardial infarction [10], and hepatic stem cells in cases of
hepatic insufficiency [11].

The ultimate goal of regenerative therapy is to develop fully
functioning bioengineered organs that can replace lost or
damaged organs following disease, injury, or aging [4,
12-14]. The feasibility of this concept has essentially been
demonstrated by successful organ transplantations for
various injuries and diseases [15]. It is expected that
bioengineering technology will be developed for the

978-1-4244-5095-4/09/$26.00 ©2009 |IEEE

mesenchymal stem cells in

reconstruction of fully functional organs in vitro through the
precise arrangement of several different cell species [3,
16-20]. We have recently reported a successful fully
functioning tooth replacement in an adult mouse achieved
through the transplantation of bioengineered tooth germ into
the alveolar bone in the lost tooth region. We propose this
technology as a model for future organ replacement
therapies. The bioengineered tooth, which was erupted and
occluded, had the correct tooth structure, hardness of
mineralized tissues for mastication, and response to noxious

“stimulations such as mechanical stress and pain in

cooperation with other oral and maxillofacial tissues [21,
22]. However, the bioengineered tooth was smaller than
the other normal teeth, since at present we cannot regulate
the crown width, cusp position, and tooth patterning
including anterior/posterior and buccal/lingual structures
using in vitro cell manipulation techniques.

Here, we showed that the crown widths and the cusp
numbers of bioengineered molar could be regulated by cell
manipulation method, and were determined by the contact
length between epithelial and mesenchymal cell layers but
not dependent on the cell number.

3. MATERIALS AND METHODS

3.1 Animals

C57BL/6 mice were purchased from SLC Inc. Mouse care
and handling conformed to the NIH guidelines for animal
research. All experimental protocols were approved by the
Tokyo University of Science Animal Care and Use
Committee.

3.2 Reconstitution of bioengineered tooth germ from

single cells

Molar tooth germs were dissected from the mandibles of
ED14.5 mice. The isolation of tissues and each single cell
preparation from epithelium and mesenchyme has been

described  previously. Dissociated ~ epithelial and

mesenchymal cells were precipitated by centrifugation in a

siliconized microtube and the supernatant was completely

removed. The cell density of the precipitated epithelial and

mesenchymal cells after the removal of supemnatants reached



a concentration of 5 x 10® cells/mL as described previously
[21]. Bioengineered molar tooth germ was reconstituted
using our previously described 3-dimensional cell
manipulation method, the ‘organ germ method’ [21]. We
reconstituted various bioengineered tooth germs, which have
various contact length between epithelial and mesenchymal
cell layers, with uniform thickness using a micro-syringe of
0.330 mm inner diameter (Hamilton). These various
bioengineered tooth germs were incubated for 10 min at
37 °C, placed on a cell culture insert (0.4 pm pore diameter;
BD), and then further incubated at 37 °C for 5 days in an in
vitro organ culture as described previously [21].

3.3 SRC Assay

After 7 dayss incubation, the reconstituted germs of tooth or
whisker follicles were transplanted into a subrenal capsule
(SRC) for 21 days using 8 week-old male mice as the host,
according to the method of Bogden and co-workers [23].

3.4 Microcomputed Tomography (MicroCT)

The heads of mice implanted with bioengineered tooth germ
and control mice were fixed in the centric occlusal position
and radiographic imaging was then performed by x-ray
using an inspeXio SMX-90CT device (Shimadzu) with
exposure at 90 kV and 0.1 mA, and with a source-to-sample
distance of 34 mm. Microcomputed tomography was
performed using Imaris (Carl Zeiss).

3.5 Tissue Preparation

The tissues were removed and immersed in 4%
paraformaldehyde in PBS(-). After fixation, the tissues
were decalcified in 4.5% EDTA (pH 7.4) for 1-10 days at
4°C. The sections were observed using an Axio Imager Al
(Carl Zeiss, Jena, Germany) with an AxioCAM MRcS
(Zeiss) and processed with AxioVision software (Zeiss).

4. RESULTS AND DISCUSSION

We first investigated that whether an extent of contact area
between epithelial and mesenchymal cell aggregates, which
was reconstituted from embryonic day 14.5 molar tooth
germ-derived single cells by our cell manipulation method,
affect the morphology of the bioengineered tooth. We
reconstituted various bioengineered tooth germs, which have
various contact length between epithelial and mesenchymal
cell layers, with uniform thickness using a micro-syringe of
0.330 mm inner diameter. After a day of organ culture, we
categorized into three-types of the bioengineered tooth germ
by the contact length: group I, up to 450 um; group II,
450-900 pm; and group III, 900-1500 pm. The
bioengineered molar tooth germ in group I to III had
developed at the early bell stage of a natural tooth germ after
5-7 days growth and were with a mean width of each 366 +
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103 um, 584 + 103 um and 934 £ 239 um, respectively (Fig.
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Regulation of the width of bioengineered tooth germ by cell manipulation
method. (a) Phase contrast image of three-types of the bioengineered
tooth germ on day 0, day 5 and day 7 of an organ culture. (Scale bar, 500
um.) (b) Scatter diagram of correlational analysis between the contact
length and the width of the bioengineered tooth germ.

la). Statistical analysis revealed that there were significant
correlations between the contact length and the mean width
of the bioengineered molar tooth germs (R=0.89) (Fig. 1b).
After 21 days transplantation in subrenal capsule, the
bioengineered molars developed from the bioengineered
germs in group I to III were with a mean crown widths of
each 497 + 118 um, 727 = 271 pm and 1073 £ 186 um,
respectively (Fig. 2a). The bioengineered tooth formed a
correct structure comprising enamel, ameloblast, dentin,
odontoblast, dental pulp, alveolar bone, and blood vessels
(Fig. 2a). Moreover, the cusp numbers of those teeth
derived from the bioengineered germs in group I to III were
29 £08,4.7 £3.1 and 11 £ 2.6, respectively (Fig. 2a).
Statistical analysis showed that there were reliable
correlations between the contact length of bioengineered
tooth germ and the crown widths (R=0.84) (Fig. 2b), and the
cusp numbers (R=0.85) (Fig. 2c).

Finally, we examined that whether the cell number of
epithelial and mesenchymal cells influences the morphology
of the bioengineered tooth. We formed the cell aggregates
with different thickness by use of micro-syringe of 0.203
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Morphological differences of the bioengineered tooth by regulating cell
number. Cusp region width of the bioengineered tooth germ on day 7
organ culture (a), crown width (b) and cusp number (c) of the
bioengineered tooth after 21 days transplantation are shown.

mm or 0.330 mm inner diameter while limiting the contact
length to 300-500 um. However, there were no differences
in the crown widths and cusp numbers of the bioengineered
molar between 1x10* cells per aggregate and 2.5x10* cells
per aggregate (p>0.06) (Fig. 3a, b and c). These results
indicated that the crown widths and the cusp numbers of
bioengineered molar were determined by the contact length
between epithelial and mesenchymal cell layers but not
dependent on the cell number.

In conclusion, this study provides an important insight into
the regulatory mechanisms of sizes and shapes of
bioengineered tooth and the application of cell manipulation
technology in future tooth replacement therapy. Further
studies on the identification of available adult tissue stem

[l
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bioengineered tooth.
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cells for the reconstitution of a bioengineered tooth germ
the regulation of stem cell differentiation into
odontogenic cell lineage will help to achieve the realization
of tooth regenerative therapy for missing teeth.
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ABSTRACT

Ectodermal organs, such as the tooth, salivary gland, hair, and mammary gland, develop through recipro-
cal epithelial-mesenchymal interactions. Tooth morphologies are defined by the crown width and tooth
length (macro-morphologies), and by the number and locations of the cusp and roots (micro-morpholo-
gies). In our current study, we report that the crown width of a bioengineered molar tooth, which was
reconstructed using dissociated epithelial and mesenchymal cells via an organ germ method, can be reg-
ulated by the contact area between epithelial and mesenchymal cell layers. We further show that this is
associated with cell proliferation and Sonic hedgehog (Shh) expression in the inner enamel epithelium
after the germ stage has formed a secondary enamel knot. We also demonstrate that the cusp number
is significantly correlated with the crown width of the bioengineered tooth. These findings suggest that
the tooth micro-morphology, i.e. the cusp formation, is regulated after the tooth width, or macro-mor-
phology, is determined. These findings also suggest that the spatiotemporal patterning of cell prolifera-
tion and the Shh expression areas in the epithelium regulate the crown width and cusp formation of the

developing tooth.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

All organs arise from their respective germs through reciprocal
interactions between the epithelium and mesenchyme during
organogenesis in the developing embryo [1-4]. Organs develop
according to predetermined programs, which include the regula-
tion of their location, cell number-and morphology. The induction
of organ development at the appropriate future location requires
both regional and genetic specificity [5]. It is well known in this re-
gard that many cytokines, such as the fibroblast growth factor
(FGF), hedgehog, Wnt, and transforming growth factor (TGF)/bone
morphogenetic protein (BMP) families, play essential roles in epi-
thelial and mesenchymal interactions during organogenesis [1,2].

Ectodermal organs, such as the tooth, salivary gland, hair, and
mammary gland, also develop through reciprocal epithelial and
mesenchymal interactions [1,2]. The number and morphology of
the teeth in the tooth forming field, which are specified by the

* Corresponding author at: Department of Biological Science and Technology,
Faculty of Industrial Science and Technology, Tokyo Umversxty of Science, Noda,
Chiba 278-8510, Japan. Fax: +81 4 7122 1499.
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0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/}.bbrc.2011.01.052

expression of homeobox genes in the underlying neural crest-de-
rived mesenchyme in the embryonic jaw, have previously been
determined during developmental process [3]. Tooth development
begins with epithelium thickening and innervation of the under-
ling mesenchyme [1,2]. At the dental placode stage, the dental epi-
thelium induces the condensation of the surrounding
mesenchymal cells through the expression of signaling molecule
genes such as Shh, Fgf8, Bmp4 and Wnt10b, which can induce the
expression of a large number of transcription factors such as
Msx1, Pax9 and Gli in the mesenchyme [2]. These interactions be-
tween these signaling molecules and transcription factors induce
the formation of an enamel knot, which acts as a signaling center
to coordinate tooth germ development [2]. Shh plays a particularly
important role in tooth germ induction and formation, including
the primary enamel knot formation, and thereafter functions in
the growth and differentiation of epithelial cells into the amelo-
blast [6].

Following tooth germ formation, the epithelial and mesenchy-
mal cells in the tooth germ differentiate into tooth-tissue forming

cells and secrete hard tissues such as enamel dentin, cementum,

and alveolar bone [7]. The tooth types that result, such as incisors .
(monocuspid) and - molars (multicuspid), are thought to be
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regulated by regional gene expression which controls the tooth-
forming region at the mesenchyme during embryonic develop-
" ment [3]. It has also been reported that the tooth type and
morphology is determined by the balance of endogenous inhibitors
and mesenchymal activator [8] and by regulatory mechanisms that
operate in the tooth forming field [9]. Tooth morphology is defined
by both the crown size and tooth length at the macro-morphology,
‘and by the number and position of the cusp and roots at the micro-
morphology [10]. Although the crown size, as a determinant of
macro-patterning during tooth morphogenesis, is based on the
reaction-diffusion model {10], the underlying molecular and cellu-
lar mechanisms, such as cell growth and cell movement, have re-

mained unexplored. The regulation of the cusp number and’

position, which underlies the micro-patterning of the tooth, is
thought to be closely involved in the formation of the secondary
enamel knot. This is regulated spatiotemporally by the reciprocal
activation and inhibition of cell proliferation in the epithelium
and mesenchyme via the reaction-diffusion mechanism, and deter-
mines the cusp pattern formation through cell growth and move-
ment [11,12]. However, it remains to be undetermined how the
regulation of cell proliferation and the underlying molecular mech-
anisms are involved in crown size determination through epithe-
lial-mesenchymal interactions.

In our current study, we analyzed the mechanisms that deter-
mine the crown width and cusp number of a bioengineered tooth
via the regulation of the contact area between the epithelial and
mesenchymal cell layers. We provide evidence to suggest that

the spatiotemporal regulation of epithelial cell proliferation and .

Shh expression in the tooth germ-epithelium is involved in deter-
mining the crown and cusp morphologies during tooth
development.

2. Materials and methods
2.1. Animals

C57BL/6 mice were purchased from SLC Inc,, (Shizuoka, Japan).
B6.Cg-Shhtm(ECFP/ere)jt) mijce were obtained from The Jackson
Laboratory (Bar Harbor, ME). All mouse care and handling complied
with the NIH guidelines for animal research and all experimental
protocols involving animals were approved by the Tokyo University
of Science Animal Care andUse Committee.

2.2. Reconstitution of a bioengineered tooth germ from single cells

Molar tooth germs were dissected from the mandibles of
ED14.5 mice in order to reconstitute a bioengineered tooth germ
by a three-dimensional cell manipulation method, the previously
described organ germ method [13]. To regulate the contact length
between the epithelial and mesenchymal cell layers, the epithelial
and mesenchymal columnar cell layers were arranged contigu-
ously using a micro-syringe with a 0.330 um inner diameter to in-
ject both cell types into a 30 um gel drop of Cellmatrix type I-A
(Nitta gelatin, Osaka, Japan). The contact [ength between epithelial
and mesenchymal cell layers was then measured using Axioob-
server (Carl Zeiss, Jena, Germany) with an AxioCAM MRc5 (Carl
Zeiss) microscope and Axiovision software (Carl Zeiss). The result-
ing bioengineered tooth germs were incubated at 37 °C for
2-7 days as described previously.[13].

2.3. Microcomputed tomography (Micro-CT) measurements

Radiographic imaging was performed using X-rays and a Micro-
CT device (R_mCT, Rigaku) with exposures set at 90kV and
150 mA. Micro CT images were captured using i-view R (Morita)
and Imaris (Carl Zeiss).

2.4. Histochemical and immunohistochemical analysis

Histochemical tissue analyses were performed as described pre-
viously [13]. Briefly, tissue sections (10 um) were stained with
hematoxylin and eosin and observed using Axioimager Al (Carl
Zeiss) with an AxioCAM MRc5 (Carl Zeiss) microscope. Tissues were
prepared for immunohistochemistry as described previously [14].
For fluorescent immunohistochemistry, the tissue sections
(10 um) were incubated with an anti-Ki67 primary antibody
(1:100; Abcam, Cambridge, MA) and Hoechst33342 (1:500; Invitro-
gen, Carlsbad, CA) for 2 h at room temperature. Immunoreactivity
was detected using an Alexa Fluor® 594-conjugated Goat Anti-rabbit
IgG secondary antibody (1:500, Invitrogen). Fluorescence micros-
copy images were captured under a confocal microscope (LSM
510; Carl Zeiss) and processed with AxioVision software (Carl Zeiss).

2.5. In situ hybridization

In situ hybridizations were performed using 10 um frozen sec-
tions as described previously [13]. Digoxygenin-labeled probes

.for specific transcripts were prepared by PCR with primers de-

signed using published sequences (Shh; GenBank - ID:
NM_009170, Fgf4; GenBank ID: NM_010202, Fgf3; GenBank ID:
NM_008007).

2.6. Statistical analysis

Statistically-significant differences were determined by the un-
paired student’s t-test. The analysis was performed using the Com-
mon Gateway Interface Program (twk, Saint John's University).

3. Results

3.1. The crown width of a bioengineered tooth correlates with the
length of the contact area between the epithelial and mesenchymal cell
layers

We first investigated whether the contact area between the epi-
thelial and mesenchymal cell layers affect the eventual morphology,
such as the crown width and cusp number, of a bioengineered tooth
germ reconstituted from ED14.5 molar tooth germ-derived single
cells using the organ germ method [13]. The bioengineered tooth
germs, which were prepared using various contact lengths between
the epithelial and mesenchymal cell layers, were reconstructed
with a micro-syringe of a 0.330 um inner diameter (Fig. 1A). After
one day of in vitro organ culture, we classified the bioengineered
tooth germs into three-groups by measuring the contact length
using a side-view as follows: short-contact length (short), up to
450 um; middle-contact length-(middle), 450-900 pum, and long-
contact length (long), 900-1500 um. The mean widths were also
calculated as follows: short, 366 + 103 um; middle, 584 + 103 pm;
and long, 934 + 239 um. All of the bioengineered tooth germs
reached the early bell developmental stage at the same time as a
natural tooth germ following 3-5 days in culture (Fig. 1B). To exam-
ine the correlation between the contact length and the tooth crown
width of the bioengineered teeth, the germs were transplanted into
a subrenal capsule. At 21 days post-transplantation, the entire bio-
engineered tooth germ developed into a tooth unit with the correct
structure comprising enamel, ameloblast, dentin, odontoblast, den-
tal pulp, alveolar bone, and blood vessels (Fig. 1C). Typical images of
these teeth classified into the three-groups above are shown in
Fig. 1C. The mean crown widths of the bioengineered molars that
developed from the short, middle and long germ groups were _
497 £ 118 pm, 727 271 pm, and 1073 + 186 pm, respectively. All
of the crown widths of the samples following subrenal capsule

IS
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Fig. 1. The crown width of a bioengineered tooth correlates with the length of the contact area between the epithelial and mesenchymal cell layers. (A) Schematic
representation of the bioengineering technology used for the generation of bioengineered tooth germ of various contact lengths between epithelial and mesenchymal cell
layers. (B) Phase contrast images of the three contact area groups (upper, short; middle, middle; lower, long) of the bioengineered tooth germs on days 0, 3, and 5 of organ
cultures. Scale bars, 200 pm. (C) Representative images of the three contact area bioengineered tooth groups (upper, short; middle, middle; lower, long) developed in a
subrenal capsule environment for 21 days. Stereomicroscope (first columns from the left), external images (second columns) and cross sections (third columns) of Micro CT
and hematoxylin and eosin staining (fourth columns) are shown. Scale bars, 200 pm. (D) Scatter diagram showing correlations between the contact lengths between
epithelial and mesenchymal cells and the crown widths of the resulting bioengineered tooth (R =0.83).

transplantation were then plotted and statistical analysis indicated
a reliable correlation between the contact lengths of the bioengi-
neered tooth germs and the crown widths of the resulting teeth
(R=0.83; Fig. 1D). These results indicate that the crown width is
controlled by the contact area between the epithelial and mesen-
chymal cell layers.

3.2. The cusp number of the bioengineered teeth correlates with their
crown width

We next examined whether the crown width affects the deter-
mination of the cusp number in the bioengineered teeth. At
21 days post-transplantation into the subrenal capsule, the cusp
numbers of the bioengineered teeth were analyzed by Micro-CT
(Fig. 2A). Statistical analysis indicated a reliable correlation be-
tween the contact length of the bioengineered tooth germs and
the resulting cusp numbers of the bioengineered teeth (R=0.87;
Fig. 2B). These observations suggest that the eventual cusp number
is indeed dependent on the crown width.

3.3. The Shh expression area correlates with the crown width in
developing tooth germ

Sonic hedgehog (Shh) and fibroblast growth factor 4 (Fgf4) play
important roles in the early development of tooth germ [1,2]. We
next investigated the expression patterns of these factors during

the early developmental stages of both natural molar and bioengi-
neered tooth germ. During natural tooth germ development, Shh
and Fgf4 mRNA-positive cells can be observed in the enamel knot,
which is the epithelial signaling center, at ED13.5 and ED14.5
(Fig. 3A). Interestingly, the Shh expression area was found to ex-
tend from the enamel knot to the inner enamel epithelium, in
accordance with the progression of crown development, but was
restricted in the inner enamel epithelium at the prospective occlu-
sal region, but not at the lateral region, at ED15.5 and ED16.5
(Fig. 3A). In contrast, Fgf4 mRNA-positive cells were found to be re-
stricted locally throughout the early period of crown development
and these transcripts were detectable in the enamel knot at
ED13.5-ED15.5 and in the secondary enamel knot at ED16.5
(Fig. 3A). In the case of the bioengineered molar germ, the expres-
sion patterns of Shh and Fgf4 mRNAs were identical to those of the
natural tooth germ (Fig. 3A). Shh expression was restricted to the
enamel knot after 2 days and to the inner enamel epithelium at
the prospective occlusal region after 3-7 days of organ culture
(Fig. 3A). Fgf4 expression was detected in the enamel knot after
3-5 days and in the secondary enamel knot after 7 days organ cul-
ture (Fig. 3A). The expression of Fibroblast growth factor 3 (Fgf3),
which is also thought to be an important mesenchymal signaling
molecule, was detectable in the dental papillae adjacent to the
Shh-expressing inner enamel epithelium throughout the early per-
iod of development in both natural and bioengineered tooth germ
(Fig. 3B). Hence, although the development of bioengineered tooth
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Fig. 2. The cusp number of the bioengineered tooth correlates with its crown width. (A) Stereomicroscope (left) and Micro CT (right) images of bioengineered teeth from the
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in bioengineered teeth (R=0.87).

germ is delayed compared with natural germ, the molecular mech-
anisms regulating early tooth germ development are similar for
both bioengineered and natural tooth germ.

We further examined the correlation between the width of Shh-
expressing area in the inner enamel epithelium at the prospective
occlusal region and the crown width of the bioengineered tooth
germ. We generated bioengineered molar tooth germs from the
three contact area groups over three days in organ culture. The
Shh-expression area was found to be extended from the enamel
knot to the inner enamel epithelium at the prospective occlusal re-
gion, but not at the lateral region, over the culture period, and the
width of this area was observed to be equivalent to the width of
prospective crown of bioengineered tooth germ (Fig. 3C). These re-
sults suggest that the Shh-expression pattern in the inner enamel
epithelium is closely associated with the mechanisms that regulate
crown width.

3.4. The spatiotemporal epithelial cell growth that correlates with the
Shh expression pattern is involved in the regulation of crown size

We finally investigated whether the spatiotemporal Shh expres-
sion pattern shown in Fig. 3 is involved in the patterning of epithe-
lial cell proliferation during tooth germ development. We therefore
analyzed Shh expression using a transgenic mouse expressing
green fluorescent protein (GFP) at the Shh locus (ShhGFP mice).
We measured cell proliferation by immunohistochemical analysis
of Ki67 in natural and bioengineered tooth germs. In a natural
ED14.5 molar tooth germ, Shh expression in an in vitro organ cul-
ture shows the same expression pattern as that detected by
in situ hybridization in vivo (Figs. 3A and 4A). Cell proliferation in
natural tooth germ detected by Ki67 was evident at the cervical
loop after one day and the lateral region of the epithelium after
2-4 days, in which Shh expression was not found (Fig. 4A). The bio-
engineered molar tooth germ showed expression of Shh at the first
enamel knot on day 3 and in the inner enamel epithelium in the
prospective occlusal region at day 6 in an organ culture. Cell prolif-
eration of the bioengineered germ was also observed in the Shh
expression-negative regions at the cervical loop and inner enamel
epithelium in the lateral region after 6 days of organ culture
(Fig. 4B). These results suggest that the crown width is determined
by the spatiotemporal area patterning of the Shh expression-

positive and cell proliferation-negative regions of the inner enamel
epithelium during the early bell stage.

4. Discussion

We demonstrate herein that the crown width of a bioengi-
neered tooth is regulated by the contact area between the epithe-
lial and mesenchymal cell layers and associates with cell
proliferation and Shh expression in the inner enamel epithelium.
We also demonstrate that the cusp number is significantly corre-
lated with the crown width of the bioengineered tooth. These find-
ings also suggest that the spatiotemporal patterning of the cell
proliferation and Shh expression areas in epithelium regulates
the crown width and cusp formation of the tooth.

At the initiation phase of tooth germ development, the tooth-
forming field and the basic pattern of dentition (molar and incisor)
are regulated by the coordination of gene expression patterning
[3]. Rostral-caudal patterning determines the tooth-forming field
through the expression patterns of Lhx6/7 and Gsc [3]. On the other
hand, proximal-distal patterning determines the molar and incisor
fields through the formation of gene expression patterning be-
tween Bmp4 and Fgf8 in the epithelium, and these gene products
then induce Msx1/2, Barx1 and DIx2 in the mesenchyme [3]. It is
thought that the number of teeth, the sizes of which are also deter-
mined by the size of the tooth germ, is proportional to the size of
the tooth-forming field [3]. A previous study has indicated that
the final crown size is memorized in the dental mesenchyme and
regulated by the reaction-diffusion model [10]. In our current
study, we provide evidence that the crown width is determined
by the contact area between the epithelial and mesenchymal cell
layers. We also demonstrate that the Shh-expressing region in
the dental epithelium of not only natural but also the bioengi-
neered tooth germ gradually enlarges to the final size of the crown
width, and that cell proliferation does not occur in the Shh-expres-
sion region. These findings indicate that cell proliferation is essen-
tial for the determination of the crown width in the inner enamel
epithelium at the prospective occlusal region, in which the cells ex-
press Shh, and also for tooth root formation in the cervical loop re-
gion. It has been reported previously that Shh regulates epithelial
proliferation, cell survival, and tooth size [15]. Our present results
suggest the possibility that the spatiotemporal regulation of
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Fig. 3. The width of the Shh expression area correlates with the crown width in the developing tooth germ. (A) In situ hybridization analyses of the Shh and Fgf4 expression
profiles in natural tooth germ at ED13.5-ED16.5 and in bioengineered tooth germ after 2, 3, 5, and 7 days of organ culture. (B) Expression patterns of Shh and Fgf3 in natural
tooth germ at ED14.5-ED16.5 and bioengineered tooth germ after 2, 5, and 7 days of organ culture. (C) Phase contrast images and expression analysis of Shh mRNA in the
three contact area groups of bioengineered tooth germ after three days of cultivation. Dotted lines indicate the boundaries between the epithelium and mesenchyme. The

area inside the line is the epithelium. Scale bars, 200 pm.

epithelial cell proliferation and Shh expression are closely involved
in the determination of tooth macro-morphology and represent
the molecular basis of tooth size determination.

A reaction-diffusion model has been predicted and analyzed in
the patterning of micro-structures such as digits in limbs, feathers
in skin, and cusps in tooth [11,16,17]. Previous studies have

suggested that the number of digits in the mouse limb is regulated
by not only the width of the mesoderm but also the length of the
Fgf4-expressing apical ectodermal ridge, which is the signaling
center in limb development [18]. In tooth development, it is
thought that the cusp patterning is regulated by the secondary
enamel knots, which is one of the signaling centers for cusp
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Scale bars, 100 um.

formation, and might be regulated by the interaction between
FGF4, as an activator of cusp formation, and the BMPs and SHH
as inhibitors [19]. Based on an earlier computational model of
mammalian tooth development, there may be a simple basis for
the variations in cusp patterning which can be explained by
changes in single model parameters [12,20]. Although there are
several reports regarding the determination of tooth size and cusp
number, the mechanisms suggested in these studies remain con-
troversial. It was previously reported that each tooth and cusp size
is determined by each mesenchyme and epithelium, respectively,
through species-specific biological programs [10]. It has also been
suggested that the number of developing cusps of a tooth reconsti-
tuted from dental epithelium and dissociated mesenchymal cells
was enlarged by increasing the mesenchymal cell number [21].
Furthermore, it has been suggested that the number of cusps, a mi-
cro-patterning event, is regulated by waves which are determined
by the tooth size i.e. macro-patterning, in a reaction-diffusion
model [10]. Our present findings indicate that the cusp number
in a bioengineered tooth is significantly correlated with the crown
width, which is regulated by the contact area between the epithe-
lial and mesenchymal cell layers. These findings suggest that the
micro-patterning of cusp formation is regulated after tooth size
determination (i.e. macro-patterning) through the number and
length of waves in a reaction-diffusion model.

Currently, it is anticipated that organ replacement therapy will
represent the next generation of regenerative medical technology
and successfully replace lost or damaged organs [22]. For such

replacement tissues to function correctly, it will be necessary to
reproduce the organ mass through the generation of a sufficient
number of functional cells, and faithful replication of both the
macro- and micro-morphologies [23]. As a concept for organ
regeneration, an approach to developing a functional bioengi-
neered organ from a bioengineered organ germ by reproducing
the developmental process during organogenesis has now been
investigated [4,24]. We have also previously reported from our lab-
oratory that a bioengineered tooth germ reconstituted using an or-
gan germ method can regenerate a fully functional bioengineered
tooth through transplantation [14]. It is thought that the regulation
of a bioengineered tooth morphology, such as the crown size and
the number and location of the cusps, is important for occlusion
to properly occur [11], which is an essential issue for future tooth
regenerative therapy [4,24]. Previously, it has been reported that
the morphology of a bioengineered tooth can be regulated by cul-
turing tooth germ cells onto a tooth-shaped biodegradable scaffold
[24]. In our present study, our cell manipulation technique to reg-
ulate the contact area between epithelial and mesenchymal cell
layers will make a substantial contribution to the future clinical
application of bioengineered teeth.

Our present data suggest that the spatiotemporal patterning of
cell proliferation and Shh expression areas in the epithelium regu-
lates the crown width and cusp formation of the tooth. Further
studies of the molecular mechanisms underlying cell proliferation,
differentiation and cell movement will contribute further to our
understanding of tooth organogenesis. The development of future
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technologies to more precisely regulate the morphology of bioen-
gineered teeth will be required to realize tooth regenerative
therapy.
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* Abstract

- Donor organ transplantatton is currently an essential therapeutlc approach to the. replacement ofa dysfunctlonal organ as a
result of disease; injury oraging in vivo. Recent progress in the area of regenerative therapy has the potential to lead to
bioengineered mature organ replacement in the future. In this. proof: of concept study, we here report a further
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by recipient bone remodelingin a murine transplantation model system. The bioengineered tooth unit restored enough the
alveolar bone in a vertical direction into an extensive bone defect of murine lower jaw. Engrafted bioengineered: tooth
dlsplayed physmlog!cal ‘tooth functions. such as mastication, periodontal ligament function for bone remodeling -and
responsiveness to noxious stimulations. This study thus represents a substantial advance and demonstrates the real
potentlal for bioengineered mature organ replacement as a next generation regenerative therapy.
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Introduction

Donor organ transplantation is currently essential to replace a
dysfunctional organ and to restore organ function @ viwe [1,2]. This
approach is problematic for clinicians however as donor organs are
constantly in short supply [2,3]. An attractive new concept in current
regenerative therapy that may possibly replace conventional trans-
plantation in the future is stem cell transplantation therapy [4,5] or a
two-dimensional uniform cell sheet technique [6,7] to repair the local
sites of the damaged tissues and organs [8]. The ultimate goal of
regenerative therapy in the future is to develop organ replacement
regenerative therapies that will restore lost or damaged tissues fol-
lowing disease, injury, or aging with a fully functioning bioengineered
organ [9,10,11]. To construct a bioengineered organ, one of two
major concepts is.to construct fully functional artificial organs using
three-dimensional tissue-engineering technology, involving hiode-
gradable materials and various cell types, that can immediately
function after transplantation in viw [12,13,14]. However, further
technological developments are required to create such artificial
organs which can immediately function [15].

@ PLoS ONE | www.plosone.org

For the regeneration of ectodermal organs such as a tooth, hair
follicle or salivary gland [16,17], a further concept has been
proposed in which a bioengineered organ is developed from
bioengineered organ germ by reproducing the developmental
processes that take place during organogenesis [11,18]. Tooth
regenerative therapy is thought to be a very useful study model for
organ replacement therapies [11,19,20]. The loss of a tooth causes
fundamental problems in terms of oral functions, which are
achieved in harmony with the teeth, masticatory muscles and the
temporomandibular joint under the control of the central nervous
system [21]. It has been anticipated that a bioengineered tooth
could restore oral and physiological tooth functions [19]. We have
previously developed a three-dimensional cell manipulation
method, designated the organ germ method, for the reconstitution
of bioengineered organ germ, such as a tooth or whisker follicle
[22]. This bioengineered tooth erupted with the correct structure,
occluded at the lost tooth region in an adult mouse. It also showed
sufficient masticatory performance, periodontal functions for bone
remodeling and the proper responsiveness to noxious stimulations
[20]. This previous study thus provided a proof of concept that
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successful replacement of an entire and fully functioning organ
could be achieved through the transplantation of bioengineered
organ germ ie. a successful organ replacement regenerative
therapy [20].

Transplantation of a bioengineered mature organ will lead to
immediately perform of the full functions in ww and have a
profound impact on the survival outcomes of many diseases [2,9].
Transplanted bioengineered organs are also expected to be viable
over the long-term and achieve the continuous production of
various functional cells and their progenitors from stem cells as
efficiently as the natural organ in vivo [23,24]. It has also been
proposed that mature organs can be developed from bioengi-
neered organ germ by faithfully reproducing in vizo developmental
processes. In the dental treatment, it has been expected to
transplant of a bioengineered tooth unit comprising mature tooth,
periodontal ligament (PDL) and alveolar bone into the tooth loss
region through bone integration, which is connected between
recipient bone and bioengineered alveolar bone in a biocengi-
neered tooth unit [25]. Transplantation of a bioengineered tooth
unit has also been proposed as a viable option to repair the large
resorption defects in the alveolar bone after tooth loss [26].
However, there are currently no publiqhed reports describing
successful transplantation or replacement using a bloengmecmd
tooth [10,27].

In our current study, we have generated a bioengineered tooth
unit, which was controlled for length and shape and report a
successful tooth replacement by transplantation of a bioengineered
tooth unit into the tooth loss region, followed by successful bone
integration, and restoration of tooth physiological functions such
as mastication, PDL function and an appropriate responsiveness to
noxious stimulations. This transplantation of a bioengineered
tooth unit could also regenerate alveolar bone formation in a
vertical direction. Our results thus further demonstrate the
potential for bioengineered tooth replacemem as a future
regenerative therapy.

Results

Generation of a Bioengineered Tooth Unit

We have previously reported that bioengineered tooth germ can
successfully develop a bioengineered tooth that by subrenal capsule
transplantation can restore a mature tooth, including periodontal
tissue and alveolar bone [22]. Because a three-dimensional i ufo
organ culture has not yet been developed, we employed a strategy
involving a bioengineered tooth unit, which has the necessary tissues
to restore tooth functions, to investigation and advance the future
potential of bioengineered tooth replacement (figure 1A). The
bioengineered molar tooth germ was developed to a stage equivalent
to the early bell stage of natural tooth germ for 5-7 days in an i vitro
organ culture (figure 1B). Although we have previously reported that

multiple bicengineered teeth have been formed from a bioengi-

neered tooth germ reconstituted by our organ germ method [22], we
recently developed a method to generate a single and width-
controlled bioengineered tooth [28]. The bioengineered tooth germ
gradually accumulated hard tissue, root extension, and an increased
alveolar bone volume, depending on transplantation periods, and
could successfully generate a tooth unit with the correct structure of a
whole molar, and the proper formation of periodontal tissue and
surrounding alveolar bone (figure 1C, D). However, the shape (x vs.
y axis) of the bioengineered tooth unit was flattened by the pressure
of the outer membrane of the subrenal capsule (figure 1F, G). The
length of the tooth also showed continuous root elongation
depending on the transplantation periods without occlusional
mechanical stress (igure 1C, F, H).

@ PLoS ONE | www.plosone.org
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To generate the shape- and length-controlled bioengineered
tooth unit so that a suitable size was obtained for intraoral
transplantation, the tooth germ was inserted into a ring-shaped
size-contro] device and then transplanted into a subrenal capsule
(figure 1E). The crown widths, calculated from the x/y axis ratios,
of natural first, second and third molars of 9-week-old adult mice
were 1.61+0.05 mm, 1.09+0.04 mm, 1.120.04 mm, respectively
(each n =3, figure 1G). The crown width of the bicengineered tooth
units grown in the size-control device, which had a 1.8 mm inside
diameter and 1.3 mm thickness, was 1.46%0.16 mm whereas when
grown outside of the device the size was 2.30+0.35 mm (each n =5,
figure 1G). The device thus successfully generated a size-controlled
bioengineered tooth so that it was similar to a natural tooth (figure 1F,
G). This device could avoid the pressure by the subrenal capsule
membrane, and reserve the three-dimensional space for developing a
bicengineered tooth germ normally. We next evaluated the length of
a bioengineered tooth unit generated in the size-control device
(figure 1E). After 30 or 60 days, the lengths of the teeth transplanted
without the devices were 1.07£0.20 mm and 1.70+0.26 mm,
respectively, which was significantly associated with the transplan-
tation period (each n =5, figure 1H; figure S1A). Although the length
of the bioengineered tooth transplanted without the devices was
1.700.26 mm after 60 days transplantation, bioengineered teeth
transplanted in devices of 1.3 or 1.8 mm in diameter, was
significantly regulated at 1.02%0.11 or 1.27%0.06 mm, respectively
(each n =35, figure 1H). The shape and length of the bicengineered
tooth unit can therefore be controlled in three-dimensions using a
specialized device.

Multiple bioengineered tooth units surrourided by alveolar bone
could be also generated by the transplantation of several tooth
germs into a single size-control device (figure 11, figure S1B). Each
resulting tooth had the correct structure including pulp cavities
and partitioned periodontal spaces (figure 11, figure S1C). Hence,
multiple tooth replacements can be achieved with this regenerative
transplantation method.

Transplantation of a Bioengineered Tooth Unit into a
Tooth Loss Region in Vivo

We next investigated whether a bioengineered tooth unit could
be engrafted via the mtegration between the alveolar bone of this
unit and that of the host recipient and then function appropriately
by occlusion with an opposing tooth (figure 2A). The bioengi-
neered .tooth unit, which was generated by transplantation in a
device of a 2.5 mm inside diameter for 50-60 days and labeled by
the administration of calcein reagent into recipient mouse
(figure 2B), was transplanted with the correct orientation into a
properly-sized bony hole in the lower first molar region of the
alveolar bone in a 4-week-old mouse (figure 2C). Briefly, in this
mouse model, the lower first molar had been extracted, and the
resulting gingival wounds had been allowed to heal for 4-6 days
(figure S2A). When the bioengineered tooth unit was transplanted,
it was located at a position reaching the occlusal plane with the
opposing upper first molar (figure 2C, figure S2A). Partial bone
integration was observed at 14 days after transplantation, and full
bone integration around a bioengineered tooth root was seen at 30
days after transplantation (figure 2C). In the  calcein-labeled
alveolar bone of bioengineered tooth unit, resorption was partially
observed at the surface at 30 days post-transplantation (figure 2D,
figure S2B). The calcein-labeled bone finally disappeared and the
recipient bone around the bioengineered tooth root replaced it
completely at 40 days after transplantation at a frequency of 66/83
figure 2C, D, figure S2B). There have been many
previously reported clinical cases of multiple tooth loss, the most
serious condition being edentulism [29]. It is possible that a
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Figure 1. Generation of a bloengmeered tooth unit. (A) Schematic representation of the generative technology of bloenglneered tooth unit.
(B) Phase construct imagery of a bioengineered tooth germ on day 1 {left) and 5 (center) and HE staining (right) of an organ culture on day 5. Scale
bar, 200 um. E, epithelium; M, mesenchyme. (C) Photographs (upper) and micro-CT images of the external surface area (middle) and cross section
(lower) of a bioengineered tooth unit. Images were captured at 20 days (left), 30 days (center) and 60 days (right) after subrenal capsule
transplantation (SRC). Scale bar, 200 um. C, tooth crown side; R, tooth root side. (D) Histological analysis of the bioengineered tooth unit on day 30 *
after SRC transplantation (/eft). (Scale bar, 500.um). Higher magnification images of crown area (upper right) and the periodontal tissue area (lower
right) are also shown. Scale bar, 50 um. E, enamel; D, dentin; AB, alveolar bone; PDL, periodontal ligament. (E) Photographs of the developmental
processes occurring in bioengineered tooth germ in a subrenal capsule (SRC) using a size-control device. Images were captured of bioengineered
tooth germ orientated in the device (top left), transplantation into the SRC (top right), and the bioengineered tooth at 50-60 days after
transplantation in the SRC (middle). Micro-CT images of the external surface area (bottom left) and cross section (bottom left) are also show. The
dotted lines indicate the outlines of the device. Scale bar, 500 um. (F) Micro-CT images of a bioengineered tooth unit transplanted into the SRC for 30
days with (fower column) or without (upper column) the size-control device at an external (left), axial (center) or cross section (right) view. Scale bar,
500 pum. x, x-axis of the crown; y, y-axis of the crown. (G) X-axis versus y-axis ratios (x/y) of the crowns of bioengineered tooth units at 30 days post
transplantation into an SRC, and also of natural first, second and third molars from 9-week-old mice. Transplantations were performed with or
without the 1.3 mm thickness size-control device. Error bars show the standard deviation (n=5). *P<0.001 (t-test). (H) The lengths of the
bioengineered tooth units generated using size-control devices, which were of a 1.3 mm (¢1.3 mm) or 1.8 mm (1.8 mm) inner diameter, at 30 and
60 days post transplantation into an SRC were compared with or without the devices. Error bars show the standard deviation (n= 5). *P<<0.01 and
**p<0,001 (ttest). (1) Photograph (first figure from the left) and micro-CT images showing external (second figure), axial (third figure) and cross section
(fourth figure) views of a multiple bioengineered tooth units, in which four teeth were contained in one alveolar bone, after 60 days transplantation

into the SRC. Scale bar, 500 um.
doi:10.137 1/journal.pone.0021531.g001

bioengineered teeth unit could be transplanted into an edentulous

< jaw (figure S2E, F). Our current findings suggest that bioengi-
neered teeth can be engrafted into regions of tooth loss through
bone integration, which involves resorption of the alveolar bone of
the bioengineered tooth unit through natural bone remode]mg in
the recipient.

The engrafted bioengineered tooth was found to be aligned
appropriately and occlude with the opposing upper first molar
(figure 2E, figure S2C). Micro-CT analysis also revealed that no
root elongation was evident for the bioengineered tooth and that
the apical foramen of the engrafted bicengineered tooth root
significantly narrowed at 40 days after transplantation (each n =9,
figure S2D). These results suggest that the bioengineered tooth in
the tooth unit isolated from subrenal capsule transplantation is
immature tooth, which has the potential to narrow of the apical
foramen after the oral transplantation and would have the
physiological ability to recapitulate mechanical stress by occlusion.

Masticatory potential is essential for proper tooth function and
we next performed a Knoop hardness test, an important measure
of masticatory functions, on bioengineered teeth including both’
the dentin and the enamel components. The Knoop hardness
numbers (KHN) of the enamel and dentin in the natural teeth of
11-week-old adult mice were measured at 404.2+78.2 and
81.0=11.5, respectively (each n =5, figure 2F). The bioengineered
teeth generated in a subrenal capsule (SRC) and in jaw bone (TP)
showed similar KHN values at 179.6£49.2 and 319.6+78.3 in the
enamel, and 80.7x11.5 and 76.8%13.6 KHN in the dentin,
respectively (each n =5, figure 2F). The value of enamel Knoop
hardness of natural tooth increase in according to postnatal period
[20]. Although the enamel hardness of the bioengineered tooth
generated in a SRC showed low KHN values, the enamel
hardness of the engrafted bioengineered teeth (TP) increased to
the high KHN value in according to the period after the
transplantation into jaw bone. Therefore, the hardness of the
dentin in the engrafted bioengineered teeth was in the normal
range. These findings indicate that the hardness of the enamel and
dentin in the engrafted bioengineered teeth were in the normal
range.

Functional Analysis of the Periodontal Ligament and

Neurons of the Engrafted Bioengineered Teeth
Previously, it had been demonstrated that the bioengineered

tooth germ can recapitulate physiological tooth function in the

adult murine oral environment [20]. In our present study, we next
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investigated whether an engrafted bioengineered mature tooth
unit-can also restore physiological tooth functions #n vize such as the
response to mechanical stress and the perceptive potential for
noxious stimulations. It is essential for tooth functions that the
engrafted bioengineered tooth in recipient has the cooperation
with the oral and maxillofacial regions through the PDL. The
response of the PDL to mechanical stress, such as orthodontic
movements, induces alveolar bone remodeling, which is indicated
by the localization of tartrate-resistant acid phosphatase (TRAP)-
osteoclasts and osteocalcin (Ocn) mRNA-positive osteoblasts [20].
During experimental tooth movement, TRAP-positive osteoclasts
and O mRNA-positive osteoblasts were observed on the
compression and tension sides, respectively (figure 3A). This
demonstrated that the PDL of the bioengineered tooth unit
successfully mediates bone remodeling via the proper localization
of osteoclasts and osteoblasts in response to mechanical stress.
The perceptive potential for noxious stimulation including -

mechanical stress and pain, are important for proper tooth
function [30]. Trigeminal ganglional neurons, which innervate the
pulp and PDL, can respond to these stimulations and transduce
the perceptions to the central nervous systen. Blood vessels that
are detected in the pulp and PDL, maintain dental tissues such as
odontoblasts, pulp, the PDL and alveolar bone. In our current
experiments, we evaluated the responsiveness of nerve fibers in the
pulp and PDL of the engrafted bioengineered tooth to noxious
stimulations.  Although von Willebrand Factor (WWF)-positive
blood vessels were observed in the pulp and PDL of the
bioengineered tooth generated in a subrenal capsule, anti-
neurofilament (NF)-immunoreactive nerve fibers could not be
detected (figure 3B, figure S3A, B). However, NF-positive nerve
fibers could be detected in the pulp and PDL of the engrafted
bioengineered tooth in the recipient bone and the neurons merged
with vVWF-positive blood vessels (figure 3B). Neuropeptide Y (NPY)
and calcitonin gene-related peptide (CGRP), which are synthe-
sized in sympathetic and sensory nerves, respectively, were also
detected in both the pulp and PDL neurons (figure 3B, figure
S3C-F). We found in our current analyses that c-Fos immuno-
reactive neurons, which are detectable in the superficial layers of
the medullary dorsal horn following noxious stimulations such as
mechanical and chemical stimulation of the intraoral receptive
fields, were present in both normal and bicengineered teeth and
drastically increased in number at two hours after orthodontic
treatment and pulp exposure (figure 3C). These results indicate
that an engrafted bioengineered tooth unit can indeed restore the
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Figure 2. Engraftment and occlusion of a bioengineered tooth unit in a tooth loss model. (A) Schematic representation of the protocol
used to transplant a bioengineered tooth unit in a murine tooth loss model. (B) Photograph (Upper) and sectional image (Lower) of a calcein-labeled
bioengineered tooth unit at 60 days post transplantation in an SRC. Scale bar, 200 um. (C) Micro-CT images of a bioengineered tooth unit
(arrowhead) in cross section (upper) and frontal section (first and second figures from the lower left) during the processes of bone remodeling and
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connection between the recipient jaw bone and alveolar bone of the tooth unit. Histological analysis of the engrafted bioengineered tooth unit at 40
days post transplantation was also performed. (Scale bar, 500 um and 100 pm in the lower and higher magnification figure; third and fourth figure
from the lower left). NT, natural tooth; BT, bioengineered tooth; AB, alveolar bone; PDL, periodontal ligament. (D) Sectional images of a calcein-labeled
biocengineered tooth unit at 14, 30 and 40 days post-transplantation. The calcein-labeled bone of the bioengineered tooth units (arrowhead) was
found to gradually decrease from the outside and finally disappear at 40 days post-transplantation. Scale bar, 500 um (upper), 50 um (lower). NT,
natural tooth; BT, bioengineered tooth. (E) Oral photographs (upper) and micro-CT (lower) images showing occlusion of natural (left) and
bioengineered teeth (right). Scale bar, 500 um. (F) Assessment of the hardness of a bioengineered tooth. Knoop microhardness values of the enamel
(upper) and dentin (Jower) of a bioengineered tooth at 60 days post-transplantation in a subrenal capsule (SRC) and at 40 days post-transplantation in
jawbone (TP) were compared with those of natural teeth in 11-week-old mice. Error bars show the standard deviation (n=5). *P<0.01 (t-test).

doi:10.1371/journal.pone.0021531.g002

perceptive potential for noxious stimulations in cooperation with
the maxillofacial region.

Regeneration of an Extensive Bone Defect by
Transplantation of a Bioengineered Tooth Unit

Tooth loss is well known to cause significant alveolar bone
resorption at the region in question [26]. Although there have
been many studies of bone regenerative therapies [31], more
effective methods to restore extensive bone defects during
treatments such as dental implants are required and anticipated
[26]. We investigated whether the transplantation of a bioengi-
neered tooth unit would regenerate not only the missing tooth but
also the surrounding alveolar bone of the recipient. To analyze
whether such restoration of the alveolar bone occurred - after
transplantation, we developed a murine extensive bone defect
model, which was prepared by the extraction of the lower first
molar and then removal of the surrounding alveolar bone to
generate a critical bone defect in the lower first molar region
(figure 4A, figure S4A). When we transplanted a bioengineered
tooth unit into this bone defect, vertical bone formation was
observed from the marginal bone of the recipient at 14 days after
transplantation (figure 4B, C, figure S4B). The regenerative bone
volume post-transplantation significantly increased compared with
a no transplant control (0.38+0.07 mm® vs. 0.12+0.08 mm?
each n=4, figure 4C, D), although the height and volume of the
regenerated alveolar bone surrounding the bioengineered teeth
was not completely recovered. These findings indicate that
transplantation of a bioengineered tooth unit can restore a serious
bone defect.

Discussion

We here demonstrate the successful transplantation of a’

bioengineered tooth unit, which is a model for a bioengineered
mature organ, into a missing tooth region i wiwo and the
subsequent restoration of tooth function by this graft. We also
show that this transplantation can restore the bone volume in both
the vertical and horizontal dimensions in a missing tooth mouse
model with a serious extensive bone defect. These findings indicate
that whole tooth regenerative therapy is feasible through the
transplantation of a bioengineered mature tooth unit. This study
also provides the first reported evidence of entire organ
regeneration through the transplantation of a bioengineered tooth.

Organ replacement regenerative therapy, but not stem cell
transplantation regenerative therapy for tissue repair, holds great
promise for the future replacement of a dysfunctional organ with a
bicengineered organ reconstructed using three-dimensional cell
manipulation @ witro [11,19]. In previous reports, however,
artificial organs, which were constructed with various cells and
artificial materials could not restore functionality and thus are not
a viable option for long-term organ replacement o vwo [15].
Previously, it has been shown that a bioengineered organ can be
grown in iz in amphibian models in which activin-treated cell

@ PLoS ONE | www.plosone.org

aggregates could form a secondary heart with pumping function
and also regenerate eyes that were light responsive and connected
with the host nervous system [32,33]. ‘Recently, we have also
regenerated bioengineered organ germs, including tooth germs
and whisker follicles, and successfully achieved a fully functioning
tooth replacement in an adult mouse through the trfanspylantation'

“of a bioengineered tooth germ in the lost tooth region [20,22]. It

has been anticipated that replacement therapies will be developed
in the future through the transplantation of a bioengineered
mature organ with full functionality and long-term viability [2,19].
In our present experiments, we successfully generated a size-
controlled bioengineered mature tooth unit, a strategy we adopted
because the growth of functional organs in vifro is not yet possible
[27]. Organs require a sufficient mass (cell number) and proper
shape to function [34] and the tooth has unique morphological
features, such as the tooth crown width and length (macro-
morphology), and cusp and root shape (micro-morphology) [35].
However, the technology to regulate tooth morphogenesis for
whaole tooth regeneration remains unexplored [36]. We recently
developed a novel organ germ method to regulate the crown width
by regulating the contact area between epithelial and mesenchy-
mal cell layers [28]. In our previous work, we demonstrated that
the length of the bhioengineered tooth is equivalent to that of
natural tooth after the transplantation of the bioengineered tooth
germ into oral environment [20]. In this study, the length of the
bioengineered tooth unit could be controlled longitudinally, which
would be provided by the limited space of the device. These
findings provide the first evidence that the bioengineered tooth can
be controlled in three-dimensions using a specialized device. It is
also thought that biocengineered teeth could be generated with a
controlled crown width through cell manipulation and tooth
length by placement in a size-controlling device, which places a
three-dimensional spatial limitation on size [20,28].

Loss of teeth and functional disorders in the PDL or
temporomandibular joint, cause fundamental problems for oral
functions, such as enunciation, mastication and occlusion, and
associated health issues- [21]. Although, missing teeth are
traditionally restored by replacement with an artificial tooth, such
as a bridge, denture or osseo-integrated dental implant, it is
thought that the proper restoration of tooth functions will require
bone remodeling regulated by the PDL [20] and a proper
responsiveness to noxious stimulations [30]. Previous reports of
autologous tooth transplantations have indicated that natural
periodontal tissue on the tooth could restore the physiological
tooth function, including bone remodeling {37]. We recently
showed that a fully functional bioengineered tooth can be achieved
through the transplantation of a bioengineered organ germ [20].
In our current study, we demonstrate the successful replacement of *
an entire and fully functional tooth unit @ ivo, which restored
masticatory potential, the functional responsiveness, including
bone remodeling, of the periodontal tissue to mechanical stress
and proper responsiveness to noxious -stimulations via both
peripheral sensory and sympathetic nerves. This is a significant
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Figure 3. Experimental tooth movement and pain response to mechanical stress. (A) Sections of natural and bioengineered teeth were
analyzed by TRAP-staining and in situ hybridization analysis of Ocn mRNA at day 6 of orthodontic treatment. TRAP-positive cells (arrow) and Ocn
mRNA-positive cells (arrowhead) are indicated. Scale bar, 100 um. (B) Nerve fibers and blood vessels in the pulp and PDL of a natural tooth (top), a
bioengineered tooth unit in an SRC (middle), and a bioengineered tooth at 40 days after transplantation (bottom) were analyzed
immunohistochemically using specific antibodies for neurofilament (NF; green) and von Willebrand Factor (VWF; red). Scale bar, 50 um. D, dentin;
P, pulp; AB, alveolar bone; PDL, periodontal ligament. (C) Analysis of c-Fos immunoreactive neurons in the medullary dorsal horns of mice after
0 hours (no stimulation, control; top), 2 hours of stimulation by orthodontic force (middle) and pulp exposure (bottom). C-Fos (arrowhead) was
detectable after these stimulations in both natural (/eff) and bioengineered teeth at 40 days post-transplantation (right). Scale bar, 100 um. T, spinal

trigeminal tract.
doi:10.1371/journal.pone.0021531.g003

advance for the concept of whole tooth regenerative therapy in
which the transplantation of a bioengineered mature organ, and
not organ germ, can replace an organ and restore its full function.

In order for a tooth to cooperate with the maxillofacial region, it
is supported by the connection between the root cementum and
alveolar bone through the PDL, which has essential roles in tooth
support, resorption and repair of the root cementum, and the
remodeling of alveolar bone [38]. Tooth loss causes a large
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amount of alveolar bone resorption, which 1s mediated by the
PDL,, in the vertical and horizontal dimensions, and the loss of this
bone, which leads to both functional and aesthetic problems, is
difficult to rectify with standard dental therapies such as dental
implant and autologous tooth transplantation [26]. Although bone
regeneration has been attempted for many years through the use
of tissue engineering technologies, guided bone regeneration
methods, autologous bone or cell transplantation, and cytokine
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