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Abstract
Mesenchymal stem cells (MSCs) belong to the family of pluripotent stem cells, which have an obvious
multi-directional differentiation potential and can regulate the immune response of the organism by
in�uencing immune cell subsets, thus they have excellent prospects for application in in�ammation,
immune diseases, and organ transplantation. Numerous studies have shown that MSCs are a promising
strategy for the treatment of cardiovascular disease by modulating immune cell subsets and
coordinating local and systemic innate and adaptive immune responses, thereby enabling the formation
of a stable in�ammatory microenvironment in damaged cardiac tissues. In this review, we summarize the
mechanisms by which MSCs interact with immune cells and exert immunomodulatory effects, and
explain the therapeutic effects of this mechanism in the treatment of cardiovascular diseases. A
feasibility analysis is provided for the application of MSCs in cardiovascular diseases.

Background
Mesenchymal stem cells are an extremely powerful matrix cells with strong differentiation and self-
sustaining ability, which can be produced in many organizations, such as endometrium, bone marrow,
umbilical cord, and fat. The pluripotency of mesenchymal stem cells makes it a great choice for modern
medical organ transplantation and immune response(1). Currently, mesenchymal stem cells are
considered as a potential new option for the treatment of autoimmune and in�ammatory diseases. At the
same time, numerous experimental and clinical studies have con�rmed the great utility of MSCs in
cellular immunomodulation, organ-speci�c and systemic in�ammatory diseases. Studies have shown
that MSCs can modulate the body's immune response by regulating macrophage polarization, producing
immunosuppressive molecules, and stimulating metabolites(2).

Cardiovascular disease is now the leading cause of death worldwide(3). It is an ischemic disease that
occurs in the heart and its surrounding vessels due to hyperlipidemia, atherosclerosis and other lesions.
The risk factors are smoking, obesity, diabetes, genetic predisposition, hyperlipidemia and
hypertension(4). Therefore, it is extremely common in the middle-aged and elderly population and is
characterized by high pathogenicity and high mortality. Mesenchymal stem cells have the ability to
modulate immune system activity and anti-in�ammatory capacity, and have become a new approach to
repair damaged myocardium and treat cardiovascular diseases such as myocardial infarction. In a 2011
meta-analysis of preclinical animal studies of cell therapy for ischemic heart disease, MSC therapy was
shown to be safe and effective and was associated with improvements in left ventricular ejection
fraction. Studies have shown that MSCs have signi�cant effects in repairing damaged myocardium,
promoting myocardial regeneration, and restoring normal cardiac function. Therefore, it can play a role in
protecting cardiac function and treating cardiovascular diseases. It can secrete cytokines such as
epidermal growth factor through paracrine pathway to promote myocardial repair, and can also regulate
the expression of immune cells and related in�ammatory cells to alleviate the in�ammatory response
after myocardial injury(5). This review explains the immunomodulatory effects of MSCs and their role in
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cardiovascular diseases, starting from the mechanisms involved in the regulation of immune responses
by MSCs.

Overview Of Mesenchymal Stem Cells
Mesenchymal stem cells are pluripotent stem cells that were �rst discovered in the late 1960s by
Alexander Friedenstein, who discovered that MSCs are early cells in mesodermal development and have a
strong differentiation potential. Mesenchymal stem cells are in the form of �broblasts and can proliferate
in vitro as adherent cells(6, 7). Is notable for the fact that the primary cells of the different sources of the
interstitial stem cells are derived from the capillary, arteries and veins of the body, but their respective
biological characteristics are not identical(8). At present, there are four kinds of human mesenchymal
stem cells, which are human umbilical cord mesenchymal stem cells, adipose tissue mesenchymal stem
cells, bone marrow mesenchymal stem cells and placental mesenchymal stem cells. Among them, bone
marrow mesenchymal stem cells are the most widely used and the most convenient one(9). MSCs are
highly proliferative and self-renewing, and can differentiate into neural cells, cardiomyocytes, blood cells,
and other cells according to different stages of development and different environments. Studies have
shown that the interaction between MSCs and the extracellular matrix can effectively promote the
transformation of MSCs into hepatocytes(10). Mesenchymal stem cells were found to differentiate into
chondrocytes induced by hypoxic conditions(11). The adipose mesenchymal stem cells can also
differentiate into neuronal cells, which can further differentiate into astrocytes, oligodendrocytes, and
functional neurons(12). Mesenchymal stem cells can repair tissue damage through their differentiation
function. In in vitro experiments, MSCs expand rapidly, are easy to culture, and can be induced to develop
into directional cells, therefore, they are of great importance for tissue repair and gene therapy. The ability
to express a variety of characteristic immune phenotypes, such as CD105\CD105\CD90\
CD44\CD71(13).

Bone marrow mesenchymal stem cells can be isolated from almost all tissues, the extracellular matrix
enzymes in the bone marrow are decomposed to extract more MSCs from the small triangular bone
cavity, speci�cally the tibia and femur of mice, which are �rst collected and digested with collagenase to
obtain a single cell suspension. Bone marrow MSC can secrete a variety of bioactive factors, including
cytokines, chemokines, in�ammatory factors, and extracellular vesicles (exosomes), thereby exerting
angiogenic, anti-apoptotic, anti-�brotic, antioxidant, and immunomodulatory effects. MSC has been
shown to secrete cytokines such as CCL2(Chemokine C-C motif ligand 2), CCL5 (Chemokine C-C motif
ligand 5), IGF-1 (Insulin-like growth factor-1), IL-6 (Interleukin-6) and VEGF(Vascular endothelial growth
factor), which are involved in cell and tissue development, differentiation, and death(14). MSCs can also
immunomodulate by secreting cytokines such as IL-6, IL-10(Interleukin-10), prostaglandin E2(PGE2), and
transforming growth factor Beta(TGF-β)(15). It can also be involved in intercellular communication
through the secretion of exosomes with immunomodulatory properties, thereby facilitating the immune
system's role in recognizing and eliminating antigenic foreign bodies(16). The chemokines of bone
marrow mesenchymal stem cells 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
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10(CXCR10) and CXC chemokine ligand 11(CXCR11). They are well-known immune cell chemotactic
agents and can regulate immune cells, such as T lymphocytes(17). MSC can regulate the immune
response by regulating the activities of T cells and B cells, thus inhibiting cell apoptosis. At the same
time, MSC can interact with the immune system, mainly for immunosuppression, and can inhibit immune
cells such as lymphocytes, antigen-presenting cells, and natural killer cells. In recent years, MSCs have
been used in the treatment of autoimmune diseases, often with great therapeutic effects.

Table 1
Key Factors Associated with MSC Immunomodulation

Key
Factors

Role in Mesenchymal Stem Cell Immunomodulation

IL-2 Inhibition of NK Cell Proliferation and Differentiation(18).

IL-6 Promotes B-cell proliferation and differentiation(19).

IL-10 Inhibition of DC Cell Differentiation(20). Promotes the proliferation of B cells and increases
the number of B-reg cells producing IL-10(21).

PGE2 Inhibition of DC Cell Differentiation(22). Down-regulation of T-lymphocyte expression(23).
Induced M2 Phenotype of Macrophages(24).

TGF-β Inhibits proliferation and activation of DC cells(25).

TNF-α Promotes the expression of B lymphocytes(26)

Abbreviations: IL-2: Interleukin- 2; NK cell: Natural Killer Cells; IL-6: Interleukin-6; B-cell: B-
Lymphocytes; IL-10: Interleukin-10; DC cell: Dendritic cells; PGE2: Prostaglandin E2; TGF-β: Growth
Factor Beta; TNF-α:Tumor Necrosis Factor Alpha

Modulation Of Different Immune Cells By Mesenchymal Stem Cells
1. Interaction with Antigen presenting cells

Antigen-presenting cells include dendritic cells, monocytes, and B cells(27). Antigen-presenting cells are
important players in the immune system. Once an infection occurs, the body's innate immune system is
stimulated to begin the in�ammatory process and prevent the infection from spreading. Therefore, an
adaptive immune response is necessary to clear the pathogen and the key to adaptive immunity lies in
the antigen-presenting cells(28).

1.1 Macrophages

Macrophages can be obtained from mononuclear cell bank of blood, bone marrow, spleen, tissue
progenitor cells or local .In the proliferation of. It is an important part of the human body, and also the
vanguard of human immunity. It reacts to external stimulation and physiological changes. It can perform
different functions in the body's immune response, such as regulating cell apoptosis, phagocytosis of
pathogens, remodeling extracellular matrix, activating other immune cells and so on. Macrophage
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activation depends on a variety of metabolic pathways, such as glycolysis, tricarboxylic acid cycle,
pentose phosphate pathway, fatty acid oxidation, fatty acid synthesis and amino acid metabolism. The
above pathways cooperate to complete the function of cell effector and regulate the polarization of
macrophages. Macrophages can be polarized into two different phenotypes: M1 phenotype and M2
phenotype(29, 30).

Among the two phenotypes, M1 polarization is known as the classic polarization, which can promote the
secretion of pro-in�ammatory factors, thus promoting antibacterial reaction, while M2 polarization is
activated by IL-4(Interleukin-4) and IL-13(Interleukin-13), which is generally considered to have
immunosuppressive effect(31). BMSC (Bone marrow mesenchymal stem cells) can inhibit macrophage
activation and transform M1 phenotype to M2 phenotype. BMSC was injected into the sulfur mustard
induced acute lung injury mouse model, and it was found that the proportion of anti-in�ammatory M2
macrophages and the proportion of M1 macrophages were signi�cantly increased and decreased in
BMSC-treated mice compared with the sulfur mustard group. At the same time, the expression of
TRL4(Toll-like receptor 4) was signi�cantly increased. This indicates that BMSC can inhibit the
breakdown of macrophages into M1 macrophages through TRL4 signaling pathway, promote their
transformation into M2 macrophages, and exert its anti-in�ammatory effect(32). Mesenchymal stem
cells can secrete vesicles with a diameter of 40-100 nm, which are called exosomes. Exosomes can carry
large amounts of proteins, cytokines, miRNAs, DNA and other biologically active substances. Exosomes
from bone marrow MSCs were extracted, and some of them were treated with LPS(Lipopolysaccharide),
and it was found that both the normal MSC exosomes and the LPS-treated MSC exosomes signi�cantly
reduced the positive rate of the M1 macrophage protein marker CD11 and increased the positive rate of
the M2 macrophage protein marker CD206. This indicates that exosomes derived from MSCs can
regulate macrophage polarization by inhibiting the NFκB (Nuclear factor kappa-B) pathway and
activating the Akt1/Akt2 Serine threonine-speci�c protein kinase pathway, thereby reducing post-
infarction in�ammation and cardiomyocyte apoptosis(33). Exosomes extracted from diabetic mouse
mesenchymal stem cells can reverse the expression levels of M1 and M2 cellular protein marker in
diabetic mice. miRNAs contained in exosomes, such as miR-23a and miR-125b, can synergistically target
the TLR4/NF-κB signaling pathway. Thus exerting anti-in�ammatory effects and promoting
neurovascular remodeling and functional recovery in mice with peri-diabetic lesions(34). Mesenchymal
stem cells can secrete TGF-β, which activates the Akt/FoxO1(Forkhead box transcription factor O1)
pathway in macrophages in mice with high body oxygen levels, alveolar �brosis and pulmonary vascular
remodeling(35). At the same time, recruitment of macrophages also plays a very important role in the
immune regulation mediated by mesenchymal stem cells. Among them, BMSC can secrete a large
number of chemokines, thus acting as the main chemotactic agent of macrophages and mediating the
immune regulation of macrophages. For example, MSCs mediate immunomodulation through INOS
(Inducible nitric oxide synthase) and COX2(Cyclooxygenase 2)-dependent pathways to increase PGE2
production, which in turn increases IL-10 production in macrophages by binding to EP2(Prostaglandin E
Receptor 2) and EP4(Prostaglandin E Receptor 4) receptors(36). Similarly, BMSC secretory factors can
polarize mouse peritoneal macrophages to the IL-10(Interleukin-10) phenotype, in which the in�ammatory
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chemokines CCL2 and CXCL2, secreted in BMSC, play an important role(37). Yap protein in Hippo
pathway can regulate in�ammatory response. Mesenchymal stem cells can control NLRP3 (Recombinant
NLR Family, Pyrin Domain Containing Protein 3 )by promoting Hippo pathway in macrophages,
regulating the interaction between yap and β- catenin, and regulate the activation of NLRP3 mediated by
XBP1(X-box binding protein 1) , so as to recombine macrophage M2 phenotype, so as to achieve the
purpose of treating liver aseptic in�ammatory injury(38). IL-10bmsc can inhibit the antigen presentation
ability of macrophages, but this effect can be eliminated when lncrna003946 in macrophages is knocked
out, which indicates that BMSC can play an immunomodulatory role by up regulating lnc RNA 003946 in
CD68 + antigen-presenting macrophages(39). This shows that MSCs can interact with macrophages and
act through in�ammatory factors such as TGF-β and IL-10 to modify the phenotype of macrophages
from a pro-in�ammatory M1 phenotype to an anti-in�ammatory M2 phenotype

1.2 Dendritic cell

Dendritic cells (DCs) are specialized antigen-presenting cells, named for the many dendritic or
pseudopod-like projections that extend out as they mature. They are present in lymphoid and non-
lymphoid organs as resident or migrating cells(40). Dendritic cells are a heterogeneous population of
leukocytes composed of different subpopulations that drive speci�c types of immune responses and can
initiate and modulate adaptive immune responses(41). Human granulocyte-macrophage progenitor cells
have been shown to have the potential to differentiate DC cells, and DC cell precursor cell populations
can migrate from the bone marrow, enter peripheral lymphoid organs such as the tonsils via the
bloodstream, and eventually differentiate into DC cells(42). DC cells are divided into three
subpopulations, which are : plasmacytoid DC, myeloid/conventional DC1 and myeloid/conventional
DC2(43).

MSCs can inhibit the proliferation of dendritic cells, thus exerting immunomodulatory and
immunosuppressive effects(25). MSCs with high expression or knockdown of HGF (Hepatocyte growth
factor) were co-cultured with mouse bone marrow-derived DCs for 3 days using the transwell system, and
then LPS-induced ALI (Acute lung injury) mice were treated with MSCs with high expression or
knockdown of HGF or MSCs for 24 h. The phagocytosis, accumulation, and maturation of dc cells were
examined, and MSCs were found to induce m-DCs cells to differentiate into regulatory DCs cells, and
MSCs treatment reduced DC cell aggregation and maturation and attenuated lung histopathological
injury, and this process was associated with the HGF/AKT pathway(44). DC cells have numerous
phenotypes, mainly expressing MHC-I (Major histocompatibility complex ) and MHC-II (Major
histocompatibility complex II) class molecules as well as CD370, CD207, CD205, CD1a, CD11c, CD11b,
CD83, CD40(45). DC cells were co-cultured with mouse MSC after TNF-α( Tumor necrosis factor Alpha)
treatment, and the presence of MSC caused ovalbumin-stimulated DCs to inhibit the proliferation of
antigen-speci�c CD4+ T cells or the ability of DCs to exhibit MHC-II-like peptide complexes that could be
recognized by speci�c antibodies, and the migration of mature DC cells to the chemokine
CCL19(Chemokine C-C motif ligand19) was signi�cantly reduced in MSC, indicating that MSC affected
the antigenic presentation and migration of DC cells(46). DC cells were co-cultured with MSCs and
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studied for their bidirectional regulatory effects and the key molecules associated with them, and the
results showed that when osteopontin activity was blocked, the effects of DC conditioned cultures on
MSC differentiation and CCL5 induction could be prevented, and the direct addition of exogenous PGE2
could inhibit DCs from producing osteopontin. It may be that MSCs modulate the signal according to
their activation state and also participate in the DC regulation of MSC differentiation, where PGE2 also
plays an important role(47).

DC cells are the target of immunomodulatory MSCs in type I diabetes. M-DC(Mature dendritic cells) cells
derived from monocytes in diabetic patients were co-cultured with MSCs and MSC-derived exosomes, and
DC cells under MSC and MSC-derived exosomes showed an immature phenotype and increased
expression of IL-10 and IL-6. This suggests that MSCs induce immature IL-10 secretion from DCs in vitro,
thereby promoting the anti-in�ammatory and regulatory responses exerted by MSCs(48). Dendritic cells
can initiate T-cell immunoregulation, and they can regulate T-cell differentiation toward Th1, Th2, Th17, or
Treg subpopulations. Dendritic cells can also indirectly regulate T-cell subpopulation differentiation by
activating intrinsic lymphocytes to produce regulatory cytokines that conform to T-cell subpopulation
norms(49). Immature dendritic cells (im-DCs) and lipopolysaccharide (LPS)-treated mature dendritic cells
were co-cultured with MSCs for 48 h. The expression of CD11c, CD80, CD86, interleukin 6, tumor necrosis
factor-α, and interferon-γ was found to be decreased, while CD11b, IL-10, and transforming growth factor-
β (TGF-β) expression was signi�cantly increased and stimulated splenocytes to produce markers of Tregs
(Foxp3, CD4 and CD25), suggesting that MSCs induce a shift from immature and mature DC phenotypes
to r-DC Regulatory dendritic cell  phenotypes and that MSC-DCs secreting anti-in�ammatory cytokines
(IL-10 and TGF-β) play a similar role to r-DCs, leading to the activation of Tregs(50). Bone marrow-derived
dendritic cells, were co-cultured with MSCs-derived exosomes (100 μg/ml) to observe the effects of MSC-
derived exosomes on the induction of tolerant dendritic cells in mice in order to study the effects of MSC-
derived exosomes on the induction of tolerant dendritic cells in mice. MSC-derived exosomes were found
to signi�cantly decrease the expression of lipopolysaccharide-treated DC cell surface markers and
decrease the release of IL-6 and increase the release of IL-10 and TGF-β. Exosomes from bone marrow
MSC-treated DC cells also reduced lymphocyte proliferation, thus suggesting that exosomes may be an
important regulator of DC cell-induced immune responses(51). Thus, MSCs can exert immunomodulatory
effects by regulating the phenotypic transformation of dendritic cells and inhibiting the proliferation of
dendritic cells, a process associated with cytokines such as IL-10, TGF-β, IL-6, and PGE2.

2. Lymphocyte

2.1 T lymphocytes

MSCs can mediate immune responses by regulating the activity of T lymphocytes, which are referred to
as T cells. T cells are immune cells that originate from the bone marrow 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, recognition of pathogens, tumors, and antigens(52). T lymphocytes do
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not produce antibodies, but act directly to kill target cells, assist or inhibit B cells to produce antibodies,
and respond to speci�c antigens(53).

Studies have shown that mesenchymal stem cells can regulate immunity through T lymphocytes. BMSC
can induce the apoptosis of T lymphocytes. When BMSC was co cultured with T lymphocytes, it was
found that BMSC could signi�cantly inhibit the proliferation of T lymphocytes. At the same time, when
BMSC was co cultured with CD4 cells and CD8 cells, it was found that bone marrow mesenchymal stem
cells could inhibit CD4 and CD8 lymphocytes(54). In the presence of pathogenic microbial stimuli, it is
able to provoke an immune response of innate immunity and produce interferon , IFN γ (interferon γ)is a
member of the type II interferon, which is widely involved in the immune response. BMSC was found to
promote phenotypic transformation of T lymphocytes. In an in vitro experiment, BMSC was administered
to alum-treated mice and was found to inhibit OVA(Ovalbumin)/alum sensitization and subsequent
excitation resulting in Th2-mediated eosinophilic pneumonia. CD4 converts to the Th1 phenotype and
inhibits Th2-mediated allergic airway in�ammation through an IFN γ-dependent process(55). The results
showed that the differentiation and function of th17 were signi�cantly inhibited after low, medium and
high doses of exosomes, and the content of histone H3K27me3(Trimethylatin f iysine 27 n histne 3) also
changed accordingly. This indicates that exosomes from MSCs can inhibit the differentiation of Th17
cells in ulcerative colitis, which is achieved by regulating H3K27me3(56). Human urine-derived MSCs
were co-cultured with CD4+ cells and found to inhibit CD4+ proliferation, resulting in downregulation of
Th1/Th17 immune responses in a PGE2-dependent manner(57). On the other hand, Terg cells, are a type
of regulatory T cell, a subset of T cells that regulate autoimmunity in the body Terg cells can be divided
into naturally occurring and induced natural regulatory T cells that suppress abnormal/overactive
immune responses to auto and non-auto antigens to maintain immune homeostasis(58). Terg cells can
act through cell-to-cell contact and also modulate inhibitory cytokines, such as IL-10, as well as modulate
body immunity by interacting with antigen-presenting cells(59). Therefore, Terg cells play an important
role in maintaining immune homeostasis and preventing autoimmune diseases and suppressing
rejection. At the same time, the mesenchymal stem cells can also block t cell blocks in g0/g1, inhibiting
the proliferation of t cells. Mesenchymal stem cells can induce Terg production(60). researchers used an
autoimmune EAE(Encephalomyelitis) mouse model to assess the therapeutic effects of exosomes
secreted by human bone marrow MSCs in multiple sclerosis and found that the number of
CD4+CD25+FOXP3+ regulatory T cells on the spinal cord of mice was upregulated after intravenous
injection of IFN γ (IFN γ-Exo)-stimulated MSCs-derived exosomes(61). CD4(+) lymphocytes and MSCs
were co-cultured with activated or silenced TLR3(Toll-like receptor3) or TLR4, and then their Treg cell
generation levels were measured. This phenomenon of enhanced Treg induction is cell contact-dependent
and is associated with increased gene expression of the Notch ligand Delta-like 1. Inhibition of Notch
signaling eliminated the enhanced Treg levels in MSCs. This suggests that MSC-activated TLR3 or TLR4
increases Treg induction through the Notch signaling pathway(62). Thus, MSCs are able to intervene in
the activation, proliferation, subpopulation, and phenotypic transformation of T lymphocytes, as well as
to increase the level of Treg cells, thus exerting an immunomodulatory effect. Among them, cytokines
such as IFN γ and PGE2 also play a role.
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2.2 B lymphocytes

B lymphocytes are derived from pluripotent stem cells of bone marrow, mainly located in human lymph
nodes and spleen. The differentiation of B cells can be divided into �ve stages: pre-B cells, immature B
cells, activated B cells and plasma cells. B cells can regulate the immune response, which is related to its
ability to produce antibodies. Mature B cells can become activated B cells after being stimulated by
antigen, and then become plasma cells to secrete and synthesize antibodies, so as to perform humoral
immunity. Its immunosuppression is related to the secretion of IL-10 by B cells(63, 64). B cells can also
express congenital pattern recognition receptors (including toll like receptors), complement receptors,
Epstein Barr virus receptors and cytokine receptors(65). The speci�c surface molecules of B cells are
CD19, CD20, CD21, CD79a, CD40. among them, the cytoplasmic domains of CD79a and CD79b contain
highly conserved motifs of tyrosine phosphorylation and Src family kinase docking. These motifs are
essential for initiating BCR (B-cell receptor )signal and B cell activation(66, 67).

Therefore, B lymphocytes can produce antibodies to mediate the immune response, and can also produce
a large number of cytokines to regulate immunity and participate in in�ammatory response. However, B
cells need to activate T cells for immune response. Mesenchymal stem cells can affect the activity of B
cells by the immunomodulators such as cytokines, chemokines and growth factors. In order to study the
immunomodulatory effect of MSC derived exosomes on B cells and other lymphocytes, MSC was co
cultured with IEC (Immunosuppressive towards effector cells )such as cd3post cells, cd19posb cells and
cd56posnk cells. The resting MSCs could not inhibit B cell division. However, after pretreated with IFN - γ
and TNF – α (Tumor necrosis factorα), MSCs obtained signi�cant immunosuppressive effect, and the
proliferation of B cells was reduced by more than 80% The exosomes derived from stem cells may
regulate B lymphocytes through paracrine action to achieve immune regulation(68). In a mouse model of
colitis, intraperitoneal injection of human bone marrow stem cells can enhance 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+Breg cells,
and reduce the clinical and pathological severity of colitis in mice(69). In a clinical study investigating
chronic graft-versus-host disease with MSC, 38 patients received bone marrow MSC at least twice at 4-
week intervals, with follow-up examinations every 3 months until 12 months after the �rst MSC infusion.
The number of CD27+ and memory B lymphocytes was signi�cantly increased in patients with chronic
graft-versus-host disease after MSC treatment, while plasma levels of BAFF(B-cell activating factor) on
peripheral B lymphocytes decreased and BAFF-R(BAFF receptor) expression increased. This indicates that
the therapeutic mechanism of MSC for chronic graft-versus-host disease is accompanied by changes in
naïve and memory B-cell subsets, and regulates plasma BAFF levels and BAFF-R expression on B-
lymphocytes(70). A multicenter prospective cohort study of mesenchymal stem cells in the treatment of
bronchiolitis obliterans after allogeneic hematopoietic stem cell transplantation showed that compared
with the non bone marrow mesenchymal stem cell group, patients in the bone marrow mesenchymal
stem cell group had a better change in FEV1(Forced Expiratory Volume in the �rst second) reduction rate
compared with the non bone marrow mesenchymal stem cell group, The production of CD5 + B cells by
IL-10 was also signi�cantly increased(71). In a rat model of intervertebral disc injury, we transplanted
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MSC veins into rats and found that MSC transplantation resulted in an increase in the number of
Pax5(Paired-box 5)+B lymphocytes and an increase in MHC II+ and CD4+ cells, as well as an up-
regulation of the in�ammatory cytokines IL-2, IL-4, IL-6, and IL-10, and a down-regulation of IL-13 and
TNF-α compared to controls(72). In a study on the biology of bone marrow-derived mesenchymal stem
cells in primary immunode�cient patients, the researchers performed a detailed analysis of the biological
characteristics of bone marrow-derived mesenchymal stem cells from 33 children with primary
immunode�ciency (PID-MSCs) and found that all PID-MSCs exhibited clonogenic and proliferative
capacity, morphological and immune phenotypes similar to those of HD-MSCs (Bone marrow-derived
mesenchymal stem cells from healthy child donors) are comparable, and are able to inhibit cells such as
B cells, and inhibit the transformation of monocytes into immature dendritic cells(73). In a study of the
effects of mesenchymal stem cells derived from human full-term placental amniotic membrane (hAMSC)
and the conditioned media-derived mesenchymal stem cells (CM-hAMSC) generated from their culture on
B cell proliferation and differentiation, it was found that both hAMSC and CM-hAMSC strongly inhibited
the proliferation of CpG-activated B cells. In addition, CM-hAMSC also blocked B cell differentiation,
resulting in an increased proportion of mature B cells and decreased antibody-secreting cell formation
(74). CFSE-labeled mouse splenocytes were cultured in mesenchymal stem cells and human bone
marrow-derived mesenchymal stem cells from trophoblast-like intermediate human embryonic stem cells,
and B cells were stimulated with anti-IgM antibodies. Dependent B-cell proliferation indicates that MSCs
produced in trophoblast-like intermediate human embryonic stem cells have immunosuppressive effects
on B-lymphocytes, as do human bone marrow MSCs, and that trophoblast-like intermediate human
embryonic stem cells do not increase the expression of in�ammatory mediators in response to IFN γ and
can constitutively express high levels of the immunosuppressive ligand PD-L1 ( Programmed cell death 1
ligand 1)(75). Therefore, MSCs, with respect to B lymphocytes, mainly play an immunosuppressive role,
inhibiting the proliferation of B lymphocytes through in�ammatory factors such as IFN-γ and TNF-α.

2.3 NK cells

NK cells, also known as natural killer cells, are an important immune cell produced by the body and are
involved in hypersensitivity reactions. NK cells can be expressed as CD3-CD56 lymphocytes in humans.
NK cells have many receptors that, when used alone or in combination, trigger their effector functions.
CD314 , NCR(the Natural cytotoxic receptor), CD226, and CD16 are highly characterized receptors for NK
cell activation. These receptors tightly regulate the activity of NK cells, enabling them to distinguish
between "normal" and "dangerous" cells. In summary, NK activation depends on the balance between
activating and inhibiting signals triggered by the receptor-bound ligand. When activation signals prevail,
NK cells respond, whereas when inhibitory signals are strong, NK cells do not respond(76, 77).

Mesenchymal stem cells can be immunomodulated by NK cells. Bone marrow MSCs have been shown to
promote degranulation of NK cells, which can occur when NK cells are in close proximity to target cells
due to components such as perforin and granzyme, and degranulation is related to the killing activity of
NK cells, which can directly kill target cells and exert the effect of innate immunity(78). NK cells of
peripheral blood mononuclear cell origin from healthy donors were incubated with SKO-007 (J3) cells
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(Human myeloma cells), some of which were untreated and some of which were incubated with BMSC-
CM for 72h, as target cells for degranulation assay. The results showed that CD107a expression was
signi�cantly elevated in the combined BMSC incubation group, indicating enhanced degranulation of NK
cells, and the same results were also observed in patient-derived NK cells against SKO-007 (J3) cells or
autologous CD138+ plasma cells treated with BMSC-CM(79). Bone marrow MSCs also modulate the
immune activity of hepatic NK cells, and Con A (Concanavalin A) was injected into C57 to model Con A
liver injury. The results showed that bone marrow MSC transplantation reduced factors and cytotoxic
substances in mouse liver, suggesting that bone marrow MSC can reduce the activation of hepatic NK
cells(80). More than a simple static inhibition of MSCs and NK cells, studies have shown that activation
of MSCs between tissues can also modulate the immune function of NK cells. Interferons to enhance NK
cell effector function, while at subsequent time points, TGF-β and IL-6 limit NK cell effector function and
terminate the in�ammatory response by inducing a regulatory senescence-like NK cell phenotype(81).
MSCs can also inhibit NK cells by inhibiting IL-2. Negatively selected NK cells were activated with IL-2 and
plated on irradiated MSCs at a ratio of 4:1 (NK/MSC) (which proved to be the most optimal for NK-MSC
inhibition). 7 days later, the phenotype, cytotoxicity, proliferation and cytokine production of NK cells were
examined and MSCs were found to be It not only inhibits cytokine-induced NK cell proliferation, but also
inhibits effector functions such as cytotoxicity and cytokine production by NK cells(82). NK cells and
MSCs also have a bi-directional role in regulating and in�uencing NK cell activity. Pre-activated MSCs
were found to signi�cantly inhibit the expression of activation markers in hepatic NK cells after co-
transplantation with pancreatic islets to regulate NK cell activity(83). Meanwhile, NK cells can also
promote the homing effect of MSCs. MSCs were co-cultured with human bone marrow MSCs and NK
cells fresh from healthy donors, and then the supernatant of MSC-NK cell co-culture was tested and
found to induce MSC recruitment to the damaged tissue sites(84). MSCs can interfere with the
degranulation of NK cells and thus have an inhibitory effect on the proliferative killing activity of NK cells,
which is associated with cytokines such as IL-2 and IFN-γ.

Immunomodulation Of Mesenchymal Stem Cells In Cardiovascular
Disease
1. Myocardial infarction

Myocardial infarction is a severe narrowing of the coronary arteries, resulting in a dramatic reduction or
interruption of the blood supply, which leads to myocardial necrosis due to persistent ischemia. When the
duration of ischemia is too long, it can cause the death of myocardial cells and symptoms such as severe
angina pectoris and arrhythmia, which can be life-threatening in severe cases.

MSCs can reduce cardiac dysfunction after myocardial infarction through their immunomodulatory
effects. Intravenous MSCs were administered to mice in a model of myocardial infarction and were found
to eliminate the progressive deterioration of left ventricular end-diastolic volume and left ventricular end-
systolic volume and signi�cantly reduce the number of natural killer cells and neutrophils in the heart and
spleen(85). IL-33( Interleukin-33) is a tissue-derived nuclear cytokine of the IL-1 family, which functions as
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an alarm signal released in response to cell injury or tissue damage. It targets mast cells, regulatory T
cells, NK cells, neutrophils and macrophages in the body, making it an extremely important
immunomodulatory molecule(86). MSCs transfected with empty plasmids were co-cultured with MSCs
transfected with IL33 with T cells and macrophages, and T cell proliferation and polarization of
macrophages were observed. The experiments showed that IL33-MSCs decreased T cell proliferation,
promoted the differentiation of CD4+ T cells into CD4+IL-4+ Th2 cells, and enhanced the polarization of
CD206+ macrophages, and the myocardial �brosis, in�ammation, and cardiac function recovered better
in rats treated with IL33-MSCs(87). IL-10 is a multipotent cytokine with anti-in�ammatory properties that
prevents host damage by limiting the immune response to pathogens and can exert immunosuppressive
or immunostimulatory effects in a variety of cells(88). IL-10-transfected MSCs were injected into MI rats,
and in vitro glycogen deprivation revealed that overexpression of IL-10 in MSCs enhanced cell viability
and increased IL-10 secretion. The infarct size, myocardial injury and apoptosis were reduced, and
systemic and local in�ammation were reduced(89). In a murine model of acute myocardial infarction,
MSC were injected and were found to signi�cantly reduce the M1 phenotype in macrophages, decrease
IL-1β(Interleukin-1β) and IL-6 expression, increase IL-10 expression, and were able to increase alternate
monocyte/macrophage activation, thus MSC may function to repair the myocardium through IL-10-
mediated in�ltration of pro-in�ammatory macrophages to anti-in�ammatory macrophages at the site of
infarction(90). Some studies have shown that mesenchymal stem cells not only act directly on the
infarcted myocardium, but also migrate to the spleen, liver, bone marrow and other organs, and regulate
the polarization of macrophages through their paracrine function, promoting the transformation of
macrophages in the infarcted myocardium towards the M2 phenotype or the transformation of pro-
in�ammatory cells from M1 type to anti-in�ammatory cells from M2 type in organs other than the heart,
thus regulating the in�ammation of myocardial infarction(91, 92). MSC were injected in a porcine model
of heart failure combined with myocardial infarction (MI) and rapid pacing and were found to exhibit
enhanced viability and promote vascular regeneration by activating regulatory T cells and reducing
in�ammatory cells(93).

2. Heart failure

Heart failure is a progressive disease, a syndrome that occurs when cardiovascular disease progresses 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, and a decrease in the collapse capacity of the ventricles, which
impairs the �lling degree and ejection fraction capacity of the ventricles.  And immune activation and
in�ammatory responses play an important role in the course of heart failure.         

Mesenchymal stem cells can be an effective treatment for heart failure through immunomodulation.
Isolation of peripheral blood mononuclear cells from fresh whole blood samples from healthy normal
subjects or patients with end-stage heart failure, followed by co-culture with MSC-derived exosomes,
showed that MSCs were highly inhibitory, inhibiting lymphocyte proliferation and antibody production in
vitro, and that IgG3 production was high in plasma cells from patients with end-stage heart failure and
was shown to be inhibited by MSCs in an in vitro assay(94). CD4 is normally expressed on the surface of
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human T lymphocytes, while Th1 cells in CD4 have a role in humoral immunity(95). CD4/CD8 is an
important indicator of immune regulation(96). Co-transplantation of MSCs into mice with pluripotent
stem cell-derived cardiomyocytes revealed that MSCs affect activated lymphocytes directly through cell-
to-cell contact, thereby reducing the CD8/CD4 ratio, the proportion of Th1-positive cells among CD4-
positive cells, and the secretion of several in�ammation-associated cytokines. And through this pathway,
it has a therapeutic effect on severe heart failure(97).

post-infarction myocardial �brosis and poor ventricular remodeling as major causes of heart failure(98).
Ischemic and non-ischemic injuries to the heart cause detrimental changes in the size, shape and
function of the ventricles, and this detrimental remodeling is mediated by neurohormonal and
hemodynamic changes that can lead to heart failure and even death in severe cases(99). In a porcine
model of anterior wall myocardial infarction, MSCs were injected and found to be immunoprotective and
to reduce adverse remodeling after myocardial infarction(100). In contrast, in a mouse model of
in�ammatory DCM(Dilated cardiomyopathy), MSC inhibited poor cardiac remodeling, improved organ
function, and prolonged lifespan(101). While myocardial �brosis often causes left ventricular
dysfunction, which can lead to heart failure(102). In a rat model of myocardial infarction, MSC were taken
from homozygous rats and found to signi�cantly inhibit the proliferation of lymphocytes and reduce the
degree of myocardial �brosis to treat heart failure(103).

3. Atherosclerosis

Atherosclerosis is a major cause of cardiovascular disease, which is a chronic vascular in�ammatory
disease. Atherosclerotic lesions contain macrophages, T-cells, and other immune response cells, and their
development is importantly linked to immune regulation(104). Because of their immunomodulatory and
tissue regenerative capabilities, MSCs are well positioned to treat atherosclerosis. TGF-β1 can mount an
immune response when activated, and regulatory T cells can suppress proximal immune cells by
activating GARP(Glycoprotein -A repetitions predominant) -mediated activation of potential TGF-β1 acting
on their surface with integrin αVβ8. Treatment of atherosclerotic mice with MSCs revealed increased
secretion of anti-in�ammatory cytokines such as TGF-β1 and IL-10 and decreased secretion of pro-
in�ammatory cytokines such as TNF-α, IL-1β and IL-6, and allowed TGF-β1 to participate in MSC-
mediated induction of CD4+CD25+Foxp3(Forkhead box P3)+ regulatory T cells and NK cells Decrease in
proliferation(105, 106). While MSCs can exert immunomodulatory and immunosuppressive effects
through the secretion of humoral factors, culture media for adipose-derived MSCs, like MSCs, can reduce
the expression of cell adhesion factors by inhibiting the mitogen-activated protein kinase (MAPK) and
NFκB pathways and also reduce the accumulation of macrophages in the vessel wall by inhibiting MAPK
and NFκB pathways. The κB pathway decreases the lipopolysaccharide-induced increase in M1 marker
expression and increases M2 marker expression by activating the STAT3(Signal transduction and
activation protein 3 )signaling pathway(107). The polarization of macrophages is closely related to
atherosclerosis. Abnormal lipid metabolism can lead to endothelial dysfunction and the secretion of
adhesion factors, which can lead to the recruitment of macrophages to form foam cells, thus promoting
the formation of atherosclerotic plaque. Macrophages secrete anti-in�ammatory factors, such as IL-10,
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TGF-β, and can promote blood vessel regeneration and tissue remodeling and repair(108). 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. However, persistent dysregulation of IL-6
synthesis plays a pathological role in chronic in�ammation and autoimmunity(109). MSC signi�cantly
suppressed the pronounced systemic IL-6 response induced by intranasal administration of LPS in LPS-
induced APOE(Apolipoprotein E)*3-Leiden mice models of acute and chronic in�ammation, emphysema,
and atherosclerosis(110). Human induced pluripotent stem cells(iPSC-MSCs) were administered
intravenously to APOE knockout mice on a HFD(High-fat diet) for 12 weeks, and iPSC-MSCs were found
to signi�cantly reduce plaque size. and made the macrophages in the plaques lower than those in the
controls. In addition, iPSC-MSCs reduced in�ammation by reducing serum levels of in�ammatory
cytokines, such as TNF-α and IL-6, thereby treating atherosclerosis(111).

4. Myocardial Ischemia Reperfusion Injury

After myocardial infarction, timely reperfusion treatment can reduce the infarct area, but after reperfusion
treatment, arrhythmia, myocardial contraction dysfunction and other symptoms often appear, which is
myocardial ischemia-reperfusion injury(112). In�ltration of in�ammatory cells occurs after myocardial
ischemia/reperfusion, allowing the progression of myocardial ischemia/reperfusion injury toward
in�ammatory injury. In a mouse model of acute myocardial infarction, mesenchymal stem cell-derived
exosomes were found to exert profound immunomodulatory effects on dendritic cells, dendritic cells, and
monocytes or macrophages, and high expression of miRNA-181 mesenchymal stem cell-derived
exosomes could create an anti-in�ammatory environment, enhance Treg cell polarization, and
signi�cantly ameliorate ischemia-reperfusion through downstream c-Fos protein Cardiac function and
infarct size in perfusion-impaired mice(113). TLR2, the most widely expressed member of the TLR family,
is a type I transmembrane protein that acts as a pattern recognition receptor, recognizes and binds to
several pathogen-associated molecular patterns PAPS and triggers a cascade of signaling that leads to
the release of mediators of in�ammation, thereby initiating an innate immune response. TLR2(Toll-like
receptor 2) is associated with in�ammation and myocardial dysfunction after ischemia/reperfusion
injury (I/R), and knockdown of mesenchymal stem cell-derived exosomes of TLR2 improves myocardial
recovery from immunomodulation and promotes the release of vascular growth factor, thereby protecting
cardiac function(114). STAT3 can be activated by stimuli such as many cytokines or growth factors and
plays a role in inducing the transcription of target genes in response to the release of IL6 during
in�ammation(115). STAT3 also modulates cardiomyocyte apoptosis and cell proliferation
immunomodulation after ischemia/reperfusion .In a rat model of myocardial ischemia/reperfusion,
intracoronary infusion of MSCs was found to improve postoperative left ventricular function, reduce
tumor necrosis factor secretion, and modulate the immune response of cardiomyocytes via STAT3 as a
mediator(116).

5. Cardiomyopathy and myocarditis
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Dilated cardiomyopathy can occur when there is some genetic or environmental damage to the heart
muscle. Dilated cardiomyopathy refers to left ventricular dilation and systolic dysfunction in the absence
of coronary artery disease or abnormal loading conditions in proportion to the degree of damage, and it is
one of the causes of heart failure(117). MSCs can secrete cytokines such as HGF and VEGF. After MSCs
were injected into the myocardium, they were found to increase myocardial capillary density, decrease left
ventricular end-diastolic pressure, increase left ventricular maximal isovolumic systolic index (dP/dt), and
improve left ventricular systolic function(118) .Chronic Chagas disease cardiomyopathy , an extremely
fatal in�ammatory cardiomyopathy associated with the patient's own innate immune response, can be
characterized by abundant expression of pro-in�ammatory cytokine Th1 T cells, cardiomyocyte
hypertrophy, and prominent �brosis in the area of the heart lesion(119). Researchers transplanted MSCs
into Chronic Chagas disease cardiomyopathy mice and found that MSCs caused inhibition of cardiac
in�ammation and �brosis and reduced the expression levels of CD45, TNFα, IL-1β, IL-6, and IFN γ,
suggesting that MSCs have rich potential for the treatment of Chronic Chagas disease
cardiomyopathy(120).

Myocarditis is an in�ammatory disease of the myocardium associated with immune dysfunction that, if
left untreated, is likely to result in cardiogenic shock and death(121). Researchers injected autologous
bone marrow or allogenic placental membrane-derived mesenchymal stem cells (FM-MSCs) into
experimental immune myocarditis mice and found that FM-MSC-treated experimental immune
myocarditis mice had signi�cantly fewer in�ltrating Th17 cells and a signi�cantly lower percentage of
Th1 cells, suggesting that FM-MSCs can improve Th1/Th17 immunity by suppressing Th1/Th17
immunity. Experimental immune myocarditis(122). In addition, MSCs can also reduce the severity of
experimental immune myocarditis by releasing hepatocyte growth factors and inhibiting the expression
of IL-2, IL-6, and IL-10 in the myocardium(123). CVB3(Coxsackievirus B3) can induce myocarditis, an
immune-mediated disease. Co-culture of MSCs with CVB3-infected HL-1 cardiomyocytes revealed that
CVB3-induced CD4- and CD8-T cell activation of HL-1 cells could be reduced by MSCs in a nitric oxide
(NO)-dependent manner. In addition, MSCs require priming by IFN-γ to exert their protective effects(124).

Table.2 Differences in the e�cacy of mesenchymal stem cells in different cardiovascular diseases
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Type of disease Involved immune cells Involved cytokines Signaling pathways
involved

Myocardial
infarction

Mast cells, regulatory T
cells, NK cells, neutrophils,
macrophages(88)

IDO, COX2, PGE2,
TNF-α, IL-1β, IL-6, IL-
10, IL-33(89)(91)

Wnt-singaling, NFκB-
singaling(92)

Heart failure Helper T cells, B
lymphocytes(96)(99)

IL-2, TGF-β(96) PD1 signalling(96)

Atherosclerosis Regulatory T-cells,
Macrophages

(107,108,109)

TNF-α, IL-6, IL-12, IL-
10, IL-1R(107,108)

MAPK singaling, NFκB-
singaling(109)

Myocardia-
lschemia
Reperfusion-
injury

Dendritic cells, Monocytes,

Macrophages(115)

TNF, IL-6(117,118) STAT3singaling,

PI3K/AKTsingaling(118)

Cardiomyopathy Helper T cells (121) HGF, VEGF, TNFα, IL-
1β, IL-6, IFNγ(120)
(122)

Gal-3 singaling(122)

Myocarditis Helper T cells(124) IL-2, IL-6, IL-10, IFN-
γ(125,126)

PKC singaling(125)

Abbreviations: IL-1β: Interleukin-1β IL-33 Interleukin-33 IL-12: Interleukin-12; IL-1R: Interleukin- 1R; HGF:
Hepatocyte growth factor ; VEGF: Vascular endothelial growth factor; IFN  γ: Interferon γ, IDO:
Indoleamine 2,3-dioxygenase, PD-1: Programmed death-1, Wnt: Wingless/Integrated, MAPK: Mitogen-
Activated Protein Kinase, Gal-3:Galectin-3, PKC: Protein kinase C.

Conclusion
Mesenchymal stem cells are pluripotent stem cells with self-renewal capacity and multidirectional
differentiation. They represent the most promising direction for the treatment of diseases such as
in�ammatory, neurological, cardiovascular, and autoimmune diseases because of their multilineage
differentiation potential, immunomodulatory properties, and pro-angiogenic properties(126). Also, its
secreted product, exosomes, play an important role in functions such as multidirectional differentiation.
MSCs have potent immunomodulatory and anti-in�ammatory activities, which are mediated by their
paracrine function, contributing to anti-in�ammatory and tissue repair(127). Therefore, it has remarkable
e�cacy in the treatment of cardiovascular diseases. For example, MSCs mediate cardiomyocyte immune
responses through STAT3 to improve myocardial ischemia-reperfusion injury; exosomes signi�cantly
improve cardiac function in mice with ischemia-reperfusion injury by regulating c-Fos protein and
enhancing Treg cell polarization; MSCs reduce the in�ammatory response in the myocardial infarction
zone by increasing IL-10 levels; MSCs can be used to treat atherosclerosis by modulating the phenotypic
transition between the pro-in�ammatory and anti-in�ammatory phenotypes of macrophages. However,
during clinical trials, some problems still occur, such as unintended differentiation of MSCs, decreased in
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vivo survival of transplanted MSCs, and calci�cation in the infarcted area was also observed in clinical
trials for the long-term e�cacy of MSCs in the treatment of myocardial infarction[126]. Storage and
transport of MSCs has also become an issue for clinical use, and studies have shown that
cryopreservation of MSCs can lead to impairment of their immunomodulatory properties(128).Therefore,
although the use of MSCs immunomodulatory function for cardiovascular disease treatment may be a
breakthrough and promising therapeutic approach, most MSC treatments are still in the state of
preclinical technology and further basic research and clinical trials are needed to ensure that MSCs will
play a more important role in the future of cardiovascular therapy.
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Figure 1

Macrophages are a type of Immune cells that are further differentiated from differentiated monocytes
derived from bone marrow-derived precursor cells. MSCs can inhibit macrophage activation and can
promote the conversion of macrophages from a pro-in�ammatory M1 phenotype to an anti-in�ammatory
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 are able to regulate the conversion of T cells
towards helper T cells as well as cytotoxic T cells. Mesenchymal stem cells can inhibit the proliferation of
dendritic cells, thus affecting their regulatory T-cell function, which is associated with factors such as
TNF-α, IL-10, IL-6, INF γ, and TGF-β.
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Figure 2

In the process of immune regulation, T cells can be divided into different subpopulations, such as Th1,
Th7,Treg. MSCs can inhibit the proliferation and differentiation of T cells. This effect is related to the
release of soluble factors such as TGF-β, HGF, IL-10, PGE-2, IL-6, INOS, IDO. Stem cells coming from bone
marrow can gradually differentiate into mature B cells, which, after antigenic stimulation, differentiate
and proliferate into plasma cells. MSCs are also able to inhibit the proliferation of B lymphocytes and the
production of antibodies, which is associated with factors such as TGF-β, PGE2, IL-6, CXCR4. MSCs can
also promote the release of perforin and granzyme from NK cells, thus promoting degranulation of NK
cells, which is related to TGF-β, PGE2, IL-6, IL-2


