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Abstract: Dental pulp stem cells (DPSCs) are mesenchymal stem cells (MSCs) derived from dental
pulp tissue, which have high self-renewal ability and multi-lineage differentiation potential. With
the discovery of the immunoregulatory ability of stem cells, DPSCs have attracted much attention
because they have similar or even better immunomodulatory effects than MSCs from other sources.
DPSCs and their exosomes can exert an immunomodulatory ability by acting on target immune cells
to regulate cytokines. DPSCs can also migrate to the lesion site to differentiate into target cells to
repair the injured tissue, and play an important role in tissue regeneration. The aim of this review is
to summarize the molecular mechanism and target cells of the immunomodulatory effects of DPSCs,
and the latest advances in preclinical research in the treatment of various immune-mediated diseases,
providing new reflections for their clinical application. DPSCs may be a promising source of stem
cells for the treatment of immune-mediated diseases.
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Immunomodulatory Mechanism and 1. Introduction

Potential Application of Dental Mesenchymal stem cells (MSCs) are widely present in the bone marrow, fat, teeth,
Pulp-Derived Stem Cells in umbilical cord, etc., and a small amount is present in peripheral blood [1]. Now it has
Immune-Mediated Diseases. Int. J. been found that they can also be isolated and propagated in vitro from the thymus, muscle,
Mol. Sci. 2023, 24, 8068. https:// pancreas, and lung [2]. Many researchers postulate that perivascular cells are a common
doi.org/10.3390/1jms24098068 origin of MSCs [3,4]. MSCs are a type of stem cells with self-renewal and multi-lineage
Academic Editor: Katia Mareschi differentiation potential. Moreover, MSCs play an important role in tissue regeneration

and cell therapy. Several studies have shown that MSCs promote myocardial tissue repair
in the infarcted heart [5], tissue regeneration in fibrotic disease [6], and are effective in
cartilage repair in various osteoarthritis models [7]. In addition, they also promote wound
healing [8]. The mechanisms all include targeting MSCs to damaged tissues, differentiating
into target cells and promoting tissue regeneration. MSCs have low immunogenicity, allo-
grafts do not induce typical immune responses, and their powerful neuromodulatory and
immunomodulatory abilities are useful in the treatment of a variety of diseases such as neu-
Copyright: © 2023 by the authors. rodegenerative, autoimmune, and fibrotic diseases [9-11]. MSCs are now in mature clinical
Licensee MDPL, Basel, Switzerland,  Studies with clinical data demonstrating their safety and efficacy (www.ClinicalTrials.gov,
This article is an open access article  accessed on 25 April 2023). In our study, dental pulp-derived stem cells will be investigated
distributed under the terms and in depth~
conditions of the Creative Commons Human dental pulp stem cells (hDPSCs) were discovered in 2000 from young im-
Attribution (CC BY) license (https://  pacted molars [12]. They are located within the pulp of human teeth and originate from
creativecommons.org/licenses /by / migrating neural crest cells [13]. They are usually obtained from the permanent teeth of
40/). adults [14], and also from the tissue of dead teeth or lesions (such as periodontitis, root
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resorption, pericoronitis, and osteopetrosis) [15-17]. Research has shown that dental pulp
stem cells (DPSCs) in the inflamed dental pulp and DPSCs from inherited dental diseases
were not damaged by the disease environment and had similar stem cell properties and
immunosuppressive effects to healthy DPSCs [17-19]. DPSCs have MSCs properties and
have the potential to differentiate into osteoblasts, adipocytes, and neuronal cells [20]. Flow
analysis has shown that they expressed cluster of differentiation (CD) 10, CD13, CD44,
CD90, CD166, CD73, CD29, and CD105, but not CD14, CD15, CD19, CD34, CD45, CD106,
CD117, or human leukocyte antigen (HLA)-DR [21]. Compared with other MSCs, DPSCs
express low levels of costimulatory molecules, are less immunogenic [22], and have a higher
proliferative capacity [23]. Nagpal et al. reported that DPSCs are multipotent stem cells
and have limited differentiation potential compared to embryonic or induced pluripotent
stem cells, making them potentially safer for clinical use [24]. Because of their wide sources,
convenient sampling, and few ethical issues, DPSCs have attracted much attention and
research from all walks of life.

When the body is stimulated by antigens, it activates a series of immune responses
to protect itself. However, an excessive defense of the body will lead to an imbalance
in immunomodulation. In addition, it may cause a series of immune-mediated diseases
and inflammatory reactions, such as the most common autoimmune diseases (Sjogren’s
syndrome, systemic lupus erythematosus, inflammatory bowel disease, type 1 diabetes,
etc.) and the resulting inflammatory reactions. Once the body initiates an autoimmune
attack, the persistence of antigens and the recruitment of autoreactive T cells against
other autoantigens (antigen and epitope spreading), coupled with low requirements for
the costimulatory properties of memory T cells, together promote a vicious cycle of self-
maintenance of lifelong disease [25]. Current treatment of these diseases relies on the use of
non-antigen-specific, wide-acting immunosuppressive or immunomodulatory compounds
that have a wide range of effects and side effects. Although they can reduce autoimmune
inflammation, they also impair the normal immune response to pathogens and cancer, and
even increase the risk of infections and malignancies [25-27]. In recent years, the focus of
the treatment of immune-mediated diseases has gradually shifted to cell therapy with low
immunogenicity, fewer side effects, and a high cure rate. Thus, MSCs have been widely
studied because of their natural and strong immunoregulatory ability [28-30].

Although MSCs themselves are not part of the immune system according to existing
definitions, they are capable of immunomodulating effects through paracrine or direct con-
tact with other cells (e.g., T cells, B cells, natural killer (NK) cells, macrophages, monocytes,
dendritic cells (DCs), neutrophils, etc.) [31,32]. Previous studies have shown that DPSCs
exert an immunosuppressive function by inducing the secretion of soluble molecules after
interaction with target cells, or by releasing exosomes and extracellular vesicles to function
during the stages of development, recruitment, activation, and inhibition of the immune
system to regulate the activity of immune cells [33-35]. In order to expand the cellular
resources for the treatment of immune-mediated diseases, provide data support for clinical
treatment, and explore the feasibility of DPSC-mediated therapy in clinical application, it is
necessary to understand the immunological characteristics and mechanisms of DPSCs.

2. DPSC-Mediated Immune Tolerance

After DPSCs are transplanted into allogeneic organisms, cellular immune rejection
will be induced and provoked. In this process, donor cells bind to recipient cells, and this
process relies on the recognition of immune-related molecules on the donor cell surface. The
major histocompatibility complex (MHC) plays a major role in cellular immune response.
MHC class I and MHC class Il molecules present endogenous and exogenous antigens to
recipient cells, respectively [36]. Compared to somatic cells, DPSCs are less immunogenic,
mainly because of low expression levels of MHC class I and negative expression of MHC
class II [34]. Therefore, recipient T cells do not readily recognize MSCs and MSCs are
able to successfully escape rejection by the host immune system [37], thereby mediating
immune tolerance.
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3. Molecular Mechanisms of Immunoregulatory Function of DPSCs
3.1. Soluble Factors Secreted by DPSCs
3.1.1. Transforming Growth Factor Beta (TGF-f3) Is a Major Soluble Factor Mediating
Immune Tolerance by DPSCs

In a study by Ding et al., through examining the key soluble factors mediating the
immunosuppressive function of DPSCs, it was found that TGF-f1 was significantly up-
regulated after DPSCs were co-cultured with peripheral blood mononuclear cells (PBMCs)
and phytohemagglutinin (PHA) [38]. Moreover, the anti-TGF-31 monoclonal antibody
could restore the proliferation of T cells inhibited by DPSCs, indicating that TGF-1 is
essential in the process of DPSC-mediated immune regulation. Its down-regulation may
lead to the inhibition of the immunoregulatory function of DPSCs [38]. This finding was
also supported by an investigation by Tomic et al. [39]. In later study, it was found that TGF-
(3 secreted by DPSCs was a major contributor to immunosuppression induced by DPSCs in
acute allogeneic immune responses [40]. TGF-f3 completely abrogated the production of
IgM and IgG by allogeneic activation of responder B lymphocytes. Numerous studies have
shown that TGF-f secreted by DPSCs can increase CD4*CD25*Foxp3* regulatory T cells
(Tregs) [41] and inhibit the proliferation of allogeneic lymphocytes [42].

3.1.2. Other Soluble Factors

Mesenchymal stem cells secrete many soluble molecules with immunomodulatory
effects and act on immune cells. We summarized the immunomodulatory soluble factors
secreted by DPSCs from a large number of studies, including interleukin (IL)-6, IL-10,
IL-13, IL-29, tumor necrosis factor (TNF-«), macrophage colony stimulating factor (M-CSF),
HLA-G, intercellular cell adhesion molecule (ICAM)-1, vascular cell adhesion molecule
(VCAM-1), insulin growth factor (IGF)-1, granulocyte macrophage colony stimulating
factor (GM-CSF), adiponectin, keratinocyte growth factor, hepatocyte growth factor (HGF),
stem cell factor (SCF), vascular endothelial growth factor (VEGF), nitric oxide (NO), and
prostaglandin E2 (PGE2) [42—47]. These soluble factors are involved in the differentiation
and recruitment of lymphocytes and macrophages to varying degrees, as well as the regu-
lation of other related cells, and have made a huge contribution to the immunomodulatory
capacity of DPSCs (Table 1).

Table 1. Effects of soluble factors secreted by DPSCs on target cells.

Soluble Factors Target Cells Mediated Effects References
TGF-p1, IL-6, IL-10, IL-29,
1L-13, HLA-G, IDO, Inhibit lymphocyte
ICAM-1, VCAM-1, HGF, Lymphocyte proliferation [42,43,451
VEGE, NO, PGE2
TGF-$1, IL-29, TNF-«, Inhibit macrophage
HGF, IDO Macrophage function [18,4548]
IL-6, IL-10, IL-13, M-CSF, Induce m1
IGF-1, GM-CSF, PGE2 Macrophage differentiation into m2 [45,46,49]
HGF Hepatocytes Promotes hep.a tocyte [50]
regeneration
SCF, VEGF Endothelial cells Promote [46,51]

neo-vascularization

TGF-f1: transforming growth factor beta 1; IL: interleukin; HLA-G: human leukocyte antigen; IDO: indoleamine-
2,3-dioxygenase; ICAM-1: intercellular cell adhesion molecule; VCAM-1: vascular cell adhesion molecule; HGF:
hepatocyte growth factor; VEGF: vascular endothelial growth factor; NO, nitric oxide; PGE2: prostaglandin E2;
TNF-«: tumor necrosis factor; M-CSF: macrophage-colony stimulating factor; IGF-1: insulin growth factor-1;
GM-CSF: granulocyte macrophage colony-stimulating factor; SCF: stem cell factor.
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3.2. Role of Indoleamine 2,3-Dioxygenase (IDO)

IDO is a heme-containing cytosolic enzyme that acts as a rate-limiting catalyst in the
metabolism of an essential amino acid (tryptophan) of the canine uric acid pathway [18].
IDO degrades the essential amino acid tryptophan into kynurenine, which leads to trypto-
phan depletion, resulting in the suppression of T-cell proliferation or induction of apoptosis
in activated T cells and consequently the induction of tolerance [52]. It has already been
reported that the immunosuppressive activity of DPSCs is abolished after the inhibition
of IDO-1 expression [39]. In another report, IDO was expressed in DPSCs co-cultured
with allogeneic PBMCs and inhibited the proliferation of allogeneic PBMCs for immune
regulation [42]. In addition, IDO has also been demonstrated to mediate the inhibitory
effect of DPSCs on macrophages. Lee et al. showed that the IDO expression level in DPSCs
increased with lipopolysaccharide (LPS) or TNF-o stimulation in a time-dependent manner.
The results of co-culture experiments showed that DPSCs can inhibit TNF-« secreted by
LPS-triggered macrophages via an IDO-dependent mechanism for immune regulation [18].

3.3. Role of Fas/FasL

Activation of the Fas/FasL pathway typically occurs following exposure to an inflam-
matory microenvironment and induces T cell apoptosis [53]. Mechanistically, upon the
binding of FasL to the Fas receptor (CD95), the extrinsic apoptotic pathway is activated,
with Pro-Caspase 8 and Fas-associated death domain (FADD) being recruited to form the
death-inducing signaling complex (DISC), in which Pro-Caspase 8 undergoes activation.
Then, Caspase 8 leaves the DISC, activates caspase 3/7 and induces apoptosis. Alternatively,
c-FLIP, a protease-deficient caspase homolog, can interact with FADD and act as an apop-
tosis inhibitor [54]. MSC-mediated immunotherapy has been found to be associated with
FasL expression, and FasL-expressing MSCs are able to induce apoptosis to trigger immune
tolerance [55]. Similarly, DPSCs can suppress the activation of allogeneic T lymphocytes
by Fas/Fas ligand (Fas/FasL) interaction and the up-regulation of Tregs [56]. In addition,
DPSCs improve disease symptoms by expressing FasL in a variety of diseases; for example,
knockdown of FasL in DPSCs leads to a reduced ability to improve the colitis phenotype,
indicating that FasL is required for DPSC-mediated immune regulation [56]. In another
study, DPSCs were able to modulate CD4* T lymphocyte responses in monocytes from
patients with primary Sjogren’s syndrome (pSS) by increasing Fas ligand expression [57].

3.4. Role of Programmed Cell Death(PD)-1/PD-L1

The PD-1 pathway plays an important role in maintaining central and peripheral im-
mune tolerance [58]. PD-L1 binds to the receptor PD-1 on activated T cells and suppresses
antitumor immunity by counteracting T cell-activating signals. Currently, a blockade of
PD-1 has been identified as a promising immunotherapeutic approach for cancer and
chronic infectious diseases [59]. Previously, it has been found that not only DPSCs express
PD-L1 and PD-1, but also PD-1 is important to maintain stem cell properties in hDPSCs [60].
DPSCs can modulate the inflammatory microenvironment by activating PD-1/PD-L1 im-
munomodulation [61]. When exposed to CD3/CD28-costimulated PBMCs, DPSCs were
able to up-regulate PD-L1 through both direct and indirect interaction-dependent mecha-
nisms to suppress immune responses [61]. Pignatti et al. showed that PD-L1 expression
was increased in DPSCs after stimulation with activated PBMCs and was involved in
the regulation of the immune response, resulting in the increased expression of cleaved
caspase3 and decreased expression of IL-2 in PBMCs [62]. The PD-1/PD-L1 signaling
pathway is widely involved in a series of processes such as the activation, proliferation, and
apoptosis of T cells and inhibits T cell-mediated cellular immune responses [63—65]. Further
study of the PD-1/PD-L1 signaling pathway may contribute to the clinical application of
DPSCs in immune-mediated diseases.
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3.5. Role of Toll-Like Receptor (TLR) 4

TLR4 is expressed in the odontoblastic cell layer and in areas that associate with
blood vessels. When TLR4 is activated, it can regulate the proliferation and migration
of DPSCs in deep caries, and it is believed that TLR4 may play an important role in
the immune response of DPSCs [66]. The immunomodulatory properties of DPSCs are
mentioned to be susceptible to TLR receptor activation, according to a study by Tomic
et al. [39]. For example, when DPSCs were exposed to LPS, DPSCs showed enhanced TLR4
expression, mediated increased expression of the anti-inflammatory factor IL-8 through
the TLR4 pathway [67], and promoted Wnt5a expression through the TLR4/MyD88/PI3-
kinase/AKT pathway [68]. A recent study reported that dental pulp stem cells-derived
exosomes (DPSC-exo) could ameliorate cerebral ischemia-reperfusion-induced brain injury
in mice, and its anti-inflammatory mechanism may be related to the inhibition of the
HMGB1/TLR4/MyD88/NF-«kB pathway [69].

3.6. Role of PGE2

PGE2 is one of the major effectors of MSC-mediated immunosuppression [70]. PGE2 is
a catabolite of arachidonic acid, and during inflammation, PGE2 is thought to act as an anti-
inflammatory agent, modulating the inflammatory response and helping to restore tissue
homeostasis [71]. PGE2 is an important regulatory molecule that normally synergizes with
other immunomodulatory factors such as inducible nitric oxide synthase (iNOS) or IDO to
inhibit the proliferation of immune cells and the production of inflammatory factors [72].
DPSCs inhibit the proliferation of allogeneic PBMCs by secreting cytokines such as PGE2
and IL-6 [42]. When stimulated by TNF-« or IL-1f3, MSCs secreted significantly more
PGE2 [70]. Furthermore, PGE2 has an inhibitory effect on the proliferation of T and NK
cells, causes an increase in the pool of Treg, reprograms macrophages to produce the anti-
inflammatory cytokine IL-10, and prevents the differentiation of monocytes into DCs [70].
Immunosuppressive factors have been reported to cooperate to exert their regulatory
role within inflamed synovium, and PGE2 co-exerts regulatory activity by up-regulating
IL-6 [73], reducing local inflammation. It is suggested that PGE2 may play an important
role in the immune dysregulation and bone remodeling in the treatment of osteoarthritis
by DPSCs [42].

4. Imnmunomodulatory Effects of DPSCs on Immune Cells
4.1. Immunomodulatory Effect of DPSCs on Lymphocytes
4.1.1. T Cells

An increasing number of studies have demonstrated that DPSCs and their derived
exosomes have the effect of inhibiting T lymphocyte proliferation in a concentration-
dependent manner. For example, in Ding’s study, PBMCs were stimulated by a T cell
mitogen (PHA) or mixed lymphocyte reaction in the presence of DPSCs at the indicated
cell ratios (0:1, 0.05:1, 0.2:1,1:1, etc.), and T lymphocyte proliferation was determined [38].
The results showed that all tested cell types significantly inhibited T cell proliferation in
different proportions, and in a non-linear manner. Upon challenge with antigens that enter
the body, T lymphocytes activate proliferation and differentiate into different subtypes,
while releasing different inflammatory factors to exert their effector functions [74]. DPSCs
can regulate their activation, proliferation, differentiation, and cytokine secretion, thus
affecting the immune response of T cells [43]. Interestingly, the immunosuppressive effect
of DPSCs on T cells was not influenced by their differentiation [42], and DPSCs following
osteogenic differentiation consistently maintained their immunomodulatory activity [75].
In in vitro co-culture experiments, DPSCs inhibited the proliferation of PHA-stimulated
T cells [76], and FasL expressed by DPSCs was able to specifically induce apoptosis in
activated T cells [56]. It has also been shown that DPSCs decrease the expression of T
cell-specific cytokines interferon-r (IFN-y) and IL-4, and induce the expression of IDO,
PGE2, soluble HLA-G, and HGF [21]. Tregs and Th17 are the most studied T lymphocytes
affected by DPSCs. Tregs and Th17 are both CD4* T lymphocytes. Among them, Treg are a
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role in reducing inflammatory damage and maintaining body self-tolerance [77,78]. Several
experiments have shown that DPSCs modulate the Tregs/Th17 ratio (Figure 1). For example,
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immune responses [80].
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Figure 1. Dental pulp stem cells (DPSCs) act on different target immune cells. DPSCs play an
immunomodulatory role by targeting different lymphocytes and antigen-presenting cells. DPSCs reg-
ulate the TH17/Treg ratio by inhibiting T lymphocytes, increasing the secretion of anti-inflammatory
factors, and decreasing the secretion of pro-inflammatory factors. DPSCs inhibit the function of B
lymphocytes and reduce IgG and IgM production, thereby mediating immune tolerance. Moreover,
DPSCs also have an inhibitory effect on dendritic cells (DCs) cells and natural killer (NK) cells to reg-
ulate the body’s immune function. Among them, DPSCs and their secreted exosomes can transform
macrophages from the pro-inflammatory M1 type to the anti-inflammatory M2 type, regulate the
secretion of inflammatory factors, and exert their immunomodulatory function.

4.1.2. B Cells

B lymphocytes produce antibodies and interact closely with T lymphocytes. MSCs
interfere with human normal mature B cell function by acting at multiple levels, that is,
proliferation, differentiation to antibody-producing cells, and chemotaxis [81]. In addi-
tion, the effect of MSCs on B cells is strongly influenced by the relative concentration
in vitro. When MSCs and B cells were co-cultured in a ratio of 1:1, the proliferation and
differentiation of B cells were most inhibited, and the production of IgM, IgG, and IgA by
mature plasma cells was inhibited [82]. However, the inhibitory effect was reduced at lower
MSC/B cell ratios [81]. Several studies have demonstrated that bone marrow mesenchymal
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stem cells (BMSCs) inhibit the proliferation and differentiation of B cells [81,83], and are
able to inhibit the terminal differentiation of these cells into plasma cells [83,84]. The
immunosuppressive effect of DPSCs on B cells has also been investigated. Furthermore,
the study showed that DPSCs suppress allogeneic B cell proliferation, and their capability
is higher than BMSCs [38]. At the humoral immune level, DPSCs inhibit the proliferation,
antibody production, and differentiation potential of allogeneic T and B cells by releasing
TGE-f [49]. Kwack et al.’s study investigated the mechanism of when mitogen-stimulated
B lymphocytes were activated and then released IFN-vy; it was revealed that IFN-y acted on
DPSCs to make them release the soluble factor TGF-3. TGF-f3 reverses mito-induced IgM
and IgG production and inhibits B-lymphocyte function [40].

4.1.3. NK Cells

NK cells are major effector cells of innate immunity and are characterized by the
surface expression of the CD56 antigen and the negative expression of CD3. Its function is
mainly regulated by signaling balance, through the activation and inhibition of receptors
that interact with specific HLA molecules on target cells [85]. NK cells are believed to be
important participants in autoimmune diseases and graft-versus-host disease (GVHD).
DPSCs can inhibit proliferation and promote apoptosis of activated NK cells [86]. The
mechanism is the hydrolysis of adenosine triphosphate (ATP) into adenosine (ADO) by
CD39 and CD73 enzymatic activities, thereby inhibiting the function of NK cells [86].
However, the inhibitory effect of MSCs on activated NK cell proliferation varied, depending
on the cytokine used to activate the NK cell and the source of MSCs. A study by Najar
et al. demonstrated that the proliferation of NK cells activated by IL-2 and IL-15 was
slightly decreased by BMSCs [87], and that the proliferation of IL-2, IL-12, IL-15, and
IL-21 activated NK cells was partially decreased by adipose mesenchymal stem cells [88].
However, they also showed that the proliferation of NK cells activated by IL-2, IL-12, IL-15,
and IL-21 was significantly inhibited by wharton’s jelly mesenchymal stromal cells [89] and
foreskin-mesenchymal stromal cells [90]. Studies have shown that the inhibition of MSCs
on activated NK cells stimulated by IL-2 is related to the NK/MSC ratio [91]. Likewise,
the effect of MSCs on NK cell cytokine production and cytotoxicity were controversial
according to different studies [92]. Nonetheless, MSCs have been shown to decrease
activating receptors on NK cells and increase inhibitory receptors [92].

On the other hand, NK cells activated by IL-2 have been shown to exert cytotoxicity to-
ward MSCs. IL-2-activated NK cells lysed autogenous and allogeneic MSCs efficiently [93].
Surprisingly, both IL-2-treated or non-treated NK cells could induce death of DPSCs. In-
terestingly, when DPSCs were co-cultured with monocytes and exposed to IL-2-treated
NK cells, NK-mediated cytotoxicity was reduced, partially by competitive lysis of mono-
cytes [94]. When monocytes were co-cultured with DPSCs and removed prior to the
interaction of DPSCs with NK cells, the NK cell-mediated lysis was still inhibited. A similar
effect was also observed when DPSCs were co-cultured with T and B cells. This suggests
a complex interaction of NK cells with MSCs in the presence of other immune effectors,
which is not only due to competitive lysis. Although current studies suggest that under
inflammatory environments NK cells may be cytotoxic to MSCs, the observations are from
in vitro studies. In future, it would be interesting to determine the interaction between NK
cells and MSCs in in vivo settings.

4.2. Immunomodulatory Effects of DPSCs on Antigen-Presenting Cells
4.2.1. Macrophages

Macrophages are heterogeneous cell populations scattered throughout many tissues
and can be divided into two broad categories: classically activated M1 macrophages and
alternately activated M2 macrophages. Of these, M1 macrophages are inflammatory cells
and M2 macrophages are anti-inflammatory cells [95]. Different pro-inflammatory media
will change the polarization state of macrophages (Table 2 and Figure 1). Pro-inflammatory
mediators such as LPS and IFN-y can induce macrophage polarization to the M1 type
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by activating iNOS, enhancing the production of pro-inflammatory cytokines (TNF-c,
IL-6, IL-12), and producing reactive oxygen species, such as NO [96]. On the other hand,
macrophages exposed to cytokines such as IL-4 and IL-13 polarize to the M2 type, whereby
high levels of cytokines, such as IL-10 and IL-1, are produced [96]. Thus, macrophages show
protective or pathogenic effects in a wide range of autoimmune and inflammatory diseases
and have strong immunoregulatory functions. Upon stimulation in tissues, macrophages
differentiate from monocytes to replace dead macrophages, either to protect tissues from
injury, or to repair damaged tissues [95].

Table 2. Soluble factors that regulate macrophage polarization.

Type of Macrophages Soluble Factor
M—M1 LPS, IFN-y, TNF-«, IL-13
M1—M2 IL-4, IL-13, IL-10, M-CSF, MCP-1, ED-Siglec-9

LPS: lipopolysaccharide; IFN-y: interferon-r; IL: interleukin; TNF-«: tumor necrosis factor; M-CSF: macrophage-
colony stimulating factor MCP-1: monocyte chemoattractant protein-1; ED-Siglec-9: sectodomain of sialic acid-
binding Ig-like lectin-9.

Interestingly, DPSCs can regulate macrophage differentiation by secreting soluble
factors. Several studies have shown that factors secreted by DPSCs through a paracrine
mechanism have a strong M2-inducing activity and can convert the pro-inflammatory M1
environment into the M2 environment. In LPS-pretreated M1-like macrophages, dental
pulp stem cells-derived culture medium (DPSC-CM) significantly enhanced the polar-
ization of M1-like macrophages to M2-like macrophages and converted inflammation to
anti-inflammation. It increased the number of M2 macrophages by expressing M2-inducing
factors such as TNF-«, IL-183, IL-10 and M-CSF, which can lead to M2 macrophage differ-
entiation or accumulation [46]. Furthermore, extracellular vesicles of dental pulp stem
cells (DPSC-EV) transform macrophages to the M2 phenotype by inhibiting TLR and
NF-«B signaling, which promotes tooth healing [97]. In addition, DPSCs can also inhibit
macrophage function and/or cytokine secretion. It has been reported that DPSCs isolated
from both healthy and inflamed pulp tissue can inhibit TNF-« secreted by LPS-triggered
macrophages via an IDO-dependent mechanism and inhibit macrophage function [18]. Lee
et al. proposed that DPSCs partially block the expression of NF-«kB subunit p65, resulting
in a decrease in TNF-o production by macrophages, which may be one of the mecha-
nisms by which DPSCs act [18]. Surprisingly, culture medium (CM) derived from stem
cells from human exfoliated deciduous teeth (SHED-CM) can secrete a group of M2-like
macrophage inducers different from IL-4 and IL-13: monocyte chemoattractant protein-1
(MCP-1) and sectodomain of sialic acid-binding Ig-like lectin-9 (ED-Siglec-9), which can
induce macrophage polarization and promote the ability of functional recovery after spinal
cord injury [44]. MCP-1/ ED-Siglec-9 induces the pro-inflammatory M1 response and
promotes the anti-inflammatory M2 response by decreasing the mRNA expression of pro-
inflammatory mediators (TNF-c, IL-1§3, IL-6, and iNOS) and increasing the expression of
anti-inflammatory M2 markers (TGF-f3, IL-10, CD206, and ARG-1) [98]. This is a previously
unrecognized set of inducers, and it is notable that ED-Siglec-9 is uniquely present in
SHED-CM [44]. Thus, the mechanism by which M1 induces M2 as well as M2-related
therapeutic activity varies according to different stem cell types.

42.2. DCs

DCs are the most potent professional antigen-presenting cells and play a key role in
the effects of immunity and tolerance. In addition to pro-inflammatory effects, DCs also
promote immune homeostasis by inducing and maintaining peripheral T-cell tolerance [99],
a regulatory process that is also associated with the classical PD-1 axis [65]. MSCs have
been shown to exert effects on the differentiation, maturation, and function of different cell
populations of DCs. For example, BMSCs significantly affect the ability of DCs to prime
T cells [100] and alter the cytokine secretion profile of DCs [101]. BMSCs can cause the
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mature DC1 type to reduce TNF-o secretion and the mature DC2 type to increase IL-10
secretion [102]. It has been reported that the inhibitory effect of MSCs on DC maturation
and function is predicated on their interaction occurring early in the DC maturation pro-
cess [103]. This suggests that MSCs infusion may be more effective before or immediately
after transplantation, for optimal immunosuppressive effect [103]. So far, only one study
has reported the effect of DPSCs on DC cells, demonstrating that HIF-1« overexpressing
DPSCs is able to effectively impair DC differentiation [28]. Further studies on the inter-
action between DPSCs and DCs are urgently needed in order to better understand the
immunomodulatory effects of DPSCs on DC function.

5. Prospective Applications of DPSCs in Immune-Mediated Diseases

DPSCs have been shown to improve a variety of other immune-mediated diseases
based on their immunomodulatory function (Table 3). The mechanism involves paracrine
and direct cell-to-cell contact to regulate the activation, aggregation, and differentiation of
lymphocytes and antigen-presenting cells.

5.1. Sjogren’s Syndrome

Sjogren’s syndrome (SS) is a chronic inflammatory autoimmune disease affecting
the exocrine glands. Its main symptom is a decrease in water in the mouth and eyes,
which causes keratoconjunctivitis sicca and xerostomia [104]. SS is divided into primary
Sjogren’s Syndrome (pSS) and secondary Sjogren’s Syndrome (sSS) for different causes of
the disease. pSS occurs in the absence of connective tissue disease. sSS is characterized
by the presence of other connective tissue diseases, most commonly rheumatoid arthritis,
but also systemic sclerosis, systemic lupus erythematosus (SLE), and polymyositis [105].
Although SS shares some features with other systemic autoimmune diseases such as
SLE, in terms of activation of innate and adaptive immune pathways, local inflammatory
lesions in target organs, and the presence of serum autoantibodies against intracellular
components, immunosuppressants and existing biologic agents have not been shown to
provide significant therapeutic efficacy [106].

IFEN-y has been shown to be a key factor in the pathogenesis of SS and promotes
epithelial cell apoptosis through an extrinsic apoptotic pathway in SS [45,107]. The mech-
anism is related to IFN-y-induced increased Fas expression in epithelial cells [108,109].
Various causes also contribute to the pathogenesis of SS, such as the infiltration of T and
B cells that activate memory phenotypes and destruction of epithelial cells [110]. With
the interaction of various mechanisms, the treatment of SS becomes very difficult. DPSCs,
as emerging “immunomodulators”, can effectively inhibit the activation of T and B cells
and regulate the Fas/FasL apoptotic pathway, which has been shown to be a potentially
effective treatment for SS. Researchers have already conducted research of the treatment of
SS with DPSCs. Soluble factors secreted by DPSCs (e.g., TGF-f1, IL-10, and IL-13) can de-
crease the expression levels of IFN-y, IL-6, and IL-17a and increase the expression levels of
IL-10 and TGF-f1 in the submandibular gland of rats, effectively alleviating the Th17/Treg
imbalance [45]. Under this regulation, it can effectively improve the local inflammatory
microenvironment, reduce submandibular gland cell apoptosis, and alleviate SS-induced
hyposalivation [45]. Another study reported that the direct injection of pulp stem cells
from exfoliated deciduous teeth (SHED) into the tail vein of non-obese diabetic (NOD)
mice reduced inflammation in the submandibular gland, prevented the deterioration of
its apoptosis and autophagy, and restored its secretory function [111]. In a recent study,
DPSCs were found to inhibit the proliferation of CD4" T lymphocytes by increasing the
expression of the Fas ligand in T lymphocytes and Foxp3 expression in Treg cells and reduc-
ing intracellular IFN-y and IL-17 secretion in SS patients [57]. In the current study, BMSCs
are the main source of MSCs for clinical use [112], but studies have shown that DPSCs have
a more significant advantage in autoimmune diseases. Compared with BMSCs, DPSCs
contain more secreted factors associated with tissue regeneration properties, including
cell proliferation, anti-inflammatory effects, and immunomodulatory effects (e.g., TGF-f31,
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HGEF, IL-10, and IL-13) [113]. When comparing DPSCs and BMSCs, DPSCs had a stronger
inhibition ability on activated T cells, and the anti-apoptotic ability of DPSCs in SS was
greater than that of BMSCs [113], which could effectively relieve the insufficient salivation
of SS. In addition, DPSCs can secrete more immunosuppressive factors (e.g., TGF-f1, HGF,
IL-10, and IL-13) than BMSCs [113]. When comparing DPSCs and BMSCs, DPSCs showed
greater anti-apoptotic capacities in SS than BMSCs [113]. These studies fully demonstrate
that DPSCs can effectively combat the pathogenesis of SS and can be used as a potential
source of treatment for SS.

5.2. Systemic Lupus Erythematosus

SLE is a disease in which various autoantigens seriously affect immune tolerance due
to the dysregulation of both the innate and adaptive immune systems. It is caused by
excessive B cell and T cell responses and loss of immune tolerance to self-antigens [114]. De-
fects in antibody production and elimination, circulation and tissue deposition of immune
complexes, activation of complement, and cytokines can lead to clinical manifestations
ranging from mild fatigue and joint pain to severe life-threatening organ damage [114].
Although SLE is incurable, it can be effectively controlled by medications, including glu-
cocorticoids, antimalarials, nonsteroidal anti-inflammatory drugs, immunosuppressive
agents, and B cell-targeted biologics. It is well recognized that taking large amounts of
immunosuppressive drugs can have harmful side effects on the body. Furthermore, taking
immunosuppressive agents increases the risk of bone marrow suppression in patients,
making BMSCs deficient and susceptible to aging and apoptosis in SLE patients. A study
comparing BMSCs from SLE patients and normal controls showed that BMSCs in SLE
grew slowly, and gradually lost vitality during passage. However, the expression of IL-6
and IL-7 mRNA was obviously down-regulated in MSCs from SLE patients, suggesting
that the abnormality of cytokine secretion may led to hematopoietic damage and immune
imbalance [115]. BMSCs are not suitable for autologous transplantation at this time, and
DPSCs that are not affected by the state of the body can be preferred.

SLE has been found to be associated with an imbalance in the Treg/Th17 ratio [116].
DPSCs play a significant role in regulating the Treg/Th17 ratio in a large number of stud-
ies and have great potential for the treatment of SLE. Many in vivo experiments have
confirmed the improvement of SLE disease symptoms by DPSCs. For example, in Tang
et al.’s study, DPSCs were transferred intravenously into lupus-prone B6/Ipr mice. DPSCs
were found to reduce 24-h proteinuria levels, anti-dsDNA antibodies, and glomerular
IgG/IgM. They can also improve glomerular injury in B6/1pr mice, significantly reduce
plasma cells and IFN-y-producing CD4*T cells in the spleen, and alleviate disease symp-
toms [117]. In a study by Makino et al., it was shown that a systemic infusion of DPSCs
can inhibit the hyperactivated T cells in MRL/LPR mice, reduce the overproduction of
autoantibodies, and restore renal dysfunction in MRL/LPR mice [30]. SHED exerts im-
munotherapeutic effects even after cryopreservation. Ma et al. tested the therapeutic
efficacy of SHED cryopreserved for over two years in SLE in MRL/lpr mice. Cryopre-
served SHED improved SLE symptoms and recovered the increased IL-17-secreting helper
T cells in MRL/lpr mice systemically and locally [118]. At the same time, it has been
found that the therapeutic effects of single systemic DPSCs might also be mediated via
mechanisms other than cell-cell contact. Sonoda et al. reported that SHED-releasing ex-
tracellular vesicles (SHED-EVs) contain abundant small RNAs that can promote cell-cell
communication [33]. In this study, the different RNA content in SHED-EVs targets the
recipient’s BMSCs to promote hematopoietic niche formation and immune regulation by
activating Tert-related telomerase activity [33]. In an in vitro assay, SHED-EVs treatment
rescued the in vitro immunomodulatory function of BMSCs isolated from MRL/Ipr mice,
as shown by suppression of induction of CD4*IL-17*IFEN-y~cells and enhancement of
induction of CD4*CD25*Foxp3™ and Annexin-V*7AAD" cells. These results suggest that
SHED-secreted RNAs are important players in treating SLE by systemic transplantation of
SHED [33].
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5.3. Osteoarthritis

Osteoarthritis is one of the most common degenerative joint diseases and is pathologi-
cally characterized by the local loss of articular cartilage in synovial joints, with varying
degrees of osteophyte formation, subchondral bone changes, and synovitis [119]. Autolo-
gous BMSCs have been shown to improve knee arthritis in clinical randomized controlled
trials without serious adverse reactions or complications, which is a safe and feasible
method [120].

Macrophages play an important role in the progression of osteoarthritis; however,
hyperactivated macrophages promote an inflammatory microenvironment [121]. As men-
tioned earlier, DPSCs regulate macrophage differentiation by secreting soluble factors.
hDPSCs have been reported to significantly inhibit osteoarthritic macrophage activation
in vitro. In the presence of hDPSCs, osteoarthritic macrophages shifted to a less inflam-
matory state in terms of cell morphology, immunophenotype, and inflammatory factor
expression [48]. In addition, HGF and TGE-$1 are also involved in the DPSC-mediated
phagocytosis of macrophages, thereby improving joint pain caused by excessive activation
of macrophages to release inflammatory factors [48]. Cui et al. showed that local injection of
DPSCs reduced hyperalgesia and synovial inflammation in rats with temporomandibular
arthritis and significantly improved their clinical pain and degenerative changes [122]. The
mechanism is that DPSCs inhibit the activation of the STAT1 pathway by down-regulating
the phosphorylation level of the Tyr 701 site, thereby inhibiting the expression of MMP3
and MMP13 and improving cartilage degradation [122]. Meanwhile, DPSC-CM promoted
the survival and proliferation of articular cartilage through secretion-mediated effects [123],
and played an anti-apoptotic role in reducing the apoptosis of chondrocytes induced by
IL-1p3 [124]. It has also been pointed out that DPSCs exhibit a high potential to form chon-
drocytes and osteoblasts and may be useful in the treatment of osteochondral diseases [39].
This has been demonstrated by studies by Lo Monaco et al., where DPSCs differentiated
into chondrogenic lineages and could potentially replace damaged cartilage tissue [123].
Because of the anti-inflammatory effects of DPSCs, they also smooth the articular surface
of damaged cartilage compared to primary chondrocytes [125].

5.4. COVID-19

In recent years, COVID-19 has swept the world and brought different degrees of
impact on all people. Pulmonary edema, acute respiratory distress syndrome, and venti-
latory dysfunction caused by COVID-19 are caused by the acute release of inflammatory
cytokines IL-2, IL-6, IL-7, and TNF-« [126]. MSCs are believed to assist in COVID-19
treatment mainly due to their immunomodulation of immune cells and regeneration of the
damaged lung tissues. The immunoregulatory effect of DPSCs can inhibit the secretion
of TNF-« through the IDO-mediated pathway, promote the polarization of macrophages,
regulate the balance of immune homeostasis, and inhibit the occurrence of inflammation
by increasing the secretion of cytokines such as IL-10, PGE2, and IL-6 in COVID-19 [49]. At
the level of humoral immunity, DPSCs inhibit the proliferation, antibody production, and
differentiation of allogeneic T and B cells by releasing TGF-{31 [49]. DPSCs are considered
good candidates for the treatment of COVID-19 due to their powerful immunosuppressive
and immunomodulatory functions [49]. Croci et al. investigated the cytokine release
of PBMCs from COVID-19 patients alone or co-cultured with DPSCs. They found that
compared with healthy patients, activated PBMCs from COVID-19 patients released fewer
IL-10 and more IL-18. Moreover, in activated PBMCs, co-culture with DPSCs increased
IL-6 and GM-CSF and decreased IFN-y, TNF-«, IL-2, IL-5, IL-9, IL-10, IL-12, IL-17A, IL-18,
IL-21, IL-23, and IL-27 levels [127]. Ye et al. aimed at evaluating the efficacy and safety of
DPSCs in the treatment of COVID-19 in a Phase I/II randomized controlled trial, which is
still recruiting patients and will provide new reflections on the use of DPSCs in the clinical
treatment of COVID-19 [128].
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5.5. Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a general term for a group of chronic, nonspecific
inflammatory diseases of the intestine, whose etiology has not been fully elucidated. It
mainly includes Crohn’s disease (CD) and ulcerative colitis (UC) [129]. Current studies
have shown that the disease is associated with various factors such as genetics, environ-
ment, infection, and immunity [129]. The pathogenesis may be that individuals with
genetic susceptibility have dysregulation of the normal intestinal flora under the action of
various pathogenic factors, causing abnormal intestinal immune responses, resulting in
non-specific inflammatory responses in the intestinal mucosa and submucosa [129]. UC is
a chronic IBD characterized by superficial mucosal inflammation, rectal bleeding, diarrhea,
and abdominal pain [130]. Li et al. provided direct evidence of the protective role of DPSCs
in UC [50]. In their study, the HGF gene of a rat was transfected into DPSCs to consti-
tute DPSCs overexpressing HGF (HGF-DPSCs). By exploring the potential mechanism
of DPSCs and HGF-DPSCs on UC, it was found that DPSCs could promote the repair of
damaged tissues [50]. Furthermore, HGF-DPSCs could differentiate into intestinal stem
cell-like cells and promote the proliferation of intestinal stem cell-like cells. They also
significantly reduced the expression levels of inflammatory cytokines TNF-« and INF-y
and increased the expression levels of cytokines TGF-5 and IL-10, thereby inhibiting the in-
flammatory response, reducing oxidative stress, and alleviating colon injury [50]. Zhao et al.
demonstrated that FasL expressed by DPSCs was essential to induce T cell apoptosis and
ameliorate the lesion phenotype in mice with colitis [56]. Pathologic features of CD include
transmural inflammation, lymphocytic aggregates, and noncaseating granulomas. The
key to treatment is also immune responses against aggressive endogenous antigens [131].
Currently, there have been no reports of DPSCs in the treatment of CD. However, studies
of other MSCs for CD have entered clinical trials and have been shown to be safe and
feasible [132-134]. Later studies on DPSCs can incorporate CD and provide more options
for clinical treatment.

5.6. Type 1 Diabetes

Type 1 diabetes (T1D) is a chronic metabolic disease caused by the autoimmune de-
struction of insulin-secreting pancreatic (3-cells, which causes serious chronic complications
and irreversible multiple organ damage to patients. These complications include diabetic
nephropathy, neuropathy, retinopathy, and cardiovascular disease [135]. T1D is undoubt-
edly a complex and multifactorial disease involving genetic predisposition and associated
with environmental factors that lead to an unbalanced immune response [136]. Immunolog-
ically, it is caused by the entry of autoinvasive T lymphocytes into the islets of Langerhans,
where they destroy insulin-producing beta cells [137]. Previous studies have demonstrated
that most efforts to intervene in the pathogenesis of T1D involve immune-based therapies,
with the primary endpoint focused on (3-cell function maintenance [138]. DPSCs have been
reported to differentiate into 3 islet-like cells and can be used for autologous stem cell
therapy in T1D [139-141].

The therapeutic effect of hDPSCs in T1D has been compared in diabetic rats by intra-
venous (IV) and intrapancreatic (IP) injections [142]. Results revealed that both IV and IP
transplantation of DPSCs reduced blood glucose and increased levels of rat and human
serum insulin and C-peptide [142]. Expression of the human-specific pancreatic 3-cell genes
was detected in the pancreatic tissues of both the IP and IV groups, indicating that hDPSCs
can migrate and survive in the rat pancreas [142]. Moreover, injected DPSCs exerted pro-
angiogenetic and antiapoptotic effects, and promoted endogenous [3-cell replication [142].
Datta et al. compared the transplantation of DPSCs via IV or intramuscular (IM) routes
by single or two repeated doses in diabetic neuropathy [143]. All treatments were able to
down-regulate the expression of TNF-a and IL-6, up-regulate the expression of TGF-f3,
rapidly improve hyperalgesia, grip strength, motor coordination, and nerve conduction
velocity in rats with streptozotocin (STZ)-induced neuropathy, and improve neuropathy
caused by T1D [143]. Hata et al. also showed that the treatment effect of a single injection of
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hDPSCs transplantation lasted a long time and was beneficial for the long-term treatment
of diabetic polyneuropathy [144]. IV transplantation of hDPSCs or mouse DPSCs (mDPSCs)
also had therapeutic effects on parotid gland injury and renal injury in STZ-induced T1D
rats, and also produced powerful and long-lasting anti-nociceptive effects on behavioral
neuropathic pain [145,146]. Greene et al. reported that DPSCs contributed to the restoration
of a non-healing wound bed by improving cytokines, treating skin wounds, and promoting
healing in T1D mice [147]. The in vitro and in vivo study of DPSCs for T1D has entered a
very mature stage and can shift the study to clinical trials, providing more possibilities for
inclusion in clinical applications.

5.7. Psoriasis

Psoriasis is a chronic inflammatory disease of the skin mediated by T cells, dendritic
cells, and inflammatory cytokines [148]. Meng et al. confirmed the therapeutic effect of
HGF-DPSCs in imiquimod-induced psoriasis [149]. They found that overexpression of
HGEF could reduce the inflammatory response, enhance the therapeutic effect of DPSCs
on psoriasis, and improve the immunoregulatory capacity of DPSCs. By co-culturing
with activated PBMCs, it was demonstrated that overexpression of HGF can enhance
the immunoregulatory ability of DPSCs by down-regulating Th1 and Th17 cells and up-
regulating Treg. In psoriatic mice, both DPSCs and HGF-DPSCs reduce the degree of
psoriatic lesions and improve psoriasiform erythema, scaling, and thickening. They also
down-regulated cytokeratin 6 and cytokeratin 17 expression. HGF overexpression also
promoted the reduction of splenic masses, significantly down-regulated the expression
levels of IFN-y, TNF-«, and IL-17A in serum and T-bet, IFN-vy, retinoid-related orphan
receptor-y (RORYy), IL-17A, IL-17F, and IL-23 in psoriatic lesions, and up-regulated the
expression levels of the Treg transcription factor Foxp3 and the Treg-related cytokine IL-10.
Although there are few data of DPSCs on this disease, it also provides new evidence for
cell therapy in patients with psoriasis.
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Table 3. In vivo study of dental pulp stem cells in immune-mediated diseases.

Duration of the

Whether Repeated

Disease Reference Animal Type Injection Type Dosages and Routes Symptom Injections Improved Symptoms
Improvement
Matsuma-ra-Kawashima NOD mice DPSC-CM 500 uL, iv 2 weeks Yes , ,
etal. [113] Reduces inflammation of the
Sjogren’s syndrome Ogata et al. [45] MRL/Ipr mice DPSC-CM 500 uL, iv 2 weeks Yes submandibular gland and
- SS-induces hyposalivation
Duetal. [111]. NOD mice SHED 1 x 10, iv 14 weeks No
5 .« .
Cui et al. [122] SD rats DPSCs 2 x 10. ’ knee joint 22 days No o .
injections Improves joint pain,
Osteoarthritis - 6 5 cartilage degradation
Lietal. [48] New Zealar}d White DPSCs 1x .1(.] / 2 X 10 , knee 10 weeks No 8 &
rabbits joint injections
COVID-19 Ye et al. [128] Adults DPSCs 3% 107, iv 4 weeks Yes Inhibits the occurrence
Inhibits inflammatory
Ulcerative colitis Lietal. [50] SD rats DPSCs 1 x 10, iv 4 weeks No response, reducgs oxidative
/ stress, and alleviates
colonic injury
Tang et al. [117] B6/lpr mice DPSCs 2 x 105/10 g, iv 10 weeks No
; ; . Reduces hair loss, lymphatics,
Systemic Lupus Makino et al. [30] MRL/Ipr mice DPSCs 1x10°/10 g, iv 4 weeks No hepatosplenomegalyy, P
Erythematosus Ma et al. [118] MRL/Ipr mice SHED 1x10°/10 g, iv 4 weeks No proteinuria, and
- anti-dsDNA levels
Sonoda et al. [33] MRL/lpr mice SHED 1 % 105/10 g, iv 4 weeks No
Reduces the extent of skin
lesions in psoriasis, improves
- ) . 6 psoriasiform erythema,
Psoriasis Meng et al. [149] BALB/C mice DPSCs 2 x 10°,iv 6 days No scaling, and thickening, and
promotes the reduction of
splenic masses
EI-Kersh et al. [142] SD rats DPSCs 1 x 10°, iv or ip 4 weeks No
Datta et al. [143] Wistar rats DPSCs 1 x 10°, iv or im 4 or 8 weeks All involve . .
Improves hyperalgesia, grip
Type 1 diabetes Al-Serwi et al. [145] SD rats DPSCs 1 x 10, iv 4 weeks No strength, motor coordination,
Guimaraes et al. [146] C57BL/6 mice DPSCs 1 x 10, iv 80 days No and nerve conduction velocity
Hata et al. [144] Nude mice DPSCs 1 x 10%, im 16 weeks No

NOD: non-obese diabetic; DPSCs: dental pulp stem cells; DPSC-CM: dental pulp stem cells-derived culture medium; SHED: pulp stem cells from exfoliated deciduous teeth; IM:
intramuscular; IP: intrapancreatic; IV: intravenous; SS: Sjogren’s syndrome.



Int. J. Mol. Sci. 2023, 24, 8068 15 of 26

6. Clinical Perspectives

To date, we have found 11 entries in the www.ClinicalTrials.gov (accessed on 25 April
2023) database on the use of dental-derived mesenchymal stem cells in various diseases.
The results of clinical studies have demonstrated the feasibility and safety of DPSCs therapy.
Clinical studies have shown that 5 x 10® DPSCs seeded on scaffolds can be used to treat
patients with periodontal defects using tissue engineering. Regenerative periodontal
treatment with allogeneic DPSCs provided no evidence of immune rejection, and it helped
to reduce periodontal pockets and drive the formation of osteoid tissue to actively repair
periodontal disease-induced intraosseous defects [150]. Injection of 2.3 x 10° particles/mL
SHED into the penis of patients with erectile dysfunction had a favorable effect in patients
with erectile dysfunction due to mild to moderate vascular disease [151]. In addition, the
safety and efficacy of DPSCs for the treatment of patients with severe COVID-19 was also
evaluated [128]. However, due to the narrow age range of subjects, there is insufficient
evidence to assess the effect of DPSCs on alveolar healing after third molar extraction [152].
Unfortunately, the clinical applications of DPSCs for the treatment of immune-mediated
diseases are currently lacking. However, the efficacy and safety of MSCs in immune-
mediated diseases have been evaluated (Table 4). For future clinical work, we need to
determine the number of cells, time window, course of treatment, long-term efficacy, and
the selection of autologous or allogeneic DPSCs for the treatment of immune diseases. It
should be noted that the ability of DPSCs to proliferate and differentiate decreases with an
increase in the number of passages, and the immunomodulatory function weakens, so that
DPSCs can not be expanded in large quantities at will. Studies have shown that the third
generation of cells is proven to be suitable for clinical treatment [16]. At the same time, the
inclusion of a sufficient number of subjects is also necessary for a clinical trial.

Table 4. Clinical studies of mesenchymal stem cells in immune-mediated diseases.

and cartilage quality

NCT02123368
N/A

Disease Source Serious Conclusion NCT Number Reference
Adverse Events

UCMSC No Increased insulin secretion NCT01374854 [153]

Increased C-peptide
BMSC No responsiveness to MMTT NCT01068951 [154]
BMSC No Improved blood sugar and NCT04078308 [135]

immune indicators
. Increased fasting and
Type 1 Diabet
ype & abetes UCMSC No postprandial C-peptide levels N/A [155]
UCMSC/BMSC No Reduced the incidence of diabetes 11374854 [156]
complications
ADMSC,/BMSC No Effective control of high N/A [157]
blood sugar
WJMSC No Restored islet beta cell function N/A [158]
BMSC No Reduced sy'novml mﬂammatlon NCT02351011 [159]
and cartilage degradation
Significant improvement in pain NCTO1585857 [160]
ADMSC No and cartilage qualit NCT02162693 [161]
ge quaity NCT02658344 [162]
Significant improvement in pain

Osteoarthritis UCMSC No and cartilage quality NCT02580695 [163]
PMSC No Slgmflcant 1m}.)rovemen.t In pain N/A [164]

and cartilage quality
N/A [165]
BMSC No Significant improvement in pain NCT01586312 {166]

[
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Disease Source Serious Conclusion NCT Number Reference
Adverse Events
Psoriasis UCMSC No Increased Tregs, decreased TH17 NCT03765957 [169]
Improved disease activity and NCT00698191 [170]
BMSC No stabilizes renal function N/A [171]
A patient died Not demonstrate a positive
UCMSC of severe p NCT01539902 [172]
. treatment effect.
pneumonia
Systemic Lupus Improved systemic performance
Erythematosus UCMSC No of the hematopoietic and NCT01741857 [173]
dermal systems
. N/A [174]
BMSC/UCMSC No Improved renal function N/A [175]
ADMSC No Reduced urinary protein N/A [176]
excretion and disease activity
Improvement in symptoms with
BMSC No reduced urgency and blood in NCT04543994 [177]
Ulcerative Coliti the stool
cerative L-OLUS Reduced inflammatory activity
BMSC No and stimulates intestinal N/A [178]
mucosal repair
UCMSC No Patient recovered anfi discharged NCT04288102 [179]
from hospital
COVID-19 UCMSC No Improvement of lung lesions NCT04288102 [180]
) BMSC No Improved breathing difficulties NCT04445454 [181]
MBMSC No Improved breathing difficulties N/A [182]
WJMSC No Reduced inflammation N/A [183]
UCMSC No Reduced sensitivity to dental pain NCT03102879 [184]
MSC No N/A NCT04446897 N/A
ADMSC No N/A NCT04270006 N/A
Periodontiti DPSC No Periodontal tissue regeneration N/A [150]
eriodontitis GMSC No N/A NCT03137979 N/A
DPSC No N/A NCT04983225 N/A
PLMSC No N/A NCT01082822 N/A
BMSC No N/A NCT02449005 N/A

N/A: not applicable; UCMSC: umbilical cord mesenchymal stem cells; ADMSC: adipose mesenchymal stem cells;
BMSC: bone marrow mesenchymal stem cells; PMSC: placental mesenchymal stem cells; WIMSC: Wharton's
jelly mesenchymal stem cells; MBMSC: menstrual blood mesenchymal stem cells; PLMSC: periodontal ligament
mesenchymal stem cells, GMSC: gingiva mesenchymal stem cells; DPSC: dental pulp stem cell.

7. Conclusions

As the strong immunomodulatory capacity of stem cells has been discovered, researchers
have turned the focus of immune-mediated disease treatment to cell therapy [185,186]. Cur-
rently, there are many clinical trials and animal experiments that have evaluated MSCs
from different tissue sources for the treatment of immune-mediated diseases, which also
includes DPSCs. In terms of immune-mediated diseases, DPSCs are superior to MSCs from
other sources for the following reasons: (1) DPSCs are isolated from discarded teeth by
less invasive methods and have no ethical considerations; (2) DPSCs are abundant, can be
collected multiple times in a person’s life, and have effective therapeutic effects; (3) DPSCs
have a higher proliferative capacity, play an important role in tissue regeneration, and have
a higher regenerative potential compared with other MSCs; and (4) DPSCs have similar
or even better immunomodulatory effects than MSCs from other sources [49]. DPSCs
and their exosomes can exert immunomodulatory abilities by acting on target immune
cells to regulate cytokines. DPSCs can also migrate to the lesion site to differentiate into
target cells to repair the injured tissue. However, studies have shown that MSCs may be
transformed in response to cytokines in the inflammatory environment, and thus lose their
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immunomodulatory ability [187]. The effect of an inflammatory microenvironment on
MSCs in autoimmune diseases needs further study. In recent years, many studies have
confirmed their great therapeutic potential in immune-mediated diseases, but almost all
the current research work on DPSCs are conducted in animal models, with few clinical
trials. Therefore, the focus of future work should be on clinical experiments to further test
their application in the human body.

In this review, we discussed the immunomodulatory function mediated by IDO,
Fas/FasL, PD1/PDL1, and TLR4, respectively, in terms of the mechanism of immunomodu-
lation by DPSCs (Figure 2). In addition, HGE, NO, and HLA-G [42,50,149] are also involved
in the immunoregulatory function of DPSCs, but they are not deeply studied. At current
stage, further research on the immunoregulatory mechanism of DPSCs is still needed in
order to facilitate the further implementation of clinical research and to provide better ways
to control and optimize immune responses. Furthermore, the selection of optimal MSCs for
symptomatic treatment of various immune-mediated diseases is also important for future
studies. Based on the differentiation ability of DPSCs, how to guide the target cells after
differentiation to target and home to the affected organs or to localize the injected DPSCs
to the affected organs should also be the direction of future research.
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Figure 2. Dental pulp stem cells (DPSCs) exert immunosuppressive effects by mediating different
pathways. DPSCs inhibit lipopolysaccharide (LPS)-triggered macrophage secretion of tumor necrosis
factor-o (TNF-a) through an indoleamine-2,3-dioxygenase (IDO)-dependent mechanism, and sup-
press allogeneic T lymphocyte activation through Fas/FasL interaction and induction of apoptosis in
Tregs. Programmed cell death (PD)-L1 on DPSCs binds to the receptor PD-1 on activated T cells and
suppresses immune responses by counteracting T cell activation signals. When DPSCs were exposed
to LPS, DPSCs showed enhanced Toll-like receptors (TLR) 4 expression and also promoted Wnt5a
expression through the TLR4/MyD88/PI3-kinase/AKT pathway.
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