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ABSTRACT

Periodontitis is an inflammatory disease which manifests clinically as loss of supporting periodontal tissues including
periodontal ligament and alveolar bone. For decades periodontists have sought ways to repair the damage which occurs
during periodontitis. This has included the use of a range of surgical procedures, the use of a variety of grafting materials
and growth factors, and the use of barrier membranes. To date periodontal regeneration is considered to be biologically
possible but clinically unpredictable. Recently, reports have begun to emerge demonstrating that populations of adult stem
cells reside in the periodontal ligament of humans and other animals. This opens the way for new cell-based therapies for
periodontal regeneration. For this to become a reality a thorough understanding of adult human stem cells is needed. This
review provides an overview of adult human stem cells and their potential use in periodontal regeneration.

Key words: Mesenchymal stem cells, periodontal ligament stem cells, periodontal regeneration.

Abbreviations and acronyms: BMP = bone morphogenetic proteins; BMP-7 = bone morphogenetic protein-7; BMSSCs = bone marrow
stromal stem cells; EGF = epidermal growth factor; ePTFE = expanded polytetrafluoroethylene; ES = embryonic stem; FGF = fibroblast
growth factor; IGF = insulin-like growth factor; HA/TCP = hydroxyapatite/tricalcium phosphate ceramic; MHC = major histocompat-
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INTRODUCTION

Periodontitis is a disease of the periodontium charac-
terized by irreversible loss of connective tissue attach-
ment and supporting alveolar bone." These changes
often lead to an aesthetically and functionally compro-
mised dentition. For many decades, periodontists have
been interested in regenerating tissues destroyed by
periodontitis. Periodontal regeneration can be defined
as the complete restoration of the lost tissues to their
original architecture and function by recapitulating the
crucial wound healing events associated with their
development.”? Conventional open flap debridement
falls short of regenerating tissues destroyed by the
disease,>* and current regenerative procedures offer a
limited potential towards attaining complete periodon-
tal restoration.’™ Recently, the isolation of adult stem
cells from human periodontal ligament has presented
new opportunities for tissue engineering.'®'" Clearly,
in order for such therapies to be successful, a thorough
understanding of stem cells and their role in regener-
ating periodontal tissues is required.

The aim of this review is to discuss the current state
of our understanding of adult human stem cells in
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dental tissues and their potential application in regen-
erative periodontal therapy. Current regenerative pro-
cedures, in particular guided tissue regeneration, are
critically assessed. Furthermore, potential clinical impli-
cations of dental stem cells as well as the challenges for
further research are also highlighted.

Definition and types of stem cells

The term “stem cell” first appeared in the literature
during the 19th century. Like many other terms in
biology, the concept of a stem cell has expanded
greatly with identification of novel sites and functions.
A “stem cell” refers to a clonogenic, undifferentiated
cell that is capable of self-renewal and multi-lineage
differentiation.'* In other words, a stem cell is capable
of propagating and generating additional stem cells,
while some of its progeny can differentiate and
commit to maturation along multiple lineages giving
rise to a range of specialized cell types. Depending on
intrinsic signals modulated by extrinsic factors in the
stem cell niche, these cells may either undergo
prolonged self-renewal or differentiation.'> A pluri-
potent stem cell can give rise to cell types from all three
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Fig 1. Sources and derivation of stem cell populations. Depending on the site, stage of development or cell culture induction environment human
stem cells can be classified as being of pluripotent, multipotent, totipotent or inducible pluripotent potential.

germ layers of the body (i.e., ectoderm, mesoderm and
endoderm) whereas a multipotent stem cell can produce

Table 1. Defining properties of embryonic stem cells

cell types from more than one (but not all) lineages. 1
Descriptive and experimental studies support the
notion that stem cells exist in both embryonic and
adult tissues.'* To date, six types of stem cells have 3.
been isolated in humans'>~'” and these are depicted in

. Derived from the inner cell mass/epiblast of the blastocyst of
pre-implantation or peri-implantation embryo.

2. Capable of undergoing unlimited proliferation in an

undifferentiated state.

Exhibit and maintain a stable, diploid normal complement of

chromosomes.

4. Can give rise to differentiated cell types that are derivatives of

all three embryonic germ layers (ectoderm, mesoderm and

endoderm) even after prolonged culture.

Figure 1.
Embryonic stem cells .

Ils.+
In 1998, Thomson and co-workers derived the first 7 operm ce 8

human embryonic stem (ES) cell line from the inner cell
mass of 4- to 7-day-old blastocyst-stage embryos
donated by couples undergoing fertility treatment.'® A
list of essential characteristics that define human ES
cells is presented in Table 1. The capacity of human ES
cells to form teratomas containing derivatives of all
three germ layers highlights their potential to differen-
tiate into a range of cell types. To date, human ES cells
have not been tested for their ability to participate in
human embryonic development iz vivo or to contribute

11.

5. Capable of integrating into all foetal tissues during development.t
. Capable of colonizing the germ line and giving rise to egg or

. Clonogenic, i.e. a single ES cell can give rise to a colony

of genetically identical cells or clones, which have the same
properties as the original cell.

8. Expresses the transcription factor Oct-4, which then activates
or inhibits a host of target genes and maintains ES cells in a
proliferative, non-differentiating state.

9. Can be induced to continue proliferating or to differentiate.

. Lacks the G1 checkpoint in the cell cycle. ES cells spend most of

their time in the S phase of the cell cycle, during which they

synthesize DNA. Unlike differentiated somatic cells, ES cells do
not require any external stimulus to initiate DNA replication.

Do not show X inactivation. In every somatic cell of a female

mammal, one of the two X chromosomes becomes permanently

inactivated but this does not occur in undifferentiated ES cells.

to germ lines because of ethical concerns. The use of

embryonic stem cells for clinical therapies is a relatively mouse ES cells.
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new endeavour and currently this development has
been hampered by ethical concerns.

Adult stem cells and mesenchymal stem cells

Adult stem cells, also known as somatic stem cells, are
undifferentiated cells found in specialized tissues and
organs of adults.’> Compared to the pluripotent and
almost immortal nature of embryonic stem cells, adult
stem cells appear more mature with a finite lifespan and
only multipotent differentiation capacity. It appears
that all specialized tissues with renewal capacity
throughout life probably contain adult stem cells in
very small numbers that probably help replenish cell
loss during normal senescence or tissue injury.'82°
Haematopoietic stem cells from bone marrow were the
first type of adult stem cells to be identified.*' Over
the years these cells have been extensively studied and
are currently used therapeutically. Another population
of adult non-haematopoietic stem cells also resides in
the bone marrow microenvironment.”**¢ These are
termed bone marrow stromal stem cells (BMSSCs) or
mesenchymal stem cells (MSCs) and their biological
properties are less well understood.

In recent years, human MSCs have been identified in
many tissues throughout the adult body. However, the
primary source of MSCs is the bone marrow where they
exist at a low frequency (one per 34 000 nucleated
cells), which declines with age.?>*” MSC-like cell
populations have also been identified in other tissues,
including adipose tissue, muscle, peripheral blood,
foetal pancreas and liver.?®3 Because of their wide-
spread distribution, it has been proposed that MSCs
arise from a perivascular stem cell niche?®*33* where it
has been suggested that MSC exhibit a phenotype
characteristic of pericytes.>*>*

Mesenchymal stem cells have been characterized
both morphologically and immuno-phenotypically
using various surface markers. While the morphology
of MSCs typically falls into one of two types (large
and flat or elongated and fibroblastic), this is not a
defining or distinguishing feature of these cells. Of
more relevance to their identification is the expression
of a number of phenotypic characteristics of osteo-
blasts, endothelial, perivascular cells, neural or mus-
cle cells and a range of surface markers (including
CD49a/CD29, CD44, STRO-1, CD90, CD105,
CD106, CD146, CD140b, CD166, CD271). This
broad expression of cell surface molecules suggests a
common link between different cellular types since
most of these markers are expressed by all
MSC.2%26:36-38 However, the heterogeneous nature of
these cells is highlighted in clonal studies demonstrating
functional differences between MSCs, based on their
proliferative potentials and developmental capacities
in vitro and in vivo.??%3* A particularly
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distinguishing feature of human MSCs is their ability
to form colonies (i.e., they are clonogenic). In addition,
under special inductive culture conditions, these cells can
differentiate along numerous lineages including those for
osteoblasts, adipocytes, myelosupportive stroma, chon-
drocytes and neuronal cells.*®***=** The ability of MSCs
to give rise to multiple specialized cell types along with
their extensive distribution in many adult tissues
(including those of dental origin) have made them an
attractive target for use in periodontal regeneration.

Goal of periodontal therapy

Following disease control, periodontal regeneration
represents the ultimate goal of periodontal therapy
and entails the re-formation of all components of the
periodontium: gingival connective tissue, periodontal
ligament, cementum and alveolar bone.** Periodontal
regeneration aims to restore these lost tissues to their
original form and function by recapitulating the crucial
wound healing events associated with periodontal
development.*>*® Hence an understanding of the
processes involved in the development of the periodon-
tium is necessary in order to appreciate the cellular and
molecular events that might occur during periodontal
regeneration.

Development and formation of periodontium

Periodontal development commences at the end of
crown stage, when cells of the inner and outer enamel
epithelium proliferate from the cervical loop of the
enamel organ to form Hertwig’s epithelial root sheath
(Fig 2). The root sheath separates cells of the dental
papilla from the dental follicle, and initiates the
differentiation of odontoblasts from the dental papilla
to form root dentine. After root dentine is deposited,
cells of the root sheath secrete a fine matrix of proteins
onto the dentine surface, known as the hyaline layer of
Hopewell Smith.*”>*® It is thought that subsequent
fragmentation of the root sheath allows cells of the
dental follicle to attach to this protein matrix and
subsequently differentiate into cementoblasts, although
the exact events are unclear.*”-*° Apical development of
the root continues with continuing cementum deposi-
tion. Coronal to the developing root front, collagen
fibres become embedded in the newly-formed cemen-
tum, known as Sharpey’s fibres. This process initiates
the formation of the periodontal ligament through the
activities of the periodontal ligament fibroblasts which
are also derived from the dental follicle.’'** At this
stage of root development, bundle bone (i.e., the
portion of the alveolar process that lines the tooth
socket) is also formed and this is derived from
osteoblasts, also originating in the dental follicle.>®
Insertion of Sharpey’s fibres into this newly-forming
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Fig 2. Schematic representation of root development. At the end of
crown stage, root formation and periodontal development commence.
The inset illustrates deposition of root dentine by odontoblasts and
subsequent fragmentation of epithelial root sheath. Enamel (E),
dentine (D), and dental papilla (DP) (reproduced, with permission
from reference 45).

bone completes the development of the attachment
apparatus of the periodontium. The formation of
cementum, periodontal ligament and alveolar bone in
a spatially and temporally coordinated manner, along
with the transformation of reduced enamel epithelium
to sulcular and junctional epithelium during tooth
eruption, give rise to a complete periodontal attach-
ment apparatus.’® To facilitate regeneration of lost
connective tissue attachment, further research is needed
to fully elucidate the developmental processes of the
periodontium as well as the wound healing events
following periodontal therapy.

Periodontal wound healing and regeneration

Wound healing is the process by which an injured tissue
repairs itself. This consists of three interdependent,
sequential phases that overlap with each other: inflam-
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Fig 3. A time course of wound repair events that overlap in time and
vary in duration depending on local and systemic factors (adapted
from reference 45).

mation, granulation tissue formation and remodelling
of the newly-formed tissue (Fig 3).>° The duration of
each phase varies depending on a range of local and
systemic factors, particularly wound morphology and
the condition of adjacent tissues.’>>>®

Immediately following injury, a complex cascade of
molecular and cellular events occurs to initiate healing.
An inflammatory response is mounted and a blood clot
fills the site to provide tensile strength to the wound,
and to serve as a reservoir of growth factors and a
provisional matrix for cell migration. Infiltrates of
neutrophils and monocytes enter the wound site to
phagocytose dead or damaged tissue and foreign
matter. Epithelial cells originating from wound margins
also migrate to close the epithelial breach. The fibrin
clot is subsequently organized into granulation tissue as
new capillaries form and fibroblasts differentiate into
myofibroblasts to contract the wound. In the final
phase, the granulation tissue is remodelled into either
repaired (scar) tissue or regenerated tissue. Healing by
repair results in a tissue that does not completely restore
the architecture or function of the original tissue,
whereas healing by regeneration produces a new tissue
that is identical in both structure and function to the
original tissue.’”

Healing following conventional periodontal therapy
is more complicated than simple soft tissue healing
because of the involvement of mineralized tissues (i.e.,
cementum and bone) in addition to soft tissue compo-
nents. Most mechanical and surgical periodontal pro-
cedures (e.g., scaling, debridement and flap procedures
of various types) favour the healing of anatomical
defects produced by periodontitis. This largely involves
repair of the gingival connective tissues and the coro-
nal portion of the periodontal ligament with virtually
no repair of the cementum or alveolar bone. These
events, by definition, do not constitute regeneration
of the periodontium.* Indeed, healing after flap
surgery is mediated by a range of reparative responses
(Table 2), none of which can be considered to be tissue
regeneration.

For regeneration to occur, healing events should
progress in an ordered and programmed sequence both
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Table 2. Possible healing responses following
conventional periodontal therapy

Repair Control of inflammation
Long junctional epithelium
Connective tissue attachment to the root surface
(reattachment or new attachment)
New bone separated from the root surface by long
functional epithelium
New bone with root resorption or ankylosis or both
Regeneration New functional attachment apparatus with formation
of cementum periodontal ligament and alveolar bone

(Adapted from reference 45.)

temporally and spatially, replicating the key events in
periodontal development.*®*® The course of healing
is dependent on the availability of appropriate cells,
inductive factors and extracellular matrix secreted by
these cells.”” Although the exact events are unclear,
appropriate progenitor cells must migrate and attach to
the denuded root surface, and then proliferate and
mature into all of the tissue components which
constitute a functional attachment apparatus. The
correct proliferation, migration and maturation of
these cells is dependent partly on the presence of
inductive factors and the contact with extracellular
matrix, controlling gene expression and release of
specific inductive factors.’”®® In the absence of appro-
priate cellular, molecular or matrix components, heal-
ing may be compromised and occur by repair rather
than regeneration.

Progenitor and stem cells are of particular interest in
periodontal wound healing and regeneration as they
are most likely the parental cells of synthetic cells
(e.g., osteoblasts, cementoblasts and fibroblasts) respon-
sible for the restoration of lost periodontal tissues
(Fig 4).°'=%3 Whether progenitor cells arise from blood
vessels in the periodontal ligament or surrounding bone
stroma has been debated.®* However, one recent study
has clearly demonstrated the presence of periodontal

&»

Cementoblasts

Progenitor cells in
paravascular spaces

- ‘ Growth Factors i\'\
Extracellular Matrix S . '..-‘
Cell Adhesion Molecules T
Fibroblasts

‘ij.‘:-:..‘.rl

Osteoblasts

Fig 4. The role of stem cells in periodontal regeneration. Cells in the
paravascular areas of mature periodontal ligament have the potential
to differentiate into mature osteoblasts, periodontal ligament
fibroblasts and cementoblasts.
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Table 3. Phases of periodontal regeneration

Surgical techniques 1950-1970
Root surface conditioning 1970-1980
Guided tissue regeneration 1980-1990
Growth factors 1990-2000
Tissue engineering 2000-222?
Stem cells 22?7

ligament stem cells in perivascular niches of periodontal
ligament.®® Cells cultured from bone have the capacity
to form cementum-like material in vitro®® and these
cells appear to be transferred to the periodontal
ligament via numerous vascular channels in the alveolar
bone.®” Recent evidence shows that some clonal cell
lines isolated from the periodontal ligament have
characteristics of stem cells.®*"" A better understand-
ing of these cells in the periodontal tissues will facilitate
use of these cells for regenerative periodontal therapy.

Periodontal regeneration

For decades attempts have been made to develop
clinical procedures which might lead to predictable
periodontal regeneration (Table 3). Most of these have
been based on surgical solutions to the problem.
However, until recent times many of the approaches
were not based on sound biological principles and thus
were eventually found to be of limited value.

Root surface conditioning

In an early approach, root surfaces were “conditioned”
in early attempts either by demineralization of root
surfaces, or by coating root surfaces with chemical
agents such as fibronectin, or both. The demineraliza-
tion procedure was believed to reverse periodontitis-
induced root surface hypermineralization and to expose
collagen fibres with which newly-formed fibres could
interdigitate. Exposed collagen fibres were also
expected to discourage the attachment of unwanted
epithelial cells. However, this procedure did not yield
predictable regeneration, and often caused ankylosis
and root resorption as side effects instead.”” The
advantage of using fibronectin root surface coating
was also unclear because serum contains high fibronec-
tin levels and providing additional protein is unlikely to
have any beneficial effect.”?

Bone filling materials

Another approach to periodontal ‘regeneration”
involved the introduction of a “filler” material into
periodontal defects in the hope of inducing bone
regeneration. Various types of bone grafts have been
investigated to determine their ability to stimulate new
bone formation. Of these, the following have been
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studied in detail: (1) alloplastic materials which are
generally synthetic filler materials; (2) autografts which
are grafted tissue from one site to another in the same
individual; (3) allografts of tissue between individuals
of the same species but with different genetic compo-
sition; and (4) xenografts which consist of grafted
materials between different species. Although utiliza-
tion of such grafting materials for periodontal defects
may result in some gain in clinical attachment levels
and radiographic evidence of bone fill, careful histo-
logic assessment usually reveals that these materials
have little osteoinductive capacity (let alone cemento-
genic capacity) and generally become encased in a dense
fibrous connective tissue.”*

Guided tissue regeneration

In recent years guided tissue regeneration has come to
be considered the “gold standard” upon which to
compare regenerative technologies. This procedure
involves draping a barrier membrane over the peri-
odontal defect from the root surface and onto adjacent
alveolar bone prior to replacement of the mucoperio-
steal flap. The barrier membrane prevents unwanted
epithelium and gingival connective tissue from entering
the healing site while promoting re-population of the
defect site by cells from the periodontal ligament
(Fig 5). The concept of using barrier membranes in
periodontal regeneration is based on findings of a series
of experiments carried out to address the regenerative
capacity of different periodontal tissues.””~” From
these studies it was reported that only cells of the
periodontal ligament possessed regenerative capacity,
and that exclusion of gingival tissues from the wound

Barrier membrane

Excluded gingival tissues

Space for regenerative
processes

Alveolar bone

Periodontal ligament

Fig 5. Schematic representation of guided tissue regeneration. The
membrane physically excludes gingival tissues from the wound site
while providing space to allow cells of the periodontal ligament
to migrate into the site and promote regeneration (reproduced,
with permission from reference 45).
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Table 4. Essential design criteria for guided tissue
regeneration membranes

1. Tissue integration An open microstructure to encourage
tissue integration and limit epithelial
migration, while creating a stable
site for wound healing

Separate all cell types so that the desired
cells can repopulate the defect area

3. Clinical manageability Easy to cut and shape to fit particular
periodontal defects

Resist collapse from the pressure of
overlying tissue so that they can
maintain adequate space during the
healing period

Non-toxic, non-antigenic and induce
minimal inflammatory response from
the host

Remain in situ to allow progenitor cells
adequate time to repopulate the defect
site without interference from gingival
connective tissue or epithelium

7. Membrane resorption® Be degraded, replaced, or incorporated

into the healing flap after cell selection
is complete

2. Cell occlusivity

4. Space provision

5. Biocompatibility

6. Membrane stability*

*Apply only to resorbable membranes. (Adapted from references 79,
80 and 81.)

site allowed periodontal ligament cells to re-populate
the site, making regeneration biologically possible.”®

Barrier membranes require at least seven essential
criteria for their design to be effective (Table 4).”°8!
Resorbable membranes are made of collagen, polylactic
acid and polyglycolic acid®* as well as autograft and
allograft materials.®* Non-resorbable membranes are
commonly made of expanded polytetrafluoroethylene
(ePTFE).®* Resorbable membranes have the advantage
of bio-disintegration which negates the need for a
second surgical procedure to retrieve the membrane. In
contrast, non-resorbable membranes are used in a two-
stage procedure involving removal of the membrane
6-8 weeks after initial placement.

Histological analysis of guided tissue regeneration-
mediated healing shows that new connective tissue
attachment to the root surface forms with minor
contributions from new cementum and bone which,
by definition, is not true regeneration.” Guided tissue
regeneration procedures represent an attempt to
achieve concordance between biological principles and
clinical practice. However, their limited clinical and
histological success, particularly in advanced periodon-
tal defects,®>®® has led researchers to further explore
biologically-based regenerative therapy strategies involv-
ing growth factors, gene therapy and replacement
therapy with stem cells.

Growth factors

In another approach to induce periodontal regenera-
tion, polypeptide growth factors have been locally
applied to the root surface in order to facilitate the
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cascade of wound healing events that lead to new
cementum and connective tissue formation. Among the
myriad growth factors currently characterized and
available, epidermal growth factor (EGF), fibroblast
growth factor (FGF), insulin-like growth factor (IGF),
PDGF and TGF-p have been proposed to be of potential
use in relation to their regulatory effects on immune
function, cells of epithelium, bone and soft connective
tissues. Two of these growth factors, PDGF and IGF-I,
enhance regeneration in beagle dogs and monkeys with
periodontal disease.®””®® Another promising group of
polypeptide growth factors is the bone morphogenetic
proteins (BMP) which offer good potential for stimu-
lating bone and cementum regeneration.®’

Enamel matrix proteins

Enamel matrix proteins, produced by Hertwig’s epithe-
lial sheath, are known to play an important role in
cementogenesis, as well as in the development of the
periodontal attachment apparatus.”®”' There is some
evidence that these proteins also play a role in
regeneration of periodontal tissues after periodontal
therapy.”” In vitro studies have demonstrated that
EMD addition to cultures of periodontal fibroblasts
results in enhanced proliferation, protein and collagen
production as well as promotion of mineralization.”>**
As no specific growth factors have been identified in
EMD preparations,”” it is postulated that EMD acts
as a matrix enhancement factor, creating a positive
environment for cell proliferation, differentiation and
matrix synthesis.”

New perspectives for periodontal regeneration

There is no doubt that the desired clinical endpoint is
predictable regeneration of the periodontal tissues
damaged by inflammation to their original form and
function. To date, this has been elusive. In order for
regeneration to occur there will need to be the
coordinated recruitment of specialized cells to the area
and deposition of specific matrix molecules consistent
with both soft and hard connective tissue formation
and this will be largely driven by soluble cytokines and
growth factors.

To understand the rational basis of regenerative
procedures, more information is needed on the variety
of molecular and cellular processes associated with the
formation of each periodontal component. In particu-
lar, very little is known about cementogenesis and the
mechanisms necessary for reattachment. While the use
of growth factors shows some promise in this area,
these suffer from being very broad in their range of
activity and thus lack a degree of tissue specificity.
Therefore, it seems reasonable to continue to probe
local factors (both cellular and molecular) which may
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be specific for the regeneration of the periodontal
tissues. To this end efforts to characterize stem cell
populations in the periodontal ligament have become
important.

Stem cells in human periodontal ligament

The presence of multiple cell types (fibroblasts,
cementoblasts and osteoblasts) within the postnatal
periodontal ligament has led researchers to speculate
that these cells may share common ancestors. The
possibility that progenitor cells might exist in the
postnatal periodontal ligament has been recognized
for some time but until recently had never been
formally proven.”® These cells are believed to provide
a renewable cell source for normal tissue homeostasis
and periodontal wound healing.®'*”

Cell kinetic studies in mice have indicated that a
group of progenitor cells exhibiting some classical
features of stem cells exist in the periodontal liga-
ment.®”?%?? Recently, multipotent stem cell popula-
tions, termed periodontal ligament stem cells (PDLSCs),
have been isolated from the periodontal ligament of
extracted human third molar teeth.'® These PDLSCs
give rise to adherent clonogenic clusters that resemble
fibroblasts and are capable of developing into adipo-
cytes, osteoblast- and cementoblast-like cells in vitro,
and demonstrate the capacity to produce cementum-
and periodontal ligament-like tissues iz vivo.'%’%1%°
PDLSCs express an array of cementoblast and osteo-
blast markers as well as the BMSSC associated markers,
STRO-1 and CD146 antigens, which are also present
on dental pulp stem cells.'®"'°* The similarity between
PDLSCs, dental pulp stem cells and BMSSCs suggests
that PDLSCs represent another MSC-like population.
Further work is now focusing on identifying markers
uniquely expressed by PDLSCs to discriminate these
cells from other types of MSC-like cells identified in
dental tissues.®> However, this is likely to be a complex
task as earlier studies have indicated that there is
considerable heterogeneity amongst cells of the peri-
odontal tissues with regenerative capacity.'%?

The first reported isolation and identification of
mesenchymal stem cells in human periodontal ligament
was in 2004.'° Since then, there has been considerable
activity trying to understand the function of these cell
populations and their interactions with each other with
a view to laying the fundamental groundwork for
clinical applications in regenerative periodontics. A
number of studies have now been carried out to confirm
the presence of MSC-like cells in the periodontal
ligament. These have not been limited to human but
also include mouse, rat and sheep.®®=711027105 Al of
these studies have confirmed the multipotent nature
of periodontal ligament stem cells, and while the
initial studies indicated this to include an ability to
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differentiate into osteoblast, cementoblast or lipido-
genic phenotypes at least one recent study has indicated
an ability of these cells to differentiate into neuronal
precursors.'?® Importantly cryo-freezing does not seem
to alter the properties of PDLSCs®® and this will have
significant relevance should “banking” of these cells
become a clinical necessity.

Potential applications of stem cells in periodontal
therapy

Identification of stem cells in postnatal dental tissues
has presented exciting possibilities for the application
of tissue engineering as well as gene and cell-based
therapies in reconstructive dentistry. The use of stem
cells with these technologies may constitute novel
strategies for regenerative periodontal therapy.

Tissue engineering

Tissue engineering is a specialized field of science based
on principles of cell biology, developmental biology and
biomaterials science to fabricate new tissues to replace
lost or damaged tissues.!?®'%” Successful tissue engi-
neering requires an appropriate extracellular matrix or
carrier construct which contains regulatory signals and
responsive progenitor cells. A potential tissue engineer-
ing approach to periodontal regeneration involves
incorporation of progenitor cells and instructive mes-
sages in a prefabricated three-dimensional construct,
which is subsequently implanted into the defect site
(Fig 6).°® This strategy eliminates some of the limita-
tions associated with conventional regenerative proce-
dures because of direct placement of growth factors and
progenitor cells into the defect site overcomes the
normal lag phase of progenitor cell recruitment to
the site.

Progenitor cells
cultured in vitro

Scaffold with seeded

Progenitor cells
seeded onto a scaffold

Regeneration of lost
connective tissue
attachment

cells implanted into
the defect site

Fig 6. Schematic representation of periodontal tissue engineering. An
engineered matrix (left) with necessary cells and instructive messages
seeded in vitro, and then (right) transferred into a periodontal defect
to promote regeneration. Rapid formation of an epithelial seal should
be encouraged to minimize salivary and microbial contamination
during wound healing.
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Table 5. Requirements for successful tissue
engineering

Biochemical features
e Space maintenance
e Barrier or exclusionary features
Biological functions
e Biocompatibility
e Incorporation of cells (with appropriate phenotype for ongoing
periodontal regeneration)
e Incorporation (and bioavailability) of instructive messages

(Adapted from reference 58.)

The technical requirements for successful cell-based
tissue engineering can be divided into two main
categories (Table 5): engineering issues related to
maintenance of an in vivo cell culture in the defect
(e.g., biomechanical properties of the scaffold) and
biological functions of the engineered matrix (including
cell recruitment, neovascularization and bioavailability
of growth factors).'®

With respect to the biochemical features of the
matrix scaffold, these compounds should act in a
manner consistent with the principles of membrane-
based guided tissue regeneration and have similar
design features as listed in Table 4.°° In particular,
these properties should include: ease of handling,
rigidity to withstand soft tissue collapses into the
defect, and ability to maximize cell colonization and
tissue ingrowth of desired type.'®® It is also important
that unwanted epithelium is not totally excluded, but
rather encouraged to form a biological seal over the
scaffold and onto the tooth in the vicinity of the
cemento-enamel junction, protecting the regenerating
events occurring beneath.''’

The concept of cell transplantation into periodontal
defects was first described over 15 years ago.''! Since
then, other studies have attempted to induce periodon-
tal regeneration using implantation of cultures of
periodontal ligament fibroblasts and alveolar bone
cells."'* While these investigations met with some
success, overall the treatment strategies were somewhat
limited due to the heterogeneous nature of the crude
cell preparations used in these studies. More recently,
the use of purified stem cells for tissue engineering
approaches to facilitate periodontal regeneration has
been investigated. Transplantation of autologous
bone marrow MSCs in combination with atelocollagen
into class I defects in dogs has been shown to
regenerate cementum, periodontal ligament and alveo-
lar bone.'"® Ex vivo expanded PDLSCs co-transplanted
with hydroxyapatite/tricalcium phosphate ceramic
(HA/TCP) particles into nude rats are capable of
forming cementum/periodontal ligament-like struc-
tures.®® One novel report has shown that stem cells
isolated from the root apical papilla of human teeth
and PDLSC can be combined to regenerate the
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root/periodontal structure respectively.''* In this study
a root-shaped scaffold structure was prepared into
which stem cells isolated from the root apical papilla
from porcine teeth were seeded. Gelfoam containing
porcine PDLSC was then wrapped around the artificial
root construct and then placed into a prepared bony
socket in the mandible of mini-pigs. After a three-
month healing phase this biologically created “root”
was restored with a porcelain crown. Collectively, these
findings demonstrate the feasibility (and potential) of
using a combination of MSC-like cell populations for
functional tooth regeneration.

Gene and cell-based therapy

The inherent proliferative and pluripotent capabilities
of stem cells may offer lifelong opportunities for
treatment of some important human diseases, including
periodontitis, by repairing, replacing or regenerating
damaged tissues. Stem cells may act as suitable vehicles
for the delivery of therapeutic genes in gene therapy,
and as therapeutic agents per se in cell-based therapy.

Gene therapy is a new approach for the treatment of
human diseases. It relies on genetic engineering, which
involves molecular techniques to introduce, suppress or
manipulate specific genes, thereby directing an individ-
ual’s own cells to produce a therapeutic agent. In the
context of periodontal regeneration, gene therapy seeks
to optimize the delivery of agents such as growth
factors to periodontal defects so that the limitations
associated with topical application (e.g., short duration
of action) can be overcome.'"> Two major strategies for
delivering therapeutic transgenes into human recipients
are: (1) direct infusion of the gene of interest using viral
or non-viral vectors in vivo; and (2) introduction of
gene into delivery cells (often a stem cell) outside the
body ex vivo followed by transfer of the delivery cells
back into the body.*°

The use of both in vivo and ex vivo gene delivery
strategies via adenoviral (Ad) vectors encoding growth
promoting molecules such as platelet-derived growth
factor (PDGF) and bone morphogenetic protein-7
(BMP-7) has been investigated for its potential in
periodontal regeneration by Giannobile and col-
leagues.''*""'? Recent findings in rats have revealed
sustained transgene expression for up to 10 days at
Ad-BMP-7 treated sites,''” and enhanced bone and
cementum regeneration at Ad-BMP-7 and Ad-PDGF
treated sites beyond that of control vectors.''® The
introduction of transgenes into dental stem cells may
offer an alternative to conventional methods because
stem cells have the potential to provide a sustained
source of growth factors for regeneration. However,
much work is still needed to optimize the number of cells
that are virally transduced to express specific genes,
in order to maximize the duration and extent of gene
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expression, and ultimately to determine the success of
gene transfer techniques in periodontal regeneration.
Further research is also needed to address potential
risks of viral recombination and immune responses
towards viral antigens which could potentially hinder
the progress of gene therapy in treating periodontal
diseases.'*’

Current challenges and future directions for research

In view of the gaps and deficiencies in our knowledge of
periodontal development and its applications to peri-
odontal therapy, many challenges need to be overcome
before stem cell-based treatment can become a clinical
reality. This section highlights the main biological,
technical and clinical challenges in the area, which
could form the basis for further research.

Biological challenges

Despite biological evidence showing that regeneration
can occur in humans, complete and predictable regen-
eration still remains an elusive clinical goal, especially
in advanced periodontal defects. Periodontal regenera-
tion, based on replicating the key cellular events that
parallel periodontal development, has not been possible
because of our incomplete understanding of the specific
cell types, inductive factors and cellular processes
involved in formation of the periodontium.’® Further-
more, most basic discoveries on periodontal stem cells
have emerged from cell culture and animal models
which does not always translate to the human situation.
Thus, not all findings in animal models can be directly
extrapolated to humans. In addition, the molecular
pathways that underlie stem cell self-renewal and
differentiation are also largely unknown.'?' Further
research is needed to elucidate the cellular and molec-
ular events involved in restoring lost periodontal tissues
before a reliable biologically-based therapy can be
developed. In light of these concerns, the isolation and
characterization of stem cells from periodontal tissues
may provide a good starting point to investigate the role
of stem cells in periodontal wound healing and their
potential applications in regenerative therapy, including
tissue engineering.

Technical challenges

Biologically, the matrix scaffold should have good
biocompatibility for the cellular and molecular compo-
nents normally found in regenerating tissues.'*'%?
There is evidence to suggest that cultured human
PDLSCs in a suitable scaffold and implanted into
surgically-created periodontal defects can result in the
formation of a periodontal ligament-like structure.®®
However, the optimal mechanism of propagation and
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incorporation of these cells into a carrier scaffold still
needs further refinement.'**'*> In addition, further
studies are needed to understand the conditions that
induce lineage-specific differentiation and efficacy of
in vitro expanded stem cells derived from regenerating
periodontal defects.”'? Possible karyotypic instability
and gene mutations can limit the usefulness of cell lines
after prolonged culture.'*” There are also difficulties in
providing clinical-grade stem cell lines using animal-
free media to prevent cross-infection in humans.'*®
Thus, refinement of current techniques to facilitate
laboratory handling of these cells and to maximize their
regenerative potential represents a long-term endeavour
if these cells are to be used in clinical periodontics.

Clinical challenges

In addition to biological and technical challenges, there
are a number of clinical barriers in MSC-based clinical
therapy that must be understood and overcome:
immune rejection, tumour growth and efficacy of cell
transplantation.

Firstly, it is important to understand how the
immune system will respond to human stem cell
derivatives upon transplantation. Generally, the immu-
nogenicity of a human cell depends on its expression of
class I and II major histocompatibility (MHC) antigens,
which allow the body to distinguish its own cells from
foreign cells. Human ES cells express a low level of class
I MHC antigens, but this expression is up-regulated
with differentiation.’® The use of patient-specific
(autologous) adult stem cells from redundant third
molar teeth should overcome potential immune rejec-
tion."%!3! However, this approach may be redundant
if recent reports are considered which indicate that
MSC can suppress the immune system and thus allows
the use of either autologous or allogeneic MSC
preparations.'>?

Secondly, the prevention of tumour formation fol-
lowing MSC implantation is a major safety consider-
ation as current studies lack sufficient statistical power
and long-term follow-up to draw firm conclusions."?*? It
is likely that the more specific and extensive the
therapeutic application, the longer the stem cells may
have to remain iz vitro to obtain sufficient numbers for
therapeutic use. Thus during this extended period in
culture there could be a greater likelihood that genetic
or epigenetic changes will accumulate. If such changes
are not accompanied by an overt phenotypic transfor-
mation, they may go undetected and harm the patient.
Therefore, it is critical to have a thorough understand-
ing of the rate of genetic change and the type of
selective pressures that allows this change to dominate a
culture.

Thirdly, it is unclear whether human stem cell
derivatives can integrate into the recipient tissue and
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fulfil the specific functions of lost or injured tissues.'>*

Delivery of appropriate cells and molecules to the target
site without inducing ectopic tissue formation is of
paramount importance for the safety and effectiveness
of tissue engineering-based periodontal regeneration. It
is hoped that, as our knowledge on progenitor cells,
growth factors and delivery systems improves, it will
eventually lead to the development of regenerative
therapy based on sound scientific principles.

CONCLUSIONS

Regeneration of tissues destroyed by periodontitis has
long been an altruistic goal of periodontal therapy.
Periodontal regeneration requires consideration of
many features that parallel periodontal development,
including the appropriate progenitor cells, signalling
molecules and matrix scaffold in an orderly temporal
and spatial sequence. It is clear that current regenera-
tive procedures are less than ideal but the identification
of stem cells in human dental tissues in recent years
holds promise to the development of novel, more
effective approaches to periodontal regeneration and
reconstructive therapy. One way forward is to embrace
the field of stem cell-based tissue engineering and adopt
an interdisciplinary approach to periodontal regenera-
tion. However, before this is feasible, many biological,
technical and clinical hurdles need to be overcome and
a thorough understanding of underlying healing pro-
cesses in periodontal regeneration is required.
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