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Abstract

Inflammatory periodontal disease known as periodontitis is one of the most
common conditions that affect human teeth and often leads to tooth loss. Due to
the complexity of the periodontium, which is composed of several tissues, its
regeneration and subsequent return to a homeostatic state is challenging with the
therapies currently available. Cellular therapy is increasingly becoming an
alternative in regenerative medicine/dentistry, especially therapies using
mesenchymal stem cells, as they can be isolated from a myriad of tissues.
Periodontal ligament stem cells (PDLSCs) are probably the most adequate to be
used as a cell source with the aim of regenerating the periodontium. Biological
insights have also highlighted PDLSCs as promising immunomodulator agents. In
this review, we explore the state of knowledge regarding the properties of
PDLSCs, as well as their therapeutic potential, describing current and future
clinical applications based on tissue engineering techniques.

Key Words: Periodontal ligament stem cell; Mesenchymal stem cell; Regenerative
dentistry; Therapeutics; Immunology; Cellular

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Periodontal ligament stem cells (PDLSCs) have been studied for their
potential to regenerate not only the periodontal complex but also other dental and non-
dental tissues. We herein discuss the general features of PDLSCs, and their potential
for immunomodulatory, and regenerative therapy.
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INTRODUCTION

Mesenchymal stem cells (MSCs) can be isolated from different tissues and, in culture,
show characteristics such as: fibroblast-like morphology, plastic adherent properties,
and the ability to form colonies and to differentiate into osteogenic, adipogenic, and
chondrogenic lineages[1]. Other known features of MSCs include their migratory
activity, immunomodulatory capacity, and paracrine effects on other cell types[2-4].
Despite these common aspects, different sources of MSCs present peculiarities related
to the tissue from which they are isolated. By considering these source-dependent
characteristics, dental stem cells are likely to be more suitable for regeneration in
dentistry. It is also important to take into account that dental tissues samples are easily
obtained during procedures of relative low invasiveness.

The first dental MSCs to be isolated and well-characterized were dental pulp stem
cells (DPSCs)[5]. Subsequently, other tissue sources were discovered, including the
pulp of deciduous teeth[6], periodontal ligament[7], apical papilla[8], dental follicle
[9], alveolar bone[10], dental germ[11], and gingiva[12].

Periodontal ligament stem cells (PDLSCs), also known as periodontal ligament
mesenchymal cells, are a unique cell population that are easily obtained and exhibit
important characteristics of MSCs, such as self-renewal, multipotency, and immunomo
-dulation[13]. For these reasons, PDLSCs have been extensively studied over the years
and have shown potential in the regeneration of not only the periodontal complex but
also other dental and non-dental tissues[7,14].

Pre-clinical studies, carried out using different in vivo models, as well as pilot
studies and clinical trials published so far, show promising results regarding the
effectiveness of PDLSCs in regeneration of the periodontal complex and the safety of
their use in humans[15-17]. In this review, we address the current knowledge
regarding the properties of PDLSCs as well as their therapeutic potential, describing
current and future clinical applications based on tissue engineering techniques.

PERIODONTAL LIGAMENT GENERAL FEATURES AND PDLSCS
MARKERS

The periodontium is a complex set of tissues composed of the gingiva, periodontal
ligament, cementum, and alveolar bone. The periodontal ligament is a unique
specialized connective tissue responsible for anchoring the teeth to the alveolar bone,
providing them with the necessary fixation and protection against the forces of the
masticatory system. Thus, it guarantees homeostasis and the other functions
performed by this system[18,19]. By considering this complexity, the regeneration of
lost or damaged periodontal tissues due to periodontitis remains a challenge for the
currently available therapeutics. To date, periodontitis is a complex chronic inflam-
matory disease that is the result of a dysregulated immune response to a dysbiotic
biofilm with the presence of pathogens such as Porphyromonas gingivalis (P. gingivalis).
This causes destruction of the supporting periodontal tissues (i.e., periodontal
ligament, cementum, and alveolar bone) and eventually loss of the tooth.

PDLSCs seem to have a fundamental role as progenitor cells and coordinate the
events related to regeneration of the periodontal tissues[20]. They are heterogeneous,
clonogenic, highly proliferative, and multipotent cells capable of differentiating into
osteoblasts, cementoblasts, chondrocytes, and adipocytes[7,21,22]. Not surprisingly,
they promote neoformation of periodontal tissues, including periodontal ligament
fibers similar to Sharpey’s fibers, bone and cementum[13,23,24]. Osteoblasts, cemento-
blasts and fibroblasts are the main cell types responsible for tissue homeostasis of the
alveolar bone, cementum, and periodontal ligament, respectively. From this comes the
importance of evaluating the role of PDLSCs as a source of differentiation for these
cells[25].
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Currently, there is no specific cell surface marker that can discriminate PDLSCs
from other constitutive periodontal cells. Instead, a combination of markers can be
used to identify and isolate them, as they correspond to a small fraction of cells in the
heterogeneous cell population of the periodontal ligament[7]. The minimum criteria
for isolating PDLSCs include positivity for MSCs surface markers, such as CD90/Thy-
1, CD73, CD105 and CD166/VCAM-1[24]. Other markers known to be expressed by
MSCs are also positive on PDLSCs, including CD44[26-28], CD10[29], CD13[27,29],
CD29[26,27], CD26[30], STRO-3[28], and STRO-4/HSP90[26]. In addition, PDLSCs are
negative for endothelial (CD31) and hematopoietic markers (CD45, CD34, CD14,
CD11b, CD79a, CD19), as well as for molecules related to antigen presentation (HLA-
DR, CD40, CD54, CD80, CD86)[27-29].

In one of the first studies that characterized PDLSCs, it was observed that they
express the pericyte markers STRO-1 and CD146, and the typical tendon antigen
Scleraxis[7]. It was further observed that PDLSCs express other markers shared by
pericytes and stem cells as well, including NG2 and CD140b/ platelet-derived growth
factor receptor B[31]. Pericytes are cells that surround endothelial cells in the microvas-
culature, and MSCs are believed to reside in these perivascular niches[32].

PDLSCs also express the following neural crest derived cell markers: Nestin[33,34],
B-tubulin III[35], CD271/p75NTR[33,34], SLUG[33] and SOX10[33,34]. Due to these
features, the induction of the neural phenotype in PDLSCs can be an interesting and
effective method for future neuroregenerative therapies. In fact, a combination of
surface markers for CD51/CD140a, CD271/STRO-1, and CD271/CD146 could help to
isolate populations of PDLSCs with a large range of potential for cell differentiation
[36].

The pluripotent embryonic stem cells markers NANOG[30,34,37], OCT-4[30,34,37,
38], SOX2[34,37,38], SSEA-1[30,37], SSEA-3[37], SSEA-4[30,37], TRA-1-60, and TRA-1-
81[37] were also reported to be expressed by PDLSCs, which may indicate an even
more undifferentiated state of these cells. In a recent study, we reported that about
10% of PDLSCs could present double positivity for SOX2 and OCT-4[38], two
transcription factors important for the pluripotency of embryonic stem cells, but which
are also detected in somatic stem cells, such as those derived from the periodontal
ligament[39].

PROLIFERATION AND DIFFERENTIATION POTENTIAL OF PDLSCS

By isolating stem cells from the periodontal ligament for the first time, Seo et al[7]
demonstrated a population of multipotent MSCs that could perform adipogenic differ-
entiation and acquire an osteoblast-cementoblast-like phenotype. Subsequently, it was
actually proved that PDLSCs could differentiate into osteoblasts, chondrocytes, and
adipocytes under appropriate culture conditions[21].

The fibroblastic activity of PDLSCs has been demonstrated. When stimulated with
appropriate growth factors, these cells express fibrogenic-like genes [e.g., Collagen-1
(COL1), COLS3, fibroblast-specific protein 1, Periodontal-ligament-associated protein
1], and Elastin and exhibit a strong immunofluorescence label for fibronectin. In fact,
the stimulus with connective tissue growth factor increases the synthesis of collagen
by PDLSCs, which points to their potential to differentiate into periodontal ligament
fiber-forming cells[40].

Primary cultures containing fibroblasts derived from periodontal ligament fibers
with a phenotype of undifferentiated mesenchymal cells also expressed endothelial
cell markers when cultured in medium containing fibroblast growth factor (FGF) and
heparin. This single cell-derived culture was able to form structures similar to blood
vessels by using a three dimensional (3D) type 1 collagen scaffold. This angiogenic
potential was associated with activation of the PI3K signaling cascade[41]. The
angiogenic differentiation of CD105+-enriched PDLSCs can be reached using
endothelial growth medium-2, and down-regulation of neuropilin-2 is observed in this
process, which further indicates the role of this molecule for the angiogenic differen-
tiation of PDLSCs[42].

Since cells isolated from the periodontal ligament also express neural crest markers,
it was proposed that they could differentiate into neural lineages[33,34]. Under
cultivation in a neurogenic induction medium, cells derived from the periodontal
ligament underwent morphological changes similar to neurons. PDLSCs transplanted
into the brains of adult mice were able to survive, migrate, and differentiate into cells
with a neural-like phenotype[43]. Recently, PDLSCs grown in appropriate media
exhibited cellular and nuclear morphology similar to rodent brain cells. They were
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able to develop domains similar to axon branches and dendrites, which was further
confirmed by positive staining for p-tubulin III and F-actin. In addition, morphological
analysis demonstrated that these cells could connect to each other through synaptic-
like interactions and expressed related proteins, such as synaptophysin and synapsin-1
[44].

\]Nith a view to the future use of these cells in neuroregenerative medicine, Fortino et
al[35] differentiated PDLSCs to glial and neuron-like cells by treating them with
specific growth factors (EGF and BFGF). In addition, the transdifferentiation of
PDLSCs in retinal ganglia cells was followed by the regulation of microRNAs argued
to control neural differentiation, especially miR-132[45,46]. However, the exact
mechanisms involved in the neural differentiation of PDLSCs are still unknown, and
neuroinduction protocols still need to be improved.

Populations of PDLCs positive for well-known markers of embryonic stem cells and
neural crest markers also expressed genes related to cardiomyogenesis after treatment
with low concentrations of hydrogen peroxide[33]. Upon discovering this potential,
neural crest stem cells residing in the periodontal ligament were able to express
cardiomyocyte markers, and their contraction activity was observed after induction by
pulsed infrared radiation[47]. The potential for differentiating PDLSCs into pancreatic
islet-like cells has also been reported. These cells could release insulin in response to
glucose stimulus[48].

Regarding the factors that can affect the differentiation potential of PDLSCs, a lower
osteogenic capacity was observed in PDLSCs grown in medium containing P.
gingivalis-derived lipopolysaccharide (LPS), an important pathogen associated with
the etiopathogenesis of periodontal diseases. A reduced activity of alkaline
phosphatase and in the number of calcified deposits, as well as down-regulation of
COL1 and Osteocalcin genes were observed[49]. Similar results were found under
Escherichia coli-LPS stimulus[50], which was further argued to be associated with the
activation of Toll-like receptor 4 (TLR-4) and its downstream NF-xB cascade[51].

On this basis, we recently showed that inflammatory conditions in periodontal
tissues also alter the expression of typical pluripotent embryonic stem cell markers in
PDLSCs, as well as their proliferative activity, ability to differentiate into osteoblasts
and cementoblasts, and their expression of periodontal ligament related markers
(periostin, tenomodulin, and a-SMA). If a typical pro-inflammatory environment with
the presence of cytokines such as interleukin (IL)-1p and tumor necrosis factor-a
would reduce these properties, the induction of a pro-resolving environment with the
synthesis of specialized lipid mediators such as maresin and resolvin would act by
improving these properties on PDLSCs[38]. Thus, although future studies are
necessary, it is known that periodontal disease conditions can have the potential to
affect the regenerative capacity of PDLSCs.

The different methods for culturing and isolating PDLSCs were also analyzed for
their ability to affect the differentiation potential of these cells. The use of the
outgrowth instead the enzymatic digestion method to isolate PDLSCs was shown to be
more suitable for inducing cementogenesis. Better results for this method were
observed in terms of the formation of mineralized deposits similar to cementum in
both in vitro and in vivo experiments, and the expression of cementoblast-like genes
[52]. Additionally, the in vitro expansion of PDLSCs cultures also induces morpho-
logical changes, by bursting their myofibroblastic phenotype, which up-regulates their
contractile activity and reduces the expression of NANOG, SOX2 and OCT-4, factors
associated with pluripotency of embryonic stem cells, but that are also expressed in
MSCs[53].

There is still insufficient evidence of differences in the potential for differentiating
PDLSCs due to donor populations related characteristics. To date, PDLSCs isolated
from deciduous teeth exhibited a greater expression of genes related to adipogenic
differentiation compared to those from permanent teeth[54]. In a later study, PDLSCs
from either deciduous or permanent dentitions presented similar in vitro adipogenic
and osteogenic differentiation[55]. By analyzing the donor-age impact, it was observed
that PDLSCs from elderly populations exhibited less osteogenic activity, and a
relationship between age and expression of osteogenesis-related genes (i.e.
Osteocalcin, COL1, and Runx2) was established[56].

POTENTIAL OF PDLSCS IN IMMUNOMODULATORY THERAPY

Over the years, immunomodulation has been presented as a typical characteristic of
mesenchymal stem cell-like populations. The absence of the expression of costimu-
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latory factors such as major histocompatibility complex class II antigen, CD40, and
CD80, have been highlighted as responsible for the low immunogenicity of MSCs[4,
57]. Further evidence demonstrated the mechanisms activated by mesenchymal cells
from periodontal tissues that could result in modulation of the host response[28,58-
60]. Therefore, in addition to their low immunogenicity/compatibility, MSCs perform
their function by suppressing the function of a range of immune response cells and by
improving immune regulatory functions. As a result of these activities, MSCs became
a prominent alternative for the immune therapy of chronic inflammatory disorders,
such as periodontitis.

Overall, MSCs reveal their potential by inducing phenotypic changes in several cell
types, including dendritic cells (DCs), T and B lymphocytes, monocytes/macrophages,
and natural killer cells[61-64]. Although the ability of periodontal ligament cells to
perform such functions remains under review, recent findings point to promising
correlated activities of MSCs from this tissue. How MSCs exert their immune-
regulatory properties is still a matter of debate, albeit both soluble factors/secretome
and cell-cell contact were described as mechanisms implicated to mediate such
functions. To date, living, apoptotic, and dead MSCs, as well as their secretome
consisting of a diverse range of cytokines, chemokines, growth factors, and extrace-
llular vesicles may mediate regulatory activity[61,65,66].

Supporting a cell-cell interaction effect, PDLSCs co-cultured with human monocyte-
derived DCs under stimulation with P. gingivalis-derived LPS, a keystone pathogen in
the etiopathogenesis of periodontitis, down-regulated the expression of non-classical
major histocompatibility complex glycoprotein CD1b on DCs. This, in turn, resulted in
defective proliferation of T lymphocytes[60]. Indeed, the proliferative index of CD4+ T
cells can be considerably reduced in the presence of PDLSCs, as well as a decrease in
the ratio of CD4 + CD25 high/CD4 + CD25 low T cells within mitogen-stimulated
peripheral blood mononuclear cells (PBMNCs) can be observed. Alongside these
effects, PDLSCs when co-stimulated with LPS up-regulated COX-2 and IL-6 through
downstream activation of extracellular signal-regulated kinase 1/2, and reduced the
frequency of CD14+ cells within PBMNCs[50]. However, the supernatant of CD105-
enriched PDLSCs challenged with P. gingivalis total protein extract increased
neutrophil recruitment in vitro, suggesting secretome-mediated signaling as important
via paracrine immune regulation[67]. Similarly, PDLSCs exhibited non-cell contact or
secretome dependent suppression activity on the rate of monocyte proliferation in co-
culture experiments via secretion of metabolites such as indoleamine 2, 3-dioxygenase,
hepatocyte, and transforming growth factors (TGF-f)[28].

Indoleamine 2, 3-dioxygenase has been identified as an important molecule for the
immunomodulation process triggered by MSCs in the typical microenvironment of
chronic inflammatory diseases, particularly periodontitis[4,28,63,68]. When PDLSCs
were co-stimulated with (interferon) INF-y and TLRs agonists, an increase in the
expression of this enzyme as well as IL-6, CXCL8, and MCP-1 was observed[69].
Nevertheless, the effect of these cells is not only dependent on cytokines and
chemokines release. Recently, it was demonstrated that PDLSCs reduced apoptosis
and stimulated the microbicidal activity of human neutrophils, via both cell-cell
interactions and paracrine mechanisms. This effect could be related to the synthesis of
specialized pro-resolving lipid mediators, e.g., resolvins, protectins, maresins, and
lipoxins, which are major molecules responsible for orchestrating the resolution phase
of inflammation and the return to tissue homeostasis[59].

However, the immunomodulatory capacity of MSCs seems to be dependent on the
conditions of the source tissue. MSCs have been reported as important regulators of
the T cell phenotype by inducing an increase in the proportion of T regulatory (Treg)
populations (FOXP3+ lymphocytes) over typical pro-inflammatory Th17 subsets
(RORyT+ lymphocytes)[70]. Notwithstanding, compared to healthy cells, PDLSCs
collected from inflamed periodontal sites present less regulatory properties, reducing
Treg differentiation as well as its signature cytokine IL-10. The suppressive effect on
Th17 differentiation and its signature cytokine IL-17 was also reduced in PDLSCs
collected from periodontally healthy individuals compared to those from periodontitis
affected patients[58]. Thus, it is also important to keep in mind such biological
differences in the future therapeutic application of these cell types.

MSCs present tissue-specific functional differences[71,72] that may be related to the
composition of the secretome of these cells, which as reported above plays an
important role in their regulatory properties. Not surprisingly, mass-spectrometry
analysis of PDLSCs metabolites showed differences in the endogenous level of 5-
lysophosphatidylcholines and 3-lysophosphatidylethanolamines, which can
discriminate these cells from MSCs from other sources, such as adipose tissue and
salivary glands[73]. These differences are also age-dependent as PDLSCs from
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deciduous teeth have a higher expression of cytokines that regulate the host immunity
(e.g., interleukins I, II, and IV) and secreted proteins e.g., matrix metalloproteinases and
cullins) responsible for tissue degradation and catalytic activities when compared to
those from permanent teeth[74]. In fact, the lack of clear-cut assays that help to clarify
the heterogeneity of MSCs populations is a further challenge within a translational
therapeutic perspective.

Alongside the natural potential of PDLSCs to be used in regulating the host
response in periodontitis, more recently MSCs of dental origin have also been
mentioned as possible sources for cell therapy in other cases of inflammatory
imbalance-related disorders, such as those affecting the brain (e.g., Alzheimer's
disease, Parkinson's disease) and gut (e.g., Crohn’s disease, colitis)[75]. Recently,
PDLSCs were used to control colitis in an in vivo model, and the authors concluded
that their immunomodulatory activity was mediated by a group of deoxyribonucleic
acid demethylases of the ten-eleven translocation family (Tetl and Tet 2)[76].

Cell therapy with MSCs, taking immunomodulation as the perspective, is still in its
infancy, especially with respect to those from periodontal origin, and further studies
need to be delineated so that the mechanisms by which these cells exert such activity
are unraveled. Doubts still exist as to whether these cells would actually need to be
injected into patients, or whether it is their products that may exert more appropriate
host response regulation, which could overcome common risks associated with this
therapy such as ectopic differentiation and tumor growth promotion. It is necessary to
overcome discrepancies between studies that apply different isolation methods, cell
culture, expansion conditions and cryopreservation of PDLSCs. In addition, it appears
that preconditioning these cells prior to treatment may improve their immunoregu-
latory functions, as suggested in a previous study with PDLSCs under INF-y stimuli
[69]. Of note, MSCs are thought to be immunoprivileged, but repeated infusion of
mismatched MSCs may also induce alloimmunization[77]. Hence, more mechanistic
investigations and more caution still need to be taken into account before the clinical
application of this therapy, which despite the challenges, seems promising for
immunomodulation.

POTENTIAL OF PDLSCS IN REGENERATIVE THERAPY

Current approaches to treatment of periodontitis limit disease progression, but
periodontal regeneration of the dental supporting tissues (alveolar bone, cementum
and periodontal ligament) cannot be predictably achieved[78,79]. In the early 1990s,
Tissue Engineering was proposed as a field that would apply the principles of human
biology and engineering to the development of functional substitutes for damaged
tissues. This strategy should be based on three strategies: (1) cells; (2) scaffolds; and (3)
signaling molecules[80].

In 2004, Seo et al[7] investigated the ability of PDLSCs during tissue regeneration
and found that PDLSCs were able to generate structures similar to the cementum/
periodontal ligament in vivo. This study suggested the important role of PDLSCs in
periodontal regeneration[7]. Since then, many studies have evaluated the regeneration
of periodontal tissue by combining PDLSCs in scaffolds and signaling molecules.
PDLSCs exhibit a multipotent differentiation capacity and are good candidates for use
in tissue engineering due to their potential to promote regeneration of dental and non-
dental tissues.

Scaffolds have a key role in periodontal regeneration. The ideal scaffold has the
following properties: (1) Ability to recruit or retain cells; (2) Biocompatibility; and (3)
Biodegradation. In this sense, countless attempts have been made to find an ideal
scaffold, that is, a material engineered to support desirable cellular interactions and
contribute to the formation of new functional tissues. In such structures, specific
mediators are responsible for mediating signaling transduction between cells. Such
molecules include growth factors which bind to surface receptors that modulate target
cells and accordingly improve the regenerative potential of PDLSCs sheet engineering
[81]. Parallel experiments demonstrated that PDLSC sheets were able to generate
structures similar to cementum and periodontal ligament-connective tissue when
transplanted in a hydroxyapatite/tricalcium phosphate matrix to immunocom-
promised mice[82]. The potential of a nanohydroxyapatite-chitosan scaffold combined
with PDLSCs in bone regeneration was also demonstrated in a calvarial bone repair
model[83].

Within the molecules artificially used to mimic biological processes, FGF is a
mediator that promotes regeneration of the periodontium. The application of TGFf1
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subsequent to growth under FGF stimulus for the differentiation of PDLSCs into
fibroblastic cells was reported to accelerate the generation of a functional period-
ontium[84]. Furthermore, a combination of platelet-rich plasma and PDLSCs sheets
suggested that this stimulus could increase the production of extracellular matrix and
affect cellular behavior[85]. Another study evaluated the effects of human PDLSCs
sheets potentiated by an enamel matrix derivative and showed that they had better
mineralization capacity in vitro[86]. Our group has also been working on the
incorporation of specific molecules for transmembrane receptors, as we have shown
that the activation of the protease-activated receptor type 1 enhances the osteogenic
activity of PDLSCs[87].

New scaffold technologies have also emerged. A better understanding of the
mechanisms related to growth factors and the advent of these new technologies that
can be combined with the cells highlight the potential of PDLSCs to be applied for
future periodontal regeneration[81].

Tissue engineering using PDLSCs can also assist in the neoformation of periodontal
tissues on the titanium surface of dental implants, facilitating their fixation and
providing better mechanical and immunological properties in patients with a previous
history of tooth loss treated by implant replacement therapy. Studies have reported
that the use of PDLSCs sheets on the surface of titanium implants stimulate the
formation of cementum-like and periodontal ligament-like tissues, both in xenogenic
and autologous models[53,88].

In addition, the properties of PDLSCs, e.g., immunomodulation, homeostasis, and
remodeling of the periodontal ligament, allow these cells to play an important role in
tooth movement during orthodontic treatments. PDLSCs are involved in the control of
compression and tension forces caused by the orthodontic movement, as well as in the
periodontal ligament recovery process when such forces are removed[89-91]. PDLSCs
isolated from healthy individuals and those from periodontitis responded differently
to static mechanical stress, indicating that the microenvironment of periodontitis
directly influences the activity of these cells, making them more susceptible to greater
mechanical loads[90,92].

Besides the use of PDLSCs in dental therapies, studies have proposed their use as a
source of autologous cells in patients with non-odontogenic conditions, especially
considering that their isolation is easier compared to other MSCs[92]. Aimed at their
use in patients with multiple sclerosis, human PDLSCs obtained from both, healthy
and multiple sclerosis patients, were evaluated and showed similar immunophen-
otypic, proliferative and differentiating properties, which suggests that they may be
effective in personalized therapies for such conditions[93]. Also, PDLSCs have the
potential to be used in corneal regenerative therapy. It was demonstrated that they are
able to differentiate into corneal stromal keratocyte-like cells. To date, dental MSCs
and the corneal stromal keratocytes share a common embryological origin, which is
the cranial neural crest[94].

CLINICAL TRIALS AND TRANSLATIONAL STUDIES WITH PDLSCS

Hematopoietic stem cells have been widely used in humans for several decades,
mainly for the treatment of neoplasms and other hematolymphoid disorders. These
were the first stem cells described and characterized, and the efficacy and safety of
these populations have already been shown by countless in vitro and in vivo studies
[95]. In contrast, the description of MSCs is more recent albeit in preclinical studies
and clinical trials involving these cells. Clinical studies using dental MSCs are at a less
advanced stage than those involving several other stem cells, which can be explained
by the lack of well described methods to obtain these cells, and efficient and safe
protocols for their use in humans[96].

A search on the ClinicalTrials.gov portal website for registered clinical trials using
PDLSCs transplantation for regenerative therapies in humans resulted in only two
studies that fit these criteria. A phase I and already concluded trial (NIH Clinical Trial
Registration Number: NCT01357785), evaluated 35 patients with periodontitis over a
12-mo follow-up period. Autologous PDLSCs sheets were transplanted into
intraosseous defects in association with lyophilized bone, and it was concluded that,
despite the good results regarding the absence of adverse effects on patients, there was
no statistical difference in relation to the reduction of probing depth (PD)[15]. To date,
PD is one of the main outcomes evaluated in regenerative therapy for periodontitis.
The second study, a phase I and II clinical trial, was registered in 2010 and remains
with unknown status so far. Its objective was to transplant PDLSCs from healthy
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Figure 1 Inmunomodulatory periodontology/medicine. Periodontal ligament stem cells (PDLSCs) can differentiate into cementoblasts, osteoblasts, and
fibroblasts, the main cell types responsible for guaranteeing tissue homeostasis of the cementum, alveolar bone, and periodontal ligament, respectively, which
highlights their application in regenerative periodontology. PDLSCs can also differentiate into neurons, cardiomyocytes, endothelial cells, pancreatic islet cells, and
corneal keratocytes, which further expand their application in regenerative medicine. Eventually, PDLSCs have immunomodulatory properties that can be performed
by direct cell-to-cell contact or by the synthesis of specific metabolites that alter the phenotype of different immune cells. For example, PDLSCs could alter the
proportion of T lymphocytes, increasing the proportion of T regulatory subsets over T helper-17. These properties could be used in future applications to modulate the
host response in cases of chronic inflammatory disorders, such as periodontitis, colitis and neurodegenerative diseases.

patients into 80 adults (40-50 years) with periodontitis (NCT01082822).

Of note, a pilot clinical study evaluated three patients with periodontitis treated
with autologous PDLSCs. A significant reduction in PD and improvement in clinical
attachment level were observed in the patients who underwent cell therapy. No
adverse effects of this therapy were found[16].

In another study registered with the UMIN Clinical Trials Registry, autologous
transplantation of PDLSCs in 10 patients resulted in improvement of PD, clinical
attachment level, and radiographic bone height (alveolar bone regeneration). PDLSCs
sheets were transplanted in association with B-tricalcium phosphate granules into
severe alveolar bone defects. During the 3 and 6-mo follow-up, no adverse effects were
noted[97].

Furthermore, it is worth mentioning that there are also ongoing and finalized
clinical trials aiming to regenerate periodontal tissues with stem cells from other
sources, such as DPSCs (NCT02523651; NCT0338687), bone marrow MSCs
(NCT00221130; NCT02449005), and adipose-derived stem cells (NCT04270006).
Gingival MSCs are the cell source in two clinical trials that aimed to treat periodontal
defects using these cells in collagen (NCT03137979) and B-tricalcium phosphate
(NCT03638154) scaffolds.

CONCLUSION

In summary, the regenerative and therapeutic potential of PDLSCs seems to be
auspicious from a biological perspective. Clinical studies with these cells are already a
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reality in regenerative periodontology. No clinical evidence of their application with
specific use for immunomodulatory periodontology/medicine has been reported so
far. Despite some promising clinical results and biological insights herein discussed
(summarized Figure 1), several gaps need to be filled before adopting a protocol for
their clinical use in patients with periodontitis or other inflammatory conditions. In
this sense, we draw attention to the fact that most studies associate PDLSCs with
osteoinductive/osteoconductive materials. These materials, especially those synthetic
and xenogenic, can affect therapeutic efficacy and safety by reducing mechanical
properties, impairing bone remodeling, and inducing an immunological reaction[98].
Standardization of the bone defects in periodontitis affected patients, as well as a
larger number of individuals allocation and multicenter trials are also necessary.

In addition, tissue-dependent factors are critical to successful cell therapy with
PDLSCs, as the effectiveness of their autologous transplantation also depends on
variables such as the number of isolated cells, the microenvironment from which they
were collected (the presence of inflammation is a known limitation), the general health
status of the patient, and the differentiation pathway after transplantation[99]. Basic
research in this field still has a long way to go. Defining better protocols for
cultivating, storing, expanding, and differentiating PDLSCs is the challenge to ensure
safety, reproducibility, and cost-effectiveness of clinical applications.
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