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Abstract
Periodontitis is a chronic inflammatory disease that induces the destruction of tooth-supporting tissues, followed
by tooth loss. Although several approaches have been applied to periodontal regeneration, complete periodontal
regeneration has not been accomplished. Tissue engineering using a combination of cells and scaffolds is consid-
ered to be a viable alternative strategy. We have shown that autologous transplantation of periodontal ligament-
derived multipotent mesenchymal stromal cell (PDL-MSC) sheets regenerates periodontal tissue in canine models.
However, the indications for autologous cell transplantation in clinical situations are limited. Therefore, this study
evaluated the safety and efficacy of allogeneic transplantation of PDL-MSC sheets using a canine horizontal peri-
odontal defect model. Canine PDL-MSCs were labeled with enhanced green fluorescent protein (EGFP) and were
cultured on temperature-responsive dishes. Three-layered cell sheets were transplanted around denuded root sur-
faces either autologously or allogeneically. A mixture of b-tricalcium phosphate and collagen gel was placed on the
bone defects. Eight weeks after transplantation, dogs were euthanized and subjected to microcomputed tomog-
raphy and histological analyses. RNA and DNA were extracted from the paraffin sections to verify the presence of
EGFP at the transplantation site. Inflammatory markers from peripheral blood sera were quantified using an
enzyme-linked immunosorbent assay. Periodontal regeneration was observed in both the autologous and the
allogeneic transplantation groups. The allogeneic transplantation group showed particularly significant regener-
ation of newly formed cementum, which is critical for the periodontal regeneration. Serum levels of inflammatory
markers from peripheral blood sera showed little difference between the autologous and allogeneic groups. EGFP
amplicons were detectable in the paraffin sections of the allogeneic group. These results suggest that allogeneic
PDL-MSC sheets promoted periodontal tissue regeneration without side effects. Therefore, allogeneic transplan-
tation of PDL-MSC sheets has a potential to become an alternative strategy for periodontal regeneration.
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Introduction
Periodontitis is a chronic inflammatory disease caused
by oral bacteria that induce the destruction of tooth-
supporting tissues and tooth loss.1 It is also associated
with systemic diseases such as diabetes mellitus and

cardiovascular disease.2,3 Although guided tissue re-
generation (GTR) and enamel matrix derivatives have
been applied,4,5 current regenerative therapies have
had limited success in accomplishing effective peri-
odontal regeneration.6 It is difficult to recover the

1Department of Periodontology, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental University, Tokyo, Japan.
2Institute of Advanced Biomedical Engineering and Science, Tokyo Women’s Medical University, Tokyo, Japan.
3Department of Educational Media Development, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental University, Tokyo, Japan.
4Department of Behavioral Dentistry, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental University, Tokyo, Japan.

*Address correspondence to: Takanori Iwata, DDS, PhD, Institute of Advanced Biomedical Engineering and Science, Tokyo Women’s Medical University, 8-1 Kawada-cho,
Shinjuku-ku, Tokyo 162-8666, Japan, E-mail: iwata.takanori@twmu.ac.jp or Teruo Okano, PhD, Institute of Advanced Biomedical Engineering and Science, Tokyo Women’s
Medical University, 8-1 Kawada-cho, Shinjuku-ku, Tokyo 162-8666, Japan, E-mail: tokano@twmu.ac.jp

ª Yuka Tsumanuma et al. 2016; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative Commons
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly credited.

BioResearch Open Access
Volume 5.1, 2016
DOI: 10.1089/biores.2015.0043

BioResearch
O P E N A C C E S S

22



correct structure and function of periodontal tissue
using existing therapies because of the complex struc-
ture of periodontal tissue.7 Tissue engineering using a
combination of stem cells and scaffold is therefore
expected to achieve complete regeneration.8 Various
types of multipotent mesenchymal stromal cells
(MSC) have already been applied to periodontal regen-
eration in clinical trials. Bone marrow-derived MSCs,9

periodontal ligament-derived MSCs,10 and alveolar peri-
osteal cells11,12 are able to promote periodontal regener-
ation.

In our laboratory, a periodontal ligament-derived
multipotent MSC (PDL-MSC) sheet was investigated
for periodontal regeneration.13 The cell sheet tech-
nique is an attractive tool that utilizes temperature-
responsive culture dishes.14 Intact cells with an
abundant extracellular matrix can be obtained as a
sheet simply by reducing the temperature.15 Our previ-
ous studies have demonstrated that autologous trans-
plantation of PDL-MSC sheets regenerated periodontal
tissue in canine models16,17 and that PDL-MSCs are a
more suitable cell source for periodontal regeneration
than bone marrow-derived MSCs or alveolar periosteal
cells.17

Based on these promising results, a clinical trial
using autologous PDL-MSC sheets has been initiated.8

Briefly, PDL-MSCs were obtained from extracted teeth,
and three-layered PDL-MSC sheets were transplanted
onto the cleaned dental root. According to this proto-
col, tooth extraction is necessary to obtain autologous
PDL-MSCs in each case.18 However, the indications
for autologous PDL-MSC transplantation in clinical
situations are limited, and allogeneic transplantation
is expected to expand. One explanation for these limi-
tations is that autologous transplantation requires ex-
tra teeth that contain healthy periodontal tissue and
do not involve occlusion,8 and few periodontal patients
have such extra teeth. However, the wisdom teeth of
young people without periodontitis are extracted rou-
tinely. Therefore, PDL-MSCs are a readily available
cell source, and a large number of PDL-MSCs can be
expanded from a single tooth,19 which can be cryopre-
served until transplantation.20 PDL-derived stem cells
are considered to be MSCs, and allogeneic transplanta-
tion of MSCs has become a prevailing strategy.21 In
addition, PDL-MSCs are known to have immuno-
suppressive effects.22,23 For these reasons, allogeneic
PDL-MSC transplantation is considered to be an al-
ternative solution to the limitations of autologous
transplantation.

Thus, the purpose of this study was to evaluate
the safety and efficacy of allogeneic transplantation
of PDL-MSC sheets using a canine critical-size supra-
alveolar periodontal defect model (horizontal periodon-
tal defect model), which was established for evaluating
the periodontal regenerative properties of biomateri-
als.24,25 In addition, the fate of transplanted allogeneic
PDL-MSCs was assessed.

Materials and Methods
Animals
Eight healthy beagle dogs (*10 kg, 1- to 2-year-old
males) were used in this study. Dogs exhibited in-
tact teeth with a healthy periodontal tissue. All of
the experimental protocols were approved by the Ani-
mal Welfare Committee of Tokyo Women’s Medical
University.

Cell culture
All procedures in dogs were performed with general
and local anesthesia. Dogs were intramuscularly
injected with 0.1 mg/kg medetomidine (Domitor; Nip-
pon Zenyaku Kogyo, Fukushima, Japan) and 15 mg/kg
ketamine (Ketalal; Daiichi Sankyo Propharma, Tokyo,
Japan) for anesthetic premedication, and then sub-
jected to an intravenous injection of 2.5 mg/kg propofol
(Diprivan; AstraZeneca, Osaka, Japan). An endotra-
cheal tube was inserted, and anesthesia was maintained
with sevoflurane (Sevofrane; Abbott Japan, Tokyo,
Japan). Dental calculus was removed with an ultra-
sonic scaler. Local anesthesia was performed with 2%
lidocaine hydrochloride containing epinephrine at a
concentration of 1:80,000 (Xylocaine Cartridge for
Dental Use; Dentsply-Sankin, Tokyo, Japan). Four
weeks before transplantation, the first and second man-
dibular premolars and the maxillary first, second, and
third premolars were extracted.

Primary culture was performed as described previ-
ously.17 One day after seeding, floating cells were re-
moved, and the medium was replaced with complete
fresh medium. Passages were performed every 4–
5 days.

Flow cytometry
One million cells from passage 4 were suspended in
500 lL of Dulbecco’s phosphate-buffered saline (D-
PBS; Invitrogen, Carlsbad, CA) incubated with each
specific antibody. To evaluate surface markers, fluores-
cein isothiocyanate (FITC)—or phycoerythrin (PE)-
coupled antibodies against CD29 (Acris Antibodies,
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San Diego, CA), CD34 (R&D Systems, Minneapolis,
MN), CD45, and CD90 (eBioscience, San Diego, CA)
were used. As isotype controls, FITC-coupled nonspe-
cific mouse IgG (R&D Systems), rat IgG (eBioscience),
and PE-coupled nonspecific rat IgG2b kappa (eBio-
science) were substituted for primary antibodies.
After incubation for 30 min at 4�C in the dark, cells
were washed with D-PBS and then resuspended in
500 lL of D-PBS. Cell fluorescence was determined
using a flow cytometer (Gallios; Beckman Coulter,
Brea, CA).

Differentiation assay
One hundred cells at passage 3 were plated in 60-cm2

dishes and cultured in complete medium for 10 days,
as described previously.19 For osteogenesis studies,
the medium was switched to osteogenic differentiation
medium consisting of complete medium supplemented
with 82 lg/mL L-ascorbic acid phosphate, magnesium
salt n-hydrate (AA; Wako, Tokyo, Japan), 10 mmol/L
b-glycerophosphate (b-GP) (Sigma-Aldrich, St. Louis,
MO), and 100 nmol/L dexamethasone (DEX) (DEX-
ART; Fuji Pharma, Toyama, Japan) for an additional
10 days. Next, dishes were stained with 1% Alizarin
Red S solution. For adipogenesis studies, the medium
was switched to adipogenic differentiation medium,
which consisted of complete medium supplemented
with 100 nmol/L DEX, 0.5 mmol/L isobutyl-1-methyl
xanthine (Sigma-Aldrich), and 50 mmol/L indometha-
cin (Wako), for an additional 21 days. Adipogenic cul-
tures were stained with fresh Oil Red O solution.

Enhanced green fluorescent protein labeling
The open reading frame of enhanced green fluores-
cent protein (EGFP) was generated from pEGFP-C1
(Clontech, Palo Alto, CA) by polymerase chain reac-
tion (PCR) using the following primers: 5¢-CACCAT
GGTGAGCAAGGGCGA, sense; 5¢-TCTAGATCCG
GTGGATCCCG, antisense. The resulting PCR prod-
ucts were subcloned into pENTR/D-TOPO (Invitro-
gen). The clone generated in the entry vector was
sequenced to confirm its proper orientation and sequence
and was later subcloned into the Gateway pLenti6.3/
V5-DEST expression vector (Invitrogen) using the LR
Clonase II enzyme reaction in accordance with the
manufacturer’s instructions. Following the production
of virus in 293FT cells with ViraPower packaging mix
(Invitrogen), the PDL-MSCs (passage 2) from individual
dogs were transduced with pLenti6.3/EGFP-V5 (multi-
plicity of infection [MOI]: 0.1). EGFP-positive cells

were sorted by fluorescence-activated cell scanning
(FACS) using the MoFlo XDP cell sorter (Beckman
Coulter). Selected cells were used for the following as-
says and transplantation.

Colony-forming assay
One hundred cells at passage 3 were plated in a 60-cm2

dish, cultured in complete medium for 14 days, and
stained with 2% crystal violet in methanol (Kanto
Chemical, Tokyo, Japan) for 5 min, as described previ-
ously.26 Cells were washed twice with distilled water,
and the number of colonies was counted. Colonies
<2 mm in diameter or with faint staining were ignored.

Alkaline phosphatase activity
Cells at passage 5 were plated in a 96-well plate at a
density of 1 · 104 cells/0.32-cm2 and cultured in com-
plete medium for 48 h. Next, the medium was switched
to complete medium with or without osteoinductive
supplements, 82 lg/mL AA, 10 mmol/L b-GP, and
10 nmol/L DEX. After 5 additional days, cells were
washed twice with sterile saline, and alkaline phospha-
tase (ALP) activity was evaluated by the LabAssay
ALP� kit (Wako). Absorbance at 405 nm was read
with a plate reader (Molecular Devices, Sunnyvale,
CA) using SoftMax Pro software.

Preparation of cell sheets
Cell sheets were prepared as described previously.
Briefly, canine PDL-MSCs at passage 5 were seeded
in temperature-responsive culture dishes (35 mm in di-
ameter) (UpCell; CellSeed, Inc., Tokyo, Japan) at a cell
density of 4 · 104 cells/9 cm2 and cultured in complete
medium with osteoinductive supplements, 82 lg/mL
AA, 10 mmol/L b-GP, and 10 nmol/l DEX, for 8–
10 days. To harvest the cell sheet, culture temperature
was reduced to room temperature before the medium
was aspirated and washed with sterile saline, and a poly-
glycolic acid (PGA) sheet (Neoveil�, Felt-Sheet Type,
0.15 mm thickness; Gunze, Osaka, Japan) was placed
on the surface of the cell sheet in the culture dish as a
reinforcement carrier. Cell sheets attached to PGA sheets
were harvested by peeling them from the dishes with for-
ceps, and were then placed on the other cell sheet in the
culture dishes. This procedure was repeated two more
times until three-layered cell sheets were fabricated.

Quality evaluation of the cell sheets
PDL-MSC sheets from each dog were evaluated before
transplantation. PDL-MSC sheets were treated with
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collagenase for 15 min and trypsin-EDTA for 5 min in
accordance with a previously reported method.27 To
evaluate the number of cells and cell survival rate of
each cell sheet, cell suspensions were prepared from in-
dividual cell sheets. The EGFP-positive ratio in the
PDL-MSC suspension was also measured by FACS
analysis.

Transplantation
All surgical procedures were performed under general
and local anesthesia, as in the case of tooth extraction.
Four weeks after tooth extraction, bilateral critical-size
supra-alveolar defects were created surgically on the
mandibular third and fourth premolars in each animal
as reported previously.28 Four dogs (Dog No. 1–4) were
assigned to the autologous PDL-MSC sheet transplan-
tation group (autologous group) and the control
group. One-sided defects of the other four dogs (Dog
No. 5–8) were assigned to the allogeneic PDL-MSC
sheet transplantation group (allogeneic group). The
remaining defects were used for another study. Buccal
and lingual full-thickness flaps were raised following
sulcular incisions from the canine tooth to the second
molar. The crowns of the teeth were cut to *2 mm
coronal to the cementum–enamel junction (CEJ), and
the cut surfaces were smoothed. Exposed dental pulp
tissues were capped with a temporary filling material
(Cavit-G�; 3M ESPE, St. Paul, MN). The maxillary
fourth premolars were also reduced in height, and the
exposed dental pulp tissues were capped with the ma-
terial (Cavit-G) to exclude the potential trauma of the
occlusion. The mandibular first molars were reduced
to the level of the alveolar crest. Alveolar bone was
removed around the mandibular third and fourth
premolar teeth using bone chisels and dental water-
cooled rotating burs. The critical defect height from
the CEJ to the reduced alveolar crest was set at 6 mm
(Fig. 3A). The root cementum was removed with peri-
odontal curettes, bone chisels, and dental water-cooled
rotating burs.

Exposed root surface was treated for 2 min with
EDTA (PrefGel�; Straumann, Basel, Switzerland).
After washing with saline, three-layered PDL-MSC
sheets supported by a PGA sheet were trimmed to
the size of the root defect and applied to the exposed
root surfaces in the experimental group, while only
PGA carriers were applied in the control group
(Fig. 3B, G). Constructs of porous b-tricalcium phos-
phate (b-TCP, Osferion�, G1; Olympus Terumo Bio-
materials, Tokyo, Japan) mixed with 3% type I

collagen (b-TCP/collagen at a 1:1 ratio by weight;
Koken, Tokyo, Japan) were placed to cover the roots
as a substitute for the removed alveolar bone (Fig. 3C,
H). The b-TCP/collagen component was covered with
an absorbable GTR membrane (Biomend�; Zimmer
Dental, Carlsbad, CA), which was wrapped over the
component. The membrane was fixed to the reduced al-
veolar bone with bone tacks (ACE trueTACK�; ACE
Surgical Supply, Brockton, MA) (Fig. 3D, H). Releasing
incisions were performed to generate a tension-free
flap. Gingival flaps were advanced to allow flap mar-
gins that were adjusted to be *3 mm coronal to the
collagen membranes and sutured (Fig. 3E). As post-
surgical management, rectal administration of 50 mg
diclofenac sodium (Novaltis, Tokyo, Japan) was per-
formed for postsurgery pain control and fed a soft
diet for 8 weeks and were administered antibiotics
perorally (azithromycin; Pfizer, Tokyo, Japan) at a dose
of 250 mg per day for 3 days and topically with 5%
(W/V) chlorhexidine gluconate solution (Hibitane�;
Dainippon Sumitomo Pharma, Osaka, Japan) twice
weekly for 8 weeks. Sutures were removed at 2 weeks
after surgery.

Enzyme-linked immunosorbent assay
The peripheral blood samples were collected from
eight dogs at three specific time points: before trans-
plantation (0 weeks); at suture removal (2 weeks); and
at euthanasia (8 weeks). Blood was allowed to clot for
2 h at room temperature before centrifugation twice
for 10 min at 1580 g. Sera were stored at �80�C until
assayed. Serum C-reactive protein (CRP), serum
interleukin-10 (IL-10), serum interferon-c (IFN-c),
and serum cluster of differentiation 30 (CD30) were de-
termined using commercially available canine-specific
enzyme-linked immunosorbent assay (ELISA) kits:
CRP canine high-sensitivity ELISA Kit (Helica Biosys-
tems, Santa Ana, CA); Quantikine canine IL-10; ca-
nine IFN-c (R&D Systems); and canine CD30 ELISA
Kit (Novateinbiosciences, Cambridge, MA) (n = 7 or
8 dogs). All sera samples were analyzed in duplicate
in accordance with the manufacturer’s instructions.

Microcomputed tomography analysis and
histological evaluation of periodontal regeneration
At 8 weeks after transplantation, all animals were, per-
formed with general anesthesia, euthanized with intra-
venous potassium chloride solution (Terumo, Tokyo,
Japan). Surgical sites were dissected and then fixed
with 4% paraformaldehyde (Muto Pure Chemicals,
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Tokyo, Japan). Specimens were analyzed using a
microcomputed tomography (lCT) system (SkyScan
1076; Skyscan, Kontich, Belgium). After removal of
bone tacks, specimens were decalcified in Morse’s solu-
tion29,30 for 4 months and embedded in paraffin. Sec-
tions (6 lm) were cut in a buccal–lingual plane,
stained with Azan, and observed with a microscope
(Eclipse E800; Nikon, Tokyo, Japan). Sections contain-
ing a central portion in the mesial–distal direction were
selected and identified by lCT images. Histometric an-

alyses were performed using Photoshop CS6 software
(Adobe, San Jose, CA). Mean values of each histometric
parameter were calculated for the buccal and the lingual
sides. The following parameters were measured by two
examiners who were blinded to the experimental condi-
tions: (1) newly formed cementum ratio (%), which is
the distance between the bottom of the defect and the
coronal extension of a continuous layer of newly formed
cementum or cementum-like deposit on the planed root
by defect height; (2) periodontal score (PDL score),

FIG. 1. Dog PDL-MSCs possess multipotency. (A) The photograph on the left shows the results of the
osteogenic differentiation assay using dog PDL-MSCs. PDL-MSCs were positively stained with Alizarin Red
S. The photograph on the right shows the results of the adipogenic differentiation assay using dog PDL-
MSCs. PDL-MSCs were positively stained with Oil Red O. Scale bars in the left and right photographs are 200
and 100 lm, respectively. (B) Surface molecule analysis by flow cytometry. PDL-MSCs were positive for CD29
and CD90 and negative for CD34 and CD45. PDL-MSC, periodontal ligament-derived multipotent
mesenchymal stromal cell.
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which was obtained by grading the periodontal ligament
with the reported scoring system outlined by Wikesjo
et al.31; (3) bone regeneration ratio (%), which is the dis-
tance between the bottom of the bone defect and the
coronal extension of newly formed alveolar bone by de-
fect height; and (4) ankylosis, which is the combined lin-
ear heights of the ankylotic union between the
regenerated alveolar bone and the planed root (Fig. 2I).

Isolation of RNA and DNA, and PCR
Paraffin-embedded sections of the allogeneic trans-
plantation group and normal canine periodontal tissue
(negative control) were used to isolate RNA and DNA.
Total RNA was isolated using the PureLink� FFPE
Total RNA Isolation Kit (Invitrogen), and cDNA was
generated from total RNA (250 ng) using the Super-
Script� VILO� cDNA Synthesis Kit (Invitrogen).
DNA extraction was performed with the QIAamp
DNA FFPE Tissue Kit (Qiagen, Valencia, CA). PCR
with Platinum PCR SuperMix (Invitrogen) was per-
formed as follows: 30 sec denaturation at 94�C, followed
by 45 cycles or 35 cycles (DNA) of denaturation at 94�C
for 15 sec, primer annealing at 55�C for 15 sec, and elon-
gation at 72�C for 1 min. The final elongation was con-
ducted at 72�C for 1 min. PCR primers were designed
based on the mRNA sequences available in the GenBank
database. Primer pairs were as follows: EGFP (178 bp,
sense: 5¢-CGACAACCACTACCTGAGCA, antisense:
5¢-GGTACCGTCGACTGCAGAAT). PCR products were
purified by gel electrophoresis with E-Gel SizeSelect
2% agarose gels (Invitrogen). To verify the sequences
of amplicons, direct sequencing was performed with
two primers (5¢-ACATGGTCCTGCTGGAGTTC, 5¢-
GGTACCGTCGACTGCAGAAT).

Statistical analyses
All of the numerical results are expressed as mean –
standard deviation. Histometric analyses were per-
formed by one-way repeated analysis of variance fol-
lowed by Fisher’s protected least significant difference
post hoc test. Numerical data from ELISA analyses
were analyzed using Student’s t-test. A p-value <0.05
was considered to be statistically significant.

Results
Preparation and characterization of PDL-MSCs
PDL-MSCs were collected from each dog and were suc-
cessfully expanded ex vivo. PDL-MSCs showed osteo-
genic and adipogenic differentiation potential (Fig. 1A),
were positive for the MSC markers, CD29 and CD90,

and were negative for the hematopoietic stem cell
markers, CD34 and CD45 (Fig. 1B).

To investigate the fate of transplanted PDL-MSCs,
PDL-MSCs were labeled with EGFP by lentiviral trans-
duction. Because high MOI reduced cell proliferation,
the MOI was set at 0.1; thus, only EGFP-positive cells
were sorted using a cell sorter (Fig. 2A, B). ALP activ-
ities and colony numbers of PDL-MSCs varied among
the dogs. Among the four dogs, the highest PDL-MSC
values were observed in Dog 2 (Fig. 2C, D).

Preparation of PDL-MSC sheets
PDL-MSC sheets were harvested from each cell. The
EGFP-positive ratio for PDL-MSCs in the cell sheet
was >93.7% in all canine PDL-MSCs (Fig. 2E).

The cell survival rate of PDL-MSCs in the cell sheet
was also highest in Dog 2 (Table 1), which indicates
that the PDL-MSCs of Dog 2 were the most suitable
cell source for allogeneic transplantation.

Allogeneic PDL-MSC sheet transplantation
to regenerate periodontal tissue in a canine
horizontal defect model
After transplantation of PDL-MSC sheets, healing was
found to progress uneventfully without an intense in-
flammatory reaction during an 8-week observation
period. No visible infection, suppuration, or adverse re-
actions were observed for 8 weeks after surgery in
either the autologous or allogeneic transplantation
group (Fig. 3F). Dog 1 showed root exposure only in
the control group.

Alveolar bone regeneration was observed in all
groups (Fig. 4A–F).

In the allogeneic group, dense collagen fibers were
observed in the middle portion of the defect, which at-
tached perpendicularly to the cementum-like tissue
layer (Fig. 4H). In the autologous and control groups,
collagen fibers were oriented obliquely or parallel to
the root surface (Fig. 4G, I).

The results of histometric analyses are shown in Fig-
ure 4. There were no significant differences between the
autologous and allogeneic groups in the histometric
analyses. No significant differences were observed
with respect to the height of bone regeneration on
CT and histometric analyses (Fig. 5A, B). The newly
formed cementum regeneration ratio in the allogeneic
group was significantly higher than that in the control
group ( p < 0.05) (Fig. 5C). PDL score and ankylosis
showed no significant differences among the groups
(Fig. 5D, E).
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FIG. 2. Preparation of dog PDL-MSC sheet with EGFP expression. (A) PDL-MSCs were labeled with EGFP by
lentiviral transduction (the multiplicity of infection [MOI]: 0.1). Graphs show the results of FACS analyses of EGFP-
positive PDL-MSCs from each dog. Only gated cells were sorted, and then used for the following assays and
transplantation. (B) The photograph on the upper left shows PDL-MSCs that were labeled with EGFP by lentiviral
transduction, and the photograph on the upper right shows the fluorescence of the same cells shown on the left.
Scale bars in both photographs are 200 lm. The photograph on the lower left shows a PDL-MSC sheet that was
labeled with EGFP by lentiviral transduction, and the photograph on the lower right shows the fluorescence of
the same cell sheet shown on the left. Scale bars in both photographs are 400 lm. (C) ALP activity. (D) Colony-
forming ability. PDL-MSCs obtained from Dog No. 2 had the highest ALP activity and colony-forming ability
among the four dogs. (E) The graphs show the results of FACS analyses of PDL-MSC sheets prepared from PDL-
MSCs from each dog. EGFP-positive rates of PDL-MSC sheets were >93.7% in dog PDL-MSCs. ALP, alkaline
phosphatase; EGFP, enhanced green fluorescent protein; FACS, fluorescence-activated cell scanning.
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FIG. 3. Allogeneic transplantation of PDL-MSC sheets in a canine horizontal defect model. The photographs
(A–E) show the surgical procedures used for dogs. (A) Critical defect model. Alveolar bone was removed
around the mandibular third and fourth premolars (P3 and P4). The defect height from the CEJ to the reduced
alveolar crest was set at 6 mm. (B) PDL-MSC sheets were applied to the exposed root surfaces. (C) Constructs of
b-TCP mixed with type I collagen were placed to cover the roots. (D) Absorbable guided tissue regeneration
(GTR) membrane was wrapped over b-TCP. The membrane was fixed to the reduced alveolar bone with bone
tacks. (E) The gingival flap was pulled to allow the flap margin to be *3 mm coronal to the collagen
membranes and then sutured. (F) At 8 weeks after transplantation, no visible infection, suppuration, or adverse
reactions were observed. (G) Schematic illustration of three-layered cell sheets and polyglycolic acid (PGA)
sheet. (H) Schematic illustration of transplanted site. (I) The illustration shows the histometric parameters. B-
TCP, b-tricalcium phosphate; CEJ, cementum–enamel junction; DH, defect height; JE, junctional epithelium; NC,
newly formed cementum; NB, newly formed bone; AC, alveolar crest (bottom of bone defect).
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Immunological reaction caused by autologous
and allogeneic transplantation of PDL-MSC sheets
To confirm the potential immunological reactions due
to transplantation of allogeneic PDL-MSC sheets, the
presence of inflammatory signs was evaluated by ELISA.
There were no significant differences in the concentra-
tions of serum CRP, IFN-c, IL-10, or CD30 between the
allogeneic and autologous groups ( p > 0.05) at each
time point (Fig. 6A–D).

Allogeneic transplanted PDL-MSCs
remained in regenerated tissue
To investigate the fate of allogeneic transplanted PDL-
MSCs, EGFP amplicons in the regenerated periodontal
tissue were analyzed. PCR revealed that the mRNA and
genomic DNA of EGFP resided in the tissue of the al-
logeneic group (Fig. 7A, B). Sequences of the PCR
products were homologous with those of EGFP (data
not shown).

Discussion
Some reports have demonstrated that allogeneic trans-
plantation of PDL-MSCs is useful for periodontal re-
generation in a miniature pig model.23,32 However,
these studies used two-wall defects, and the properties
of the allogeneic cell sources were not confirmed.
Therefore, in the present study, a critical periodontal
defect model was used and the properties of allogeneic
transplanted PDL-MSCs were examined. First, we con-
firmed that the harvested cells were MSCs outlined by
the Mesenchymal and Tissue Stem Cell Committee of
the International Society for Cellular Therapy.33

We transplanted autologous and allogeneic PDL-
MSC sheets into each dog. On CT and histological an-
alyses, all groups showed high bone regeneration ratios.

This observation might be explained by the combined
use of b-TCP/collagen and is consistent with a previous
study.17

The allogeneic group exhibited higher cementum
regeneration than the control group. Cementum regener-
ation is a vital step in periodontal regeneration.34,35 Pre-
vious research has shown that transplantation of PDL
cell sheets accelerates cementum regeneration.17,36,37

Other parameters in the allogeneic and autologous
groups also tended to be superior to those of the con-
trol group, as reported previously.16,17 However, no
significant differences were detected. One explanation
for this result may be the reduction in cell viability due
to lentiviral transduction. Some reports have shown
that lentiviral transduction causes a decrease in cell vi-
ability and cell proliferation.38,39 We also confirmed
that the cell viability of EGFP-labeled cell sheets was
lower compared with the control that was not trans-
duced with lentiviral vector (Table 1).

A second explanation is the difference in the defect
size when compared with previous studies. A critical
defect is too large to provide adequate nutrients and
blood supply, and it is therefore possible that the
cells, particularly in the coronal region, would not sur-
vive under such conditions.

Some results also indicated that the allogeneic group
tended to be superior to the autologous group, which
might be due to the properties of the cell sheet. In
this case, PDL-MSCs expressing a large number of
colony-forming assays and elevated ALP activity were
selected for allogeneic transplantation. Supplying cells
with a uniform quality is considered to be an important
factor in the success of allogeneic transplantation.40,41

Therefore, selecting cells with high quality for trans-
plantation might provide effective results in the alloge-
neic group. Recently, the criteria for the human bone
marrow MSCs have been reported.42 The research
showed that the potency assay using the criteria is
needed for the success of the regenerative medicine.
Therefore, further research is needed to define the cri-
teria of the PDL-MSCs.

After transplantation, none of the dogs showed ad-
verse effects on a macroscopic level. Immunological re-
actions were investigated by ELISA. Peripheral blood
serum levels of CRP, CD30, IL-10, and IFN-c were ex-
amined, and there were no significant differences be-
tween the allogeneic and autologous groups. These
results indicate that allogeneic transplanted cells did
not cause immune rejection. No immunosuppressive
treatment was performed in this study. Therefore, the

Table 1. Cell Viability in Periodontal Ligament-Derived
Multipotent Mesenchymal Stromal Cell Sheets Among Dogs

Dog
No.

EGFP-labeled cell sheet Control cell sheet

No. of
cells/sheet 105

Survival
rate (%)

No. of
cells/sheet 105

Survival
rate (%)

1 3.8 81 5.6 89
2 5.0 88 9.5 93
3 4.2 84 5.3 90
4 1.2 73 2.5 86

EGFP-labeled cell sheet refers to a PDL-MSC sheet with EGFP expres-
sion by lentiviral transduction. Control cell sheet was generated with
PDL-MSCs that were not transduced with lentiviral vector. The highest
cell survival rate for PDL-MSCs was observed in both cell sheets of Dog 2.

EGFP, enhanced green fluorescent protein; PDL-MSC, periodontal
ligament-derived multipotent mesenchymal stromal cell.

Tsumanuma, et al.; BioResearch Open Access 2016, 5.1
http://online.liebertpub.com/doi/10.1089/biores.2015.0043

30



FIG. 4. Images of lCT and histological specimens. The lCT images (A–C) show alveolar bone regeneration in
the control, autologous, and allogeneic groups, respectively. Azan-stained tissue photographs in the middle
(D–F) show alveolar bone regeneration in the control, autologous, and allogeneic groups, respectively. Black
rectangles in photographs (D–F) are expanded in photographs (G–I), respectively. (G, H) In the control and
autologous groups, collagen fibers were aligned parallel or oblique to the denuded root surface. (I) In the
allogeneic group, dense collagen fibers, which were attached perpendicularly to the cementum-like tissue
layer, were observed. Scale bars in (D–I) are 1 mm and 100 lm, respectively. Yellow arrows in the photographs
in the upper and middle rows show the CEJ. Pink and black arrows show the bottom of the bone defect. Bu and
Li in the upper and middle rows indicate the buccal and lingual side, respectively. Ab, PDL, and De in the
photographs in the lower row indicate alveolar bone, periodontal ligament, and dentin, respectively. White
arrows in the photographs in the lower row indicate newly formed cementum. lCT, microcomputed
tomography.
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lack of any immunoreaction might be due to the im-
munosuppressive effects of PDL-MSCs. The immuno-
modulatory properties of MSCs have been reported,43–45

while PDL-MSCs have also been reported to have im-
munosuppressive activity in vitro.22,23,32 The immuno-
suppressive function of PDL-MSCs may have affected
the present results similarly to previously reports.22,32

In addition, it was recently reported that MSCs have
inflammatory-modulating effects.46 This may also have
contributed to the low elevation of inflammatory mark-
ers. Another reason for the lack of immunoreaction
may be the use of a closed beagle dog colony. However,
there have been some reports that the major histocom-
patibility complex (MHC) diversity of dogs is not

FIG. 5. Numerical analyses of data obtained from the images of lCT and histological specimens of
regenerated tissues. Graphs (A, B) show the bone regeneration ratios in lCT and histological analyses,
respectively. There were no significant differences among the groups. Graph (C) shows the newly formed
cementum regeneration ratio. Data values obtained for the allogeneic group were significantly higher than
those of the control group. Graphs (D, E) show PDL score and ankylosis, respectively. There were no marked
differences among the groups. Closed circles and thick black bars indicate actual values and averaged values,
respectively. Asterisks (*) indicate p < 0.05.
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necessarily related to immune competence47 or the re-
sults of allogeneic transplantation.48,49 Further investi-
gation is necessary to reveal the involvement of dog
MHC diversity.

In the present study, we also investigated the fate of
transplanted PDL-MSCs by lentiviral transduction of
the EGFP gene. Previous studies have reported that
transplanted PDL-MSCs differentiate into periodontal
tissue in a porcine model23 or rat model.50 However,
other studies have shown that transplanted cells are
lost over the short term, and paracrine effects are im-
portant in MSC transplantation.51 Nevertheless, no
studies have investigated the fate of allogeneic PDL-
MSCs in a dog horizontal model. Although we were
unable to detect EGFP protein by immunohistochem-
istry, long-term decalcification by strong acid may

have caused the disappearance of EGFP expression at
the protein level because several articles indicate that
the decalcification by strong acid reduces the protein
or immunoreactivity of tissue sections.52,53 However,
decalcification and embedding paraffin of tissue are
necessary to observe the clear soft and hard tissue sur-
rounding teeth.54

EGFP amplicons were found in RNA or DNA sam-
ples, which were extracted from the histological sam-
ples of the allogeneic group. In Figure 7A, under
negative control, there is a faint band that may be
caused by the contamination of something during the
making of cDNA from distilled water or nonpurified
primer. In addition, PCR products were sequenced,
and the results were homologous to the sequence of
EGFP. These results indicate that the transplanted

FIG. 6. Evaluation of immunological reaction in response to allogeneic and autologous transplantation of
periodontal ligament cell sheets by enzyme-linked immunosorbent assay. (A) Concentrations of serum C-
reactive protein (mg/dL). (B) Concentrations of serum cluster of differentiation 30 (pg/mL). (C) Concentrations
of serum interferon-c (pg/mL). (D) Concentrations of serum interleukin-10 (pg/mL). (A–D) There were no
significant differences in the concentrations of these inflammatory markers between the allogeneic and
autologous groups at any time point. Open and closed circles indicate actual values for the allogeneic and
autologous groups, respectively. Open and closed bars indicate averaged values for the allogeneic and
autologous groups, respectively.
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allogeneic PDL-MSCs remained alive or at least
exhibited transcription at 8 weeks after cell transplan-
tation.

Conclusion
Allogeneic transplantation of PDL-MSC sheets is safe
and effective for periodontal regeneration in a canine
critical-size supra-alveolar periodontal defect model
(horizontal periodontal defect model). Allogeneic
PDL-MSCs are considered to be effective for direct
periodontal regeneration.
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Abbreviations Used
AA ¼ L-ascorbic acid phosphate, magnesium

salt n-hydrate
ALP ¼ alkaline phosphatase

CD30 ¼ cluster of differentiation 30
CEJ ¼ cementum–enamel junction

CRP ¼ C-reactive protein
DEX ¼ dexamethasone

D-PBS ¼ Dulbecco’s phosphate-buffered saline
EGFP ¼ enhanced green fluorescent protein
ELISA ¼ enzyme-linked immunosorbent assay
FACS ¼ fluorescence-activated cell scanning
FITC ¼ fluorescein isothiocyanate
b-GP ¼ b-glycerophosphate
GTR ¼ guided tissue regeneration

IFN-c ¼ interferon-c
IL-10 ¼ interleukin-10
lCT ¼ microcomputed tomography

MHC ¼ major histocompatibility complex
MOI ¼ multiplicity of infection
MSC ¼ mesenchymal stromal cell
PCR ¼ polymerase chain reaction

PDL-MSC ¼ periodontal ligament-derived multipotent
mesenchymal stromal cell

PE ¼ phycoerythrin
PGA ¼ polyglycolic acid

b-TCP ¼ b-tricalcium phosphate
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