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Abstract

Objectives: Whole-tooth regeneration for tooth loss has long been a goal of den-
tistry. There is also an increasing demand to carry out pre-clinical in vitro and in vivo
research methods in large animal model similar to human. The miniature pig has
proven to be an alternative as a large mammal model owing to its many similarities to
human. However, whole-tooth regeneration in large animal remains a challenge.
Here, we investigated the feasibility of cell re-association-based whole-tooth regen-
eration in miniature pigs.

Materials and methods: Single cells from the forth deciduous molar germs (p4) of pig
were reconstituted to bioengineered tooth bud using different treatment for in vitro
culture and in vivo transplantation in mouse subrenal capsules and jawbones.
Results: The bioengineered tooth bud from re-aggregated epithelial to mesenchymal
single cells with and without compartmentalization restored the morphogenesis, in-
teractions or self-sorting between 2 cells in vitro culture. The pig bioengineered
tooth bud transplanted in mouse subrenal capsules and jawbones restored odon-
togenesis and developed into large size tooth.

Conclusions: We characterized the morphogenesis and interaction of single-tooth
germ cells in vitro, and first addressed efficient long-term survival and growth
through transplantation of pig bioengineered tooth bud under mouse subrenal cap-
sules or in mouse jawbones, where it can develop into large size tooth. Our study

extends the feasibility of whole-tooth regeneration in large animal.
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1 | INTRODUCTION

The ultimate goal of whole-tooth regeneration for tooth loss is to
provide living, functional and biocompatible tissue that is more in line
with the human desire for a third dentition that represents an attrac-
tive alternative to classical prosthesis-based therapies.>? Currently,
de novo odontogenesis in humans has been challenging, with many
obstacles, although some regenerative attempts have been made
using cells from human donors.>” The epithelial and mesenchymal
interaction-based whole-tooth regenerative approaches in rodents
and canine model, hold great promise as a strategy for developing
a functional substitute for lost teeth.2® Whether de novo odon-
togenesisis feasible in humans remains elusive. An essential step is
required to move this tooth regeneration strategy from rodents to a
large animal model before these regenerative properties are intro-
duced into humans.

Pigs serve as a promising large animal model for studying
human diseases and contribute to overcome the shortage of
human donor organs.***” The miniature pig has proven to be a
valuable animal model for diphyodont development and regen-
eration owing to its many similarities to human including the
morphology, number and size of teeth, particularly its hetero-
dont dentition (incisors, canines, premolars and molars) and di-
phyodont dentition, which are not available in rodents.’®* The
morphology and chronology of diphyodont dentition in miniature
pigs have been well characterized by our previous studies and
other reports.zo'22 Moreover, recent breakthrough in porcine ge-
nome engineering aiming to overcome immunological challenges
and potential risk of porcine endogenous retrovirus (PERV) trans-
mission make safe clinical xenotransplantation possible.!41%23
However, studying whole-tooth regeneration using miniature pig
as a model remains a significant obstacle. The morphogenesis
and interaction of single cells from pig tooth germ in vitro cul-
ture remain undefined. Some issues also need to be overcome,
such as longer process required for growth and replacement of
swine teeth with larger size and dynamic tracking. There is an
increasing demand to seek alternative approaches to promote
pre-clinical study.

As in vitro organ culture only provides short term growth and
limited functional cytodifferentiation, transplantation of graft
under the renal capsule is used for study of development and dif-
ferentiation of tissue recombinants owing to its high degree of vas-
cularity, suitability for xenografts and convenient examination of
organogenesis. However, whether the subrenal capsule microen-
vironment can bear long-term growth of pig bioengineered tooth
germ remains unknown.

In this study, we traced the morphogenesis, interactions or self-
sorting of cells from pig tooth germs. The pig bioengineered tooth
bud achieved long-term survival and growth, and developed a tooth
through transplantation in mouse subrenal capsules and jawbones.
Our pilot study for whole-tooth regeneration in large animal has the
potential to be clinically applied and will further promote the use of
pig as a diphyodont model similar to humans.

2 | MATERIALS AND METHODS

2.1 | Animals

Ten pregnant miniature pigs were obtained from the Institute of
Animal Science of the Chinese Agriculture University (Beijing,
China). The miniature pig embryos (85) were obtained as reported
previously.20 Briefly, the pregnant miniature pigs were verified by
B-type ultrasonic inspection, and the staged miniature pig embryos
were obtained by caesarean section.

The adult host immunocompromised (SCID) mice (5 week old)
were obtained from the Institute of Laboratory Animal Science,
Chinese Academy of Medical Sciences, and maintained in a spe-
cific pathogen-free animal facility with free access to water and
food.

All experimental animal procedures were reviewed and ap-
proved by the Animal Care and Use Committee of Capital Medical
University. (Permit Number: CMU-2012-x-102), and the methods

were carried out in accordance with the approved guidelines.

2.2 | Isolation of tooth germs from miniature pigs

The forth deciduous molar germs (p4) in mandibles from the same
litter of staged miniature pig embryos (embryonic day [E] E40 or
E70) were isolated and pooled under stereo microscopy with an at-
tached Olympus DP72 digital camera system (Olympus Corporation,
Tokyo, Japan). The morphological stages of the p4 at E40 or E70
corresponded to the cap stage and secretory stage, respectively, and
were verified by serial histological sections as previously described.?®

2.3 | Dissociation of single-tooth germ cells

Single-tooth germ cells from miniature pigs were obtained as pre-
viously reported.’®? Briefly, the epithelium and mesenchyme of
isolated lower deciduous molar germs were incubated in PBS con-
taining Dispase Il (1.2 U/mL, Sigma-Aldrich, St. Louis, MO, USA)
and DNase | (20 U/mL, Takara Bio, Shiga, Japan) for 15 min at room
temperature, then separated under a stereo microscope. The epi-
thelium and mesenchyme were each dissociated into single cells
in PBS (=) supplemented with Collagenase type | (3 mg/mL, Sigma,
Worthington Biochemical Corp., Lakewood, NJ, USA) and Dispase
I (4 mg/mL, Sigma, Roche Diagnostics Corp., Indianapolis, IN, USA)
and filtered through a 70-um cell strainer (BD Biosciences, San
Jose, CA, USA).

2.4 | Reconstitution of single-tooth germ cells and
tissue culture in vitro

Single cells of epithelial and mesenchymal origin were then, re-
spectively, pelleted by centrifugation. To characterize the inter-
action between epithelial and mesenchymal single cells and test
whole-tooth regeneration potential of single-tooth germ cells, the

single-tooth germ cells were processed using three strategies for



WANG ET AL.

(A)

lingual

anterior+

FIGURE 1

Isolation of deciduous molar germs from miniature
pigs at E40. (A), Schematic buccal view of the mandible of miniature
pig at E40. (B), The isolated miniature pig embryos at E40. (C),
Macro view of mandible from miniature pig at E40. Black dotted
line indicated the location of p4, scale bar = 200 pm. (D), Frontal
sections showing p4 at cap stage (H&E), scale bar = 200 pm. (E),
The isolated p4 at cap stage

bioengineered tooth germs. For re-association, single cells of epithe-
lial and mesenchymal origin were pelleted separately by centrifuga-
tion. Bioengineered tooth germs were constructed by the sequential
injection of 0.25 pL mesenchymal and 0.25 pL epithelial single cells
pellets into a 50 pL collagen gel drop (Cellmatrix type I-A, Nitta
gelatin, Osaka, Japan) (1:1 ratio, each pellet including approximately
1 x 10° cells) to form compartment contact between the two pellet
types.’®™ For mesenchymal cells alone, 0.5 pL mesenchymal single
cells pellet (approximately 2 x 10° cells) were injected into a 50 pL
collagen gel drop. For re-aggregation of tooth germ cells, the tooth
germs were directly disassociated into mixed single-tooth germ cells
and were filtered and pelleted, then 0.5 uL cells pellet (approxi-
mately 2 x 10° cells) were injected into a 50 pL collagen gel drop
without compartmentalization.

The above-reconstituted pellets embedded into collagen gel
drops were placed on a cell culture insert (0.4-pm pore size, BD,
Franklin Lakes, NJ, USA) in 12-well cell culture plates. The explants
were cultured for 3-8 days in DMEM medium (GIBCO, Grand Island,
NY, USA) supplemented with 10% FCS (GIBCO), 100 pg/mL ascorbic
acid (Sigma), 2 mM L-glutamine (Sigma).

TR 30f9
Solreion RIS

2.5 | Transplantation of reconstituted explants into
SCID mice

The bioengineered tooth germs cultured in vitro for 3 days were
transplanted into subrenal capsules or maxillary diastema of adult
SCID mice. For subrenal capsule transplantion, a small incision was
made with scissors in the skin and body wall over the kidney after
SCID mice was anaesthetized. Then the kidney was popped out of
the hole in the body wall, an incision was made to create a pocket
between the capsule and the underlying renal parenchyma. The
bioengineered tooth germ was placed into the pocket. The incision
was sutured after return of the kidneys to the peritoneal cavity. For
jawbone transplantation, an incision of 2 mm in length was made
through the oral mucosa of maxillary diastema and a 0.5-1.0 mm
bony hole was made in alveolar bone surface. The bioengineered
tooth germs were then transplanted into the bony hole. The incision
was next sutured. The host mice were killed after 8 or 16 weeks, and
perfusion fixed with 4% neutral paraformaldehyde.

2.6 | Radiographic analysis and three-dimensional
reconstruction

The specimens were examined with cone beam computed tomog-
raphy (CBCT, NewTom 3G tomography, Summer, Italy). The data
analysis and three-dimensional reconstruction were carried out with

Mimics (Materialise, Version 11).

2.7 | Histochemical and
immunohistochemical analysis

For the histology study, specimens were decalcified, dehydrated,
and then embedded in paraffin. Serial sections (5 pm thick) were
stained with haematoxylin-eosin (H&E).

For immunohistochemistry of regenerated tooth, briefly, after
the samples were fixed with 4% PFA, decalcified, dehydrated and
embedded in paraffin, they were cut into 10-pm thick sections.
Serial sections were permeabilized in 0.4% Triton X-100 and blocked
in PBS containing 5% BSA. Sections were incubated with primary an-
tibodies overnight at 4°C, then washed and incubated for 1 hat 37°C
with the respective secondary antibodies followed by haematoxylin
or DAPI nuclear stain. Slices were analysed using a microscope (BX43
Olympus) with an attached Olympus DP72 digital camera system.

3 | RESULTS

3.1 | Isolation of tooth germs from miniature pigs

According to our previous research,?>?* the staged miniature pig
embryos and foetuses at E40 and E70 were obtained by caesarean
section. Based on considerations of cellular acquisition, we choose
the forth deciduous molar germs (p4) in mandibles with large size.

The p4 was at cap stage at E40 (Figure 1A-E) and reached secretory
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FIGURE 2 Bioengineered tooth germs from single-tooth germ cells in vitro culture. (A), Schematic representations of treatment of tooth
germ cells for in vitro organ culture. The epithelium and mesenchyme of tooth germs were dissociated to single cells. The single cells were
pelleted to reconstruct tooth germs with 3 ways and cultured in vitro for 8 d. (B), Ep-Me in vitro culture and histological analysis (H&E
staining, right panels), bioengineered tooth germs from re-associated epithelial and mesenchymal single cells with compartment. (C), TG
cells in vitro culture and histological analysis (H&E staining, right panels), bioengineered tooth germs from mixed tooth germ single cells. (D),
Me in vitro culture and histological analysis (H&E staining, right panels), bioengineered tooth germs from re-aggregated mesenchymal cells
alone. Scale bar = 200 pm

FIGURE 3 Invitro development of
re-aggregated Ep-Me cells from p4 at
secretory stage. (A), The dissociated
epithelium and mesenchyme of p4 (E70,
left), Ep-Me bioengineered tooth germ

in vitro culture at 3rd day (middle) and

8th day (right), Scale bar = 500 pm. (B),
Morphogenesis and interaction between
epithelial cells (red) and mesenchymal cells
(green), Scale bar = 100 um
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FIGURE 4 Invivo development of re-aggregated Ep-Me cells from tooth germs at cap stage in mouse subrenal capsule. (A),
Schematic diagram of the ectopic transplantation of bioengineered tooth germs into a mouse subrenal capsule after culturing

for 3 d in vitro. (B), The re-associated explants with epithelial and mesenchymal cell compartmentalization (E40 Ep-Me) restore

the de novo odontogenesis at 8 wk post-transplantation. Left panel: macro view of regenerated tissues (red dotted line). Right
panels: histological analysis (H&E staining) and immunostaining of the ameloblast-specific marker ameloblastin (AMBN, green).

(C), The re-associated explants with epithelial and mesenchymal cell compartmentalization (E40 Ep-Me) developed into a tooth
after transplantation for 16 wk in the subrenal capsule, Left panel: macro view. Red dotted line indicates the tooth and supporting
tissues. Middle panel: cross view of profile of tooth and supporting tissues at the black dotted cut line in the left panel. Right
panels: histological analysis (H&E stain) corresponding to boxed areas in middle panel. (D), Re-aggregation of mixed tooth epithelial
and mesenchymal cells (TG cells) regenerated tooth crown structures by self-sorting of epithelial and mesenchymal cells at 8 wk
post-transplantation. Left panel: macro view of regenerated tissues (red dotted line). Middle and right panels: histological analysis
(H&E stain). (E), Re-aggregation of mesenchymal cells alone (Me cells) formed bone tissue at 8 wk post-transplantation. ab, alveolar
bone; am, ameloblast; b, bone; d, dentin; dp, dental pulp; e, enamel; od, odontoblast; rt, renal tissue. Scale bars: gross view, 1 mm;
histology, 100 pm
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FIGURE 5

In vivo development of re-aggregated Ep-Me cells from p4 at secretory stage in mouse subrenal capsule. (A), The re-

associated explants with epithelial and mesenchymal cell compartmentalization (E70 Ep-Me) restore the de novo odontogenesis at 8 wk
post-transplantation. Top panel: macro view of regenerated tissues (red dotted line). Bottom panels: histological analysis (H&E staining). (B),
The re-associated explants with epithelial and mesenchymal cell compartmentalization (E70 Ep-Me) developed into tooth-like structures (red
dotted line) after transplantation for 16 wk in the subrenal capsule, viewed by X-rays and H&E staining. b, bone; d, dentin; dp, dental pulp.

Scale bars: gross view, 1 mm; histology, 100 pm

stage at E70 (Figure S1A-C). The morphogenetic stages were veri-
fied by serial histological sections.

3.2 | Reconstructed single-tooth germ cells from
cap stage in vitro culture

To characterize the odontogenesis of dissociated single cells from
tooth germs of miniature pigs at cap stage, we treated single cells
from tooth germs with three methods for in vitro organ culture
(Figure 2A). We isolated the p4 at cap stage from mandibles from
the same litter of staged miniature pig embryos and separated the
epithelium from the mesenchyme. After sequential enzymatic treat-
ment, the epithelial and mesenchymal tissues were dissociated into
single cells.

We tracked the in vitro morphogenesis of re-associated cell pel-
lets with epithelial cell and mesenchymal cell compartment (Ep-Me)
in our organ culture system. Interactions were visible after culture
for 3 days, and apparent morphogenesis arose at the 8th day, imply-
ing the initiation of odontogenesis identified by histological sections,
and polarized epithelial cells were separated from concentrated mes-
enchymal cells by basement membrane (Figure 2B). Re-aggregated
epithelial and mesenchymal single cells mixed from tooth germs
without compartmentalization (TG cells) exhibited a self-sorting
feature; the epithelial cells were able to sort from the mesenchymal
cells and organized into a well-defined dental epithelial structure
enveloping a mesenchymal cell mass (Figure 2C). In contrast, the ag-
gregated mesenchymal cells alone (Me alone) exhibited no obvious
morphogenesis (Figure 2D).

We further characterized the reciprocal interaction between the
epithelial and mesenchymal cells by re-associating epithelial cells

with mesenchymal cells marked with enhanced green fluorescent

protein (eGFP) to identify the morphogenesis of the epithelial com-
partment (Figure S2A,B).

3.3 | Reconstructed single-tooth germ cells from
secretory stage in vitro culture

We also tested the de novo odontogenesis of cells from tooth germ
at the secretory stage (E70). Ep-Me cells pellets from p4 at E70 also
restored morphogenesis like Ep-Me cells pellets from p4 at cap stage
(Figure 3A). The morphogenesis and interaction between epithelial
cells (marked with anti-CK14) and mesenchymal cells (marked with

anti-vimentin) was visible after culture for 8 days (Figure 3B).

3.4 | Growth and survival of bioengineered tooth
germs in subrenal capsules of SCID mice

To investigate the regeneration potential of the constructed tooth
germs described above, the bioengineered explants were trans-
planted into a SCID mouse subrenal capsule after culturing for
3 days in vitro (Figure 4A). The re-associated explants from cells of
tooth germ at cap stage with epithelial and mesenchymal cell com-
partmentalization in subrenal capsule restored the de novo odon-
togenesis, as demonstrated by examination of explants at 8 weeks
after implantation, the differentiated ameloblasts expressed
ameloblastin, and visible Hertwig epithelial root sheaths implied
the initiation of root development (5 in 6 grafts, Figure 4B), and
developed into tooth-like structures with crown nearly completed
in bony tissues after transplantation for 16 weeks (4 in 6 grafts,
Figure 4C). It is noteworthy that no secondary tooth was visible
in all bioengineered tooth germ grafts. All 4 re-aggregation grafts

from mixed epithelial and mesenchymal single cells from tooth
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FIGURE 6 Orthotopic regeneration
of re-associated explants in the maxilla
of SCID mice. (A), Schematic diagram of
experimental design. (B), Macro view and
3D reconstruction of a regenerated tooth
(red dotted line) in murine maxilla at 8 wk
post-transplantation. (C), Coronal, sagittal
and axial views of regenerated tooth with
CBCT. A and P, anterior and posterior;

T and B, top and bottom; R and L, right
and left. (D), Cross view of profile in (B)
and histological sections. (E), Histological
sections of the boxed areas in (D) and
immunostaining of the amnioblast-specific
marker ameloblastin (AMBN, green),

the odontoblast-specific marker dentin
sialophosphoprotein (DSPP, green) and
DAPI (blue), showing the regenerated
tooth-like structure. ¢, cementum; d,
dentin; dp, dental pulp; Od, odontoblast.
Scale bars: 100 pm

germ at cap stage without compartmentalization in our experi-
ment were able to form tooth-like tissues with correctly arranged
tooth components, but without normal tooth appearance at
8 weeks after transplantation (Figure 4D). While, re-aggregation
of mesenchymal cells alone from cells of tooth germ at cap stage
(Me cells) only formed bone tissue at 8 weeks after transplanta-
tion (Figure 4E).

Then, we tested the regeneration potential of bioengineered ex-
plants from cells of tooth germ at secretory stage. The most of re-

associated explants from cells of tooth germ at E70 with epithelial

L
Transplantation in up-jaw of mouse 8w

Axial view
]
v ‘}‘b
I N L]

‘/‘1 -‘|1

and mesenchymal cell compartmentalization also restored the de
novo odontogenesis in subrenal capsule at 8 weeks after implanta-
tion (4/5, Figure 5A) and formed tooth-like tissues at 16 weeks after
implantation (3/5, Figure 5B).

3.5 | Growth of re-associated explants in
jawbone of SCID mouse

A prior study has verified that a bioengineered tooth germ can

develop into a fully functioning tooth in mouse jawbone.'* Next,
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we investigated whether mouse jawbone is also suitable for grow-
ing a re-associated bioengineered tooth germ from miniature pig.
We transplanted the re-associated explants from single-tooth
germ cells at cap stage from miniature pigs into the maxillary dias-
tema in 5 SCID mice (Figure 6A). At 8 weeks post-transplantation,
we found a large bulge in maxillary diastema in 4 mice, which
was illustrated with cone beam computed tomography (CBCT)
(Figure 6B,C). Histological analysis (haematoxylin/eosin) revealed
regenerated tooth tissue with normally arranged structure and
tissue elements, including odontoblasts, dentin, dentinal tubules,
dental pulp, root analogue, cementum, blood vessels and alveolar
bone (Figure 6D,E).

4 | DISCUSSION

The restoration of lost teeth through whole-tooth regeneration in
humans is the ultimate goal.>'%2252? The successes of de novo od-
ontogenesis in mice provide an attractive alternative to the future
manipulation of cell-based whole-tooth regeneration in humans for
the recovery of tooth function.}®'303! Despite some significant
advances, the cell-based recombination approach to clinical whole-
tooth regeneration remains a challenge, including larger tooth size,
longer developmental time and so on.%? It is essential for pre-clinical
study in large animal model similar to human for tooth regeneration.
Compared with mice, Pigs (Sus scrofa) serve as a promising large
animal model for studying human diseases and pre-clinical thera-
pies owing to its comparability with humans in many respects.?”%*
Previous studies have proven that miniature pigs can serve as an at-
tractive alternative to rodents for understanding tooth development
and replacement.®2021:34 Studying tooth regeneration in miniature
pigs can contribute to understanding processes of human tooth de-
velopment that are applicable to regenerative medicine.

The miniature pig’s deciduous molars are similar to humans’; both
are larger and require a longer developmental period than those of
mice. Our previous results showed that approximately 3 months
were required to grow p4 from the cap stage at E40 to eruption
with nearly completed roots at postnatal day 20 (P20).%° It is criti-
cal to develop an environment using alternative method where can
contribute to long-term observation for large size tooth growth.
Currently, ectopic tooth regeneration is predominant. The omentum,
anterior eye chamber, subcutaneous tissues, jawbone and kidney
capsule of rodents have traditionally been used for the long-term
culture of tooth germ grafts.>>*” The subrenal capsule graft is suit-
able for tissue recombinants which permits dynamic examination of
development from morphogenesis to functional differentiation and
overcomes the inaccessible restrictions in pig embryos. Our results
suggested that the subrenal capsules of mice are sufficient to sustain
the growth and survival of bioengineered tooth germs.

Previous study has suggested that a fully functioning tooth can
be achieved by transplantation of a bioengineered tooth germ into
the alveolar bone in an adult mouse.!? Our results also indicate
that the orthotopic transplantation of bioengineered tooth bud

from large animals into the jawbone in SCID mouse is also feasible.
However, we did not obtain functioning tooth at 16 weeks post-
transplantation in jawbone, due to the large size and long growth
stage of regenerated tissue which increase the potential for damage
in the mice.

Previous study in mice suggested that the odontogenesis po-
tential of single cells from tooth germ after cap stage reduced and
develops into teeth at a lower frequency.12 Our results suggested
that cells from pig late-stage tooth germ seemed to still retain better
odontogenesis potential than it in mouse, more work needs to be
done for studying the differences in cell properties from both animal
tooth germs. In 3D cell culture, the pellet from mixed epithelial and
mesenchymal cells can form highly ordered structure by selective
aggregation of cells (homing) or by rearrangement of the relative
positions of cells within the structure (self-sorting), suggesting the
self-sorting and homing ability of two cell types.38-4°

We used deciduous tooth germ cells from the miniature pig for
ectopic and orthotopic whole-tooth regeneration, suggesting the
feasibility of whole-tooth regeneration in a large animal model. Our
pilot study to manipulate swine tooth germ cells in vitro and in vivo
offer an alternative model and a reference for whole-tooth regener-
ation with large size and long growth stage in large animals.
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