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Abstract Periodontitis, a major chronic inflammatory disease
of dental tissue, causes periodontal tissue destruction and alveolar bone resorption. When large amounts of alveolar bone
are lost, it is very difficult to regenerate the bone using conventional treatments. Periodontal ligament stem cells
(PDLSCs) have attracted much attention as potential cell
sources for alternative periodontitis regenerative treatment because of their capacity for self-renewal and multipotency.
Recently, PDLSCs were found to possess immunomodulatory
properties. PDLSCs lack the expression of immune costimulating factors and suppress immune cell proliferation
following stimulation with mitogens or in mixed allogeneic
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lymphocyte reactions. Because of these characteristics, the
anti-inflammatory effects of PDLSCs and the establishment
of allogeneic PDLSC transplantation therapies have been well
studied. The aim of this review is to provide an assessment of
the latest findings on the immunomodulatory properties of
PDLSCs and their potential clinical application for periodontal tissue regeneration.
Keywords Periodontal regeneration . Periodontal ligament
stem cells . Immunomodulatory property . Allogeneic cell
transplantation . Transplant rejection . Autoimmune disease

Introduction
Periodontitis is a chronic inflammatory disease of the periodontal tissue. Periodontitis is caused by bacterial infection,
resulting in an inflammatory reaction which leads to the destruction of periodontal tissue, including the periodontal ligament and alveolar bone and, in severe cases, tooth loss. The
main approach for the treatment of periodontitis is the removal
of dental plaque, which is composed of bacteria. More recently, regenerative treatments for damaged or destroyed periodontal tissue have achieved great progress through the use
of barrier membranes, enamel matrix derivative, and recombinant proteins; these have become the mainstay of periodontal treatment [1–4]. However, the efficacy of all these approaches has been limited, because periodontal tissue regeneration is dependent on the presence of the recruitment and
differentiation of local stem cells at the site of the damaged
tissue. Thus, the development of alternative therapies using
dental stem cell transplantation has been investigated as an
approach to more efficiently regenerate damaged periodontal
tissue. Given that periodontal tissue destruction occurs following bacterial infection and inflammation, the delivery of an
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exogenous cell source to site of damaged periodontal tissue
may be more effective at inducing regeneration, while also
exhibiting anti-inflammatory and immunosuppressive
properties.
In 2000, Gronthos et al. first reported the isolation of dental
pulp stem cells (DPSCs) from human dental pulp tissue as
dental tissue mesenchymal stem cells (MSCs) [5]. Later, in
2004, periodontal ligament stem cells (PDLSCs) were isolated
from human periodontal ligament [6]. Interestingly, although
PDLSCs possessed the capacity for self-renewal and multipotential differentiation into osteogenic, adipogenic, and
chondrogenic lineages in vitro similar to bone marrow
MSCs (BMSCs) and DPSCs, they exhibited their own unique
potential in vivo in contrast to other tissue-derived MSCs.
When BMSCs, DPSCs, or PDLSCs were subcutaneously
transplanted into the dorsal surfaces of immunocompromised
mice with hydroxyapatite–tricalcium phosphate ceramic particles as a carrier, BMSCs formed bone-like tissue with bone
marrow, DPSCs formed dentin/pulp complex-like tissue, and
PDLSCs formed a cementum-like tissue layer with condensed
collagen fibers like Sharpey’s fibers, which resembled PDL
structures. These observations indicate that different MSClike populations regenerate their tissue of origin in vivo, presumably based on epigenetic memory. Therefore, PDLSCs are
an ideal cell source for the regeneration of periodontal tissue
compared with MSCs derived from other dental or non-dental
tissues.
PDLSCs have been reported to possess immunomodulatory properties similar to BMSCs [7••]. This property
could be a valuable advantage for cell transplantation therapies as the inflammatory condition in periodontitis inhibits the natural repair processes involving local cells,
including stem, progenitor, and mature cells. Chronic periodontitis represents an inflammatory response in the periodontal tissues, which is elicited by bacteria in dental
plaque. The early/stable lesion of chronic periodontitis is
dominated by T cells and macrophages, which are mediated by T-helper 1 (Th1) cytokines, including interleukin
(IL)-1 and interferon (IFN)-γ, while the advanced/
progressive lesion of chronic periodontitis is dominated
by B cells and plasma cells, which are dependent on Th2
cytokines, including IL-4 [53]. This inflammation leads to
alveolar bone loss caused by excessive activation of osteoclasts [54]. When alveolar bone is extensively resorbed, it
is difficult to regenerate bone volume to normal levels owing to quantitative limitations and reduced regenerative
capacity caused by inflammation. Thus, to effectively regenerate damaged periodontal tissue, including alveolar
bone, the ideal therapy must include both regenerative
and anti-inflammatory/immunosuppressive approaches. In
this review, we describe the potential of PDLSCs as a cell
source for periodontal tissue engineering, with a focus on
their immunomodulatory properties.
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Immunomodulatory Properties of MSCs
In recent decades, MSCs have been widely studied as potential cell therapy agents for transplant rejection and immunemediated diseases because of their immunomodulatory properties, as demonstrated in numerous pre-clinical animal studies and in human clinical trials. MSCs express very low levels
of major histocompatibility complex (MHC) class II antigens
and costimulatory molecules, such as CD40, CD80, and
CD86 [8]. They exert their immunomodulatory function on
various immune cells including T cells, B cells, natural killer
cells, monocytes, macrophages, dendritic cells, and neutrophils via several mechanisms [9–14]. The key immunomodulatory factors and cytokines expressed by MSCs have been
reported to include transforming growth factor-beta
(TGF-β), hepatocyte growth factor (HGF), indoleamine 2,
3-dioxygenase (IDO), prostaglandin E2, nitric oxide, IL-4,
IL-6, IL-10, IL-1 receptor antagonist, heme oxygenase-1,
and human leukocyte antigen-G [15–22].
A number of studies have reported that the administration
of allogeneic MSCs results in a marked suppression of host
immune reactions in preclinical animal models of transplant
rejection and immune-mediated diseases. Although transplant
rejection or graft-versus-host disease (GVHD) is almost unavoidable during allogeneic transplantation, the administration of baboon MSCs in vivo before the replacement of
third-party skin grafts led to prolonged skin graft survival in
recipient baboons [23]. Transplantation of murine MSCs into
murine GVHD models resulted in a reduction of GVHD severity [24], suggesting that allogeneic MSCs could be effective therapeutic agents in transplant rejection and GVHD.
MSCs have also been reported to be effective in autoimmune
diseases, such as systemic lupus erythematosus (SLE), rheumatoid arthritis, and multiple sclerosis, in preclinical animal
models. In MRL/lpr mouse model of SLE-like disease, allogeneic bone marrow stromal cell transplantation recovered
multiorgan dysfunction more effectively than administration
of cyclophosphamide, which is a conventional immunosuppressive therapy [25]. In the collagen-induced arthritis mouse
model, MSC injection prevented severe damage to bone and
cartilage through inhibitory effects on T cell proliferation and
inflammatory cytokine expression [26]. Moreover, in the experimental autoimmune encephalomyelitis (EAE) mouse
model of multiple sclerosis, a chronic autoimmune, inflammatory, demyelinating, neurodegenerative disease of the central
nervous system, systematic injection of MSCs alleviated EAE
by suppressing infiltration of T cells into the brain [27, 28].
Based on the positive outcomes of their potential to suppress immune cell proliferation and function in in vitro and
in vivo animal studies, MSCs have been proposed as a therapeutic option for the treatment of GVHD and autoimmune
diseases by clinical application of human MSCs. The first
clinical trial of allogeneic MSC transplantation was the
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transplantation of maternal-derived haploidentical MSCs into
a patient with severe treatment-resistant grade IVacute GVHD
of the gut and the liver, resulting in a rapid improvement of
GVHD for up to 1 year post-transplantation [29]. A subsequent multicenter phase II clinical trial showed that 39 of 55
patients with steroid-resistant severe acute GVHD responded
to treatment with MSCs, suggesting that MSC infusion might
be an effective therapy for some patients with acute GVHD
[30]. Furthermore, the use of cellular therapies to treat acute
GVHD has been supported by a number of other clinical trials
transplanting MSCs alone or in combination with allogeneic
hematopoietic stem cells [31]. Clinical trials of allogeneic human MSC transplantation in patients with SLE have also
shown promising results with improvements in symptoms
[32, 33]. The outcomes of these clinical trials indicate that
novel therapies using allogeneic MSC transplantation are possible, although further large randomized double-blind clinical
trials are necessary.

Immunomodulatory Properties
of Dental-Tissue-Derived Stem Cells
In addition to DPSCs and PDLSCs, MSC populations have
also been identified from several human dental tissues, including exfoliated deciduous teeth pulp tissue (SHED), apical papilla (SCAP), dental follicle stem cells (DFSCs) that are the
cells of origin of the periodontal ligament, and gingiva
(GMSCs) [5, 6, 34–37]. As these dental-tissue-derived stem
cells also exhibit self-renewal and multilineage differentiation
potentials, their capacities to regenerate functional dental tissues have been studied in vitro and in vivo. Moreover, dentaltissue-derived stem cells have recently been reported to possess potent immunomodulatory functions comparable with
BMMSCs.
PDLSCs
In 2009, the potential of human PDLSCs to modulate immune
function was first reported by Wada et al. [7••]. In an in vitro
study, they demonstrated that human PDLSCs inhibited peripheral blood mononuclear cell (PBMNC) proliferation following mitogen stimulation or in an allogeneic mixed lymphocyte reaction similar to bone marrow stromal stem cells.
These observations are supported by other studies demonstrating the immunomodulatory effects of canine PDLSCs and
MSCs from the human periapical lesion, which partially originate from PDL cells, on PBMNCs [38, 39]. Human PDLSCs
lacked the expression of immune costimulatory factors, such
as MHC class II antigen, CD40, CD80, and CD86 [7••, 40••].
Moreover, IFN-γ, secreted by activated human PBMNCs, induced PDLSCs to secrete soluble factors, including TGF-β,
HGF, and IDO, which partially suppressed PBMNC
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proliferation [7••]. Another potential mechanism of immunoregulation by PDLSCs was proposed via the secretion of prostaglandin E2 (PGE2) [40••, 41]. Human PDLSCs suppressed
T cell proliferation mediated by PGE2, and B cell proliferation, differentiation, and migration mediated by programmed
cell death protein 1 (PD-1) and its ligand (PD-L1) [40••, 42•].
Interestingly, Liu et al. reported that PDLSCs isolated from
inflamed PDL tissue (inflamed PDLSCs) diminished the inhibitory effects on PBMNC proliferation and the induction of
CD4+CD25+FOXP3+ regulatory T cell differentiation and
IL-10 secretion compared with healthy PDLSCs [43].
Inflamed PDLSCs have also been reported to maintain their
proliferative potential, multipotency, and regenerative capacity for cementum and PDL tissue [44]. This suggested that
healthy PDLSCs, which fulfill both the regenerative and immunosuppressive requirements of an ideal transplant cell for
periodontal tissue regeneration, could be a more appropriate
cell source than inflamed PDLSCs. Given these features, the
transplant of PDLSCs is expected to be a more effective novel
treatment for periodontal regeneration.
Dental-Tissue-Derived Stem Cells
DPSCs have been shown to possess the potential to modulate
immune function in a similar way to PDLSCs [7••]. Human
DPSCs inhibited PBMNC proliferation following mitogen
stimulation or in an allogeneic mixed lymphocyte reaction,
which was mediated in part by soluble factors produced by
activated PBMNCs. These observations are supported by other studies demonstrating the immunomodulatory effects of
swine and human DPSCs on PBMNCs [45, 46].
Furthermore, SHED, which is derived from dental pulp tissue
of exfoliated deciduous teeth, showed immunosuppressive effects on the proliferation of Th17 cells in vitro. Furthermore,
SHED transplantation into SLE-like MRL/lpr mice improved
SLE phenotypes (including renal problems), suggesting that
SHED transplantation could be an effective approach for
treating SLE disorders [47]. Recently, acetylsalicylic acid
has been reported to improve SHED immunomodulation by
elevating telomerase activity [48]. Systemic infusion of SHED
ameliorates the osteoporotic phenotype in ovariectomized
(OVX) mice by rescuing OVX-induced impairment of
BMSCs, while also inhibiting osteoclastogenesis induced by
activated T cell apoptosis in OVX mice via activation of the
Fas-ligand-mediated Fas pathway [49]. It has also been reported that porcine and human SCAP suppressed T cell proliferation through an apoptosis-independent mechanism in vitro,
while human DFCs stimulated with agonists of Toll-like receptor (TLR) 3 or TLR4 exhibited more effective suppression
of PBMNC proliferation [46, 50, 51]. Because of their immunomodulatory functions, dental-tissue-derived stem cells are
expected to be a good cell source for oral tissue engineering or
autoimmune disease treatments. Among the different dental-
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tissue-derived stem cells, GMSCs have recently gained some
attention because the gingiva is relatively easily accessible
and can often be non-invasively obtained as a discarded sample. Human GMSCs have also been shown to possess a higher
proliferation capacity but more limited differentiation potential and express cell surface molecule characteristic of MSCs,
when compared to BMSCs [37]. Thus, GMSCs can be easily
expanded ex vivo for cell-based clinical applications but may
be restricted in their applications. Furthermore, GMSCs have
also been reported to possess immunomodulatory capabilities,
comparable to other MSC-like populations [37, 52]. GMSCs
suppressed PBMNC proliferation and enhanced the expression of IL-10, IDO, inducible nitric oxide synthase, and cyclooxygenase 2, all of which are immunosuppressive factors,
in response to stimulation with the inflammatory cytokine,
IFN-γ. Systemic infusion of GMSCs into an experimental
colitis mouse model significantly ameliorated both the clinical
and histopathological severity of the colonic inflammation
mediated by the suppression of inflammatory infiltrates and
inflammatory cytokine expression and inhibited regulatory T
cell infiltration and IL-10 expression at the colonic sites [37].
Another study revealed that systemic infusion of hypoxiastimulated GMSCs into an excisional skin-wound-healing
mouse model enhanced wound repair mediated by the suppression of inflammatory cells and pro-inflammatory cytokine
expression, and an increase in IL-10 expression [52].
Although further studies are needed, GMSCs could be an
attractive cell source for promoting tissue regeneration and
recovery in autoimmune and inflammatory diseases.

Periodontal Regeneration
To effectively regenerate periodontal tissue that has been damaged and destroyed by periodontitis, cell transplantation
methods based on the immunomodulatory properties of
PDLSCs or MSCs have been examined in recent years.
Allogeneic PDLSC Transplantation
As already discussed herein, PDLSCs exhibit different characteristics in vivo compared with BMSCs and DPSCs. In a
subcutaneous cell transplantation mouse model, PDLSC
formed periodontal tissue-like tissue, including a PDL-like
structure, while BMSCs formed bone-like tissue and DPSCs
formed dentin/pulp complex-like tissue [6]. From these results, PDLSCs are considered to be an ideal cell source to
regenerate periodontal tissue in contrast to MSCs derived
from other dental tissues. However, it is often difficult to generate enough PDLSCs from one donor source because the
growth and differentiation potentials of PDLSCs vary between donors. In addition, PDL samples are at risk of containing bacterial or fungal contaminations. Thus, utilizing a pool
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of well-characterized healthy PDLSCs from an allogeneic
source represents an attractive option to generate enough cells
for implantation with a defined regenerative capacity.
Although the use of allogeneic cells have the potential for
rejection by the host immune system, some studies have recently demonstrated positive results of allogeneic PDLSC
transplantation for the regeneration of periodontal tissue.
In a normal rat periodontal fenestration defect model, allogeneic PDLSC transplantation with a scaffold promoted repair
of periodontal defects by forming new bone, PDL, and
cementum-like tissue, without showing any signs of inflammation [53].
Ding et al. demonstrated that in a procine periodontitis model, the transplantation of allogeneic PDLSC sheets regenerated
periodontal tissue without stimulating immune rejection [40••].
In an allogeneic PDLSC transplantation group, the probing
depth determined by clinical assessment, alveolar bone recovery assessed by computed tomography, and the observed regeneration of new bone, cementum, and periodontal ligament by
histological examination were similar to autologous PDLSC
sheet transplantation, whereas the HA/TCP alone and control
groups were decreased in comparison. Furthermore, the analysis of T-cell-related immunological marker expression, routine
blood and biochemical tests, and immunoglobulin tests in
whole blood of cell-transplanted swine models showed no significant differences between allogeneic and autologous
PDLSCs, suggesting that the allogenic cells did not induce
immunological rejection. The same research group examined
the use of allogeneic PDLSCs and DPSCs for bio-root regeneration in a porcine model [54]. It has been recently reported
that allogeneic porcine SHED induced remarkable repair of
periodontal tissue in a periodontitis model to a similar degree
as allogeneic PDLSCs [55]. In an ovine periodontal fenestration
defect model, histological examination indicated that transplantation of allogeneic PDLSCs combined with a scaffold
displayed significantly greater new alveolar bone area, cementum length, and Sharpey’s fiber thickness compared with the
control [56•]. In addition, allogeneic PDLSCs were well tolerated by recipient animals, as evidenced by the lack of inflammation, infection, or root exposure in all treatment groups.
These studies are important for establishing and developing
the therapeutic modality of allogeneic PDLSC transplantation
for patients with severe periodontitis, where obtaining sufficient
numbers of autologous cells is not clinically feasible.
Anti-inflammatory Effects
Owing to their immunomodulatory properties, PDLSCs are
expected to be suitable cell sources for periodontal regeneration following periodontitis. However, Zhang et al. reported
that BMSCs exhibited stronger osteogenic differentiation than
PDLSCs stimulated with the inflammatory cytokine TNF-α
in vitro, indicating that BMSCs might have better
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immunomodulatory properties in the local microenvironment
compared with PDLSCs [57]. Allogeneic BMSC transplantation into a mouse periodontal defect model has been reported
to regenerate bone, cementum, and PDL while integrating into
all three newly formed tissues [58], and locally suppress the
expression of inflammatory cytokines, including TNF-α and
IL-1 [59]. These findings suggest that BMSC transplantation
could also be feasible for periodontal regeneration, especially
in alveolar bone regeneration under inflammatory conditions
like those that occur after periodontal surgery for chronic periodontitis. However, BMSCs have been shown to predominantly form lamellae bone and bone marrow organs when
transplanted in vivo and lack high expression of the transcription factor, Scleraxis, which may limit their capacity to form
ligamentous fibers [6].

Future Perspective
In recent years, research in regenerative medicine using stem
cells has developed at an accelerated rate with over 500 reported clinical trials utilizing different MSC-like populations
for a wide range of clinical indications. To date, in the dental
field, basic scientists, clinical investigators, and dentists have
been investigating alternative effective treatments for
regenerating periodontal tissue using MSCs, including
PDLSCs. One of the main problems with using autologous
PDLSCs for cell transplantation is the technical difficulty in
isolating sufficient numbers of high-quality PDLSCs from a
single patient because the growth and differentiation potentials of cells vary between individuals or cell pools. One way
to address this problem is to establish a cell transplantation
method using allogeneic PDLSCs as an alternative cell source.
More recently, the Center for iPS Cell Research and
Application (CiRA) in Japan have begun to provide induced
pluripotent stem (iPS) cell banks available for regenerative
medicine. As these iPS cell banks are generated from highfrequency homozygous human leukocyte antigen (HLA) donors, the transplantation of allogeneic cells differentiated from
these iPS cell lines is believed to be less immunogenic [60].
Compared with iPS cells generated from the patient’s own
cells, utilizing cell banks has the advantage in that it significantly reduces time and costs for manufacturing iPS cells.
Because of their immunomodulatory properties, allogeneic
transplantation of PDLSCs might be a more feasible alternative stem cell source. Although further studies are required to
investigate the efficacy and safety of allogeneic MSC therapies in human clinical trials, cryopreserved banks of allogeneic PDLSC of known HLA type may be an ideal therapeutic
strategy for periodontal tissue regeneration for whole communities. Thus, the establishment of methods or the identification
of factors to increase the yield and potency of PDLSCs is also
of great importance.

249

Conclusion
In recent years, the therapeutic potential of PDLSCs has been
explored in a number of studies. Currently, a clinical trial
examining the use of human PDL cell sheets, which include
PDLSCs, for transplantation in periodontal tissue regeneration, is ongoing in Japan [61]. PDLSCs possess a great potential for proliferation, self-renewal, and multidifferentiation and
also exhibit immunomodulatory properties, which could have
good potential for exhibiting anti-inflammatory effects and
immune tolerance at the time of cell transplantation. Thus,
autologous PDLSCs are now being considered as the principal
cell of choice for tissue-engineering applications, while wellcharacterized PDLSCs from allogeneic sources might also
represent an alternative approach in the future to compensate
the potential weakness of autologous cell transplantation,
which is the difficulty to generate a sufficient number of
PDLSCs from a single donor. Although further studies are
needed to establish a novel regenerative treatment using
PDLSC transplantation, studies investigating their potential
for clinical application are advancing slowly but steadily.
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