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Abstract
Mesenchymal stem cells (MSCs) are considered as an attractive tool for tissue
regeneration and possess a strong immunomodulatory ability. Dental tissue-
derived MSCs can be isolated from different sources, such as the dental pulp,
periodontal ligament, deciduous teeth, apical papilla, dental follicles and gingiva.
According to numerous in vitro studies, the effect of dental MSCs on immune
cells might depend on several factors, such as the experimental setting, MSC
tissue source and type of immune cell preparation. Most studies have shown that
the immunomodulatory activity of dental MSCs is strongly upregulated by
activated immune cells. MSCs exert mostly immunosuppressive effects, leading
to the dampening of immune cell activation. Thus, the reciprocal interaction
between dental MSCs and immune cells represents an elegant mechanism that
potentially contributes to tissue homeostasis and inflammatory disease
progression. Although the immunomodulatory potential of dental MSCs has
been extensively investigated in vitro, its role in vivo remains obscure. A few
studies have reported that the MSCs isolated from inflamed dental tissues have a
compromised immunomodulatory ability. Moreover, the expression of some
immunomodulatory proteins is enhanced in periodontal disease and even shows
some correlation with disease severity. MSC-based immunomodulation may play
an essential role in the regeneration of different dental tissues. Therefore,
immunomodulation-based strategies may be a very promising tool in
regenerative dentistry.

Key words: Mesenchymal stem cells; Dental tissue; Immunomodulation; Peripheral blood
mononuclear cells; Oral diseases; Tissue regeneration

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

WJSC https://www.wjgnet.com September 26, 2019 Volume 11 Issue 9604

https://www.wjgnet.com
https://dx.doi.org/10.4252/wjsc.v11.i9.604
http://orcid.org/0000-0002-0485-2142
http://orcid.org/0000-0002-3065-3200
http://orcid.org/0000-0002-2992-6099
http://orcid.org/0000-0002-8010-1914
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:oleh.andrukhov@meduniwien.ac.at


First decision: April 16, 2019
Revised: April 24, 2019
Accepted: August 27, 2019
Article in press: August 27, 2019
Published  online:  September  26,
2019

P-Reviewer: Xavier-Elsas P
S-Editor: Ma YJ
L-Editor: A
E-Editor: Xing YX

Core tip: In the present review, the complex mechanisms of interactions between dental-
tissue derived mesenchymal stem cells (MSCs) and immune cells are considered.
Potential implication of MSC-mediated immunomodulation into progression of
periodontal disease and dental tissue regeneration is discussed.
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DENTAL TISSUE-DERIVED MESENCHYMAL STEM CELLS
AND THE BASIC MECHANISMS OF MESENCHYMAL STEM
CELL-MEDIATED IMMUNOMODULATION
Mesenchymal stem/stromal cells (MSCs) are defined as cells that fulfil the following
minimal criteria:  First,  they adhere to culture plastic under standard cell  culture
conditions;  second,  they express the mesenchymal surface markers CD29,  CD73,
CD90, and CD105 and do not express the haematopoietic surface markers CD11b,
CD14, CD34, CD45, and HLA-DR; third, they are able to differentiate into osteoblasts,
adipocytes, and chondrocytes under certain conditions in vitro[1]. MSC-like cells were
found in different postnatal tissues, inclusive of numerous dental tissues such as the
dental pulp, human exfoliated deciduous teeth, the periodontal ligament, the apical
papilla,  the dental follicles and the gingival tissue[2-8].  Most dental tissue-derived
MSCs express several neural lineage markers, which may be due to their neural crest
origin[9,10].

Similar  to  MSCs  from  other  tissues,  dental  MSCs  possess  a  strong  immuno-
modulatory ability[11-13]. Potential mechanisms of the immunomodulatory effects of
MSCs include the expression of enzymes, the production of soluble factors, and cell-
to-cell contact, and these mechanisms are reviewed in detail elsewhere[14-16].  MSC-
mediated immunosuppression in humans is largely mediated by indoleamine-2,3-
dioxygenase-1  (IDO-1),  which  catalyses  the  catabolism  of  L-tryptophan  into  L-
kynurenine. As a result, depletion of tryptophan leads to the suppression of different
immune cells[17]. Further important soluble factors involved in the MSC-dependent
immunomodulation are prostaglandin E2 (PGE-2), tumor necrosis factor α-stimulated
gene 6 (TSG-6), hepatocyte growth factor (HGF), transforming growth factor (TGF)-β,
interleukin (IL)-10, galectins, and human leukocyte antigen (HLA)-G5[18]. PGE-2, a
metabolic product of the arachidonic acid cascade, is produced by cyclooxygenase 2
(COX-2)  and influences  both the innate  and adaptive immune systems[19].  MSCs
continuously  produce  the  potent  immunomodulatory  cytokines  TGF-β  and  its
production can be enhanced by other immunomodulatory cytokines, such as IL-4 and
IL-13[20].  The  anti-inflammatory cytokine  IL-10  can be  produced either  by MSCs
themselves or MSC-regulated immune cells[21]. Additionally, direct cell-to-cell contact
accounts for at  least  some of the immunosuppressive effects  of  MSCs,  and these
effects are mediated mainly through programmed cell death ligand 1 (PD-L1), PD-L2
and membrane-bound HLA-G1[22].

IMMUNOMODULATORY EFFECTS OF DIFFERENT DENTAL
TISSUE-DERIVED MSCS
Dental tissue-derived MSCs, similar to MSCs from other tissues, modulate the activity
of different immune cell subsets. Our knowledge in this field arises mainly from in
vitro cell culture studies. Usually, these studies have used different co-culture models
of MSCs with various subsets of immune cells and can be relatively easily controlled.
Some studies have used a so-called direct co-culture model, in which the immune
cells are added directly to tissue culture plastic-adherent dental MSCs. Other studies
have used an indirect co-culture model in which the immune cells and MSCs are
separated by a liquid-permeable membrane. In most studies, dental MSCs have been
co-cultured with  peripheral  blood mononuclear  cells  (PBMCs),  followed by  the
analysis of specific markers and/or functional characteristics of different immune cell
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subsets.  These  experimental  approaches  have  some advantages  and limitations.
PBMCs are a heterogeneous population of different immune cells, with a composition
of 70%-90% lymphocytes (T cells, B cells, and NK cells), 10%-20% monocytes, and 1%-
2% dendritic cells[23]. These co-culture models are relatively easily controlled and are
convenient  for  studying  the  mechanisms  of  MSCs’  immunomodulatory  effects.
However,  such  co-culture  models  hardly  mimic  any  known  in  vivo  interaction.
Furthermore, this approach does not allow for the evaluation of the direct effects of
MSCs on different subpopulations of PBMCs. In some studies, the co-culture of dental
MSCs with isolated immune cell  subsets has been performed. In most co-culture
experiments,  immune  cells  have  been  activated  with  different  stimuli,  such  as
concanavalin A (Con A), phytohemagglutinin (PHA), anti-CD3/CD28 antibodies,
lipopolysaccharide,  etc.  These  stimuli  are  crucial  for  activating  immune  cell
proliferation and/or differentiation and, as we discuss in chapter 3, for stimulating
the immunomodulatory ability of dental MSCs. However, the activation of PBMCs
with most of these stimuli is rather artificial and hardly representable for the situation
in vivo.

Dental pulp stem cells
In 2002, the first characterized dental-derived mesenchymal stem cells were isolated
from the dental pulp by Gronthos et al[4]. These cells were located in the perivascular
region and fulfilled all minimal criteria for mesenchymal stem cells[4,24]. Several studies
have investigated the interaction of  dental  pulp stem cells  (DPSCs)with various
components of both the innate and adaptive immune systems like T cells, natural
killer cells, and macrophages, as well as the complement system. A pioneering study
by Wada et al[25] showed that DPSCs suppress the proliferation of allogeneic PHA-
activated  PBMCs in  a  cell-to-cell  contact-independent  manner.  The  same study
showed that the conditioned medium from interferon (IFN)-γ pre-treated DPSCs
inhibits PBMC proliferation[25]. Another study investigated the effect of DPSCs on
PHA-activated CD4+ T cells. This study showed that IFN-γ-primed DPSCs inhibit T
cell  proliferation,  reduce  IL-17  production and stimulate  regulatory  T  cell  (Treg)
differentiation[26].  A recent study demonstrated that DPSCs inhibit  PHA-induced
PBMC proliferation but have no effect on Treg differentiation[27]. The same study also
showed that DPSCs in co-culture with anti-CD3/CD28 antibody-activated PBMCs
inhibit  CD8+  T  cell  proliferation  and  B  cell  immunoglobulin  production[27].  The
inhibitory effects of DPSCs on T cells and B cells are enhanced by IFN-γ and mediated
by TGF-β[27]. One study reported that DPSCs also induce T cell apoptosis, which is
supposed to have an anti-inflammatory effect in vivo[28].  DPSCs in co-culture with
PHA-activated CD3+ T cells inhibit T cell proliferation, induce T cell apoptosis and
stimulate  Treg  formation[29].  A  recently  published study showed that  osteogenic-
differentiated DPSCs also inhibit the proliferation of PHA-activated PBMCs[30]. DPSCs
isolated  from  healthy  and  inflamed  pulp  tissue  suppress  LPS-triggered  TNF-α
secretion by macrophages via an IDO-dependent mechanism but have no effect on IL-
1β production[31]. DPSCs also influence macrophage polarisation in vivo. In particular,
transplanting DPSCs into the unilateral hindlimb skeletal muscle triggers macrophage
M2 polarization and suppresses sciatic nerve inflammation[32]. DPSCs can sometimes
be susceptible to NK cell-mediated cytotoxicity[33]. The resistance of DPSCs to NK cell-
mediated  lysis  is  substantially  increased  after  DPSC  differentiation,  the
overexpression  of  hypoxia-inducible  factor  1  or  monocyte  co-culture [34 ,35 ].
Furthermore, DPSCs activate the complement system. In particular, lipoteichoic acid-
treated  dental  pulp  progenitor  cells  express  almost  all  factors  necessary  for
complement system activation[36].  Furthermore,  the complement system seems to
influence  DPSC  proliferation  and  mobilization  by  activating  the  C3a  and  C5a
complement system receptors, which are expressed by DPSCs[37,38].

Periodontal ligament stem cells
A heterogeneous population of periodontal ligament stem cells (PDLSCs) was isolated
for the first time from the periodontal ligament, a highly specialized connective tissue
located between the alveolar bone and cementum, and characterized by Seo et al[6] in
2004. To date, these cells have been shown to exhibit immunomodulatory effects in
vitro  and/or  in  vivo  on  T  cells,  B  cells,  dendritic  cells,  macrophages  and  poly-
morphonuclear  neutrophils  (PMNs).  Wada et  al[25]  showed that  human PDLSCs,
similar to DPSCs, suppress PBMC proliferation by a paracrine mechanism and this
ability is enhanced by pre-treatment with IFN-γ. A later study reported that IFN-γ-
primed  PDLSCs  in  co-culture  with  PHA-stimulated  PBMCs  inhibit  T  cell
proliferation, stimulate Treg differentiation and decrease IL-17 production by T cells[39].
The same study showed that human PDLSCs isolated from inflamed tissue suppress
Th1 differentiation and IFN-γ secretion by T cells, which are effects that have not been
observed with human PDLSCs isolated from healthy tissue[39]. Human PDLSCs inhibit
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proliferation and IFN-γ production by Con A-stimulated PBMCs via both indirect
soluble  mediators  and  direct  cell-to-cell  contact [40].  Human  PDLSCs  inhibit
proliferation and IL-2 and IFN-γ production in PHA-stimulated PBMCs[41]. A further
study investigated the effect of human PDLSCs on the proliferation of CD3+ T cells
primed by monocyte-derived dendritic cells[42]. This study showed that the STRO1+

CD146+ subpopulation of human PDLSCs inhibits T cell proliferation by suppressing
the expression of the non-classical major histocompatibility complex-like glycoprotein
CD1b on dendritic cells[42]. One study showed that human PDLSCs negatively regulate
the proliferation, differentiation and chemotaxis of differently stimulated B cells in
vitro, mainly through cell-to-cell contact mechanisms mediated by PD-L1, and inhibit
B cell apoptosis via an IL-6-dependent mechanism[43]. Furthermore, the transplantation
of allogenic human PDLSCs suppresses humoral immunity in a minipig periodontitis
model[43].  The  effect  of  human  PDLSCs  on  macrophages  is  controversial  in  the
literature.  One  study  reported  that  medium  from  PDLSCs  suppresses  TNF-α
expression in the murine monocyte/macrophage RAW 264.7 cell line[44]. In contrast,
another study did not find any effect of conditioned medium from PDLSCs on the
polarisation of the human monocyte/macrophage THP-1 cell line[45]. Moreover, the
same study showed that extracellular vesicles from LPS-pre-treated PDLSCs promote
macrophage polarization towards an inflammatory M1 phenotype[45].  A study on
periodontal  ligament  cells  (PDLs),  which  share  many  features  with  PDLSCs[46],
demonstrated  that  these  cells  downregulate  TNF-α  production  by  THP-1
macrophages in the presence of Porphyromonas gingivalis (P. gingivalis) through cell-to-
cell  contact  and the  secretion  of  IL-6  and IL-10[47].  The  same study showed that
periodontal  ligament  fibroblasts  increase  the  phagocytosis  of  P.  gingivalis  by
macrophages[47]. There is some evidence that human PDLSCs modulate the function of
PMNs. One study showed that human PDLSCs reduce apoptosis and enhance the
antimicrobial activity of human PMNs via both cell-cell interactions and paracrine
mechanisms[48]. Another study found that human PDLSCs reduce PMN apoptosis via
an IL-6-dependent mechanism[49].  A very recent study demonstrated that reactive
oxygen species  produced by  neutrophil-differentiated  leukemic  HL-60  cells  are
inhibited by conditioned medium from resting PDLSCs but stimulated by that from P.
gingivalis-treated PDLSCs[50]. In addition to the effect on different immune cell subsets,
human PDLSCs can also  influence their  tissue recruitment.  A very recent  study
reported that LPS-stimulated PDLSCs reduce CD29 expression in PBMCs and inhibit
the transendothelial migration of PBMCs in vitro[51].

Gingival mesenchymal stem cells
The gingiva is a specialized oral tissue attached to the alveolar bone that is considered
as  a  mucosal  barrier  and is  of  essential  importance  for  oral  mucosal  immunity.
Currently, gingival mesenchymal stem cells (GMSCs) are assumed to be the best stem
cell source for cell-based therapies and regenerative dentistry[52]. The isolation and
characterization  of  GMSCs  and  their  immunomodulatory  properties  were  first
described by Zhang et al[2]  in 2009. In this study, GMSCs were shown to suppress
PHA-induced  PBMC  proliferation[2].  Human  GMSCs  inhibit  proliferation  and
Th1/Th2/Th17  differentiation  in  mouse  CD4+  T  cells[53].  Furthermore,  GMSCs
promote  the  polarization  of  PBMC-derived  macrophages  towards  the  M2
phenotype[54]. Similarly, a recent study using THP-1 macrophages showed that human
GMSCs suppress the activation of M1 macrophages and promote their polarization
into the M2 phenotype[55]. GMSCs have also been shown to inhibit the maturation and
differentiation  of  monocyte-derived dendritic  cells  through a  PGE-2-dependent
mechanism[56].  The same study also showed that  GMSCs suppress  the release of
inflammatory  cytokines  by  the  human  mast  cell  line  HMC-1  through  a  PGE-2-
dependent mechanism but have no effect on the proliferation of HMC-1 cells[56]. There
are also some studies showing that gingival fibroblasts (GFs), which are isolated from
the  gingival  tissue  and  share  many  characteristics  with  GMSCs,  possess  an
immunomodulatory ability[57]. In particular, human GFs suppress the Con A-induced
proliferation of PBMCs, and this effect is quantitatively similar to that of DPSCs on
PDLSCs[25]. Both primary human GFs and the HGF-1 cell line suppress LPS-induced
TNF-α production by THP-1 macrophages[47].

Stem cells of human exfoliated deciduous teeth
In 2003, mesenchymal stem cells were first isolated from human exfoliated deciduous
teeth by Miura et al[5]  and termed stem cells of human exfoliated deciduous teeth
(SHEDs). In particular, these cells were obtained from the pulp of deciduous teeth and
show a higher proliferation rate, faster cell-proliferation doubling time and higher
osteoinductive capacity than DPSCs isolated from permanent teeth[5]. A study using
anti-CD3/CD28 antibody-activated PBMCs and naïve  CD4+  T  cells  showed that
SHEDs inhibit Th17 differentiation, and the effect of SHEDs was stronger than that of
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bone marrow MSCs[58].  Furthermore,  the  differentiation,  maturation,  and T cell-
activation ability of monocyte-derived DCs have been shown to be influenced by
SHED[59].  Particularly,  DCs  exhibit  decreased  production  of  the  inflammatory
cytokines IL-2, TNF-α, and IFN-γ and increased production of anti-inflammatory IL-
10 protein after the exposure to SHEDs. Further, DCs have been observed to exhibit
enhanced ability ofTreg  cells induction under the influence of SHEDs[59].  Recently,
polarization of mouse bone marrow-derived macrophages toward M2 phenotype has
been shown to be promoted by human SHEDs[60].

Dental follicle stem cells and stem cells from apical papilla
MSCs from dental follicles [dental follicle stem cells (DFSCs)] were first isolated from
the  ectomesenchymal  tissue  surrounding  the  developing  tooth  germ  and
characterized in 2005[8]. MSCs from human root apical papilla tissue [stem cells from
apical papilla, (SCAP)] obtained from the exterior of the root foramen area were first
isolated  and  characterized  in  2006[7].  Only  a  few  studies  have  addressed  the
immunomodulatory ability of these dental MSCs. After priming with toll-like receptor
(TLR)-3 or TLR-4 agonists, DFSCs inhibit the PHA-stimulated proliferation of PBMCs,
and this inhibition is mediated by IDO and TGF-β[61]. Human DFSCs infected with the
periodontal pathogen Prevotella intermedia or Tannerella forsythia reduce neutrophil
chemotaxis, phagocytic activity and NET formation[62]. SCAP in co-culture with PHA-
stimulated porcine PBMCs inhibit the proliferation of CD3+ T cells[63].

RECIPROCAL REGULATION OF MSC
IMMUNOMODULATORY PROPERTIES BY THE IMMUNE
SYSTEM
The  immunomodulatory  properties  of  dental  MSCs  are  determined  by  the
surrounding  microenvironment  and  are  usually  low  in  quiescent  MSCs.  The
activation of MSCs with inflammatory cytokines such as IFN-γ, TNF-α and IL-1β,
which are produced in high amounts by activated immune cells, drastically enhances
their  immunomodulatory  potential[64].  Thus,  MSCs  and  activated  immune  cells
reciprocally regulate each other. Moreover, MSCs might adopt either an immuno-
suppressive  or  immunostimulatory  phenotype  depending  on  the  level  of
inflammation[65]. Similar to that of MSCs from other sources, the immunomodulatory
activity of dental MSCs largely depends on activation by inflammatory cytokines,
which are usually produced by immune cells. A pioneering study by Wada et al[25]

showed that the proliferation of Con A-stimulated PBMCs is inhibited by direct co-
culture with PDLSCs, DPSCs and GFs but not by conditioned medium collected from
resting  dental  MSCs.  This  finding  suggests  that  the  activation  of  the  immuno-
suppressive abilities of different dental tissue-derived MSCs requires several factors
produced by activated PBMCs. A recent study of human DPSCs showed that their
ability to inhibit PBMC proliferation and B cell  immunoglobulin production was
significantly enhanced by IFN-γ and inhibited by anti-IFN-γ antibodies[27]. In a recent
study, GFs were co-cultured with PBMCs without any activating stimuli. Under these
conditions,  the  GFs induced the  survival  and selective  proliferation of  different
lymphocytes  but  had no immunosuppressive  effects[66].  These  facts  suggest  that
activated  immune  cells  play  a  crucial  role  in  inducing  the  immunomodulatory
potential of dental MSCs and suggest tight reciprocal regulation between these cell
types.

Activated immune cells  induce  the  upregulation of  the  expression of  various
immunomodulatory proteins in dental MSCs. Thus, the expression of IDO, TGF-β1
and HGF in PDLSCs, DPSCs, and GFs is upregulated upon co-culture with Con A-
activated PBMCs[25]. Another study found that the expression of IDO, COX-2, TSG-6,
and IL-10 in human PDLSCs is upregulated after co-culture with Con A-activated
PBMCs[40]. Conditioned medium from PBMCs stimulated with various stimuli, such as
phorbol methyl acetate/ionomycin,  LPS, Con A, and anti-CD3/CD28 antibodies,
upregulates IDO and COX-2 expression in human PDLSCs[67]. The expression of HGF,
HLA-G5, IL-6 and TGF-β is upregulated in human DPSCs after co-culture with PHA-
activated CD3+ T cells[29]. A recent study showed that the production of PGE-2, TGF-β
and IL-10 by human DPSCs is enhanced by PHA-activated PBMCs[30]. The expression
of PD-L1 and PD-L2 in human PDLSCs is upregulated after co-culture with activated
B cells[43]. COX-2 expression and PGE-2 production by GMSCs are upregulated by
activated mast cells through a TNF-α-dependent mechanism[56].

The  expression  of  various  immunomodulatory  factors  in  dental  MSCs is  also
upregulated by different inflammatory cytokines. The expression of IDO is drastically
upregulated by IFN-γ in human PDLSCs, DPSCs, and GMSCs/GFs[25,68-71]. In GFs, the
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gene expression levels of IDO induced by IFN-γ are significantly higher than those of
IL-1β and TNF-α; moreover, only IFN-γ is able to enhance the enzymatic activity of
IDO[71]. The expression of HLA-G in human PDLSCs is enhanced by IL-12 mediated
by autocrine IFN-γ signalling[72]. Another study showed an upregulation of HLA-G5
expression in human PDLSCs induced by IFN-γ[67]. The surface expression of PD-L1 in
human PDLSCs is upregulated by different inflammatory cytokines, including TNF-α,
IL-1β, and IFN-γ, but the effect of TNF-α is significantly greater than that of other
cytokines[73]. Moreover, the effect of TNF-α on PD-L1 expression is further enhanced
by the simultaneous application of other cytokines[73]. IL-1β and IFN-γ but not IL-17A
enhance  the  gene  expression  of  PD-L1  in  periodontal  ligament  cells  (PDLs)[74].
Interestingly, the expression of other immunomodulatory factors, such as HGF and
TGF-β, in human PDLSCs, DPSCs, and GFs is not affected by IFN-γ[25,67]. One study
found that  the  expression  of  TGF-β  in  human PDLs  is  upregulated  only  by  the
simultaneous application of IL-1β, IL-17A, and IFN-γ but not by separate stimulations
with these cytokines[74]. Thus, one can assume that certain inflammatory cytokines
activate only specific immunomodulatory parameters.  In this case,  priming with
different cytokines might hypothetically activate only specific immunomodulatory
functions in dental MSCs.

REGULATION OF THE IMMUNOMODULATORY
PROPERTIES OF DENTAL TISSUE-DERIVED MSCS BY
BACTERIAL PATHOGENS
The  oral  cavity  is  a  habitat  for  different  microorganisms,  and  host-microbial
homeostasis is a crucial factor for maintaining oral health[75,76]. Oral diseases are often
associated with the disruption of this homeostasis and bacterial invasion into the oral
tissues. The mobilization of MSCs to the inflamed area is assumed to be an important
factor contributing to the progression of the inflammatory response, but the exact role
of these cells in inflammatory processes in vivo  still  needs to be clarified. During
inflammatory processes, dental MSCs are exposed to different bacterial and viral
products. The expression of TLR family members in different dental MSCs is well
described, but their contribution to immunomodulation by dental MSCs is not yet
well understood[77-79]. Initially, it was believed that the priming of MSCs with TLR-2 or
TLR-4 agonists conferred a pro-inflammatory phenotype that allowed these primed
MSCs to  stimulate  the  immune response;  in  contrast,  MSCs primed with  TLR-3
agonists  were  thought  to  adopt  an  anti-inflammatory  phenotype  and  exhibit
immunosuppressive properties[80]. However, a recent study showed that the ability of
bone marrow MSCs to induce Treg differentiation is enhanced by both TLR-3 and TLR-
4 activation[81]. Another study reported that TLR-3 and TLR-4 activation abolishes the
ability of MSCs to suppress T cell activation[82]. These findings imply that the roles of
different  TLRs  in  MSC-mediated  immunomodulation  still  need  to  be  clarified.
Unfortunately, there are only a limited number of studies in which the effects of
different TLR agonists on the interactions of dental MSCs with different immune cell
subsets have been investigated.

One report investigated the effect of TLR-3 and TLR-4 agonists on the ability of
DPSCs and DFSCs to suppress the proliferation of PBMCs[61]. This study found that
the TLR-3 agonist enhances the inhibitory effects of both types of MSC on PBMC
proliferation.  In contrast,  the TLR-4 agonist  augmented the immunosuppressive
properties of DFSCs but inhibited those of DPSCs[61]. The treatment of human PDLSCs
with the TLR-4 agonist LPS did not influence the inhibitory effect of the PDLSCs on
the PHA-stimulated proliferation of CD4+ T cells or the ratio of CD4+ CD25high /CD4+

CD25low lymphocytes[51]. The LPS-treated PDLSCs did not change the frequencies of
CD34+ and CD45+ cells but decreased the frequencies of CD33+ and CD14+ myeloid
cells within the PBMC population[51].  The pre-treatment of GFs with P. gingivalis-
derived LPS stimulated their ability to suppress PBMC proliferation, but this effect
was rather small compared to the effects of IFN-γ-primed cells[70]. Interestingly, P.
gingivalis-derived LPS enhanced the IFN-γ-induced immunosuppressive ability of
GFs[70].

As shown by some studies, different TLR agonists and bacterial compounds may
stimulate the expression of various immunomodulatory proteins in dental MSCs. The
expression of IDO seems to be influenced by different TLR agonists, but there are
some controversies in the existing data.  In human PDLs, Escherichia coli  (E. coli)-
derived LPS enhances IDO gene expression levels and IDO activity, as measured by
kynurenine production[83]. In contrast, another study showed that the TLR-2 agonist
Pam3CSK4 only increases the gene expression of IDO and does not have any effect on
protein expression, as measured by intracellular staining[68]. In addition, Pam3CSK4
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was able to enhance IFN-γ-induced IDO protein expression[68]. The same study did not
find any effect of the TLR-4 agonist E. coli-derived LPS on the expression of IDO at
either the gene or protein level[68]. A study of DPSCs found that Pam3CSK4 and E. coli-
derived LPS have no effect on IDO protein expression but are able to enhance IFN-γ-
induced IDO expression[69]. Another study found that the expression of IDO in DPSCs
is enhanced by E. coli-derived LPS at both the gene and protein levels after prolonged
stimulation for up to 48 h[31]. In GFs, P. gingivalis-derived LPS induces a significant
increase in the gene expression of IDO but has no effect on IDO activity[71]. In a further
study, the same group reported that the mRNA expression of IDO in gingival cells
can be induced by bacterial LPS, the TLR-3 agonist Poly I:C, and the TLR5 agonist
flagellin  but  not  by the TLR-7 agonist  loxoribine,  and the effect  of  Poly I:C was
significantly higher than that of the other TLR agonists[70]. In STRO-1+ GMSCs, IDO
mRNA expression is induced only by a TLR-3 agonist and not by agonists of TLR-1, 2,
4, 6, or 7[77]. The effect of TLR agonists on IDO expression in dental MSCs might also
depend on the origin of the MSCs. For example, IDO expression is not affected by LPS
in DFSCs but  is  inhibited by LPS in DPSCs[61].  In  addition to  their  direct  effects,
different bacterial products can induce IDO expression in MSCs indirectly through
the activation of different immune cells. For example, conditioned medium from LPS-
stimulated PBMCs induces the expression of IDO and COX-2 in PDLSCs[67].

The expression of other immunomodulatory factors in dental tissue-derived MSCs
is  also  influenced  by  bacterial  products  and  TLR  agonists.  LPS  enhances  the
production of  PGE-2 by PDLSCs[51].  The periodontal  pathogens P.  gingivalis  and
Fusobacterium nucleatum (F. nucleatum) induce the production of IL-10 by DFSCs under
anaerobic conditions[84]. Interestingly, F. nucleatum-induced IL-10 production in DFSCs
is significantly higher than that in BM-MSCs[84]. The expression of PD-L1 in human
PDLSCs is upregulated by various periodontal pathogens, such as P. gingivalis,  P.
intermedia  and  F.  nucleatum,  as  well  as  LPS[73].  It  should  be  noted  that  bacterial
products and TLR agonists also induce the expression of inflammatory mediators
such  as  IL-1β,  IL-6,  IL-8  and  monocyte  chemoattractant  protein  1  in  various
craniofacial  MSCs[51,68,85-88].  Thus,  TLR  agonists  might  activate  both  the  pro-
inflammatory and anti-inflammatory properties of dental MSCs, and the exact role of
these cells in the inflammatory response is determined by other factors, such as the
degree of inflammation and the microenvironment.

POTENTIAL ROLE OF IMMUNOMODULATION MEDIATED
BY DENTAL TISSUE-DERIVED MSCS IN ORAL DISEASES
Although the immunomodulatory ability of dental MSCs is widely recognized, its
exact roles in the pathogenesis of various oral diseases remain rather obscure and only
hypothetical.  MSCs  are  located  in  a  region  that  can  occasionally  be  exposed  to
different bacterial challenges, and this inflammatory milieu might have a substantial
effect on their immunomodulatory properties. PDLSCs isolated from inflamed tissue
exhibit higher proliferative and migratory capacities than those isolated from healthy
tissue[41,89]. Additionally, “inflamed” PDLSCs exhibit impaired abilities to promote Treg

induction and suppress Th17 differentiation compared to cells isolated from healthy
tissue[39].  PDLSCs  from  inflamed  tissue  are  less  effective  in  suppressing  PBMC
proliferation than those isolated from the healthy tissue of matched donors after 72 h
of co-culture but not after 24-48 h of co-culture[41]. The same study found higher levels
of IL-2, TNF-α and IFN-γ but similar levels of IL-10 in a co-culture of PBMCs and
PDLSCs isolated from inflamed tissue compared to a co-culture containing healthy
tissue  cells[41].  “Inflamed”  PDLSCs  induce  less  PBMC  apoptosis  than  “healthy”
PDLSCs. In contrast to the above-mentioned studies,  one study did not find any
differences in the ability to suppress PBMC proliferation or in the expression of COX-
2 and IL-10 between PDLSCs isolated from healthy tissue and those from inflamed
periodontal  tissue[40].  The  same  study  found  that  upon  co-culture  with  Con  A-
activated PBMCs, “healthy” PDLSCs exhibited lower IDO and significantly higher
TSG-6 expression than “inflamed” PDLSCs[40]. DPSCs derived from teeth with pulpitis
fail to suppress PBMC proliferation, but this ability might be restored with IFN-γ
treatment[90]. In contrast to the above studies, no difference is found in the ability to
modulate macrophage functions between DPSCs isolated from healthy and inflamed
tissues[31].

Only a few in vivo studies have investigated the expression of immunomodulatory
factors in dental tissue under inflammatory conditions. In a mouse model, the severity
of  periodontal  disease  induced  by  the  injection  of  P.  gingivalis  was  negatively
correlated with the expression of PD-L1 in the periodontal tissue[73]. IDO expression is
significantly augmented in macrophages and MSCs in inflamed human pulp tissue[31].
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In rats with experimental periodontitis, topical and systemic application of MSCs
transfected with TSG-6 leads to significantly lower bone loss, osteoclast formation and
systemic levels of the inflammatory cytokines IL-1β and TNF-α[12]. These observations
suggest a potential role for immunomodulation mediated by dental tissue-derived
MSCs in the progression of different oral diseases, such as pulpitis, gingivitis and
periodontitis, and this topic still needs to be intensively explored in future studies.

CONTRIBUTION OF THE IMMUNOMODULATORY EFFECT
OF DENTAL TISSUE-DERIVED MSCS ON TISSUE
REGENERATION
Although  the  multilineage  differentiation  ability  of  MSCs  in  vitro  is  largely
recognized, the mechanisms of their differentiation in vivo are not yet understood, and
their clinical application for tissue regeneration is still limited. Transplanted MSCs
have a rather short lifespan; for example, after intravenous injection MSCs accumulate
in the lungs and disappear within 24 h[91]. The interaction of transplanted MSCs with
the host immune system seems to be one of the key elements in the regeneration
process[92]. Immunomodulatory and tropic capacity of transplanted MSCs contribute
to the creation of a microenvironment, promote the activation of endogenous tissue
repair  mechanisms and are  now considered to  be  the  major  mechanism of  their
therapeutic effect in vivo[93].

The healing and regeneration of different dental tissues, similar to the healing and
regeneration of  other  tissues,  consists  of  four  overlapping phases:  Haemostasis,
inflammation,  proliferation,  and  maturation/remodelling[94].  A  recent  review
appreciated the essential role of inflammatory cytokines in the different stages of
periodontal wound healing[95]. Inflammatory cytokines might have both positive and
negative impacts on the tissue regeneration process[95]. Immune cells are involved in
each stage of tissue regeneration, and modulating the immune system is considered a
promising  approach  to  promote  tissue  regeneration[96].  Therefore,  the  immuno-
modulatory properties of dental MSCs are hypothesized to be involved in tissue
regeneration[97].

Several studies have investigated the levels of different inflammatory cytokines
after MSC application for the regeneration of craniofacial tissue. The transplantation
of human PDLSC-conditioned medium improves the healing process of surgically
created periodontal defects in rats and is accompanied by a decreased mRNA level of
TNF-α in the healing periodontal tissue[44]. The local administration of allogenic bone
marrow MSCs into periodontal defects is not only beneficial for tissue regeneration
but is also accompanied by decreased local levels of IL-1β, TNF-α and IFN-γ[98]. The
transplantation of  SHEDs into  periodontal  defects  after  experimentally  induced
periodontitis  stimulates  the  regeneration  of  the  periodontal  tissue,  which  is
accompanied by an increased proportion of M2 macrophages[60]. Moreover, SHED
application is characterized by lower levels of IL-1β and higher levels of IL-10 in the
gingival crevicular fluid[60]. Although these studies do not provide any evidence that
the immunomodulatory ability of MSCs is necessary for tissue regeneration, they
unequivocally  suggest  that  the  MSC-based  regeneration  of  dental  tissues  is
accompanied by the modulation of the inflammatory response.

In addition, few experimental studies have investigated the effect of immuno-
modulatory factors on periodontal tissue regeneration. PDLSCs transfected with HGF
improve periodontal bone regeneration in swine[99]. Intragingival injection of TSG-6
promotes early wound healing after gingival resection in rats and results in lower
levels  of  the  inflammatory  markers  IL-1β  and  myeloperoxidase [ 1 0 0 ] .  The
transplantation of IFN-γ-pre-treated bone marrow-MSC sheets into mouse calvarial
bone defects induces bone regeneration, which is not observed with non-treated cell
sheets[101].  Moreover, the transplantation of non-treated bone marrow-MSC sheets
induces T cell infiltration into the grafted area[101]. Some studies have also implied that
the  activation  of  the  complement  system  by  DPSCs  can  contribute  to  pulp
regeneration[37,38].

The regenerative and immunomodulatory abilities of MSCs are supposed to be
tightly interconnected, but the exact relationship between these two functions still
needs to be established. Some factors mediating the immunomodulatory effects of
MSCs  also  influence  their  differentiation  potential.  Particularly,  osteogenic,
adipogenic  and  neural  differentiation  in  human  MSCs  are  altered  upon  IDO
activation by IFN-γ[102]. The differentiation ability of MSCs is also influenced by TSG-
6[103,104]. Both, regenerative and immunomodulatory functions of MSCs are influenced
by their TGF-β production[105].  One in vitro  study showed that the differentiation
potential of human PDLSCs depends on the inflammatory microenvironments and
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correlates with their immunomodulatory properties[106]. TSG-6 production in hPDLCS
is  induced  by  BMP-2,  which  is  widely  used  for  bone  regeneration  in  clinic[107].
Furthermore, BMP-2 decreases the inflammatory response in the human macrophage
THP-1 cell line[108].

CONCLUSIONS, OPEN QUESTIONS AND FURTHER
PERSPECTIVES
Dental  tissue-derived  MSCs,  similar  to  MSCs  from  other  tissues,  influence  the
properties  of  both the  innate  and adaptive  immune systems.  Numerous  in  vitro
studies  have  shown that  dental  MSCs  influence  the  functional  activities  of  key
components of the immune system, namely, T cells, dendritic cells, natural killer cells,
B cells, macrophages, and neutrophils. However, knowledge about MSC-dependent
immunomodulation in vivo  is  limited and originates mostly from animal models,
which are usually mouse models. Although the principles of immune defence are
quite similar among all mammalian species, there are some differences between the
mouse and human immune systems[109]. Differences have been found for almost all
components of both innate and acquired immunity, and therefore, the translation of
data obtained in mice to humans must be done cautiously. Moreover, there are also
some differences in the mechanisms of MSC-mediated immunomodulation between
humans and mice.  Nevertheless,  animal  studies  will  be especially  important  for
deepening our knowledge of the in vivo mechanisms of MSC immunomodulation.
Studies with conditional knockout mice, in which the expression of different proteins
involved in immunomodulation can be eliminated in a tissue-specific manner, are
especially important.

The  interaction  of  MSCs  with  the  immune  system  is  reciprocal,  and  the
immunomodulatory ability of MSCs is highly regulated by different inflammatory
cytokines.  The  priming  of  dental  MSCs  with  IFN-γ,  TNF-α  and  IL-1β  usually
enhances  their  immunosuppressive  ability  and  could  be  considered  a  feedback
mechanism that dampens exacerbated immune responses (Figure 1). This reciprocal
interaction  between immune cells  and MSCs  could  be  considered  an  important
mechanism  contributing  to  tissue  homeostasis  and  regeneration  as  well  as  the
progression of different inflammatory diseases. However, the interaction between
MSCs and immune cells seems to be more complex. An interesting paradox regarding
the  immunomodulation  mediated  by  dental  MSCs  is  that  this  ability  might  be
impaired  in  cells  isolated  from  an  inflammatory  environment.  This  is  rather
surprising because MSCs in inflamed areas are continuously exposed to numerous
inflammatory mediators, which should enhance the immunosuppressive properties of
the MSCs. Therefore, the immunomodulation mediated by MSCs could be influenced
by other factors and/or chronic inflammation, and these issues need to be further
explored.

It is also possible that the impairment of MSC immunomodulation might contribute
to the progression of various inflammatory diseases. Dental MSCs express numerous
TLRs, and different TLR ligands are thought to influence the immunomodulatory
ability of MSCs. Furthermore, bacterial ligands can influence MSCs indirectly through
the  activation  of  inflammatory  cytokine  production  in  different  immune  cells.
Nevertheless,  there  is  still  an  insufficient  number  of  experimental  studies
investigating the effects of different TLR ligands and bacterial products on the ability
of MSCs to modulate different immune cell subsets. Importantly, the regulation of
immunity by MSCs in different inflammatory diseases might play dual roles and
influence  both  pathogen elimination  abilities  and collateral  tissue  damage.  The
activation of MSCs by TLRs has been shown to have both immunoactivating and
immunosuppressive effects, and the physiological and pathophysiological relevance
of these effects still needs to be understood.

In addition, the regulation of the immune system by MSCs is thought to largely
contribute to  tissue regeneration processes.  However,  the interplay between the
immunomodulatory function of MSCs and their regenerative potential in different
dental tissues still needs to be investigated. There is already a first report showing
that priming MSCs with IFN-γ can enhance their regenerative potential, presumably
through the activation of their immunomodulatory potential. As mentioned above,
different  inflammatory  mediators  might  differentially  activate  various
immunomodulatory proteins in MSCs and thus their immunomodulatory activity.
Different populations of immune cells are involved in different time-separated stages
of wound healing. Therefore, the activation of a specific “immunomodulatory profile”
by MSCs may enhance the efficiency of their application at different stages of the
healing process and should be tested in further studies.
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Figure 1

Figure 1  Reciprocal interaction between dental tissue-derived mesenchymal stem cells and immune cells. While the immunomodulatory ability of resting
mesenchymal stem cells (MSCs) is usually low, inflammatory cytokines such as interferon-γ, tumour necrosis factor-α, and interleukin-1β lead to strong activation of
this ability. Large amounts of these cytokines are produced by immune cells, such as peripheral blood mononuclear cells (PBMCs) or macrophages, under
inflammatory conditions. In vitro cytokine production can be activated by either mitotic stimuli or bacterial pathogens. Inflammatory cytokines increase the expression
of different immunomodulatory proteins in MSCs, which leads to the suppression of the activity of PBMCs or directs macrophage polarization towards the M2
phenotype via paracrine mechanisms or direct cell-to-cell contact. The resulting lower levels of the inflammatory cytokines produced by PBMCs or macrophages
diminish the ability of these cells to activate MSC-dependent immunosuppression. Thus, the continuous interaction between immune cells and dental tissue-derived
MSCs determines the intensity of the immune response and hypothetically plays an important role in tissue homeostasis.
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