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Periodontal-Ligament-Derived Stem Cells Exhibit
the Capacity for Long-Term Survival, Self-Renewal,
and Regeneration of Multiple Tissue Types in Vivo

Danijela Menicanin,’ Krzysztof Marek Mrozik,'! Naohisa Wada,? Victor Marino,
Songtao Shi P. Mark Bartold," and Stan Gronthos*”

Primary periodontal ligament stem cells (PDLSCs) are known to possess multidifferentiation potential and
exhibit an immunophenotype similar to that described for bone-marrow-derived mesenchymal stem cells. In the
present study, bromo-deoxyuridine (BrdU)-labeled ovine PDLSCs implanted into immunodeficient mice sur-
vived after 8 weeks post-transplantation and exhibited the capacity to form bone/cementum-like mineralized
tissue, ligament structures similar to Sharpey’s fibers with an associated vasculature. To evaluate self-renewal
potential, PDLSCs were recovered from harvested primary transplants 8 weeks post-transplantation that exhibit
an immunophenotype and multipotential capacity comparable to primary PDLSCs. The re-derived PDLSCs
isolated from primary transplants were implanted into secondary ectopic xenogeneic transplants. Histomor-
phological analysis demonstrated that four out of six donor re-derived PDLSC populations displayed a capacity
to survive and form fibrous ligament structures and mineralized tissues associated with vasculature in vivo,
although at diminished levels in comparison to primary PDLSCs. Further, the capacity for long-term survival
and the potential role of PDLSCs in dental tissue regeneration were determined using an ovine preclinical
periodontal defect model. Autologous ex vivo—expanded PDLSCs that were prelabeled with BrdU were seeded
onto Gelfoam® scaffolds and then transplanted into fenestration defects surgically created in the perlodontlum
of the second premolars. Histological assessment at 8 weeks post-implantation revealed surviving BrdU-
positive PDLSCs associated with regenerated periodontium-related tissues, including cementum and bone-like
structures. This is the first report to demonstrate the self-renewal capacity of PDLSCs using serial xenogeneic
transplants and provides evidence of the long-term survival and tissue contribution of autologous PDLSCs in a
preclinical periodontal defect model.

Introduction

PREVIOUS STUDIES HAVE CHARACTERIZED progenitor cells
residing in periodontal ligament (PDL) tissues, known as
periodontal ligament stem cells (PDLSCs), which exhibit
similar properties to those described for bone-marrow-
derived mesenchymal stem cells (BMSCs) [1-3]. Further,
PDLSCs possess unique properties compared with other
MSC-like populations, including their high expression of the
tendon-associated marker scleraxis and their ability to form
multiple tissue types in vivo, including Sharpey’s fibers, al-
veolar bone, and cementum [3,4]. Subsequent studies have

shown that PDLSCs may play a potential role in regeneration
of periodontal tissues, in small- and large-animal models
(reviewed in [5]) and more recently, in two human clinical
pilot studies, which reported increased function of damaged
periodontal tissues in patients who received autologous
ex vivo—expanded PDL-derived progenitor cells [6,7]. While
assessment of tissue regeneration has been limited to indirect
clinical observations, these preliminary findings illustrated
long-term safety and some efficacy associated with implan-
tation of PDLSCs in a clinical setting.

One important aspect in tissue regeneration is the survival
of implanted stem cells and their capacity to undergo self-
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renewal. This has been extensively studied in non-MSC
populations, including embryonic stem cells [8—10], hema-
topoietic stem cells, neural crest stem cells [11-13], and skin
epithelial stem cells [14,15]. Self-renewal implies coordi-
nation of stem cell proliferation while maintaining their
undifferentiated cell phenotype and multipotency, a process
by which a single stem cell divides to generate an identical
daughter cell and/or committed progenitor cell. The capacity
of BMSCs to regenerate a bone and marrow organ was
initially demonstrated in the rodents [16] and more recently
in humans based on in vivo serial transplantation studies
[17]. Similarly, the capacity to undergo self-renewal has
also been investigated in MSC-like populations derived
from adult dental pulp tissue, following serial ectopic
transplantations into immunodeficient mice [18]. The pro-
cess of self-renewal is thought to be governed by biological
pathways that preserve the undifferentiated state of pro-
genitor cells and is controlled by numerous intracellular
effectors as well as a number of cytokines, growth factors,
adhesion molecules, and extracellular matrix components
present in the tissue microenvironment [19]. However, little
is known about the mechanisms involved in the molecular
regulation of self-renewal and long-term survival of differ-
ent MSC-like populations [20-22]. In the present study we
evaluated the survival, self-renewal capacity, and develop-
mental potential of ovine-derived PDLSCs using a xeno-
geneic and an autologous transplantation model.

Materials and Methods

Establishment and expansion of PDLSC
populations

Normally fully erupted premolars were extracted from ma-
ture Merino ewes under approved guidelines set by the Uni-
versity of Adelaide Human Research Ethics Committee (AEC
No. 146/10). PDLSCs were isolated as previously described
[4]. Briefly, PDL was scraped from the middle third root of the
root surface. PDL tissues were digested in collagenase Type 1
(3 mg/mL; Worthington Biochemical Corporation) and dispase
IT (neutral protease; 4 mg/mL; Roche Diagnostics) for 2h at
37°C to obtain single-cell suspensions of PDL cells. Primary
cultures of PDLSCs were established and maintained in
modified o-minimal essential medium (¢-MEM; JRH Bios-
ciences, Inc.) supplemented with 10% fetal calf serum, 2 mM
L-glutamine (Sigma-Aldrich, Inc.), 100uM L-ascorbate-2-
phosphate (Wako Pure Chemical Industries, Ltd.), 1 mM
sodium pyruvate (Sigma), 50 U/mL penicillin G (JRH Bios-
ciences, Inc.), and 50 pg/mL streptomycin (JRH Biosciences,
Inc.) in a humidified atmosphere of 37°C and 5% CO..

Differentiation assays

Mineralization was induced as previously described
[23,24]. Briefly, PDLSCs isolated from six different sheep, at
passage 3, were seeded at 8x10° per cm” and cultured in
modified o-MEM supplemented with 10”7 M dexamethasone
(Mayne Pharma) and 1.8 mM inorganic phosphate (KH,POy;
BDH Chemicals) for 28 days with media changes twice
weekly. Mineral deposit formation was identified by Alizarin
Red (Alizarin Red S; Sigma-Aldrich, Inc.) staining. Adipo-
genesis was induced as previously described [24-26]. Briefly,
PDLSCs, at passage 3, were seeded at 8 x 10° per cm” and
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cultured for 28 days in modified a-MEM supplemented with
1077 M dexamethasone (Mayne Pharma) and 60 uM indo-
methacin (Sigma-Aldrich, Inc.) with media changes twice a
week. Formation of lipid-laden cells was determined by Oil
Red O (MP Biomedicals) staining. Chondrogenic cell pellets
were prepared from 1x10° cells at passage 3, and cultured
for 28 days in induction media + transforming growth factor
B1 as previously described [20,24]. Pellet cultures were fixed
with 4% paraformaldehyde, and sectioned for hematoxylin
and eosin (H&E) staining and immunohistochemical staining
with mouse anti-human collagen type Il monoclonal antibody
(MAB1330; Chemicon International).

Flow cytometric analysis

To characterize the immunophenotype of ex-vivo-expanded
PDLSCs, flow cytometric analysis was used to measure the
expression of mesenchymal- and non-mesenchymal stem cell—
associated surface markers according to standard procedures.
Briefly, cells, at passage 3, were incubated with primary
monoclonal antibodies specific to MSC-associated markers
(CD29, CD44, CD166, and STRO-4 or HSP90P), hemato-
poietic, non-MSC-associated markers (CD14, CD31, and
CDA45) and isotype-matched controls. Cell suspensions were
then incubated with a secondary detection reagent, goat anti-
mouse immunoglobulin G-Phycoerythrin (Supplementary
Table S1; Supplementary Data are available online at
www.liebertpub.com/scd). Analysis was performed on a
fluorescence-activated cell sorter fitted with a 250 MW argon
laser (Beckman Coulter Cytomics FC500, using CXP Cyto-
metry List Mode Data Acquisition and Analysis Software
version 2.2; Beckman Coulter).

Transplantation of ovine PDLSCs
into immunocompromized mice

All procedures were conducted in accordance with guide-
lines of an approved small-animal protocol (SA Pathology
AEC No. 139/09). Ovine PDLSCs, at passage 4-5, were
labeled with cell-proliferation-labeling reagent bromo-
deoxyuridine (BrdU) 48 and 24h prior to transplantation.
Approximately, 4 x 10° PDLSCs from each of the six donors
were mixed with 40 mg hydroxyapatite/tricalcium phosphate
(HA/TCP) ceramic powder (Zimmer, Inc.), and then clotted
with 20pL. mouse fibrinogen (30mg/mL in phosphate-
buffered saline) and 20 pL. mouse thrombin (100 U/mL in 2%
CaCl,) to form a plug and then subcutaneously transplanted
into the dorsal surface of 8-week-old immunocompromized
(NOD/SCID) mice as previously described [27]. HA/TCP
scaffold transplants, without PDLSCs, were used as experi-
mental controls. Two replicate transplants, for each donor,
were performed.

All PDLSC transplants were recovered 8 weeks after
transplantation. One half of every transplant was fixed in 4%
paraformaldehyde, decalcified in 0.5M ethylenediamine-
tetraaceticacid (EDTA), paraffin embedded, and sectioned.
H&E staining and modified tetrachrome (MT) staining were
performed to illustrate the formation of mineralized tissues
within transplants and characterize their composition, re-
spectively. MT staining utilized a series of stains, including
Weigert’s iron hematoxylin, 1% phosphotungstic acid so-
lution, picro-orange, and Ponceau mixture, to effectively
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distinguish osteoid tissue (deep blue) from mature miner-
alized bone (bright red), connective tissue (pale blue), and
cartilage (pale blue) [28]. Immunohistochemistry was per-
formed using cementum and bone markers collagen type I
(COL-I), bone sialoprotein (BSP), and osteopontin (OPN), and
alpha smooth muscle actin (xSMA), a marker of vasculature as
previously described [29,30]. The survival and localization of
transplanted cells was investigated by immunohistochemistry,
targeting CD44 (MSC marker) and BrdU-expressing cells
within the implant. Detailed information on all the used anti-
bodies is provided in Supplementary Table S1.

Isolation and characterization of transplanted
ovine PDLSCs

The other half of every transplant was digested in equal
volumes of collagenase (Type I, 3mg/mL) and dispase
(Type II, 4 mg/mL) and resuspended cells were cultured in
modified o-MEM for three passages. Ovine PDLSCs were
isolated from the expanded heterogeneous cell populations
based on their high expression of HSP90P [31], and depleted
of any host-derived Scal (Ly-6A)—expressing mouse MSCs,
by fluorescence activated cell sorting (FACS) using an Epics
Altra HyPer Sort FACS machine (Beckman Coulter). Sorted
cells were further expanded for three passages and then used
for functional characterization in vitro and transplantation
experiments in vivo, as described earlier.

Transplantation of autologous PDLSCs
into an ovine periodontal defect model

All procedures were performed in accordance with guide-
lines of an approved animal ethics protocol (SA Pathology

high levels of expression of
CD29, CD44, CD166, and
HSP90 [mesenchymal stem
cell (MSC)-associated mark-
ers] and negligible levels of the
hematopoietic cell markers
CD14,CD31, and CD45. Color
images available online at
www liebertpub.com/scd

AEC No. 146/10). Twenty-four hours prior to surgery, pri-
mary, culture-expanded, autologous PDLSCs, derived from
seven donors, were treated with cell-proliferation-labeling
reagent BrdU (GE Healthcare) for cell tracking purposes.
Immediately prior to surgery, 2x 10° in-vitro-expanded BrdU-
labeled PDLSCs were detached from tissue culture flasks with
0.05% Trypsin/EDTA, neutralized with o-MEM + 10% autol-
ogous serum. A 4.5x2.5x 1.5mm’ piece of Gelfoam scaffold
(gelatin sponge; Pharmacia Corporation) was then added to
PDLSCs and mixed together. Gelfoam scaffold controls
(without PDLSCs) were spotted with 10 pL. o-MEM + 10%
autologous serum. All implants were clotted with 10uL fi-
brinogen (Sigma; 30mg/mL) and 10pL thrombin (Sigma;
100 U/mL) 10 min prior to implantation.

A standard periodontal defect was created using a 5-
mm trephine on an exposed buccal plate of alveolar bone
covering the mandibular first premolar of seven female
sheep, on both the left and right sides. Exposed tooth root
was scaled of PDL and cementum. Defects were then
filled with either autologous PDLSCs attached to Gelfoam
scaffold or Gelfoam scaffold alone. All defects were then
covered with a Gore-Tex® resorbable barrier membrane
(W.L. Gore and Associates, Inc.). Finally, operative sites
were covered with the mucoperiosteal flap and sutured in
place. Surgery was performed under general anesthesia
and post-operative antibiotics and analgesia were ad-
ministered.

All PDLSC transplants were recovered 6 weeks after
transplantation, fixed in 4% paraformaldehyde, decalcified
in 10% formic acid (pH 1.8), paraffin embedded, and sec-
tioned for H&E and MT staining. Immunohistochemistry
was performed using antibodies reactive to ovine cementum
and bone markers, OPN, BSP, COL-I, and the blood vessel
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marker aSMA as previously described [29,30]. To demon-
strate the contribution of implanted autologous PDLSCs
toward periodontal tissue regeneration, survival and locali-
zation of transplanted cells within the defects were inves-
tigated using immunodetection of BrdU.

Cell imaging

Images were generated using the digital slide scanner
NanoZoomer system (Hamamatsu Photonics).

Results

PDLSCs exhibit the capacity to survive
and form multiple tissue types in vivo

Primary, culture-expanded ovine PDLSCs exhibited
the capacity to differentiate into cells of osteogenic/
cementogenic, adipogenic, and chondrogenic lineages, as
evidenced by the formation of Alizarin Red-positive min-
eralized nodules, lipid-containing adipocytes positive for Oil
Red O, and collagen II-expressing chondrocyte pellets, re-
spectively (Fig. 1A). Further, immunophenotypic profiling
demonstrated that PDLSCs expressed high cell surface
levels of CD29, CD44, CD166, and STRO-4 (HSP90) and
lacked the expression of hematopoietic markers CDI14,
CD31, and CD45 (Fig. 1B), as previously shown for other
MSC-like populations.

To assess the developmental potential of PDLSCs in this
study, BrdU-labeled cells were mixed with HA/TCP parti-
cles and then subcutaneously transplanted into the dorsal
surface of NOD/SCID mice. The transplanted PDLSCs
from six donor populations exhibited the capacity to form
mineralized and fibrous tissues, including the associated
vasculature, in vivo (Fig. 2). Newly generated bone/
cementum-like tissue was observed throughout the implants,
lined with osteoblasts/cementoblasts with the presence of
osteo/cementocyte-like cells residing in the lacunae, em-
bedded within the tissue matrix, as depicted in images of
H&E-stained sections (Fig. 2A, B). Bright red staining
displayed in MT-stained sections confirmed the presence of
mature lamellar bone (Fig. 2C). Assessment of cellular ex-
pression of BrdU and the MSC-associated marker CD44
within the implants was used to track the localization of
donor PDLSCs in order to assess cell survival and contri-
bution to the formation of new tissues (Fig. 2D-I). Ex-
pression of CD44 was noted in cells lining the periphery of
mineralized structures and blood vessels, suggesting that the
PDLSCs were associated with the formation of these tissues.
Similarly, BrdU expression was observed in cells embedded
within and lining the mineralized structures and blood vessel
walls, indicating that the donor PDLSCs possessed the
capacity for long-term survival and to contribute to the
generation of multiple tissue types in vivo. Expression of
COL-I, BSP, and OPN within the newly generated tissues
identified the cementum/bone-like tissue structures and the
surrounding osteoblast/cementoblast-like cells (Fig. 2J-L).
Formation of collagen bundles, resembling Sharpey’s fibers
and inserting into the mineralized tissue, was evident in
H&E images and further illustrated in COL-I-stained
sections. Additionally, cells integrated within the newly
formed vasculature expressed smooth muscle marker «SMA
(Fig. 2M).
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Re-derived PDLSCs exhibit the capacity
to survive and form multiple tissue types
in secondary transplants

To evaluate the self-renewal potential of PDLSCs, re-derived
PDLSCs were recovered from harvested primary transplants 8
weeks post-surgery. High levels of HSP90 expression were de-
tected in unsorted MSC population cultured from recovered
explants [Fig. 3A(i)—red bar]. This was indicative of the sur-
vival and maintenance of initially implanted ovine PDLSCs
within the explanted tissues. Re-derived PDLSCs were then
selected, based on their expression of STRO-4 (HSP90P) [31],
and this highly purified population [Fig. 3A(i)—blue bar] was
expanded in vitro under normal growth conditions. To address
potential host-MSC contamination, during FACS, ovine
PDLSCs were depleted of Scal-expressing mouse MSCs. Im-
munophenotypic profiling of mouse MSCs illustrated their lack
of HSP90 expression [Fig. 3A(ii)].

Functional characterization studies demonstrated that the
re-derived PDLSC populations from the primary transplants
maintained their capacity to form mineralized nodules,
lipid-laden lobules, and undergo chondrogenesis, under ap-
propriate inductive conditions in vitro (Fig. 3B). Further,
high expression levels of the cell surface markers CD29,
CD44, CD166, and STRO-4 and lack of CD14, CD31, and
CD45 expression were consistent with the im-
munophenotypic profile observed in the primary PDLSC
populations (Fig. 3C).

We further assessed the tissue regeneration capacity of re-
derived PDLSCs isolated from primary transplants, by
implanting these populations into secondary ectopic trans-
plants. Histomorphological analysis of 8-week-old second-
ary ectopic transplants demonstrated that four out of six
donor PDLSC populations displayed a capacity to form
fibrous and mineralized tissues with associated vasculature
in vivo, as observed in H&E- and MT-stained tissue sections
although at diminished levels in comparison to the primary
transplants (Fig. 4A-E). Positive cellular staining for CD44
and BrdU indicated that a minor proportion of the implanted
re-derived PDLSCs survived 8 weeks post-implantation, and
directly contributed to the formation of fibrous and miner-
alized structures, as indicated by the integration of posi-
tively stained cells within and surrounding newly generated
structures (Fig. 4F, G). Donor cells lining along or embed-
ded within the mineralized tissue expressed the bone-related
markers COL-I, BSP, and OPN (Fig. 4H-J). Donor cells
present within the newly generated vasculature also ex-
pressed aSMA (Fig. 4K).

Autologous transplantation of ovine PDLSCs
leads to long-term survival and contribution
to periodontal tissue regeneration

We next assessed the capacity for long-term survival and
the potential role of PDLSCs in tissue regeneration of dental
structures in an ovine preclinical periodontal defect model.
Autologous ex vivo—expanded PDLSCs were prelabeled
with BrdU and then seeded onto non-osteoconductive Gel-
foam scaffolds before being transplanted into fenestration
defects surgically created in the periodontium of the second
premolars. Histological assessment at 8 weeks post-
implantation revealed the regeneration of periodontium-
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FIG. 2. Primary PDLSCs
exhibit the capacity to survive
and form multiple tissue types
in vivo. Following ectopic
transplantation and 8 weeks of
incubation in vivo, hematoxy-
lin and eosin (H&E) staining of
retrieved implants illustrated
formation of mineralized tis-
sue [modified tetrachrome
(MT)] along hydroxyapatite/
tricalcium  phosphate  (HA/
TCP) carrier material, with
numerous osteocyte/cemento-
cyte-like cells embedded in the
mineralized matrix [arrows
(A)] and presence of Shar-
pey’s-like fibers [ShF (B)].
Mineralized structures appear
bright red following MT
staining (C), representative of
mature lamellar bone. Im-
planted PDLSCs, localized by
targeting bromo-deoxyuridine
(BrdU) (D, E) and CD44 (F-I)
expression, were found lining
and embedded in the mineral-
ized matrix (arrows), sur-
rounding fibrous tissue and
blood vessel (BV) walls. Ex-
pression of an array of bone/
cementum markers (J-L), in-
cluding collagen type I (COL-
I), bone sialoprotein (BSP),
and osteopontin (OPN), dem-
onstrated differentiation of
implanted PDLSCs into cells
of osteogenic/cementoblastic
lineage. Cells associated with
newly generated BV expressed
alpha smooth muscle actin
(eSMA) (M). There was no
detectable non-specific label-
ing present in control sections
stained with isotype-matched
antibodies (N). Color images
available online at www
iebertpub.com/scd

related tissues, including cementum and bone-like struc- mentum resembling Sharpey’s fibers were noted, expressing
tures (Fig. 5). Newly generated cementum was lined by high levels of COL-I (Fig. 5H, I).

cementoblast-like cells and formed alongside pre-existing Immunohistochemical analysis was performed to assess
cementum housing numerous cementocyte-like cells in the the expression of BrdU, and bone/cementum-related mark-
matrix-embedded lacunae (Fig. 5A-D). Further, numerous ers within the newly formed tissues. BrdU-positive cells
organized bundles of collagen fibers inserting into the ce- were found lining the newly formed layers of cementum or
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FIG. 3. In vitro character- 100
ization of re-derived PDLSCs.
Heterogeneous cell popula- 80

tions derived from mouse ex-

plants expressed high levels of 60

HSP90 prior to sorting, n=6

[A@i) red bar]. Purified popu- 40

lations of ovine PDLSCs, en- it

riched for HSP90-expressing 20

cells and depleted of Scal-
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ated by fluorescence activated Pre-Sort
cell sorting [A() blue bar].
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of mouse MSCs demonstrated

high levels of Scal and lack of B
HSP90 expression, represen-
tative of n=3 [A(i)]. (B)
Expanded ovine PDLSCs re-
derived from primary trans-
plants retained PDLSC-like
properties and exhibited a
comparable potential to un-
dergo osteogenesis, adipogen-

esis, and chondrogenesis in
vitro. (C) Under inductive
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conditions, re-derived PDLSCs €
formed mineralized matrix and
lipid-laden adipocytes, and
underwent chondrogenic dif-
ferentiation as illustrated by
Alizarin Red, Oil Red O, and
collagen IT (COL-2) staining,
respectively. Re-derived

PDLSC:s expressed high levels
of CD29, CD44, CD166, and

HSP90 (MSC-associated
markers) and lacked the ex-
pression of the hematopoietic
cell markers CD14, CD34, and
CD45. Color images available
online at www liebertpub.com/
scd

Relative Cell Count

embedded within the mineralized structures and surrounding
fibrous tissue and vasculature (Fig. SE-G). This indicated
that the implanted PDLSCs contributed to the generation of
multiple tissue types. Additionally, cells lining the cemen-
tum and osteoid-like tissue expressed the mineral-associated
markers COL-I, BSP, and OPN (Fig. 5J, K) consistent with a
cementoblastic/osteoblastic lineage, while cells associated
with the vasculature expressed aSMA, a marker associated
with immature MSC populations, smooth muscle cells, and
pericytes (Fig. 5L).

Defects treated with Gelfoam scaffold alone exhibited a
decreased level of COL-I expression and presented a less-
organized formation of collagen bundles representative of
Sharpey fibers (Fig. SM, N). Lack of BrdU expression in
control sections (Fig. 50) demonstrated the specificity of
BrdU detection in PDLSC-treated defects and confirms the

Fluorescence Intensity

integration and contribution of implanted cells to peri-
odontal tissue regeneration.

Discussion

The capacity of MSCs for long-term survival and par-
ticipate in tissue regeneration following transplantation
in vivo is dependent on a number of factors including their
ability to undergo self-renewal. The capacity to reconstitute
the same compartment of phenotypically defined progenitor
cells has been demonstrated for bone-marrow-derived
skeletal progenitors, with the ability to establish a hemato-
poietic bone marrow microenvironment over serial ectopic
transplants in vivo [17]. Further, dental pulp stem cells have
also been shown to exhibit a capacity to undergo self-
renewal as assessed by their ability to regenerate dentin-
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FIG. 4. Transplanted, re-
derived ovine PDLSCs ex-
hibit the capacity to survive
and form multiple tissue
types in vivo. Formation of

bone/cementum-like  tissues
was evident by eosinophillic
and bright red staining illus-
trated in H&E- (A-D) and
MT- (E) stained sections,
respectively. Presence of or-
ganized collagen bundles,
resembling ShF, was noted
throughout the transplants.
BrdU and CD44 expression
(arrows) confirms that im-
planted PDLSCs survived
and contributed to the for-
mation of fibrous and miner-
alized structures (F, G).
Positive staining of cells lin-
ing and embedded in the
mineralized tissue matrix for
COL-I (H), BSP (), and
OPN (J) demonstrated their
cementoblastic/osteogenic lin-
eage commitment. Newly
formed vasculature was as-
sessed by aSMA expression

(K). There was no detectable
non-specific labeling present
in control sections stained

-/ lsot:y'g',e '_Comro.l

TN AR AN
“er k-' RO with isotype-matched anti-
2 o AL B bodies (L). Color images
A .\ | available online at www
Swe o 1 liebertpub.com/scd

pulp-like complexes over serial transplantations in vivo
[18]. In the present study, we demonstrate, for the first time,
that PDLSCs exhibit a self-renewal capacity in a serial xe-
nogeneic transplantation model and contribute to long-term
periodontal tissue regeneration following implantation of
autologous PDLSCs into a periodontal defect model.
Following harvest of the primary ectopic xenogeneic
transplants, ovine PDLSCs were isolated by FACS from a
heterogeneous population of mature stromal cells and con-
taminating host mouse cells, based on their ability to
maintain high expression levels of the MSC-associated
marker STRO-4 (HSP90fB) [31]. Comparative in vitro
characterization of primary PDLSCs and re-derived
PDLSCs isolated from primary ectopic transplants illus-
trated equivalent differentiation capacities and im-
munophenotypic  characteristics. ~ Immunohistological
assessment of both the primary and the secondary trans-

plants determined that the implanted primary and re-derived
PDLSCs were able to survive 8 weeks post-transplantation
without undergoing extensive proliferation, as determined
by BrdU labeling. Further, antibodies specific to ovine an-
tigens recognizing the MSC-associated marker CD44; bone/
cementum makers COL-1, BSP, and OPN; and vascular
marker aSMA demonstrated multitissue contribution. These
findings suggest that a proportion of PDLSCs retain their
MSC properties following extensive expansion ex vivo and
long-term transplantation in vivo, as they contributed to the
formation of mineralized structures, fibrous tissue, and dif-
ferentiated into perivascular cells within the implants. The
results imply that a subset of implanted PDLSCs terminally
differentiated into functional fibroblasts, pericytes, and cells
of osteogenic lineage, while a subset remained in the un-
differentiated, progenitor state, maintaining an immature
MSC phenotype and giving rise to a population of MSC
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FIG. 5. Autologous trans-
plantation of ovine PDLSCs
contributes to periodontal
tissue regeneration. BrdU-
labeled autologous PDLSCs
that were transplanted into
surgically created periodon-
tal defects exhibited the ca-
pacity to regenerate ovine
periodontium. PDLSCs con-
tributed to regeneration of
bone, cementum, and colla-
gen fibers (A-D). BrdU

expression (arrows) was lo-
calized in osteoblast-like
cells (Ob), cementoblast-like
cells (Cb), and cells lining the
BV walls (E-G). Expression
of COL-I and distribution
of the staining clearly dem-
onstrated the presence and
functional arrangement of
regenerated ShF (H, I). Cells
within the regenerated period-
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ontium tissue expressed BSP
and OPN, markers of bone/ce-
mentum (J, K). Newly gener-
ated vasculature (BV) was
distinguished by the expression
of aSMA (L). Control defects,
treated with Gelfoam® scaf-
folds alone stained with H&E
(M), exhibited lower levels of
COL-1 staining (N) and lacked
BrdU expression (0O). Color

images available online at
www liebertpub.com/scd

daughter cells, indicative of a hierarchical compartment of
progenitor populations.

Despite their comparable multipotency in vitro, a reduc-
tion in the number of CD44- and BrdU-positive PDLSCs
was evident in the secondary transplants. This finding sug-
gests that long-term ex vivo expansion of PDLSCs had an
effect on their survival and self-renewal capacities, which

subsequently altered the developmental potential of the re-
maining progeny. Previous studies have reported that
downregulation of telomerase activity in culture-expanded
MSC-like populations leads to eventual cellular senescence
[32,33]. Other studies have also reported that MSC self-
renewal and lineage specification are regulated by multiple
interacting pathways, based on global gene expression
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profiling of BMSC survival during differentiation and de-
differentiation in vitro [19]. Numerous molecules have been
implied in the maintenance of stemness in MSCs, including
cytokines and growth factors fibroblast growth factor
(FGF)2, platelet-derived growth factor-BB (PDGF-BB),
epidermal growth factor [34—40], and Wnt family members
[41-43]. Involvement of Wnt signaling has been implicated
in the control of MSC fate determination and identified as a
potential mediator of self-renewal in MSCs [43-46]. The
role of PDGF signaling in homeostasis, maintenance, and
recruitment of MSCs has also been investigated [38,47-49].
Further, platelet-derived growth factor receptor 3 signaling
promotes self-renewal of BMSCs, via activation of AKT
and ERK transduction pathways, to stimulate proliferation
and inhibit differentiation, respectively [50]. Similarly,
FGF?2 plays a role in self-renewal of adipose-derived MSCs
through FGF2 activation of the ERKI1/2 pathway [39].
However, one of the major challenges and limiting factors
associated with many of these studies is the heterogeneity of
isolated MSC populations. To circumvent such issues,
comparative genomic and proteomic profiling of well-
characterized self-renewing clonal subsets of MSCs could
be performed to identify potential key regulators and sig-
naling pathways involved in self-renewal. Previous studies
have demonstrated that PDLSCs contain highly proliferative
multipotent clonal subsets [20], which present a powerful
model for elucidating the underlying processes involved in
stem cell self-renewal and lineage commitment and identi-
fying master transcriptional regulatory switches and inter-
action between signaling pathways. Using this approach,
two molecules that were found to be highly expressed by
long-lived multipotential MSC populations, the basic-helix-
loop-helix transcription factor Twist-1 and the histone 3
lysine 27 methyltransferase Ezh2, have subsequently been
demonstrated to be involved in the maintenance and growth
of immature MSC populations [21,22]. These studies high-
light the complex transcriptional and epigenetic changes
involved in MSC self-renewal and cell commitment, and the
issues of identifying immature and committed populations
during ex vivo expansion.

The regenerative potential of PDLSCs has previously
been shown in preclinical large-animal studies and human
clinical pilot trials for periodontal regeneration [6,7,51-54].
However, most studies have failed to identify the cell pop-
ulations post-transplantation and their direct contribution to
tissue regeneration. To further characterize the long-term
survival and regenerative potential of PDLSCs, we im-
planted ex-vivo-expanded autologous PDLSCs into an ovine
periodontal defect model, to mimic a naturally inductive
environment, representative of a periodontal disease state,
where complete functional and sustainable periodontal re-
generation is difficult to achieve due to the complexity of
the structure and the integration of multiple tissue types that
comprise the periodontium. These studies found that auto-
logous PDLSCs exhibited a capacity to regenerate complex
tissue structures within the periodontium in vivo. In this
study, BrdU-labeled, autologous ovine PDLSCs trans-
planted into a surgically created periodontal defect demon-
strated contribution to the regeneration of multiple tissues,
including alveolar bone, cementum, fibrous tissue, Shar-
pey’s fibers, and blood vessels. Further, the autologous
PDLSCs demonstrated the ability to differentiate into
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matrix-synthesizing osteoblasts and cementum-forming ce-
mentoblasts. The regeneration of COL-I-positive Sharpey’s
fibers is of considerable importance for periodontal regen-
eration through the integration of regenerated tissues into
a functional structure and confirms restoration of the lost
tissue as well as its pivotal role in tooth support. Im-
portantly, surviving PDLSCs lacked a high turnover in vivo
as demonstrated by their retention of BrdU following
8 weeks post-transplantation and may be able to contribute
to the long-term tissue maintenance and homeostasis.

In conclusion, the present study has demonstrated that
PDLSCs are a highly potent population of progenitor cells,
with the ability to differentiate into specialized lineages and
hence regenerate functional tissues as well as the potential
to retain their stem-cell-like properties. Combined, these
findings provide a greater insight into the current knowledge
bases on PDLSCs and illustrate their ability to regenerate
complex structures of the periodontium that may be utilized
for future clinical applications.
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