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Mesenchymal stem cells (MSCs) are the member of multipotency stem cells, which
possess the capacity for self-renewal and multi-directional differentiation, and have
several characteristics, including multi-lineage differentiation potential and immune
regulation, which make them a promising source for cell therapy in inflammation,
immune diseases, and organ transplantation. In recent years, MSCs have been
described as a novel therapeutic strategy for the treatment of cardiovascular diseases
because they are potent modulators of immune system with the ability to modulating
immune cell subsets, coordinating local and systemic innate and adaptive immune
responses, thereby enabling the formation of a stable inflammatory microenvironment
in damaged cardiac tissues. In this review, the immunoregulatory characteristics and
potential mechanisms of MSCs are sorted out, the effect of these MSCs on immune cells is
emphasized, and finally the application of this mechanism in the treatment of
cardiovascular diseases is described to provide help for clinical application.
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1 INTRODUCTION

Mesenchymal stem cells (MSCs) are self-sustaining stromal cells that are mainly found in bone
marrow (BM), adipose tissue, fat, and umbilical cord. The multipotency of MSCs makes them an
attractive therapeutic tool for organ transplantation in modern medicine (Ding et al., 2011).
Currently, MSCs have been considered as a potential measure for the treatment of autoimmune
and inflammatory diseases. Notably, clinical and experimental studies have demonstrated the
therapeutic role of MSCs in cellular immunomodulation, organ-specific, and systemic
inflammatory diseases. Recently, it has been demonstrated that MSCs can regulate the immune
response of the body by regulating macrophage polarization, producing immunosuppressive
molecules, and stimulating metabolites (Harrell et al., 2019a).

Cardiovascular diseases are currently the leading cause of death worldwide (Wang and Zhao.
2018). They are ischemic heart diseases that occur in the heart and its surrounding vessels, caused by
lesions such as atherosclerosis, hypertension, and hyperlipidemia (Albany et al., 2019). MSCs have
been widely concerned as a potential treatment for cardiovascular disease due to their potential to
repair cardiac injury. Meta-analysis of animal studies has demonstrated that MSCs are safe and
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effective in the treatment of ischemic heart disease and have a
great improvement in left ventricular fraction (LVEF). In
previous studies, MSCs have been reported to repair damaged
myocardium, promote myocardial regeneration, and restore
normal cardiac function. They secrete various cytokines such
as epidermal growth factor through the paracrine pathway for
cardiac repair and regulate the expression of immune cells and
related inflammatory cells to alleviate the inflammatory response
after myocardial injury. Therefore, MSCs play a role in protecting
cardiac function and treating cardiovascular diseases (Liu et al.,
2020). This review explains the immunomodulatory effects of
MSCs and their role in cardiovascular diseases, in order to
provide help for the application of bone marrow stem cells in
cardiovascular disease.

2 OVERVIEW OF MESENCHYMAL STEM
CELLS

MSCs are early cells in mesoderm development and have
differentiation potential, which were discovered by
Alexander Friedenstein in the late 1960s (Uccelli et al.,
2008; Spees et al., 2016). At present, the stem cells that
can be used for research mainly include human umbilical
cord mesenchymal stem cells (UCMSCs), adipose-derived
mesenchymal stem cells (ADMSCs), BM mesenchymal
stem cells (BMMSCs), and placenta-derived mesenchymal
stem cells (PlaMSCs) (Li et al., 2015a). MSCs have high
proliferation and self-renewal ability and can differentiate
into neural cells, cardiomyocytes, blood cells, and other cells
at different development stages and in different
environments (He et al., 2013). MSCs are capable of
repairing tissue damage through their differentiation
function, and can also express a variety of characteristic
immunophenotypes, such as
CD105\CD105\CD90\CD44\CD71 (J and Debabrata. 2017).

MSCs secrete immunomodulatory factors, cytokines,
growth factors, extracellular vesicles (EV) and other
bioactive factors such as, which anti-apoptotic, anti-
fibrotic, antioxidant and immunomodulatory effects and
regulate a series of physiological processes. MSCs have
been shown to secrete cytokines such as Chemokine C-C
motif ligand 2 (CCL-2), Chemokine C-C motif ligand 5 (CCL-
5), Insulin-like growth factor-1 (IGF-1), Interleukin-6 (IL-6),
and Vascular endothelial growth factor (VEGF), which are
involved in cell and tissue development, differentiation, and
death (Wang et al., 2019). MSCs perform immune regulation
by secreting cytokines such as IL-6, Interleukin-10 (IL-10),
prostaglandin E2 (PGE2) and transforming growth factor-
beta (TGF-β) (Lopatina et al., 2019), and can also
participatein intercellular communication by secreting
exosomes with immunomodulatory characteristics, thereby
facilitating the immune system to recognize and eliminate
antigenic foreign bodies (Lee et al., 2012). The chemokines of
MSCs are mainly CXC chemokine receptor 3 (CXCR3) and
CC chemokine receptor 5 (CCR5) ligands, as well as CXC
chemokine ligand 9 (CXCR9), CXC chemokine ligand 10

(CXCR10), and CXC chemokine ligand 11(CXCR11). They
are well-known immune cell chemotactic agents capable of
modulating immune cells, such as T lymphocytes (T cells)
(Shi et al., 2018a). MSCs regulate the immune response by
regulating the activity of T cells and B -lymphocytes (B cells),
thus inhibiting cell apoptosis. They interact with the immune
system to induce the immunosuppressive activity of many
immune cells, including lymphocytes, antigen-presenting
cells, and natural killer cells (NK cells). In recent years,
MSCs have gained much attention due to their potential
application value in the treatment of autoimmune diseases
(Table 1).

3 MODULATION OF DIFFERENT IMMUNE
CELLS BY MESENCHYMAL STEM CELLS

3.1 Macrophages
Macrophages are essential components of the human
immune system, which can perform different functions in
the body’s immune response, such as regulating apoptosis,
phagocytosing of pathogens, remodeling the extracellular
matrix, activating other immune cells, and so on. Under
various stimuli, macrophages can polarize into two
phenotypes, M1 and M2 (Wynn et al., 2013; Koelwyn
et al., 2018). Among the two phenotypes of macrophages,
classical M1-polarized macrophages can promote the
secretion of pro-inflammatory factors, promote the
antibacterial reaction, and alternative M2-polarized
macrophages [activated by Interleukin-4 (IL-4) and
Interleukin-13 (IL-13)], which are generally considered to
have the immunosuppressive effect (Wang et al., 2016a).
MSCs inhibit macrophages activation and transform the
M1 phenotype to the M2 phenotype.

3.1.1 Regulation by Related Proteins and Inflammatory
Factors
BMMSCs injected into the sulfur mustard-induced acute lung
injury mouse model, the proportion of anti-inflammatory M2
macrophages was substantially increased, whereas that of M1
macrophages was decreased in BMMSCs-treated mice
compared with the sulfur mustard group, and the
expression of Toll-like receptor 4 (TLR4) greatly increased,
that indicated BMMSCs can inhibit the differentiation of
macrophages into pro-inflammatory M1 macrophages
through the TRL4 signaling pathway and promote the
differentiation of macrophages to anti-inflammatory M2
macrophages (Feng et al., 2019). Yap protein in the Hippo
pathway can regulate the inflammatory response. MSCs
control NLRP3 inflammasome assembly by activating the
Hippo pathway in macrophages and regulating the
interaction between yap and β-catenin (Li et al., 2019).

On the other hand, the immunomodulatory effect of MSCs
can be achieved by secreting inflammatory factors. TGF-β
secreted by MSCs activates the Akt/Forkhead box
transcription factor O1 (FoxO1) pathway in mice
macrophages with high body oxygen levels, alveolar
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fibrosis, and pulmonary vascular remodeling (Liu et al.,
2019). Inflammatory chemokines CCL2 and CXC ligand 2
(CXCL2) secreted by BMMSCs play an essential role in
polarizing mouse peritoneal macrophages into the IL-10
phenotype (Giri et al., 2020).

3.1.2 Regulation by Secreted Exosomes
MSCs secrete vesicles with a diameter of 40–100 nm, which are
called exosomes. Exosomes contain a large amount of biologically
active substances, like cytokines, proteins, miRNAs, DNA, and other
biologically active substances. Exosomes from BMMSCs were
extracted, some of them were treated with lipopolysaccharide
(LPS), the results indicated that both the normal MSCs exosomes
and the LPS-treated MSCs exosomes considerably reduced the
positive rate of the M1 macrophages protein marker CD11 and
increased the positive rate of the M2 macrophages protein marker
CD206. Exosomes derived from MSCs are able to regulate
macrophages polarization by inhibiting the Nuclear Factor
Kappa-B (NF-κB) pathway and activating the Serine threonine-
specific protein kinase (Akt1/Akt2) pathway, thereby reducing post-
infarction inflammation and cardiomyocytes apoptosis (Xu et al.,
2019). In the steroid-resistant mouse model, Bing Dong and his
colleagues found that intratracheal administration of exosomes
treatment reduced inflammation and reduced M1 macrophages,
and promoted M2 macrophages. This effect could achieve by
inhibiting the TNF receptor-associated factor 1 (TRAF1) (Dong
et al., 2021). In this way, MSCs promote the polarization of
macrophages from a pro-inflammatory M1 phenotype to an anti-
inflammatory M2 phenotype and regulate through related proteins,
exosomes, and inflammatory factors.

3.2 Dendritic Cells
Dendritic cells are individual antigen-presenting cells. They are
heterogeneous population of leukocytes with different
subpopulations, which are responsible for driving specific
immune responses and initiating and modulating adaptive
immune responses (Lee and Radford. 2019).

3.2.1 Regulation of the Proliferation, Maturation, and
Differentiation of Dendritic Cells
MSCs are capable of inhibiting the proliferation, maturation, and
differentiation of DCs, thus exerting immunomodulatory and
immunosuppressive effects (De Miguel et al., 2012). MSCs and

DCs derived from mouse bone marrow were co-cultured, and the
results showed that MSCs derived exosomes were able to reduce
the expression of surface markers, and inhibit the maturation of
DCs treated with LPS (Zhang et al., 2017). TGF-β1 expressing
lentiviruses were used for MSCs transduction, and then these
MSCs were co-cultured with T cells and DCs, and the results
showed that MSCs derived exosomes were able to inhibit the
maturation of DCs through TGF-β and had an
immunosuppressive effect (Daneshmandi et al., 2017).

DCs have numerous phenotypes, including major
histocompatibility complex I (MHC-I) and major
histocompatibility complex II (MHC-II) as well as CD370,
CD207, CD205, CD1a, CD11c, CD11b, CD83, and CD40
(Clark et al., 2019). Hypoxia-inducible factor (HIF) exert
significant biological effects such as angiogenesis and cell
survival. Transduction of MSCs with GFP-HIF-1α lentiviral
vector (HIF-MSCs) followed by co-culture with DCs revealed
that HIF-MSCs significantly decreased DCs differentiation and
increase resistance to NK cell lysis (Martinez et al., 2017).

3.2.2 Regulation of the Interaction Between Dendritic
Cells and Lymphocytes
Dendritic cells can initiate T cells immunoregulation, and they
regulate T cells differentiation toward Th1, Th2, Th17, or Tregs
subpopulations. DCs also indirectly regulate T cells subpopulation
differentiation by activating intrinsic lymphocytes to produce
regulatory cytokines (Briseño et al., 2014). Immature dendritic
cells (Im-DCs) and LPS-treated DCs were co-cultured with MSCs
for 48 h. The expression of CD11c, CD80, CD86, and IL-6, Tumor
necrosis factor α (TNF-α), and IFN-γ was decreased, while CD11b,
IL-10, and TGF-β expression was largely increased and stimulated
splenocytes to produce markers of Tregs (FOXP3, CD4, and
CD25). Thus, MSCs can induce the transformation of immature
DC phenotypes to regulatory dendritic cells (r-DCs), and MSCs
which secrete anti-inflammatory cytokines (IL-10 and TGF-β) play
a similar role to r-DCs, leading to the activation of Tregs (Jo et al.,
2018). Tumor MSCs were able to inhibit DCs’ expression of
cysteine through Signal transduction and activation protein 3
(STAT3), thereby preventing DCs from promoting the
expansion of naive CD4+ and CD8+ T cells (Ghosh et al.,
2016). So, MSCs regulate immune regulation by regulating the
differentiation and maturation of DCs and the interaction between
DCs and lymphocytes (Figure 1).

TABLE 1 | Summary of cytokines involved in immunomodulation of MSCs.

Cytokines Roles in MSCs Immunomodulation References

IL-2 Inhibition of NK cells proliferation and differentiation Spaggiari et al. (2006)
IL-6 Promotion of B cells proliferation and differentiation Qin et al. (2015)

Inhibition of DCs differentiation Consentius et al. (2015)
IL-10 Promotion of B cells proliferation and increase in the number of B-reg cells Gupte et al. (2017)
PGE2 Inhibition of DCs differentiation. Reduction of T cells expression. Induction of M2 phenotype of

macrophages
Spaggiari et al. (2009), Yang et al. (2018), Jin et al.
(2019)

TGF-β Inhibition of DCs proliferation and activation De Miguel et al. (2012)
HGF Regulation of CD4+ T cells, and Th1 and Th2 cells Özgül Özdemir et al. (2021)
CCL-2 Improvement of IFN-γ production via NK cells Cui et al. (2016)
IFN-α Inhibition of macrophages proliferation Shou et al. (2016)

Abbreviations: IL-2, Interleukin-2; DCs, Dendritic cells; IFN-c, Interferon c; CCL-2, Chemokine C-C motif ligand 2; IFN-α, Interferonα.
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3.3 T Lymphocytes
MSCs are allowed to mediate immune responses by regulating
T cells’ activity. T cells are immune cells that originate from the
BM and differentiate and mature in the thymus gland. T cells are
essential for the body’s immune response, maintenance of
homeostasis, maintenance of immune memory, and
recognition of pathogens (Kumar et al., 2018).

3.3.1 Regulation of the Activation and Proliferation of T
Lymphocytes
Studies have shown thatMSCsmodulate immunity through T cells.
Cytochalasin B-induced membrane vesicles (CIMVs) are an
innovative therapeutic tool, MSCs-derived cytochalasin B
membrane vesicles (CIMVs-MSCs) significantly inhibit the
activation of helper T cells and cytotoxic T cells. In vitro studies
have shown that CIMVs-MSCs cannot induce immune responses
in mice, suggesting that CIMVs-MSCs have an immunosuppressive
effect (Gomzikova et al., 2020). Intervention with exosomes given to
in a mouse model of primary sclerosing cholecystitis (PSC) revealed
that exosomes were able to reduce the extent of liver fibrosis and
decrease the proliferation of T cells in the liver by inhibiting the NF-
κB signaling pathway (Angioni et al., 2020).

3.3.2 Regulation the Differentiation and Phenotypic
Transformation of T Lymphocytes
IFN-γ is a member of the type II interferon, which is widely
involved in the immune response. BMMSCs were found to
promote the phenotypic transformation of T cells. BMMSCs

were administered to alum-treated mice and were found to
cause Th2-mediated eosinophilic pneumonia. BMMSCs can
promote the Th1 phenotype of antigen-specific CD4 +cells
and inhibit Th2-mediated allergic airway inflammation
through an IFN-γ dependent process (Goodwin et al., 2011).
Co-cultured MSCs with CD4+ cells and found MSCs
downregulate Th1/Th17 immune responses in a PGE2-
dependent manner (Zhou et al., 2020). Tregs can act through
cell-to-cell contact, modulate inhibitory cytokines, such as IL-10,
and modulate body immunity by interacting with antigen-
presenting cells. Accordingly, they play an essential role in
maintaining immune homeostasis (Wing et al., 2019). MSCs
are able to induce Tregs production (Zhang et al., 2018).
Milad Riazifar and his colleagues used the autoimmune
encephalomyelitis (EAE) mouse model to assess the
therapeutic effects of exosomes secreted by BMMSCs in
multiple sclerosis, and found that the number of CD4+,
CD25+, and Forkhead box P3 (FOXP3)+ Tregs on the spinal
cord of mice upregulate after intravenous injection of IFN-γ
(IFN-γ-Exo)-stimulated MSCs-derived exosomes (Riazifar et al.,
2019). In conclusion, MSCs intervene in the activation,
proliferation, and phenotypic transformation of T cells, as well
as to increase the level of Tregs, thus exerting an
immunomodulatory effect.

3.4 B Lymphocytes
B cells are derived from stem cells of BM, mainly located in
human lymph nodes and spleen. B cells can involve in

FIGURE 1 | Macrophages are a type of immune cells that differentiate from differentiated monocytes derived from MSCs. MSCs inhibit macrophages activation
through proteins such as Akt, FoxO1, NF-κB, and Hippo, can promote the conversion of macrophages from a pro-inflammatory M1 phenotype to an anti-inflammatory
M2 phenotype. This is associated with factors such as TGF-β, IL-10, IL-6, CCL2, and CXCL2. Dendritic cells are differentiated from dendritic cell precursors and regulate
the conversion of T cells to helper T cells and cytotoxic T cells. MSCs inhibit the proliferation of dendritic cells through proteins such as Akt and STAT3, thus affecting
their regulatory T-cell function, which is associated with factors such as TNF-α, IL-10, INF γ, and TGF-β.
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regulating the immune response, which is related to their
ability to produce antibodies. Mature B cells may become
activated B cells after being stimulated by antigen, and then
differentiate into plasma cells to secrete and synthesize
antibodies, to perform humoral immunity (Mauri and
Bosma. 2012; Zhang et al., 2012).

3.4.1 Regulation of the Proliferation of B Lymphocytes
MSCs are capable of affecting the activity of B cells by the
immunomodulators such as cytokines, chemokines, and
growth factors. In one study, it was found that MSCs from
human term placental amniotic membrane (hAMSCs) and
conditioned medium-derived mesenchymal stem cells (CM-
hAMSCs) generated from their culture had an effect on B cells
proliferation and differentiation, hAMSCs and CM-hAMSCs
both strongly inhibited the proliferation of CpG-activated
B cells. In addition, CM-hAMSCs blocked B-cell
differentiation, resulting in an increased proportion of mature
B cells and reduced formation of antibody-secreting cells (Magatti
et al., 2020). It has been shown that hAMSCs have
immunosuppressive effects on B cells and constitutively
expresses high levels of the immunosuppressive ligand
programmed cell death 1 ligand 1 (PD-L1) in response to
IFN-γ (Wang et al., 2016b).

3.4.2 Regulation of the Differentiation and Phenotypic
Transformation of B Lymphocytes
The immunomodulatory effect of MSCs on B cells reflect in the
inhibition of their differentiation and phenotypic transformation.
In a mouse model of colitis, intraperitoneal injection of BMMSCs
could regulate the immunomodulatory effects of B cells by
upregulating IL-10 expression, induce a regulatory B-cell
(Breg) population characterized by CD23 and CD43
phenotypic markers, increase the number of CD23+, CD43+,
and Breg cells, reduce the clinical and pathological severity of
colitis in mice (Chen et al., 2019a). Researchers studied the
interactions of BM-MSCs and placental MSCs (P-MSCs) in
the mouse model, found that P-MSCs could inhibit the
proliferation and further differentiation of B cells (Lee et al.,
2021).

The immunomodulatory effects of MSCs on B cells have been
studied in many clinical therapies. In a clinical study on chronic
graft-versus-host disease, 38 patients treated withMSCs showed a
remarkable increase in the number of CD27+ andmemory B cells,
while plasma B-cell activating factor (BAFF) levels decreased and
BAFF-R (BAFF receptor) expression increased on peripheral
B cells (Peng et al., 2014).

AlthoughMSCs play a substantial immunosuppressive role for
B cells by inhibiting the proliferation of B cells through
inflammatory factors such as IFN-γ and TNF-α. Remarkably,
the regulatory role of MSCs on B cells is still under investigation,
some studies have found that MSCs have a promotive effect on
B-cells proliferation, and BMMSCs of B cells chronic lymphocytic
leukemia (B-CCL) patient origin were shown to greatly inhibit
B cells proliferation and immunoglobulin G (IgG) secretion
compared to normal MSCs (Pontikoglou et al., 2013). Co-
cultures of MSCs with lymphocytes showed that MSCs

stimulate antibody secretion from B cells, and whether
antibody secretion from B cells was inhibited or promoted was
determined by the dose of MSCs (Rasmusson et al., 2007).
However, in some studies, co-culture of LPS-stimulated B cells
with MSCs revealed that the proliferation and differentiation of
B cells can be inhibited (Asari et al., 2009). Adipogenic-
differentiated MSCs (Adi-MSCs) can stimulate B cells
proliferation and activation, and promote the secretion of
BAFF in the presence of anti-CD3 and anti-Mu-chain
treatment (Wang et al., 2011).

3.5 Natural Killer Cells
NK cells, also known as natural killer cells, are critical immune
cells produced by the body, and they are involved in
hypersensitivity reactions. NK cells have many receptors that
receptors tightly regulate the activity of NK cells, enabling them to
distinguish between “normal” and “dangerous” cells (Morvan
and Lanier. 2016; Hodgins et al., 2019).

3.5.1 By Regulating the Proliferation and
Degranulation Effects of Natural Killer Cells
MSCs could be immunomodulated by NK cells. It has shown that
BMMSCs have the ability to promote the degranulation effect of
NK cells, which can occur when NK cells are near target cells due
to components such as perforin and granzyme, and degranulation
is associated with the killing activity of NK cells, which directly
kill target cells and exert innate immunity (Bradley et al., 2018).
NK cells of peripheral blood mononuclear cells originate from
healthy donors incubated with SKO-007 (J3) cells (Human
myeloma cells), some of the cells were untreated, and some
were incubated with BMSC-CM for 72 h, as target cells for
degranulation assay. The results showed that CD107a
expression was substantially elevated in the combined BMMSC
incubation group, indicated that the degranulation of NK cells
was enhanced (Mekhloufi et al., 2020). MSCs inhibit NK cells by
inhibiting IL-2 too. In a study by Grazia Maria Spaggiari and his
colleagues, they explored the result of possible interactions
between NK cells and MSCs, and it was found that MSCs not
only inhibited the proliferation of NK cells but also prevented the
induction of effector functions, and they also observed that MSCs
strongly inhibit interleukin-2 (IL-2)-induced NK-cell
proliferation (Spaggiari et al., 2008).

3.5.2 Regulation of Activation and Phenotype of
Natural Killer Cells
BMMSCs are able to modulate the immune activity of hepatic NK
cells. In the Con A mouse model of liver injury, BMMSCs
intervention was performed and BMMSCs transplantation was
found to reduce cytotoxic substances and activation of r NK cells
in themouse liver (Qingqing et al., 2014). Studies have shown that
activation of MSCs between tissues modulate the immune
function of NK cells as well, and MSCs could secrete type I
interferon to enhance NK cells effector function, while at
subsequent time points, TGF-β and IL-6 could limit NK cells
effector function and terminate the inflammatory response by
inducing a regulatory senescence-like NK cells phenotype (Petri
et al., 2017). Additionally, NK cells andMSCs have a bidirectional
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role in regulating and influencing NK cells activity. Pre-activated
MSCs were found to notably inhibit the expression of activation
markers in hepatic NK cells after co-transplantation with
pancreatic islets to regulate NK cells activity (Ishida et al.,
2019). Therefore, MSCs can interfere with the degranulation
of NK cells and have an inhibitory effect on the proliferative
killing activity of NK cells, which is associated with cytokines
such as IL-2 and IFN-γ.

We have described the way MSCs regulate immunity between
different cells. We know that endothelial cells, macrophages,
neutrophils, lymphocytes, monocytes, etc. accompany different
roles in cardiovascular diseases and whether MSCs can further
play a therapeutic role by influencing the immune metabolism of
these cells. Therefore, we will focus our discussion on the
therapeutic role of MSCs in a variety of cardiovascular
diseases (Figure 2).

4 IMMUNOMODULATION OF MSCS IN
CARDIOVASCULAR DISEASE

4.1 Myocardial Infarction
Myocardial infarction (MI) is a disease caused by severe
narrowing of the coronary arteries and a dramatic reduction
or interruption of the blood supply, which leads to severe acute
ischemia in the myocardium and ischemic necrosis. Myocardial

ischemia over a long period of time can lead to myocardial cell
death, severe angina pectoris, arrhythmias, and other symptoms,
which could be life-threatening in severe cases.

MSCs are able to reduce cardiac dysfunction through
immunomodulatory effects. The reason why MSCs can treat
heart disease may be due to promoting the increase in the
number of M2 macrophages. In the mice MI model, MSCs
were injected into mice with BM-derived macrophages and
found that MSCs could reduce M1 phenotypic markers (IL-6,
IL-1β) and increase M2 phenotypic markers (IL-10, IL-4), and
facilitated the recovery of cardiac function (Cho et al., 2014).
Interleukin-33 (IL-33) is the tissue-derived nuclear cytokine from
the IL-1 family, its function is to release alarm signals in case of
cell damage or tissue damage. It targets mast cells, Tregs, NK cells,
neutrophils, and macrophages in the body, making it a vital
important immunomodulatory molecule (Cayrol and Girard.
2018). MSCs transfected with IL-33 were co-cultured with
T cells and macrophages, and the proliferation of T cells and
polarization of macrophages were observed. The experiments
showed that IL33-MSCs decreased T cells proliferation, and
enhanced the polarization of M1 phenotype to M2 phenotype,
and the myocardial fibrosis, inflammation, and cardiac function
recovered better with IL33-MSCs (Chen et al., 2019b).

In addition to IL-33, IL-10 is also an important
immunomodulatory factor. IL-10 is a multipotent cytokine
with properties that prevents host damage by limiting the

FIGURE 2 | T cells can divide into different subpopulations during immune regulation, such as Th1, Th7, Th2, and Tregs. MSCs could inhibit suppression of T cells
proliferation and differentiation, and induce Tregs through proteins such as H3K27me3, Notch and FOXP3. This effect is associated with the release of Soluble factors
such as TGF-β, IL-10, PGE-2, IL-6, and IDO. MSCs gradually differentiate into B cells, which can differentiate and proliferate into plasma cells. MSCs inhibit the
proliferation of B cells and antibody production through proteins such as Socs1, PI3K, and Akt, which are associated with factors such as TGF-β, PGE2, IL-6, and
CXCR4. MSCs also promote the release of perforin and granzyme from NK cells, thus promoting the degranulation of NK cells, which is associated with factors such as
TGF-β, IL-6, IL-2, and IFN-γ.
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immune response of pathogens and exerts immunosuppressive or
immunostimulatory effects in various cells (Saraiva and O’Garra.
2010). MSCs are able to perform immunomodulatory functions
by regulating IL-10, IL-10-transfected MSCs were injected into
MI mice and found that IL-10-transfected MSCs enhanced cell
viability and increased IL-10 secretion, the infarct size,
myocardial injury and apoptosis were reduced, and systemic
and local inflammation were reduced (Meng et al., 2018).

MSCs play a role in tissue repair of cardiovascular diseases.
Studies have shown that after MI, MSCs can differentiate into
endothelial cells or cardiomyocytes and exert their
immunomodulatory effects, such as alleviating tissue damage
and promoting tissue repair by inhibiting neutrophil
infiltration. Alternatively, tissue repair is achieved by altering
the distribution of effective immune cells and recruiting M2
macrophages to the vicinity of damaged tissue. In the murine
model of MI, injection of MSCs significantly decreased the M1
phenotype of macrophages, decreased the expression of
Interleukin-1β (IL-1β) and IL-6, increased the expression IL-
10, and increased the alternating activation of monocytes/
macrophages. MSCs may repair the myocardium through IL-
10-mediated infiltration of pro-inflammatory macrophages to
anti-inflammatory macrophages at the site of infarction
(Dayan et al., 2011). MSCs were injected in the porcine model
of heart failure combined with MI and were found to exhibit
enhanced viability and promote vascular regeneration by
activating Tregs and reducing inflammatory cells (Liao et al.,
2019).

However, single MSCs therapy tends to have low delivery
rates. In the rat model of MI, it was found that combined delivery
of MSCs and MSCs-derived exosomes were able to achieve more
efficient anti-inflammatory and vascular tissue repair than MSCs
therapy by decreasing the expression of inflammatory factors
such as IL-6 and TNF-α and increasing the expression of
Recombinant Stromal Cell-Derived Factor 1 (SDF-1) (Huang
et al., 2019).

MSCs and their derived materials are emerging in the
treatment of MI as well. Exosomes of porcine cardiac
adipose tissue-derived MSCs (cATMSC) loaded onto a
three-dimensional scaffold designed from decellularized
heart tissue and injected into pigs after MI, found to
reduce macrophage and T cell infiltration in the damaged
myocardium and increase vascular density and tissue
remodeling (Monguió-Tortajada et al., 2021). Researchers
coated the cell membrane of MSCs on PLGA particles
loaded with MSCs secretions to create a particle called
synMSCs and injected it into mice with acute myocardial
infarction (AMI), and found that synMSCs-treated mice were
able to express MHC I molecules that allowed them to avoid
allogeneic recognition by the immune system, thereby
modulating the body’s innate immune response and
enhancing their attachment to cardiomyocytes and
promoting their survival by secreting adhesion factors
(such as SDF1) (Luo et al., 2017). Vineeta Sharma and his
colleagues found that 5-Aza loaded protein nanoparticle with
MSCs encapsulated hydrogels may support in vitro MSC
proliferation, migration and angiogenesis in rat MI model,

and the hydrogels could alleviate ventricular remodeling after
myocardial infarction by secreting immunoregulatory factors
(Sharma et al., 2021). The addition of MSCs -derived
exosomes to alginate hydrogel revealed that the delivery of
exosomes incorporated in alginate hydrogel (sEVs-Gel)
increased residence time in the heart, and promoted the
polarization of macrophages from M1 phenotype to M2
phenotype more than exosomes treatment alone, promoted
scar tissue repair and vascular regeneration (Lv et al., 2019).
Some clinical treatments with MSCs have shown encouraging
results. For example, in a clinical study of patients with
chronic ischemic heart disease, patients were found to
reduce myocardial infarct size, increase LVEF and promote
recovery of cardiac function after intravenous administration
of MSCs (Kanelidis et al., 2017).

4.2 Heart Failure
Heart failure is a progressive disease, the syndrome that occurs
when the cardiovascular diseases progress to a more severe stage.
It is usually caused by structural and functional changes in the
myocardium due to organic or functional lesions of the heart,
which impairs the filling degree and ejection fraction capacity of
the ventricles. Furthermore, immune activation and
inflammatory responses play an essential role in the course of
heart failure.

The therapeutic effect of MSCs on heart failure is mainly
based on their ability to regulate the body’s innate and adaptive
immunity. Peripheral blood mononuclear cells were isolated
from fresh blood samples of patients with end-stage heart
failure and co-cultured with MSCs derivatives. The results
showed that MSCs had a strong immunosuppressive ability
and inhibited lymphocyte proliferation and antibody
production in vitro, and plasma cells from patients with
end-stage heart failure had high IgG3 production, in vitro
experiments showed that MSCs could inhibit IgG3
production, thereby preventing ventricular remodeling after
MI and slowing the progression of heart failure (van den
Hoogen et al., 2019). CD4 is generally expressed on the
surface of human T cells, while Th1 cells in CD4 have a role
in humoral immunity (Loo et al., 2018). CD4/CD8 is an
important indicator of immune regulation (Overgaard et al.,
2015). Co-transplantation of MSCs and pluripotent stem cell-
derived cardiomyocytes into mice revealed that MSCs directly
affected activated lymphocytes through cell-to-cell contact,
thereby decreasing the CD4/CD8 ratio and the proportion of
Th1-positive cells among CD4-positive cells and the secretion
of various inflammation-related cytokines. Moreover, this
pathway could increase the number of cardiomyocytes,
enhance myocardial contraction (Yoshida et al., 2020).
Denise Philipp and his colleagues studied the effects of bone
marrow-derived preconditioned MSCs on hypertrophy-
induced pluripotent stem cell-derived cardiomyocytes (iPS-
CM), and found that MSCs could participate in immune
regulation by secreting cytokines such as IFN-γ and IL-1β,
and trigger regression of hypertrophy in iPS-CM in a VEGF-
dependent manner, so MSCs therapy may inhibit cardiac
hypertrophy (Philipp et al., 2021).
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Some clinical studies have shown that MSCs is a new target for
the treatment of heart failure. After MSCs injected into patients
with chronic heart failure, a momentous decrease in CD4-positive
and NK cells was found, a large improvement in left ventricular
end systolic volume (LVESV) and LVEF was observed. In this
study, MSC therapy was safe, and caused immunomodulatory
effects (Butler et al., 2017). Intravenous infusion of UC MSCs in
patients with chronic heart failure revealed that UC MSCs could
participate in the regulation of adaptive immunity and
myocardial remodeling in the body by secreting hepatocyte
growth factor (HGF), inhibit T-cell proliferation, and reduce
the proliferation of Th 1, Th 2, and cytotoxic T cells
(Bartolucci et al., 2017).

MSCs derived materials are also a new target for the treatment
of heart failure in recent years. Human amnion-derived stem cells
(hAM-MSCs) dressing is a novel MSC-derived material with
good potential for clinical application. After administration of
hAM-MSCs dressing to mice with ischemic cardiomyopathy, it
was found that the dressing could improve myocardial
remodeling by promoting the secondary release of paracrine
factors from endogenous cells and promoting the polarization
of the M1 phenotype to the M2 phenotype of macrophages. So,
hAM-MSCs dressing can slow down the development of heart
failure (Fields et al., 2021). Pura-Matrix hydrogel with MSCs
applied to mouse epicardium after MI, found that it could inhibit
the development of inflammation, promote the formation of
myocardial capillary, reduce interstitial fibrosis, improve
cardiac function and alleviate the progression of heart failure

by secreting cytokines such as IL-10 (Ichihara et al., 2018).
Researchers seeded MSCs and macrophages into a
polycaprolactone scaffold and filled it with MSCs-derived
exosomes, found that this novel MSCs-derived material
increased the wound healing properties and type I collagen of
MSCs and improved the M2 phenotype of macrophages, thus this
exosome-rich bio scaffold is an effective strategy to restore
contractility of myocardial scars (Chachques et al., 2021). Both
MSCs and their derived materials can play a role in the treatment
of heart failure by secreting immune factors and regulating
immune cells (Figure 3).

4.3 Atherosclerosis
Atherosclerosis is a chronic vascular inflammatory disease. That
is the cause of coronary heart disease. Atherosclerotic lesions are
associated with macrophages, T cells and other immune response
cells (Hansson and Hermansson. 2011).

Because of their immunomodulatory and tissue regenerative
capabilities, MSCs are well-positioned to treat atherosclerosis,
And the therapeutic effect of MSCs on atherosclerosis is mainly
achieved by regulating macrophages. As we all known, abnormal
lipid metabolism can lead to endothelial dysfunction and the
secretion of adhesion factors, leading to the recruitment of
macrophages to form foam cells, promoting atherosclerotic
plaque formation. Macrophages secrete anti-inflammatory
factors, such as IL-10, TGF-β, and promote blood vessel
regeneration and tissue remodeling and repair (Adutler-Lieber
et al., 2013). Therefore, the treatment of atherosclerosis with

FIGURE 3 | After the occurrence of MI, treated with MSCs, MSCs improve cardiac function by decreasing the expression of IL-1β and IL-6, increasing the
expression of IL-10 and IL-4, and promoting the polarization of macrophages fromM1 phenotype to M2 phenotype; they can improve cardiac function by promoting the
expression of Tregs to enhance cardiac function, as well as inhibiting T cells and influencing the differentiation of Th1 cells through PGE2 and IL-33. After the occurrence
of heart failure, treatment with MSCs can restore cardiac function by reducing the number of NK cells, inhibiting the proliferation of B cells and the production of the
antibody IGg3, as well as increasing the number of Tregs and reducing the CD4/CD8 ratio by reducing Th1 cells through IL-10.

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 7420888

Wang et al. Mesenchymal Stem Cell Immunomodulation

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


MSCs is mainly completed by regulating macrophages, and some
immune factors also play a role in this process. For example, IL-6
is produced in response to infection and tissue injury and
contributes to host defense by stimulating the acute phase
response, hematopoiesis, and immune response. Persistent
dysregulation of IL-6 synthesis plays a pathological role in
chronic inflammation and autoimmunity (Tanaka et al., 2014).
Human-induced pluripotent stem cells (iPSC-MSCs) were
intravenously administered to ApoE −/−mice on an HFD for
12 weeks, and iPSC-MSCs were found to notably reduce plaque
size andmake the macrophages in the plaques lower than those in
the controls. Furthermore, iPSC-MSCs reduced inflammation by
reducing serum levels of inflammatory cytokines, such as TNF-α
and IL-6, thereby treating atherosclerosis (Shi et al., 2018b). Skin
is an ideal source of MSCs supply, and in the ApoE −/− mice
model, skin-derived MSCs(S-MSCs) were found to migrate into
atherosclerotic plaques and selectively adhere in the vicinity of
macrophages. Furthermore, it reduced the release of the pro-
inflammatory cytokine TNF-α and increased the expression of
anti-inflammatory factor IL-10 in atherosclerotic plaques,
resulted in the regulation of macrophages function and
inhibition of atheromatous plaque formation (Li et al., 2015b).
MSCs-derived exosomes are considered a new target for the
treatment of atherosclerosis. MSCs-derived exosomes injected
into ApoE−/− mice and MSCs-derived exosomes were found to
promote polarization of the macrophages M2 phenotype and
reduce plaque size and macrophages infiltration viamiRNA-21a-
5p (Ma et al., 2021).

In addition to macrophages, Treg and T cells are also able to
play a role in the treatment of MSC. TGF-β1 could produce an
immune response when it is activated, and Tregs can suppress
proximal immune cells by activating Glycoprotein -A repetitions
predominant (GARP) -mediated activation of potential TGF-β1
acting on their surface with integrin αVβ8. Treatment of
atherosclerotic mice with MSCs revealed increased secretion of
anti-inflammatory cytokines such as TGF-β1 and IL-10 and TGF-
β1 could be involved in MSC-mediated changes in the number of
CD4+CD25+ forkhead box P3 (FOXP3) +Tregs and NK cells, and
reduce their proliferation, this resulted in the regulation of host
adaptive immunity (Li et al., 2017; Liénart et al., 2018). Mice were
injected withMSCs after low-density lipoprotein (LDL) knockout
and fed a high-fat diet (HFD), which induced atherosclerosis, it
was found that the number of T cells reduced after MSCs
treatment, the serum CCL2 level decreased, the lesion in the
aortic root reduced, the number of macrophages at the lesion site
decreased, and serum cholesterol reduced. It was shown that
treatment with MSCs greatly reduced dyslipidemia and treated
atherosclerosis in mice (Wang et al., 2015).

MSCs are capable of exerting immunomodulatory and
immunosuppressive effects through some signaling pathways.
Culture media for ADMSCs, like MSCs, can reduce the
expression of cell adhesion factors by inhibiting the mitogen-
activated protein kinase (MAPK) and NF-κB pathways and
reduce the accumulation of macrophages in the vessel wall by
inhibiting MAPK and NF-κB pathways. The κB pathway
decreases LPS-induced M1 marker expression and increases

FIGURE 4 | MSCs may treat atherosclerosis by inhibiting the proliferation of T cells with CCL2 expression, or by increasing the number of Tregs, increasing the
expression of TGF-β1 and IL-10, decreasing the expression of TNF-α, and IL-1β, as well as by reducing the number of macrophages. Atherosclerosis could be treated by
inhibiting NK cells with TH17 through CXCR4 and SDF-1 and downregulating MAPK and NF-κB and upregulating STAT3 expression, thereby inhibiting NK cells M1-type
macrophages and promoting the phenotypic transformation of M1-type macrophages to M2-type macrophages.
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M2marker expression through activation of the STAT3 signaling
pathway (Takafuji et al., 2019) (Figure 4).

4.4 Myocardial Ischemia Reperfusion Injury
After MI, timely reperfusion treatment can reduce the infarct
area, but symptoms such as arrhythmia and myocardial
contractile dysfunction often occur after reperfusion therapy,
thus leading to myocardial ischemia-reperfusion injury (MIRI)
(Cohn et al., 2000). Infiltration of inflammatory cells occurs after
myocardial ischemia/reperfusion, allowing the progression of
MIRI toward inflammatory injury.

Toll-like receptor 2 (TLR2), the most widely expressed
member of the TLR family, is the type I transmembrane
protein that acts as a pattern recognition receptor, recognizes
and binds to several pathogen-associated molecular patterns, and
triggers a cascade of signaling that leads to the release of
mediators of inflammation, thereby initiating an innate
immune response. TLR2 is associated with inflammation and
myocardial dysfunction after MIRI, knockdown of MSCs-derived
exosomes of TLR2 could improve myocardial recovery from
immunomodulation and promote the release of vascular
growth factors, thereby protecting cardiac function (Ma et al.,
2018). Neutrophils play an important role in the development of
MIRI. MSCs were injected in MIRI model rats and were found to
be able to initiate an immune response and improve cardiac
function in rats after MIRI by enhancing M2 macrophages-
induced efferocytosis of apoptotic neutrophils (Zhang et al.,
2020a). CD73 can convert Adenosine monophosphate (AMP)

into adenosine, thereby inhibiting T-cell activation. In the rat
model of MIRI, MSCs were injected into the damaged
myocardium and found to mediate the activity of CD73 and
attenuate the infiltration of innate immune cells, thereby
protecting cardiac function (Shin et al., 2018).

MSCs injection into mice with AMI revealed that MSCs-
derived exosomes had profound immunomodulatory effects on
DCs and monocytes or macrophages, and exosomes from highly
expressed miRNA-181 MSCs created an anti-inflammatory
environment, enhanced Tregs polarization, and significantly
improved ischemia-reperfusion through downstream c- Fos
proteins cardiac function and infarct size in mice with
impaired perfusion (Wei et al., 2019). MSCs-derived exosomes
could promote the conversion of macrophages from M1 to M2
phenotype by secreting miRNA 182-a and downregulating TLR4,
thereby reducing the infarct size and decreasing the level of
inflammation in the ischemic myocardium of mice with MIRI
(Zhao et al., 2019). The MSCs-derived exosomes were modified
with monocyte mimics to form monocyte mimic-bioinspired
MSC-EVs (Mon-Exos), which found to have better targeting
to the damaged myocardium. In a rat MIRI model, it
promoted vascular endothelial repair and modulated
macrophage subsets, thus resulted a significant improvement
in cardiac function (Zhang et al., 2020b).

Heart transplantation cause MIRI due to procurement and
long transplantation times, and although MSCs are
cardioprotective, there are still many limitations to this
treatment. To address the limitation that MSCs are difficult to

FIGURE 5 |MSCs are able to treat cardiomyopathy by increasing the number of Tregs through c-Fos, or by inhibiting NK cells, decreasing the expression of IL-1β
and IL-6, or by releasing miRNA182-a through exosomes, thereby downregulating TRL4, inhibiting M1-type macrophages and promoting phenotypic conversion of M1-
type macrophages to M2-type macrophages. In the treatment of myocarditis, MSCs are able to exert immunomodulatory effects by downregulating Th1, thereby
downregulating CD45, TNF-α, IL-6, or by inhibiting NK cells and DC cells, thereby downregulating IL-1β and IL-18 expression, or by inhibiting T cell proliferation
through NO.
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transport and store, the researchers treated mice hearts with
ischemic cryopreservation followed by the use of a preservation
solution, It was found that MSCs-CMs or MSCs-EVs in the
preservation solution reversed the adverse effects of long-term
frozen ischemia on the donor heart and achieved protection of the
donor heart by inhibiting the secretion of pro-inflammatory
factors such as IL-1β and IL-6 (Wang et al., 2020). Therefore,
both MSCs and MSCs-derived exosomes can inhibit MIRI by
exerting their immunoregulatory functions.

4.5 Cardiomyopathy and Myocarditis
Dilated cardiomyopathy is defined by dilatation and systolic
dysfunction of the left ventricle in the absence of severe
coronary artery diseases or abnormal loading conditions. And
it is one of the causes of heart failure (Japp et al., 2016). The
expression of some genes is extremely important for the
immunomodulatory process of MSCs, and MSCs are able to
modulate the expression of some cytokines by regulating the
expression of genes, thus enabling MSCs to play a role in the
treatment of diabetic cardiomyopathy. In the rat model of dilated
cardiomyopathy, double overexpression of miR-19a andmiR-20a

in human-induced iPSC -MSCs was able to suppress the
inflammatory response and promote the recovery of cardiac
function in rats with dilated cardiomyopathy by inhibiting the
secretion of TNF-α/IL-1ß (Sheu et al., 2021). MSCs were injected
intravenously into rats with diabetic cardiomyopathy and found
to secrete cytokine PGE2 through paracrine action, thereby
immunomodulating diabetic cardiomyopathy rats, reducing
myocardial fibrosis and alleviating cardiac function (Jin et al.,
2020). MSCs-derived exosomes were able to improve the
myocardial inflammatory microenvironment in mice with dilated
cardiomyopathy by significantly reducing M1 macrophages in the
blood and heart and promoting the conversion ofmacrophages from
the M1 phenotype to the M2 phenotype, promoting the recovery of
cardiac function (Sun et al., 2018).

Chronic chagas disease cardiomyopathy, a highly fatal
inflammatory cardiomyopathy associated with the patient’s
innate immune response, mainly characterized by high
expression of the pro-inflammatory cytokine Th1 T cells,
hypertrophy of cardiomyocytes and prominent fibrosis in the
cardiac lesion region (Cunha-Neto and Chevillard. 2014). MSCs
may treat Chronic chagas disease cardiomyopathy by regulating

TABLE 2 | Immunomodulatory effect of MSCs in cardiovascular.

Type of
Diseases

The Immunomodulatory Modalities
of MSCs

Impact References

Myocardial
infarction

Reduction of neutrophils and NK cells expression Improvement in infarct size, LVEF, and adverse left ventricular
remodeling

Luger et al. (2017)

Inhibition of T-cells proliferation and promotion of macrophages
transformation

Enhancement of LVEF and reduction of myocardial fibrosis (Chen et al., 2019b)

Promotion of phenotypic conversion of macrophages Inhibition inflammation-induced injury (Peng et al., 2016)
Inhibition of inflammatory response through IL-10 Enhancement of cardiomyocytes viability and reduction of

cardiomyocytes apoptosis
(Meng et al., 2018)

Decrease in macrophages and monocytes levels, promotion of
IL-10 expression and decreased IL-1β and IL-6 expression

Improvement of short-term cardiac function and decrease in
long-term cardiac remodeling

Dayan et al. (2011)

Inhibition of lymphocytes proliferation and antibody production
in vitro

Inhibition of antibody-mediated immune responses to avoid
the occurrence of adverse ventricular remodeling

van den Hoogen
et al. (2019)

Increase in Tregs and promotion of IL-10 expression Improvement of cardiomyocytes microenvironment (Yoshida et al.,
2020)

Heart failure Reduction of macrophages infiltration and expression of IL-1β
and IL-6

Inhibition of myocardial fibrosis and reduction of inflammatory
reflection

(Sava et al., 2020)

Secretion of HGF, inhibition of T cells proliferation, and reduction
of Th1, Th2 and cytotoxic T cells production

Improvement of left ventricular function and quality of life in
patients

Bartolucci et al.
(2017)

Inhibition of DCs and Th1/Th2 cells function Improvement of endothelial function and reparation of broken
plaques

Li et al. (2017)
Reduction in the expression of TNF-α and IL-6 and increase in
the expression of IL-10

Atherosclerosis Inhibition of macrophages by inhibiting MAPK signaling and NF-
κB signaling pathways

Reduction of atherosclerotic plaque, decrease in the
expression of cells adhesion molecules (CAMs) and the
accumulation of macrophages on the vascular walls

Takafuji et al. (2019)

Regulation of macrophages polarization, inhibition of TNF-α, and
increase in IL-10 expression

Inhibition of atheromatous plaque formation Li et al. (2015b)

Suppression of T-cells maturation by miRNA-181a Reduction of ejection fraction, and reduction of infarct size (Wei et al., 2019)
MIRI Reduction of IL-6 expression through STAT3 Inhibition of inflammatory response and alleviation of

apoptosis in cardiac myocytes
(Poynter et al.,
2011)

Regulation of macrophages polarization and reduction of
inflammatory factor levels

Improvement of the inflammatory microenvironment in dilated
cardiomyopathy

Sun et al. (2018)

Cardiomyopathy Reduction of IL-1β, IL-6, and TNF-α expression by Gal-3 Inhibition of inflammation and fibrosis in the heart (Souza et al., 2017)
Inhibition of differentiation of Th1 and Th17 cells Reduction of ventricular ejection fraction Ohshima et al.

(2012)
Myocarditis Regulation of Th17 phenotype through TGF-β Improvement of myocardial contractile function, promotion of

vascular renewal, and inhibition of cellular inflammatory
factors

(Okada et al., 2007)
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the secretion of inflammatory factors. The study showed that
MSCs caused inhibition of cardiac inflammation and fibrosis and
reduced the expression levels of TNF α, IL-1β, IL-6, and IFN-γ in
the mice model of chronic chagas disease cardiomyopathy, and
indicated that MSCs had rich potential to treat chronic Chagas
disease cardiomyopathy (Souza et al., 2017). MSCs that
overexpress granulocyte colony-stimulating factor (MSC
G-CSF) could modulate the adaptive immunity of the body by
regulating Tregs, leading to the treatment of inflammatory
cardiomyopathy caused by chronic Chagas disease (Silva et al.,
2018).

Myocarditis is an inflammatory disease of the myocardium
associated with immune dysfunction that causes cardiogenic
shock and death (Cooper. 2009). Researchers found that FM-
MSCs-treated mice with experimental immune myocarditis had
significantly fewer infiltrating Th17 cells and a significantly lower
proportion of Th1 cells. It was found that FM-MSCs could
improve the body’s immunity by suppressing Th1/Th17,
thereby treating experimental immune myocarditis (Ohshima
et al., 2012). In addition, MSCs could reduce the severity of
experimental immune myocarditis by releasing HGF and
inhibiting the expression of IL-2, IL-6 in the myocardium
(Okada et al., 2007). Injected MSCs overexpressing IL-10 in a
mouse model of autoimmune myocarditis and found that MSCs
were able to reduce the inflammatory level of the heart and the
degree of myocardial fibrosis by delivering IL-10, thereby
preventing and treating overactivated immune system from
attacking cardiomyocytes (Shao et al., 2020). Coxsackievirus
B3(CVB3) can induce myocarditis. Co-cultured of MSCs with
CVB3-infected HL-1 cardiomyocytes revealed that MSCs
reduced the CVB3-induced CD4+ and CD8+ T cells activation
in a nitric oxide (NO)-dependent way and required IFN-γ
priming (Van Linthout et al., 2011) (Figure 5; Table 2).

5 CONCLUSION

MSCs are multipotent stem cells with self-renewal capacity and
multidirectional differentiation. They represent the most
promising direction for the treatment of diseases such as
inflammatory, neurological, cardiovascular, and autoimmune
diseases because of their multilineage differentiation potential,
immunomodulatory properties, and pro-angiogenic properties
(Harrell et al., 2019b). Moreover, its secretory products, such as
exosomes, play an essential role in multilineage differentiation
function. MSCs have potent immunomodulatory and anti-
inflammatory activities, which are mediated by paracrine
function and contribute to tissue repair (Zhang et al., 2019).
Therefore, MSCs have remarkable efficacy in the treatment of
cardiovascular diseases. For example, MSCs mediate
cardiomyocytes immune responses through STAT3 to improve
cardiac function, regulate c-Fos protein by secreting exosomes
and enhance Tregs polarization to improve cardiac function in
ischemia-reperfusion injured mice, reduce inflammatory
response in the MI area by increasing IL-10 levels, and treat
atherosclerosis by regulating the phenotypic transition between
macrophage inflammation and phenotype. MSCs have a wide

potential for clinical application, which may be related to the
alternation of cytokines/cell lineages profiles by lived MSCs
surrounding the damaged heart, and both autologous hAM-
MSCs and autologous BMMSCs transplantation have also
shown good myocardial protection. The immunomodulation
of MSCs has a vital role in the repair of myocardial tissue, in
addition, the regulation of innate and acquired immunity by
MSCs and their derived materials has a place in the treatment of
cardiovascular diseases.

In experimental and clinical treatments, MSCs have been
studied for immunomodulation mostly by in vitro culture and
intravenous infusion (currently, there are also clinical cases of
nebulized inhalation of MSCs to treat COVID-19, and
immunomodulation by MSCs is also a new direction for
future research on COVID-19) (Yen et al., 2020; Hong and
Hashimoto. 2021). Different MSCs preparation methods also
have an impact on the immunomodulatory effects of MSCs.
The preparation methods of MSCs include flat plate
preparation method, stirred bioreactor preparation method
(Eibes et al., 2010), perfusion bioreactor preparation method,
etc. (Cho et al., 2008). However, the stirred bioreactor preparation
method may lead to cells destruction and thus affect the
immunomodulatory activity of MSCs. MSCs exert immune
regulation mostly through direct cell-to-cell contact, for
example, promoting phenotypic transformation of
macrophages through direct cell-to-cell contact (Terai et al.,
2021) or by releasing cytokines through paracrine effect, such
as secretion, IDO, TGF-β, and PGE2 (Di Trapani et al., 2016). It
can function as an immunomodulatory agent by secreting
exosomes, such as the inhibition of IL-6 and TNF-α secretion
through exosomes, thereby regulating the inflammatory
microenvironment (Lu et al., 2021). Nevertheless, MSCs still
have many immunomodulatory potentials and require our
findings.

According to the current study, there are still some limitations
in the clinical application of MSCs. For example, unexpected
differentiation, low in vivo survival rate of transplanted, and
calcification of the infarcted area affect the long-term outcome of
MI. The storage and transportation of MSCs is also the reason for
the limited clinical application. Studies have shown that the
cryopreservation of MSCs can lead to the damage of their
immunoregulatory characteristics (Namba. 2019). Therefore,
although the immunomodulatory function of MSCs may be a
breakthrough and promising therapeutic approach for the
treatment of cardiovascular diseases, it is still in a validated
state, and further basic research and clinical data are needed
to ensure the feasibility of MSCs in the treatment of
cardiovascular diseases.
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