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ABSTRACT

In our previous study, dental follicle tissues from extracted wisdom teeth were successfully cryopre-
served for use as a source of stem cells. The goals of the present study were to investigate the im-
munomodulatory properties of stem cells from fresh and cryopreserved dental follicles (fDFCs and cDFCs,
respectively) and to analyze in vivo osteogenesis after transplantation of these DFCs into experimental
animals. Third passage fDFCs and cDFCs showed similar expression levels of interferon-y receptor
(CD119) and major histocompatibility complex class I and II (MHC I and MHC II, respectively), with high
levels of CD119 and MHC I and nearly no expression of MHC II. Both fresh and cryopreserved human DFCs
(hDFCs) were in vivo transplanted along with a demineralized bone matrix scaffold into mandibular
defects in miniature pigs and subcutaneous tissues of mice. Radiological and histological evaluations of
in vivo osteogenesis in hDFC-transplanted sites revealed significantly enhanced new bone formation
activities compared with those in scaffold-only implanted control sites. Interestingly, at 8 weeks post-
hDFC transplantation, the newly generated bones were overgrown compared to the original size of the
mandibular defects, and strong expression of osteocalcin and vascular endothelial growth factor were
detected in the hDFCs-transplanted tissues of both animals. Immunohistochemical analysis of CD3, CD4,
and CDS8 in the ectopic bone formation sites of mice showed significantly decreased CD4 expression in
DFCs-implanted tissues compared with those in control sites. These findings indicate that hDFCs possess
immunomodulatory properties that involved inhibition of the adaptive immune response mediated by
CD4 and MHC I, which highlights the usefulness of hDFCs in tissue engineering. In particular, long-term
preserved dental follicles could serve as an excellent autologous or allogenic stem cell source for bone
tissue regeneration as well as a valuable therapeutic agent for immune diseases.

© 2015 International Society of Differentiation. Published by Elsevier B.V. All rights reserved.

1. Introduction

enhancement of bone formation, MSCs possess several advantages
for tissue engineering. They can be easily isolated from numerous

Recently, mesenchymal stem cells (MSCs)-based bone tissue
engineering techniques have been developed as substitutes for
traditional bone grafts in standard procedures for the re-
construction of bone defects. In addition to their effect on the
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adult tissues, and thus autologous stem cells can be used without
any ethical concerns. Another major advantage of MSCs is their
immunomodulatory effects. The immune reactions of MSCs de-
rived from various tissues have been widely studied, and it has
been shown that MSCs can regulate T and B lymphocytes, den-
dritic cells, and natural killer cells (Duffy et al., 2011; Rahimzadeh
et al., 2014). This immunomodulatory activity of MSCs allows their
use as allogenic transplantation materials and as therapeutic
agents for various autoimmune disorders, such as graft-versus-
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host disease and systemic lupus (Sui et al., 2013; Zhao et al., 2015).
Most studies characterizing the immune response of MSCs have
been predominantly focused on bone marrow- or umbilical cord-
derived MSCs (BMSCs or UCMSCs) (Chao et al., 2014; Rahimzadeh
et al.,, 2014; Zhuang et al., 2015). However, several recent studies
have shown that human MSCs can also be successfully isolated
from other adult tissues (Le Blanc and Ringdén, 2006; Park et al.,
2014).

Although bone marrow is the most frequently used source of
MSCs for tissue engineering studies, dental tissues from extracted
wisdom teeth, including dental follicle, pulp, and root apical pa-
pilla, were recently shown to be excellent and powerful sources of
MSCs for bone regeneration (Park et al., 2012, 2014; Seo et al,,
2008; Yamada et al., 2011; Takahashi et al., 2015). Moreover, in our
previous report, we showed that the dental follicle tissues of ex-
tracted wisdom teeth could be successfully cryopreserved for fu-
ture use as an autologous stem cell source (Park et al., 2014). We
isolated MSC-characterized human dental follicle stem cells
(hDFCs) from long-term cryopreserved dental follicle tissues and
showed that these cells have similar cell growing morphology and
characteristics compared to those derived from fresh dental folli-
cles. In addition, stem cells from cryopreserved human dental
follicles (cDFCs) showed the potential to differentiate into me-
senchymal lineage cells (osteocytes, adipocytes, and chondrocytes)
in vitro, similar to MSCs from fresh human dental follicles (fDFCs).
However, stability and immunomodulatory activity of cDFCs after
in vivo transplantation have not yet been investigated.

Therefore, the present study aimed to investigate the im-
munomodulatory properties of hDFCs from cryopreserved and
fresh dental follicles, and to analyze the in vivo osteogenic po-
tential of hDFCs after transplantation into experimental animals.
In addition, the immunohistochemical (IHC) expression of T cell-
related markers (CD3, CD4, and CD8) was analyzed in DFCs-
transplanted tissues.

2. Materials and methods
2.1. Chemicals, media, and animal Experimentation approval

All chemicals used in the present study were purchased from
Sigma-Aldrich (St. Louis, MO, USA), and all media were from Gibco
(Invitrogen, Grand Island, NY, USA), unless otherwise specified. For
all media, the pH was adjusted to 7.4 and the osmolality was ad-
justed to 280 mOsm/kg. All animal experiments using mice and
miniature pigs were approved by the Animal Center for Medical
Experimentation at Gyeongsang National University.

2.2. Cryopreservation of Human dental follicles and isolation of MSCs

Dental follicle tissues were harvested from extracted wisdom
teeth and cryopreserved. MSCs were then isolated from cryopre-
served and fresh dental follicles as previously described (Park et al.,
2014). Briefly, human dental follicles were harvested from the im-
mature wisdom teeth of 24 patients (12 donors for the tissue
cryopreservation group and 12 donors for the fresh tissue group;
average age, 18.5 years) extracted at the Department of Oral and
Maxillofacial Surgery at Gyeongsang National University Hospital,
under approved guidelines (GNUH IRB-2012-09-004-002), and after
obtaining informed consent from patients. The dental follicles from
12 donors (6 males and 6 females) were minced into 1-3 mm?
explants and tissue segments from single donors were put into
1.8 mL cryovials (Thermoscientific, Roskilde, Denmark) containing
1 mL of cryoprotectant (0.05 M glucose, 0.05 M sucrose, and 1.5 M
ethylene glycol; osmolality: 1900 mOsm/kg). The cryovials were
cryopreserved under a programmed slow freezing protocol as

follows: cryovials were equilibrated for 30 min at 1 °C, then cooled
at —2 °C/min to —9.0 °C, then cooled from —9.0 °C to —9.1 °C and
held for 5 min; then further cooled at —0.3 °C/min to —40 °C; then
—10°C/min to — 140 °C. The cryovials were then stored in liquid
nitrogen for more than 1 year, after which the cryopreserved dental
follicles were thawed by immersion in a circulating water bath at
37 °C for 1 min.

Fresh dental follicles from the other 12 donors (6 males and
6 females) were used for immediate isolation of hDFCs. The iso-
lation and culture of hDFCs from fresh and cryopreserved dental
follicles were performed as previously reported (Park et al., 2014).
Briefly, dental follicles were digested in D-PBS containing 1 mg/mL
collagenase type I at 37 °C for 40 min, and then mechanically
dissociated and filtered through a 40 pm cell strainer (BD Falcon,
Franklin Lakes, NJ, USA) to obtain single-cell populations. Cells
(5 x 10°) were cultured in 4 mL of Advanced Dulbecco’s Modified
Eagle’s Medium (A-DMEM) containing 10% fetal bovine serum
(FBS) and 1% pen-strep in a 25 T-flask (Nunc™, Roskilde, Den-
mark) at 37°C in a humidified atmosphere with 5% CO,. The
medium was changed every 3 days.

2.3. FACS analysis of MHCI and MHCII expression in DFCs

The expression of interferon-y receptor (IFN-yR, CD119) and
major histocompatibility complex class I and Il (MHC I and MHC II)
proteins was analyzed in passage 3 fDFCs and cDFCs by fluores-
cence-activated cell sorting (FACS; BD FACSCalibur, Becton Dick-
son, Franklin Lakes, NJ, USA) analysis in five independent experi-
ments, as previously described (Park et al., 2012, 2014). Briefly,
fDFCs and cDFCs were harvested with 0.25% trypsin-EDTA, and
then the cells were fixed in a 4% paraformaldehyde solution and
incubated in 0.1% Triton X (Sigma-Aldrich) for permeabilization.
Primary antibodies for CD119 (1:100; rabbit polyclonal IgG, #sc-
25482, Santa Cruz Biotechnology, Inc., Dallas, TX, USA), MHC I
(1:100; rabbit polyclonal IgG, #sc-25619, Santa Cruz), and MHC II
(1:100; mouse monoclonal IgG, #sc-32247, Santa Cruz) were in-
cubated with both types of DFCs. Fluorescein isothiocyanate
(FITC)-conjugated secondary antibodies for CD119, MHC I (1:100;
donkey anti-rabbit IgG, #sc-2090, Santa Cruz), and MHC II (1:100;
goat anti-mouse IgG, #554001, BD Pharmingen™, BD Bioscience,
Franklin Lakes, NJ, USA) were then added for protein detection.

2.4. Bone regeneration by hDFCs in the mandibular defects of min-
iature pigs

Three male miniature pigs (aged 6-12 months and weighing
approximately 25 kg) were used to evaluate in vivo bone re-
generation in mandibular defects. After sedation and general an-
esthesia with 4 mg/kg of azaprone (Stresnil”; Janssen Animal
Health for Merial Canada Inc., Baie d'Urfe, Quebec, Canada) and
10 mg/kg of tiletamine-zolazepam (Zoletil", Virbac, Carros,
France), as previously described (Kang et al., 2010), the right side
of the mandible was exposed by submandibular dissection. Four
defects (1.2 cm in diameter and 0.5 cm in depth) were made in the
mandibles of experimental animals with a round rotary bur
(Fig. 2A). fDFCs or cDFCs (3 x 10°) were injected into 0.25 cm® of
demineralized bone matrix (DBM; SureFuse™ II, HansBiomed
Corp., Seoul, Korea) and 0.3 mL of fibrin glue (Greenplast™, Green
Cross, Yongin, Korea) scaffold. The mandibular defects were se-
quentially transplanted with either a no-graft control (No-graft), a
scaffold mixture without cells (DBM), scaffold with fDFCs
(Fresh+DBM), and scaffold with ¢cDFCs (Cryo+DBM) (Fig. 2A and
B). The muscle flap and submandibular skin were closed with 3-0
Vicryl and nylon. A first-generation cephalosporin (Cefazolin,
20 mg/kg for 5 days; Yuhan, Seoul, Korea) and an anti-in-
flammatory drug (Meloxicam, 2 mg/kg for a day; Boehringer
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Ingerheim, Ingelheim, Germany) were injected intramuscularly
twice a day. Details, including the animals used, defect size,
number of transplanted cells, and the scaffold volume, are sum-
marized in Table 1.

2.5. Ectopic bone formation by hDFCs in the subcutaneous tissues of
mice

hDFCs from fresh and cryopreserved dental follicles were
transplanted into the subcutaneous tissues of four 8-week-old
male BALB/c mice (Charles River, Orient Bio Inc., Sungnam, Korea)
to evaluate ectopic bone formation in vivo, according to a pre-
viously published protocol with minor revisions (Park et al., 2012).
Briefly, fDFCs and cDFCs at passage 3 were harvested and labeled
with a fluorescent lipophilic carbocyanine dye (PKH26) according
to a previously described method (Kang et al., 2010; Park et al.,
2012). fDFCs or cDFCs (1 x 10°) mixed with 0.2 mL of fibrin glue
(Greenplast™) were injected and simultaneously coated in a
quarter of a 0.5 cm® (0.125 cm?)-sized DBM (SureFuse™ 1I) block.
A mixture of fDFCs or cDFCs with DBM and fibrin glue scaffold was

Y.-H. Kang et al. / Differentiation 90 (2015) 48-58

transplanted under the back skin of four experimental mice. The
mice were placed under general anesthesia with a subcutaneous
injection of 0.5 pL/g of tiletamine-zolazepam (Zoletil") and 0.5 pL/
¢ xylazine (Rompun”, Bayer Korea Ltd., Seoul, Korea), and then
three small skin incisions (approximately 1 cm each) were made
and subcutaneous pouches were formed on the back of each
mouse. The scaffold mixtures (fibrin glue and DBM) injected with
cDFCs or fDFCs were implanted into the subcutaneous pouches.
The control non-cell seeded DBM and fibrin glue scaffold mixture
was implanted in the other subcutaneous pouch. After implanta-
tion of each mixture, the skin incisions were closed with 4-0
nylon.

2.6. Radiological and histological analysis of in vivo osteogenesis

The experimental mice and miniature pigs were anesthetized
at 4 and 8 weeks after transplantation, and the bone formation
patterns in each animal were analyzed by plain radiography and
computed tomography (CT, SOMATOM Emotion 6, Siemens, Mu-
nich, Germany). CT images of the mandibular defects in miniature
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Fig. 1. Fluorescence-activated cell sorting (FACS) analysis of hDFCs derived from fresh and cryopreserved dental follicles. (A) Results of FACS analysis for MHC I, MHC 11, and
CD119 in fDFCs and cDFCs at passage 3. (B) Statistical analysis of (A) showed similar expression levels of MHC I and CD119 in hDFCs from both fresh and cryopreserved dental
follicles, and extremely low MHC II expression. The data represent the mean + SD of five different experiments.
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Fig. 2. Representative in vivo osteogenesis and radiological images of mandibular defects in miniature pigs (scale bar=1 cm). (A) Four mandibular defects of the same size
(diameter, 1.2 cm and depth, 0.5 cm) were formed in the unilateral mandibular body of animals in four independent transplantation groups: no graft (No), DBM-only graft
(DBM), fDFCs and DBM (Fresh+DBM), and cDFCs and DBM (Cryo-+DBM). (B) Eight weeks after transplantation, significantly enhanced bone formation and overgrown bony
tissue were observed in the hDFC-transplanted groups compared to the control groups, and the fDFC and cDFC showed similar morphology. (C) Radiological evaluation of the
mandibular defects shows gradually increasing radio signal intensity in cell-transplanted sites during the observation period. At 8 weeks post-transplantation, complete
disappearance of the bony defects and significantly increased radio-opacities relative to those on Day 0 were observed in hDFC-implanted sites. (D) Three dimensional (3D)
CT views of miniature pigs showed excessive bone regeneration in the hDFC-transplanted mandibular defects and complete healing of the bony defects at 8 weeks post-

implantation.

Table 1
Summary for animal usage, defect number and size, and volume of each transplant.

Used no. and Age/weight No. of defects/each defect size Volume of each transplant Euthanasia
gender
Miniature pig 3 males 6-12 months/ 4 mandibular defects/1.2 cm diameter x 0.5 cm depth 3 x 10° hDFCs+ 0.3 mL Fibrin glue 8 weeks
about 25 Kg (=0.565 cm® ) +0.25 cm® DBM
Mice (BALB/c) 4 males 8 weeks/about 3 subcutaneous pouches/1 cm skin incision and dis- 1 x 10° hDFCs+ 0.2 mL Fibrin 8 weeks
25¢g section of subcutaneous tissue glue+0.125 cm® DBM

pigs (4 and 8 weeks post-transplantation) and the ectopic bone
formation sites in mice (4 weeks post-implantation) were ana-
lyzed and compared with intensity analyzing software (Syngo CT
2004A, Siemens). After obtaining radiographs at 8 weeks post-
implantation, all experimental animals were euthanized by KCl
injection.

Cell-transplanted subcutaneous tissues were harvested en bloc
from experimental mice, and the specimens were divided into
longitudinal sections for histological and fluorescence analyses.
One sectioned specimen from each in vivo transplanted site was
used for fluorescence detection of PKH26 expression, as previously
described (Kang et al., 2010; Park et al., 2012). Briefly, tissues were
embedded in optimal cutting temperature compound (Tissue-Tek,
Sakura Finetechnical Co., Ltd., Tokyo, Japan), rapidly frozen at

—23°C, and cut into 4 pm sections using a Cryocut (LEICA
CM3050S, Leica, Wetzlar, Germany). The sections were mounted
on glass slides, and PKH26 expression was assessed using a
fluorescence microscope (BX51, Olympus, Tokyo, Japan) equipped
with a fluorescent digital camera (DP72, Olympus).

The other specimens from the implant sites of mice were fixed
with 10% neutral buffered formalin for 24 h, embedded in a par-
affin block, cut into 4 pm sections, and mounted on SuperfrostPlus
microscope slides (Fisher Scientific, Rochester, NY, USA). After
deparaffinization and hydration, sample sections mounted on
glass slides were stained with hematoxylin and eosin (H&E). In
addition, sections were prepared for IHC analysis of osteocalcin
(0OC, an osteogenesis marker), vascular endothelial growth factor
(VEGF, an angiogenesis marker), and the T-cell markers CD3, CD4,
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Table 2
Information for selected primary antibodies and the results of semi-quantitative
analysis for immunostaining intensities in the ectopic bone formations of mice.

Name Type Company/ Dilution Immunostaining intensity
lot no.
Con Fresh Cryo
CD3  Rabbit Lab Vision/ 1:1500  +++ ++ ++
monoclonal RM-9107
CD4  Mouse Thermo Sci- 1:300 +++ + +
monoclonal  entific/MS-
1528
CD8  Rabbit Thermo Sci- 1:400 +++ +++ +++
monoclonal  entific/RM-
9116
ocC Mouse Santa Cruz/ 1:200 ++ +++ +++
monoclonal  sc-390877
VEGF Rabbit Santa Cruz/ 1:200 ++ +++ +++
polyclonal sc-152

Abbreviations: CD3, Cluster of differentiation 3; CD4, Cluster of differentiation 4;
CD8, Cluster of differentiation 8; OC, Osteocalcin; VEGF, Vascular endothelial
growth factor; Con, non-cell implanted control sites; Fresh, fDFC-transplantation
sites; Cryo, cDFC-transplantation sites.

Company and location: Lab Vision: Lab Vision Corporation, Fremont, CA, USA;
Thermo Scientific: Thermo Fisher Scientific Inc., Fremont, CA, USA; Santa Cruz:
Santa Cruz Biotechnology, Inc., Dallas, TX, USA.

" Statistically significant difference compared to control sites (p < 0.05).

and CD8 using an automated immunostainer (BenchMark XT,
Ventana Medical System Inc., Tucson, AZ, USA), and signals were
detected using the Ultraview DAB kit (Ventana Medical System),
according to the manufacturer’s protocol. Briefly, the mounted
specimens were deparaffinized using EZ Prep solution, and then
incubated with CC1 standard (pH 8.4 buffer contained Tris/borate/
EDTA) for antigen retrieval at 100 °C for 69 min. The slides were
incubated with DAB inhibitor (3% H,0,) at 37 °C for 4 min to block
endogenous peroxidase activity. Next, each primary antibody was
added and incubated at 37 °C for 30 min. Then, the secondary
antibody, Universal HRP Multimer, was added and incubated at
37 °C for 8 min. Finally, the slides were treated with substrate
(DAB+H,0,) for 8 min, and then incubated with hematoxylin II
and bluing reagent at 37 °C to counter stain nuclei. For the nega-
tive controls, the primary antibody was omitted.

[HC staining was semiquantitatively analyzed for antibody de-
position in cellular components. Based on a previously reported
method with some modification (Watanabe et al., 2014), positive
immunostaining for CD3, CD4, and CD8 was scored by a combi-
nation of staining intensity (0, negative staining; 1, weak staining;
2, moderate staining; and 3, strong staining) and the proportion of
positively stained cells in high-power fields (0, none; 1, <25%; 2,
25-50%; 3, 51-75%; and 4, > 75%). The sum of the staining in-
tensity and percentage of positive cells scores was graded as fol-
lows: + + + (strong, 6-7); + + (moderate, 4-5); +(weak, 2-3);
and — (negative, 0-1). At least four different specimens were used
to semiquantitatively assess IHC intensity in hDFC-implanted
specimens, and these specimens were statistically compared with
control specimens. The primary antibodies used and the IHC
staining results are summarized in Table 2.

After euthanizing the experimental miniature pigs by in-
travenous injection of KCl, the DFCs and/or DBM-transplanted
mandibles were segmentally resected using a reciprocating saw,
and fixed in 10% neutral buffered formalin for 24 h. They were
then decalcified in 5% nitric acid for 3 days. The specimens were
embedded in a paraffin block, cut into 4 pm sections, and mounted
on slides. Each transplanted specimen was stained with H&E, and a
histological analysis of new bone regeneration patterns was con-
ducted. The other specimens of newly generated bone from min-
iature pigs were also prepared for IHC analysis of OC and VEGF

using an automated immunostainer (BenchMark XT), as described
above for the mouse specimens.

2.7. Analysis of calcium content in the in vivo ectopic bones of the
mice

To measure the calcium contents in the implanted specimens of
mice, each sample was deparaffinized, dried at 95°C for 1h,
weighed, and decalcified in 1 mL of Calci-Clear Rapid (National
Diagnostics, Atlanta, GA, USA). The calcium content of the super-
natants was determined by spectrophotometry using the Methyl-
xylene blue (MXB) method (Calcium E-test; Wako Pure Chemical
Industries, Osaka, Japan) according to the manufacturer's instruc-
tions. The calcium level in samples from each group is expressed
as the mean (n=3) calcium content (in ng) per total specimen
(cells and scaffold; in mg).

2.8. Statistical analysis

Independent experiments were repeated at least three times,
and the data shown are the mean + standard deviation (SD). Sta-
tistical differences between experimental groups were determined
by one-way analysis of variance (ANOVA), followed by Tukey's test
for multiple comparisons or an unpaired t-test for single com-
parisons of experimental data relative to the control value using
GraphPad Prism. Differences were considered significant at
p<0.05, and significant differences are denoted by different
letters.

3. Results
3.1. FACS analysis of MHC I and MHC II expression in hDFCs

MHC I and MHC II protein expression was similar in fDFCs and
cDFCs. High MHC I expression was observed in both cell types
(98.6% and 98.4% in fDFCs and cDFCs, respectively), whereas al-
most no MHC II expression was detected (4.4% and 3.6% in fDFCs
and cDFCs, respectively). In addition, CD119 expression levels in
the two types of hDFCs were the same; approximately 65-75% of
the hDFCs from fresh or cryopreserved dental follicles was positive
for CD119 expression, respectively (Fig. 1).

3.2. Mandibular bone regeneration by hDFCs in miniature pigs

In the hDFC-transplanted mandibular bone defects, remarkably
overgrown bone tissues were observed at 8 weeks post-im-
plantation compared with the bone generation in the two control
defects (DBM-only and non-graft sites; Fig. 2B). In conventional
films at 4 and 8 weeks post-implantation, radiological opacities
were markedly higher in the hDFC-transplanted sites than in the
DBM-only and non-graft control sites, which showed only weakly
increased radiological intensity (Fig. 2C). Three-dimensional (3D)
CT showed osteogenesis in the mandibular defects, and re-
markably high levels of osteogenesis were detected in the outer
layer of defects at 4 weeks post-transplantation. At 8 weeks post-
implantation, the defects were completely filled with newly gen-
erated bone (Fig. 2D). In the coronal CT views, the non-graft and
DBM-only control sites showed progressive osteogenesis within
the pre-fabricated mandibular defects. In contrast, the hDFC-
transplanted sites showed remarkably enhanced new bone for-
mation (Fig. 3A). Interestingly, this in vivo bone formation was
overgrown, not only within the bone defect but also within the
muscle layers. These intramuscular bone formations fused with
the newly generated bone in the pre-fabricated bone defects,
leading to excessively overgrown bone formations at 8 weeks
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Fig. 3. Computed tomography (CT) and radiological signal intensity analysis of the mandibular defects of miniature pigs (scale bar=1 cm). (A) Both the fDFC- and cDFC-
transplanted sites with DBM scaffold show remarkably increased new bone formation compared to the two control sites (No graft and DBM-only graft). Interestingly, at
4 weeks post-transplantation, new bone formation was observed not only in the bony defect of the mandible but also in the muscle layer surrounding the defects. At 8 weeks
post-transplantation, the newly generated bone in the hDFC-transplanted sites covered the bony defects and the hardness was increased. (B) Digitalized radiological signal
intensity analysis revealed very similar signal intensities in the fDFC and cDFC groups at 8 weeks post-implantation, and these groups showed remarkably increased radio-
opacities compared to those in the two control groups (No graft and DBM-only graft sites). The data represent the mean =+ SD of three independent experiments. Different
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Fig. 4. Histological features of in vivo osteogenesis in the mandibular defects of miniature pigs at 8 weeks post-transplantation at sites with hDFCs, DBM, and fibrin glue
scaffold (A, B, E: fDFC transplantation; C, D, F: ¢DFC transplantation; scale bar=100 pm). Similar in vivo new bone formation patterns were observed following trans-
plantation of the two types of hDFCs. (A) Under low magnification, the newly generated bone is discriminated from the basal bone by a borderline (black arrows). (B) Higher
magnification of (A) showing the borderline between the basal bone and newly generated bone (black arrows). The new bone near in basal bone showed increased hardness,
a lack of bone trabeculae, and its histological appearance seemed to be similar to that of basal bone. (C) Histological features of the newly generated bone on the opposite
side of the basal bone. The trabecular bones were continuously generated in the interstitial tissue of transplanted site. (D) Degrading DBM scaffolds (*) were observed in the
newly generated bone trabeculae (NB). (E and F) At higher magnification, small particulates of the degrading DBM (*) were detected around the newly generated bone
trabeculae (NB). Immature fibroblast-like cells (putative pre-osteoblasts) around new bone matrices (black arrowheads), osteoblasts lining the newly generated trabecular
bones (white arrows), and osteocytes trapped in the newly generated bone spicules (black arrows) were abundant in the hDFC-transplanted tissues.
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post-transplantation (Fig. 3A). Digitalized radiological intensity
analysis showed that there was no difference in the bone forma-
tion potential of fDFCs and cDFCs and significantly higher radi-
ological intensity in the DFC-transplanted sites than in the non-
cell graft or DBM-only control sites at 8 weeks post-implantation
(Fig. 3B).

Histological examination of mandibular specimens at 8 weeks
post-implantation revealed that new cortical bone was formed

A

Longitudinal CT (4 wks) Plain film (8 wks)
1

c¢DFC

DBM

fDFC

and connected to the basal bone on the inner surface of the graft
site (Fig. 4A and B). In the outer portion of the graft site, abundant
newly generated trabecular bones were observed with degrading
DBM scaffolds (Fig. 4C and D). At higher magnification, enhanced
new bone formation was observed in the hDFC-transplanted sites,
including immature fibroblast-like cells (putative pre-osteoblasts),
lining osteoblasts around the newly generated trabecular bones,
and entrapped osteocytes in the new bones (Fig. 4E and F). New
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Fig. 5. Radiological and histological analyses of ectopic bone formation in the subcutaneous tissues of mice. (A and B) Transplantation of hDFCs from fresh and cryopreserved
dental follicles (fDFCs and cDFCs) showed similar in vivo ectopic bone formation potential, and enhanced radiological opacities were observed by digitalized radiological
signal intensity analysis compared to that in control sites (DBM-only graft) by CT at 4 weeks post-transplantation. The data represent the mean + SD of four different
experiments. Different letter subscripts denote statistical differences (p < 0.05) between groups (A, scale bar=0.5 cm). (C-H) Histological features of ectopic bone formations
at 8 weeks post-implantation (D, DBM-only implanted control site; C & E, fDFC-transplanted site; F and G, cDFC-transplanted site; H, PKH26 expression pattern of cDFC
implant site; scale bar=100 pm). (C) Lower magnification images of the hDFC and DBM-transplanted sites show numerous detectable cells between the transplanted DBM
(*) in the subcutaneous tissue of mice. (D-F) The detectable cell number was significantly increased in the hDFC-transplanted sites than in the control sites. Numerous
immature fibroblast-like cells (putative pre-osteoblasts, black arrows) were observed in hDFC-grafted sites surrounding DBM scaffolds (*). (G) DBM-lining osteoblasts and
osteogenic activity (black arrows) were abundant in the periphery of transplanted DBM (*). (H) White arrows indicate PKH26 expression, cells were labeled at pre-trans-
plantation, around newly generated bone spicules (*). Some transplanted cells are connected to newly generated bone spicules, indicating that transplanted hDFCs were

directly converted into osteogenic cells (arrowhead).
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bone activity was more frequently observed in hDFC-transplanted
sites than in the no graft or DBM-only control sites. In addition,
there were no histomorphological differences between fDFC- and
cDFC-transplanted groups.

3.3. Analysis of ectopic bone formation in the subcutaneous tissues
of mice

In the implanted subcutaneous tissues of experimental mice,
ectopic bone formation was observed by CT and conventional
radiography (Fig. 5A). The radiological intensity analysis of CT
images at 4 weeks post-implantation showed that both of the
hDFC-transplanted sites had enhanced radiological opacities
compared to the DBM-only grafted control sites (Fig. 5A and B).
This finding correlated with that of a previous study (Park et al.,
2012). Interestingly, on plain film at 8 weeks post-implantation,
the radiological opacity was significantly increased in all im-
planted sites; however, the hDFC-transplanted sites showed much
wider ectopic bone formation than the control sites (Fig. 5A). The
total calcium content of the in vivo specimens was calculated re-
lative to the total tissue sample (in ng/mg), and the mean values
for the fDFCs, cDFCs, and control sites were 135.4+ 7.8,
141.7 +12.3, and 35.2 + 5.8, respectively (Fig. 5B). Both the fDFC-
and cDFC-grafted specimens showed significantly higher calcium
content (p < 0.05) than the control specimens.

Lower magnification H&E staining showed that all materials
implanted in subcutaneous tissues of experimental mice were well
preserved (Fig. 5C). The DBM-only grafted control sites showed
remarkably less cell density than the two hDFC-grafted sites
(Fig. 5D). Higher magnification images of fDFC- and cDFC-trans-
planted sites showed similar histological morphologies and the

Osteocalcin

VEGF

same detectable cell numbers (Fig. 5E-G). Evidence of new bone
activity, including immature fibroblast-like cells (putative pre-os-
teoblasts), trabecular lining osteoblasts, and entrapped osteocytes
in the new bones, was abundant in the hDFC-transplanted sites
(Fig. 5E-G). Fluorescence microscopy of tissue specimens at
8 weeks post-implantation showed pre-labeled PKH26-positive
cells in the hDFC-implanted sites, indicating that the transplanted
hDFCs were preserved and proliferated in vivo (Fig. 5H).

3.4. IHC analysis of OC and VEGF in the newly generated bone of
mice and miniature pigs

Expression of OC and VEGF in the ectopic bone of mice and the
mandibular defects of miniature pigs was evaluated by IHC. OC
and VEGEF signals were strong in the hDFC-transplanted sites of the
two experimental animals. In particular, strong OC staining was
observed in the DBM-lining osteoblasts and fibroblast-like puta-
tive pre-osteoblasts in both animal specimens (Fig. 6A and B). In
addition, strong VEGF signals were also detected in the osteogenic
cells, DBM-lining osteoblasts, and pre-osteoblasts in the ectopic
bone of the subcutaneous tissue in mice (Fig. 6C). In miniature
pigs, strong VEGF staining was detected in newly generated vas-
cular vessels and blood cells in interstitial tissues between the
newly generated bones (Fig. 6D). Semiquantitative analysis of the
immunostaining intensities of OC and VEGF in the ectopic bone
tissues of mice showed similar expression levels in the fDFC- and
cDFC-transplanted sites, and the staining intensity in the hDFC-
transplanted groups tended to be higher than that in the control
groups; however, there was no statistically significant difference
(p>0.05).

f miniature pigs

TR e

Fig. 6. Immunohistochemical analysis of OC and VEGF in the hDFC and DBM-transplanted subcutaneous tissues of mice (A and C) and mandibular defects (Mn.) of miniature
pigs (B and D) (A & B: osteocalcin expression; C and D: VEGF expression; scale bar=50 pm). (A and B) Strong OC staining was detected in the hDFC-transplanted sites of both
animal specimens. Especially, the expression of OC was stronger in osteogenic cells, such as the DBM (*)- and new bone (NB)-lining osteoblasts (open arrows) and fibroblast-
like putative pre-osteoblasts (closed arrows). (C) VEGF staining was also strong in the osteogenic cells in the ectopic bone of mice, and the open arrows and closed arrows
indicate the DBM (*)-lining osteoblasts and pre-osteoblasts, respectively. (D) In miniature pigs, the VEGF signal was strong in the newly generated vascular vessels and blood

cells in the interstitial tissues between the newly generated bones (NB).
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Fig. 7. Immunohistochemical expression of the T-cell markers CD3, CD4, and CD8 in the ectopic bone tissues of mice (scale bar=50 pm). All three T-cell markers were
detected on the cell membrane (arrows). In the DBM-only implanted control sites, strong expression of CD3, CD4, and CD8 was detected. In the serial sections of DFC-
transplanted sites, CD8 was strongly expressed, similar to that observed in control specimens. However, CD3 and CD4 expression in the DFC-transplanted sites was lower,
and was scored as moderate and weak, respectively. Specifically, CD4 expression in the hDFC-transplanted specimens was significantly different from that in the control

specimens (shown in Table 2; p < 0.05).

3.5. Analysis of CD3, CD4, and CD8 in the subcutaneous ectopic bone
formation sites of mice

IHC analysis of the T-cell markers CD3, CD4, and CD8 showed
expression of these proteins on the cell membrane at each implant
site (Fig. 7). In the DBM-only grafted control sites, all marker
proteins were strongly expressed in the tissues surrounding the
implanted DBM scaffolds. In the serial sections of the two hDFC-
transplanted sites, CD8 expression was relatively high, similar to
that in the control site. However, CD3 and CD4 expression in
hDFC-transplanted sites were lower, and were classified as mod-
erate and weak, respectively. CD4 expression in the hDFC-trans-
planted specimens was significantly lower than that in control
specimens (p < 0.05; Fig. 7 and Table 2).

4. Discussion

There is an immense need for suitable MSC sources that not
only have the potency to differentiate into different cell lineages in
vitro but also can be efficiently applied to generate the desired
output irrespective of whether they are fresh or cryopreserved.
The present study showed that both fresh and cryopreserved
hDFCs have immunomodulatory characteristics and can be used as

a valuable stem cell source in regenerative medicine. Dental tissue
can be obtained at relatively late ages compared to other stem cell
sources, such as placenta or umbilical cord and blood (Takahashi
et al., 2015). Unlike MSCs from bony tissue, such as BMSCs, dental
tissue-derived MSCs are considered to be more committed in
terms of their potential for differentiation due to a lack of con-
tinuous remodeling in dental tissue (Huang et al., 2009). In pre-
vious studies, hDFCs from immature wisdom teeth were reported
to possess strong mesenchymal characteristics and showed similar
or superior in vitro and in vivo osteogenic differentiation potential
compared to that of BMSCs (Park et al., 2012; Takahashi et al.,
2015). The dental follicle is an ectomesenchymal tissue that sur-
rounds the developing tooth and possesses abundant progenitors
of osteoblasts in alveolar bone, fibroblasts in the periodontal li-
gament, and cementoblasts in the root cementum (Morsczeck
et al., 2009; Park et al., 2012). hDFCs also show constant expres-
sion of osteoblast-specific transcription factors and strong miner-
alization as well as increased expression of osteogenic markers
during osteogenic differentiation (Morsczeck et al., 2009; Vollk-
ommer et al., 2015). These results suggest that hDFCs have strong
potential for osteogenic differentiation, indicating that they can be
used as an excellent source of stem cells for bone tissue en-
gineering (Park et al.,, 2012; Vollkommer et al., 2015; Takahashi
et al,, 2015).
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In our previous work, we developed a new cryopreservation
method for human dental follicle tissue that could be used as a
source of autologous stem cells (Park et al., 2014). For clinical
application, stem cells cryopreserved for a long period with di-
methyl sulfoxide (DMSO) and FBS showed frequent cell damage,
contamination, and genetic variation caused by cryoprotectant
toxicity or cell dehydration (Rowley et al., 2003; Ock and Rho,
2011; Park et al., 2014). In contrast, long-term cryopreservation of
the stem cell source, untreated tissue itself, could be safer and
more economical for use in the future. In the present study, the
in vivo osteogenic potential of MSCs from cryopreserved human
dental follicles (cDFCs) was evaluated and compared to that of
MSCs from fresh dental follicles (fDFCs). The results of this study
showed that fDFCs and cDFCs possessed the same enhanced os-
teogenic potential after in vivo transplantation into experimental
animal models, including mandibular bone defects in miniature
pigs and ectopic bone formation in the subcutaneous tissue of
mice. Interestingly, the hDFC-transplanted sites in mandibular
defects of miniature pigs showed new bone formation in excess of
the original defect at 8 weeks post-implantation. CT at 4 weeks
post-transplantation showed new bone generation not only within
the bone defects but also in the muscle layers surrounding the
defects (Fig. 3A). Since no overlaying membrane, which is usually
applied for guided bone regeneration, was used to cover the graft
materials in this experiment, some of the transplanted cells and
scaffold might have extravasated from the defects and formed new
bone in the muscle layers. However, compared to the DBM-only
grafted controls, the cDFC- and fDFC-implanted groups showed
quantitatively and qualitatively enhanced bone formation. These
results demonstrate that cDFCs and fDFCs possess the same in vivo
bone regeneration activity, indicating that when hDFCs are ap-
propriately applied, they will enhance in vivo bone reconstruction
in bony defects. In addition, fDFCs and cDFCs also showed the
same in vivo ectopic bone formation in the subcutaneous tissues of
experimental mice. Sites transplanted with hDFCs and DBM scaf-
fold showed stronger intensities than DBM-only grafted control
sites, similar to that reported in a previous study (Park et al., 2012).

To evaluate the immune response following in vivo transplan-
tation of hDFCs, tissue specimens from the ectopic bone genera-
tion sites were analyzed by IHC to evaluate the expression of
T-cell-related glycoproteins, including CD3, CD4, and CDS8. The
results showed decreased expression of CD3 and CD4 in the hDFC-
transplanted specimens compared to that in non-cell-implanted
control specimens. Interestingly, CD4 expression was significantly
lower in hDFC-transplanted sites than in control sites. CD3 is a
T-cell co-receptor that is present during all stages of T-cell devel-
opment; therefore, it is a useful IHC marker for pan-T cells in tissue
sections (Mason et al., 1989). CD4 is a glycoprotein found on the
surface of immune cells, including T-helper cells, monocytes,
macrophages, and dendritic cells (Ansari-Lari et al., 1996). CD4*
T-cells are usually divided into regulatory T-cells (Treg) and con-
ventional T-helper cells, and 6-9% of CD4* T-cells belongs to the
Treg lineage (Corthay, 2009; Dwivedi et al., 2013; Peterson, 2012).
Some studies have demonstrated upregulation of CD4™" cells after
in vivo MSC transplantation; however, these CD4" T cells were
Treg cells (CD4*/CD25") (Kuo et al.,, 2012; Yamaza et al., 2010;
Zhao et al, 2015). In contrast, another study using im-
munomodulator-treated animals showed decreased CD4 expres-
sion by IHC analysis (Lappin and Black, 2003). Moreover, a recent
study showed that allogenic MSCs mediated the suppression of
CD4* T-cell proliferation (Bloom et al., 2015). Similar to the pre-
sent study, in vivo hDFC-transplanted sites showed lower expres-
sion of CD4 than non-cell-transplanted control sites. Since CD4 ™"
Tregs are not an abundant subset of the CD4* T-cell population
(6-9%), most CD4 ™ cells are considered T-helpers. Therefore, the
lower CD4 expression observed in the hDFC-transplanted tissues is

indicative of the decreased activity and reduced number of
T-helper cells. In addition, CD4 directly interacts with MHC II
molecules on the surface of antigen-presenting cells (Fooksman,
2014). Interestingly, FACS analysis after passage 3 showed that
MHC II expression in both types of hDFCs was extremely low in the
present study. Moreover, strong expression of CD119, the inter-
feron-y receptor (IFN-yR), was detected in both fresh and cryo-
preserved hDFCs. CD119 has been reported as a marker of MSC
immunomodulation because most of the inhibitory effects of MSCs
on T-cell proliferation require IFN-y, a pro-inflammatory cytokine
(Krampera et al., 2006, 2013). IFN-y is considered as the first key
licensing agent for the suppression function of MSCs, and it aug-
ments the immunosuppression of MSCs across species (Krampera
et al., 2013). Taken together, these in vitro and in vivo results in-
dicate that hDFCs possess immunomodulatory activity that is
mediated by inhibition of CD4 and MHC II expression, which co-
incides with suppression of the T-helper cell-mediated adaptive
immune response (Ferrante, 2013; Fooksman, 2014).

In support of the present results, several studies have pre-
viously reported that MSCs derived from various adult tissues,
such as bone marrow, fat, umbilical cord, and dental tissue, pos-
sess immunomodulatory and anti-inflammatory effects (Duffy
et al,, 2011; Le Blanc and Ringdén, 2006; Soleymaninejadian et al.,
2012; Yamaza et al., 2010). Although there are many complicated
reactions related to the immunomodulation of MSCs, transplan-
tation of MSCs directly or indirectly inhibited disease-associated
T-helper cells, reduced cytotoxic lymphocytes, and increased Treg
cells (Duffy et al., 2011; Rahimzadeh et al., 2014; Yamaza et al.,
2010). Various cytokines and growth factors from undifferentiated
MSCs may also play a role in MSC-facilitated immunomodulation
(Soleymaninejadian et al., 2012). The immunomodulatory effects
of MSCs make them a potentially valuable therapeutic agent
against severe autoimmune diseases and graft-versus-host disease
(Kuo et al., 2012; Zhao et al., 2015).

In the present study, undifferentiated hDFCs from fresh and
cryopreserved dental follicles showed similar MSCs characteristics,
with low MHC II expression and high CD119 expression in vitro.
Moreover, the two types of hDFCs showed identical in vivo os-
teogenic activities, and similar decreased CD4 expression was
observed in the hDFC-transplanted tissues. These results demon-
strate that hDFCs from fresh and cryopreserved dental follicles
possess the same osteogenic differentiation potential and im-
munomodulatory properties, resulting in inhibition of CD4, MHC
II, and the T-helper cell-mediated adaptive immune response,
which underscores the usefulness of hDFCs in the field of bone
tissue regeneration. The present study also demonstrated that the
stemness of long-term preserved dental follicle tissues from ex-
tracted wisdom teeth can be restored, and they can be used as an
excellent autologous or allogenic stem cell source for tissue en-
gineering or as a therapeutic agent for autoimmune diseases.
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