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Impact statement

This review is centered on the interactions
between mesenchymal stem cells (MSCs)
and immunological rejection after heart
transplantation. The use of MSC as a new
immunosuppressive agent has the poten-
tial to improve the survival of patients after
heart transplantation. Understanding the
process of rejection and the mechanism of
protection provided by MSC is important
for designing relevant studies.
Furthermore, latest relevant results from
rodent in vivo studies have been summa-
rized in this review. Therefore, this review
will not only provide useful information to
guide basic research, but also discuss the
potential clinical use of MSC.

Abstract

Heart transplantation continues to be the gold standard clinical intervention to treat patients
with end-stage heart failure. However, there are major complications associated with this
surgical procedure that reduce the survival prognosis of heart transplant patients, including
allograft rejection, malignancies, infections, and other complications that arise from the use
of broad-spectrum immunosuppression drugs. Recent studies have demonstrated the use
of mesenchymal stem cells (MSCs) against allotransplantation rejection in both in vitro and
in vivo settings due to their immunomodulatory properties. Therefore, utilization of MSCs
provides new and exciting strategies to improve heart transplantation and potentially
reduce the use of broad-spectrum immunosuppression drugs while alleviating allograft
rejection. In this review, we will discuss the current research on the mechanisms of cardiac
allograft rejection, the physiological and immunological characteristics of MSCs, the effects
of MSCs on the immune system, and immunomodulation of heart transplantation by MSCs.
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Introduction

Since human heart transplantation was first performed by
Dr Barnard in 1967, the procedure has proven to be the
most effective and final treatment for end-stage heart fail-
ure.! However, the prognosis of heart transplant patients
remains poor. Immune rejection remains to be the most
significant challenge for heart transplant recipients despite
the breakthrough use of immunosuppressive agents. While
this treatment is effective against acute rejection, it is less so
for chronic rejection.” Moreover, long-term use of nonspe-
cific immunosuppression agents, such as Mycophenolate
mofetil and Tacrolimus, are associated with many fatal
complications. These include infections, malignancies,
accelerated cardiovascular disease, metabolic complica-
tions, and direct toxic effects on transplanted tissues, all
limiting the median survival of patients following heart
transplantation ~ procedure to under 125years.**
Therefore, it is critical to find new methods to both
reduce acute immune rejection and replace the long-term
use of nonspecific immunosuppression agents.
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In recent years, several studies have revealed unique
properties of mesenchymal stem cells (MSCs) that regulate
the immune response.”” Some of the novel regulation of
MSCs to inhibit the immune rejection response occur at
different levels, including the silencing of the cell activation
of both the innate and adaptive immune systems and pro-
moting a cardioprotective response from other cells. Due to
their low immunogenicity, attributed to low expression of
human leukocyte antigen major histocompatibility com-
plex I (MHC I), and a lack of MHC II molecules and
co-stimulatory antigens (such as CD80 and CD86), MSCs-
based cell therapy promises several advantages over other
cell-type based therapies against cardiac allograft rejection.
Therefore, MSCs are considered immunologically safe for
use in allogeneic clinical therapies.® Moreover, MSC-based
cell therapy was shown to reduce necrosis, apoptosis, fibro-
sis, while promoting angiogenesis, therefore enhancing the
overall cardioprotection and reducing the damage caused
by immunological rejection with an increase in survival
time of the transplanted heart. Thus, MSCs have significant
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potential to develop into the next novel preventative cell-
based therapy for patients suffering from immunological
rejection.

In this review, we provide a current synopsis of the
alloimmunity response that accompanies heart transplan-
tation and discuss the protective immunomodulatory func-
tion of MSCs on the innate and adaptive immune systems,
and review the efficacy of MSC-based therapies in experi-
mental models of heart transplantation.

Physiological and immunological
characteristics of MSCs

Identification of MSCs

MSCs are a heterogeneous subset of non-hematopoietic
cells that are characterized by their capacity to differentiate
into tissues of mesodermal lineages. Although there are no
unique cell-specific markers for MSCs, minimal criteria
have been provided by The International Society for
Cellular Therapy to define MSCs. Briefly, in vitro, cells
with the ability of adherence to plastic under standard cul-
ture conditions, expressing cluster of differentiation (CD)
genes such as CD105, CD73, and CD90, but not expressing
CD45, CD34, CD14, CD11b, CD19, CD79, and HLA-DR
genes. These cells have also been described to have the
capacity to differentiate into chondrocytes, osteoblasts,
and adipocytes in vitro.” MSCs can be obtained from several
tissue sources, including bone marrow, umbilical cord
blood, Wharton’s jelly, amniotic fluid, adipose tissue, and
dental pulp.'®

Immunological characteristics of MSCs

MSCs have the ability to inhibit the immune response by
regulating several immune cell lineages at different levels;
meanwhile, they show extremely low antigenicity allowing
to escape alloreactivity."! Altogether, utilizing MSCs prove
to be a potential cell-based therapy against cardiac allograft
rejection. The most significant advantage of MSC therapy
compared to the use of broad-spectrum immunosuppres-
sive agents is their dynamic and specific regulation of the
immune system. More specifically, broad-spectrum immu-
nosuppressive agents protect allografts from rejection by
nonspecific suppression of the total immune system; there-
fore, these agents not only stop the transplant rejection but
also effectively shut down the immune surveillance of
tumors and infections. Hence, transplant patients suffer
from post-surgical health risks due to malignancies and
severe infections when they are on broad-spectrum immu-
nosuppressants for the rest of their lives.

In comparison, the immunomodulatory functions of
MSC are dependent on and adaptive to the inflammatory
microenvironment.'” Preclinical studies have shown that
tumor immune responses are not compromised by MSCs
injection treatment.'® Furthermore, MSCs have been shown
to have antibacterial capabilities mediated by direct secre-
tion of antibacterial factors or indirect activation of innate
immune effector cells.'"* Together, these immunological
properties of MSCs confer their bio-effectiveness and

biosafety in comparison to broad-spectrum immunosup-
pressive agents.

MSCs alleviate innate immune response of
cardiac allografts

MSCs protect cardiac allografts from
ischemia-reperfusion injury

Currently, ischemia-reperfusion (I-R) injury remains as an
inevitable part of organ transplantation. Following trans-
plantation, the damage-associated molecular patterns
(DAMPs) release, which is a potent activator of the innate
immune response and correlates to the survival prognosis
of the patient.”> DAMPs include intracellular constituents
such as nucleic acids or heat shock proteins that remain
sequestered from the immune system during homeostasis
but are released into the extracellular environment or
exposed on the cell surface following cell damage.'>'®
DAMPs also include extracellular constituents, such as
matrix components that are modified in the context of cell
stress or injury.'” During I-R injury, DAMPs are released
and stimulate the innate immune system by activating pat-
tern recognition receptors (PRRs), which are readily
expressed and presented on the surface of most immune
cells and some structural cells.'® Toll-like receptors (TLRs),
located at the surface and outer membrane of intracellular
vesicles, are the principal member of PRRs. Activation of
TLRs mediates a complex cascade of intracellular kinase
activity, which later upregulates the transcription factor
NF-xB and induce the expression of pro-inflammatory
genes.19 As a result of TLRs activation, the secretion of
inflammatory cytokines, the recruitment of neutrophil,
the maturation of antigen-presenting cells (APCs), and
the upregulation of co-stimulatory molecules and the
MHGCs are all also elevated.'®?%?! Therefore, donor hearts
begin to experience an allogeneic injury from the nonspe-
cific immune response, with no resolution in sight due to
continuous DAMP release upon further cell damage, and
this vicious cycle of injury-response eventually leads to
organ rejection.”>>*

Hence, protecting the donor heart from I-R injury is a
critical first step. On this front, several studies have shown
the efficacy of MSCs against I-R injury.>" Korkmaz-Icoz
et al. showed that in the presence of MSCs, in which the
isolated hearts are perfused with a hypothermic histidine-
tryptophan-ketoglutarate (HTK) solution supplemented by
MSC conditioned medium, the donor hearts show greater
preservation and gain resistance to I-R injury.”® Compared
to groups perfused with HTK only, the supply of MSCs-
conditioned medium improved the cardiac function of the
allografted heart. Moreover, the gene expression related to
apoptosis, inflammation, and oxidative stress had all been
downregulated. Similar results were also obtained on other
solid organ preservation. For example, Daisuke et al. used
MSCs therapy during ex vivo pig lung perfusion. They
found that MSCs therapy can significantly protect the iso-
lated pig lung from I-R injury with an evident decrease of
apoptosis and inflammations.®" Similar results have also
been shown in liver transplantation trials. Even after 24 h



of preservation at 4°C in University of Wisconsin (UW)
solution, the portal transfusion of the MSCs ameliorated
the injury of the liver graft after prolonged cold preserva-
tion and transplantation.’® In light of these studies, MSC
treatment of donor organs presents a critical improvement
to the standard protocols of organ preservation and resis-
tance to I-R injury.

MSCs affect maturation and differentiation of
dendritic cells

Dendritic cells (DCs) are not only the APCs with the most
potent antigen-presenting properties but also serve as an
essential modulator of the cross-talk between the innate
immune system and the adaptive immune system. Donor
DCs mature immediately and migrate to the secondary
lymphoid organs of the recipient through the lymphatic
system under the activation of DAMPs-induced TLRs sig-
naling.>*** In the lymphatic organ, DCs present intact
donor MHC-antigene complexes to host T cells, then pro-
vide efficient co-stimulatory signals like B7 molecules
(namely CD80 [B7-1] or CD86 [B7-2]), CD40 to host T
cells®?* which is termed as the “direct presentation.”
Subsequently, when the DCs from the donor’s heart are
exhausted, DCs from the recipient take over. The antigen-
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presenting process mediated by recipient DCs is termed
“indirect presentation.” Through direct presentation and
indirect presentation, T cells are activated, which in turn
caused the adaptive immune response (Figure 1).

DCs are only APCs that can activate inactivated naive T
cells. The maturation of DCs is a necessary condition for
their function to activate T cells. In this regard, MSCs have
been shown to prevent the maturation and the migration of
DCs.”” Co-culture experiments with MSCs and DCs
showed that the expression of co-stimulatory genes and
antigen presentation of DCs are attenuated.*® Interleukin-
6 (IL-6) and macrophage colony-stimulating factor (M-CSF)
secreted by MSCs have been reported to be involved in this
maturation inhibition.””*° Further studies have suggested
that other soluble factors (such as prostaglandin E2 (PGE2))
may play a main role in the inhibition of DC maturation in
addition to IL-6 and M-CSF.*’

Interestingly, DC inhibition through the paracrine fac-
tors secreted by MSCs was much weaker than the predom-
inant regulation through MSC contact-dependent Notch
signaling pathway.** MSC inhibitory actions regarding
DC maturation have also been confirmed in a heart trans-
plantation in vivo study.*' Altogether, MSCs negatively
influence DCs (the most significant APC), and prevent
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Figure 1. Schematic mechanism of cardiac allograft rejection. After heart transplantation, donor APCs present antigens to the secondary lymphoid organs of the
recipient. In the lymphatic organs, APCs present intact donor MHC-antigene complexes to host T cells. T cells are activated by a combination of MHC-antigene
complexes and efficient co-stimulatory signals. T cells then exert effects of adaptive immunity to cardiac allografts. When donor APCs are exhausted, recipient APCs
take control. When recipient B cells present antigen to T cells, B cells are activated to plasmablasts. Plasmablasts then play a humoral immune response on the cardiac

allografts. The effects of other innate immune cells are not shown in the figure.

APCs: antigen-presenting cells; CD: cluster of differentiation; DCs: dendritic cells.
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DCs from presenting antigens while inhibiting their ability
to induce T-cell response.42 Additionally, Zhao et al. have
suggested that MSCs can induce differentiation of mature
DCs into a distinct regulatory DCs (DCreg) population.*?
These regulatory DCs are known to promote anti-
inflammatory effects on T cell activation, which result in
CD4"CD25*Foxp3"® Treg cell generation from
CD4"CD25Foxp3~ T cells. In a rat heart transplantation
study, CD45RB" DCs, which were induced by bone
marrow-derived MSCs, promoted regulatory T cell (Treg)
production and alleviate rejection injury in vivo. As a result,
the survival time of cardiac allografts has been prolonged.**
In summary, the anti-inflammatory effects of MSCs on DCs
play a significant role in MSC-mediated immune tolerance
induction.

MSCs polarize macrophages to M2 macrophages

Although the classification of macrophages is still contro-
versial, most studies suggest that macrophages have two
main subtype lineages, namely M1 and M2 macrophages.
M1 macrophages are regarded as pro-inflammatory sub-
type of polarized macrophages. Hence, M1 macrophages
secrete cytokines, such as IL1p, IL-6, IL12, tumor necrosis
factor-o. (TNF-a), which promote inflammation. M1 macro-
phages can be obtained by polarizing M0 macrophages
(naive) using lipopolysaccharides, or INF-y (which are
secreted by Thl cells).”> M2 macrophages are produced
from MO induced by IL4, IL13 (which are secreted by Th2
cells), as well as IL10 (which is secreted by Treg) and are
considered the anti-inflammatory subtype of macrophages.
Cytokines released from M2 macrophages, including trans-
forming growth factor p (TGF-B) and IL-10, contribute to
the anti-inflammatory response. These cytokines alleviate
allograft immune injuries and facilitate tissue repairs.*
Although macrophages are part of the APC family, like
DCs, presenting donor antigen to the lymphocytes of the
recipient, M2 macrophages do not express MHC-II mole-
cules on their surface.*” Thus, the skewing of M1 to M2
polarization is considered another feasible approach to reg-
ulate alloimmune rejection.

The effects of MSCs on macrophages reported in the lit-
erature are mostly reflected in terms of the enumeration on
the polarization of macrophages. With the modulation of
MSCs, macrophages are skewed toward M2 macrophage
production. Many cytokines secreted by MSCs, such as
IL10, PGE2, stanniocalcin-2, have been identified in this
process.>*¥% It is worth noting that the influence of
MSCs on other immune cells also feeds back into the mac-
rophage polarization. For instance, the effect of MSCs on
the differentiation of Th2 cells and Treg indirectly contrib-
utes to M2 polarization. Gao et al. demonstrated the ability
of MSC on macrophage polarization in vivo on a mouse
heart transplantation model.”® They suggested gene-
modified MSC, such as soluble fibronectin-like protein 2
(sFgl2) overexpressing MSCs, therapy had a better benefit
than wild type MSCs. This is of great importance, highlight-
ing the potential of enhancing the MSC derived therapeutic
response through further genetic modifications.

MSCs inhibit cytokine production and proliferation of
natural killer cells

Natural killer (NK) cells are another central component of
the innate immune system that recognize and attack allog-
rafts with a combination of MHC class I recognition and
pro-inflammatory factor secretion. Once NK cells are acti-
vated, cytotoxic molecules are secreted without the need
for priming by APCs. In addition, cytokines secreted from
NK cells (such as TNF-a and IFN-y) are involved in DCs
maturation and Th1 cell polarization.”***

Similar to previous findings, the proliferation of NK cells
is significantly inhibited by co-culture with MSCs.** It is
shown that MSCs are a potent inhibitor to activating recep-
tors (e.g. NKp30, NKp44, and NKG2D) of NK cells, and this
inhibition effect is further associated with impaired cyto-
toxic activity and cytokine production. Specifically, PGE2
and indoleamine-pyrrole 2, 3-dioxygenase (IDO) secreted
by MSCs are suggested to mediate this process.”® Recent
studies reported that MSCs enhance the ability of IL-2/
IL-12/1L-18-stimulated NK cells to secrete IFN-y, which is
a pro-inflammatory factor.’*”” However, it is important to
mention that MSCs most likely play an anti-inflammatory
role through NK cells on a limited NK cell-mediated
inflammatory cases.

MSCs alleviate the adaptive immune
response of cardiac allografts

The effects of MSCs on T cell activities: MSCs suppress
T cell proliferation

Upon transplantation, naive T cells in host lymphoid
organs quickly activate and proliferate due to the presence
of MHC-antigene complexes and efficient co-stimulatory
signals provided by APCs. It is noted that CD4'T cells,
usually equipped with a helper function, are only able to
recognize the donor peptides in the context of MHC class 11
molecules, which are presented on the surface of APCs. In
contrast, CD8T cells more often play cytotoxic roles and
are activated by MHC I molecules expressed on nucleated
cells (including donor APCs).

Several studies have shown that MSCs are potent sup-
pressors of T-cell proliferation. In one example, Di Nicola
et al. found that MSCs can inhibit both CD4+T cells and
CD8+Tcells proliferation in the mixed lymphocyte reaction
system, and this inhibition is dose-dependent (positively
associated with the total number of MSCs).”®
Furthermore, Sarah et al. demonstrated that the inhibition
of T cell proliferation depends on the arrest of T cells in the
G0/G1 phase of the cell cycle.”” Interestingly, when MSCs
were removed from the mixed culture system and restimu-
lated with the cognate peptide, T-cells failed to proliferate
but produced IFN-gamma. To date, many cytokines have
been implicated in the proliferation inhibiting process of
MSCs on T cells, including TGF-B1, hepatocyte growth
factor (HGF),”® IDO,*® PGE2,°! and NO.> However,
Di Nicola et al. demonstrated that the paracrine effect
of MSCs does not describe the entire mechanism
by which they inhibit T-cell proliferation.® Comparing
“non-contact” system, “contact” co-culture systems using



MSCs with T-cells showed a stronger proliferation
inhibiting.

MSCs affect the differentiation of CD4* T cells

Activated CD4" T cells can be classified into four main cat-
egories, including Thl, Th2, Th17, and CD4+Tregs. Thil
cells secrete pro-inflammatory cytokines (such as
INF-y/TNF-0) that can stimulate inflammatory responses
in the transplanted heart by immune cell recruitment, and
further promote activation of alloantigen-specific T-cells.*®
Th2 cells can trigger an antibody-mediated rejection and
promote the involvement of eosinophils through the secre-
tion of IL-4, IL-5, and IL-13.%* Although acute rejection is
typically viewed as a T cell-mediated process, and alloanti-
bodies are considered a valuable treatment of chronic rejec-
tion, several studies have indicated that antibodies also
serve a vital role in some cases of acute rejection.®>™”

While IL17 is a well-known pro-inflammatory cytokine
that is produced by Thl17 cells, recently, it is shown that
gamma delta T cells rather than CD4" and CD8" T cells
were the key IL-17 producers in the allografts.®® 1L-17
recruit the immune cells, such as monocytes and neutro-
phils, to the site of inflammation and is crucial for the accel-
eration of acute rejectiom.69’71 Moreover, IL-17 has been
identified to suppress Treg expansion.®®”! CD4" Tregs are
regarded as a significant part of donor heart tolerance.””
CD4" Tregs express the transcription factor FoxP3 and are
known to suppress the alloreactivity through modulation
of antigen presentation, production of anti-inflammatory
cytokines, and competition and cytolysis of effector T cells.

In addition to affecting T cell proliferation, MSCs also
affect T cell differentiation. Many studies have shown that
MSCs are able to suppress the formation of Thl and Th17,
which are essential for the activation of cytotoxic T-cells
and the boost of phagocytic capacity of neutrophils and
macrophages.””””> MSCs also contribute to the formation
of Th2 cells.”® As mentioned above, Th2 cells contribute
to B-cell mediated rejection. However, in the presence of
MSCs, B-cells proliferation in response to CD40L and IL-4
expressed by Th2 is also inhibited.” Thus, in this specific
example, the ratio of Th2 to Thl increased by MSCs is seen
as a protective effect in allograft rejection setting. More
importantly, MSCs are shown to prompt the production
of Tregs via the secretion of IDO,”” TGF-B1, and PGE27®
by MSCs. Equally, the regulatory effect of MSCs on APCs
is treated as a therapeutic target to indirectly control the
mechanism to induce Treg production.”**°

Most in vivo studies using heart transplantation models
attribute the cardioprotection of MSCs to the Tregs produc-
tion and Thl/Th2 skewing.41’44’81'85 However, whether
Tregs production via MSCs in vivo is yet to be explored
by most authors.®® Several outstanding questions including
the influence of administration time, administration dose,
and administration route of MSC on CD4™ T cell differen-
tiation and fate in a heart transplantation model should be
considered.
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MSCs affect the formation and lysis function of CTLs,
induce CD8™" regulatory T cells

CD8" T cells activate into cytotoxic T lymphocytes (CTLs)
with the assistance of CD4" helper cells and banding of
MHC-1 molecules presented by donor cells such as donor
APCs. These cells then migrate into the donor’s heart, and
lyse allogeneic recognized target cells. Specifically, CTLs
release membrane-damaging proteins from intracellular
granules (such as perforin and granzyme®) and recruit
other effector cells to the donor’s heart. Perforin polymer-
izes in the lipid bilayer of the donor tissue cell plasma
membrane, creating a sizeable aqueous pore that allows
other T-cell enzymes to enter into the target cell.
Therefore, granzyme, as a serine protease enzyme in
T-cell granules, enters the target cells through the pore,
and then proteolytically cleaves and activates caspases
that induce target cell apoptosis. In addition, activated
CD8" T cells also express FasL on their surface. When the
FasL binds to their Fas receptor, which is expressed on
target cells, Fas/FasL pathway will be activated. Fas/
FasL signaling pathway is another critical mechanism
that is directly utilized by CD8" T cells to induce
apoptosis.®

MSCs are suggested to have a strong ability to inhibit
CTLs formation in vitro.?? In the presence of MSCs, the lysis
function of CTLs on target cells has been significantly
inhibited. The effect of MSCs on CTLs is mainly mediated
by their paracrine function. PGE2, IDO, and TGF-J are sug-
gested being involved in this process.”’ Furthermore, there
is evidence that shows the correlation between MSCs and
CD8" regulatory T cells increase.”** Similar to CD4" reg-
ulatory T cells, CD8" regulatory T cells can inhibit the
immune response of CD4" T cells by several pathways.”
CD8" regulatory T cells have several subtypes with differ-
ent surface markers. CD8"CD28™ regulatory T cells is a
widely recognized subtype of CD8" regulatory T cells.
Liu et al. reported that MSCs increase the proportion of
CD8'CD28™ T cells by reducing their rate of apoptosis.®
MSCs also enhance CD8"CD28~ regulatory T cells” ability
to hamper naive CD4" T-cell proliferation and activation.

Although the effects of MSCs on CD8* T cells may pro-
vide novel therapeutic strategies for heart transplant toler-
ance, there is a big gap of knowledge for the relevance of
this mechanism in an in vivo laboratory model.

The effects of MSCs on B cells activities

B cells are one of the three primary subtypes of APCs and
differ from DCs and macrophages with their capability of
the secretion of specific antibodies. B cells can specifically
recognize antigens from the donor’s heart with B cell recep-
tors (BCR), which is formed by membrane-bound IgD and
an IgM receptor in addition to other membrane molecules.
Although such recognition and binding is the first step to
initiate the process of activation, it is not enough to fully
activate the function of B-cells. The assistance of other fac-
tors (including complement and CD4" T helper cells) is
required for B-cell activation. To complete the activation,
B-cells endocytose and process the donor antigen bound
with BCR, then present them to CD4" T cells in the form
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of MHC Il-antigene complexes. In return, activated T cells
will bind the CD40 molecules on B cells surface with
their ligand CD40L. CD40-CD40L interaction is a
strong co-stimulatory signal for B-cell proliferation and
differentiation.

Moreover, cytokines produced by activated CD4* T
helper cells will also add to a more fully developed B-cell
response. During B cells activating, soluble Igs that is secret-
ed from the cells are elevated, and membrane-bound Igs that
are attached to the surface of a B cell are gradually
decreased. Then, most activated B-cells differentiate into
antibody-secreting cells (also named Plasma cells), which
mediate specific antibody targeted to an antigen expressed
on the cells from the donor heart. The form of antigen-anti-
body complexes activates complement cascades, ultimately
transforming the endothelial cell surface from an anticoag-
ulant condition to a procoagulant status. Therefore, micro-
thrombus can be formed from the tiny blood vessel, and
finally cause the closure.

Furthermore, activation of complement cascades also
initiates the development of the membrane attack complex,
which contains a series of pores in the cell membrane that
bring about cell death in the donor’s heart. Coincidentally,
some of the products from the complement system (like
C3a and Cba) are puissant triggers of mast cell degranula-
tion and inflammations. Even without assistance from
the complement system, Fc receptor-bearing effectors can
recognize and kill antibody-coat target cells expressing an
allogeneic antigen on their surface. These Fc receptor-
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Figure 2. Schematic representation of modulation in immune cells by MSCs.

bearing effectors include follicular DCs, NK cells, macro-
phages, neutrophils, eosinophils, basophils, and mast cells
that simultaneously exert their immune functions on the
donor’s heart.

MSCs have been reported to influence B-cell prolifera-
tion, plasmablast formation, and promote the induction of
regulatory B-cells (Bregs).””** Like Treg, Breg is an immu-
nosuppressive subtype of B cells. The secretion of IL10 by
the Breg was shown to convert effector CD4" T cells into
Foxp3" Tregs.”” Interestingly, it is reported that the stimu-
latory effect of MSCs on Breg formation and IL-10 produc-
tion is mediated by direct cell-cell contact mechanism and
not through a paracrine signaling.”®”” Although B-cells
may directly be influenced by MSCs to alter their character-
istics of proliferation, antibody production, and other
immune cells (e.g. T-cells and DCs), it is equally possible
that MSCs play an indirect regulatory role.”®"
Unfortunately, it is still unknown whether MSC has any
effect in chronic rejection of heart transplantation by exert-
ing related effects on B cells in vivo experiments.

Challenges for use of MSCs in cell therapy

There are several challenges to characterize the immuno-
modulation involved in MSCs-based cell therapy. Firstly,
the heterogeneity of MSCs related to donor origin, cell
development stage, and expansion protocol are major
issues that restrict the therapeutic benefits of MSCs.'®
For instance, culture conditions and expression of
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miRNAs can modify the immunomodulatory function of
MSCs. Secondly, cell distribution to the targeted tissues
would be limited after delivery. The majority of MSCs
could be transferred to organs with a high vessel density
(especially the lung) through the circulation system.'"!
With the increase in infused cells, a risk of occlusion in
microvessels is raised. Thirdly, the long-term survival and
effectiveness of infused cells are still a concern. Although
MSCs have an extremely low antigenicity, repeated admin-
istration of MSCs may cause the production of antibod-
ies.'”? Finally, although anti-tumor immune responses are
not compromised by MSCs, the potentials of ectopic tissue
formation and malignant transformation are still con-
cerned. Importantly, these challenges would be addressed
with the use of MSCs.

Compared to cell infusion, delivery of exosomes or extra-
cellular vesicles (EVs) derived from MSCs might be an
attractive strategy for development of a cell-free therapeutic.
As a type of nano-level membrane particle, the secreted exo-
somes/EVs can pass through most physiological barriers
and have been considered a major contribution to the ther-
apeutic effect of MSCs via a paracrine pathway. It remains
unknown whether the exosomes have similar capacities as
MSCs for alleviating cardiac allograft rejection in specific
conditions. However, as mentioned above, the immunomod-
ulatory effects of MSCs not only rely on several growth fac-
tors or cytokines, but cell-cell contact is also involved in the
procedure. Furthermore, MSCs” immunomodulatory effects
are not static in response to the varying microenvironment.
Therefore, the components of exosomes/EVs would be com-
plex and their dynamic changes may lead to various conse-
quences in different settings. To optimize this cell-free
approach, the isolation or manufacture of exosomes/EVs
should be developed in a GMP condition and their biological
features must be clearly defined prior to clinical use.
Additional investigation is needed to determine whether
exosomes or EVs can completely replace MSCs in the treat-
ment of cardiac allograft rejection in the future.

Conclusions

In this review, we provide a summary of immunomodula-
tory effects of MSCs for the treatment of cardiac allograft
rejection. Although the immunomodulatory effects of
MSCs observed from in vitro experiments reveal exciting
therapeutic possibilities for MSC-based cell therapy
(Figure 2), conflicting data in heart transplantation
models with limited reproducibility render the application
of this therapy experimental at best. However, there is a
general agreement on some benefits from MSC cell therapy
along with organ transplantation against allograft rejection
and tolerance induction. A few studies have indicated that
MSCs are more harmful than helpful and actually promote
rejection.’”®!% The immediate goal at the moment seems to
be the elimination of acute rejection and the reduction of
the use of immunosuppressor agents, which may help
induce immune tolerance in clinical cases.

Currently, studies need to focus on verifying the ability
of MCSs to reduce immune response and explore the
underlying mechanisms in heart transplantation models.
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As mentioned above, the immunomodulatory effects of
MSCs are never static and depend on the microenviron-
ment. Therefore, experiments need to identify, detect, and
control the changes in the microenvironment while devel-
oping a reproducible heart transplant surgery method.
Since MSCs express several TLRs,'®'%” the types of
DAMPs released either due to ischemia/reperfusion
injury, inflammations, hypoxia all may modify the patterns
and functions of TLRs expressed on MSCs, and therefore
impact the interactions between MSCs and immune sys-
tems, 106:108-110

Similarly, the source and state of MSCs used in studies
need to be better defined and controlled in order to parse
out the difference in their function and response in vivo.
Therefore, there are so many outstanding questions and
concerns that need to be addressed regarding immunoge-
nicity, mechanisms of immunomodulation and differentia-
tion of MSCs, administration time, administration route,
the dosage of administration, indications and contraindica-
tions of administration, and the long-term safe use of these
cells must be assessed before MSCs can be utilized as a
suppressive treatment in a clinical setting.
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