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Periodontal diseases, which are characterized by destruction of the connective
tissues responsible for restraining the teeth within the jaw, are the main cause of
tooth loss. Periodontal regeneration mediated by human periodontal ligament stem
cells (hPDLSCs) may offer an alternative strategy for the treatment of periodontal
disease. Dogs are a widely used large-animal model for the study of periodontal-
disease progression, tissue regeneration, and dental implants, but little attention has
been paid to the identification of the cells involved in this species. This study aimed
to characterize stem cells isolated from canine periodontal ligament (cPDLSCs).
The cPDLSCs, like hPDLSCs, showed clonogenic capability and expressed the
mesenchymal stem cell markers STRO-1, CD146, and CD105, but not CD34. After
induction of osteogenesis, cPDLSCs showed calcium accumulation in vitro.
Moreover, cPDLSCs also showed both adipogenic and chondrogenic potential.
Compared with cell-free controls, more cementum/periodontal ligament-like
structures were observed in CB-17/SCID mice into which cPDLSCs had been trans-
planted. These results suggest that cPDLSCs are clonogenic, highly proliferative,
and have multidifferentiation potential, and that they could be used as a new cellu-
lar therapeutic approach to facilitate successful and more predictable regeneration
of periodontal tissue using a canine model of periodontal disease.
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Periodontal diseases are inflammatory disorders of the
periodontium characterized by the destruction of peri-
odontal tissues, including periodontal ligament (PDL),
cementum, alveolar bone, and gingiva. Periodontal dis-
eases are a major cause of tooth loss (1). The ultimate goal
of periodontal therapy is to regenerate affected tissues to
their original form, architecture, and function. However,
this type of treatment is beyond current technologies. Suc-
cessful periodontal regeneration requires the coordination
of many events at both cellular and molecular levels (2).

The PDL is a specialized soft connective tissue embed-
ded between the cementum and the inner wall of the alve-
olar bone socket; it sustains teeth and helps them to
withstand natural chewing forces. The PDL has an impor-
tant role in supporting tooth function, maintaining
homeostasis, and repairing damaged tissue in response to
periodontal disease or mechanical trauma (2-4). It has
been demonstrated that the PDL contains heterogeneous
cell populations which can differentiate into either cemen-
tum-forming cells (cementoblasts) or bone-forming cells
(osteoblasts) (5). Recent studies have reported the isola-
tion and characterization of mesenchymal stem cells
(MSCs) from PDL stem cells (PDLSCs) (6-9).

The PDLSCs represent a unique MSC population, as
demonstrated by their capacity to generate a

cementum/PDL-like tissue ex vivo, which appeared to
be different from typical bone/marrow structures gene-
rated by bone marrow stromal stem cells and dentin/
pulp-like structures generated by dental pulp stem cells
(6). Because of their capacity for self-renewal and
multilineage  differentiation, PDLSCs have been
proposed as important position in the field of tissue
engineering (10). Given ethical considerations, the
feasibility and practicability of tissue engineering will
require extensive investigations on large-animal models
before human trials. Stem cells and subpopulations of
progenitor cells in the PDLs of various different
species, such as sheep (11) and rat (12), have already
been isolated and characterized. However, dog is a pre-
ferred animal model and has been widely used in PDL
regeneration because of its very similar dental tissue
structure and pathophysiology to humans (13, 14).

To understand, in more detail, the potential of dog
as an animal model in periodontal regeneration, we
successfully isolated canine PDLSCs (cPDLSCs) and
identified their stem cell properties. The properties of
cPDLSCs, including clonogenic and growth characteris-
tics, the expression of MSC surface markers, and the
multidifferentiation potential, were evaluated in vitro
and ex vivo.
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Material and methods
Animals

Ten-month-old beagle dogs were obtained from the Exper-
imental Animal Center of the Peking University Health
Science Center. Care and handling of the animals were
performed according to the guidelines of the Institutional
Authority for Laboratory Animal Care, Peking University.
This study was reviewed and approved by the Health
Science Center, Peking University (LA2011-045).

Isolation and culture of canine PDLSCs and human
PDLSCs

The PDLSCs were isolated from freshly extracted, sound
premolars (n = 3) of three, 10-month-old male beagle dogs,
and the PDLSCs were isolated from freshly extracted,
sound third molars (n = 4) of four human subjects follow-
ing approved guidelines set by the Health Science Center,
Peking University. The isolation procedure was performed
as previously described (6), with minor modifications.
Briefly, PDL was gently separated from the middle third of
the root surface using forceps and then digested, for 1 h at
37°C, in a solution of 3 mg ml~' of collagenase type I
(Sigma, St Louis, MO, USA) and 4 mg ml~! of dispase
(Sigma). The PDL samples from different individuals were
pooled, and single-cell suspensions were obtained by pass-
ing the cells through a 70-um strainer (Falcon; BD Lab-
ware, Franklin Lakes, NJ, USA). To identify putative stem
cells, single-cell suspensions (1 x 10*-1 x 10° cells) were
seeded into 100-mm culture dishes containing a-modified
Eagle’s minimum essential medium («MEM) (Gibco,
Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS; Hyclone, Logan, UT, USA), 2 mM
glutamine, 100 U ml~! of penicillin, and 100 ug ml~! of
streptomycin, and then incubated at 37°C in 5% carbon
dioxide. The cells used in this study were at passages 1-4.
For each experiment, the same passage of cPDLSCs and
human PDLSCs (hPDLSCs) was used.

Colony-forming unit fibroblastic assay

To assess colony-forming efficiency, single-cell suspensions
of PDLSCs were cultured in 100-mm dishes for 9 d. Then,
the cells were fixed with 4% paraformaldehyde and stained
with 0.1% toluidine blue (Sigma). Aggregates of 50 or
more cells were scored as colonies (passage 1).

Cell proliferation assay

The proliferation of subconfluent cultures (passage 1) of
stem cells was assessed using a Cell Counting Kit-8 (Doj-
indo Laboratory, Kumamoto, Japan) from day 1 to day 9,
according to the manufacturer’s instructions.

Immunocytochemistry

Primary antibodies used in this study included anti-STRO-
1, anti-CD146, anti-CD105, anti-CD34, anti-scleraxis,
anti-collagen I, anti-alpha-smooth muscle actin (anti-
o-SMA), anti-collagen II, and anti-osteopontin (anti-OPN).
The primary antibodies were purchased from Zhongshan
Goldenbridge Biotechnology (Beijing, China), except for
anti-STRO-1, which was obtained from R&D Systems
(Minneapolis, MN, USA), anti-scleraxis and anti-OPN,

which were from Abcam (Cambridge, UK), and anti-
o-SMA, which was from Sigma. The PDLSCs (passage 3)
were subcultured onto 24-chamber slides, fixed in 4%
paraformaldehyde for 15 min, and blocked at room tem-
perature for 30 min with PBS (pH 7.4) containing 10%
normal goat serum. The cells were then incubated over-
night at 4°C with diluted primary antibody, washed with
PBS, and then incubated with secondary antibody at 37°C
for 30 min. The Polymer Detection System for Immuno-
Histological Staining (Zhongshan Goldenbridge Biotech-
nology) was subsequently used to detect immunoactivity,
according to the manufacturer’s instructions. The sections
were counterstained with haematoxylin.

Flow cytometry

Single-cell suspensions of c¢PDLSCs and hPDLSCs
(>1 x 10° cells) were washed and resuspended in PBS. For
indirect immunostaining, cells were incubated, for 20 min
on ice, with 2.5 ug of STRO-1 antibody (R&D Systems) or
isotype-matched immunoglobulins (eBioscience, San Diego,
CA, USA). After washing, samples were incubated with
phycoerythrin (PE)-conjugated secondary antibody (R&D
Systems) for 20 min on ice, and then washed with PBS.
For direct immunostaining, the cells were treated with
20 ul of PE-conjugated CD146 (BD Biosciences Pharmin-
gen, San Jose, CA, USA) for 20 min on ice. After washing,
all cells were analysed with a FACSCalibur Flow Cytome-
ter (Becton Dickinson, Mountain View, CA, USA).

Multilineage differentiation in vitro

We tested the in-vitro multidifferentiation potential of the
cPDLSCs and hPDLSCs towards osteogenesis, adipogene-
sis, and chondrogenesis, as described previously (15-17).

Osteogenic differentiation: Canine periodontal ligament
stem cells and human periodontal ligament stem cells were
seeded onto six-well plates, cultured to 80% confluence,
and incubated for 2 wk in induction medium containing
10 nM dexamethasone, 10 mM f-glycerophosphate, 0.1
mM r-ascorbic acid-2-phosphate, 2 mM glutamine, and
15% FBS. After induction, the cells were fixed with 4%
paraformaldehyde and evaluated by staining with 2%
Alizarin Red S (pH 4.2) (Sigma) to show calcium
deposition.

Adipogenic differentiation: Canine periodontal ligament
stem cells and human periodontal ligament stem cells were
seeded onto six-well plates, cultured to 80% confluence, and
incubated for 3 wk with induction medium containing 1 uM
dexamethasone, 10 mg 17! of insulin, 0.5 mM 3-isobutyl-
I-methylxanthine, 60 mM indomethacin, 2 mM glutamine,
and 15% FBS. At the end of the culture, the cells were
fixed with 4% paraformaldehyde and lipid droplets were
visualized by staining with 0.3% Oil Red-O (Sigma).

Chondrogenic differentiation: Canine periodontal liga-
ment stem cells and human periodontal ligament stem cells
were centrifuged at 350 ¢ for 6 min. The tubes were
tapped to detach the cell pellets and cultured in conical
15 ml polypropylene tubes at 37°C in chondrogenic med-
ium containing 1% ITS™ (ITS™ is a mixture of recombi-
nant human insulin, human transferrin, and sodium
selenite.), 1077 M dexamethasone, 50 ug ml~! of r-ascor-



bic phosphate, 2 mM pyruvate, and 10 ng ml~" of trans-
forming growth factor-ff1 (TGF-f1) (PeproTech, Rocky
Hill, NJ, USA). The chondrogenic differentiation of
PDLSCs was assessed by staining paraffin-embedded sec-
tions for type II collagen.

Transplantation

About 2.0 x 10° in-vitro-expanded cPDLSCs were mixed
with 40 mg of hydroxyapatite (HA) ceramic particles (Bio
Osteon, Beijing, China) and transplanted subcutaneously
into the dorsal surfaces of 8- to 10-wk-old immunocompro-
mised mice (CB-17/SCID; Vitalriver, Beijing, China),
according to the method reported by KrEBsBACH et al. (18).
The same number of hPDLSCs was used as a positive con-
trol, and a cell-free group served as a negative control. These
procedures were performed in accordance with the specifica-
tions of an approved animal protocol of the Health Science
Center, Peking University (LA2011-045). The transplants
were harvested after 8 wk, fixed with 4% paraformaldehyde,
decalcified with buffered 10% edetic acid (pH 8.0), and then
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embedded in paraffin. For histological analysis, 5-um
sections of implants were prepared and stained with haemat-
oxylin and eosin (H&E) and with Masson’s trichrome stain.

Results
Clonogenic capability of canine PDL-derived cells

To identify putative stem cells, we generated and cul-
tured a single-cell suspension from beagle or human
PDL. A portion of the cells adhered to the plate and
remained quiescent for 5-6 d before they started divid-
ing rapidly to form colonies. Colonies formed from sin-
gle cells after 8-10 d in culture were visualized using
toluidine blue stain (Fig. 1A). This colony-forming cell
population was termed PDLSCs. About 20-25% of
PDLSCs from beagle and human tissue formed adher-
ent cell colonies (Fig. 1B). Compared with hPDLSCs,
cPDLSCs showed a higher proliferation rate (Fig. 1C).

hPDLSCs

cPDLSCs

Fig. 1. Isolation and characterization of periodontal ligament stem cells (PDLSCs). (A) Representative colonies of fibroblast-like
canine PDLSCs (cPDLSCs) and human PDLSCs (hPDLSCs). Bars, 500 um. (B) Colony-forming efficiency of ¢cPDLSCs and
hPDLSCs. Results are shown as mean =+ standard error of the mean of four dishes. (C) Growth curves of cPDLSCs and hPDLSCs.
(D) Immunocytochemical staining for proteins related to periodontal ligament and cartilage in cPDLSCs and hPDLSCs. Bars,
100 um. x-SMA, alpha-smooth muscle actin; COL-I (collagen I); COL-II (collagen II); OPN, osteopontin; SCX, scleraxis.
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The cPDLSCs and the hPDLSCs showed high
expression of scleraxis (SCX), a tendon-specific tran-
scription factor, which demonstrated that the isolated
cPDLSCs and hPDLSCs originated from the PDL tis-
sue (Fig. 1D). In addition, both c¢PDLSCs and
hPDLSCs expressed type I collagen, whereas only a
certain population of these cells expressed «-SMA and
OPN. Neither cPDLSCs nor hPDLSCs expressed type
IT collagen, a marker related to cartilage.

MSC marker expression

The MSC surface markers were detected by immunocy-
tochemical staining (Fig. 2A). A small proportion of
cPDLSCs expressed STRO-1, but the majority
expressed CD146. In addition, we also detected moder-
ate expression of CDI05 in both c¢PDLSCs and
hPDLSCs. However, these cells were negative for the
haematopoietic stem cell marker, CD34.

A lower proportion of cPDLSCs (3.48%) than of
hPDLSCs (5.58%) expressed STRO-1. CD146, which
was highly expressed in hPDLSCs (64.98%), was
moderately expressed in cPDLSCs (29.78%) (Fig. 2B).

cPDLSCs are multipotent in vitro

The multidifferentiation potential of the cPDLSCs
towards osteogenesis, adipogenesis, and chondrogenesis
was determined and compared with that of hPDLSCs.
Small, round Alizarin Red-positive nodules formed in
the PDLSC cultures after 2 wk of induction, indicating
calcium accumulation in vitro (Fig. 3B,F). Compared
with hPDLSCs, ¢cPDLSCs formed fewer mineralized

nodules. Oil Red-O staining of the lipid droplets within
the adipocytes, an indicator of adipogenesis, was of a
lower intensity in cPDLSCs than in hPDLSCs after
4 wk of culture in adipogenic induction medium
(Fig. 3C,G). Chondrogenic differentiation after induc-
tion in chondrogenic medium was assessed in pellet cul-
ture by staining for type II collagen. After induction,
cPDLSCs expressed type II collagen, as did hPDLSCs
(Fig. 3D,H). Like hPDLSCs, cPDLSCs showed hetero-
geneous differentiation potential towards osteogenesis,
adipogenesis, and chondrogenesis.

Generation of cementum-like and PDL-like structures
by transplanted cPDLSCs

To determine whether cPDLSCs were able to differenti-
ate into functional cementoblast-like cells, we trans-
planted ¢cPDLSCs with HA carrier into immunocom-
promised mice. Both hPDLSC (Fig. 4D) and ¢cPDLSC
(Fig. 4A,B) transplants could form cementum-like
tissue on the surface of the carrier. After decalcifica-
tion, HA disappeared, leaving gaps. Transplanted
cPDLSCs were able to form dense collagen fibres
connecting with newly formed cementum-like structures
that mimicked physiological attachment of Sharpey’s
fibres (Fig. 4B,C). No mineralized tissue was observed
in the cell-free control group (Fig. 4E).

Discussion

Mesenchymal stem cells are multipotent stem cells that
were first discovered and characterized from bone mar-
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Fig. 2. Expression of mesenchymal stem cell (MSC) markers. (A) Immunocytochemical staining of cell-surface markers related to
MSCs in canine periodontal ligament stem cells (¢cPDLSCs) and human PDLSCs (hPDLSCs). Bars, 100 um. (B) Flow cytometric
analysis of the expression of cell-surface markers related to stem cells and endothelial cells on cPDLSCs and hPDLSCs.



Control Alizarin Red S

--c
..G

Stem cells from dog periodontal ligament 307

Oil Red O

Type I collagen

L

D

Fig. 3. Multidifferentiation potential of putative canine periodontal ligament stem cells (¢cPDLSCs) and human PDLSCs
(hPDLSCs) in vitro. (A—D) cPDLSCs and (E-H) hPDLSCs. (A,E) Unstimulated controls. (B,F) Alizarin Red S staining, showing
osteogenic differentiation. (C,G) Oil Red-O staining, showing adipogenic differentiation. (D,H) Chondrogenic differentiation,
assessed by the expression of type II collagen. Figures show representative data from several independent experiments. Bars,

100 ym.

Fig. 4. Generation of cementum-like and periodontal ligament (PDL)-like structures ex vivo by canine periodontal ligament stem
cells (cPDLSCs). (A) Eight weeks after transplantation, cPDLSCs generated cementum (C)/PDL-like structures (PDL) ex vivo on
the surface of the hydroxyapatite (HA), as shown at lower magnification (approximately x10). After decalcification, HA disap-
peared, leaving gaps. (B) Transplanted cPDLSCs differentiated into cementoblast-like cells (triangles) that formed cementum-like
structures (C) connecting to newly formed collagen fibres (arrows), similar to the structure of Sharpey’s fibres. (C) Masson’s tri-
chrome staining showed that transplanted cPDLSCs generated a substantial amount of collagen fibres (arrows). Collagen fibres
are blue in Masson’s trichrome-stained sections. (D) Human PDLSC (hPDLSC) transplants were used as a positive control to
show a cementum-like structure (C) and PDL-like structures (PDL) ex vivo, and differentiation into cementoblast-like cells (trian-
gles) and cementocyte-like cells (triangles) that connected to newly formed collagen fibres (arrows). (E) No mineralized tissue was

observed in the cell-free control group.

row (19). Mesenchymal stem cell-like populations from
other tissues have now been characterized based on the
‘gold standard’ criteria (20-22) of clonogenicity, multi-
potency, and self-renewal. Five different types of
human dental stem/progenitor cells have been isolated
and characterized: dental pulp stem cells (22), stem cells
from exfoliated deciduous teeth (23), PDLSCs (6), stem
cells from apical papilla (24), and dental follicle pro-

genitor cells (25). Growing knowledge on the properties
of these dental MSCs has accelerated the development
of dental-tissue regeneration techniques and their
implementation in regenerative medicine.

In general, large-animal models resemble human con-
ditions in many aspects, such as anatomy, physiology,
and pathology. Therefore, those models are preferable
in dental research to small-animal models (26). Beagle
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dogs are widely used for the study of periodontal
regeneration owing to their docile temperament and
natural susceptibility to periodontal disease (27, 28).
Recently, many studies have focused on periodontal
regeneration using PDL cells in canine models (13, 14,
29). However, to date, canine PDLSCs have not been
clearly characterized. In this study, we successfully iso-
lated and characterized MSCs from canine PDL. The
tendon-specific transcription factor SCX is highly
expressed in cPDLSCs, demonstrating that these cells
originated from PDL tissue. In addition, cPDLSCs
expressed type I collagen, in accordance with previous
studies (30, 31). Moreover, these cells displayed many
characteristics similar to those already reported for
human PDLSCs, including clonogenic capability,
expression of a set of MSC markers, and multidifferen-
tiation potential.

One of the most prominent properties of MSCs is
their ability to generate colonies after they are plated at
a low density. The colony-forming unit fibroblastic
(CFU-F) assay is a standardized assay for characteriz-
ing MSCs (31). In this study, cPDLSCs showed clono-
genic capability, as did hPDLSCs. These colonies were
heterogeneous in size and in cell density, reflecting a
variety of proliferation potentials in the isolated
cPDLSCs.

As with other postnatal MSCs (6, 22, 32), cPDLSCs
expressed STRO-1, CD146, and CD105. STRO-1 is a
putative stem-cell surface marker for the isolation of
MSCs (32). Previous studies (33) suggested that STRO-
1 was a marker of the perivascular niche of these
stem-cell populations. Recent studies showed that
blood-vessel walls harboured a reserve of progenitor
cells that might be integral to the origin of MSCs and
other related adult stem cells (34). Mesenchymal stem
cells with greater differentiation potential express higher
levels of CD146 on the cell surface (35). Because
CD146 is known to be expressed on several cell types
(e.g. MSCs and endothelial cells) and its expression
may be linked to multipotency (36), we used CD146 to
determine whether cPDLSCs were associated with
blood vessels. The results showed a high level of
expression of CD146, suggesting that cPDLSCs might
derive from a population of perivascular cells. CD105
is a widely adopted marker used to detect human
MSCs (37). In this study, CDI105 was expressed in
cPDLSCs and in hPDLSCs, demonstrating their MSC
phenotype. Both ¢cPDLSCs and hPDLSCs were nega-
tive for CD34, in agreement with previous studies (30).

The heterogeneity of STRO-1/CD146/CD105-positive
MSCs in our study implies that cPDLSCs may repre-
sent a heterogeneous stem-cell-enriched population that
contains some early uncommitted progenitor cells.
However, there are still no specific molecules or genetic
approaches that could identify ¢cPDLSCs. We found
that ¢cPDLSCs showed lower levels of expression of
STRO and CD146 than hPDLSCs. This may be partly
because the STRO-1 and CD146 antibodies used in our
study were mouse anti-human Igs, as there is no anti-
canine Igs currently available. To test mouse anti-
human STRO-1 Ig cross-reactivity with canine cells, we

performed immunocytochemical staining on hPDLSCs,
cPDLSCs, and lymphocytes (data not shown) and
found that only hPDLSCs and cPDLSCs were specifi-
cally stained with the human STRO-1 antibody. Simi-
larly, many other previous studies have also
successfully used anti-human STRO-1 Ig to characterize
stem cells isolated from canine tissues (38). However,
this method lacks specificity compared with the use of
species-specific antibodies.

The heterogeneous population of MSCs was con-
taminated with other progenitor cells (31, 39). Early
PDL progenitor cells are capable of expressing a-SMA
(5, 40) and OPN (41). Alpha-SMA is a marker for
determining the degree of cell differentiation in the
dental follicle and in periodontal tissues (42). Expres-
sion of a-SMA is generally associated with differentia-
tion of fibroblasts into contractile myofibroblasts.
Myofibroblasts are generally present in organs with a
high remodelling capacity, such as the PDL, or during
conditions of increased remodelling (43). Osteopontin
is an osteogenesis marker found in the extracellular
matrix of bone or cementum and is an early marker
of periodontal tissue regeneration (44). Our results
showed that a population of cPDLSCs expressed
o-SMA and OPN, demonstrating that a small propor-
tion of progenitor cells was present among the
cPDLSCs.

We confirmed that cells derived from canine PDL
had multidifferentiation potential in vitro and ex vivo.
The osteogenic potential of hPDLSCs has been
assessed previously (6). Our findings demonstrate that
cPDLSCs have the capacity to form mineralized
deposits in vitro. The adipogenesis and chondrogene-
sis capacities demonstrated the multidifferentiation
potential of the cPDLSCs. In this respect, cPDLSCs
seemed to be competent at a comparable level to
hPDLSCs.

When transplanted into immunocompromised mice
with the conductive biomaterial HA, cPDLSCs gener-
ated a cementum/PDL-like complex. The complex was
characterized by a layer of aligned cementum-like tis-
sues and by PDL-like tissues clearly associated with
this layer. Most importantly, these transplanted cells
could produce both mineralized and soft connective tis-
sues, the morphological features of which were charac-
terized as a cementum structure containing inserted
ligament-like Sharpey’s fibres. However, the cell-free
control group failed to form mineralized tissue. These
results demonstrated that the transplanted cPDLSCs,
rather than the cells from immunocompromised mice,
may have contributed to the generation of the mineral-
ized tissue. The multidifferentiation potential in vitro
and ex vivo supports the application of cPDLSCs in
periodontal regeneration.

In conclusion, we demonstrated that cPDLSCs from
canine PDL are a population of stem cells with the
phenotypic characteristics of MSCs. The isolated
cPDLSCs are clonogenic and highly proliferative cells,
with multidifferentiation potential, and could form
cementum-like tissue ex vivo. Therefore, cPDLSCs will
be a useful source of MSCs for further periodontal-



regeneration research in a canine model before progres-
sion to human trials.
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