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Abstract

The ultimate goal of periodontal regeneration is to restore the damaged alveolar bone proper, root cementum, and
periodontal ligament with collagen fibers inserted into the root surface. The search for new regenerative strategies
is a challenging field of periodontal research, and tissue engineering, using stem cells, has recently been shown
as a promising approach. This paper aims at reviewing the current available literature on the use of stem cells for
the treatment of periodontitis. Up to now, different mesenchymal stem cells (MSCs) have shown potential for
periodontal regeneration in animal studies. The most investigated MSCs for periodontal regeneration are bone
marrow MSCs (BMMSCs), periodontal ligament stem cells (PDLSCs), and dental pulp stem cells (DPSCs), which
have shown very promising results in animal models. Few studies on humans are available but BMMSCs, PDLSCs,
and DPSCs have been proven safe and effective. Clinical trials are sparse, but tend to support the efficacy of MSCs
for periodontal regeneration. In the future, more human studies will be required to support the use of MSCs in
daily clinical practice, especially in order to identify the best protocol to harvest, process, and graft MSCs. Future
perspectives include trans-differentiation of somatic cells to generate induced pluripotent stem cells, homing
procedures, the use of exogenous stem cells, and 3D-printed scaffolds.
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INTRODUCTION

Stem cells and tissue engineering have recently been introduced into the field of periodontology and
they have shown encouraging potential in the treatment of periodontitis, which is a complex immune-
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inflammatory disease, characterized by the loss of periodontal tissues around teeth and by the formation
of periodontal pockets (PD). In susceptible individuals, periodontitis occurs when the inflammatory and
immune response to the microbial challenge of dental plaque is dysregulated. If left untreated, periodontitis
may progress at different rates and eventually lead to tooth loss, especially in a sub-fraction of patients who
may be highly susceptible.

Periodontitis affects the majority of the adult population™?, may cause edentulism, and has been listed
as a risk factor for major systemic diseases, such as atherosclerosis, cardiovascular diseasesm, diabetes™,
and rheumatoid arthritis™®*. This may directly influence the general health, social life, and nutritional state
of affected individuals, jeopardizing their overall quality of life”"". Moreover, the treatment of advanced
forms of periodontitis is expensive, with a direct impact on Western countries’ productivity, thus making
periodontitis a threat for public health"".

Periodontal treatment aims to control inflammation in the periodontal tissues, avoiding disease
progression, preserving natural teeth, and maintaining masticatory function. To achieve these goals, the
treatment is focused on reducing or eradicating PDs. Many non-surgical and surgical approaches are
currently used. Non-surgical periodontal therapy is the first step for any patient affected with periodontitis.
The desegregation of the bacterial biofilm at PD sites provides a reduction of PDs and inflammation,
especially in PDs < 6 mm"**™. If the number of residual pockets is limited and inflammation is under
control, patients are expected to experience limited tooth loss (0.1 tooth/patient/year[”]) throughout a life-
long supportive care program, which is generally enough to prevent masticatory dysfunction. However,
patients who still present multiple PDs > 5 mm, or even one PD > 6 mm after non-surgical therapy, take
significant risk to experience disease progression and require additional surgical treatment™"* with the
goals: (1) to provide access to root surface; and (2) to arrest disease progression by reducing PDs. Surgical
treatment of periodontitis includes non-resective access surgery, resective surgery, and regenerative
procedures. Non-resective surgery aims at facilitating root debridement by means of flap elevation.
Different techniques have been proposed and minimally-invasive approaches have shown advantages in
clinical trials"”. Resective surgery eradicates PD by correcting gingival and bone morphology. Although
extremely effective against PDs, it is carried out at the expense of the periodontal support of the involved

[1

teeth and invariably causes soft tissue recession"*"”. Periodontal regeneration has the goal to restore the

lost periodontium, as it aims at increasing the periodontal attachment, reducing PD, and limiting gingival

recession. This makes periodontal regeneration the gold standard for periodontal treatment"”.

Periodontal regeneration has been shown to be effective in the treatment of intrabony and furcation defects
with varying degrees of efﬁcacy[“’"]; however, regenerative procedures are still exposed to clinical failures
or incomplete success due to various limitations, such as patient-specific factors (i.e., smoking, poor plaque
control, etc.), improper choice of access flaps and biomaterials, and poor periodontal training””. Alveolar
bone proper, root cementum, and periodontal ligament (PL) in the previously damaged periodontium
are expected to be regenerated as the ideal treatment outcome, but it has been shown to not always be the
case™. To overcome these limitations, new access flaps”*** and biological agents**** have been developed
in recent years; clinical trials, however, have revealed a still controversial efficacy and their histological
evidence is generally sparse. Thus, the search for new regenerative procedure is still a challenging field of
periodontal research. In this context, tissue engineering[“], cell combination, biomaterials, and growth
factors have recently been proposed as promising alternatives for periodontal treatment. In this field, stem
cells are attractive. They are undifferentiated cells that possess regenerative potential thanks to their ability
to develop into different cell types after proper stimulation"”. In periodontal regeneration, mesenchymal
stem cells (MSCs) have been tested in vitro and in humans with promising results”™”. MSCs from dental and
non-dental tissues have been harvested and used”". Among MSCs from dental tissue, we may list dental
pulp stem cells (DPSCs)"*, human exfoliated deciduous teeth cells (SHEDs)"™, periodontal ligament stem
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cells (PDLSCs)"”, dental follicle precursor cells (DFPCs)"", and stem cells from apical papilla (SCAPs)"™”.
Various non-dental stem cells have been used in periodontal regeneration. Among others, BMMSCs,
adipose-derived stem cells (ASCs), embryonic stem cells (ESCs), and induced pluripotent stem cells (iPSCs)
have been the most investigated.

Evidence of which is the most effective protocol is still lacking. Thus, the primary aim of this review is
to summarize the available scientific evidence about periodontal regeneration using MSCs. Clinical and
histological outcomes of periodontal regeneration are reviewed and synthesized.

MESENCHYMAL STEM CELLS FOR PERIODONTAL REGENERATION
Dental stem cells

Dental Stem Cells (DSCs) are multi-potent, self-renewing MSCs. DSCs may differentiate toward osteogenic,
odontogenic, dentinogenic, cementumogenic, adipogenic, chondrogenic, myogenic, and neurogenic
lineages. DSCs are easily accessible since they may be found in the human body at all ages. Furthermore,
cryopreservation does not affect their properties*’. These characteristics make them accessible and easy to
handle.

DPSCs were among the first DSCs isolated. They are easily accessible in large number because they can
be obtained from human dental pulp. DPSCs are especially attractive for a plethora of reasons. First, they
are found in dental pulp and their harvesting only requires an extracted tooth, including third molars and
periodontally compromised teeth. It has also been speculated that they can be obtained from dental pulp
with inflammation™" and still show potential to differentiate into osteoblast-like cells. Second, DPSCs
share origin, antigenic pattern, and differentiation lineages with periodontal stem cells"***"’, Furthermore,
they can also differentiate in other cell types including cardio-myocytes, neuron cells, adipocytes,
corneal epithelial cells, melanoma cells, and insulin secreting Beta cells™. Third, they easily interact with
biomaterials***

PDLSCs have been considered ideal candidates for periodontal regeneration since they can be easily
recovered by non-invasive procedures after simple tooth extraction. In addition, they can be cultured.
PDLSCs are known to possess osteogenic, chondrogenic, and adipogenic potential and exhibit
immunosuppressive characteristics similar to those described for bone marrow MSCs (BMMSCs) and
DPSCs. They possess the ability to form a cementum/PL complex-like structure.

SHEDs are easy to access by using noninvasive procedures, as they are harvested from deciduous
exfoliated teeth. SHEDs exhibit a high rate of proliferation and immuno-modulatory properties, similar
to those of BMMSCs, which are comparatively more difficult to harvest. They are able to differentiate into
osteoblasts and could express an immuno-regulatory potential on T cells, macrophages, and dendritic
cells"”. Nakamura ef al.*” compared the “stemness” of SHEDs to DPSCs and BMMSCs and noticed that
SHEDs revealed a higher proliferation rate than DPSCs and BMMSCs and higher expression of genes of
cell proliferation and extracellular matrix elements. This makes this cell type an interesting candidate for
periodontal regeneration.

DFPCs may act as precursor cells for PDLSCs. DFPCs are able to enhance the proliferation and osteogenic
and adipogenic differentiation of PDLSCs to different degrees. Co-culture with DFPCs increases cell layers
and extracellular matrix of PDLSC cell sheets in vitro'**. However, scientific evidence for this cell type is
still limited.

SCAPs are related to developing roots. Their presence in the apical papilla of forming roots has been
suggested as a possible explanation of how immature teeth with necrotic pulps are able to undergo
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root development. SCAPs have infection-resistant properties too™”, and this may further explain why

apexogenesis has been observed even in the presence of apical periodontitis. Despite being difficult to

collect, they are a promising tool for regenerative procedures as they have multi-lineage differentiation
. 1[50]

potential .

Non-dental stem cells

BMMSCs were the first MSCs discovered and have been extensively tested more often on animal models.
They have shown osteogenic, adipogenic, chondrogenic, and myogenic differentiation. The major
shortcoming of BMMSC:s is the pain of the bone marrow harvesting and the limited quantities that can
be collected. BMMSCs can differentiate into ameloblast-like cells"*”
enhance periodontal regeneration[“’m. Interestingly, besides periodontal regeneration, BMMSCs may be
used for tooth regeneration as they can upregulate the expression of odontogenic genes and contribute to
new tooth formation after recombination with embryonic oral epithelium"™’

and periodontal tissue cells and can

ASCs are stem cells derived from adipose tissues and are abundant. ASCs allow in vitro expansion and have
undergone osteogenic, chondrogenic, adipogenic, and neurogenic differentiation in various experimental
settings. The harvesting method is less invasive than the method used for BMMSCs, since ASCs may
be retrieved in high number from either liposuction or subcutaneous adipose tissue fragments. For this
reason, they have been extensively used in regenerative medicine.

ESCs are pluripotent stem cells found in human blastocysts. They show an extraordinary potential for
differentiation as they can develop into almost all cell lineages”™”. In the context of periodontal research, it
has been shown that ESCs can differentiate into odontogenic and periodontal cell lineages, in particular if
co-cultured with PDLSCs or embryonic oral epithelium cell*”**. Ethical concerns have hampered the use
of such cells for periodontal regeneration since their harvesting may result in the destruction of human
blastocysts. Furthermore, besides their unlimited potential, they have shown major adverse effects such as
tumors and unwanted immune responses.

iPSCs were first discovered in 2006 and have since generated substantial interest in regenerative
medicine™. They are a type of pluripotent stem cell that can be generated directly from a somatic cell.
They can duplicate indefinitely, as well as give rise to every other cell type in the body. Recently, dental cells
including DPSCs, SHEDs, PDLSCs, and SCAPs have been successfully reprogrammed into iPSCs[w’“], and
iPCSs have been investigated for periodontal regeneration.

ANIMAL STUDIES

Before testing the performance of the use of stem cells in humans, its feasibility and safety have always been
proven in animal studies. Up to now, more than 2000 articles that used stem cells for regeneration of both
tooth and dental supporting tissues on animal models have been listed in MEDLINE. The main animal
models used are dogs, mini-pigs, rats, and sheep.

All different types of stem cells have been tested with several approaches (e.g., different isolation processes,
different implantation methods, etc.) with promising results in terms of regeneration of bone and dental
supporting tissues (PL and root cementum)'***”., Although promising, from all these studies, no clear
clinical protocol can be ultimately validated due to the heterogeneity of the investigation designs and
because we still do not have a complete understanding of how these cells interact in the healing and
regenerative processes [Tables 1 and 2]. Of course, more studies are needed to elucidate these aspects in
greater details and better select a stem cell-based protocol for periodontal regeneration. Different results
among studies can be ascribed to the different protocols used. The main differences that play an important
role in the outcomes are the characteristics of the donor, especially age[“]; the isolation and expansion
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Table 1. Summary of available evidence for periodontal regeneration with mesenchymal stem cells

Bone regeneration PL Cementum
BMMSC Effective in grade III furcation defects,  Effective in grade III furcation defects;  Effective in grade III furcation defects
but bone fill is not complete; Conflicting results; effective only
Ineffective when used without bone associated with bone substitutes
substitutes
ASC Effective in extraction sockets Effective in surgically created intrabony  Effective in surgically created intrabony
defects defects
PDLSC Effective in fenestration; No added Effective in fenestration; More effective  Effective in fenestration; added
benefit associated with non reservable  than BMMSC; benefit associated with non reservable
membranes in fenestrations; Effective Effective in intrabony defects with better membranes in fenestrations: Effective
in intrabony defects only using bone results using bone substitutes in intrabony defects with better results
substitutes using bone substitutes
DPSC Effective in extraction sockets; Improve  Improve regeneration in intrabony Improve regeneration in intrabony
bone regeneration in intrabony defects  defects defects
DFPC Improve effects of PDLSC Improve effects of PDLSC Improve effects of PDLSC
SHED Increased bone volume in intrabony Increased PL fibers in intrabony defects  Increased in intrabony defects
defects
SCAP Increased bone volume in intrabony Increased in intrabony defects compared Increased in intrabony defects compared
defects compared to saline to saline to saline

BMMSC: bone marrow mesenchymal stem cell; ASC: adipose-derived stem cell; PDLSC: periodontal ligament stem cell; DPSC: dental
pulp stem cell; DFPC: dental follicle precursor cell; SHED: stem cell from human exfoliated teeth; SCAP: stem cell from apical papilla

[66 [67,68]

methods[“]; the way of delivery and implantation in combination with membranes ]; and biomaterials

or bioactive molecules®””

Briefly, age has no effect on the possibility of isolating and culturing stem cells, but showed a statistically
significant effect on the procedure outcome. Cells harvested from donors over 60 years of age had an over
50% failure rate. On the contrary, in younger donors (< 60 years old), the failure rate ranged between 14%

and 22%. No effect of gender was found, with similar success rates for male and female donors'*”

It has been suggested that the site of harvesting can also influence the outcomes of the cell therapy
procedures, according to the differences found in stem cells of the same lineage but taken from different
niches. More studies are needed to confirm this finding'*"’.

The culture and the expansion protocols used to amplify the numbers of transplanted cells are a variable
that can alter the “stemness” properties of the stem cells. No clear protocol has been developed yet for the
treatment of MSCs, in particular oral ones. We know that under certain conditions (i.e., particular culture
mediums) we can alter the differentiation path, favoring a subset of cells that can increase the successful
outcomes of our cell treatments[”]; however, further research is needed to better understand and guide this
process.

Finally, the protocols wherewith these cells are administered can have a positive or negative effect on the
final result. Cell therapy can be administered on a scaffold base or on a scaffold-free delivery system. The
tirst one implies the use of a biomaterial, usually calcium-based, a membrane, or a combination of the
two. The rational behind the use of biomaterials and membranes is the need for blood clot stability in
order to reach its formation and maturation. When the conformation of the periodontal defect is not firm
enough, biomaterials and membranes can make up for the lack of stability and enhance the regeneration
process. It has been shown, also in vivo, that different materials have different effects, either positive or
negative, on the non-cell-based regeneration techniques”™. Similarly, these effects have been found in cell-
based regenerative therapies, with promising results from beta-TCP"**">7*, hyaluronic acid”", and nano
designed materials”””".
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Grade IIT furcation, bone regeneration was not complete. When tested in intrabony defects, BMMSCs
provided conflicting results for PL regeneration. One study reported that BMMSCs without bone
substitutes did not promote an increased PL regeneration["]. Another study reported that the combination
of BMMSCs and bone substitutes provided significantly higher formation of new cementum and PL
compared to bone substitutes alone'”. A study which compared the performance of bone graft with
PDLSCs or BMMSCs in intrabony defects reported less perpendicularly oriented newly inserted fibers in
the BMMSCs group. Conflicting results were also reported in the use of BMMSCs that had undergone ex
vivo osteogenic differentiation before use. Osteogenically differentiated BMMSCs (0BMMSCs) promoted
increased bone formation but not cementum and PL regeneration.

Adipose-derived stem cells

ASCs and DPSCs appeared to have similar genetic expression patterns. ASCs transplanted in periodontal
defects have been shown to favor cementum and PL fibers regeneration and to increase periodontal
vascularization"**". Finally, ASCs in extraction sockets in a rabbit model showed potential for the
regeneration of the alveolar bone structure'™

DENTAL STEM CELLS IN ANIMAL STUDIES

Periodontal ligament stem cells

As for PDLSCs, the majority of the studies showed the positive effect of the use of this type of cells
for periodontal regeneration[“’gl] .
Importantly, PDLSCs have unique properties to form a cementum/PL complex-like structure when
ectopically transplanted in animals”™*.

, as reported in a recent systematic review of pre-clinical studies

In fenestration defects (applied with hyaluronic acid sheet), they showed significantly greater formation of
cementum, bone, and periodontal ligament than in control group[%]. When PDLSCs were associated with
e-PTFE membranes on fenestration defects, it was observed that cementum formation was increased in
the test group; however, no difference in bone formation was observed between test and control (e-PTFE
membranes alone)””. In fact, data on bone regeneration with PDLSCs are conflicting, even though their
effect on cementum and PL is promising. Another study reported that PDLSCs improved bone formation
in circumferential and fenestration defects, but not in three-wall defects treated without bone substitutes”
In intrabony defects, they provided improved periodontal regeneration with a nearly complete recovery
of bone, cementum, and ligament when used in combination with beta tri-calcium phosphate[“’”]. The
benefits were less pronounced but still maintained when used with non-supportive biomaterials””*"
PDLSCs’ protocols without manipulation before direct implantation have been tested and proven effective,
thus making the use of this cell type more sustainable””.

Dental pulp stem cells

DPSCs are another well studied lineage in the animal model. These cells were isolated almost 20 years
ag 0[35]
(injected, organized in sheet, and on different carriers) showed potential in regenerative procedure”. In

and found to be capable of forming lamellar bone after grafting*”. Their use in different ways

the majority of the studies, the regeneration of all periodontal tissues was increased when DPSCs were
used. Regenerated cementum was thicker in the group receiving bone substitutes plus DPSCs than in the
control group treated with bone substitute alone, and it covered a larger surface of the root”, even though
no noticeable difference in bone formation between the two groups was observed.

Dental follicle precursor cells

DFPCs may improve periodontal regeneration by PDLSCs in vivo. DFPCs appear to enhance the self-
renewal and multi-differentiation capacity of PDLSCs, which indicates that DFPCs could provide a
beneficial microenvironment for periodontal regeneration by using PDLSCs"*""
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Stem cells from human exfoliated deciduous teeth

When injected supra-periostally close to periodontal defects, SHEDs reduced gum bleeding, increased new
attachment of PL, and decreased osteoclast differentiation. Micro-CT analysis demonstrated increased bone
volume and decreased distance of cementum-enamel junction to alveolar bone crest, compared to control
with no treatment". Histopathological photomicrographs showed newly regenerated bone and decreased
number of inflammatory factors and osteoclasts. In a recent report, SHEDs were compared to PDLSCs for
the treatment of intrabony defects. Both treatments were provided in combination with hydroxyapatite and
beta tri-calcium phosphate scaffold. The results showed no significant difference between the two groups.
SHEDs significantly improved periodontal regeneration compared to the scaffold alone, in a very similar
way to PDLSCs"™”.

Stem cells from apical papilla

Local Injection of SCAPs increased CAL and bone volume in periodontal defects compared to injection
of 0.9% NaCl. Histopathology results demonstrated remarkable regeneration in the SCAPs group, whereas

regeneration of periodontal tissue was hardly found in the 0.9% NaCl group[m].

Other cells

Other stem cell types are less studied, yet have positive effects, especially APCs"*!, ASCs"*”), and
GMSCs"*". The two latter lineages have another positive characteristic: they can easily be retrieved in
large quantity. As it is necessary to implant the highest possible number of cells to have better results, their
disposability is definitely an advantage in comparison with other SC types. This advantage is also shared
with iPSCs, which can be produced form a series of already differentiated cell types.

HUMAN STUDIES
Case reports, case series, and retrospective studies

Periodontal regeneration was investigated in human clinical studies using PDLSCs, DPSCs, and BMMSCs.
DPSCs were observed in two case reports’ " and three case series"””"*”. One of the case reports provided
positive results for allogenic transplantation of DPSCs"™*. In parallel, some initial reports in humans
demonstrated the clinical and radiographic efficacy of dental pulp micrografts in post-extraction alveolar
defects"*"""". In general, it was found that, in periodontal regeneration, DPSC micrografts associated with

surgical procedure were able to reduce PPD and increase CAL.

PDLSCs have been tested for regenerative procedures in intrabony defects and Grade II furcation
defects"". A retrospective study, which included 16 defects in three patients, observed PPD reduction and
CAL gain, thus supporting a potential benefit for the use of PDLSCs in periodontal regeneration"”. Later
on, in a case report"") it was observed that periodontal regenerative surgery using PDLSCs, incorporated
in a gelatin sponge, produced PPD reduction, CAL gain, and radiographic bone fill. In Grade II furcation
defects, PDLSCs provided good clinical results, reducing PPD and improving CAL in six months

BMMSCs have been tested in four case reports and one case series that reported good clinical outcomes for
the periodontal regeneration of intrabony defects*"** and Grade III furcation defects"".

Randomized controlled trials

Once the positive results in the use of stem cells in periodontal regeneration have been proven in animal
and humans studies, RCTs are needed to assess the safety and the efficacy of the use of stem cells in
periodontal regeneration compared to standard treatments.

Thus far, four RCTs"*"*! have been published on assessing the efficacy of stem cells in periodontal
regeneration, compared to open flap debridement"*""** or compared to the use of a scaffold alone without
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[120,122]

stem cells in intrabony defects. These RCTs differ in the type of stem cells selected (PDLSCs,
DPSCs, or UC-MSCs) and in their application for the regenerative procedure (chairside use or isolation,
differentiation, and cell culture in a laboratory). Shailini and coworkers"*" applied the concept of “stem cell
niche” to periodontal regeneration. In this prospective, randomized, single-blinded, controlled trial with
parallel design, 16 patients with one intrabony defect were treated. In the test group, PDLSCs collected
from an extracted tooth, together with the soft-tissue adherent to the extracted root surface and to the
alveolar socket (PDL tissue niche), were directly mixed to a gelatin sponge and implanted in the intrabony
defect. The control group was treated with an open flap debridement. The results after one year showed a
greater improvement in PD reduction, CAL gain, and radiographic defect resolution in the group treated
with PDLSCs; however, the differences were not statistically significant. No adverse effects were reported,
thus suggesting the safety of the procedure.

Similar to Shailini, Chen and coworkers™” studied the efficacy of PDLSCs. PDLSCs harvested from an
extracted tooth were isolated, characterized, and grown into sheets in a laboratory. In this single-center
randomized trial, 41 intrabony defects were treated with either GTR and PDLSC sheets in combination
with demineralized bovine bone matrix or with GTR and demineralized bovine bone matrix alone.
The results after one year showed an increased alveolar bone height in both groups, without statistically
significant differences between groups. As for the clinical periodontal parameters, no statistically significant
differences were found for the increased CAL, PD, or GR between the cell and control groups. No adverse
effects in the use of PDL cells sheets were reported.

While Chen and Shailini evaluated the efficacy of PDLSCs, Ferrarotti and coworkers*”! evaluated the use
of micrografts containing DPSCs delivered into intrabony defects in a collagen scaffold. In this parallel,
double-blind, prospective randomized trial, 29 patients with an intrabony defect were treated with
either minimally invasive surgical technique (MIST) plus dental pulp micrografts in a collagen sponge
biocomplex (test) or MIST plus collagen sponge alone (control). The micrografts enriched in DPSCs
were obtained from the pulp chamber of an extracted tooth, dissociated by the use of a biological tissue
disaggregator (Rigenera Machine System, Rigenera; HBW, Turin, Italy), and then seeded on a collagen
sponge scaffold. After one year, the results showed a statistically significant greater PD reduction, CAL gain,
and radiographic bone defect fill in the group treated with DPSCs on a scaffold, compared to the scaffold
alone. No adverse effects were reported.

Instead of using dental stem cells, Dhote and coworkers'"*"

tested the efficacy of non-dental stem cells on
periodontal regeneration, focusing their attention on the umbilical cord MSCs (UC-MSCs). In this parallel
designed RCT, 24 periodontal intrabony defects in 14 patients were treated by either applying allogeneic
cord blood MSCs on a beta-tricalcium phosphate (beta-TCP) scaffold in combination with platelet-derived
growth factor-BB (rh-PDGF-BB) or by open flap debridement (OFD). The results after six months showed
significantly greater CAL gain, PPD reduction and radiographic defect fill in the group treated with a
combination of allogeneic UC-MSCs, rh-PDGF-BB, and beta-TCP scaffold compared to the OFD. No
adverse effects were reported demonstrating the safety of mesenchymal stem cells derived from umbilical

cord for dental tissue engineering.

An interesting field of application for stem cells is represented by defects that cannot be predictably treated
with the techniques available today, such as furcation defects or supracrestal regeneration. The application
of stem cells to enhance the regeneration of furcations was tested in an RCT by Akbay and coworkers"",
which evaluated the periodontal regenerative potential of PL grafts in Grade II furcation defects. Ten
patients were treated in a split mouth design: on one side, a molar was treated with a coronally positioned
flap with autogenous PDLSCs grafts obtained from third molars, while, on the other side, with a coronally

positioned flap alone. PL remnants attached to cementum and cellular cementum were collected by
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scaling the surface of the extracted third molars with sterile curettes and grafted directly into the furcation
defect. After six months, a reentry was performed on both sides to assess the defect fill. In one randomly
selected patient, gingival biopsies were taken on test and control sites. The results after six months showed
improvement in terms of horizontal and vertical defect fill, PD, and CAL in both groups, with significantly
better results in PD reduction for the grafted sites. No adverse effects or foreign body reactions were
observed in PDL grafts.

In general, the RCTs published thus far suggest safety in the use of stem cells and promising clinical results
[Table 3]. The need of a tooth that has to be extracted in order to harvest PDLSCs or DPSCs is a drawback
of these cell therapies. This may be considered the main issue in the use of stem cells. Harvest, isolation,
and possible differentiation of stem cells are time-consuming, complex, and expensive processes. Protocols
with direct use of the harvested cells were proposed and evaluated by Shailini and Ferrarotti”*"'"**; the
former suggested grafting directly the PDL tissues in the defect, while the latter suggested using biological
tissue disaggregation to obtain a micrograft. The advantage of these protocols is the reduction of time
and costs of treatment; however, the presence and viability of the cells implanted in the defects cannot be
proven since no isolation and characterization are performed.

The results of the RCTs available in the literature show promising indirect measurements of the
effectiveness of the regeneration process, assessed by means of clinical and radiographic parameters.
However, true regeneration can only be proven by histological analysis, impossible to carry out in any of
the studies because of ethical limitations.

FUTURE PERSPECTIVES FOR STEM CELLS IN PERIODONTAL REGENERATION

To overcome some limitation of the present cell therapy and based on the promising results of this animal
and human research of stem cells, a further step forward has been proposed by researchers: exogenous
human MSCs.

Thus far, autologous use of stem cells has been applied only, using an extracted tooth as the source for

either PDLSCs or DPSCs. To overcome this limitation, as well as the limitation of the use of stem cells in

elderly people, whose regenerative capacity is limited, the use of exogenous or allogenic stem cells has been
[124]

proposed’ .

Exogenous human MSCs have already been tested in cases of biologic refractory luminal Crohn’s disease
with fistulae formation, cranial defects, myocardial regeneration, and patients with aging frailty. Exogenous
MSC infusion seemed to be very well tolerated, with only light and short-term effects and frequently
no adverse reaction at all. Thus, exogenous MSCs appear to be a feasible technique for periodontal and
regenerative treatments in general.

Pluripotent stem cells generated from somatic cells (iPSCs) are a possible stem cell lineage to study for
periodontal regeneration[m]. They have the potential to differentiate in a spectrum of different cells and
tissues. In dental research, iPSCs-derived mesenchymal cells and osseoprogenitor cells were investigated
by scientists with great interest. To be used, these cells need to go through a process of transdifferentiation.
In this process, mature somatic cells undergo a transformation to a different somatic cell without going
through a pluripotent state or a progenitor phase. This process is also called lineage switching or linage
conversion. By means of this process, epigenetic modifications, by directly reprogramming non-osteoblasts
cells into functional osteoblasts, have started to be considered as a new therapeutic approach for alveolar
bone regeneration. At present, more knowledge for applying these cells to cell-based therapy is needed and
preclinical and clinical research will enhance our understanding of these processes. iPSCs reprogrammed
from non-dental cells have shown promising results in periodontal regeneration in mice, in combination
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With all these different possible therapeutic approaches, we must not forget the four key factors needed
to reach the goal of a “restitutio ad integrum” of the periodontal apparatus and have a true regeneration:
cells, environment, signals, and time. Stem cells (MSCs, PDLSCs, iPSCs, efc.) have to be put or recruited
in a favorable and protected environment (e.g., 3D scaffold) and guided in their transformation process by
signaling molecules (homing and differentiating factors), for long enough to mature.

A pivotal role is also played by MSCs adhesion capacities and longevity. In fact, cell adhesion is critical for
survival, proliferation, and differentiation of MSCs. Similarly, MSCs’ longevity may influence the outcomes
of the regeneration therapies. Therefore, to maximize the potential of tissue engineering therapies,
researchers have to focus their attention on well-designed scaffolds and precise signaling molecules. The
former are meant to favor adhesion and impede anoikis and the latter are to be used both before and
during transplantation to stimulate cell proliferation and longevity in order to overcome possible low cells

. [137]
survival rates .

These different methods might have to be combined to achieve the maximum result in tissue regeneration.
Ideally, an optimum protocol should focus on three key points: (1) the use exogenous or endogenous MSCs
pre-treated with bioactive factors; (2) a protective scaffold that favors cells adhesion and spreading; and (3)
signaling molecule doping of the scaffold to boost cells’ regenerative abilities, increase their longevity, and
recruit nearby already present stem cells.

Finally, the future research is focused on the possible application of cell therapy for regeneration. The fields
that are being investigated extend from what is possible at the present time (dentin-pulp regeneration and
periodontal regeneration) to future applications (whole-tooth regeneration)[m]. Thus far, the evidence for
whole-tooth regeneration is limited in vitro and in animal models, but research is progressing quickly.

CONCLUSION

The goal of periodontal tissue engineering is to restore the normal function of the diseased periodontium
to support the teeth. To achieve this objective, stem cells, appropriate scaffold, and infection control are
required at the diseased site. Even if some studies reported conflicting results and irregular outcomes,
the available evidence in animal models supports the applicability of stem cells in periodontal tissue
regeneration. We hypothesize that this heterogeneity of results could be due to the different methodologies
used. In fact, differences in study models (animal and defect ones), treatment modalities, isolation
protocols, and study designs are some of the factors that can influence the final results of the investigation.
This leads to the present impossibility to propose a specific protocol or MSC type which may be considered
superior to others. The efficacy and safety of cell-based interventions in humans have been proven by case
reports and case series, but sparsely by RCTs. PDLSCs and DPSCs have been tested and showed promising
results both in animal models and in humans. However, it is yet to be defined which protocol performs
better, and, although experimental data have allowed the beginning of clinical trials in periodontal cell
therapy, proper consideration of the cell source, material type, and regulatory concerns is crucial to
facilitate clinical translation. Furthermore, histological evidence of periodontal regeneration is still lacking
and the power of studies is hampered by major limitations. One of the major shortcomings is the defects
used in animal models, which may not adequately reflect the complex microbiological and immune-
inflammatory environment of the periodontal pocket. Actually, in many cases, the periodontal defects
generated in the currently used animal studies do not sufficiently represent those of human periodontitis.
Evidence for exogenous MSCs grafting, 3D printed-scaffold, and stem cell homing is promising but still
limited. Despite all these shortcomings, tissue engineering in periodontology is fascinating and hopefully
will help clinicians to overcome the limitations of present periodontal treatments. In fact, MSCs have
provided surprisingly favorable outcomes in conditions in which standard procedures for periodontal



Page 16 of 20 Citterio et al. Plast Aesthet Res 2020;7:41 | http://dx.doi.org/10.20517/2347-9264.2020.29

regeneration are unsatisfactory, for instance in furcation defects. In this field, the development of cell-based
therapy could provide its greatest benefit in the future.
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