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Abstract: Cardiovascular diseases (CVDs) are the leading cause of mortality and morbidity globally,
representing approximately a third of all deaths every year. The greater part of these cases is
represented by myocardial infarction (MI), or heart attack as it is better known, which occurs when
declining blood flow to the heart causes injury to cardiac tissue. Mesenchymal stem cells (MSCs) are
multipotent stem cells that represent a promising vector for cell therapies that aim to treat MI due
to their potent regenerative effects. However, it remains unclear the extent to which MSC-based
therapies are able to induce regeneration in the heart and even less clear the degree to which clinical
outcomes could be improved. Exosomes, which are small extracellular vesicles (EVs) known to have
implications in intracellular communication, derived from MSCs (MSC-Exos), have recently
emerged as a novel cell-free vector that is capable of conferring cardio-protection and regeneration
in target cardiac cells. In this review, we assess the current state of research of MSC-Exos in the
context of MI. In particular, we place emphasis on the mechanisms of action by which MSC-Exos
accomplish their therapeutic effects, along with commentary on the current difficulties faced with
exosome research and the ongoing clinical applications of stem-cell derived exosomes in different
medical contexts.

Keywords: myocardial infarction; cardiovascular disease; mesenchymal stem cells; exosomes;
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1. Introduction

Myocardial infarction (MI) is a major cardiovascular disease (CVD) caused by a sudden full or
partial stoppage of blood flow to the myocardium, leading to cardiomyocyte (CMC) death and
subsequent irreversible heart muscle necrosis and apoptosis. While recent pharmacological and
mechanical advances have significantly contributed to the sharp decline in death rates [1-3], MI
continues to be a major cause of mortality and morbidity worldwide. In a global report on the
incidence of disease and injury, it was estimated that around 10.6 million incidences of MI caused by
ischaemic heart disease had occurred in 2019 alone [4].

The current standard treatments for MI that aim to mitigate heart damage remain limited in
restoring heart function as they fail to address the CMC and vasculature loss underlying the condition
[5]. Major strides in several biomedical fields—especially that of stem cell biology and medicine—
have appreciably attracted attention towards the research and development of cardiac regeneration
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strategies following MI [6-8]. Thus, novel approaches for acute MI that stimulate angiogenesis,
promote myocardial regeneration, and prevent left ventricular dysfunction have become highly
sought after [8]. Over the past decade, a significant proportion of the clinical studies focused on
cardiac regeneration have been centred around cell therapies, involving the engraftment of novel
cellular agents including mesenchymal stem cells (MSCs) [9-13] and cardiac progenitor cells (CPCs)
[14-17]. Whilst many of these studies have met clinical safety and risk standards, they have generally
been unable to demonstrate significant benefits to cardiac function [18-20]. This failure has prompted
a search for other novel approaches to induce cardiac regeneration, following acute ML

Substantial evidence suggest that the observed cell therapy-related effects are attributed to the
paracrine activity of the injected cells, rather than their successful integration/transdifferentiation into
the myocardium [21-27]. Multiple reports have demonstrated that MSCs [28-34], embryonic stem
cells (ESCs) [35-38], CPCs [39-43], and induced pluripotent stem cells (iPSCs) [44] mediate cardiac
remodelling through such paracrine signalling activities. This paradigm shift has turned the direction
of research towards the development of cell-free strategies focused on the isolation and application
of these bioactive and pro-regenerative paracrine mediators. Studies have shown that extracellular
vesicles (EVs)—particularly of the subset known as exosomes—are the premier paracrine factor
responsible for promoting protection and regeneration in CMCs [44-48]. Specifically, MSC-derived
exosomes (MSC-Exos) have been highlighted as potent paracrine vectors for reducing MI injury and
rejuvenating cardiac function [47-52].

This review will examine the current state of MSC-Exo research and discuss its potential
translational application as a novel cell-free agent for conferring cardiovascular protection and
regeneration following ML

2. Brief Overview of EVs and Exosome Biology

EVs are prokaryote and higher eukaryote cell-secreted miniscule vesicles (30 nm to several
micrometres in diameter) that act as shuttles for a heterogeneous and bioactive cargo mainly
composed of proteins, lipids, and nucleic acids [53,54]. While initially regarded as membrane debris
with no remarkable biological significance, EVs are today understood to be key agents of intercellular
communication that are involved in the regulation of a diverse range of pathological and
physiological processes.

Despite the umbrella term used to generally describe secreted phospholipid bilayer-enclosed
vesicles, EV populations are known to be highly heterogeneous [54-56]. The characterisation and
classification of EVs remain a translational hurdle, as complex overlapping physiochemical and
biochemical properties between the different subtypes of EVs make their taxonomic organisation
difficult to define in a rigorously discrete manner [57,58]. As a result, a reliable and universal EVs
marker has not yet been identified. Furthermore, the vast range of cell-type-specific surface proteins
represents an additional layer of complexity to exosome (and wider EV) classification. To date, EVs
can be broadly divided based on their biogenesis into three subpopulations: apoptotic bodies,
microvesicles, and exosomes (see Figure 1).

Apoptotic bodies (ABs) are the largest (800-5000 nm in diameter) subtype of EVs that are
released as a product of apoptotic cell disassembly. Specifically, ABs release occurs during the
execution phase of the apoptotic process, when the cell undergoes shrinkage, chromosomal
condensation, nuclear and chromosomal fragmentation, and membrane blebbing [59]. While
blebbing occurs, parts of the membrane and the cytoplasm separate from the cell to form ABs. It is
thought that these ABs play an important role in the detection and removal of dead and dying cells
via a variety of intercellular signalling pathways [59-61]. Microvesicles (MVs) are vesicular structures
ranging from 100 to 1000 nm in diameter that are formed from outward blebbing of the plasma
membrane of the parent cell. These MVs are known to be highly involved in intercellular
communication through bioactive molecules shuttling [62].

Exosomes, which are the principal focus of this review, originate from the endocytic pathway.
Like the larger MVs, exosomes play crucial roles in intercellular communications, but are divergently
formed by the inward budding of the multivesicular body (MVB) membrane, which subsequently
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fuses with the plasma membrane to release intraluminal vesicles (ILVs) into the extracellular space
[62]. As such, while MVs and exosomes are structurally similar, they greatly differ in size, lipid, and
cargo composition [63]. Exosome-secreted vesicles are typically around 30-200 nm in diameter and
selectively taken up by neighbouring or distant target cells. Upon receptor mediated uptake and/or
internalisation, exosomes specifically modulate the recipient cell pathways according to the
composition of their bioactive cargo [64]. Exosome membrane-associated proteins are enriched in
tetraspanins (e.g., CD9, CD63, CD81, and CD82), MHC-I and MHC-II, heat-shock proteins (e.g.,
Hspa8, Hsp60, Hsp70, and Hsp90), GTPases (EEF1A1 and EEF2), and other proteins involved in MVB
biogenesis (Alix and TSG-101) [65]. Additionally, their cargo contains many bioactive molecules, such
as lipids [66], proteins [67], mRNAs, ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), long
noncoding RNAs (IncRNAs), microRNAs (miRNAs), and mitochondrial DNA (mtDNA) [68].
Although exosomal cargo specificity varies according to the parent cell-type and other
environmental conditions (e.g., local temperature [69], Oz content [70,71], and pathological state [72-
74]), there are numerous proteins highly associated with exosomes (including heat shock 70 kDa
protein 8 (HSPAS), CD9, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), beta actin (ACTB),
CD63, CD81, annexin A2 (ANXA?2), enolase 1 (ENO1), heat shock protein HSP 90-alpha (HSP90AA1),
elongation factor 1-alpha 1 (EEF1A1), pyruvate kinase isozyme M2 (PKM2), 14-3-3 protein epsilon
(YWHAE), syntenin-1 (SDCBP), programmed cell death-6 interacting protein (PDCD6IP), serum
albumin (ALB), 14-3-3 protein zeta (YWHAZ), eukaryotic elongation factor 2 (EEF2), gamma actin
(ACTG]1), lactate dehydrogenase A (LDHA), heat shock protein HSP 90-beta (HSP90AB1), aldolase
A (ALDOA), moesin (MSN), annexin A5 (ANXAS), phosphoglycerate kinase 1 (PGK1), and cofilin 1
(CFL1) [75]. The aforementioned characteristics, along with their unique mechanism of actions, make
exosomes of immense biological interest, as testified by the plethora of studies aimed at employing
them both as non-invasive diagnostic biomarkers [76-80] and as biological delivery systems [81-84].
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Figure 1. Biogenesis and features of apoptosis bodies (ABs), microvesicles (MVs), and exosomes. Each
of the three classes of extracellular vesicle (EV) are characterised by unique biogenesis pathways,
molecular markers, and cargo. ABs emerge as the cytoskeleton of apoptotic cells are disassembled
and contain various cellular components such as organelles and nuclear fractions. MVs contain a
variety of molecular cargo, including DNA, RNA, and protein, and are produced by the cell
membrane budding and fission. Exosomes are the smallest class of EV, and are enriched in DNA,
RNA, and proteins, and originate from the multivesicular body (MVB).



Biomolecules 2020, 10, 707 4 of 32

Exosomes: Techniques for Isolation and Characterization

Due to their ability to convey a biological message by shuttling a highly specific parental cell-
derived cargo, including miRNAs, mRNAs, proteins, and a variety of bioactive molecules, EVs exert
a pivotal role in cell-to-cell signalling. Hence, EV research is a growing interest worldwide and has
led to a large number of clinical trials, aimed at investigating their efficacy and safety as cell-free
therapy agents. Although EVs were discovered more than three decades ago, their isolation does not
yet rely on a gold-standard protocol, but it is rather accomplished by different approaches, widely
depending on their source (biofluids or cell culture media) and the following downstream
applications [85,86].

High speed (100,000 x g) ultracentrifugation (UC), the most commonly used method of isolation,
allows low yield exosomes isolations from large volumes of initial material (usually urine or
conditioned cell culture media) with the disadvantage of it being considerably time consuming and
unable to separate EVs from other contaminants [87,88]. However, the recent commercialization of a
variety of nanomembrane-based filters for ultrafiltration (UF) produces low contaminated samples
in less than an hour. The resulting UC and UF pre-isolated EVs can be further purified through size
exclusion chromatography (SEC) columns, which are made of porous resin particles. These columns
remove most of the soluble proteins and other contaminants in the sample, providing highly purified
exosome preparations [89]. Fast-isolation protocols utilizing a broad range of commercially available
polymer-based precipitation buffers such as polyethylene glycol (PEG), have also been established
with the aim of providing cost-effective and high yield exosome sample preparation in about 30 min.
However, the high concentration of non-exosomal contaminants in the sample is a significant
limitation of the precipitation-based columns that are therefore recommended for RNA/miRNA
profiling only [90]. Recently, novel protocols relying on the asymmetric-flow field-flow fractionation
(AF4) technology have been developed with the aim of separating label-free EVs at high resolution
(1 nm) by analysing their hydrodynamic size [91,92].

Although exosome quantification remains challenging (due to their small size), transmission
electron microscopy (TEM), Western blot (WB) for exosomal markers (CD9, CD63, CD81, and TSG-
101), and nanoparticle tracking assays (NTA) can be used for post-isolation characterization of the
exosomes [93]. Qualitative TEM protocols involving immunogold sample labelling can provide
insights on exosome morphology as well as their surface protein composition. NTA analysis provides
size, distribution and concentration by tracking the exosome’s Brownian motion [94]. Moreover, total
protein quantification of the sample lysate can be obtained by micro-BCA assays. The above-
mentioned methods are usually combined with WB analysis for exosome phenotyping.

3. MSC-Exos in Cardiac Regeneration

MSCs are multipotent progenitor cells, which can be extracted from a wide variety of tissues,
including bone marrow, adipose tissue, synovium, and Wharton’s jelly. While there exists some
biological variability between MSCs isolated from different tissue origins, the International Society
for Cellular Therapy has proposed a set of minimum criteria defining MSCs based on their
characteristics: (a) being plastic-adherent when maintained in standard culture conditions; (b)
expressing CD105, CD73, and CD90; (c) not expressing (negative markers) CD45, CD34, CD14, or
CD11b, CD79a, or CD19 and HLA-DR surface molecules; (d) being able to differentiate into
osteoblasts, adipocytes, and chondroblasts in vitro upon growth factor stimulation; and (e) being self-
renewable, multipotent, easily accessible, and culturally expandable in vitro [95].

In addition, the genomic stability and lack of ethical issues with the application of MSCs make them
exemplary vectors for cell therapy, regenerative medicine, and tissue repairment. Preclinical and
clinical studies have reported generally positive immunomodulatory and regenerative effects of
MSCs in various medical contexts, including cardiac regeneration. In vitro and in vivo studies have
shown that MSCs are capable of differentiating into CMCs [96,97], endothelial cells (ECs) [98,99],
and vascular smooth muscle cells (VSMCs) [100,101]. However, the beneficial effects of
transplanted MSCs have proved to be modest and somewhat inconsistent. MSCs injections have
been observed to consistently suffer from low engraftment and survival rates in recipient hearts
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[97,102,103], representing a daunting limiting factor for the development of cell-based translational
solutions for MI. Studies observed rapidly declining cell count after MSCs transplantation, which
indicated that observed reductions in infarct size following MSCs treatment are unlikely to be due
to direct CMCs differentiation and repair [102,103]. It has been suggested that the observed decline
in cell count may be attributed to the post-MI environment being inhospitable for cell survival
[103].

Initial models attempting to provide mechanistic explanations of the therapeutic effects of MSCs
described them as migratory cells travelling to and engrafting at the injury sites and subsequently
interacting with local cells. However, recent studies have demonstrated that their therapeutic activity
is mainly exerted in a paracrine manner rather than via direct stem-cell transdifferentiation. Such
investigations have shown that MSC-conditioned medium enhances CMC and progenitor survival
after hypoxia-induced injury [104,105]. This paracrine effect is facilitated by secreted exosomes. MSC-
Exo cargo contains a variety of cytokines (e.g., IL-6 and IL-10 [106,107]), growth factors (e.g., TGF-3
and HGF [99,100]), signalling lipids [108], mRNAs (e.g., IGF-1R [109]), and regulatory miRNAs (e.g.,
miR-21 and miR-133b [110,111]). These components play major and minor modulatory roles in a
broad range of physiological processes, including organism development, epigenetic regulation,
immunomodulation [112], tumorigenesis, and tumour progression [113]. Furthermore, the
therapeutic applications of MSC-Exos provide multiple advantages over pure cell treatments,
including negligible risk of tumour formation and significantly lower immunogenicity.

The above indicates strong potential implications of MSC-Exos in novel therapeutics for
cardiovascular diseases. In fact, a large volume of preclinical studies has confirmed that MSC-Exos
reduce the infarct size and improve post-MI cardiac function [50-52,114-116]. Specifically, blood flow
recovery and preserved cardiac systolic and diastolic performance has been consistently observed
[116].

3.1. MSC-Exos Increases Angiogenesis

Angiogenesis is the physiological process by which new blood vessels form and develop from
existing vasculature. The post-MI myocardium suffers from a limited pro-angiogenic capacity [117].
Severe angiogenic impairment may contribute to contractile dysfunction following heart failure as
the oxygen supply to the vasculature is depleted. Therefore, therapeutic solutions promoting de novo
microvessels’ formation represent a promising strategy for the treatment of acute MI. MSCs
contribute to cardioprotection and regeneration in an infarcted myocardium through its paracrine
stimulation of angiogenesis in affected cells. Studies have shown that this pro-angiogenic potential is
promoted by MSC-Exo-mediated secretion of bioactive factors (see Table 1) [118]. However, it
remains unclear the extent to which MSC-induced angiogenesis can be attributed to MSC-Exo-
mediated effects [119].

Significant blood vessel neo-formations including T cell proliferation and tube formation have
been observed in vitro after MSC-Exos administration [120,121]. In parallel, expression analyses
showed that a number of pro-angiogenic and angiogenesis-associated factors were significantly
upregulated after MSC-Exos treatment in different cardiac cells. Particularly noteworthy was that
numerous in vitro studies reported significant upregulation in ECs of vascular endothelial growth
factor (VEGF), an essential component for maintaining vascular homeostasis and stimulating the
angiogenic cascade [122-126]. Interestingly, in a recent study in which neonatal rat CMCs were
treated with exosomes from different sources (bone marrow-derived MSCs (BM-MSCs), adipose
tissue-derived MSCs (AD-MSCs), and umbilical cord-derived MSCs (UC-MSCs)), VEGEF, pro-
angiogenic fibroblast growth factor-f (FGF-f), and hepatocyte growth factor (HGF) levels were
markedly increased in target cells [126]. Notably, AD-MSCs-exosomes had the most significant effect.
In addition, hypoxic AD-MSC-Exo treatment promotes the upregulation of the pro-angiogenesis
genes angiopoietin-1 (Angpt1) and receptor tyrosine kinase Flk-1 (FIk1) while simultaneously down-
regulating the anti-angiogenesis genes vasohibin-1 (Vashl) and thrombospondin-1 (Tsp1) in ECs
[127]. These expression changes were induced by the hypoxic AD-MSC-Exos-mediated activation of
the protein kinase A (PKA) signalling pathway. A follow-up study demonstrated that PKA activation



Biomolecules 2020, 10, 707 6 of 32

triggers VEGF expression in ECs, synergistically regulates Ang1 and Flk1 expression, and inhibits the
expression of Vash1 [128].

Although the mechanistic bases need to be further elucidated, it is clear that MSC-Exo-induced
angiogenesis is strictly cargo-dependent. MSC-Exos exposed to ischemic conditions have a high
representation of factors involved in canonical angiogenesis-associated pathways, such as the
cadherin, epidermal growth factor receptor (EGFR), FGF, and platelet-derived growth factor (PDGF)
pathways [119]. Further network analysis of the MSC-Exo-induced angiogenesis interactome showed
that protein nodes (i.e., units in an analysis network that represent a specific protein) were most
represented in clusters around canonical angiogenesis pathways such as nuclear factor kappa B1/2
(NF-xB1/2), avian reticuloendothelial virus oncogene homolog A (RELA), platelet-derived growth
factor receptor-p (PDGFR-f), and EGFR in ECs [119]. In particular, MSC-Exo-induced angiogenesis
in ECs is dependent on NF-kB signalling in a dose-dependent manner. Additionally, in ischaemic
MSCs, the expression of a similar subset of angiogenic signalling pathways was also significantly
increased. These findings suggest that ischaemic MSCs are able to create a pro-angiogenic
environment via secretion of exosomes, thereby promoting in situ tissue healing [120].

Further proteomic studies reinforced the hypothesis that the aforementioned pro-angiogenic
response is mediated by a consistent transfer of bioactive factors, such as the extracellular matrix
metalloprotease inducer (EMMPRIN), matrix metalloprotease-9 (MMP-9), and VEGF between donor
(MSCs) and recipient (ECs) cells [128]. Of particular interest is EMMPRIN, which mediates cell
migration and angiogenesis upstream of MMPs and VEGF. Another study aimed at evaluating the
molecular composition and the functional properties of the MSC-EV sub-populations found that
numerous pro-angiogenic and pro-migratory molecules, including VEGF, transforming growth
factor- (TGF-f), interleukin-8 (IL-8), and PDGF factors and PDGFR-a/[3, were compartmentalised in
MSC-Exos [129]. A separate proteomic analysis showed that MSC-Exos contain galectin-1, ezrin, and
p195, which are cell adhesion proteins associated with angiogenesis and cell proliferation [130].

In addition to their protein fraction, MSC-Exos are able to convey their pro-angiogenic signals
through a direct miRNA transfer. Hypoxia-elicited MSC-Exos are significantly enriched in pro-
angiogenic miR-125b-5p compared with naturally occurring MSC-Exos [131]. miR-21-5p is also
enriched, leading to increased expression of the TGF-f3 signalling pathway, pro-angiogenic VEGF-a,
ANGPT-1, hypertrophic atrial natriuretic factor (ANP), and brain natriuretic peptide (BNP) [132].
Another landmark study identified high levels of the pro-angiogenic miR-21, miR-1246, miR-23a-3p,
and miR-23, in MSC-Exos [133]. It was subsequently discovered that a set of angiogenesis-associated
genes, including members of the angiopoietin network (ANGPT1, ANGPT4, and ANGPTL4) as well
as other important mediators of angiogenesis (ephrin type-B receptor 2 (EPHB2), and neuropilin 2
(NRP2)), were upregulated in MSC-Exos treated ECs. Furthermore, numerous genes that correlate
with VEGF or increase its expression, such as MYC-associated zinc finger protein (MAZ), semaphorin
5B (SEMAS5B), and nuclear receptor coactivator 1 (NCOA1), were also significantly upregulated. In
contrast, several antiangiogenic genes including Serine protease inhibitor Kazal-type 5 (SPINKS5),
arachidonate 5-Lipoxygenase (ALOX5), and protein phosphatase 1A (PPM1A) were significantly
down-regulated in MSC-Exo-treated ECs [133].

Table 1. List of components of the mesenchymal stem cell-derived exosomes (MSC-Exos) molecular
cargo selected for their known potential to regulate the angiogenesis process.

MSC-Exo Molecular

Cargo Component Function Reference
Avian RELA, along with p50, is a constituent of the NF-xB [119]
reticuloendothelial heterodimer that mediates NF-kB gene transactivation
virus oncogene activity, which includes numerous angiogenesis-related
homolog A genes [134].
Cadherin Vascular endothelial cadherin modulates angiogenesis [119]

and the structural integrity of blood vessels [135].
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Epidermal growth
factor receptor

The EGFR signal transduction pathway regulates
angiogenesis and is especially pro-angiogenic during

tumorigenesis [136].

[119]

Extracellular matrix

metalloprotease inducer

EMMPRIN mediates cell migration and angiogenesis
upstream of VEGF and MMP-9 [121]. EMMPRIN
promotes angiogenesis by directly elevating the
expression of VEGF [137].

[128]

Ezrin

Ezrin plays a key role in the actin-based cellular functions
required for cell locomotion that are important in

angiogenesis [138].

[130]

Fibroblast growth factor

FGF is a potent inducer of angiogenesis via its mitogenic
action on vascular and capillary endothelial cells.
Specifically, it achieves this by driving VEGF-induced
angiogenesis [139,140].

[119]

Galectin-1

Galectin-1 contributes to multiple steps of the
angiogenesis pathway; pro-angiogenic signalling via
VEGEF receptors and H-Ras is augmented by galectin-1
[141].

[130]

Interleukin-8

Chemokine IL-8 exerts potent angiogenic properties on
ECs through interaction with the receptors C-X-C
chemokine receptor type (CXCR1) and CXCR2 [142].

[129]

Platelet-derived growth

factor

PDGEF is heavily involved in the angiogenic processes in a
vast array of physiological contexts. PDGF interacts with
different PDGFRs, which in turn activate multiple pro-
angiogenic pathways such as the MAPK and PI3K
pathways [143,144].

[129]

Platelet-derived growth
factor receptors

PDGFs interact with PDGFRs to activate the pro-
angiogenic MAPK and PI3K signalling pathways [144].

[129]

p195

p195 functions to link VEGFR2 to the vascular endothelial
cadherin-containing adherens junctions, thereby

promoting VEGF-stimulated angiogenesis [145].

[130]

Nuclear factor-xb

NF-«B is a transcription factor highly associated with
tumour angiogenesis. It activates numerous pro-
angiogenic genes such as VEGF, IL-8, and several MMPs
[146,147].

[119]

Transforming growth
factor-3

TGEF-B induces angiogenesis through its binding to TGF-3
receptor complexes present on ECs [148]. The subsequent
signalling response is highly context-dependent: it can
result in promotion or suppression of endothelial
migration, proliferation, permeability, and sprouting
[149].

[106,129]

Vascular endothelial

growth factor

VEGEF is an important key factor involved in maintaining
vascular homeostasis and stimulating the angiogenic
cascade [150,151].

[128,129]
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miR-21 miR-21 activates the PTEN/VEGEF signalling pathway [110,133]
after acute MI to exert cardioprotective pro-angiogenic
effects [152].
miR-21-5p miR-21-5p leads to increased expression of the TGF-f3 [132]
signalling pathway, pro-angiogenic VEGF-a, and
angiopoietin-1, and ANP and BNP [132].
miR-23 miR-23 interact with Sprouty2, Sema6A, and Sema6D in [133]

ECs to induce sprouting angiogenesis [153].

miR-23a-3p Hypoxic tumour exosomal miR-23a directly targets prolyl [133]
hydroxylase 1 and 2 (PHD1 and 2) in endothelial cells,

promoting tumour angiogenesis [154].

miR-1246 Colon tumour exosome miR-1246 has been found to [133]
promote angiogenesis via Smad 1/5/8 signalling in ECs
[155].

3.2. MSC-Exos Reduces Apoptosis

Apoptosis is a form of programmed cell death characterised by membrane blebbing, cell
shrinkage, condensation of chromatin, and DNA fragmentation, followed by a rapid engulfment of
the corpse by neighbouring cells. It is distinguished from necrosis by the absence of an associated
inflammatory response [156]. Apoptosis plays a significant role during acute MI and reperfusion-
induced tissue injury, leading to the myocardial loss that eventually manifests as heart failure
[157,158]. Therefore, suppressing apoptosis in CMCs is potentially an effective strategy in the
alleviation of acute myocardial infarction [159]. MSC-Exos confer cardioprotection under ischemic
conditions to cardiac cells by hypoxia-induced apoptosis inhibition (see Table 2). This anti-apoptotic
response hinders myocardial damage, preserves left ventricle geometry, and improves cardiac
function [160].

Evidence suggests that MSC-Exos exert anti-apoptotic effects through the modulation of
bioenergetics in target cells. Key features of acute MI include loss of ATP and NADH, increased
oxidative stress, and cell death [161]—all processes that are directly tied to cellular bioenergetics.
MSC-Exo treatment in murine myocardium increases ATP and NADH levels, decreases oxidative
stress, and enhances phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pro-survival
signalling activation in ischemia-reperfusion injury (I/R) hearts [51]. In parallel, MSC-Exo treatments
reduce c-Jun N-terminal kinase (c-JNK) phosphorylation, a major activator of pro-apoptotic signals.
This finding suggests that MSC-Exos exert therapeutic effects at least partly through the restoration
of bioenergetics in target cardiac cells. While the underlying anti-apoptotic molecular mechanisms
remained unclear, it was speculated that MSC-Exos deliver a set of oxidative enzymes that are lost
during I/R injury [161]. Consequentially, a restoration of the bioenergetics processes and
simultaneous decrease in oxidative stress results in apoptosis reduction.

The PI3K/AKT pathway is a key intracellular signal transduction pathway involved in the
regulation of apoptosis and survival. AKT is the primary protein effector downstream of the PI3K
signalling pathway and plays an important role in glucose metabolism by regulating the biological
functions of insulin [162,163]. CMC apoptosis is increased by malfunction of the AKT signalling
pathway during hyperglycaemia, which is accompanied by an increase in the release of cytochrome
¢ from mitochondria and an enhancement of caspase-3 activity [164]. This pathway is tightly
regulated by phosphatase and tensin homolog (PTEN) via its phosphatase dephosphorylation
activity [165]. Among the MSC-Exo anti-apoptotic miRNAs modulating the PI3K/AKT pathway,
miR-144, which is highly enriched in BM-MSC-Exos, significantly counteracts apoptosis in hypoxic
CMCs by interacting with PTEN/PI3K/AKT [166]. Similarly, miR-486-5p from BM-MSC-Exos reduce
MI-induced apoptosis by repressing the PTEN pathway and subsequently activating the PI3K/AKT
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pathway in CMCs [167]. These observations are consistent with other studies investigating the effects
of non-exosomal interventions on the PI3K/AKT pathway and apoptosis in the heart [168-170].

MSC-Exos treatment activates AMPK/mTOR and AKT/mTOR signalling to partly reduce in vitro
and in vivo apoptosis through autophagy enhancement [171]. It is likely that PI3K/AKT activation
contributes to the aforementioned anti-apoptotic response by accelerating autophagic signalling
pathways. In addition, AD-MSC-Exos counteract apoptosis by Wnt/p3-catenin pathway modulation,
a key regulator of survival in CMCs [172]. AD-MSC-Exo treatments induce Wnt/f3-catenin signalling
activation by attenuating I/R- and hypoxia-reoxygenation injury (H/R; an in vitro model where
standard culture atmosphere is replaced with a hypoxic or anoxic gas mixture to study the recovery
process following the hypoxic period)-induced inhibition of Wnt3a, p-GSK-3f (Ser9), and {3-catenin
expression. This effect coincided with dramatically reduced I/R-induced apoptosis in rat CMCs,
upregulation of Bcl-2 and cyclin-D1, downregulation of Bax and, inhibition of caspase-3 activity [172].

Hypoxic preconditioning of parent MSC significantly improves the ability of MSC-Exos to
inhibit apoptosis by enriching their miR-22 content, which inhibits apoptosis by targeting methyl
CpG binding protein 2 (Mecp2) [173]. Horizontal transfer of miR-22 reduces apoptosis in CMCs,
ameliorates fibrosis, and improves post-MI function in the mouse heart. Likewise, miR-21 transfer
via MSC-Exos enhances cardioprotection by conferring anti-apoptotic effects [123]. miR-21 is
involved in several intracellular signalling pathways and modulates apoptotic proteins in CMCs,
such as PDCD4, TLR4, NF-«B, and, notably, PTEN/AKT/Bcl-2 [174]. One study even found that miR-
21 from BM-MSC-Exos protects cardiac stem cells expressing the stem cell factor receptor c-kit from
oxidative injury and apoptosis through PTEN/PI3K/AKT pathway modulation [175]. Hypoxic MSC-
Exos inhibit CMC apoptosis after acute MI by upregulating miR-24 in target cells, which in turn
inhibits apoptosis in murine CMCs [176] by repressing Bcl-2-like protein-11 (BIM) translation (a
member of the B cell lymphoma-2 (Bcl-2) family of apoptosis-mediating proteins). Hypoxic MSC-
Exos also facilitates cardiac repair via miR-125b-5p cargo activity following MI [131].

Interestingly, induced changes to gene expression in parent MSCs influence the anti-apoptotic
properties of MSC-Exos. GATA-binding protein-4 (GATA-4) overexpression leads to increased
growth factor release and EC-mediated angiogenesis [177]. Another study also found that GATA-4
regulates the expression of the members of the miR-15 family in MSCs and improves their survival
in ischemic environments [178]. MSCs overexpressing GATA-4-derived exosomes (MSCEATA4-DEs)
expressing anti-apoptotic miRNAs, reduce apoptosis and preserve mitochondrial membrane
potential in targeted hypoxic CMCs [179]. Additionally, miR-19a and miR-451 are highly expressed
in CMCs treated with MSCGATA+ -DEs. Further analysis showed that miR-19a downregulates PTEN
and BIM expression resulting in AKT and ERK signalling pathways activation while inhibiting
JNK/caspase-3 activation by targeting the transcription factor SRY-box transcription factor-6 (SOX-6)
[180]. These observations suggest a central role of miR-19a in mediating the anti-apoptotic effects of
MSC-Exo treatments. A prior investigation of MSCGATA4 found that the cardioprotection induced by
MSCGATA4-DEs is partially mediated by miR-221 [181], which inhibits p53 modulator of apoptosis
(PUMA), a pro-apoptotic member of the Bcl-2 protein family.

Furthermore, exosomes from MSCs treated with macrophage migration inhibitory factor (MIF)
(MSCMIF) enhances myocardial repair by ameliorating the heart function, reducing heart remodelling,
mitochondrial fragmentation, and apoptosis in vivo [182]. These MSCMF-DEs confer enhanced anti-
apoptotic effects compared to unmodified MSC-Exos in hypoxic CMCs. Here, the exosomal long
coding RNA IncRNA-NEAT1 inhibits miR-142-3p [183]. Increased activity of miR-142 has been found
to induce apoptosis and cardiac dysfunction while its reduction rescued cardiac function in a murine
heart failure model [184]. Additionally, activation of the IncRNA-NEAT1/miR-142 axis enhances the
transcription factor forkhead box protein O1 (FOXO1) activity in CMCs, resulting in the downstream
modulation of a wide range of genes regulating cellular apoptosis. It was therefore suggested that
the IncRNA-NEAT1/miR-142/FOXO1 represents a novel cardioprotective signalling pathway.

Table 2. List of components of the mesenchymal stem cell-derived exosomes (MSC-Exos) molecular
cargo selected for their known potential to regulate the apoptosis process.
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MSC-Exo
Molecular Cargo Function Reference
Component
miR-19a miR-19a downregulates PTEN and BIM expression resulting [179]
in AKT and ERK signalling pathways activation while
inhibiting JNK/caspase-3 activation by targeting the
transcription factor SOX-6 [179].
miR-21 miR-21 is involved in several intracellular signalling [110,123,133]
pathways and modulates apoptotic proteins in CMCs, such as
PDCD4, TLR4, NF-«B, and PTEN/AKT/Bcl-2 [167]. In
addition, miR-21 is involved in PTEN/PI3K/AKT pathway
modulation [175].
miR-22 miR-22 inhibits apoptosis by targeting Mecp2 [173]. [173]
miR-24 miR-24 represses BIM translation to suppress apoptosis [185]. [110,176]
miR-125b-5p miR-125b-5p protects ECs from apoptosis and necrosis under [131]
oxidative stress via interaction with SMAD4 [186].
miR-144 miR-144 counteracts apoptosis in hypoxic CMCs by [166]
interacting with the PTEN/PI3K/AKT pathway [187,188].
Conversely, miR-144 is also known for suppressing
proliferation and promoting apoptosis in tumours.
miR-221 miR-221 inhibits PUMA, a pro-apoptotic member of the Bcl-2 [181]
protein family [181]
miR-451 miR-451 modulates the TLR4/NF-«B pathway, resulting in a [179]
significant apoptosis reduction [189].
miR-486-5p miR-486-5p represses the PTEN pathway while activating the [167]
PIBK/AKT pathway in CMCs to prevent apoptosis [177].
IncRNA-NEAT1 IncRNA-NEATT1 inhibits miR-142-3p, which is known to [184]

induce apoptosis and cardiac dysfunction [184]. Additionally,
activation of the IncRNA-NEAT1/miR-142 axis enhances
FOXOL1 activity in CMCs, resulting in apoptosis gene

expression modulation.

3.3. Immune Response in Acute MI

Acute MI triggers inflammatory responses, which are in turn responsible for the healing/repair
cycles following MI [190]. The role of reperfusion-induced inflammation in the repair process has
been reported in several experimental models [191,192]. Initially, infiltrating monocytes and mast
cells mediate cardiac repair by a complex process involving different cytokines and growth factor
cascades [193]. However, a prolonged inflammation extends myocardial injury, leading to adverse
left ventricular remodelling and heart failure [190]. In addition to the in situ inflammation affecting
the infarcted region, acute Ml also triggers systemic inflammation by modulating the levels of a wide
range of immune factors involved in the humoral and cell-mediated inflammatory responses [194].

In particular, the complement cascade signalling is activated, mediating immune cell
recruitment to the injured myocardium to rapidly elevate myocardial inflammation [190].
Mechanistically, this process infiltrates neutrophils and monocytes into the afflicted regions, where
they exert different immune functions involved in inflammation and tissue repair such as
degranulation, phagocytosis, and differentiation. In parallel, recruited mast cells degranulation
activates a series of pro-inflammatory cytokine and chemokine cascades such as tumour necrosis
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factor (TNF), IL-1f3, and members of the IL-6 family [194]. A variety of damage-associated molecular
patterns (DAMPs) are simultaneously released from necrotic cardiac resident cells following
infarction, which perform a variety of pro-inflammatory functions, including the activation of
immune cells, TLR activation, and inflammasome formation signalling [195-197]. Finally, reactive
oxygen species (ROS) generated from acute MI directly injures cardiac myocytes and vascular cells
by triggering inflammatory cascades in a positive feedback loop [198,199].

Chronic and excessive pro-inflammatory response following acute MI contributes towards the
induction of a process known as adverse left ventricular remodelling [194,200], which involves
enhanced protease activation [201], cytokine expression [202], ventricular dilation [203,204], and
excessive fibrosis induced by cardiac fibroblast activation [205]. This process is strongly correlated
with worsened clinical outcomes, therefore making therapeutic targeting of inflammation following
MI, an important strategy for limiting the infarct size.

3.3.1 MSC-Exos Modulate the Immune Response

While the complete mechanism of action is not yet fully understood, MSCs have long been
known for their immunomodulatory properties [206-208]. As the significance of their paracrine
signalling is increasingly emphasised, evidence that MSCs alter the immune response via exosome
shuttling during MI has recently emerged (see Table 3). Specifically, MSC-Exos hold potent
immunosuppressive anti-inflammatory effects [120,209-211], having significant implications on
cardiac tissue regeneration. Previous studies suggest that the switch from a pro-inflammatory to a
tolerogenic immune response may contribute towards a pro-regenerative environment, allowing
endogenous stem and progenitor cells to successfully repair the affected tissues [211].

A breakthrough study published in 2015 showed that MSC-Exos restrain the inflammatory
response during acute MI by inhibiting immune cell invasion and proliferation in the infarcted zone
of the rat heart [120]. Specifically, CD3* T cells were significantly decreased after MSC-Exos treatment
and a simultaneous inflammation/infiltration reduction was observed in myocardial tissue. Prior in
vitro studies investigating the interaction between MSC-Exos and peripheral blood mononuclear cells
(PBMCs) have also indicated similar results, as co-culture experiments increase CD3* T cell apoptosis
while reducing B cell proliferation, differentiation, and production of IgM, IgG, and IgA under CpG
stimulation [212]. Furthermore, concentrations of immunosuppressive IL-10 were greatly increased
in surrounding culture medium. It was subsequently reported that MSC-Exos inhibited the
differentiation, activation, and proliferation of T cells in vitro in a similar manner [213].

Later studies aimed at identifying the mechanism by which MSC-Exos reduced the
inflammatory response found numerous components involved in the process. MSC-Exos express
programmed death-ligand 1 (PD-L1), galectin-1, and membrane-bound TGF-[3, which are all essential
molecules for inducing immune tolerance [214]. Moreover, immunomodulatory miR-29 and miR-24
are highly expressed in both MSC-Exos and MSCs [110], suggesting that MSC-Exos may be able to at
least partially reproduce the immunosuppressive effects observed after MSC treatment. Both
miRNAs modulate the immune response, with miR-29 being associated with reduced fibrosis via the
repression of numerous collagen genes [215], and miR-24 limiting aortic vascular inflammation by
interacting with a potent regulator of inflammation and tissue remodelling known as chitinase-3-like
protein-1 (CHI3L-1) [216]. Additionally, miR-181a delivered by MSC-Exos inhibits the inflammatory
response through c-Fos protein interaction, a key immunoactivator promoting the dendritic cell-
related immune functions [217].

MSC-Exo-delivered miR-182 attenuates myocardial I/R injury via TLR4/NF-«B/PI3K/AKT
pathway interaction, which in turn regulates macrophage polarisation [218]. MSC-Exo treatments
modify the polarisation of pro-inflammatory M1 macrophages to anti-inflammatory M2
macrophages both in vitro and in vivo [218-224]. As opposed to the host-defensive regulatory M1
macrophages, M2 macrophages have functions in translating the pro-inflammatory cascades into
reduced inflammatory cascades while enhancing subsequent reparative activities. MSC-Exo
synthesis is affected by pro-inflammatory environments, which induce them to promote M2
polarisation by significant upregulation of miR-34a-5p, miR-21, and miR-146a-5p [223]. Besides the
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context of acute ML, the switch from an M1 to M2 phenotype has been similarly observed in MSC-
Exo treatments in other physiological contexts, including bronchopulmonary dysplasia [221], cecal
ligation, puncture-induced sepsis [222], and skeletal muscle damage [224].

Moreover, the M1 to M2 macrophages shift has implications in tissue fibrosis. The post-MI
myocardium is highly characterised by extensive cardiac fibrosis due to the fibroblast and
myofibroblast-mediated reparative response to ischemic cell death [225]. The initial cardiac fibrotic
response is necessary to lessen the rupture of the ventricular wall and therefore represents an
important step in prevention of subsequent heart failure [225]. The transition from acute
inflammation to fibrosis, facilitated by the switch from M1 to M2 dominant macrophage subsets,
significantly contributes towards increasing cardiac fibrosis.

M2 macrophage secretion of TGF-{31 induces resident fibroblast to myofibroblast transformation
[226], which in turn produce matrix components more effectively. Furthermore, macrophages have
roles in recruiting these cells to the injury site via chemokine signalling, and the resulting production
of matrix components and collagen deposition stabilises and crosslinks to form scar tissue [227]. M2
macrophages further promote fibrogenesis through the production of arginase, which activates
glutamate and proline, both of which are necessary for collagen synthesis [227,228]. It should be noted
that acute MI often induces exaggerated response outside the injured area, which can contribute to
progressive impairment of cardiac function and lead to heart failure. Conversely, M2 macrophages
are a potent source of anti-inflammatory IL-10, which exerts protection against cardiac fibrosis. It has
been shown that a lack of IL-10 leads to adverse tissue remodelling and more severe cardiac fibrosis
when compared to naturally occurring counterparts [229].

Despite the seemingly contradictory functions of the M2 macrophages, several reports show that
MSC-Exos ameliorate fibrosis after MI [114,173,210,230]. While the underlying mechanism is unclear,
some studies have implicated a role for the miRNA component of the MSC-Exo molecular cargo.
Ischemic preconditioned MSC-Exos contains miR-22, which ameliorates fibrosis and improves
cardiac function post-MI [173]. MSC-Exos from miR-133-overexpressing MSCs produced comparable
results [231,232].

Table 3. List of components of the mesenchymal stem cell-derived exosomes (MSC-Exos) molecular
cargo selected for their known potential to regulate the immune response.

MSC-Exo
M(():l:rc;lolar Function Reference
Component
Galectin-1 Galectin-1 functions as a homeostatic agent by modulating [130,214]
innate and adaptive immune responses [233]. Galectin-1
inhibits cell growth, induces cell cycle arrest, and
promotes apoptosis of activated immune cells [234-236].
Programmed PD-L1 is a crucial part of the programmed death-1 (PD- [214]

death-ligand 1 1)/PD-L1 pathway, which regulates T cell responses and
its effects on immunological tolerance and immune-

mediated tissue damage [237].

Transforming TGE-f is a potent cytokine having effects on many [106,129,214]
growth factor-p  different cells in the immune system (including T cells and
dendritic cells) and exerting both pro- and anti-
inflammatory effects depending on the context in which it
is acting [238].
miR-21 miR-21 acts as a negative regulator of T cell activation by ~ [110,123,133,223]

targeting guanine nucleotide-binding protein G subunit
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alpha (GNAQ), pleckstrin homology domain-containing
family A member 1 (PLEKHA1), and CXCR4 [239].
Mature miR-21 regulates the anti-inflammatory responses

and polarises macrophages to the M2 phenotype [240].

miR-22 miR-22 ameliorates fibrosis and improves cardiac function [173]
post-MI [241].
miR-24 miR-24 limits aortic vascular inflammation through [110,176,216]

interaction with CHI3L-1, which itself is a regulator of

inflammation and tissue remodelling [216].

miR-29 miR-29 reduces fibrosis via repression of several collagen [110]
genes [215].
miR-34a-5p miR-34a-5p is a central regulator of NF-«xB in T cells [223]

[234,242] and differentiation towards M2 macrophage
polarisation [243].

miR-133 miR-133 ameliorates fibrosis and improves cardiac [232]
function post-MI [244].
miR-146a-5p miR-146a can contribute towards M1 to M2 polarisation [223]

by downregulating M1-marker genes [245].

miR-181a miR-181a inhibits the inflammatory response through [217]
interaction with the c-Fos protein, a key immunoactivator
that contributes to dendritic cell-related immune functions
[217].
miR-182 miR-182 interacts with the TLR4/NF-«xB/PI3K/AKT [218]
pathway, regulate regulator of macrophage polarisation
[218].

4. Clinical Trials Involving Stem-cell Derived Exosomes

Due to their potential as therapeutic cell-free drugs and biomarkers, 151 clinical trial studies
involving exosomes [246] are being developed to-date. Although the regenerative and
immunomodulatory activities of MSC-Exos have been shown in a plethora of preclinical studies in
cardiovascular disorders, more efforts are needed to establish standard and consistent methods for
exosome production (cell lines and culture conditions), isolation, and storage, which are aimed at
reducing the variability between cell-free products. Additional investigations focused on dose and
administration of exosome preparations in patients may facilitate their use in future clinical trials.
Hence, due to the above translational limitations, in a majority of the ongoing clinical trials, exosomes
and their protected cargos including RNAs, small RNAs, and proteins [247], are being investigated
for developing novel diagnostic and prognostic tools toward broad range of conditions. Only seven
interventional studies are currently evaluating the therapeutic efficacy and safety of stem-cell derived
exosomes in patients (see Table 4).

4.1. MSC-EVs and Bronchopulmonary Dysplasia

The NCTO03857841 phase I trial assesses the safety and tolerability of intravenous administration
of BM-MSC-EVs (UNEX-42) in 18 patients at risk of bronchopulmonary dysplasia, a severe neonatal
lung injury [248]. Preclinical studies in the hyperoxia (HYRX)-induced BPD model showed that MSC-
EVs treatment improved lungs morphology by reducing fibrosis and inflammation. As extensively
described in 3.3.1, MSC-EVs modulates macrophages phenotype by promoting the M1-like to M2-
like status [221].
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4.2. MSC-EVs in Dystrophic Epidermolysis Bullosa

Epidermolysis Bullosa (EB) includes a group of inherited genodermatoses caused by a lack of
collagen VII, which in turn results in skin fragility and mucocutaneous blistering. The phase I/IIA
trial NCT04173650, aims at studying effectiveness and safety of AGLE-103 topic administration in the
treatment of lesions in EB subjects. AGLE-103 is an allogenic derived drug composed of MSC-EVs
derived from normal donors. Previous data showed that the intradermal administration of allogenic
MSCs improved the wound healing and prevented blistering by promoting Collagen VII replacement
in patients [249].

4.3. MSC-EVs in Patients with Acute Ischemic Stroke

The NCT03384433 phase II trial aims at studying efficacy and safety of allogenic miR-124
enriched MSC-EVs intravenously administered to five patients with acute ischemic stroke.
Specifically, five patients aged 40-80 years will receive 200 pg (total protein) of miR-124-enriched
allogenic MSC exosomes one month after stroke attack.

MiR-124 regulates several biological processes in central nervous system [250] and exerts an anti-
apoptotic and neuroprotective action in stroke [251]. In addition, previous studies showed that miR-
124 promotes neurovascular remodelling, and neurogenesis after stroke [252].

4.4. Effect of MSC in Patients with Chronic Graft-versus Host Diseases

Chronic graft-versus-host disease (GVHD) is a life-threatening complication following allogenic
hematopoietic stem cell transplantation, resulting in enhanced inflammatory events triggered by the
interaction between donor lymphocytes and foreign antigens [253]. Major ocular complications
including keratoconjunctivis, pain, photophobia, dryness and blindness, and other manifestations
affecting the lacrimal glands, results in decreased tear production [254].

Participants from NCT04213248 Phase II clinical trial will receive umbilical mesenchymal stem
cell (UMSC)-derived exosomes 10 pg/drop, four times a day for 14 days with the aim of relieving the
dry eye symptoms. Previous results indicate that MSCs infusions can be therapeutically effective in
suppressing dry eye symptoms associated in ¢cGVHD subjects by promoting the generation of
regulatory T cells exerting immunomodulatory effects [255]. Subsequently, Lay et al., confirmed that
the anti-inflammatory MSCs capability is due to a paracrine action mediated by MSC-derived
exosomes promoting IL-10-expressing regulatory cells proliferation and IL-17-expressing pathogenic
T cells inhibition [256].

4.5. MSC-EVs Promotion of Macular Holes Healing

The early phase I trial NCT03437759 aims at inducing functional recovery of large and refractory
macular holes (MHs). MHs are thickness defects in the eye macula region of various pathogenetic
origin (including idiopathic and traumatic) [257].

Forty-four subjects will receive a 10 pL PBS drop containing 50 pg or 20 ug MSC-Exo into
vitreous cavity and will be followed up by physical examinations, fundoscopy, best-corrected visual
acuity (BCVA) measurement, and spectral-domain optical coherence tomography (OCT). The main
patient inclusion criteria are a diagnosis of MHs larger than 400 um. Literature studies show that
local human umbilical cord-derived MSC-EVs injection ameliorates uveitis in a rat by inhibiting
inflammatory cell migration, including neutrophils, macrophages cells, and CD4* T cells [258].

4.6. MSC-EVs Treatment in Patients with Metastatic Pancreas Cancer

Pancreatic ductal adenocarcinoma is a highly metastatic disease associated to KRAS Proto-
Oncogene, GTPase (KRAS) gene mutations, occurring to > 90% of the patients [259]. In particular, the
specific KRAS G12D mutation, a codon-12, exon-2 G > A point mutation subtype is the most negative
prognostic factor associated with the modulations of both: the cell cycle regulator PI3K/AKT and, the
cell proliferation/survival/regulation MEK pathways [260].
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Twenty-eight subjects enrolled in the NCT03608631 study will receive different doses of
iExosomes. Specifically, iExosomes is a preparation of MSC-EVs containing combined with
KrasG12D siRNAs and the aim of this phase I clinical trial is to identify both dose-limiting toxicities
(DLT) and maximum tolerated dose (MTD). The ability of iExosomes to enter cells via
micropinocytosis and reducing RAS pathway activation, resulting in pancreatic cancer suppression,
has been extensively shown in multiple in vitro and in vivo models [261]. RAS pathway is involved in
a variety of cellular processes that are relevant for tumorigenesis [262].

4.7. MSC-EVs Based Treatment for Type I Diabetes Mellitus

Type I diabetes mellitus (T1DM) is caused by the pancreatic islets -cell damage, due to an
autoimmune mechanism involving T cells [263] and other factors, including TNF-a and interferon-y
[264]. The rationale of the study is that umbilical cord-blood MSC-EVs intravenously infused can
reduce the inflammation and stabilize the glycaemic control in TIDM patients by improving the -
cell mass. It has been previously shown that umbilical cord-blood MSC-EVs promotes the islet
survival by reducing {-cell apoptosis [265]. In the phase III NCT02138331 clinical trial, twenty
patients will receive a dose of 1.22-1.51 x 10¢/kg of purified exosomes followed by a second injection
of an equivalent dose of MVs (180-1000 nm) after 7 days.

Table 4. Summary of the clinical trials involving MSC-extracellular vesicles (EVs).

Disease Study Type Phase Trial ID Reference
Bronchopulmonary Dysplasia Interventional =~ Phasel =~ NCT03857841  [221,248]
Dystrophic Epidermolysis Bullosa Interventional Phase I/IIA NCT04173650 [249]

Acute Ischemic Stroke Interventional ~ PhaselI = NCTO03384433 [250-252]
Dry Eye Interventional Phase II NCT04213248 [253-256]

Macular Holes Interventional Phase I NCT03437759  [257,258]
Pancreatic Adenocarcinoma Interventional Phase I NCT03608631 [259-262]
Diabetes Mellitus Type 1 Interventional =~ Phase Il NCT02138331 [263,264]

5. Discussion and Future Perspectives

While there is still much to be understood about their nature, MSC-Exos have emerged as a
highly promising cell-free vector for conferring regeneration in the heart. As outlined in this review,
MSC-Exos may have especially strong implications in MI therapeutics, being able to confer potent
angiogenesis [118-121], protection against apoptosis [160], and immunomodulation [120,209,210]
that can directly counteract the adverse outcomes of MI and induce subsequent cardiac regeneration
(see Figure 2). It is clear that the molecular cargo of MSC-Exos (especially that of miRNA and
proteins) is highly responsible for the dynamic cardioprotective and regenerative effects observed.
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Figure 2. Summary of MSC-Exo molecular cargo and its functions in angiogenesis, apoptosis, and
immunomodulation. MSC-Exo treatments improve blood vessel neo-formations through the
activation of a wide range of pro-angiogenic pathways in ECs. In parallel, anti-apoptotic effects are
induced via bioenergetics modification, principally though the PI3K/AKT and mTOR pathways.
Finally, MSC-Exos modify the inflammatory and fibrotic immune responses, creating a
microenvironment more accommodating to regeneration and healing. A highly diverse set of
molecular cargo (almost solely consisted of miRNA and protein factors) is responsible for the
cardioprotective and regenerative effects of MSC-Exos.

While naturally occurring MSC-Exos have been demonstrated to induce desirable effects, it is a
natural next step to pursue research of engineered exosomes that are capable of producing more
vigorous effects that optimise cardioprotection and cardiac regeneration. Future research on MSC-
Exos in this context should therefore focus on identifying the specific molecular cargo of MSC-Exos,
and subsequently elucidate the mechanism by which such components are able to produce specific
effects in target cells. Alongside this, research into the mechanism of exosome-loading process will
be highly valuable as greater understanding of the process would allow for modification of the parent
cell, with the aim of producing exosomes encapsulating desirable molecular cargo. While still
unrefined, several aforementioned studies in this review have attempted to artificially improve MSC-
Exo cardioprotection and regeneration, either through modification of the cells’ local environment
[124,131,160,173,176] or by modifying the expression of specific genes that were believed to have
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downstream implications in cardioprotection and/or regeneration [119,177,178,181,183,184].
Furthermore, the prospect of developing synthetic exosome-mimics introduces the possibility of
large-scale synthesis of MSC-Exo-like exosomes [266]. In this review, we provided an extensive list
of specific molecular cargo components found in MSC-Exos that we hope can assist in designing such
engineered exosomes.

Besides exosome modification, one interesting possibility is to explore the idea of the
enhancement of cardioprotection and cardiac regeneration through selection of MSCs that secrete the
“perfect” exosomes for the required clinical applications. To do this, cells could be subjected to
undergo a process of directed evolution. This is a method for artificially selecting a biological species
(usually a protein or nucleic acid) towards a user-defined goal [267]. It consists of subjecting a gene
to iterative rounds of mutagenesis, selection, and amplification to create a product that is optimised
to accomplish a specific goal—but this has never been attempted at the cellular level. In this logic,
instead of rationally designing exosomes optimised to heal cardiac tissue, in vitro experiments
attempting to select for MSCs that secrete exosomes best suited for inducing cardioprotection could
pose as an alternative solution. Once such a population of exosomes is identified, their contents and
mechanisms of action could then be analysed.

Nevertheless, the application of MSC-Exos—and exosomes in general—in a clinical setting
remains a challenge due to limitations in exosome isolation and characterisation. While techniques
such as ultracentrifugation and size exclusion chromatography-based methods are readily able to
capture exosomes from MSC-conditioned media, it remains a hard truth that the resulting sample is
never a pure population of exosomes due to the fact that other biological particles, especially that of
MVs, can overlap in size. Developments of methods that can better distinguish MSC-Exos based on
their biological properties rather than their physical qualities is likely to improve the pharmacological
potency of the samples. More importantly, however, is that obtaining pure fractions of MSC-Exos
would shed light on the components of the exosomes preparation that may produce unexpected
and/or undesirable effects when applied in a clinical setting (such as an adverse immune response or
tumour development) [268].

Author Contributions: Conceptualization, C.E. and F.C.; investigation S.J.O.T.; writing—original draft
preparation, S.J.O.T., ].F.,, and L.N.; writing—review and editing, C.E. and F.C.; supervision, C.E. and F.C. All
authors have read and agreed to the published version of the manuscript.

Funding: British Heart Foundation: Programme grant (RG/15/5/31446, to C.E.), Chair Award (CH/15/1/31199, to
C. E.), Centre of Vascular Regeneration (BHF-CVR2, to C. E.), BSc Medical Biosciences Programme (to S.J.O.T.),
BEPE—FAPESP (2019/02405-4 to J.F.F.), and ICTEM MRes/PhD Studentship (to L.N.).

Acknowledgments: We are thankful to Jeremy C Hill (Imperial College London) for editorial assistance and
Biorender for contributing to figure designs.

Conflicts of Interest: The authors declare no conflict of interest.

References

Mensah, G.A.; Wei, G.S,; Sorlie, P.D.; Fine, L.J.; Rosenberg, Y.; Kaufmann, P.G.; Mussolino, M.E.; Hsu, L.;
Addou, E.; Engelgau, M.M,; et al. Decline in Cardiovascular Mortality: Possible Causes and Implications.
Circ. Res. 2017, 120, 366-380.

Smolina, K.; Wright, F.L.; Rayner, M.; Goldacre, M.]. Determinants of the decline in mortality from acute
myocardial infarction in England between 2002 and 2010: Linked national database study. BM] 2012, 344,
d8059.

O’Flaherty, M.; Huffman, M.D.; Capewell, S. Declining trends in acute myocardial infarction attack and
mortality rates, celebrating progress and ensuring future success. Heart 2015, 101, 1353-1354.

James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.;
Abdela, J.; Abdelalim, A.; et al. Global, regional, and national incidence, prevalence, and years lived with
disability for 354 diseases and injuries for 195 countries and territories, 1990-2017: A systematic analysis
for the Global Burden of Disease Study Lancet 2018, 392, 1789-1858.

Leoni, G.; Soehnlein, O. (Re) Solving Repair After Myocardial Infarction. Front. Pharmacol. 2018, 9,
doi:10.3389/fphar.2018.01342.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Biomolecules 2020, 10, 707 18 of 32

Lin, Z; Pu, W.T. Strategies for Cardiac Regeneration and Repair. Sci. Transl. Med. 2014, 6, 239rv1,
doi:10.1126/scitranslmed.3006681.

Doppler, S.A.; Deutsch, M.-A.; Lange, R.; Krane, M. Cardiac regeneration: Current therapies—Future
concepts. J. Thorac. Dis. 2013, 5, 683-697.

Spath, N.B.; Mills, N.L.; Cruden, N.L. Novel cardioprotective and regenerative therapies in acute
myocardial infarction: A review of recent and ongoing clinical trials. Futur. Cardiol. 2016, 12, 655-672,
doi:10.2217/fca-2016-0044.

Nagaya, N.; Kangawa, K.; Itoh, T.; Iwase, T.; Murakami, S.; Miyahara, Y.; Fujii, T.; Uematsu, M.; Ohgushi,
H.; Yamagishi, M.; et al. Transplantation of Mesenchymal Stem Cells Improves Cardiac Function in a Rat
Model of Dilated Cardiomyopathy. Circulation 2005, 112, 1128-1135, doi:10.1161/circulationaha.104.500447.
Gnecchi, M.; He, H.; Noiseux, N.; Liang, O.D.; Zhang, L.; Morello, F.; Mu, H.; Melo, L.G,; Pratt, R.E.; Ingwall,
J.S.; et al. Evidence supporting paracrine hypothesis for Akt-modified mesenchymal stem cell-mediated
cardiac protection and functional improvement. FASEB |. 2006, 20, 661-669, doi:10.1096/fj.05-5211com.
Ripa, R.S.; Haack-Sorensen, M.; Wang, Y.; Jorgensen, E.; Mortensen, S.; Bindslev, L.; Friis, T.; Kastrup, ]J.
Bone Marrow Derived Mesenchymal Cell Mobilization by Granulocyte-Colony Stimulating Factor After
Acute Myocardial Infarction: Results From the Stem Cells in Myocardial Infarction (STEMMI) Trial.
Circulation 2007, 116, doi:10.1161/circulationaha.106.678649.

Traverse, ].H.; McKenna, D.H.; Harvey, K,; Jorgenso, B.C.; Olson, R.E.; Bostrom, N.; Kadidlo, D.; Lesser,
J.R.; Jagadeesan, V.; Garberich, R.; et al. Results of a phase 1, randomized, double-blind, placebo-controlled
trial of bone marrow mononuclear stem cell administration in patients following ST-elevation myocardial
infarction. Am. Hear. ]. 2010, 160, 428-434, doi:10.1016/j.ah;j.2010.06.009.

Duran, ].M.; Makarewich, C.A.; Sharp, T.E; Starosta, T.; Zhu, F.; Hoffman, N.E.; Chiba, Y.; Madesh, M.;
Berretta, R.M.; Kubo, H.; et al. Bone-derived stem cells repair the heart after myocardial infarction through
transdifferentiation and paracrine signaling mechanisms. Circ. Res. 2013, 113, 539-552,
doi:10.1161/CIRCRESAHA.113.301202.

Dawn, B.; Stein, A.B.; Urbanek, K.; Rota, M.; Whang, B.; Rastaldo, R.; Torella, D.; Tang, X.-L.; Rezazadeh,
A.; Kajstura, J.; et al. Cardiac stem cells delivered intravascularly traverse the vessel barrier, regenerate
infarcted myocardium, and improve cardiac function. Proc. Natl. Acad. Sci. USA 2005, 102, 3766-3771,
do0i:10.1073/pnas.0405957102.

Tang, X.-L.; Rokosh, G.; Sanganalmath, S.K.; Yuan, F.; Sato, H.; Mu, ]J.; Dai, S.; Li, C.; Chen, N.; Peng, Y.; et
al. Intracoronary administration of cardiac progenitor cells alleviates left ventricular dysfunction in rats
with a 30-day-old infarction. Circulation 2010, 121, 293-305, doi:10.1161/CIRCULATIONAHA.109.871905.
Rota, M.; Padin-Iruegas, M.E.; Misao, Y.; De Angelis, A.; Maestroni, S.; Ferreira-Martins, J.; Filumana, E.;
Rastaldo, R.; Arcarese, M.L.; Mitchell, T.S,; et al. Local activation or implantation of cardiac progenitor cells
rescues scarred infarcted myocardium improving cardiac function. Circ. Res. 2008, 103, 107-116,
doi:10.1161/CIRCRESAHA.108.178525.

Mauretti, A.; Spaans, S.; Bax, N.; Sahlgren, C.; Bouten, C.V.C. Cardiac Progenitor Cells and the Interplay
with Their Microenvironment. Stem Cells Int. 2017, 2017, 1-20, doi:10.1155/2017/7471582.

Nowbar, A.N.; Mielewczik, M.; Karavassilis, M.; Dehbi, H.M.; Shun-Shin, M.].; Jones, S.; Howard, ].P.; Cole,
G.D.; Francis, D.P. Discrepancies in autologous bone marrow stem cell trials and enhancement of ejection
fraction (DAMASCENE): Weighted regression and meta-analysis. BM] 2014, 348, g2688.

Steele, A.N.; MacArthur, JW.; Woo, Y.J. Stem Cell Therapy: Healing or Hype? Why Stem Cell Delivery
Doesn’t Work. Circ. Res. 2017, 120, 1868-1870, doi:10.1161/CIRCRESAHA.117.310584.

Poulos, ]. The limited application of stem cells in medicine: A review. Stem Cell Res. Ther. 2018, 9, 1,
doi:10.1186/s13287-017-0735-7.

Linero, I.; Chaparro, O. Paracrine Effect of Mesenchymal Stem Cells Derived from Human Adipose Tissue
in Bone Regeneration. PLoS ONE 2014, 9, 107001, doi:10.1371/journal.pone.0107001.

Dittmer, ]J.; Leyh, B. Paracrine effects of stem cells in wound healing and cancer progression (Review). Int.
J. Oncol. 2014, 44, 1789-1798, doi:10.3892/ij0.2014.2385.

Liang, X,; Ding, Y.; Zhang, Y.; Tse, H.-F.; Lian, Q. Paracrine Mechanisms of Mesenchymal Stem Cell-Based
Therapy:  Current Status and  Perspectives.  Cell  Transplant. 2014, 23,  1045-1059,
doi:10.3727/096368913x667709.

Baraniak, P.R.; McDevitt, T.C. Stem cell paracrine actions and tissue regeneration. Regen. Med. 2010, 5, 121-
143, d0i:10.2217/rme.09.74.



Biomolecules 2020, 10, 707 19 of 32

25. Ratajczak, M.Z.; Kucia, M.; Jadczyk, T.; Greco, N.J.; Wojakowski, W.; Tendera, M.; Ratajczak, J. Pivotal role
of paracrine effects in stem cell therapies in regenerative medicine: Can we translate stem cell-secreted
paracrine factors and microvesicles into better therapeutic strategies? Leukemia 2011, 26, 1166-1173,

d0i:10.1038/1eu.2011.389.

26. Gnecchi, M.; Zhang, Z.; Ni, A.; Dzau, V.J. Paracrine mechanisms in adult stem cell signaling and therapy.
Circ. Res. 2008, 103, 1204-1219, doi:10.1161/CIRCRESAHA.108.176826.

27. Hodgkinson, C.P.; Bareja, A.; Gomez, J.A.; Dzau, V. Emerging Concepts in Paracrine Mechanisms in

Regenerative  Cardiovascular ~Medicine and Biology. Circ. Res. 2016, 118, 95-107,
doi:10.1161/CIRCRESAHA.115.305373.

28. Takahashi, M.; Li, T.-S.; Suzuki, R.; Kobayashi, T.; Ito, H.; Ikeda, Y.; Matsuzaki, M.; Hamano, K. Cytokines
produced by bone marrow cells can contribute to functional improvement of the infarcted heart by
protecting cardiomyocytes from ischemic injury. Am. ]. Physiol. Circ. Physiol. 2006, 291, H886-H893,
doi:10.1152/ajpheart.00142.2006.

29. Xu, M.; Uemura, R.; Dai, Y.; Wang, Y.; Pasha, Z.; Ashraf, M. In vitro and in vivo effects of bone marrow stem
cells on cardiac structure and function. J. Mol. Cell. Cardiol. 2007, 42, 441-448, d0i:10.1016/j.yjmcc.2006.10.009.

30. Uemura, R.; Xu, M.; Ahmad, N.; Ashraf, M. Bone Marrow Stem Cells Prevent Left Ventricular Remodeling
of Ischemic Heart Through Paracrine Signaling. Circ. Res. 2006, 98, 1414-1421,
doi:10.1161/01.res.0000225952.61196.39.

31. Hatzistergos, K.; Quevedo, H.; Oskouei, B.N.; Hu, Q.; Feigenbaum, G.S.; Margitich, I.S.; Mazhari, R.; Boyle,
Al].; Zambrano, J.P.; Rodriguez, J.E.; et al. Bone marrow mesenchymal stem cells stimulate cardiac stem
cell proliferation and differentiation. Circ. Res. 2010, 107, 913-922, doi:10.1161/CIRCRESAHA.110.222703.

32. Elnakish, M.T.; Hassan, F.; Dakhlallah, D.A.; Marsh, C.B.; Alhaider, I.A.; Khan, M. Mesenchymal Stem Cells
for Cardiac Regeneration: Translation to Bedside Reality. Stem Cells Int. 2012, 2012, 1-14,
doi:10.1155/2012/646038.

33. Gallina, C.; Turinetto, V.; Giachino, C. A New Paradigm in Cardiac Regeneration: The Mesenchymal Stem
Cell Secretome. Stem Cells Int. 2015, 2015, 1-10, d0i:10.1155/2015/765846.

34. Cai, M,; Shen, R; Song, L.; Lu, M.; Wang, ]J.; Zhao, S.; Tang, Y.; Meng, X.; Li, Z.; He, Z.-X. Bone Marrow
Mesenchymal Stem Cells (BM-MSCs) Improve Heart Function in Swine Myocardial Infarction Model
through Paracrine Effects. Sci. Rep. 2016, 6, 28250, doi:10.1038/srep28250.

35. Singla, D.; Lyons, G.E.; Kamp, T.J. Transplanted embryonic stem cells following mouse myocardial
infarction inhibit apoptosis and cardiac remodeling. Am. J. Physiol. Circ. Physiol. 2007, 293, H1308-H1314,
doi:10.1152/ajpheart.01277.2006.

36. Glass, C.; Singla, D. MicroRNA-1 transfected embryonic stem cells enhance cardiac myocyte differentiation
and inhibit apoptosis by modulating the PTEN/Akt pathway in the infarcted heart. Am. J. Physiol. Circ.
Physiol. 2011, 301, H2038-H2049, d0i:10.1152/ajpheart.00271.2011.

37. Singla, D.K.; Singla, R.D.; McDonald, D.E. Factors released from embryonic stem cells inhibit apoptosis in
HOc2 cells through PI3K/Akt but not ERK pathway. Am. J. Physiol. Circ. Physiol. 2008, 295, H907-H913,
doi:10.1152/ajpheart.00279.2008.

38. Khan, M.; Nickoloff, E.; Abramova, T.; Johnson, J.; Verma, S.K.; Krishnamurthy, P.; Mackie, A.R.; Vaughan,
E.; Garikipati, V.N.S.; Benedict, C.; et al. Embryonic stem cell-derived exosomes promote endogenous
repair mechanisms and enhance cardiac function following myocardial infarction. Circ. Res. 2015, 117, 52—
64, doi:10.1161/CIRCRESAHA.117.305990.

39. Sebastido, M.].; Serra, M.; Pereira, R.; Palacios, I.; Gomes-Alves, P.; Alves, P.M. Human cardiac progenitor
cell activation and regeneration mechanisms: Exploring a novel myocardial ischemia/reperfusion in vitro
model. Stem Cell Res. Ther. 2019, 10, 77, d0i:10.1186/s13287-019-1174-4.

40. Kawaguchi, N.; Smith, A.J.; Waring, C.D.; Hasan, K.; Miyamoto, S.; Matsuoka, R.; Ellison-Hughes, G.M. C-
kitpos GATA-4 High Rat Cardiac Stem Cells Foster Adult Cardiomyocyte Survival through IGF-1 Paracrine
Signalling. PLoS ONE 2010, 5, e14297, doi:10.1371/journal.pone.0014297.

41. Chen, L.; Wang, Y.; Pan, Y.; Zhang, L.; Shen, C.; Qin, G.; Ashraf, M.; Weintraub, N.; Ma, G.; Tang, Y. Cardiac
progenitor-derived exosomes protect ischemic myocardium from acute ischemia/reperfusion
injury. Biochem. Biophys. Res. Commun. 2013, 431, 566-571, doi:10.1016/j.bbrc.2013.01.015.

42. Park, C.-Y.; Choi, S.-C.; Kim, J.-H.; Choi, ].-H.; Joo, H.; Hong, S.J.; Lim, D.-S. Cardiac Stem Cell Secretome
Protects Cardiomyocytes from Hypoxic Injury Partly via Monocyte Chemotactic Protein-1-Dependent
Mechanism. Int. J. Mol. Sci. 2016, 17, 800, d0i:10.3390/ijms17060800.



Biomolecules 2020, 10, 707 20 of 32

43. Witman, N.; Zhou, C.; Beverborg, N.G.; Sahara, M.; Chien, K.R. Cardiac progenitors and paracrine
mediators in cardiogenesis and heart regeneration. Semin. Cell Dev. Biol. 2020, 100, 29-51,
doi:10.1016/j.semcdb.2019.10.011.

44. Adamiak, M.; Cheng, G.; Bobis-Wozowicz, S.; Zhao, L.; Kedracka-Krok, S.; Samanta, A.; Karnas, E.; Xuan,
Y.-T.; Skupien-Rabian, B.; Chen, X,; et al. Induced Pluripotent Stem Cell (iPSC)-Derived Extracellular
Vesicles Are Safer and More Effective for Cardiac Repair Than iPSCs. Circ. Res. 2018, 122, 296-309,
doi:10.1161/circresaha.117.311769.

45. Alibhai, F.; Tobin, S.; Yeganeh, A.; Weisel, R.D.; Li, R.-K. Emerging roles of extracellular vesicles in cardiac
repair and rejuvenation. Am. J. Physiol. Circ. Physiol. 2018, 315, H733-H744, d0i:10.1152/ajpheart.00100.2018.

46. Riazifar, M.; Pone, E.J.; Lotvall, J.; Zhao, W. Stem Cell Extracellular Vesicles: Extended Messages of
Regeneration. Annu. Rev. Pharmacol. Toxicol. 2016, 57, 125-154, doi:10.1146/annurev-pharmtox-061616-
030146.

47. Davidson, S.M.; Yellon, D.M. Exosomes and cardioprotection—A critical analysis. Mol. Aspects Med. 2018,
60, 104-114.

48. Dougherty, J.A.; Mergaye, M.; Kumar, N.; Chen, C.-A.; Angelos, M.G.; Khan, M. Potential Role of Exosomes
in Mending a Broken Heart: Nanoshuttles Propelling Future Clinical Therapeutics Forward. Stem Cells Int.
2017, 2017, 1-14, doi:10.1155/2017/5785436.

49. Haider, K.H.; Aramini, B. Mircrining the injured heart with stem cell-derived exosomes: An emerging
strategy of cell-free therapy. Stem Cell Res. Ther. 2020, 11, 1-12, doi:10.1186/s13287-019-1548-7.

50. Lai, R.C.; Arslan, F.; Lee, M.M.; Sze, N.S.K.; Choo, A.; Chen, T.S.; Salto-Tellez, M.; Timmers, L.; Lee, C.N.;
El Oakley, R.M.; et al. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell
Res. 2010, 4, 214-222, doi:10.1016/j.scr.2009.12.003.

51. Arslan, F.; Lai, R.C.; Smeets, M.B.; Akeroyd, L.; Choo, A.; Aguor, E.N.E.; Timmers, L.; Van Rijen, H.V.;
Doevendans, P.A.; Pasterkamp, G.; et al. Mesenchymal stem cell-derived exosomes increase ATP levels,
decrease oxidative stress and activate PI3K/Akt pathway to enhance myocardial viability and prevent
adverse remodeling after myocardial ischemia/reperfusion injury. Stem Cell Res. 2013, 10, 301-312,
doi:10.1016/j.scr.2013.01.002.

52. Zhao, Y.; Sun, X.; Cao, W.; Ma, J.; Sun, L.; Qian, H.; Zhu, W.; Xu, W. Exosomes Derived from Human
Umbilical Cord Mesenchymal Stem Cells Relieve Acute Myocardial Ischemic Injury. Stem Cells Int. 2015,
2015, 1-12, doi:10.1155/2015/761643.

53. Ma, S.; Wong, W.T.J.; Wang, N.H. Obesity reshapes stem cell extracellular vesicles. Cyfom. Part A 2017, 93,
177-179, doi:10.1002/cyto.a.23166.

54. Gyorgy, B.; Szabd, T.G.; Pasztéi, M.; Pal, Z.; Misjak, P.; Aradi, B.; Lsz16, V.; Péllinger, E.; Pap, E.; Kittel, A.;
et al. Membrane vesicles, current state-of-the-art: Emerging role of extracellular vesicles. Cell. Mol. Life Sci.
2011, 68, 2667-2688, doi:10.1007/s00018-011-0689-3.

55. Willms, E.; Cabanas, C.; Mager, I.; Wood, M.; Vader, P. Extracellular Vesicle Heterogeneity: Subpopulations,
Isolation Techniques, and Diverse Functions in Cancer Progression. Front. Immunol. 2018, 9,
doi:10.3389/fimmu.2018.00738.

56. Witwer, KW.; Théry, C. Extracellular vesicles or exosomes? On primacy, precision, and popularity
influencing a choice of nomenclature. . Extracell. Vesicles 2019, 8, doi:10.1080/20013078.2019.1648167.

57. Margolis, L.; Sadovsky, Y. The biology of extracellular vesicles: The known unknowns. PLoS Biol. 2019, 17,
€3000363, doi:10.1371/journal.pbio.3000363.

58. Yanez-Mo, M.; Siljander, P.R.M.; Andreu, Z.; Zavec, A.B.; Borras, F.E.; Buzas, E.I; Buzas, K,; Casal, E.;
Cappello, F.; Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological
functions. J. Extracell. Vesicles 2015, 4, 27066, d0i:10.3402/jev.v4.27066.

59. Elmore, S.A. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495-516,
doi:10.1080/01926230701320337.

60. Poon, L.K.H.; Lucas, C.; Rossi, A.G.; Ravichandran, K.S. Apoptotic cell clearance: Basic biology and
therapeutic potential. Nat. Rev. Immunol. 2014, 14, 166-180, doi:10.1038/nri3607.

61. Wickman, G.; Julian, L.; Olson, M. How apoptotic cells aid in the removal of their own cold dead bodies.
Cell Death Differ. 2012, 19, 735-742, d0i:10.1038/cdd.2012.25.
62. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013,

200, 373-383, doi:10.1083/jcb.201211138.



Biomolecules 2020, 10, 707 21 of 32

63. Stahl, A.-L.; Johansson, K.; Mossberg, M.; Kahn, R.; Karpman, D. Exosomes and microvesicles in normal
physiology, pathophysiology, and renal diseases. Pediatr. Nephrol. 2017, 34, 11-30, doi:10.1007/s00467-017-
3816-z.

64. Zhang, X.; Yuan, X.; Shi, H.; Wu, L.; Qian, H.; Xu, W. Exosomes in cancer: Small particle, big player. J.
Hematol. Oncol. 2015, 8, 83, d0i:10.1186/s13045-015-0181-x.

65. Sarvar, D.P.; Shamsasenjan, K.; Akbarzadehlaleh, P. Mesenchymal Stem Cell-Derived Exosomes: New
Opportunity in Cell-Free Therapy. Adv. Pharm. Bull. 2016, 6, 293-299, doi:10.15171/apb.2016.041.

66. Vidal, M.; Philippot, J.R.; Bienveniie, A.; Sainte-Marie, ]. Asymmetric distribution of phospholipids in the
membrane of vesicles released during in vitro maturation of guinea pig reticulocytes: Evidence precluding
a role for aminophospholipid translocase. J. Cell. Physiol. 1989, 140, 455-462, doi:10.1002/jcp.1041400308.

67. Simpson, R.; Lim, ].W.; Moritz, R.L.; Mathivanan, S. Exosomes: Proteomic insights and diagnostic potential.
Expert Rev. Proteom. 2009, 6, 267-283, doi:10.1586/epr.09.17.

68. Li, S; Li, Y.; Chen, B.; Zhao, J.; Yu, S; Tang, Y.; Zheng, Q.; Li, Y.; Wang, P.; He, X,; et al. exoRBase: A
database of circRNA, IncRNA and mRNA in human blood exosomes. Nucleic Acids Res. 2017, 46, D106—
D112, doi:10.1093/nar/gkx891.

69. Maroto, R.; Zhao, Y.; Jamaluddin, M.; Popov, V.L.; Wang, H.; Kalubowilage, M.; Zhang, Y.; Luisi, J.; Sun,
H.; Culbertson, C.T.; et al. Effects of storage temperature on airway exosome integrity for diagnostic and
functional analyses. ]. Extracell. Vesicles 2017, 6, 1359478, doi:10.1080/20013078.2017.1359478.

70. Namazi, H.; Mohit, E.; Namazi, I.; Rajabi, S.; Samadian, A.; Hajizadeh-Saffar, E.; Aghdami, N.; Baharvand,
H. Exosomes secreted by hypoxic cardiosphere-derived cells enhance tube formation and increase pro-
angiogenic miRNA. J. Cell. Biochem. 2018, 119, 41504160, doi:10.1002/jcb.26621.

71. Kucharzewska, P.; Christianson, H.C.; Welch, J.E.; Svensson, K.J.; Fredlund, E.; Ringnér, M.; Mérgelin, M.;
Bourseau-Guilmain, E.; Bengzon, J.; Belting, M. Exosomes reflect the hypoxic status of glioma cells and
mediate hypoxia-dependent activation of vascular cells during tumor development. Proc. Natl. Acad. Sci.
USA 2013, 110, 7312-7317, doi:10.1073/pnas.1220998110.

72. Hong, C.-S.; Muller, L.; Whiteside, T.L.; Boyiadzis, M. Plasma Exosomes as Markers of Therapeutic
Response in Patients with Acute Myeloid Leukemia. Front. Immunol. 2014, 5, doi:10.3389/fimmu.2014.00160.

73. Ludwig, N.; Yerneni, S.S.; Razzo, B.M.; Whiteside, T.L. Exosomes from HNSCC Promote Angiogenesis
through Reprogramming of Endothelial Cells. Mol. Cancer Res. 2018, 16, 1798-1808, do0i:10.1158/1541-
7786.mcr-18-0358.

74. Zhang, W; Jiang, X.; Bao, J.; Wang, Y.; Liu, H.; Tang, L. Exosomes in Pathogen Infections: A Bridge to
Deliver Molecules and Link Functions. Front. Immunol. 2018, 9, d0i:10.3389/fimmu.2018.00090.

75. ExoCarta: Exosome markers http://exocarta.org/exosome_markers (accessed Apr 28, 2020).

76. Dorayappan, K.D.P.; Wallbillich, J.J.; Cohn, D.E.; Selvendiran, K. The biological significance and clinical
applications of exosomes in ovarian cancer. Gynecol. Oncol. 2016, 142, 199-205,
doi:10.1016/j.ygyno.2016.03.036.

77. Wang, H.; Jiang, D.; Li, W.; Xiang, X.; Zhao, J.; Yu, B.; Wang, C,; He, Z.; Zhu, L.; Yang, Y. Evaluation of
serum extracellular vesicles as noninvasive diagnostic markers of glioma. Theranostics 2019, 9, 5347-5358,

doi:10.7150/thno.33114.

78. Barcel6, M.; Castells, M.; Bassas, L.; Vigués, F.; Larriba, S. Semen miRNAs Contained in Exosomes as Non-
Invasive Biomarkers for Prostate Cancer Diagnosis. Sci. Rep. 2019, 9, 13772, doi:10.1038/541598-019-50172-
6.

79. Lin, J.; Li, J.; Huang, B; Liu, J.; Chen, X.; Chen, X.-M,; Xu, Y.-M.; Huang, L.-F.; Wang, X. Exosomes: Novel
Biomarkers for Clinical Diagnosis. Sci. World ]. 2015, 2015, 1-8, doi:10.1155/2015/657086.

80. Crenshaw, B.J.; Sims, B.; Matthews, Q.L. Biological Function of Exosomes as Diagnostic Markers and
Therapeutic Delivery Vehicles in Carcinogenesis and Infectious Diseases. In Nanomedicines; IntechOpen:
London, UK, 2019.

81. Mathiyalagan, P.; Sahoo, S. Exosomes-Based Gene Therapy for MicroRNA Delivery. In Breast Cancer;
Springer: Berlin, Germany, 2017; Volume 1521, pp. 139-152.

82. Antimisiaris, S.; Mourtas, S.; Marazioti, A. Exosomes and Exosome-Inspired Vesicles for Targeted Drug
Delivery. Pharm. 2018, 10, 218, doi:10.3390/pharmaceutics10040218.
83. Luan, X.; Sansanaphongpricha, K.; Myers, I.; Chen, H.; Yuan, H.; Sun, D. Engineering exosomes as refined

biological nanoplatforms for drug delivery. Acta Pharmacol. Sin. 2017, 38, 754-763, d0i:10.1038/aps.2017.12.



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Biomolecules 2020, 10, 707 22 of 32

Ha, D.; Yang, N.; Nadithe, V. Exosomes as therapeutic drug carriers and delivery vehicles across biological
membranes: Current perspectives and future challenges. Acta Pharm. Sin. B 2016, 6, 287-296,
doi:10.1016/j.apsb.2016.02.001.

Momen-Heravi, F.; Balaj, L.; Alian, S.; Mantel, P.-Y.; Halleck, A.E.; Trachtenberg, A.].; Soria, C.E.; Oquin,
S.; Bonebreak, C.M.; Saracoglu, E.; et al. Current methods for the isolation of extracellular vesicles. Biol.
Chem. 2013, 394, 1253-1262, d0i:10.1515/hsz-2013-0141.

Konoshenko, M.Y.; Lekchnov, E.A.; Vlassov, A.V.; Laktionov, P.P. Isolation of Extracellular Vesicles:
General Methodologies and Latest Trends. BioMed Res. Int. 2018, 2018, doi:10.1155/2018/8545347.
Gardiner, C.; Di Vizio, L.; Sahoo, S.; Théry, C.; Witwer, K.W.; Wauben, M.; Hill, A.F. Techniques used for
the isolation and characterization of extracellular vesicles: Results of a worldwide survey. |. Extracell.
Vesicles 2016, 5, 27066, doi:10.3402/jev.v5.32945.

Jeppesen, D.; Hvam, M.L.; Primdahl-Bengtson, B.; Boysen, A.T.; Whitehead, B.; Dyrskjet, L.; Orntoft, T.F.;
Howard, K.A_; Ostenfeld, M.S. Comparative analysis of discrete exosome fractions obtained by differential
centrifugation. J. Extracell. Vesicles 2014, 3, 25011, doi:10.3402/jev.v3.25011.

Boing, A.N.; Van Der Pol, E.; Grootemaat, A.E.; Coumans, F.A.W.; Sturk, A.; Nieuwland, R. Single-step
isolation of extracellular vesicles by size-exclusion chromatography. |. Extracell. Vesicles 2014, 3, 42,
doi:10.3402/jev.v3.23430.

Martins, T.; Catita, J.; Rosa, LM.; Silva, O.A.; Henriques, A.G. Exosome isolation from distinct biofluids
using  precipitation and column-based approaches. PLoS ONE 2018, 13, e0198820,
doi:10.1371/journal.pone.0198820.

Zhang, H.; Lyden, D. Asymmetric-flow field-flow fractionation technology for exomere and small
extracellular vesicle separation and characterization. Nat. Protoc. 2019, 14, 1027-1053, do0i:10.1038/s41596-
019-0126-x.

Zhang, H.; Freitas, D.; Kim, H.S.; Fabijanic, K.; Li, Z.; Chen, H.; Mark, M.T.; Molina, H.; Martin, A.B.; Bojmar,
L.; et al. Identification of distinct nanoparticles and subsets of extracellular vesicles by asymmetric flow
field-flow fractionation. Nature 2018, 20, 332-343, d0i:10.1038/s41556-018-0040-4.

Van Der Pol, E.; Coumans, F.A.W.; Grootemaat, A.E.; Gardiner, C.; Sargent, I.L.; Harrison, P.; Sturk, A;
Van Leeuwen, T.G.; Nieuwland, R. Particle size distribution of exosomes and microvesicles determined by
transmission electron microscopy, flow cytometry, nanoparticle tracking analysis, and resistive pulse
sensing. J. Thromb. Haemost. 2014, 12, 1182-1192, doi:10.1111/jth.12602.

Gardiner, C.; Ferreira, Y.J.; Dragovic, R.A.; Redman, C.W.; Sargent, L.L. Extracellular vesicle sizing and
enumeration by nanoparticle tracking analysis. |. Extracell. Vesicles 2013, 2, 525, doi:10.3402/jev.v2i0.19671.
Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.;
Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315-317,
doi:10.1080/14653240600855905.

Xu, W.; Zhang, X,; Qian, H.; Zhu, W.; Sun, X.; Hu, J.; Zhou, H.; Chen, Y. Mesenchymal Stern Cells from
Adult Human Bone Marrow Differentiate into a Cardiomyocyte Phenotype In vitro. Exp. Biol. Med. 2004,
229, 623-631, doi:10.1177/153537020422900706.

Toma, C.; Pittenger, M.F,; Cahill, K.S.; Byrne, B.J.; Kessler, P.D. Human Mesenchymal Stem Cells
Differentiate to a Cardiomyocyte Phenotype in the Adult Murine Heart. Circulation 2002, 105, 93-98,
doi:10.1161/hc0102.101442.

Oswald, J.; Boxberger, S.; Joergensen, B.; Bornhaeuser, M.; Ehninger, G.; Werner, C. Mesenchymal Stem
Cells (MSC) can be differentiated into endothelial cells in vitro. In Proceedings of the Transactions—7th
World Biomaterials Congress, Sydney, Australia, 17-21 May 2004.

Silva, G.V,; Litovsky, S.; Assad, J.A.; Sousa, A.L.; Martin, B.].; Vela, D.; Coulter, S.C.; Lin, J.; Ober, ].; Vaughn,
W.K,; et al. Mesenchymal Stem Cells Differentiate into an Endothelial Phenotype, Enhance Vascular
Density, and Improve Heart Function in a Canine Chronic Ischemia Model. Circulation 2005, 111, 150-156,
doi:10.1161/01.cir.0000151812.86142.45.

Tamama, K.; Sen, C.K.; Wells, A. Differentiation of Bone Marrow Mesenchymal Stem Cells into the Smooth
Muscle Lineage by Blocking ERK/MAPK Signaling Pathway. Stem Cells Dev. 2008, 17, 897-908,
doi:10.1089/scd.2007.0155.



Biomolecules 2020, 10, 707 23 of 32

101. Gu, W.; Hong, X,; Le Bras, A.; Nowak1W.; Bhaloo, S.I; Deng, J.; Xie, Y.; Hu, Y.; Ruan, X.Z.; Xu, Q. Smooth
muscle cells differentiated from mesenchymal stem cells are regulated by microRNAs and suitable for
vascular tissue grafts. J. Biol. Chem. 2018, 293, 8089-8102, doi:10.1074/jbc.RA118.001739.

102. Gyongyosi, M.; Blanco, J.; Marian, T.; Trén, L.; Petnehazy, O.; Petrasi, Z.; Hemetsberger, R.; Rodriguez, J.;
Font, G.; Pavo, L]; et al. Serial noninvasive in vivo positron emission tomographic tracking of
percutaneously intramyocardially injected autologous porcine mesenchymal stem cells modified for
transgene  reporter  gene  expression.  Circ.  Cardiovasc.  Imaging 2008, 1,  94-103,
doi:10.1161/CIRCIMAGING.108.797449.

103. McGinley, L.M.; McMahon, J.; Stocca, A.; Duffy, A; Flynn, A.; O'Toole, D.; O’Brien, T. Mesenchymal Stem
Cell Survival in the Infarcted Heart Is Enhanced by Lentivirus Vector-Mediated Heat Shock Protein 27
Expression. Hum. Gene Ther. 2013, 24, 840-851, d0i:10.1089/hum.2011.009.

104. Danieli, P.; Malpasso, G.; Ciuffreda, M.C.; Cervio, E.; Calvillo, L.; Copes, F.; Pisano, F.; Mura, M.; Kleijn, L.;
De Boer, R.A; et al. Conditioned medium from human amniotic mesenchymal stromal cells limits infarct
size and enhances angiogenesis. Stem Cells Transl. Med. 2015, 4, 448-458, doi:10.5966/sctm.2014-0253.

105. Nakanishi, C.; Yamagishi, M.; Yamahara, K.; Hagino, L.; Mori, H.; Sawa, Y.; Yagihara, T.; Kitamura, S.;
Nagaya, N. Activation of cardiac progenitor cells through paracrine effects of mesenchymal stem cells.
Biochem. Biophys. Res. Commun. 2008, 374, 11-16, doi:10.1016/j.bbrc.2008.06.074.

106. Burrello, J.; Monticone, S.; Gai, C.; Gomez, Y.; Kholia, S.; Camussi, G. Stem Cell-Derived Extracellular
Vesicles and Immune-Modulation. Front. Cell Dev. Biol. 2016, 4, 1815, d0i:10.3389/fcell.2016.00083.

107. Lai, R.C.; Tan, S.S.; Teh, B.J.; Sze, S.K.; Arslan, F.; De Kleijn, D.P.; Choo, A.; Lim, S.K. Proteolytic Potential
of the MSC Exosome Proteome: Implications for an Exosome-Mediated Delivery of Therapeutic
Proteasome. Int. |. Proteom. 2012, 2012, 1-14, doi:10.1155/2012/971907.

108. Deng, H.; Sun, C; Sun, Y.; Li, H;; Yang, L.; Wu, D.; Gao, Q.; Jiang, X. Lipid, Protein, and MicroRNA
Composition Within Mesenchymal Stem Cell-Derived Exosomes. Cell. Reprogramming 2018, 20, 178-186,
doi:10.1089/cell.2017.0047.

109. Tomasoni, S.; Longaretti, L.; Rota, C.; Morigi, M.; Conti, S.; Gotti, E.; Capelli, C.; Introna, M.; Remuzzi, G.;
Benigni, A. Transfer of Growth Factor Receptor mRNA Via Exosomes Unravels the Regenerative Effect of
Mesenchymal Stem Cells. Stem Cells Dev. 2012, 22, 772-780, doi:10.1089/scd.2012.0266.

110. Shao, L.; Zhang, Y.; Lan, B.; Wang, J.; Zhang, Z.; Zhang, L.; Xiao, P.; Meng, Q.; Geng, Y.-].; Yu, X.-Y,; et al.
MiRNA-Sequence Indicates That Mesenchymal Stem Cells and Exosomes Have Similar Mechanism to
Enhance Cardiac Repair. BioMed Res. Int. 2017, 2017, 1-9, d0i:10.1155/2017/4150705.

111. Xin, H.; Li, Y.; Buller, B.; Katakowski, M.; Zhang, Y.; Wang, X.; Shang, X.; Zhang, Z.G.; Chopp, M. Exosome-
mediated transfer of miR-133b from multipotent mesenchymal stromal cells to neural cells contributes to
neurite outgrowth. Stem Cells 2012, 30, 1556-1564, d0i:10.1002/stem.1129.

112. Di Trapani, M.; Bassi, G.; Midolo, M.; Gatti, A.; Kamga, P.T.; Cassaro, A.; Carusone, R.; Adamo, A.;
Krampera, M. Differential and transferable modulatory effects of mesenchymal stromal cell-derived
extracellular vesicles on T, B and NK cell functions. Sci. Rep. 2016, 6, 24120, d0i:10.1038/srep24120.

113. Ono, M.; Kosaka, N.; Tominaga, N.; Yoshioka, Y.; Takeshita, F.; Takahashi, R.-U.; Yoshida, M.; Tsuda, H.;
Tamura, K.; Ochiya, T. Exosomes from bone marrow mesenchymal stem cells contain a microRNA that
promotes dormancy in metastatic breast cancer cells. Sci. Signal. 2014, 7, ra63, doi:10.1126/scisignal.2005231.

114. Zhang, Z.; Yang, ].; Yan, W.; Li, Y.; Shen, Z.; Asahara, T. Pretreatment of Cardiac Stem Cells with Exosomes
Derived from Mesenchymal Stem Cells Enhances Myocardial Repair. ]. Am. Hear. Assoc. 2016, 5, e002856,
doi:10.1161/jaha.115.002856.

115. Cervio, E.; Barile, L.; Moccetti, T.; Vassalli, G. Exosomes for Intramyocardial Intercellular Communication.
Stem Cells Int. 2015, 2015, 1-10, doi:10.1155/2015/482171.

116. Bian, S.; Zhang, L.; Duan, L.; Wang, X.; Min, Y.; Yu, H. Extracellular vesicles derived from human bone
marrow mesenchymal stem cells promote angiogenesis in a rat myocardial infarction model. J. Mol. Med.
2013, 92, 387-397, d0i:10.1007/s00109-013-1110-5.

117. Cochain, C.; Channon, K.M,; Silvestre, J.-S. Angiogenesis in the Infarcted Myocardium. Antioxidants Redox
Signal. 2013, 18, 1100-1113, doi:10.1089/ars.2012.4849.

118. Bian, X.; Ma, K,; Zhang, C.; Fu, X. Therapeutic angiogenesis using stem cell-derived extracellular vesicles:
An emerging approach for treatment of ischemic diseases. Stem Cell Res. Ther. 2019, 10, 158,
doi:10.1186/s13287-019-1276-z.



Biomolecules 2020, 10, 707 24 of 32

119. Anderson, ].D.; Johansson, H.; Graham, C.S.; Vesterlund, M.; Pham, M.T.; Bramlett, C.S.; Montgomery, E.N.;
Mellema, M.S.; Bardini, R.L.; Contreras, Z.; et al. Comprehensive Proteomic Analysis of Mesenchymal Stem
Cell Exosomes Reveals Modulation of Angiogenesis via Nuclear Factor-KappaB Signaling. Stem Cells 2016,
34, 601-613, doi:10.1002/stem.2298.

120. Teng, X.; Chen, L.; Chen, W,; Yang, J.; Yang, Z.; Shen, Z. Mesenchymal Stem Cell-Derived Exosomes
Improve the Microenvironment of Infarcted Myocardium Contributing to Angiogenesis and Anti-
Inflammation. Cell. Physiol. Biochem. 2015, 37, 2415-2424, doi:10.1159/000438594.

121. Almeria, C.; Weiss, R.; Roy, M.; Tripisciano, C.; Kasper, C.; Weber, V.; Egger, D. Hypoxia Conditioned
Mesenchymal Stem Cell-Derived Extracellular Vesicles Induce Increased Vascular Tube Formation in vitro.
Front. Bioeng. Biotechnol. 2019, 7, 292, d0i:10.3389/fbioe.2019.00292.

122. Qu, Q.; Pang, Y.; Zhang, C.; Liu, L.; Bi, Y. Exosomes derived from human umbilical cord mesenchymal
stem cells inhibit vein graft intimal hyperplasia and accelerate reendothelialization by enhancing
endothelial function. Stem Cell Res. Ther. 2020, 11, 133-134, d0i:10.1186/s13287-020-01639-1.

123. Wang, K,; Jiang, Z.; Webster, K.A.; Chen, J.; Hu, H.; Zhou, Y.; Zhao, ].; Wang, L.; Wang, Y.; Zhong, Z.; et al.
Enhanced Cardioprotection by Human Endometrium Mesenchymal Stem Cells Driven by Exosomal
MicroRNA. Stem Cells Transl. Med. 2016, 6, 209-222, d0i:10.5966/sctm.2015-0386.

124. Xue, C.; Shen, Y.; Li, X,; Li, B.; Zhao, S.; Gu, J.; Chen, Y.; Ma, B.; Weij, J.; Han, Q.; et al. Exosomes Derived
from Hypoxia-Treated Human Adipose Mesenchymal Stem Cells Enhance Angiogenesis Through the PKA
Signaling Pathway. Stem Cells Dev. 2018, 27, 456—465, d0i:10.1089/scd.2017.0296.

125. Wang, X.; Wang, H.; Cao, J.; Ye, C. Exosomes from Adipose-Derived Stem Cells Promotes VEGF-C-
Dependent Lymphangiogenesis by Regulating miRNA-132/TGF-@ Pathway. Cell. Physiol. Biochem. 2018, 49,
160-171.

126. Xu, H; Wang, Z.; Liu, L.; Zhang, B.; Li, B. Exosomes derived from adipose tissue, bone marrow, and
umbilical cord blood for cardioprotection after myocardial infarction. J. Cell. Biochem. 2019, 121, 2089-2102,
doi:10.1002/jcb.27399.

127. Liang, X.; Zhang, L.; Wang, S.; Han, Q.; Zhao, R.C. Exosomes secreted by mesenchymal stem cells promote
endothelial cell angiogenesis by transferring miR-125a. J. Cell Sci. 2016, 129, 2182-2189,
doi:10.1242/jcs.170373.

128. Vrijsen, K.R.; Maring, J.A.; Chamuleau, S.A.].; Verhage, V.; Mol, E.A.; Deddens, J.C.; Metz, C.H.G.; Lodder,
K.; Van Eeuwijk, E.C.M.; Van Dommelen, S.M.; et al. Exosomes from Cardiomyocyte Progenitor Cells and
Mesenchymal Stem Cells Stimulate Angiogenesis Via EMMPRIN. Adv. Health Mater. 2016, 5, 25552565,
doi:10.1002/adhm.201600308.

129. Collino, F.; Pomatto, M.; Bruno, S.; Lindoso, R.S.; Tapparo, M.; Sicheng, W.; Quesenberry, P.; Camussi, G.
Exosome and Microvesicle-Enriched Fractions Isolated from Mesenchymal Stem Cells by Gradient
Separation Showed Different Molecular Signatures and Functions on Renal Tubular Epithelial Cells. Stem
Cell Rev. Rep. 2017, 13, 226243, d0i:10.1007/s12015-016-9713-1.

130. Kim, H.-S,; Choi, Y.; Yun, SJ.; Choi, S.-M.; Kang, ].W.; Jung, JW.; Hwang, D.; Kim, K.P.; Kim, D.-W.
Proteomic Analysis of Microvesicles Derived from Human Mesenchymal Stem Cells. J. Proteome Res. 2011,
11, 839-849, doi:10.1021/pr200682z.

131. Zhu, L.-P.; Tian, T.; Wang, ].-Y.; He, ].-N.; Chen, T.; Pan, M,; Xu, L.; Zhang, H.-X,; Qiu, X.-T.; Li, C.-C,; et al.
Hypoxia-elicited mesenchymal stem cell-derived exosomes facilitates cardiac repair through miR-125b-
mediated prevention of cell death in myocardial infarction. Theranostics 2018, 8, 6163-6177,
doi:10.7150/thno.28021.

132. Mayourian, J.; Ceholski, D.K.; Gorski, P.A.; Mathiyalagan, P.; Murphy, J.F.; Salazar, S.I.; Stillitano, F.; Hare,
J.M.; Sahoo, S.; Hajjar, R.J.; et al. Exosomal microRNA-21-5p Mediates Mesenchymal Stem Cell Paracrine
Effects on Human Cardiac Tissue Contractility. Circ.  Res. 2018, 122, 933-944,
doi:10.1161/circresaha.118.312420.

133. Ferguson, SW.; Wang, ].; Lee, C.J.; Liu, M.; Neelamegham, S.; Canty, ].M.; Nguyen, J. The microRNA
regulatory landscape of MSC-Exorived exosomes: A systems view. Sci. Rep. 2018, 8, 1-12.

134. Sun, Y.; Xiong, X.; Wang, X. RELA promotes hypoxia-induced angiogenesis in human umbilical vascular
endothelial cells via LINC01693/miR-302d/CXCL12 axis. . Cell. Biochem. 2019, 120, 12549-12558.
135. Blaschuk, O.W.; Rowlands, T.M. Cadherins as modulators of angiogenesis and the structural integrity of

blood vessels. Cancer Metastasis Rev. 2000, 19, 1-5, d0i:10.1023/a:1026522216059.



Biomolecules 2020, 10, 707 25 of 32

136. Box, C.; Peak, J.; Rogers, S.; Eccles, S. EGFR signaling in invasion, angiogenesis and metastasis. In EGFR
Signaling Networks in Cancer Therapy; Springer: Berlin, Germany, 2008; pp. 245-264.

137. Tang, Y.; Nakada, M.T.; Kesavan, P.; McCabe, F.; Millar, H.; Rafferty, P.; Bugelski, P.; Yan, L. Extracellular
matrix metalloproteinase inducer stimulates tumor angiogenesis by elevating vascular endothelial cell
growth factor and matrix metalloproteinases. Cancer Res. 2005, 65, 3193-3199, d0i:10.1158/0008-5472.CAN-
04-3605.

138. Kishore, R.; Qin, G.; Luedemann, C.; Bord, E.; Hanley, A,; Silver, M.; Gavin, M.; Yoon, Y.-S.; Goukassain,
D.; Losordo, U.W. The cytoskeletal protein ezrin regulates EC proliferation and angiogenesis via TNF-a-
induced transcriptional repression of cyclin A. J. Clin. Investig. 2005, 115, 2955, doi:10.1172/JCI22849C1.

139. Lieu, C.; Heymach, J.; Overman, M.; Tran, H.; Kopetz, S. Beyond VEGF: Inhibition of the fibroblast growth
factor pathway and antiangiogenesis. Clin. Cancer Res. 2011, 17, 6130-6139, doi:10.1158/1078-0432.CCR-11-
0659.

140. Seghezzi, G.; Patel, S.; Ren, C.J.; Gualandris, A.; Pintucci, G.; Robbins, E.S.; Shapiro, R.L.; Galoway, A.;
Rifkin, D.B.; Mignatti, P. Fibroblast Growth Factor-2 (FGF-2) Induces Vascular Endothelial Growth Factor
(VEGF) Expression in the Endothelial Cells of Forming Capillaries: An Autocrine Mechanism Contributing
to Angiogenesis. . Cell Biol. 1998, 141, 1659-1673, doi:10.1083/jcb.141.7.1659.

141. Thijssen, V.; Griffioen, A.W. Galectin-1 and -9 in angiogenesis: A sweet couple. Glycobiology 2014, 24, 915
920, doi:10.1093/glycob/cwu048.

142. Heidemann, J.; Ogawa, H.; Dwinell, M.B.; Rafiee, P.; Maaser, C.; Gockel, M.H.R.; Otterson, M.F.; Ota, D.M.;
Liigering, N.; Domschke, W.; et al. Angiogenic Effects of Interleukin 8 (CXCL8) in Human Intestinal
Microvascular Endothelial Cells Are Mediated by CXCR]. Biol. Chem. 2002, 278, 8508-8515,
doi:10.1074/jbc.m208231200.

143. Raica, M.; Cimpean, A.M. Platelet-derived growth factor (PDGF)/PDGF receptors (PDGFR) axis as target
for antitumor and antiangiogenic therapy. Pharmaceuticals 2010, 3, 572-599.

144. Wu, E.; Palmer, N.; Tian, Z.; Moseman, A.P.; Galdzicki, M.; Wang, X.; Berger, B.; Zhang, H.; Kohane, L.
Comprehensive Dissection of PDGF-PDGFR Signaling Pathways in PDGFR Genetically Defined Cells.
PLoS ONE 2008, 3, €3794, doi:10.1371/journal.pone.0003794.

145. Yamaoka-Tojo, M.; Tojo, T.; Kim, H.W.; Hilenski, L.; Patrushev, N.A.; Zhang, L.; Fukai, T.; Ushio-Fukai, M.
IQGAP1 Mediates VE-Cadherin—Based Cell-Cell Contacts and VEGF Signaling at Adherence Junctions
Linked to Angiogenesis. Arter. Thromb. Vasc. Biol. 2006, 26, 1991-1997,
doi:10.1161/01.atv.0000231524.14873.€7.

146. Tabruyn, S.P.; Ave, P.; Verhaeghe, C.; Mayo, K.H.; Struman, 1.; Martial, J.A.; Griffioen, A.W.; Mémet, S. NF-
B activation in endothelial cells is critical for the activity of angiostatic agents. Mol. Cancer Ther. 2009, 8,
2645-2654, doi:10.1158/1535-7163.mct-09-0383.

147. Huang, S.; Pettaway, C.A.; Uehara, H.; Bucana, C.D.; Fidler, 1. Blockade of NF-kB activity in human
prostate cancer cells is associated with suppression of angiogenesis, invasion, and metastasis. Oncogene
2001, 20, 4188-4197, doi:10.1038/sj.onc.1204535.

148. Goumans, M.].; Dijke, P.T. TGF-$ Signaling in Control of Cardiovascular Function. Cold Spring Harb.
Perspect. Biol. 2018, 10, a022210, doi:10.1101/cshperspect.a022210.

149. Lebrin, F.; Deckers, M.; Bertolino, P.; Ten Dijke, P. TGF-f3 receptor function in the endothelium. Cardiovasc.
Res. 2005, 65, 599-608.

150. Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in
Angiogenesis. Genes Cancer 2011, 2, 1097-1105, doi:10.1177/1947601911423031.

151. Tammela, T.; Enholm, B.; Alitalo, K.; Paavonen, K. The biology of vascular endothelial growth factors.
Cardiovasc. Res. 2005, 65, 550-563, doi:10.1016/j.cardiores.2004.12.002.

152. Liu, L.-Z,; Li, C.; Chen, Q.; Jing, Y.; Carpenter, R.; Jiang, Y.; Kung, H.-F.; Lai, L.; Jiang, B.-H. MiR-21 Induced
Angiogenesis through AKT and ERK Activation and HIF-1la Expression. PLoS ONE 2011, 6, 19139,
doi:10.1371/journal.pone.0019139.

153. Zhou, Q.; Gallagher, R.; Ufret-Vincenty, R.; Li, X.; Olson, E.N.; Wang, S. Regulation of angiogenesis and
choroidal neovascularization by members of microRNA-23~27~24 clusters. Proc. Natl. Acad. Sci. USA 2011,
108, 8287-8292.

154. Hsu, Y.-L.; Hung, J.-Y.; Chang, W.-A,; Lin, Y.-S.; Pan, Y.-C,; Tsai, P.-H.; Wu, C.-Y.; Kuo, P.-L. Hypoxic lung
cancer-secreted exosomal miR-23a increased angiogenesis and vascular permeability by targeting prolyl
hydroxylase and tight junction protein ZO. Oncogene 2017, 36, 4929-4942, doi:10.1038/onc.2017.105.



Biomolecules 2020, 10, 707 26 of 32

155. Yamada, N.; Tsujimura, N.; Kumazaki, M.; Shinohara, H.; Taniguchi, K.; Nakagawa, Y.; Naoe, T.; Akao, Y.
Colorectal cancer cell-derived microvesicles containing microRNA-1246 promote angiogenesis by
activating Smad 1/5/8 signaling elicited by PML down-regulation in endothelial cells. Biochim. Biophys.
Acta Gene Regul. Mech. 2014, 1839, 1256-1272.

156. Renehan, A.G.; Booth, C.; Potten, C.S5. What is apoptosis, and why is it important? Br. Med. ]. 2001, 322,
1536-1538.

157. Eefting, F.; Rensing, B.; Wigman, J.; Pannekoek, W.]J.; Liu, W.M.; Cramer, M.].; Lips, D.]J.; Doevendans, P.A.
Role of apoptosis in  reperfusion injury.  Cardiovasc. ~ Res. 2004, 61,  414-426,
doi:10.1016/j.cardiores.2003.12.023.

158. Krijnen, P.A.; Nijmeijer, R.; Meijer, C.J.L.M.; Visser, C.A.; Hack, C.E.; Niessen, HW.M. Apoptosis in
myocardial ischaemia and infarction. J. Clin. Pathol. 2002, 55, 801-811, d0i:10.1136/jcp.55.11.801.

159. Wu, D.; Zhang, K.; Hu, P. The Role of Autophagy in Acute Myocardial Infarction. Front. Pharmacol. 2019,
10, 551, doi:10.3389/fphar.2019.00551.

160. Liu, Z.; Xu, Y.; Wan, Y.; Gao, J.; Chu, Y.; Li, J. Exosomes from adipose-derived mesenchymal stem cells
prevent cardiomyocyte apoptosis induced by oxidative stress. Cell Death Discov. 2019, 5, doi:10.1038/s41420-
019-0159-5.

161. Tian, X.-F.; Cui, M.-X,; Yang, S.-W.; Zhou, Y.-J.; Hu, D.-Y. Cell death, dysglycemia and myocardial
infarction. Biomed. Rep. 2013, 1, 341-346, doi:10.3892/br.2013.67.

162. Chen, R.; Kim, O.; Yang, J.; Sato, K.; Eisenmann, K.M.; McCarthy, J.; Chen, H.; Qiu, Y. Regulation of
Akt/PKB Activation by Tyrosine Phosphorylation. J. Biol. Chem. 2001, 276, 31858-31862,
doi:10.1074/jbc.c100271200.

163. Cross, D.A.E.; Alessi, D.R.; Cohen, P.; Andjelkovich, M.; Hemmings, B.A. Inhibition of glycogen synthase
kinase-3 by insulin mediated by protein kinase B. Nature 1995, 378, 785-789, doi:10.1038/378785a0.

164. Zhang, W.; Li, R.; Li, ].; Wang, W.; Tie, R,; Tian, F.; Liang, X.; Xing, W.; He, Y.; Yu, L.; et al. Alpha-Linolenic
Acid Exerts an Endothelial Protective Effect against High Glucose Injury via PI3K/Akt Pathway. PLoS ONE
2013, 8, 68489, doi:10.1371/journal.pone.0068489.

165. Georgescu, M.-M. PTEN Tumor Suppressor Network in PI3K-Akt Pathway Control. Genes Cancer 2010, 1,
1170-1177, d0i:10.1177/1947601911407325.

166. Wen, Z,; Mai, Z.; Zhu, X.; Wu, T.; Chen, Y.; Geng, D.; Wang, ]. Mesenchymal stem cell-derived exosomes
ameliorate cardiomyocyte apoptosis in hypoxic conditions through microRNA144 by targeting the
PTEN/AKT pathway. Stem Cell Res. Ther. 2020, 11, 1-17, doi:10.1186/s13287-020-1563-8.

167. Sun, X.-H.; Wang, X.; Zhang, Y.; Hui, J. Exosomes of bone-marrow stromal cells inhibit cardiomyocyte
apoptosis under ischemic and hypoxic conditions via miR-486-5p targeting the PTEN/PI3K/AKT signaling
pathway. Thromb. Res. 2019, 177, 23-32, doi:10.1016/j.thromres.2019.02.002.

168. Xu, R; Sun, Y.; Chen, Z.; Yao, Y.; Ma, G. Hypoxic Preconditioning Inhibits Hypoxia-induced Apoptosis of
Cardiac Progenitor Cells via the PI3K/Akt-DNMT1-p53 Pathway. Sci. Rep. 2016, 6, 30922,
doi:10.1038/srep30922.

169. Wang, X.; Pan, J; Liu, D.; Zhang, M.; Li, X,; Tian, J.; Liu, M; Jin, T.; An, F. Nicorandil alleviates apoptosis
in diabetic cardiomyopathy through PI3K/Akt pathway. J. Cell. Mol. Med. 2019, 23, 5349-5359,
doi:10.1111/jcmm.14413.

170. Dhanasekaran, A.; Gruenloh, S.K.; Buonaccorsi, ].N.; Zhang, R.; Gross, G.J.; Falck, J.R.; Patel, P.K.; Jacobs,
E.R.; Medhora, M. Multiple antiapoptotic targets of the PI3K/Akt survival pathway are activated by
epoxyeicosatrienoic acids to protect cardiomyocytes from hypoxia/anoxia. Am. J. Physiol. Circ. Physiol. 2007,
294, doi:10.1152/ajpheart.00979.2007.

171. Liu, L, Jin, X,; Hu, C.-F,; Li, R,; Zhou, Z.; Shen, C.-X. Exosomes Derived from Mesenchymal Stem Cells
Rescue Myocardial Ischaemia/Reperfusion Injury by Inducing Cardiomyocyte Autophagy Via AMPK and
Akt Pathways. Cell. Physiol. Biochem. 2017, 43, 52-68, doi:10.1159/000480317.

172. Cui, X.; He, Z; Liang, Z.; Chen, Z.; Wang, H.; Zhang, ]J. Exosomes from Adipose-derived Mesenchymal
Stem Cells Protect the Myocardium Against Ischemia/Reperfusion Injury Through Wnt/b-Catenin
Signaling Pathway. J. Cardiovasc. Pharmacol. 2017, 70, 225.

173. Feng, Y.; Huang, W.; Wani, M.; Yu, X; Ashraf, M. Ischemic Preconditioning Potentiates the Protective Effect
of Stem Cells through Secretion of Exosomes by Targeting Mecp2 via miR-22. PLoS ONE 2014, 9, 88685,
doi:10.1371/journal.pone.0088685.



Biomolecules 2020, 10, 707 27 of 32

174. Chen, C.-H.; Hsu, S.-Y.; Chiu, C.-C.; Leu, S. MicroRNA-21 Mediates the Protective Effect of Cardiomyocyte-
Derived Conditioned Medium on Ameliorating Myocardial Infarction in Rats. Cells 2019, 8, 935,
d0i:10.3390/cells8080935.

175. Shi, B.; Wang, Y.; Zhao, R,; Long, X.; Deng, W.; Wang, Z. Bone marrow mesenchymal stem cell-derived
exosomal miR-21 protects C-kit+ cardiac stem cells from oxidative injury through the PTEN/PI3K/Akt axis.
PLoS ONE 2018, 13, 0191616, doi:10.1371/journal.pone.0191616.

176. Zhang, C.-S.; Shao, K; Liu, C.-W.; Li, C.-]; Yu, B.-T. Hypoxic preconditioning BMSCs-exosomes inhibit
cardiomyocyte apoptosis after acute myocardial infarction by upregulating microRNA. Eur. Rev. Med.
Pharmacol. Sci. 2019, 23, 6691-6699.

177. Li, H; Zuo, S.; He, Z,; Yang, Y.; Pasha, Z.; Wang, Y.; Xu, M. Paracrine factors released by GATA-4
overexpressed mesenchymal stem cells increase angiogenesis and cell survival. Am. |. Physiol. Circ. Physiol.
2010, 299, doi:10.1152/ajpheart.00557.2010.

178. Yu, B.; Gong, M.; He, Z.; Wang, Y.-G.; Millard, R.W.; Ashraf, M.; Xu, M. Enhanced mesenchymal stem cell
survival induced by GATA-4 overexpression is partially mediated by regulation of the miR-15 family. Int.
J. Biochem. Cell Biol. 2013, 45, 27242735, d0i:10.1016/j.biocel.2013.09.007.

179. Yu, B.; Kim, HW.; Gong, M.; Wang, ].; Millard, RW.; Wang, Y.; Ashraf, M.; Xu, M. Exosomes secreted from
GATA-4 overexpressing mesenchymal stem cells serve as a reservoir of anti-apoptotic microRNAs for
cardioprotection. Int. J. Cardiol. 2014, 182, 349-360, doi:10.1016/j.ijjcard.2014.12.043.

180. Huang, L.; Yang, L.; Ding, Y.; Jiang, X.; Xia, Z.; You, Z. Human umbilical cord mesenchymal stem cells-
derived exosomes transfers microRNA-19a to protect cardiomyocytes from acute myocardial infarction by
targeting SOX. Cell Cycle 2020, 19, 339-353, doi:10.1080/15384101.2019.1711305.

181. Yu, B.; Gong, M.; Wang, Y.; Millard, RW.; Pasha, Z.; Yang, Y.; Ashraf, M.; Xu, M. Cardiomyocyte Protection
by GATA-4 Gene Engineered Mesenchymal Stem Cells Is Partially Mediated by Translocation of miR-221
in Microvesicles. PLoS ONE 2013, 8, 73304, doi:10.1371/journal.pone.0073304.

182. Liu, X,; Li, X;; Zhu, W.; Zhang, Y.; Hong, Y.; Liang, X.; Fan, B.; Zhao, H.; He, H.; Zhang, F. Exosomes from
mesenchymal stem cells overexpressing MIF enhance myocardial repair. J. Cell. Physiol. 2020,
doi:10.1002/jcp.29456.

183. Chen, H.; Xia, W.; Hou, M. LncRNA-NEATI from the competing endogenous RNA network promotes
cardioprotective efficacy of mesenchymal stem cell-derived exosomes induced by macrophage migration
inhibitory factor via the miR-142-3p/FOXO1 signaling pathway. Stem Cell Res. Ther. 2020, 11,
doi:10.1186/s13287-020-1556-7.

184. Sharma, S.; Liu, J.; Wei, J.; Yuan, H.; Zhang, T.; Bishopric, N.H. Repression of miR-142 by p300 and MAPK
is required for survival signalling via gp130 during adaptive hypertrophy. EMBO Mol. Med. 2012, 4, 617-
632, doi:10.1002/emmm.201200234.

185. Qian, L.; Van Laake, L.W.; Huang, Y.; Liu, S.; Wendland, M.F.; Srivastava, D. miR-24 inhibits apoptosis and
represses Bim in mouse cardiomyocytes. J. Exp. Med. 2011, 208, 549-560.

186. Wei, M.; Gan, L.; Liu, Z;; Kong, L.-H.; Chang, J.R.; Chen, L.H.; Su, X.L. MiR125b-5p protects endothelial
cells from apoptosis under oxidative stress. Biomed. Pharmacother. 2017, 95, 453-460,
doi:10.1016/j.biopha.2017.08.072.

187. Zhang, L.-Y; Lee, V.H.; Wong, AM.G.; Kwong, R.L.-W.; Zhu, Y.-H.; Dong, S.-S.; Kong, K.-L.; Chen, J.; Tsao,
S.-W.; Guan, X.-Y.; et al. MicroRNA-144 promotes cell proliferation, migration and invasion in
nasopharyngeal carcinoma through repression of PTEN. Carcinogenesis 2012, 34, d0i:10.1093/carcin/bgs346.

188. Dong, P.; Konno, Y.; Watari, H.; Hosaka, M.; Noguchi, M.; Sakuragi, N. The impact of microRNA-mediated
PI3K/AKT signaling on epithelial-mesenchymal transition and cancer stemness in endometrial cancer. J.
Transl. Med. 2014, 12, 231, doi:10.1186/s12967-014-0231-0.

189. Liu, J.-S.; Du, J.; Cheng, X.; Zhang, X.-Z.; Li, Y.; Chen, X.-L. Exosomal miR-451 from human umbilical cord
mesenchymal stem cells attenuates burn-induced acute lung injury. J. Chin. Med. Assoc. 2019, 82, 895-901,
doi:10.1097/JCMA.0000000000000189.

190. Frangogiannis, N.G. The inflammatory response in myocardial injury, repair, and remodelling. Nat. Rev.
Cardiol. 2014, 11, 255-265, d0i:10.1038/nrcardio.2014.28.

191. Richard, V.; Murry, C.E.; Reimer, K.A. Healing of myocardial infarcts in dogs. Effects of late reperfusion.
Circulation 1995, 92, 1891-1901.



Biomolecules 2020, 10, 707 28 of 32

192. Michael, L.H.; Ballantyne, C.M.; Zachariah, J.P.; Gould, K.E.; Pocius, ].S.; Taffet, G.E.; Hartley, C.J.; Pham,
T.T.; Daniel, S.L.; Funk, E.; et al. Myocardial infarction and remodeling in mice: Effect of reperfusion. Am.
J. Physiol. Content 1999, 277, H660-H668, doi:10.1152/ajpheart.1999.277.2.h660.

193. Frangogiannis, N.G.; Smith, CW.; Entman, M. The inflammatory response in myocardial infarction.
Cardiovasc. Res. 2002, 53, 31-47, d0i:10.1016/S0008-6363(01)00434-5.
194. Fang, L.; Moore, X.-L.; Dart, A.; Wang, L.-M. Systemic inflammatory response following acute myocardial

infarction. J. Geriatr. Cardiol. 2015, 12, 305-312.

195. Frangogiannis, N.G.; Lindsey, M.L.; Michael, L.H.; Youker, K.A_; Bressler, R.B.; Mendoza, L.H.; Spengler,
R.N.; Smith, CW.; Entman, M. Ba Resident Cardiac Mast Cells Degranulate and Release Preformed TNF-
a, Initiating the Cytokine Cascade in Experimental Canine Myocardial Ischemia/Reperfusion. Circulation
1998, 98, 699-710, d0i:10.1161/01.¢ir.98.7.699.

196. De Haan, ].].; Smeets, M.B.; Pasterkamp, G.; Arslan, F. Danger Signals in the Initiation of the Inflammatory
Response after Myocardial Infarction. Mediat. Inflamm. 2013, 2013, 1-13, doi:10.1155/2013/206039.

197. Land, W.G. The role of damage-associated molecular patterns (DAMPs) in human diseases part II: DAMPs
as diagnostics, prognostics and therapeutics in clinical medicine. Sultan Qaboos Univ. Med. |. 2015, 15, 157.

198. Sugamura, K.; Keaney, . Reactive oxygen species in cardiovascular disease. Free. Radic. Biol. Med. 2011, 51,
978-992, doi:10.1016/j.freeradbiomed.2011.05.004.

199. Mezzaroma, E.; Toldo, S.; Farkas, D.; Seropian, I.M.; Van Tassell, B.W.; Salloum, F.N.; Kannan, H.R.; Menna,
A.C; Voelkel, N.F.; Abbate, A. The inflammasome promotes adverse cardiac remodeling following acute
myocardial infarction in the mouse. Proc. Natl. Acad. Sci. USA 2011, 108, 19725-19730,
doi:10.1073/pnas.1108586108.

200. Ong, S.; Herndndez-Reséndiz, S.; Crespo-Avilan, G.; Mukhametshina, R.; Kwek, X.; Cabrera-Fuentes, H.;
Hausenloy, D. Inflammation following acute myocardial infarction: Multiple players, dynamic roles, and
novel therapeutic opportunities. Pharmacol. Therapeut. 2018, 186, 73-87,
doi:10.1016/j.pharmthera.2018.01.001

201. Cleutjens, ].P.; Kandala, J.C.; Guarda, E.; Guntaka, R.V.; Weber, K.T. Regulation of collagen degradation in
the rat myocardium after infarction. J. Mol. Cell. Cardiol. 1995, 27, 1281-1292, doi:10.1016/s0022-
2828(05)82390-9.

202. French, B.A.; Kramer, C.M. Mechanisms of postinfarct left ventricular remodeling. Drug Discov. Today Dis.
Mech. 2007, 4, 185-196, doi:10.1016/j.ddmec.2007.12.006.

203. Warren, S.E; Royal, H.D.; Markis, J.E.; Grossman, W.; McKay, R.G. Time course of left ventricular dilation
after myocardial infarction: Influence of infarct-related artery and success of coronary thrombolysis. J. Am.
Coll. Cardiol. 1988, 11, 12-19, doi:10.1016/0735-1097(88)90159-3.

204. Erlebacher, J.A.; Weiss, ].L.; Weisfeldt, M.L.; Bulkley, B.H. Early dilation of the infarcted segment in acute
transmural myocardial infarction: Role of infarct expansion in acute left ventricular enlargement. J. Am.
Coll. Cardiol. 1984, 4, 201-208, doi:10.1016/s0735-1097(84)80203-x.

205. Burchfield, ].S.; Xie, M.; Hill, ]. Pathological ventricular remodeling: Mechanisms: Part 1 of 2. Circulation
2013, 128, 388-400, doi:10.1161/CIRCULATIONAHA.113.001878.

206. Gao, F.; Chiu, SM.; Motan, D.AL;; Zhang, Z.; Chen, L Ji, H.-L.; Tse, H.-F.; Fu, Q.-L.; Lian, Q. Mesenchymal
stem cells and immunomodulation: Current status and future prospects. Cell Death Dis. 2016, 7, €2062,
do0i:10.1038/cddis.2015.327.

207. Yagi, H.; Soto-Gutierrez, A.; Parekkadan, B.; Kitagawa, Y.; Tompkins, R.G.; Kobayashi, N.; Yarmush, M.L.
Mesenchymal stem cells: Mechanisms of immunomodulation and homing. Cell Transplant. 2010, 19, 667—
679, doi:10.3727/096368910X508762.

208. Wang, Y.; Chen, X,; Cao, W.; Shi, Y. Plasticity of mesenchymal stem cells in immunomodulation:
Pathological and therapeutic implications. Nat. Immunol. 2014, 15, 1009-1016, doi:10.1038/ni.3002.

209. Cho, K; Kang, S.; Kim, S.; Mun, S.; Yu, H.; Roh, H. Dendritic cells and M2 macrophage play an important
role in suppression of Th2-mediated inflammation by adipose stem cells-derived extracellular
vesicles. Stem Cell Res. 2019, 39, 101500, doi:10.1016/j.scr.2019.101500.

210. Zhang, B, Yin, Y., Lai, R.C; Tan, S.S.; Choo, A.B.H. Lim, SK. Mesenchymal Stem Cells Secrete
Immunologically Active Exosomes. Stem Cells Dev. 2014, 23, 1233-1244, doi:10.1089/scd.2013.0479.

211. Borger, V.; Bremer, M.; Ferrer-Tur, R.; Gockeln, L.; Stambouli, O.; Becic, A.; Giebel, B. Mesenchymal
Stem/Stromal Cell-Derived Extracellular Vesicles and Their Potential as Novel Immunomodulatory
Therapeutic Agents. Int. J. Mol. Sci. 2017, 18, 1450, d0i:10.3390/ijms18071450.



Biomolecules 2020, 10, 707 29 of 32

212. Budoni, M.; Fierabracci, A.; Luciano, R.; Petrini, S.; Di Ciommo, V.; Muraca, M. The Immunosuppressive
Effect of Mesenchymal Stromal Cells on B Lymphocytes is Mediated by Membrane Vesicles. Cell Transplant.
2013, 22, 369-379, do0i:10.3727/096368911x582769b.

213. Del Fattore, A.; Luciano, R.; Pascucci, L.; Goffredo, B.M.; Giorda, E.; Scapaticci, M.; Fierabracci, A.; Muraca,
M. Immunoregulatory Effects of Mesenchymal Stem Cell-Derived Extracellular Vesicles on T Lymphocytes.
Cell Transplant. 2015, 24, 2615-2627, d0i:10.3727/096368915x687543.

214. MokariZadeh, A.; Delirezh, N.; Morshedi, A.; Mosayebi, G.; Farshid, A.-A.; Mardani, K. Microvesicles
derived from mesenchymal stem cells: Potent organelles for induction of tolerogenic signaling. Immunol.
Lett. 2012, 147, 47-54, d0i:10.1016/j.imlet.2012.06.001.

215. Wang, B.; Komers, R.; Carew, R.; Winbanks, C.E.; Xu, B.; Herman-Edelstein, M.; Koh, P.; Thomas, M.C.;
Jandeleit-Dahm, K.; Gregorevic, P.; et al. Suppression of microRNA-29 Expression by TGF-31 Promotes
Collagen Expression and Renal Fibrosis. J. Am. Soc. Nephrol. 2011, 23, 252-265, doi:10.1681/ASN.2011010055.

216. Maegdefessel, L.; Spin, ].M.; Raaz, U.; Eken, S.; Toh, R.; Azuma, J.; Adam, M.; Nagakami, F.; Heymann,
H.M.; Chernugobova, E.; et al. miR-24 limits aortic vascular inflammation and murine abdominal
aneurysm development. Nat. Commun. 2014, 5, 5214, doi:10.1038/ncomms6214.

217. Wei, Z.; Qiao, S.; Zhao, J.; Liu, Y.; Li, Q.; Wei, Z.; Dai, Q.; Kang, L.; Xu, B.; Zilun, W.; et al. miRNA-181a
over-expression in mesenchymal stem cell-derived exosomes influenced inflammatory response after
myocardial ischemia-reperfusion injury. Life Sci. 2019, 232, 116632, d0i:10.1016/j.1fs.2019.116632.

218. Zhao, J.; Li, X;; Hu, J.; Chen, F.; Qiao, S.; Sun, X.; Gao, L.; Xie, J.; Xu, B. Mesenchymal stromal cell-derived
exosomes attenuate myocardial ischaemia-reperfusion injury through miR-182-regulated macrophage
polarization. Cardiovasc. Res. 2019, 115, 1205-1216, d0i:10.1093/cvr/cvz040.

219. Zhang, Q.-Z.; Su, W.; Shi, S.-H.; Wilder-Smith, P.; Xiang, A.P.; Wong, A.; Nguyen, A.L.; Kwon, CW.; Le,
A.D. Human Gingiva-Derived Mesenchymal Stem Cells Elicit Polarization of M2 Macrophages and
Enhance Cutaneous Wound Healing. Stem Cells 2010, 28, 18561868, doi:10.1002/stem.503.

220. Ben-Mordechai, T.; Holbova, R.; Landa-Rouben, N.; Harel-Adar, T.; Feinberg, M.S.; Elrahman, I.A.; Blum,
G.; Epstein, F.H,; Silman, Z.; Cohen, S.; et al. Macrophage Subpopulations Are Essential for Infarct Repair
With and Without Stem Cell Therapy. J. Am. Coll. Cardiol. 2013, 62, 1890-1901, doi:10.1016/j.jacc.2013.07.057.

221. Willis, G.R.; Fernandez-Gonzalez, A.; Anastas, J.; Vitali, 5.H.; Liu, X.; Ericsson, M.; Kwong, A.; Mitsialis, A.;
Kourembanas, S. Mesenchymal Stromal Cell Exosomes Ameliorate Experimental Bronchopulmonary
Dysplasia and Restore Lung Function through Macrophage Immunomodulation. Am. ]. Respir. Crit. Care
Med. 2018, 197, 104-116, doi:10.1164/rccm.201705-09250C.

222. Song, Y.; Dou, H; Li, X.J.; Zhao, X,; Li, Y.; Liu, D.; Ji, J.; Liu, F.; Ding, L.; Ni, Y.; et al. Exosomal miR-146a
Contributes to the Enhanced Therapeutic Efficacy of Interleukin-13-Primed Mesenchymal Stem Cells
Against Sepsis. Stem Cells 2017, 35, 1208-1221, doi:10.1002/stem.2564.

223. Domenis, R.; Cift, A.; Quaglia, S.; Pistis, C.; Moretti, M.; Vicario, A.; Parodi, P.C.; Fabris, M.; Niazi, K.R.;
Soon-Shiong, P.; et al. Pro inflammatory stimuli enhance the immunosuppressive functions of adipose
mesenchymal stem cells-derived exosomes. Sci. Rep. 2018, 8, 13325, d0i:10.1038/s41598-018-31707-9.

224. Sicco, C.L.; Reverberi, D.; Balbi, C.; Ulivi, V.; Principi, E.; Pascucci, L.; Becherini, P.; Bosco, M.C.; Varesio,
L.; Franzin, C.; et al. Mesenchymal Stem Cell-Derived Extracellular Vesicles as Mediators of Anti-
Inflammatory Effects: Endorsement of Macrophage Polarization. Stem Cells Transl. Med. 2017, 6, 1018-1028,
doi:10.1002/sctm.16-0363.

225. Talman, V.; Ruskoaho, H. Cardiac fibrosis in myocardial infarction-from repair and remodeling to
regeneration. Cell Tissue Res. 2016, 365, 563-581, d0i:10.1007/s00441-016-2431-9.

226. Tsapara, A.; Luthert, P.; Greenwood, J.; Hill, C.S.; Matter, K.; Balda, M.S. The RhoA activator GEF-H1/Lfc
is a transforming growth factor-{3 target gene and effector that regulates a-smooth muscle actin expression
and cell migration. Mol. Biol. Cell 2010, 21, 860-870.

227. O'Rourke, S.A.; Dunne, A.; Monaghan, M.G. The Role of Macrophages in the Infarcted Myocardium:
Orchestrators of ECM Remodeling. Front. Cardiovasc. Med. 2019, 6, 101, d0i:10.3389/fcvm.2019.00101.

228. Thompson, RW.; Pesce, J.T.; Ramalingam, T.; Wilson, M.S.; White, S.; Cheever, A.W.; Ricklefs, S.M.;
Porcella, S.F.; Li, L.; Ellies, L.G.; et al. Cationic Amino Acid Transporter-2 Regulates Immunity by
Modulating Arginase Activity. PLOS Pathog. 2008, 4, €1000023, d0i:10.1371/journal.ppat.1000023.

229. Verma, S.K.; Krishnamurthy, P.; Barefield, D.Y.; Singh, N.; Gupta, R.; Lambers, E.; Thal, M.; Mackie, A.;
Hoxha, E.; Ramirez, V; et al. Interleukin-10 treatment attenuates pressure overload-induced hypertrophic



Biomolecules 2020, 10, 707 30 of 32

remodeling and improves heart function via signal transducers and activators of transcription 3-dependent
inhibition of nuclear factor-kB. Circulation 2012, 126, 418-429, d0i:10.1161/CIRCULATIONAHA.112.112185.

230. Deng, S.; zhou, X.; Ge, Z; Song, Y.; Wang, H.; Liu, X;; Zhang, D. Exosomes from adipose-derived
mesenchymal stem cells ameliorate cardiac damage after myocardial infarction by activating
S1P/SK1/S1PR1 signaling and promoting macrophage M2 polarization. Int. . Biochem. Cell Biol. 2019, 114,
105564, doi:10.1016/j.biocel.2019.105564

231. Chen, Y.; Zhao, Y.; Chen, W,; Xie, L.; Zhao, Z.-A; Yang, J.; Chen, Y.; Lei, W.; Shen, Z. MicroRNA-133
overexpression promotes the therapeutic efficacy of mesenchymal stem cells on acute myocardial
infarction. Stem Cell Res. Ther. 2017, 8, 268, d0i:10.1186/s13287-017-0722-z.

232. Muraoka, N.; Yamakawa, H.; Miyamoto, K.; Sadahiro, T.; Umei, T.; Isomi, M.; Nakashima, H.; Akiyama,
M.; Wada, R.; Inagawa, K,; et al. MiR-133 promotes cardiac reprogramming by directly repressing Snail
and silencing fibroblast signatures. EMBO ]. 2014, 33, 1565-1581, doi:10.15252/embj.201387605.

233. Anginot, A.; Espéli, M.; Chasson, L.; Mancini, S.J.C.; Schiff, C. Galectin 1 modulates plasma cell homeostasis
and regulates the humoral immune response. J. Immunol. 2013, 190, 5526-5533,
doi:10.4049/jimmunol.1201885.

234. Perillo, N.L.; Pace, K.E.; Seilhamer, ].J.; Baum, L.G. Apoptosis of T cells mediated by galectin. Nature 1995,
378, 736-739, doi:10.1038/378736a0.

235. Blaser, C.; Kaufmann, M.; Muller, C.; Zimmermann, C.; Wells, V.; Mallucci, L.; Pircher, H. 3-Galactoside-
binding protein secreted by activated T cells inhibits antigen-induced proliferation of T cells. Eur. ].
Immunol. 1998, 28, 2311-2319, doi:10.1002/(sici)1521-4141(199808)28:083.0.c0;2-g.

236. Rabinovich, G.A.; Iglesias, M.M.; Modesti, N.M.; Castagna, L.F.; Wolfenstein-Todel, C.; Riera, C.M.;
Sotomayor, C.E. Activated rat macrophages produce a galectin-1-like protein that induces apoptosis of T
cells: Biochemical and functional characterization. J. Immunol. 1998, 160, 4831-4840.

237. Gianchecchi, E.; Delfino, D.V.; Fierabracci, A. Recent insights into the role of the PD-1/PD-L1 pathway in
immunological tolerance and autoimmunity. Autoimmun. Rev. 2013, 12, 1091-1100.

238. Worthington, ].J.; Fenton, T.M.; Czajkowska, B.I.; Klementowicz, J.E.; Travis, M.A. Regulation of TGFp in
the immune system: An emerging role for integrins and dendritic cells. Immumnobiology 2012, 217, 1259-1265,
doi:10.1016/j.imbio.2012.06.009.

239. Carissimi, C.; Carucci, N.; Colombo, T.; Piconese, S.; Azzalin, G.; Cipolletta, E.; Citarella, F.; Barnaba, V;
Macino, G.; Fulci, V. miR-21 is a negative modulator of T-cell activation. Biochimie 2014, 107, 319-326,
doi:10.1016/j.biochi.2014.09.021.

240. Sheedy, F. Turning 21: Induction of miR-21 as a Key Switch in the Inflammatory Response. Front. Immunol.
2015, 6, doi:10.3389/fimmu.2015.00019.

241. Hong, Y.; Cao, H,; Wang, Q.; Ye, ]J; Sui, L,; Feng, J.; Cai, X,; Song, H.; Zhang, X.; Chen, X. MiR-22 may
Suppress Fibrogenesis by Targeting TGFPR I in Cardiac Fibroblasts. Cell. Physiol. Biochem. 2016, 40, 1345—
1353, doi:10.1159/000453187.

242, Hart, M.; Walch-Riickheim, B.; Friedmann, K.S.; Rheinheimer, S.; Tanzer, T.; Glombitza, B.; Sester, M.;
Lenhof, H.-P.; Hoth, M.; Schwarz, E.C.; et al. miR-34a: A new player in the regulation of T cell function by
modulation of NF-«B signaling. Cell Death Dis. 2019, 10, 46, doi:10.1038/s41419-018-1295-1.

243, Pan, Y.; Hui, X.; Hoo, RL.C; Ye, D.; Chan, C.Y.C,; Feng, T.; Wang, Y.; Lam, K.S.L.; Xu, A. Adipocyte-
secreted exosomal microRNA-34a inhibits M2 macrophage polarization to promote obesity-induced
adipose inflammation. . Clin. Investig. 2019, 129, 834-849, d0i:10.1172/jci123069.

244, Xiao, Y.; Zhao, J.; Tuazon, J.P.; Borlongan, C.V.; Yu, G. MicroRNA-133a and Myocardial Infarction. Cell
Transplant. 2019, 28, 831-838, doi:10.1177/0963689719843806.

245. He, X,; Tang, R.; Sun, Y.; Wang, Y.-G.; Zhen, K.-Y.; Zhang, D.; Pan, W. MicroR-146 blocks the activation of
M1 macrophage by targeting signal transducer and activator of transcription 1 in hepatic schistosomiasis.
EBioMedicine 2016, 13, 339-347, d0i:10.1016/j.ebiom.2016.10.024.

246. Home - ClinicalTrials.gov https://clinicaltrials.gov/ (accessed Apr 28, 2020).

247. Arroyo, J.; Chevillet, J.; Kroh, EIM.; Ruf, LK,; Pritchard, C.C.; Gibson, D.F.; Mitchell, P.S.; Bennett, C.F.;
Pogosova-Agadjanyan, E.L.; Stirewalt, D.L.; et al. Argonaute2 complexes carry a population of circulating
microRNAs independent of vesicles in human plasma. Proc. Natl. Acad. Sci. USA 2011, 108, 5003-5008,
doi:10.1073/pnas.1019055108.

248. Davidson, L.M.; Berkelhamer, S.K. Bronchopulmonary Dysplasia: Chronic Lung Disease of Infancy and
Long-Term Pulmonary Outcomes. J. Clin. Med. 2017, 6, 4, doi:10.3390/jcm6010004.



Biomolecules 2020, 10, 707 31 of 32

249, Conget, P.; Rodriguez, F.; Kramer, S.; Allers, C.; Simon, V.; Palisson, F.; Gonzalez, S.; Yubero, M.J.
Replenishment of type VII collagen and re-epithelialization of chronically ulcerated skin after intradermal
administration of allogeneic mesenchymal stromal cells in two patients with recessive dystrophic
epidermolysis bullosa. Cytotherapy 2010, 12, 429-431, doi:10.3109/14653241003587637.

250. Smirnova, L.; Grédfe, A.; Seiler, A.; Schumacher, S.; Nitsch, R.; Wulczyn, F.G. Regulation of miRNA
expression during neural cell specification. Eur. J. Neurosci. 2005, 21, 1469-1477, doi:10.1111/j.1460-
9568.2005.03978 .x.

251. Sun, Y.; Gui, H; Li, Q.; Luo, Z.-M.; Zheng, M.-].; Duan, J.-L.; Liu, X. MicroRNA-124 Protects Neurons
Against Apoptosis in Cerebral Ischemic Stroke. CNS Neurosci. Ther. 2013, 19, 813-819, d0i:10.1111/cns.12142.

252. Doeppner, T.R.; Doehring, M.; Bretschneider, E.; Zechariah, A.; Kaltwasser, B.; Miiller, B.; Koch, ].C.; Béhr,
M.; Hermann, D.M.; Michel, U. MicroRNA-124 protects against focal cerebral ischemia via mechanisms
involving Uspl4-dependent REST degradation. Acta Neuropathol. 2013, 126, 251-265, doi:10.1007/s00401-
013-1142-5.

253. Flynn, R.; Du, J.; Veenstra, R.G.; Reichenbach, D.K.; Panoskaltsis-Mortari, A.; Taylor, P.A.; Freeman, G.J.;
Serody, ].S.; Murphy, W.J.; Munn, D.H.; et al. Increased T follicular helper cells and germinal center B cells
are required for cGVHD and bronchiolitis obliterans. Blood 2014, 123, 3988-3998, d0i:10.1182/blood-2014-
03-562231.

254, Nassar, A.; Tabbara, K.; Aljurf, M. Ocular manifestations of graft-versus-host disease. Saudi J. Ophthalmol.
2013, 27, 215-222, doi:10.1016/j.sjopt.2013.06.007.

255. Weng, J.; He, C,; Lai, P.; Luo, C,; Guo, R;; Wu, S.; Geng, S.; Xiangpeng, A.; Liu, X,; Du, X. Mesenchymal
Stromal Cells Treatment Attenuates Dry Eye in Patients With Chronic Graft-versus-host Disease. Mol. Ther.
2012, 20, 2347-2354, d0i:10.1038/mt.2012.208.

256. Lai, P.; Chen, X,; Guo, L.; Wang, Y.; Liu, X;; Liu, Y.; Zhou, T.; Huang, T.; Geng, S.; Luo, C.; et al. A potent
immunomodulatory role of exosomes derived from mesenchymal stromal cells in preventing cGVHD. ].
Hematol. Oncol. 2018, 11, 135, doi:10.1186/s13045-018-0680-7.

257. Landolfi, M.; Zarbin, M.A., Bhagat, N. Macular holes. Ophthalmol. Clin. North Am. 2002,
doi:10.1155/2018/7389412.

258. Bai, L.; Shao, H.; Wang, H.; Zhang, Z.; Su, C,; Dong, L.; Yu, B.; Chen, X,; Li, X.; Zhang, X. Effects of
Mesenchymal Stem Cell-Derived Exosomes on Experimental Autoimmune Uveitis. Sci. Rep. 2017, 7, 4323,
doi:10.1038/s41598-017-04559-y.

259. Kanda, M.; Matthaei, H.; Wu, J.; Hong, S.-M.; Yu, J.; Borges, M.; Hruban, R.H.; Maitra, A.; Kinzler, K,;
Vogelstein, B.; et al. Presence of somatic mutations in most early-stage pancreatic intraepithelial neoplasia.
Gastroenterology 2012, 142, 730-733, doi:10.1053/j.gastro.2011.12.042.

260. Bournet, B.; Muscari, F.; Buscail, C.; Assenat, E.; Barthet, M.; Hammel, P.; Selves, J.; Guimbaud, R.; Cordelier,
P; Buscail, L. KRAS GI12D Mutation Subtype Is A Prognostic Factor for Advanced Pancreatic
Adenocarcinoma. Clin. Transl. Gastroenterol. 2016, 7, €157, doi:10.1038/ctg.2016.18.

261. Kamerkar, S.; LeBleu, V.S.; Sugimoto, H.; Yang, S.; Ruivo, C.; Melo, S.A.; Lee, ].J.; Kalluri, R. Exosomes
facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer. Nature 2017, 546, 498-503,
doi:10.1038/nature22341.

262. Molina, J.R.; Adjei, A.A. The Ras/Raf/MAPK pathway. ]. Thorac. Oncol. 2006, 1, 7-9.

263. Rabinowe, S.L.; Eisenbarth, G.S. Type I Diabetes Mellitus: A Chronic Autoimmune Disease? Pediatr. Clin.
North Am. 1984, 31, 531-543, d0i:10.1016/s0031-3955(16)34605-3.

264. Rabinovitch, A.; Suarez-Pinzon, W.L. Cytokines and Their Roles in Pancreatic Islet -Cell Destruction and
Insulin-Dependent Diabetes Mellitus. Biochem. Pharmacol. 1998, 55, 1139-1149, doi:10.1016/s0006-
2952(97)00492-9.

265. Chen, J.; Chen, J.; Cheng, Y.; Fu, Y.; Zhao, H.; Tang, M.; Zhao, H.; Lin, N.; Shi, X; Lei, Y; et al. Mesenchymal
stem cell-derived exosomes protect beta cells against hypoxia-induced apoptosis via miR-21 by alleviating
ER stress and inhibiting p38 MAPK phosphorylation. Stem Cell Res. Ther. 2020, 11, doi:10.1186/s13287-020-
01610-0.

266. Li, S.-P.; Lin, Z.-X,; Jiang, X.-Y.; Yu, X.-Y. Exosomal cargo-loading and synthetic exosome-mimics as
potential therapeutic tools. Acta Pharmacol. Sin. 2018, 39, 542-551, d0i:10.1038/aps.2017.178.

267. Arnold, F.H. Inside Cover: Directed Evolution: Bringing New Chemistry to Life (Angew. Chem. Int. Ed.
16/2018). Angew. Chem. Int. Ed. 2018, 57, 4106, d0i:10.1002/anie.201802332.



Biomolecules 2020, 10, 707 32 of 32
268. Lener, T.; Gimona, M.; Aigner, L.; Borger, V.; Buzas, E.; Camussi, G.; Chaput, N.; Chatterjee, D.; Court, F.A;

Del Portillo, H.A; et al. Applying extracellular vesicles based therapeutics in clinical trials—An ISEV
position paper. J. Extracell. Vesicles 2015, 4, 30087, doi:10.3402/jev.v4.30087.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




