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Abstract:

Periodontal disease is a prevalent and chronic oral health condition that poses significant challenges in its
treatment and management. Traditional approaches often fail to achieve complete periodontal tissue
regeneration, leaving patients with compromised oral health and function. In recent years, stem cell-based
therapies have emerged as promising tools for periodontal regeneration, offering potential solutions to this
complex problem. This review article explores the current state of knowledge regarding the use of stem cells in
periodontal regeneration. We delve into the various types of stem cells, including mesenchymal stem cells
(MSCs), induced pluripotent stem cells (iPSCs), and embryonic stem cells (ESCs), and their respective roles in
regenerating the diverse tissues that constitute the periodontium. Furthermore, we discuss the mechanisms
through which stem cells contribute to periodontal regeneration, such as their differentiation capabilities and
immunomodulatory/anti-inflammatory effects. Overall, this review underscores the tremendous potential of stem
cells in advancing the field of periodontal regeneration, offering a more effective and holistic approach to
restoring the integrity of the periodontium. Through a comprehensive evaluation of the latest research and
clinical developments, we aim to shed light on the promise of stem cell-based therapies for improving the
quality of life for individuals affected by periodontal disease.
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I. INTRODUCTION

For a successful periodontal regeneration, number of techniques have been tried, including the use
of growth factors, guided tissue regeneration, root surface conditioning agents, and bone grafts . With current
trends in periodontal therapy even with the astute clinical skills of the operator, obtaining an optimum clinical
outcome is still questionable.

The 19™ century saw the first use of the term "stem cell" in literature. A clonogenic, undifferentiated
cell with the capacity for self-renewal and multi-lineage differentiation is referred to as a "stem cell” 2. In other
words, a stem cell can multiply and produce new stem cells, and some of its offspring can differentiate and
decide to mature along several lineages, giving rise to a variety of specialized cell types 3. This potential of
differentiation into several lineages lays the foundation for its implication in periodontal regeneration. Dental
stem cells have the potential to be used in medical procedures such as cardiac treatments, brain tissue
regeneration, treatments for muscular dystrophy, and pulpal regeneration 4. There is limited evidence to the use
of stem cells in periodontal regeneration. This paper aims to present the evolution of stem cells, its current
clinical applications, and future directions of research in periodontal regeneration.

Il. CHARACTERISTICS OF STEM CELLS

Stem cells form the foundation cells of the human body. A stem cell has two distinct characteristics:
(i) The capacity for endless self-renewal, producing new stem cells.
(if) The capacity to differentiate into a variety of cells with diverse functions.

If a stem cell divides asymmetrically, one of the two daughter cells will continue to function as a stem
cell while the other will eventuallyspecialize under certain circumstances ©.

Any cell population regardless of the tissue source that satisfies the following criteria is referred to as a
mesenchymal stem cell (MSC):
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» Morphologically: They resemble fibroblasts.

» Functionally: They are capable of self-renew and can differentiate into cells of the mesenchymal lineage
(osteocyte, chondrocyte, and adipocyte), as well as into cells of the endoderm (hepatocytes), and ectoderm
(neurons), under the right cell culture conditions.

» Phenotypically: More than 95% of the population exhibits the surface antigens CD105, CD73, and CD90,
while less than 2% of the population exhibits the pan leukocyte marker CD45, the primitive hematopoietic
progenitor and endothelial cell marker CD34, the monocyte and macrophage markers CD14 and CD11, the
B cell markers CD79 and CD19, or HLA class Il 7.

I1l. CLASSIFICATION OF STEM CELLS
Based on origin stem cells are classified as follows;
Based on their potency to differentiate into a variety of cells, stem cells are categorized as
totipotent, multipotent, pluripotent,oligopotent, and unipotent
1. Totipotent: Stem cells that have the capacity to differentiate into all possible types of cells including extra
embryonic types.Example: A fertilized egg.
2. Pluripotent: This has the ability to turn into all cell types with the exception of extra embryonic tissues.
Example: Embryonicstem cells.
3. Multipotent: This has the capacity to differentiate into multiple but limited cell types. -Example:
Mesenchymal stem cells
4. Oligopotent: This can differentiate into very few cell types. Example: Myeloid stem cells

5. Unipotent: This can differentiate into only one cell type. Example: Skin 8

IV. EMBRYONIC STEM CELLS (ESCs)

Blastocysts, or embryos that are between 2-11 days old, are the source of ESCs. Given their ability to
reproduce and endure endlessly in an undivided state, they are believed to be immortal. They are totipotent in
nature and have the highest ability to heal and restore affected tissue and organs. It is morally and ethically
challenging as extraction of ESCs may itself destroy the embryos. Additionally, it is challenging to manage the
differentiation and proliferative potential of ESCs, which increases the risk of tumorigenicity and teratoma
formation °.

V. ADULT STEM CELLS
Some cells in the primary germ layers can develop into several cell types, but to a lesser extent than
ESCs. These cells are the progenitors of adult stem cells. As the embryo develops, these precursor cells
specialize further and commit to certain lineages. They are multipotent in nature. Adult stem cells, despite their
limited capacity, are essential for tissue maintenance, repair, and regeneration throughout an organism's
existence °.

VI. DENTAL MESENCHYMAL STEM CELLS (DMSCs)

DMSCs are said to be multipotent as they can replenish and differentiate into a variety of cell types. The
activity of many immune- related cell types is modulated by DMSCs. Numerous inflammatory substances
released by immune-related cells serve as the foundation for DMSCs' immunological potential °. It includes
DFSCs, DPSCs, PLSCs, SCAPs, GMSCs, SHEDs.

VIlI. DENTAL FOLLICLE STEM CELLS (DFSCs)
DFSCs were first isolated from human dental follicles of impacted third molars by Morsczeck et al.,
2005. DFSCs are neural crest-derived cells that are found in the dental follicle of the tooth germ. DFSCs can
differentiate into bone cells, adipocytes, chondrocytes, neurons, and cardiomyocytes under specific
environmental conditions. Recent evidence has stated that these cells may transform into ductal and salivary
gland cells 1°. DFSCs are renowned for forming the periodontium by migrating around the tooth bud and
differentiating into PDLs, osteoblasts, and cementoblasts 2.

Immunomodulatory / Anti-inflammatory characteristics:

e The immunosuppressive effects are associated with the expression of TLR2/TLR4 (Toll-like receptors) in
the membrane of DFSCs which are stimulated by Fusobacterium nucleatum and Porphyromonas gingivalis,
controls the proliferation ofperipheral blood mononuclear cells (PBMCs) *2.

e Suppresses inflammation by stimulating anti-inflammatory cytokine 1L-10 secretion and inhibiting pro-
inflammatory markers (IL-4, IL-8, and IFN-y) that affect bacterial adherence simultaneously.

e DFSCs prevent bone degradation by modifying phagocytic and chemotactic activity, and driving
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macrophage polarizationto M2 phenotype 3.

VIll. DENTAL PULP STEM CELLS (DPSCs)

A distinct population of cells called dental pulp stem cells (DPSCs) entrenched within the pulp cavity
of impacted third molars were first extracted and characterized by Gronthos et al. in 2000 . These cells have
phenotypic and functional traits that are strikingly comparable to mesenchymal stem cells that are produced from
bone marrow. DPSCs can differentiate into osteoblasts, chondrocytes, adipocytes, odontoblasts, or neurogenic
cells 15,

Dental pulp stem cells (DPSC) are known to have immunomodulatory (both innate and acquired
immune responses) and anti- inflammatory effects by interacting with T cells, B lymphocytes, macrophages,
and natural killer (NK) cells 6.

Immunological / Anti-inflammatory characteristics:

e DPSCs influence the TH17/Treg ratio by suppressing T cells, boosting anti-inflammatory factor production
(IFN-y), and lowering pro-inflammatory factor secretion (1L-17).

e DPSCs suppress B lymphocyte activity and decrease 1gG and IgM production, resulting in immunological
tolerance.

e DPSCs have an inhibitory influence on dendritic cells (DCs) and NK cells, which help to regulate the
body's immune activity.

e  The exosomes secreted by DPSCs can convert pro-inflammatory M1 macrophages to anti-inflammatory M2
macrophagessubstantiating the immunomodulation favouring anti-inflammatory effects.

o DPSCs inhibit lipopolysaccharide (LPS)-induced macrophage secretion of tumor necrosis factor (TNF-a)
via an indoleamine-2,3-dioxygenase (IDO)-dependent mechanism and suppress allogeneic T lymphocyte
activation utilizing Fas/FasL interaction and Treg apoptosis.

e Programmed cell death (PD-L1) present on DPSCs interacts with the PD-1 receptor on activated T cells,
suppressing immune mechanisms by counteracting T cell activation signals.

e When DPSCs were exposed to LPS, they increased the expression of TLR-4 and enhanced Wnt5a
production via the TLR4/MyD88/PI13-kinase/AKT pathway 1719,

IX. STEM CELLS FROM THE APICAL PAPILLA (SCAPs)

In 2006, Sonoyama et al. were the first to discover and extract SCAP from the apical papillae of
immature (developing) permanent third molars. SCAP is known for its high proliferative capacity, self-
renewability, and low immunogenicity %. A large body of evidence suggests that SCAPs can give rise to a
variety of cell lineages, including osteogenic, odontogenic, neurogenic, adipogenic, chondrogenic, and
hepatogenic cells 223 It has been claimed that SCAPs constitute a promising source for periodontal repair based
onthese properties.

Immunological characteristics:
Immunologically one of the key functions of SCAPs is suppression of T lymphocyte proliferation via an
apoptosis-independentmechanism .

X. GINGIVA-DERIVED MESENCHYMAL STEM CELLS (GMSCs)

Zhang et al. isolated human GMSCs for the first time in 2009 from clinically healthy gingival tissues
(lamina propria) that were retrieved as remnants or discarded during routine dental procedures with no history of
periodontal disease and a relatively healthy periodontium. GMSCs are a great source in regenerative medicine
as they are widely distributed, easy to access and extract with minimally invasive surgical procedures leaving
no scars behind %

GMSCs are currently a sufficient cell source in the treatment and engineering of periodontal tissues,
owing to their exceptional self-renewal, regeneration, and multilineage differentiation capacities. The
immunomodulatory characteristics and accessibility of GMSCs have gained interest in cell therapy in recent
years 2,

Immunomodulatory / Anti-inflammatory characteristics:

e TLRs 1, 2, 3, 4,5, 6, 7, and 10 are expressed by GMSCs, which interact with the inflammatory
environment and affect theirimmunological characteristics.

e PGEZ2, IL-10, or IL-6 produced by human GMSCs can decrease the activity of M1 macrophages.

e Additionally, GMSCs drastically lower DC activation and maturation via a PGE2-associated mechanism,
which inhibits DCs'ability to deliver antigens and significantly lowers the inflammatory response.
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e |IDO and IL-10 are two immunosuppressive molecules that human GMSCs upregulate to prevent T-cell
activation %

XIl. STEM CELLS FROM HUMAN EXFOLIATED DECIDUOUS TEETH (SHEDs)
SHEDs were initially identified and isolated from the human dental pulp of exfoliated deciduous teeth
by Miura et al. in 2003.
SHEDs demonstrate bone and dentin-like tissue regeneration with a high osteoinductive capability and
proliferation rate 8.

Immunomodulatory / Anti-inflammatory characteristics:

e Through mediating T cell activation, maturation, and differentiation, SHEDs exhibit immunomodulatory
properties.

e Additional immunosuppressive effects of SHEDs include suppression of Thl7 cells and activation of
regulatory T cells(Tregs)®.

e Also, SHEDs can promote DC to increase the production of IL-10, an anti-inflammatory cytokine, and
block the secretion ofinflammatory markers like IL-2, TNF-a, and IFN-y %,

e SHEDs cause bone marrow-derived macrophages to become M2 polarised, which has anti-inflammatory
effects on periodontaltissues and aids in the regeneration of the periodontium 32,

XIl.  PERIODONTAL LIGAMENT STEM CELLS (PDLSCs)

The PDL is a type of connective tissue that secures the link between the tooth root and the surrounding
alveolar bone. PDLSCs were first isolated from impacted third molars by Seo et al in 2004 *2. PDLs, alveolar
bone, cementum, blood vessels, and peripheral nerves can all be produced by PDLSCs. These cells also possess
an excellent proliferation potential and a propensity for self-renewal®,

PDLSCs have recently been suggested as prospective cell sources for the restoration of certain bone
abnormalities brought on by periodontitis owing to their immunomodulatory qualities.

Immunological / Anti-inflammatory characteristics:

e PBMCs that have been activated release interferon (IFN-y), which prompts PDLSCs to release soluble
growth factors like TGF-B (transforming growth factor), IDO-1, and HGF (hepatocyte growth factor) that
consequently, in part inhibit PBMC proliferation®.

e Another innate immunological response by PDLSCs is the upregulation of neutrophil proliferation and the
downregulation ofneutrophil death 5.

e The major histocompatibility complex glycoprotein 1b (GP1b) and prostaglandin E2 (PGEZ2) secreted by
DCs are also significantly reduced by PDLSCs, which further restrict T cell proliferation %,

e PDLSCs also decrease pro-inflammatory Th1/Th2/Th17 cells while enhancing the proliferation of anti-
inflammatory Treg cells ¥7.

e In addition, PDLSCs also contribute to immunosuppression by preventing B cells from proliferating,
migrating, and differentiating.

e The expression of programmed cell death protein 1 (PD-1) and its ligand (PD-L1) is fostered to produce
these characteristicsin PDLSCs .

e PDLSCs promote the polarisation of the anti-inflammatory phenotype (M2 phenotype) by upregulating IL-
10, CD163, andArg- (Arg-) 1, while downregulating TNF-a %,

XI11. NON-ODONTOGENIC STEM CELLS
There are 3 types of non-odontogenic stem cells namely: Bone marrow-derived mesenchymal stem
cells (BMSCs), adipose- derived stem cells (ASCs), and embryonic stem cells (ESCs).

XIV. BONE MARROW-DERIVED MESENCHYMAL STEM/STROMAL CELLS (BMSCs)
In 1967, Friedenstein et al. published the first description of MSC generated from bone marrow %,
BMSCs can develop into muscle, adipocyte, chondrocyte, and osteoblast cells thereby giving rise to the alveolar
bone, sharpey’s fibres, and cementum, leading to regeneration of the periodontium “°. Following systemic or
local transplantation, BMSCs can promote the expression of genes related to tooth development and can
eventually differentiate into osteoblasts and fibroblasts 4%,

Immunomodulatory/ Anti-inflammatory characteristics:
e  The activity of BMSCs in suppressing immune and inflammatory responses is another crucial trait 42,
e T cell proliferation is mediated by BMSCs through immunomodulation.
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e BMSCs reduce inflammatory indicators including IL-1 and TNF- a, implying that they could be used to
treat periodontitis.
Although considerable improvements in periodontal parameters have been reported, more clinical
investigations are required to clarify the role of BMSCs and their ability to influence inflammation and
immunity before their application in treating periodontitis by regenerative medicine/therapy “.

XV. ADIPOSE-DERIVED STEM CELLS (ASCs)

Zuk and colleagues first identified and defined ADSCs as mesenchymal stem cells (MSCs) recovered
from processed lipoaspirate in 2001. ASCs have similar properties to BMSCs and can differentiate into
osteoblasts, adipocytes, chondrocytes, myogenic, and neurogenic cells. ASCs are more advantageous than
BMSCs in yielding, with fewer significant donor site ailments 4.

Immunomodulatory/ Anti-inflammatory characteristics:
e ASCs in combination with cytokines like TNF-a, IFN-y, and IL-6 can increase the production of
immune suppressivemolecules such as GBP4 and IL-1RA .

XVI. INDUCED PLURIPOTENT STEM CELLS (iPSCs)

Yamanaka et al in 2007 successfully demonstrated the generation of iPSC from adult human dermal
fibroblasts with the use of four transcriptional factors: Oct3/4, Sox2, KIf4, and c-Myc 6,

iPSCs mimicking pluripotent stem cells have the capacity to develop into iPS-derived MSCs
(iPSC-MSCs) which can differentiate into multilineage cells that aid in the regeneration of cementum, alveolar
bone, and inflammatory tissue in periodontitis

47 Dental tissue stem cells, such as PDLs, buccal mucosa fibroblasts, gingival, apical papilla, and
dental pulp, offer benefits for theproduction of iPSCs “2.

Immunological characteristics:
Additionally, iPSC-MSCs can suppress Th1/Th2/Th17 cells and increase the levels of Treg cells, thereby
decreasing leukocyteproduction and alveolar bone resorption °.

XVIL.APPLICATION OF STEM CELLS IN PERIODONTAL REGENERATION

Research has shown that Mesenchymal stem cells (MSCs), embryonic stem cells (ESCs), and induced
pluripotent stem cells (iPSCs) play a significant role in the revival of periodontal tissues. Among these MSCs are
chosen over ESCs to avoid ethical concerns involved in it. BMSCs have been found to aid in periodontal
regeneration when placed into bone deficiencies but due to the pain involved in cell harvesting and the amount
of cells harvested being very low, they have not proven to be advantageous. Hence, DMSCs have become the
choice of cells by several researchers®.

Aimetti et al. (2018) published a 1-year follow-up case series on using autologous DPSCs in treating
intra-bony defects and concluded that the application of DPSCs significantly improved clinical (PD, CAL) and
radiographic parameters (BF) of periodontal regeneration’. Nerea et al. (2020) conducted studies to evaluate
the safety and efficacy of autologous periodontal ligament-derived mesenchymal stem cells (PDL-MSCs)
embedded in a xenogeneic bone substitute (XBS) for the regenerative treatment of intra-bony periodontal
defects and found it to be safe and resulted in low postoperative morbidity and appropriate healing®2. Abdal
Wahab et al. (2020) in their study assessed the efficacy of gingival fibroblasts (GF) and their associated
mesenchymal stem cells (GMSC) in the treatment of intrabony periodontal defects and found significant
reduction in pocket depth (PD) and CAL gain 5. Danae et al. (2021) intheir studies to assess the safety/efficacy of
tissue—engineered bio-complex in periodontal reconstruction found that there is radiographic evidence of bone fill is
enhanced in autologous clinical-grade alveolar Bone-Marrow Mesenchymal-Stem-Cells (a-BMMSCs), seeded
into collagen scaffolds, enriched with autologous fibrin/platelet lysate (aFPL) 54. Ma et al.(2022) demonstrated
that the migration, proliferation, and osteogenic differentiation of PDLSCs were improved by the
implantation of DFSCs-sEVs (cell-derived small extracellular vesicles) type cells in a periodontal defect.
Therefore, there may be a lot of potential for using DFSCs- sEVs for periodontal regeneration %5,

XVIHI.CHALLENGES IN THE APPLICATION OF STEM CELLS
There are three main challenges in the application of stem cells in human trials: Biological, technical,
and clinical. Biologically, the exact molecular-level mechanisms that guide and control the growth and
specialization of various stem cells are still unclear. Technically, it is imperative to devise an ideal culture
medium for stem cell culture, overcome the limited life expectancy of MSCs, and find the perfect biocompatible
scaffold and transport system is yet to be identified. Clinically, the integration of the human stem cell derivatives
with the recipient tissue and their ability to carry out the desired functions in humans is still under speculation.
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XIX. FUTURE DIRECTIONS AND CONCLUSION
The future direction of stem cells in periodontal regeneration holds great promise. Researchers are

exploring various avenues to enhance the efficacy of stem cell-based therapies for periodontal regeneration.
Some potential directions include:

1

Personalized Medicine: Tailoring stem cell therapies to individual patients based on their genetic and
physiological profiles toimprove treatment outcomes.
Combination Therapies: Investigating the synergistic effects of combining stem cells with other regenerative
approaches, suchas growth factors or biomaterials, to optimize tissue regeneration.
Biomaterial Development: Advancing the development of biomaterials that can serve as scaffolds for
stem cell growth anddifferentiation, promoting tissue regeneration.
Clinical Trials: Conducting large-scale clinical trials to further evaluate the safety and long-term
effectiveness of stem celltherapies for periodontal regeneration.
Immune Modulation: Research in modulating the immune response to prevent rejection of transplanted stem
cells and promotetissue integration.
Non-Invasive Approaches: Exploring non-invasive methods of delivering stem cells to periodontal
tissues, such as usingnanoparticles or aerosols.

In conclusion, stem cells are paving the way for exciting developments in periodontal regeneration.

While there's still much research to be done and challenges to overcome, the potential benefits for patients,
including improved oral health, enhanced aesthetics, and reduced tooth loss, make this field of study highly
promising. With ongoing research and technological advancements, stem cell- based therapies may become an
integral part of periodontal care in the future.
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