Curr Treat Options Cardio Med (2023) 25:689-714
DOI 10.1007/s11936-023-01021-3

Current Approaches in Cardiac Repair:
Somatic and Stem Cell Exosomes

Selcen Ari Yuka, PhD*?
Ayca Aslan, PhD*%"

Address

“1Department of Bioengineering, Faculty of Chemical and Metallurgical Engineering,
Yildiz Technical University, Esenler, Istanbul, Turkey

Email: aaslan@yildiz.edu.tr

%Health Biotechnology Joint Research and Application Center of Excellence,

Esenler, Istanbul, Turkey

Published online: 4 November 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Keywords Exosomes - Cardiac repair - Coronary artery disease - Myocardial infarction

Abstract

Purpose of Review Myocardial infarction, which is the most important clinical sign of coro-
nary artery disease, is one of the leading causes of global mortality, despite current treat-
ment methods. Stem cell transplantation, which fastens on the regeneration of damaged
tissue, has been suggested as an alternative approach in cardiac regenerative medicine;
however, complications such as low survival in ischemic conditions, immune rejection,
and teratoma formation have limited the routine use of stem cells in clinical treatments.
Recent Findings Exosomes, which have been shown to play an essential role in intracellular
communication and carry protein, lipid, and nucleic acid-based rich cargo content, have
emerged as a new potential in the diagnosis and treatment of many diseases such as neu-
rodegenerative diseases, cancer, and cardiovascular diseases in recent years. First findings
have brought into the open that the exosomes secreted by local cells in the myocardium
layer and stem cells have an essential role in the repair of cardiac damage because they
involve pro-angiogenic, pro-survival, anti-fibrotic, or anti-apoptotic molecules.
Conclusion This review has comprehensively discussed the rich cargo content of somatic
and stem cell-derived exosomes, their requlatory mechanisms in amelioration of the patho-
physiology of coronary artery disease, molecular interactions of exosomal cargo contents,
strengths, and limitations of exosomal strategies.
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Opinion statement

Exosome-based therapeutic strategies hold great
promise in addressing limitations such as low sur-
vival rate of cells, teratoma formation, and immune
rejection, especially when compared to traditional
stem cell therapies. Research on cardiac tissue repair
using exosomes derived from various cell types has
underscored the significance of the source cell in
determining exosomal cargo content, which indi-
rectly impacts repair efficiency. The precise definition
of exosomal cargo is essential, and modifications
may be necessary to ensure cargo stability. Stem cell-
derived exosomes, in particular, offer favorable plat-
forms for cardiac repair compared to somatic cells.
However, the variability in cargo content among stem
cells calls for fine-tuned approaches. Fortunately,

Introduction

advancements in molecular sciences provide methods
for manipulating stem cell-derived exosomal cargo,
such as extrinsic conditioning or intrinsic genome
editing. On the other hand, maintaining the stability
of exosomes under circulation conditions and their
activity in specific regions is another important chal-
lenge. One promising solution involves conjugating
exosomes with markers that facilitate targeted cel-
lular delivery. While our understanding of exosome
roles and cargo content in cardiac repair has signifi-
cantly advanced in the past decade, comprehensive
approaches are still under development. Clinical
applications will ultimately depend on large-scale
and thorough analyses of exosomes with diverse
cargo content in therapeutic contexts.

Cardiovascular diseases with a high prevalence are the leading cause of mortality
and morbidity all over the world. According to the data of the Global Burden
of Disease study, approximately 20.5 million people died due to cardiovascular
diseases in 2021, and approximately 9.44 million of these deaths were due to
coronary artery disease (CAD) [1, 2].

Myocardial infarction (MI), characterized as cardiac necrosis due to pro-
longed ischemia, is the most important clinical sign of CAD [3]. Current treat-
ments aim to reopen occluded arteries and restore blood flow to the heart
but do not ensure effective repair of the damaged myocardial tissue. Stem
cell transplantation, a promising approach for tissue repair, has encountered
limitations, including low survival rate of cells in ischemic conditions, issues
specific to certain stem cell types like teratoma formation, limited resources,
and immune rejection [4, 5]. Initially, early transplantation studies suggested
that transplanted stem cells directly differentiated into cardiac cells, providing
therapeutic benefits. However, recent research into the mechanisms of stem
cell therapy in cardiac repair has revealed that these therapeutic effects primar-
ily result from paracrine factors and their intercellular transfer via exosomes
[6-8]. In this review, the contents of exosomes released from cells in the cardiac
tissue microenvironment and stem cell-derived exosomes that can be used for
therapeutic intervention in order to reverse the pathophysiological process of
CAD and improve the prognosis of patients have been discussed in detail, and
new strategies for future studies have been pointed out.
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Extracellular vesicles (EVs)

Intercellular cross-talk is one of the most prominent properties of multicel-
lular organisms. Many molecules that control mechanisms such as cell migra-
tion, proliferation, differentiation, and apoptosis are transmitted by direct
cell-cell connections or by the transfer of secreted molecules [9]. Recently,
EV has been proposed as an additional cell-cell cross-talk mechanism in
which cells change their proteins, lipids, and genetic material [10, 11]. EVs
are cell-derived membranous structures with a phospholipid bilayer that arise
directly or indirectly from the plasma membrane [12]. They can be classified
differently according to their size, the cargo contents they carry, and their
formation from the plasma membrane.

Ectosomes (shedding microvesicles) are EVs of 50-2000 nm in size, con-
taining protein and lipid, that is secreted out of the cell by budding directly
from the plasma membrane [13]. The molecular composition of ectosomes
differs according to the cell type.

Apoptotic bodies (apoptosomes) are heterogeneous vesicle structures with
sizes between 50 and 5000 nm, which are formed as a result of apoptosis of
cells, known as programmed cell death, by condensation and budding of the
contents in a region close to the membrane [14].

Retro-virus-like particles (RLP), whose origins continue to be an active
area of research, are EVs with a size of 90-100 nm, which are thought to have
a different dynamic than microvesicles, although they are formed by budding
from the plasma membrane. Some studies have suggested that these particles
are composed of transcription of human endogenous retrovirus sequences
[14, 15].

Smallest known active group of EVs: exosomes

Exosomes are structures that vary between 30 and 100 nm in size and are
formed indirectly from the plasma membrane [16]. In 1983, these vesicles
released out of the cell were identified during the studies on the loss of trans-
ferrin from reticulocytes during the maturation of reticulocytes to erythrocytes
[17, 18], and in 1987, these small extruded vesicles were named “exosomes”
[19]. Exosomes, which have many physiological functions in the body, can
be found in many fluids, such as blood, urine, saliva, amniotic fluid, synovial
fluid, nasal secretions, and breast milk, and can be named dexosome (den-
dritic cell-derived exosomes) [20], oncosome/texosome (cancer cell-derived
exosomes) [21], and prostasome (prostate cancer cell-derived exosomes) [22]
according to the cell types they originate from [23].

The interest in these vesicles, which have been proven to exist about
30 years ago and are thought to be primarily waste shedding from the plasma
membrane, is increasing day by day. The reason for this is the realization that
these vesicles, which are found in many biological fluids, can be used as new
tools in the diagnosis, progression, and treatment of many diseases such as
cancer, neurodegenerative diseases, and cardiovascular diseases, thanks to the
cargo contents they carry. Recent studies have shown that some of the cargo
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contents carried by exosomes are specific to the cell type they originate from,
can change in disease and health conditions, and some are invariable parts
of exosomes. In general terms, cargo contents; integrins, immunoglobulins,
many adhesion proteins, cytoskeletal proteins (actin, cytokeratin, myosin,
tubulin), endosomal separation complex proteins required for transport
(ESCRT) (alix, TSG101, vps-28, vps-22), heat-shock proteins (Hsp70, Hsp90),
CD9, CD81, and CD63 involved in endosomal vesicle traffic, Annexin and
Rab protein family, which regulate fusion events and cytoskeleton, apart
from these, they consist of products such as nucleic acids, mRNA, microRNA
(miRNA), circular RNA (circRNA), long non-coding RNA (IncRNA) and can
protect these products from the extracellular environment during transport
(24, 25].

In order to be recognized by the cells they target, exosomes carry mem-
brane lipids such as serine membrane lipids, cholesterol, sphingolipid, and
sphingomyelin, as well as transmembrane proteins, tetraspanins, and recep-
tor molecules found in the plasma membrane of the cell they originate from
[26]. It is thought that these multi-molecule messengers, which act in auto-
crine and paracrine signaling, can be taken into the cell by three known
mechanisms, although they have not been fully elucidated:

1. Exosomes can fuse with the plasma membrane of the target cell and transfer
their contents to the cell (direct fusion) [27].

2. Cellular internalization of exosomes can occur by an actin-cytoskeleton
and phosphatidylinositol 3-kinase-dependent phagocytosis [28].

3. Proteases in the plasma membrane of the target cell are associated with the
exosome membrane proteins (receptor-ligand association) [29]. Thus, the
cargo in the exosome is released and the contents are taken into the cell
lumen depending on the selectively permeable membrane.

Role and function of exosomes in the pathophysiology of CAD

The mammalian heart includes cardiomyocytes (CMs), endothelial cells
(ECs), fibroblasts (FBs), immune cells such as macrophage, DC, and T lym-
phocyte, telocytes (TCs), and CSCs whose presence has recently been proven
[30]. A well-organized and efficient cross-talk between these cell types is
essential for the heart, the main organ of the cardiovascular system, to main-
tain its integrity and pump the blood needed by the body.

Accumulating evidence indicates that exosomes, defined as multimolecu-
lar messengers with autocrine and paracrine effects, also play a significant role
in cardiac cell-cell cross-talk (Figs. 1 and 2) [31, 32]. The cargo contents of
these exosomes, which vary according to the cell types they originate from,
may also vary depending on the normal or pathological condition of the cell
[24, 33]. Therefore, the contents and roles of exosomes released from local
cells in the myocardial layer and stem cell-derived exosomes to be used for
therapeutic intervention should be well understood in order to prevent devel-
oping pathophysiological processes and improve the prognosis of patients.
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Exosomes derived from CMs have a bilayer membrane structure, contain
the markers caveolin 3 and flotilin 1 on their surface, and enable cross-talk
with other cells in the heart (Fig. 1) [34]. Studies have shown that cargo
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contents consist of various proteins, enzymes, and their inhibitors and that
these contents can change under various stress factors (hypoxia, glucose
deprivation, alcohol, etc.) [35-39].

Angiogenesis is of vital importance to meet the nutrient and oxygen
demand of the myocardial layer and to maintain myocardial contraction
under ischemic conditions [40]. The interaction and underlying mecha-
nism between ECs, which play an active role in this important process,
and exosomes released from CMs have been subjected to many studies
(Fig. 1) [38, 41-43]. The first study, it has been showed that the relatively
most abundant miRNAs in exosomes released from ischemic CMs are miR-
222 and miR-143 and that these exosomes support the proliferation of
ECs, stimulate the formation of capillary-like structures, and strengthen
adhesion complexes [38]. Other miRNAs whose levels increase in CM-
derived exosomes under stress have been identified as miR-200c-3p and
miR-19a-3p [41, 42]. Both in vitro and in vivo, CMs containing these miR-
NAs have been shown to cross-talk with ECs, suppress the proliferation of
ECs, and reduce their angiogenic capacity. In the in vitro study, the use of
GW4869, an exosome release inhibitor, in culture, reversed this effect on
ECs [41], confirming that cross-talk between cells occurs in the direction of
an exosomal signal. Another recent study has researched the presence and
mechanism of miR-29a in CMs-derived exosomes [43], which has been pre-
viously reported to play an important role in regulating angiogenesis and
cardiac hypertrophy [44]. This study on cardiac microvascular ECs (CMECs)
has shown that the target gene of exosomal miR-29a is VEGFA and that it
inhibits the angiogenic capacity of ECs by inhibiting the expression of this
gene. It is known that one of the cargo contents of exosomes derived from
CMs is circRNAs, one of the classes of non-coding RNAs. A recent study
showed that silencing of exosomal circHIPK3 released from hypoxic CMs
resulted in increased apoptosis in CMECs [45]. circHIPK3 acts as an endog-
enous miR-29a sponge to inhibit miR-29a activity. Further analysis by the
researchers has revealed that this circRNA first inhibits miR-29a activity,
leading to increased VEGFA expression and subsequently promoting the
proliferation and migration of cardiac ECs [46].

Autophagy and apoptosis are two different types of cell death regulated by
genes, especially in cardiac cells under ischemic conditions [47]. In studies
on exosomes derived from CMs, the effects of cargo contents of exosomes on
these two mechanisms have also been identified [35, 45, 46, 48-52]. Hsps
are defined as proteins whose amount increases in the cell in which they
are located during stress. Extracellular Hsp60 activates toll-like receptor-4
(TLR-4), causing apoptosis of CMs and myocardial inflammation [48]. On
the other hand, it has been shown that CM-derived exosomal Hsp20 acti-
vates the AKT signaling pathway that supports survival, suppresses TNF-a and
IL-1PB factors, and alleviates MI by reducing the myocardial apoptosis index
[50]. In addition to its survival effect, CM-derived exosomal Hsp20 has also
been shown to protect against cardiac reverse remodeling and increase left
ventricular ejection fraction [53, 54]. Yang et al. have reported that exosomal
miR-30a can be transferred between CMs via exosomes in hypoxic conditions
and increased the expression of core autophagy regulators beclin-1, Atg12,
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and LC3II/LC3I that contribute to the maintenance of autophagic response
in CMs [51].

One of the mechanisms of action of exosomes derived from CMs is car-
diac fibrosis. It has been revealed that miR-208a is upregulated in CMs and
transferred to FBs via exosomes. Inhibiting miR-208a in vivo, whose target
gene was determined to be Dyrk2, which is involved in cell growth, reduced
post-MI cardiac fibrosis, and improved cardiac functions in rats. Transfusion
of exosomes containing miR-208a into normal rats has resulted in impaired
cardiac functions [55]. miR-217 is another ncRNA that has a role in cardiac
fibrosis. CM-derived exosomal miR-217 has been shown to increase the pro-
liferation of FBs, with its in vivo overexpression exacerbating cardiac fibrosis,
hypertrophy, and cardiac dysfunction [56]. Besides miRNAs, circular RNAs
have also been found to play a role in cross-talk between CM-FB. CM-derived
exosomal circ_0036176 has been shown to result from the re-splicing of
exon 2 of the Myo9a gene into exon4, increase its number in the myocar-
dium of patients with heart failure, and inhibit FB proliferation. Interestingly,
circ_0036176 has been found to contain a 627 nt ORF encoding a 208 amino
acid protein (Myo09a-208). Myo9a-208 has been shown to mediate the inhibi-
tory effect of circ_0036176 on FB proliferation [57]. These results suggest that
circ_0036176 may be a potential therapeutic target in cardiac fibrosis.

Under normal conditions, macrophages are present in the heart with the
anti-inflammatory M2 phenotype. After MI, macrophages have been shown
to be in the M1 phenotype and release cytokines and proteases that induce
apoptosis of CMs [58]. Cross-talk with macrophages has been also demon-
strated in studies of CM-derived exosomes (Fig. 1) [59-62]. When the under-
lying mechanism has been examined, it has been shown that CM exosomal
miR-106b-3p via the Wnt signaling pathway [60] and miR-146a-5p via TRAF6
[61] can stimulate M1 macrophage polarization and thus they can cause path-
ological changes in MI. In another study, it has been revealed that exosomal
miR-155 released from hypertrophic CMs regulates cardiac hypertrophy by
triggering the secretion of inflammatory cytokines IL-6 and IL-8 [62].

|
ECs-derived exosomes

Another group of cells found in the heart is ECs. These cells have been shown
to be involved in the pathological mechanisms of CAD by interacting with
various cells (Fig. 2). In a study, it has been shown that human umbilical vein
ECs (HUVECGs) exposed to ischemia-reperfusion (I/R) release 2 times more
exosomes and reduce the apoptosis of CMs compared to the control group
[63]. In an in vivo study with HUVECs-derived exosomes, injection of these
exosomes into the infarct region inhibited CM apoptosis via the PI3K/AKT
signaling pathway and significantly improved cardiac functions [64]. Another
study has focused on pyroptosis, which is cell death as a result of inflamma-
tion. In this study, Zhang et al. have shown that miR-27b-3p is overexpressed
in exosomes derived from hypoxic CMEC, and this miRNA decreases the
development of cardiac damage after I/R by inhibiting oxidative stress and
pyroptosis induced by FOXO1/GSDMD signaling [65].
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Kriippel-like factor 2 (KLF2) is a transcription factor involved in the reg-
ulation of EC metabolism. Activation of KLF2 in ECs induces the vasodi-
lating effect and prevents the development of atherosclerosis thanks to its
many regulated genes [66]. Hergenreider et al. have found that the miR-
143/145 cluster, which plays an important role in vascular modulation, is
significantly upregulated in the exosomes of KLF2-transformed HUVECs [67].
These exosomes have been observed to reduce the formation of atheroscle-
rotic lesions in the aorta of atherosclerosis model mice. In another study, the
reason for the decrease in these lesions was associated with the decrease in
inflammation-related expression [68].

Gollmann-Tepekoyli et al. have used shockwave therapy on muscles
to trigger exosome release from ECs in ischemic muscle and to investigate
endogenous repair mechanisms in CAD [69]. Exosomal miR-19a-3p released
from ECs induced angiogenesis, reduced myocardial fibrosis, and improved
left ventricular function after myocardial ischemia by activating Akt and ERK.
In a study on cardiac contraction, it has been shown that the 16 kDa frag-
ment of N-terminal prolactin, which can be enzymatically cleaved in many
target tissues, induces the expression of exosomal mir-146a in ECs. Exosomal
transfer of this mir-146a to CMs has been observed to improve cardiac func-
tions by targeting erb-b2 receptor tyrosine kinase 4 (ERBB4), notch1, and
interleukin-1 receptor-associated kinase 1 genes (IRAK1) [70].

FBs-derived exosomes

In studies examining the cross-talk of cardiac FBs with ECs (Fig. 2), it has
been shown that FBs are activated by TGF-B, and exosomes derived from
active FBs cause dysfunction in ECs [71, 72]. Further analysis has revealed
that miR-200a-3p is highly expressed in the cargo content of these exosomes,
resulting in decreased gene expression such as VEGFA, and angiopoietinl
in ECs, and a consequent reduction in angiogenesis capacity. Inhibition of
active FBs miR-200a-3p has attenuated this dysfunction observed in ECs [72].

The effects of exosomes derived from FBs on different types of cell death
of CMs under pathological conditions have been also studied. In a study on
apoptosis, it has been shown in vivo that exosomes derived from FBs reduce
apoptosis through the PI3K/AKT pathway after MI, thereby improving cardiac
functions [73]. Liu et al. have shown that miR-133a, which increases in the
exosomes of FBs under I/R conditions, reduces the pyroptosis of CMs by sup-
pressing embryonic lethal abnormal vision-like 1, which has a proinflamma-
tory function [74]. Ferroptosis, which can be a form of death of CMs during
ML, is characterized by iron-dependent lipid peroxide accumulation [75].
The researchers have set up an in vitro pacing model to examine the effect of
exosomes derived from FBs on ferroptosis and have found that exosomes of
pacing group cardiac FBs exacerbate ferroptosis of CMs. The reason for this
has been determined to be increased miR-23a-3p in cargo content. However,
inhibition of miR-23a-3p has protected CMs from ferroptosis with upregula-
tion of its target, solute carrier family 7 member 11 (SLC7A11) gene [76]. Bang
et al. have shown that miR-21-3p transferred to CMs in exosomes derived
from FBs induces cardiac hypertrophy by reducing SH3 domain-containing
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protein 2 (SORBS2) and PDZ and LIM domain protein 5 (PDLIM5) [77].
Silencing this miRNA in the mouse model of hypertrophy has suppressed
the hypertrophic growth of CMs.

|
Immune cells-derived exosomes

Inflammatory responses in the heart play critical roles in clearing the infarct
area from injured and dead cells and ECM residual and in the formation
of scar tissue [78]. miR-155 expression has been found to be increased in
the mouse heart after MI, and it was primarily expressed in macrophages
of the damaged heart and presented to FBs. When its effect on FBs has been
examined, it has been observed that it inhibited the proliferation of FBs and
supported cardiac inflammation by down-regulating the Son of Sevenless
1 (SoS1) gene [79]. A further study has shown that exosomal miR-155 was
transferred from M1 macrophages to ECs after MI. On the other hand, ECs
have been observed to have an anti-angiogenic effect by down-regulating
these genes, including Rac family small GTPase 1 (RAC1) and p21-activated
kinase 2 (PAK2), which also lead to impaired cardiac functions [80]. Besides
miR-155, exosomal circRNA has been found in macrophage-FB cross-talk.
It has been shown that circUbe3a in exosomes derived from the M2 mac-
rophage phenotype after MI promotes the proliferation and migration of FBs,
exacerbating post-MI cardiac fibrosis [81].

The effects of macrophage-derived exosomes on cell death in their cross-
talk with CMs have been researched [82-84]. In these studies on M2 pheno-
type macrophages, it has been shown that by down-regulating SRY-Box Tran-
scription Factor 6 (SOX6), the target of miR-1271-5p, it reduced apoptosis of
CMs in hypoxic conditions and attenuated cardiac damage in acute MI [82].
The identified miR-148a and miR-145-5p have been shown to inhibit CM
pyroptosis by targeting the TLR-4 protein [83].

In studies on DCs, which migrate to the infarct border area and play a role
in wound healing, it has been shown that dexosomes activate CD4* T cells
and provide improvement in cardiac functions by inducing the expression
of IL-4 and IL-10 [85, 86]. Dexosomes have also been shown to play a role
in post-MI angiogenesis. Angiogenesis-related miR-16-5p, 23a-3p, 150-5p,
126-3p, and 494-3p have been found to be upregulated in the exosomes of
DCs cultured with supernatants of necrotic CMs relative to the control group.
Co-culture of these exosomes with CMECs significantly has upregulated VEGF
expression and increased tube formation by CMECs [87, 88].

In the heart, the persistence of inflammation is controlled by CD4* T cells.
The use of immune therapeutics that inhibit CD4* T cells has been found to
prevent cardiac fibrosis and hypertrophy in the ischemic heart, and these cells
are associated with pathological cardiac remodeling [89-91]. In a study on the
underlying mechanism, it has been found that miR-142-3p in the exosomes
of CD4" T cells inhibited the Wnt signaling pathway, thus triggering myofibro-
blast activation and fibrogenesis. Exosomal miR-142-3p has been identified as a
potential target to treat cardiac remodeling [92]. In addition, the effects of CD4*
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T cells-derived exosomes on the activation of CMECs have been also examined.
CD4* T cell exosome treatment has exacerbated mitochondrial reactive oxygen
species generation, decreased nitric oxide levels, and increased the proliferation
of CMECs [93, 94].

|
TCs-derived exosomes

Another group of cells in the heart is TCs. These cells differ from other cells in
that they have long cytoplasmic projections called telopods [95]. The presence
of measurable amounts of angiogenic miRNAs (10a, 21, 27b, 100, 126-3p, 1303,
143, 155, 503) in exosomes derived from TCs has been shown [96]. This angio-
genic effect has been subsequently demonstrated in vitro on ECs and in vivo in
the MI rat model. In addition, increased angiogenesis, decreased cardiac fibrosis,
and improved cardiac functions have been observed in the MI rat model [97].
In a recent study, it has been shown that TC exosomal miR-21-5p silenced cell
death by targeting p53 target 1 gene (Cdip1) in CMECs and, thus down-regulate
activated caspase-3. This mechanism has facilitated angiogenesis and regenera-
tion after MI by inhibiting apoptosis of CMECs under ischemic and hypoxic
conditions [98].

Stem cells-derived exosomes

ESCs-derived exosomes

Exosomes derived from embryonic stem cells (ESCs) can stimulate the pro-
liferation of endogenous cardiac progenitor cells (CPCs) and upregulate the
expression of CM genes in these cells, through miR-294 [99]. In addition, a
decrease in neovascularization, apoptosis of CMs, fibrosis, and improvement
in cardiac functions have been observed due to the cardiac proliferative effect
after the administration of exosomes derived from ESCs. ESCs can also serve as
the main source of exosome secretion by differentiating into cardiac progeni-
tors. For example, treatment of EVs released from CPCs differentiated from
human ESCs in a model of post-infarct heart injury found that 927 upregulated
genes were specifically associated with cardiac remodeling pathways [100].
On the other hand, in the study to evaluate the cardioprotective potential
of IncRNA content of ESCs-derived exosomes, it has been emphasized that
IncRNAs GM4890 and XLOCO01990 may play a crucial role in cardiac repair
mechanisms following MI [101]. Of note, the use of ESCs-derived exosomes,
which exert activity through reduced proinflammatory control, has been pro-
posed to inhibit the cytotoxic effects of chemotherapeutics on cardiac tissue
[102]. Wu et al. have shown that miR-497 increased the survival of neonatal
rat CMs and tube formation on HUVECs in infarcted myocardium, in addition
to high expression of IncRNA MALAT1 in exosomes derived from ESC-derived
cardiovascular progenitor cells [103].
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MSCs-derived exosomes

Mesenchymal stem cells (MSCs) play a pivotal role in maintaining normal
cardiac function through interactions within the cardiac niche. Leveraging
their exosome-rich cargo, MSCs hold promise for therapeutic interventions
addressing cardiac tissue abnormalities, including the treatment of athero-
sclerotic plaque development. Takafuji et al. have stimulated TNF-a using
exosomes released from adipose-derived MSCs (ADMSCs) and showed that
cell adhesion molecules and macrophage accumulation were reduced in
human aortic ECs (HAOECs) through the MAPK and NFxB pathway [104].
Bian et al. assessed the exosomes with an average diameter of 100 nm from
bone marrow MSCs (BMMSCs) in a hypoxic acute MI model. They found
these exosomes enhanced proliferation and tubule formation in HUVECs.
Additionally, injecting BMMSC-derived EVs into the infarct border region
reduced infarct size and improved cardiac function [105]. Similarly, it has
been found that it mediated angiogenesis and showed anti-inflammatory
activity, especially by reducing T cell proliferation [106]. In a study using
human MSCs-derived exosomes, injected into mice via the tail vein, a sig-
nificant reduction in infarct size was observed within 24 h [107]. In addi-
tion, increased cardiac function has been reported in animals treated with
exosomes after a 28-day period compared to the control group. Exosomes
from ADMSCs have been shown to reduce I/R injury-induced myocardial
apoptosis via Bcl-2 upregulation, Bax downregulation, and Caspase-3 inhi-
bition in MI-induced mice via the Wnt/p-catenin signaling pathway [108].
In another study with BMMSCs, exosomes from these cells reduced mouse
CM apoptosis through AMPK/mTOR and Akt/mTOR signaling pathways, by
upregulating LC3B expression [109].

Research into stem cell-derived exosomes has advanced methods to mod-
ify their contents through cell conditioning or gene transfer. Deng et al’s
study shows that irisin-pretreated BMMSCs release exosomes that mitigate
pyroptosis and oxidative stress in CMs via NLRP3, suggesting their potential
for MI treatment [110]. Another approach is a manipulation of MSCs with
lentiviral CXCR4 to control the contents of exosomes released from MSCs to
protect cardiac tissue following MI [111]. Decreased Caspase-3 with increased
insulin-like growth factor-1 (IGF-1)a and p-Akt expression has been reported
in CMs, and increased angiogenesis and decreased infarct size mediated by
CXCR4 have been reported to modulate cardiac remodeling. In another study
that proposed to use the cardioprotective activity of Akt signaling pathways
as a therapeutic mediator, transfection of human umbilical cord MSCs (huc-
MSCs) with adenovirus Akt has been performed [112]. It has been observed
that the expression of PDGF-D was significantly increased, and tubule-like
structure formation and angiogenesis were restored. Another approach is
the use of hypoxia-conditioned stem cells to trigger secretion mechanisms
of stem cells through enrichment of exosomal cargo content or stimulation
of vesicle pathways [ 113, 114]. For example, proteomic analysis of exosomes
derived from hypoxia-pre-conditioned BMMSCs has shown that the high
redox protein profile may regulate increased angiogenesis [115].
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One of the players of the exosomal regulators is ncRNAs. ncRNAs that are
not directly converted to protein products interfere with cellular functions
by post-transcriptional mechanisms for the cell [116]. Nakamura et al. have
examined the miRNA content of exosomes while investigating the role of
adiponectin in the release of MSC-derived exosomes. The researchers have
reported that MSCs-derived exosomes have high levels of let7, miR-21, 100,
48a, 10, 26, and 199 and emphasized that the targets of these miRNAs were
critical in heart function, especially in fibrogenic and adhesion pathways,
and the cellular metabolic processes [117]. Applying MSCs-derived exosomes
in vivo, Li et al. have shown that let7 reduced the area of athreosclerotic
plaque in ApoE -/ - mice and inhibited M2 macrophage polarization and
infiltration via let7/HMGA2/NF-xB and let7/IGF2BP1/PTEN, respectively
[118]. It has also been reported that MSCs-derived exosomes reduce the devel-
opment of atherosclerotic plaques by regulating M2 macrophage polarization
with KLF6 inhibition and macrophage infiltration with inhibiting ERK1/2
signaling pathway via miR-21a-5p [119]. Yang et al. have observed that the
rich miR-145 content of MSCs-derived exosomes inhibited JAM-A in vivo,
thereby reducing the formation of atherosclerotic plaques via the transen-
dothelial migration pathway [120]. It has been shown that inflammation and
abdominal aortic aneurysm can be inhibited by targeting TXNIP and NLRP3
by miR-17-5p in exosomes from ADMSCs [121].

Elucidating the roles of the interaction between ncRNAs and coding RNAs
in exosomal pathways on cardiac tissue pathophysiology has also been the
driving force for the development of therapeutic options for MI, in addition
to atherosclerosis (Table 1) [144]. Feng et al. have reported that exosomes
secreted from mouse BMMSCs after ischemic preconditioning contain a high
amount of miR-22 and they observed MECP2-mediated antiapoptopic effect
after internalization of the exosomes [125]. Wang et al. have compared the
cardioprotective effects of human BMMSCs, ADMSCs, and endometrium-
derived MSCs (EnMSCs) in a rat model of acute MI [145]. It has been found
that miR-21 in EnMSCs-derived exosomes, assumed the main regulatory role
by increasing Bcl-2 and VEGE It has been shown that exosomal miR-21 can
be used in C-kit" CSCs-mediated ischemic myocardium therapy via the same
pathways [127]. In addition, the researchers revealed that these exosomes
contain miR-19a and it may show a cardioprotective effect as a result of
decreased PTEN expression and activation of antiapoptopic Akt and ERK. In a
study evaluating the efficacy of HIF-1a overexpression on human dental pulp
MSCs exosome secretion, overexpression of 10 miRNAs, including, miR-15,
16,17, 31, 126, 145, 221, 222, 320a, and 424, were associated with vesicular
pathways, secretion, and capillary development. It has been also emphasized
that Notch signaling and angiogenesis pathways can be modulated by exo-
somal cargo content [113]. On the contrary, the contents of stem cell-derived
exosomes may also have negatory effects on MI therapy. Ning et al. have
underlined that the miR-153-3p content of BMSCs-derived exosomes sup-
ports hypoxia-induced myocardial damage via VEGF/PI3K/Akt/eNOS signal
pathway [146].

Although the miRNA contents of MSCs-derived exosomes vary, miRNA
targets in MI therapeutic applications are generally associated with apoptotic
signaling pathways, particularly the PTEN/Akt signaling (Table 1). miRNAs
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serve as mediators of indirect regulation mechanisms of exosomal IncR-
NAs and circRNAs as well as post-transcriptional regulation of coding genes
directly. Exosomal transport of IncRNAs is more inconvenient because they
are larger molecules compared to miRNAs. For these reasons, MSCs-derived
exosomal IncRNA/circRNA therapeutic approaches are limited compared to
miRNA studies (Fig. 3) [147, 148]. It has been reported that IncRNA fetal-
lethal non-coding developmental regulatory RNA (FENDRR) regulates the
miR-28/TEAD1 axis through exosomes derived from MSCs and reduces the
progression of athrosclerosis plaque through apoptosis, oxidative stress, and
inflammatory response [149]. Researchers who performed an MSCs-derived
exosomal approach of si-LOC100129516 to silencing IncRNAs, which are
known to contribute to the progression of atheroscrelosis in CAD with its
upregulation, demonstrated that intracellular lipid accumulation is reduced
by the stimulation of the PPARy/LXRa/ABCA1 pathway [150]. It has been
shown that IncRNA XIST found in exosomes derived from ADMSCs, reduces
the miR-214-3p repressive effect on Arl2, thereby suppressing myocardial
pyroptosis in atrial fibrillation [151]. Although the roles of extracellular
circRNAs in the development of atherosclerosis have been defined [152],
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Fig. 3 Action of ncRNAs delivered from MSCs-derived exosomes in CAD. Exosomal ncRNAs can participate in various com-
plex interactions which are mostly forward anti-apoptotic pathways, via other RNAs in CMs.
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further studies are needed for the therapeutic use of stem cell-derived exo-
somal circRNAs.

MSCs-derived IncRNA KLF3-AS1 controls regulation of the SIRT1 gene
through miR-138-5p. KLF3-AS1 overexpression causes a decrease in the infarct
area and downregulation of apoptosis and pyroptosis pathways [153]. Simi-
larly, it has been reported that the IncRNA UCA1 participates in the miR-
873-5p/XIAP axis and increases the expression of the anti-apoptotic Bcl-2
protein, causing the reduction in the repressive effect of miR-873-5p on
XIAP [154]. It has been shown that rat MSCs-derived exosomal IncRNA H19
content was upregulated by atorvastatin, which is frequently used in coro-
nary diseases, it has been found that angiogenesis and pro-cardioprotective
effect were achieved by modulating the miR-675/VEGF-ICAM1 axis [155].
The cardioprotective effect of exosomal IncRNA NEAT1 obtained from MSCs
treated with macrophage migration inhibitory factor (MIF) has been medi-
ated through inhibition of apoptosis via the miR-142-3p/FOXO1 pathway
[156]. Exosomal IncRNA Mir9-3hg from BMMSCs has been shown to directly
bind with pumilio RNA binding family member 2 (Pum2) to downregulate
its intracellular expression [157]. It has been found that the expression of
peroxiredoxin 6 (PRDX6) increased due to the decreased expression of Pum2,
and accordingly, the cardiac function improved with the inhibition of the CM
ferroptosis pathway. With the discovery that circRNAs, apart from IncRNAs,
can also play a crucial role in miRNA/mRNA-mediated cardiac pathways,
approaches to the therapeutic use of exosomal circRNAs in cardiovascular
diseases have emerged [158, 159]. One of the early studies has indicated that
increased circ_0001273 expression in exosomes from hucMSCs has the poten-
tial for myocardial repair and regeneration after MI [160]. A recent study has
revealed the circ_0002113/miR-188-3p/RUNXI1 axis with exosomes derived
from BMMSCs. It has been reported that suppression of MI is regulated via
the USP7/p53 apoptotic pathway via circ_0002113 in the exosome [161].
CircRTN4 in MSCs-derived exosomes has been subjected to reduce myocar-
dial injury in sepsis-induced myocardial cells through the miR-497-5p/MG53
axis. In particular, it has been reported that cell survival was increased and
apoptosis was suppressed [162]. In a recent report, exosomal circ_0001747
from ADMSCs has been found to inhibit apoptosis after hypoxia/reoxygena-
tion injury via the miR-199-3p/MCL1 axis [163].

CPCs- and CDCs-derived exosomes

Analyzing EVs derived from CPCs from normal and pathological adult
human hearts, Romano et al. have used them to create a conditioned medium
and examined their activity on cardiac cells [164]. Proteomic analyses have
shown that CPC-derived EVs contain growth factors that modulate cell migra-
tion, proliferation, and differentiation processes. Initial studies have reported
that upregulation of miR-210, 132, and 146a-3p expression of CPC-derived
exosomes inhibited CMs apoptosis after MI [6]. They have also evaluated the
effect of CPC-derived exosomes on reducing CM apoptosis through IGF-1
receptor activation in subsequent studies [165]. Off note, it has been empha-
sized that CPC exosomes could be a miR-146a-5p-mediated solution not
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only to cardiovascular diseases but also to cardiotoxicity problems caused by
chemotherapeutics used for the treatment of cancer [166]. Gray et al. com-
pared exosomes from CPCs under hypoxic and normal conditions, finding
higher levels of pro-angiogenic miRNAs like miRNA-132 and miRNA-146a
in hypoxic CPC-derived exosomes [167]. These hypoxic exosomes promoted
tube formation in ECs, reduced fibrosis, and improved cardiac function
in vivo. It has been shown that exosomes derived from mouse CPCs reduce
CM apoptosis both in vivo and in vitro after MI [168]. The injections of
human CPCs-derived exosomes after MI have resulted in decreasing infarct
size and fibrosis, in addition to increasing vessel density [6]. Also, it has been
reported that the highest anti-fibrotic and antiapoptopic effects of CPCs-
derived exosomes are observed when injected into the mouse infarct bor-
der region at the time of MI [165, 169]. Cardiosphere-derived cells (CDCs)
from the cardiac progenitor cell group may also contribute to cardiac tissue
repair mechanisms through exosomal interactions. For example, Hypoxic
conditioned CDCs release exosomes with increased levels of pro-angiogenic
miRNAs (miR-126, 130a, and 210), potentially promoting cardioprotective
effects [170].

One of the most promising studies has found evidence that clinical appli-
cations of CDCs are possible. In a clinical study involving five children with
dilated cardiomyopathy, CDCs-derived exosomes containing miR-146a-5p
showed potential therapeutic effects by reducing proinflammatory cytokines
and myocardial fibrosis [171]. Analysis of exosomes derived from CDCs has
highlighted the significance of miR-146 and miR-210 in the prevention of
CMs apoptosis. These findings not only provide valuable insights into the
potential of RNA-based exosomal therapeutics but also underscore the prom-
ise of CDC-derived exosomes in cardiac tissue repair mechanisms.

iPSCs-derived exosomes

It has been shown in comprehensive studies with dermal or cardiac repro-
grammed induced pluripotent stem cells (iPSCs)-derived exosomes are more
reliable and efficient for enhancing cardioprotective effect, proliferation, tube
formation, and myocardial evolution or reducing apoptosis (Fig. 4a). It has
been observed that iPSCs-derived EVs are rich in pro-angiogenic and cardio-
protective miRNA (>200) and proteins (such as BMP-4, PDGFa, TDGF]1,
thrombospondin-1, and VEGF-C) [172]. In in vivo studies, it has been stated
that iPSC and iPSCs-derived EVs have similar cardioprotective effects on liv-
ing myocardium; EVs are more effective in inhibiting apoptosis compared
to cell therapy; and teratoma formation that occurs in iPSC application has
not been observed. In a study conducted with exosomes derived from iPSCs
obtained from mouse cardiac FBs, it has been shown that a cardioprotective
effect was observed in CMs thanks to miR-21 and miR-210 in exosomes [173].

Gao et al. have shown the exosome-mediated cardiac disease therapeutic
function of cardiac tissue cells differentiated from human iPSCs [174¢¢]. It
has been emphasized that increased myocardial recovery was achieved accord-
ing to in vitro and in vivo results. Evaluating the potential of cardiac- and
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dermal- FB reprogrammed iPSCs for cardiac tissue repair, Kurtzwald-Josefson
et al. have reported that reduced expression of miR-22 contributes to the
cardiac remodeling process [175¢]. Harane et al. assessed the therapeutic
potential of EVs derived from cardiovascular progenitors and CMs derived
from iPSCs in a murine model. These EVs, enriched with 16 highly con-
served miRNAs, significantly enhanced EC migration, proliferation, and
tube formation (Fig. 4b) [176]. In parallel, the efficacy of EVs derived from
iPSCs and iPSCs-derived CMs has been researched in vivo by application of
hydrogel to the infarcted rat heart [177]. It has been reported that the cargo
content of vesicles secreted from CM-differentiated iPSCs exhibits a cardiac
tissue-specific profile. Distinct miRNA profiles between EVs secreted from
iPSCs and iPSCs-derived CMs were particularly striking. Increased expres-
sion of 7 miRNAs including miR-122, 1, 143, 127b, 200b, 99b, and 30d, and
decreased expression of miR-302a, 92a, and 302b in iPSC differentiated CMs
have been observed (Fig. 4c). This unique miRNA profile indicates that EVs
from iPSC-derived CMs are more appropriate for therapeutic applications
aimed at reducing infarct size and cell hypertrophy. Results from exosomes
of iPSCs-derived CMs have clearly indicated that pathways in the recovery of
cardiac function can be mediated by various miRNAs. On the other hand,
transcriptomic profiles of exosomes of CMs differentiated from ESC and iPSC
suggest that the specificity of the exosomal cargo content is significantly cor-
related with the reprogrammed cell type [178].

Challenges in coordinating the effect of the cargo contents
of exosomes on cells

Understanding the cardiac tissue repair mechanisms of exosomes and
developing therapeutic options using these mechanisms is one of the most
remarkable issues for today’s scientific authorities. Although we have a much
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deeper understanding of the role of exosome and cargo contents in cardiac
repair than a decade ago studies are still needed to develop comprehensive
approaches [179]. Most exosomal approaches focus on miRNA-mediated
regulation mechanisms. When examining the extensive miRNA expression
profiles of exosomal cargo contents, function-specific mapping, and identifi-
cation are challenging due to the wide diversity of miRNAs. At the same time,
miRNA target interactions identified to date indicate that miRNA regulatory
functions are modulated by multiple, layered, and fine-tuning interactions.

On the other hand, unlike miRNAs, IncRNAs and circRNAs show higher
tissue- and function- specificity. However, the layered interaction networks
of all these ncRNAs are the main challenge in the development of exosomal
RNA approaches. For example, the IncRNA Mir9-hg, which has been reported
to improve cardiac function, may also contribute to the development of lung
squamous cell carcinoma by cross-talking the miR-138-5p/LIMK1 axis [180].
Although the regulatory role of circRNAs, which is one of the critical molecu-
lar modulators in many tissues, in cardiac tissues has been strikingly demon-
strated, there is limited report in the use of exosomal circRNAs originating
from different cell types for cardiovascular therapeutic purposes [181]. For
these reasons, comprehensive and fine-tuned approaches are needed for the
use of exosomal RNAs as cardiac therapeutics. Clinical applications will only
be possible as a result of large-scale and comprehensive analyses of the thera-
peutic applications of exosomes with rich cargo content.

Conclusion and future perspective

The comprehensive review on CAD and MI which is the most important
clinical symptom of CAD shows that clinical challenges have not been over-
come yet, although various treatment approaches have been applied for the
regeneration of tissue damage after CAD. Stem cell studies, promising for
CAD treatment, face limitations such as low cell survival under ischemic
conditions and disadvantages associated with different stem cell types. Recent
evidence indicates that the regenerative effects of these cells, such as cytopro-
tection, inflammation control, and angiogenesis, result from the exosomes
they secrete rather than direct tissue integration.

Exosomes, vital for intracardiac communication, are emerging as a prom-
ising platform in cardiac regenerative medicine due to their rich cargo con-
tent. Exosome-based therapies show potential to overcome limitations like
cell survival, teratoma formation, and immune rejection compared to stem
cell therapy. However, this evolving strategy requires further research before
practical use in cardiac repair. Cargo content must be tailored to specific bio-
logical functions in target tissues or cells. Manipulating exosomal molecules
and conjugating markers for precise cell targeting can offer effective treatment
strategies in cardiac repair.
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