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Abstract

Several prior studies have highlighted the promise of mesenchymal stem cells (MSCs) as tools for treating myocardial
infarction (MI) patients. While MSCs were initially thought to mediate post-MI repair through differentiation and replace-
ment of injured cells, they are now thought to function by releasing exosomes carrying important cargos which can prevent
apoptosis and facilitate revascularization in the context of MI. Herein, we comprehensively survey prior preclinical studies
examining MSC-derived exosomes (MSC-Exos) utility for the repair of MlI-related tissue injury. In total, 24 relevant studies
were identified in the PubMed, Web of Science, Embase, and Cochrane Library databases as per the PRISMA guidelines.
In most studies, exosome-treated rodents exhibited improved cardiac function and angiogenesis together with decreased
apoptotic cell death. MSC-Exos thus offer beneficial therapeutic efficacy when treating MI injury. However, further work
will be necessary to standardize experimental preclinical models and to validate these results.
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Myocardial infarction (MI) is a leading cause of global
morbidity and mortality, despite major advances in its pre-
vention and treatment in recent years [1]. A primary goal
of MI treatment is the salvaging and repair of infarcted
myocardial tissue. However, even with rapid coronary
intervention, a majority of patients nonetheless experience
cardiomyocyte apoptosis, ventricular wall thinning, cavity
dilatation, and eventual heart failure (HF) [2]. Many ani-
mal studies and clinical trials have explored the efficacy of
bone marrow-derived mesenchymal cells (MSCs) as tools
to facilitate MI repair [3-6], yet the efficacy of these cells
and the mechanisms governing their purported efficacy
remain controversial. These MSCs may function by under-
going differentiation into cell types that can replace those
damaged in the context of MI. Other evidence, however,
suggests that these MSCs primarily function in a paracrine
manner [7, 8], secreting factors including proteins, lipids,
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nucleic acids, and extracellular vesicles (EVs) that can
modulate the biological activity of recipient cells [9-11].
EVs are clustered into four major classes based upon their
size: exosomes (50—150 nm), microvesicles (100-1,000 nm),
large oncosomes (1,000-10,000 nm), and apoptotic bodies
(100-5,000 nm) [12], with exosomes being the most thor-
oughly studied of these particle types.

Exosomes are lipid bilayer-enclosed EVs produced by
virtually all cells and are derived from multivesicular bod-
ies that are generated via endosomal membrane invagina-
tion [13-15]. Exosomes can carry a range of functionally
important cargos including proteins, RNAs, and DNA
molecules. Multiple online databases including ExoCarta
(http://exocarta.org) and Vesiclepedia (http://microvesicles.
org) have sought to catalog exosomal cargos in a range of
contexts. Exosomes have also been highlighted as impor-
tant regulators of MI and related processes in recent years,
with MSC-derived exosomes (MSC-Exos) offering great
promise for treating MI, HF, and dilated cardiomyopathy
[16-19]. Intramyocardial or intravenous exosome delivery
has been shown to promote proliferation, suppress apoptosis,
disrupt fibrosis, facilitate angiogenesis, and suppress oxida-
tive stress, thereby exerting cardioprotective activity [20].

While there has been substantial variability with respect
to the goals and models used in prior analyses of MSC-Exos
as regulators of MI, studies generally follow four key steps:
exosome isolation and characterization, coronary artery
ligation, exosome delivery, and analyses of infarct size and
cardiac function. In an effort to more broadly understand the
therapeutic value of these stem cell-derived exosomes, the
present systematic review was conducted to summarize the
findings of prior in vivo analyses assessing the efficacy of
MSC-Exos in the treatment of MI.

Materials and Methods
Search Strategy

The PubMed, Web of Science, Embase, and Cochrane
Library databases were searched for all studies published as
of 2 December 2020. Search terms were as follows: “Mesen-
chymal stem cell,” “Exosome,” and “Myocardial infarction.”

Inclusion and Exclusion Criteria

Studies eligible for inclusion were (1) studies of the treat-
ment of MI using bone marrow MSC-Exos in animal mod-
els, and (2) studies that were described in English. Articles
were excluded if they were (1) reviews of meta-analyses,
(2) conference abstracts, (3) non-experimental studies or
studies lacking complete information, or (4) experimental
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studies using exosomes derived from cells other than bone
marrow MSCs.

Study Quality Evaluation

The Systematic Review Centre for Laboratory Animal
Experimentation (SYRCLE) risk of bias assessment tool was
used to examine the risk of bias associated with included
studies [21], with the results of these quality analyses being
shown in the Supplementary Material Table 1.

Data Extraction

Data were individually extracted from all studies, including
information pertaining to both study design and outcomes.
Recorded information included sample size, the sex and spe-
cies of study model animals, the animal model system uti-
lized, the comparison groups within the study, and the treat-
ment details for individual groups. Treatment-related details
included exosome or control sources, treatment concentra-
tions, volume, delivery method, and frequency, and the tim-
ing of euthanasia for study animals. Both qualitative and
quantitative details regarding study outcomes were noted
where possible. The impact of MSC-Exos treatment on cel-
lular apoptosis, proliferation, migration, and autophagy was
also assessed. When details were not present within included
studies, efforts were made to contact the authors of the origi-
nal manuscript.

Data Analysis

Study outcomes were primarily evaluated in a qualitative
manner owing to a lack of consistent quantitative data neces-
sary to permit pooled analysis.

Results
Literature Search Results

Our initial search strategy initially identified 748 studies,
of which 155 were duplicates. Following title and abstract
screening, 536 of the remaining studies were excluded, while
the remaining 57 were subjected to full-text review, with 24
being retained for inclusion in the final systematic review

(Fig. 1).
Systematic Review

Overall, 24 studies were determined to be eligible for inclu-
sion in this systematic review [22—45]. Details pertaining to
the sample size, gender and speciesused in each study are
shown in Table 1. Table 2 compiles the comparison groups
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Records identified through
database searching (n= 748)
(Pubmed=146, Web of
science=327, Embase=272,
The Cochrane Library=3)

—>[ 155 of duplicate records removed ]

593 of records
screened

536 of records excluded:
- Not original data (459)
- Not animal studies (24)
- Not MSCs or not exosomes (53)

57 of full-text
articles assessed for
eligibility

33 of records excluded:
- Not on treatment of MI (16)
- Not exosomes (17)

24 of studies
included

Fig. 1 Flow diagram of the literature search

used in different studies, while Tables 3 and 4 respectively
detail the treatment volume, delivery, frequency of deliv-
ery, and timing of euthanasia for animals in the exosome
and non-exosome treatment groups. A brief summary of the
therapeutic outcomes in the different treatment groups is
provided in Table 5. Details of the cells used in each study
are shown in Supplementary Material Table 2.

Exosome Sources

All exosomes in the included studies were isolated from
bone marrow—derived MSCs. In three of these studies [32,
39, 41], MSCs were purchased from commercial sources,
while in one study they were derived from human bone mar-
row [40]. One study did not report the source of MSCs [37].

Animal Model Establishment

Included studies established rodent models of MI in rats or
mice via the ligation of the left anterior descending artery
(LAD). Briefly, animals were anesthetized, connected to a
ventilator with an orotracheal tube, and left thoracotomy was
performed between the 3™ and 4™ intercostal space under
sterile conditions. The heart was exposed and the LAD was
then permanently ligated with a suture [46, 47].

Treatment Delivery

Various studies have shown the intramyocardial or intrave-
nous injection of exosomes to be linked to pro-angiogenic,
anti-fibrotic, and/or anti-apoptotic effects in infarcted myo-
cardial tissue. Of the included studies, 20 [22, 24-27, 3041,
43-45] conducted intramyocardial MSC-Exos administra-
tion, although the exact sides of injection differed among
studies, and included 3—4 sites around the infarcted region,
the left ventricular wall, or a site close to the site of arte-
rial ligation. Tail vein injection was the mode of MSC-
Exos delivery in 3 studies [28, 29, 42]. In another study
[23], exosomes and MSCs were prepared into monolayer
cell sheets and then transferred to the infarcted myocardial
region.

Echocardiographic Analysis Results

Of the 24 included studies, 21 assessed cardiac function
following MSC-Exos treatment [23-32, 34, 35, 37-45].
Echocardiographic analysis indicated that administra-
tion of MSC-Exos and exosomes derived from microRNA
(miRNA) overexpressed or drug-pretreated MSCs were
associated with a reduction in Ml-related left ventricular
(LV) dilation. These treatments were also related to improve-
ments in left ventricular ejection fraction (LVEF) and left
ventricular fractional shortening (LVFS) relative to other
treatments and were linked to lower left ventricular end-
systolic diameter (LVESD) and left ventricular end-diastolic
diameter (LVEDD) values, consistent with the ability of
MSC-Exos to enhance cardiac function in animal models
of MI.

Histological Analysis

TTC staining of myocardial tissue was performed in 2
studies after MSC-Exos treatment, and the results showed
a reduction in myocardial infarct area in rats in the MSC-
Exos group compared with the MI group [33, 39]. Histologi-
cal analysis of infarcted cardiac tissue by HE staining was
performed in detail in 8 studies after MSC-Exos treatment
[25, 33, 34, 36, 38-40, 42]. Samples from MI model groups
exhibited extensive cardiomyocyte necrosis, irregularly
arranged myocardial cells, fractured myocardial fibers, and
extensive inflammatory cell infiltration not present in sham
control rodents. In contrast, these changes were ameliorated
in the MSC-Exos treatment groups relative to the MI model
group. Masson’s trichrome staining of infarcted heart tis-
sues was performed in 17 studies [22-26, 29, 31, 33-35,
38-43, 45], with collagenous fibers appearing in blue and
vascular smooth muscle cells appearing in red. MI model
rodents exhibited cardiomyocyte swelling, collagenous fiber
disorder, a loss of nuclei, and coagulative necrosis within
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Table 1 Details of the MI

. o Author Year Sample size ~ Gender Animal

animal models within each (joints)

study
Feng [22] 2014 NR NR C57BL/6 ] mice
Kang [23] 2015 NR Female Sprague—Dawley rats
Yu [24] 2015 NR Female Sprague-Dawley rats
Teng [25] 2015 NR Male Sprague-Dawley rats
Zhang [26] 2016 30 Male Sprague-Dawley rats
Shao [27] 2017 30 Male Sprague-Dawley rats
He [28] 2018 NR Male C57BL/6 ] mice
Zhu [29] 2018 NR NR C57BL/6 J mice
Ma [30] 2018 NR Female C57BL/6 J mice
Zhu [31] 2018 NR Male C57BL/6 J mice
Xiao [32] 2018 NR Male C57BL/6 J mice
Zou [33] 2019 18 Male Sprague-Dawley rats
Huang [34] 2019 NR Female Sprague-Dawley rats
Li [35] 2019 20 Male Sprague-Dawley rats
Xu [36] 2019 NR Male C57BL/6 J mice
Zhang [37] 2019 24 Male Sprague-Dawley rats
Huang [38] 2020 NR Female Sprague-Dawley rats
Li[39] 2020 72 Male C57BL/6 J mice
Sun [40] 2020 NR Male Sprague-Dawley rats
Liu [41] 2020 32 NR Sprague—-Dawley rats
Sun [42] 2020 NR Female Sprague-Dawley rats
Cheng [43] 2020 NR Male Sprague-Dawley rats
Fu [44] 2020 40 Female Sprague-Dawley rats
Wang [45] 2020 NR NR C57BL/6 J mice

NR, not reported

the infarcted zone that was not evident in sham-operated
control animals. MSC-Exos treatment was associated with
the abatement of these MI-related pathological changes. In
some studies [22-26, 29, 31, 34, 38, 40—43, 45], quantitative
analysis of the LV fibrotic area and the Masson’s trichrome
staining results were performed, revealing that MSC-Exos
treatment was associated with significantly better outcomes.
In analyses conducted by Huang et al. [38], Huang et al.
[34], and Sun et al. [40], the collagen area was significantly
reduced in therapy-treated groups as evidenced by Sirius-
Red staining results.

Xu et al. [36] additionally analyzed macrophage subsets
within ischemic cardiac tissues and examined the impact
of exosomes derived from pro-inflammatory MSCs on MI-
related injury. Through a series of immunohistochemical
staining assays, they determined that exosome treatment was
associated with reductions in M1 marker (CD11c¢) staining
and with increases in M2 marker (CD206) staining, confirm-
ing that LPS-pretreated MSC-Exos significantly enhanced
CD206 expression and suppressed CD11c expression rela-
tive to that observed in MSC-Exos and PBS control groups.
These data suggested that LPS-pretreated MSC-Exos were
able to suppress post-MI inflammation at least in part via
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driving macrophages towards an M2 phenotype in MI model
mice.

Western Blot Analysis

Nine studies performed Western blot assays of myocar-
dial tissues [22, 32, 33, 35-37, 39, 41, 43]. Zou et al. [33]
detected the expressions of Apafl and autophagy-associated
protein 13 (ATG13) in myocardial tissues of various groups
of rats and further confirmed that MSC-Exos could effec-
tively inhibit myocardial tissue damage caused by MI. Li
et al. [35] and Xiao et al. [32] examined the expressions
of LC3-I, LC3-II, and autophagic fluxes, respectively,
and found that MSC-Exos could inhibit cardiomyocyte
autophagy in MI rats through the delivery of miRNA. In
three other studies [36, 37, 43], MSC-Exos treatment was
found to reverse the expression of apoptosis-related proteins
such as Bax and Cleaved-caspase 3 in the myocardial tissue
of Ml rats. Li et al. [39] evaluated the effect of MSC-Exos on
myocardial tissue fibrosis, and Western blot results showed
that compared with the MI group, the expression levels of
collagen-I, collagen-III, and fibronectin were reduced in
the MSC-Exos group. Liu et al. [41] found that MSC-Exos
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Table 2 Details of the comparison groups within each study

Author Year Groups

Feng [22] 2014 1. Scramble | 2. Mecp2 siRNA | 3. miR-22 mimic | 4. Exo"" P | 5. Exo'F€ | 6. Exo!PC+miR-22 inhibitor

Kang [23] 2015 1. Sham | 2. MI | 3. MI+PBS | 4. MI+MSC | 5. MI+MSCE°Ct | 6. MI+MSCExCR4 | 7. MI 4+ MSCExsiCR4

Yu [24] 2015 1. Sham | 2. Control | 3. Exo™!! | 4, Exo®ATA—4

Teng [25] 2015 1. PBS | 2. Exo-depleted CM | 3. MSC-Exos

Zhang [26] 2016 1. Control | 2. CSCs | 3. CSCs®*

Shao [27] 2017 1. PBS | 2. MSC | 3. MSC-Exos

He [28] 2018 1. Control | 2. MI | 3. MSC-Exos | 4. NC-MSC-Exos | 5. GATA-4-MSC-Exos

Zhu [29] 2018 1. Sham | 2. PBS | 3. Nor-Exo | 4. Hypo-Exo | 5. NC-Hypo-Exo | 6. miRlZSbKD—Hypo—Exo |7. Cy5.5-1abeled
Scr-Exo | 8. Cy5.5-IMT-Exo

Ma [30] 2018 1. PBS | 2. miR-132 | 3. Exo-null | 4. Exo-miR-132

Zhu [31] 2018 1. Sham | 2. PBS | 3. Exo™ | 4. Exo!

Xiao [32] 2018 1. MI | 2. MSC-Exo | 3. MSC-ExoNC | 4. MSC-Exo®"i-miR125b

Zou [33] 2019 1. Sham | 2. MI | 3. MI+Exo

Huang [34] 2019 1. Sham | 2. MI | 3. Exo | 4. MSC%! | 5. MSC® | 6. MSCY¥ | 7. Exo+ MSC%! | 8. Exo+MSC% | 9. Exo+MSC¥

Li [35] 2019 1. Sham | 2. MI | 3. MSC-Exos | 4. MSC-301-Exos

Xu [36] 2019 1. Sham | 2. PBS | 3. Exo | 4. L-Exo

Zhang [37] 2019 1. Sham | 2. MI | 3. AMI + N-exo | 4. AMI + H-exo

Huang [38] 2020 1. Sham | 2. MI | 3. MSC-Exos | 4. MSCATV-Exos | 5. MSCATV(Si)-Exos | 6. MSC(H19)-Exos

Li [39] 2020 1. Sham | 2. MI | 3. MI+MSCs-Exo | 4. Exo *°™RNC | 5 Fyo miR-185agomiR | ¢ py antagomiRNC | 7 pyq
miR-185 antagomiR | gy miR-185agomiR 4 oyerexpressed (0e)-NC | 9. Exo MR-185agomiR 4 o0 §OCS2

Sun [40] 2020 1. Sham | 2. MI | 3. Aged-Exo | 4. Young-Exo | 5. Ctrl-Exo | 6. miR-221-Exo

Liu [41] 2020 1. Control | 2. MI | 3. MSC-Exos | 4. MIF-MSC-Exos

Sun [42] 2020 1. PBS | 2. Exo | 3. Exo-HIF-1a

Cheng [43] 2020 1. Sham | 2. MI | 3. MI+exosome | 4.GW4869 | 5. MI+exo™R?10 | 6. MI + exo"i-mR210 | 7 M] 4 exo Vehicle

Fu [44] 2020 1. Sham | 2. PBS | 3. Exo-control | 4. Ex0o-338 mimic

Wang [45] 2020 1. Sham | 2. Control | 3. MSCs + Exo/miR-Ctrl | 4. Exo/miR-19a/19b 5. MSCs + Exo/miR-19a/19b

ATV, atorvastatiny CM, culture medium; CSCs, cardiac stem cells; Exo, exosome; ExoN, exosomes from normoxia-treated MSCs; ExoH,
exosomes from hypoxia-treated MSCs; HIF-1a, hypoxia-inducible factor-1a; H-exo, hypoxic preconditioning MSCs-exosomes; Hypo, hypoxia;
IMT, ischemic myocardium-targeted; IMT-Exo, IMT-conjugated Hypo-Exo; PC, ischemic preconditioning; KD, knockdown; L-Exo, LPS-primed
MSC-derived exosomes; Mecp 2, methyl CpG binding protein 2; MI, myocardial infarction; MIF, macrophage migration inhibitory factor;
MSCs, mesenchymal stem cells; N-exo, normoxic preconditioning MSCs-exosomes; NC, negative control; Nor, normoxia; PBS, phosphate-buff-

ered saline; SOCS2, suppressor of cytokine signaling 2

treatment significantly reversed the expressions of fission 1
and mitofusin 2, indicating that MSC-Exos treatment was
able to inhibit mitochondrial fragmentation. In addition, the
expression of Mecp2 gene which was targeted by miR-22
was only examined in the study of Feng et al. [22] to confirm
the ability of MSC-Exos to exert cardioprotective effects
through miR-22 targeting Mecp2.

Angiogenesis

Following MI-induced injury, cardiomyocyte apoptosis and
death occur, and the cardiac tissue remains in a reparative
state that can lead to ventricular remodeling and scar for-
mation in the infarcted region, with neovascularization in
the infarcted region being particularly important [48-50]. In
some studies [31, 34, 38, 40], immunofluorescent staining
for arterioles and capillaries was performed with antibodies

specific for a-SMA and CD31 in order to assess the impact
of MSC-Exos treatment on angiogenesis and associated
tissue repair. Huang et al. compared the relative effects of
exosomes derived from MSCs that were or were not pre-
treated with atorvastatin (ATV) and found that MI model
rats treated with MSC-Exos derived from ATV-pretreated
cells exhibited increased arteriole density [38]. Huang et al.
also found that arteriole density was significantly higher in
animals treated with MSCs and MSC-Exos relative to in
animals treated with MSCs alone [34]. Sun et al. observed
increased border zone capillary density in ischemic heart
tissues from animals treated with exosomes derived from
young donors relative to those of animals treated with
exosomes from older donors [40]. Zhu et al. also found that
arteriole density was enhanced following treatment with
exosomes from hypoxia-treated MSCs relative to exosomes
isolated from MSCs under normoxic conditions [31]. Kang
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Table 4 Summary of parameters for the animals receiving control and non-exosome treatment

Author Year Group number Treatment Concentration Volume Delivery Frequency Euthanasia
(particle/cell
number)
Feng [22] 2014 G2 Mecp2 siRNA 1 nmol NR Along the border  After LAD liga- 4 weeks
between infarct tion
zone and normal
myocardium
injection
G3 miR-22 mimic 80 ng NR Along the border  After LAD liga- 4 weeks
between infarct tion
zone and normal
myocardium
injection
Kang [23] 2015 G3 PBS NA NR NR NR 4 weeks
Yu [24] 2015 G2 PBS NA 50 pL  Atthe perimeter  After LAD liga- 4 weeks
of the infarct tion
region injection
Teng [25] 2015 Gl PBS NA 100 pL At 4 different sites 60 min after LAD 4 weeks
of the viable ligation
myocardium
bordering the
infarcted zone
injection
G2 Exosome- NA 100 pL At 4 different sites 60 min after LAD 4 weeks
depleted of the viable ligation
MSC culture myocardium
medium bordering the
infarcted zonein-
jection
Zhang [26] 2016 Gl Saline NA NR Surrounding the 48 h after MI At 28 days
infarct zones at 4
sites injection
Shao [27] 2017 Gl PBS NA 20 pL Along the infarct  After LAD liga- 1 week
border region tion
at two different
sites injection
He [28] 2018 G2 Saline NA 1 mL Tail vein injection At 48 h after At 48 h, 72 h, and
induction of MI 96 h
Zhu [29] 2018 G2 PBS NA 200 pL  Ischemic heart Immediately after 4 weeks
region injection MI surgery
Ma [30] 2018 Gl PBS NA 20 uL  Near the ligation ~ After LAD liga- At 28 days
site in the free tion
wall of the left
ventricle injec-
tion
Zhu [31] 2018 G2 PBS NA 30pL  Around the border NR At 28 days
zone of infarcted
heart at five sites
injection
Xiao [32] 2018 Gl PBS NA 25 pL At the border NR At 28 days
zone of infarcted
heart at five sites
injection
Zou [33] 2019 G2 NR NA NR NR NR NR
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Table 4 (continued)

Author Year Group number Treatment Concentration Volume Delivery Frequency Euthanasia
(particle/cell
number)
Huang [34] 2019 G2 PBS NA 100 uL  Around the border At 30 min after 5 weeks
zone of infarcted ~ LAD ligation
heart injections
to three sites
G4 MSCs 2x10° MSCs NR Tail vein injection At 1 day, 3 days, 5 weeks
or 7 days
G5 MSCs 2% 10° MSCs NR Tail vein injection At 1 day, 3 days, 5 weeks
or 7 days
G6 MSCs 2% 105 MSCs NR Tail vein injection At 1 day, 3 days, 5 weeks
or 7 days
Li [35] 2019 G2 PBS NA 200 uL.  Around the border At 30 min after 4 weeks
zone of infarcted ~ LAD ligation
heart injections
at five points
Xu [36] 2019 G2 PBS NA 50 pL  Around the infarct Immediately after At days 3 and 7
border zone LAD ligation
injections at four
sites
Zhang [37] 2019 G2 NR NA NR NR NR At 28 days
Huang [38] 2020 G2 PBS NA 100 uL.  Around the border At 30 min after At days 3, 7, and 28
zone of infarcted ~ LAD ligation
heart injections
to three sites
Li [39] 2020 G2 NR NA NR NR NR NR
Sun [40] 2020 G2 PBS NA 50uL  Around the NR 4 weeks
infarcted region
injection
Liu [41] 2020 G2 PBS NA 30 pL  Around the border Following ligation 4 weeks
zone of infarcted
heart injections
at four sites
Sun [42] 2020 Gl PBS NA 500 pL  Tail vein injection After MI surgery At 28 days
Cheng [43] 2020 G2 PBS NA 20 pL Cardiac muscle NR 7 days or 4 weeks
close to the area
of arterial liga-
tion injection
Fu [44] 2020 G2 PBS NA 50 pL  Ischemic myocar- NR At 7 days
dium injection
Wang [45] 2020 G2 PBS NA NA NR NR 3 weeks

G, group; LAD, left anterior descending artery; Mecp2, methyl CpG-binding protein 2; MI, myocardial infarction; MSCs, mesenchymal stem
cells; NA, not applicable; NR, not reported; PBS, phosphate-buffered saline

et al. assessed neovascularization by examining the expres-
sion of von Willebrand factor (vWF) and found that CR4-
overexpressing MSC-Exos treatment significantly increased
numbers of vVWF-positive vessels relative to control treat-
ment [23]. Three additional studies assessed angiogenesis
in the ischemic border zone using lectin as an immuno-
fluorescent tool for marking endothelial cells [24-26]. Sun
et al. observed enhanced angiogenesis in animals treated
with exosomes derived from HIF-1a-overexpressing MSCs

@ Springer

relative to those from control MSCs, suggesting that HIF-1a
was able to promote angiogenesis and thereby exert car-
dioprotective activity [24]. Teng et al. also analyzed rats
treated with MSC-Exos and observed significant increases
in the numbers of new capillaries relative to those in animals
treated with PBS or exosome-depleted culture media [25].
Zhang et al. also showed that animals treated with cardiac
stem cells (CSCs) that had been MSC-Exos preconditioned
exhibited increased numbers of arterioles and capillaries,



331

Journal of Cardiovascular Translational Research (2022) 15:317—339

ASeydone
[e1paeookuw Jo uone[n3ar oY) YSnoiy) syel [9pow [JAl Ul BIE PAIOIBJUL 9Y) PIONPaI pue

uonouny SRIpIed PAOURYUD A[pasIews [O¢-yYru Surssardxa1ono sOSIA Woly soxXT-DSIA VN 610C [celrT
UONBZLIB[NOSEAOU PASBAIOUI PUB ‘DZIS JOIRJUI PIONPAI ‘UONOUNJ JRIPIEd pasoidur
19)30q uoneyue[dsuen DSIA £Q PamMO[[0J WINIPIBIOAW JY) OIUT SOXH-DSIA JO uonoafur erxodAy
enuanbas oy ‘S)SIA 10 SOWOSOXD ATUO (1M PIO2(Ul S[RWIUE [0UOD 0) JANR[IY JO SUONIPUOD JOpuN [BAJAINS DS PIoUeyUS Apuedsyrusis jusunear soxg-DSIN 6107 [H¢€] Sueny
€1DOLV pue [jedy Surpnjour
ASeydone sauad pojeroosse-A3eydoine pue sisoydode jo uorssardxa oy Suriole Aq YY/H Sur
Sunen3ar eia A[enusjod ‘Knfur ferpresoAw paje[aI-[]Al PAIQIYUI JUSUNEBAI) SOXT-DSIA -1mp sisoydode 93K00Lworpres pue ‘vonersjrjord ‘woneiIrw pAIqIYUI SOXT-ISIN  610T [¢¢] noz
Jouuew juapuadop-dg-qGz [ TW B UI SONSST) JvIpIRD Surreudis o13eydoine ¢diug/gcd jo uonensar oy eia xnp d13eydoine 9140
pajoreyur ojur uonodafur Surmoroy xny d13eydoine paseardsp Juowlean) SOXg-ISIN  -OAWOIpIed paseardop dg-qgg -y Surssaidxa1oao sOSIA WOy PAALISp sawosoxq 8107 [gg] oerx
NOXH 01 QATIB[AX SINSST} MIBSY PSJOIEJUL 0}
JUDUIINIOAI [[90 JojTuagold oerpreds paaoxdur pue ‘sisoiqy pasearoap ‘sisoydode 9140 $91K0
-0AwOIpIed paonpar ‘AIsusp Je[noses paorduwl yIim PIJRIOOSSE Seam JuSWIear) LOXH -OAWOIpIed pue sOFANH ul sisoydode-nue pue sisouagorsue-oid sy) paoueyud LoXq 8107 [1¢] nyz
uonounj SRIPIEd PIAIAsaId pue UOIRZLIE[NOSLAOSU Jorejul-L1od poaoueyua
901U [9POW JIA] JO WNIPIEOOAW Y} Ul UONENSIUTWPE SOXH-DISIA POPEO[-ZE[-YIW  UONEBWLIOY 2qn) [[99 [BI[AYIOPUS PAsueyud Auedyrusis Soxq-DSIA POPeo[-Z€[-dIW  810T [og] eIN
TIN Suimorgjoj sisoydode 91400 worpres
passaxddns 191)0q pue sanssI) JBIPIED ONUAYDSI 03 SunoSre) oxyg paosueyue Apued Ive
-yrugis opndad AT payoene AjJus[eAaod € yiim soxg-odAH uonounj AT posoxdur pue ¢cd ssaxddns 03 L1[Iqe 31 0} FUIMO $9)K00AWOIPILD JTWAYDST JBAI) 0} PIsn
PUE 9ZIS JOIeJUI UI SUONINPAI 0) PAYUI[ SeA [\l SUIMO][[O] Judwjean} soxHg-odAH uaym $3091J9 onojdode-nue pasueyua pAIqIYXd dG-qGz [-JIW PaALIdp-soxq-0dAH 8107 [62] nyz
sa1L00AworpIed onojdode Jo srequinu paonpal Os[e pue ‘S[[3d
2ANIS0d-11y-0 JO SIoqUINU pue AJISUSP [9SSOA POO[Q JBIPIED UT SISLAIOUT 0} SUImMo uonelafrord 91K00KworpIed paonpur osye ‘AJranoe
uonouUNJ JRIPIED PIOURYUD 4-Y VD Surssardxa1oo sOSIAl WOIJ PAALIOP sowosoxy —onojdode-nue pajqIuxe +-yYILVO Ym paonpsuer) SYSIN pue SOSIA WOoIJ Sowosoxy 8107 [82] °H
S)SB[qOIqIJOA OJUT UOTJBULIO]
SDSIA Uey) 1039q UOTjeWIehUT  -Suer) Ise[qoIiqy paonpul g-10 1, Suniqyur pue yjeap onoydode peonpur-LQH 1oy
paNqIyur pue ‘srsoiqy passarddns ‘uonouny [erprecoAw pasoidwir Jusuwyean soxg-)SIA Surssarddns o[y s[[e0 ZogH Jo uoneisjrjoid oy paourquo Juounean soxg-JSIN L1072 [LZ] oeys
uonouny SeIpIed JO UOHEIO}SAI WIA)-SUO] 1919q PUE ‘SISOIQL JBIPIED PASEaIddp ‘KIS uorysej juopuadap-asop €
-uap Areqides 1039q ‘[EAIAINS POOUBYUD PAYIQIYXD $OSD) PAUONIPU0IAId—SOXT-DISIA Ul UONBWIOJ 2qn) pue ‘uoneISiu ‘uonersfijoids)S) paoueyua juswiean soxg-OSIN 9107  [9¢] Sueyz
KI19A0021 mOJj poo[q pue Ajisuap Are[ides mou Jur
-OUBYU? 0) UONIPPE UI ‘[pOW JIA] Jel B Ul Jusunean Sgd 01 2Ane[al douewiofrad o110y uonouny pue uonerjrjord
-SEIp puE JI[0JSAS ORIPIED PIAOIdWI PUE JZIS JOTEJUT PISBAIOAP JUSWIEAT) SOXT-DSIA 199 I, passexrddns pue uoneurioy aqny DFANH Pooueyua juouwnean soxg-OSIN S107  [Sz] Suoy,
skemyjed 1y pue I 9y) pajeanoeur AqoIay)
uonodjordorpreds pue s31£504worpIed ur uorssardxa NH.LJ pue JNIF pessaiddns , . 0xH £q par1dy
PAOUBYUD | 1/ OXE "OZIS JOIBJUI PISEIOSP PUE UOLOUNY IRIPIED PIdUBYUS SOXT-DSIN -suen} eg [ -y 1w Amfur o1xodAy 0) 9ouBISISAI 9)K00AWOIPIRd paseardul SOxT-DSIN  ST0T [¥] nx
Suro S[9SSAA JO UOIBULIOJ A1) pue JOFA
-powral SeIpIed JuNUAWIINE puR ‘9ZIs JOIBJUT FUIONPAI ‘SISOUSFOISUL JUISLAIOUT BIA Jo uorssa1dxa ) SuroueyU 0} UOTIIPPE UT ‘S9)A00AWOIPILD UIY)IM UOTIBATIOR
uonouny SBIPIED JO UOIERIOIST dY) pasoIdwr uoneueldwr 19Ys-DSIN PIIEII-,y OXH ¢-osedses possaxddns pue s[Ad 1y d pue 01-ID] pasearour Apuedyrusdis . oxqd S10¢  [€7] Suey
7dooJAl Jo uorssarddns pajerpaw-zz-y 1w Y YySnoiyy s1soIqy oeipred
passaxddns Suruonipuodaid orwudyost 03 peyoalqns SHSIA WOIJ PAIL[OST SQWOSOXH VN #10C [zz] Sueq
OAIA U] onia ug
sowodnQ A9y Ie9X Ioyny

sowod)no dnnaderoy) Jo Arewwing g ajqel

pringer

a's



Journal of Cardiovascular Translational Research (2022) 15:317—-339

332

A019Df YIMOAS [DI]2YIOPUI ADINISDA DT A 0-1019Df S1S0.002U 40WN] “D- N[ ‘§-1019Df Yimos3 Sunuiof
-supdj ‘-0 ‘g Sunpudis auryoilo Jo 10ssaLddns ‘7SHOS U} JU0SOU0YD UO P2Ja]ap 30jowoy uisuay pup asvipydsoyd ‘N Id ‘asvury-¢ jonsourjdpuvydsoyd Y14 ‘aunps pataffng-aypydsoyd
‘S9d ‘7 2spurjaluwoduryds [panau ‘gaspSU LgIA-1010Df Apajonu ‘G- N 104u0d aaupdau ‘N ‘2]qporddp jou ‘YN (7120 wais pukyouasaui ‘SHSH L01onf Lionqryur uoyv.dnu 23nydooviu
STIW ‘uonounfur (pipavoolu ‘[ ‘7 u1aiodd Suipuiq Hd)y (Kypaw ‘gdoapy ‘g aspuiy aspury aspury uiajold paipanov-uadonu ‘TYEJVIN 2]o14guaa 1fa] ‘A7 ‘aprivydovsjodod) ‘Sq7 ‘61H VNN
Suipod-uou 3uoy ‘GIH YNYOU] S2UL0SOXD PaaLiap-DSING PauLId-SJT ‘OXT-T aSDULy [puiudidi-N unp-2 YN Sutuonipuodaid d1uayost ) dJ ‘paiadini-wmipindo&us 21uayost ‘L] ‘9 uLynaliajul
Q-7 O [-1010Df YIMOLS dY1]-ulpnsul O [-JO] ! [-2]NI2]0U UOISIYPD ADIN]]2I423ul ‘[-WVD] DIX0dAy ‘odLf $1120 [p11oy10pUa w124 [I1IqUIN UDWNY DTAH UouDALIdap wnias puv vixodLy ‘qs
JH ‘uonpuadfxoai-vixod Ky /g vydpp-r 10100f 2jq1onpur-vixody ‘o-J1H ‘2pixoiad uadoiply ‘TOZH SIS PAID2AI-DIXOULIOU WOL[ SIUIOSOXD ‘NOXT ‘SOSI P2IDa43-ixod Yy wolf sauiosoxa
‘Hoxi 2ui0s0xa ‘0X3 faSpury paipndal-]pudls ADJNJaonLIxXa YA (S][20 w2ls IvIpand ‘SHS) ‘€ uizjodd Sunoviayul vqy-¢] Z-1°g ‘€diug ‘unvisvaio ALy ‘€] uiajoid papjad-£3vydoinn
‘CIDLV ‘[-103o0f Suypanop asvajosd onyoidodp ‘[fody ‘aspury uidroad papaiov-appydsoydouows- ¢ auisouapy YJWVY ‘E PaIv1oossp-uorpuoydopur 103onf Suronpui-sisordodo ‘SITV

[opow [JA] 9Y} UI SISOIQLJ OBIPIED PAONPAI PUE UOT)OUNY JBIPTED JO AIOA0II ) PAOUBYUD
ApueoyTuSIs [9pOw JJA] UL UT SISOIQL JBIPILd PAsEaIodp PUe AI9A0JAI [EUONOUN JBIPIED

erxodAy 1opun

panoxdurr Appayrews ‘vonejueidsuen HSIA [PIm 10410501 ‘UONBNSIUIWIPE qGT/BET-IW/OXF  SAIAINS 0] S[[99 JBIPIED JO AN[Iqe 3y} paroxdwit qgT/e6 - YIIM papeo] SOXT-OSIN 0202 [St] Suea
woIsAS Kemyred SIN[/ZIEAVIA 241 Jo uonemsar ay) BIA 7o6H
[OpOW TJA] 181 B UI AJI[EUOIIOUN] JBIPIED PAdURYUS §¢ -yl Surssaidxa1ono soXg-DSIN Ut CQ%H Aq paonpur yreap onoydode passarddns gee-yru Surssardxa1ano soXg-OSIN 0202 [¥+] g
9718 Jo1RJUT ]-1S0d SUISEOIOOp puE UOTIOUNJ JRIPILD SUIOUBYUD J[TYM Surreusts ¢gd pue [V/EId Sunensal pue ¢NATY Sunodie; via sa14o
yreap onoydode passarddns ()] z-rw Surssardxoron0 SYSTA WOIJ PAALIOP SQWOSOXH  -OAWOIPILd 199)01d 03 AJ[IqR JIAY) PaduByua SOXH-DSIA Ul uoIssardxarono 1z-Jiu g0z [g+] Susyd
[opou JIA[ Jel © UI SISOIqY JO UOTIIQIYUT 9} PUB UOT)BZLIB[NOSBAOU sOIANH panfur-erxodAy jo Ayanoe oruad
Jo uonowoid 9y} BIA UONOUNJ OBIPILD PIAISAId sowosoxe Surssardxa1ono-0[-J[H -oOISue pue ‘uonelSru ‘uonesdjrjoid oy paoueyue SawWosoxa Surssardxa1ono-0[-4[H 020Z [¢#] ung
sisojdode pue uoneIrouasd saroads uaFAx0 9ATIOBAI YJOQ UT SISBAIOIP pue
‘uoneIuSWSeIf [RLIPUOYO0ITW )A00AWOIpIRD Jo uorssarddns oy ‘Surjopoural paonparl uorne[n3a1 JJINV ysnoxy) Kmfur 3400 worpred
‘uonouny dBIpIed paroidwir 03 payul] a19m SOXg-DSIN-AIIA ‘SOXT-DSIA 01 SATR[OY paonpur-qS/H JO uonenua)e ay) 10y SOXg-DSIA 03 Jorradns arom soXg-DSIN-HIN  020T [14] nrry
Kemyred My/NALd
oy ySnoap sisordode [[90 zogH passarddns pue sisoua3or3ue pue ‘uonerdjrord
‘uoneiSt DA NH PAoUBYuS sOSIA IOp[0 WOI pajardas dg-1 7z [eWosoxXy
[opowu sy} ‘[BAIAINS 9JAD0AWOIPILD PIOURYUD pUR sIsauadorue 9)KooAworpreds passarddns
ur [RAIAINS 9)K00AWOIPIED Padueyud pue sisousdorSue passarddns sHSA 1op[o woy SIOUOp I9p[0 W1 SOSIN Aq peonpoid dg-17z-yIw JO S[AYT *SIOUOp IIP[O WOIJ
dg-1zz-¥ru [ewosoxy “SIOUOp ISP[O WOIJ 3SOY) 0) QANE[AI SIBI [9pOW [JA] Ul Uon asoy) 03 aanea1 sisoydode 91K00AworpIed ONIA UT JudARId pue ‘uonEULIO] 9qN)
-Ouny pue aINjoNI)s SBIPILD JUBYUS 0) 9[qE 19))9q 9Iom sIouop Sunok woiy SoXg-DSIA doueyqua ‘s1soiqy ssaxddns 03 9[qe 19339q 1M sI0UOP SUnoA woly SOXg-DSIN  020T [0¥] ung
7SDOS jo uorssaxdxs oy Jurssarddns £q seykooAworpres
urt stsojydode pajuaaard pue ‘ootwr [apow [N ur Anfur [erprecoAw passaiddns ‘uomn
-OuNj [eIPIBOOAUW PAOUBYUS G]T-YIW JurssaIdxaIoA0 SOSIA WOIJ PIALISP SQWOSOXH VN 020C l6€] 11
SI1Soua30I3uR 9ALIP 0} [-]INVII PUB IDHA AR AQoIoy) 0) PUB G/ 9-y T dje[n3al
0] UMOYS SEM 6] H VNYOU[ PAALISP-0XH-, ;v OSIAL “9A103ds10d ONSIUBYOSW B WOL] 'S[9
-A9[ 0-INLL pue 9-[ 101ejul-Liod ur suononpal o} pue ‘SIsaUdFoISuB PaseaIdur 0) pasuI| yreap onoydode peonpur-(qS/H Wolj s91A00AwoIpred payojoid s[[eo
SeM Juatean) oxg-, OSIA ‘stsoidode a1ho0 worpres pajuesdid pue ‘azis Joxejut [BI[oYIOPUS PaJEan-0XH-, | ISIA "UONRULIOY dqN) PUE ‘[RATAINS ‘UOLRISIW KD
Paonpal ‘AIGA00I [BUOTOUN] JBIPILD POACIdUWIT SOWIOSOXS PAALIOP-DSIA PAeanaId-A [V -OAWOIPIEd JOU JNq [BI[OYIOPUS PIJBII[IIL SOWOSOX PIALIIP-DSIA pAaeanaid-A 1V 0z0z [8¢] Sueny
1IN 1913e yaeap 93KooAworpres onoydode pessarddns pue ‘uonouny [erp $Z-JTur Jo uorne|
-IeD0AW POJUBYUD ‘BAIE PIIOIBIUL OY) PIASLAIOIP SOXH-DSIA pauonipuodaid-erxodAy  -nSaxdn oy e1a sisoydode [[00 7ogH possarddns soxg-DSIA peuonipuosard-erxodAH 6107  [L€] Sueyz
[opou A suLnw ¢ ur uonezrrejod ageydox SUONIPUOD pIje[NUNS-SJT Iopun uoneanoe Kemyred ZIV/IIIV
-orW dje[npowr 0} AfIqe I1ay) 03 Suimo sisojdode 9)Ko0AwoIpIEd pUR UOTIRWWERHUT pajowoid pue ‘Aemyed Surpeusis gui-IN Juopuadop-S4-T payqryur ‘uonezirejod
TIN-1s0d JO uonenuale y) Ul AT AIOW 1M SOXH-DSIA pauonipuod-aid g4 oSeydoroewr ZJA POOUBYUS ‘SAUI0IAD AI0JeWIWBRPUI-IIUR JO [9AS] Q) PISeaIoul oXg-T 610T [9¢] nx
OAIA U] OIIA U]
sowoonQ Aoy Ie9x oyny

(ponunuod) g 3jqeL

pringer

Qs



Journal of Cardiovascular Translational Research (2022) 15:317—339

333

suggesting enhanced neovascularization within ischemic
heart tissues [26].

These in vivo results were consistent with in vitro data
demonstrating that MSC-Exos had positive effects on cell
proliferation, migration, and tube formation. In total, seven
studies detailed positive impacts of MSC-Exos on cell pro-
liferation, migration, and endothelial cell vessel formation
[23-25, 30, 31, 38, 40]. Zhang et al. explored the impact
of MSC-Exos treatment on CSC angiogenesis in vitro [26].
Together, these data indicate that MSC-Exos can enhance
cell proliferation, migration, and tube formation, thereby
enhancing neovascularization.

The Anti-apoptotic Activity of MSC-Exos

Suppressing the apoptotic death of myocardial cells after
MI is vital to preventing widespread HF [51-53]. In total,
17 of the included studies described the effects of MSC-
Exos treatment on MI-related cardiomyocyte apoptosis [22,
24, 28, 29, 31-34, 36-41, 43-45]. Of these, some studies
favored TUNEL staining [22, 28, 29, 31-34, 36-41, 43],
revealing a significant reduction in the number of apoptotic
cells in the myocardial border zone following MSC-Exos
treatment relative to PBS treatment.

In 13 studies, the messenger RNA (mRNA) or miRNAs
present within MSC-Exos were evaluated as regulators of
post-MI apoptosis [22, 24, 28, 29, 31, 32, 37, 3941, 43-45].
Yu et al. [24] found that exosomes derived from MSCs over-
expressing GATA-4 were able to effectively enhance myo-
cardial contractile function while reducing infarct size in
an MI model, with miR-19a being present at much higher
levels in these exosomes. This miRNA was able to func-
tion by inhibiting multiple phosphatases. He et al. [28] also
determined that GATA-4-MSC-Exos treatment suppressed
the apoptotic death of hypoxic cardiomyocytes more effec-
tively than control exosomes, with similar efficacy being
observed in vivo. These results were consistent with those
of Yu et al. [24], suggesting a similar mechanism of action.
Feng et al. [22] also determined that ischemia-pretreated
and miR-22-enriched MSC exosomes were able to suppress
apoptosis in the ischemic myocardium, with the anti-apop-
totic effects of miR-22 being mediated by its ability to target
Mecp?2 such that in a murine MI model, the administration
of these MSC-Exos suppresses infarct size and enhanced
myocardial fibrosis.

Consistent with these in vivo results, 11 articles [23, 24,
28, 29, 31, 33, 37, 40, 41, 43, 45] found that MSC-Exos
had a positive impact on hypoxia-induced apoptotic death
in cardiomyocytes. Additionally, two studies [31, 44] dem-
onstrated the ability of MSC-Exos to inhibit H,0,-induced
cardiomyocyte apoptosis. In these reports, MSC-Exos were

able to suppress apoptosis-related gene expression, thereby
protecting against cardiomyocyte injury.

The Anti-inflammatory, Anti-fibrotic,
and Anti-autophagic Properties of MSC-Exos

Inflammation is a key mechanism that governs myocar-
dial damage following MI, with secreted cytokines and
chemokines additionally serving to recruit multiple immune
cell types to the infarcted region [54-56]. Xu et al. [36]
found that exosomes derived from MSCs treated with low
levels of LPS were better able to promote M2 macrophage
polarization and to attenuate post-MI inflammation and car-
diomyocyte apoptosis in vitro and in vivo relative to control
MSC-Exos. Consistent with these findings, Teng et al. [25]
determined that MSC-Exos were able to suppress T cell pro-
liferation in vitro and to inhibit ventricular infiltration by
inflammatory cells in vivo.

Three studies explored the impact of MSC-Exos treat-
ment on autophagic activity in the context of MI [32, 33,
35], revealing that exosome treatment was associated with
increases in the expression of autophagy-related genes such
as ATG13 in H9c2 cells and rats after MI modeling, with
these changes coinciding with a reduction in the expres-
sion of apoptosis-related genes such as Apafl [33]. In other
reports [32, 35], the overexpression of miR-301 or miR-125b
within MSC-Exos was found to protect against MI by inhib-
iting autophagy.

In vitro, Shao et al. reported the capacity of MSC-Exos
to inhibit the transformation of fibroblast to myofibroblast,
which explains why MSC-Exos injection could reduce car-
diac fibrosis after MI [27].

Discussion

MI is the most common cardiovascular disease-related cause
of death [57]. As cardiomyocytes largely lack the capac-
ity for self-renewal, many researchers have sought to lever-
age stems cells for cardiac tissue repair. However, stem cell
transplantation efforts have exhibited only limited efficacy
to date and have been hampered by the relatively limited sur-
vival of transplanted cells as well as by immune responses
to transplantation [58—60]. Cell-free regenerative medicine
approaches have evolved rapidly over the last decade, in part
owing to the discovery that MSC-Exos are primary media-
tors of the beneficial paracrine signaling activity of MSCs
in the context of regenerative treatment for MI patients, sug-
gesting that these MSC-Exos may represent a viable alterna-
tive to direct MSC transplantation [61]. Importantly, these
exosomes can carry substantial quantities of proteins and
nucleic acid cargos that are internalized by recipient cells,
thus allowing for efficient macromolecule delivery. The
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present systematic review clearly demonstrates that MSC-
Exos treatment holds promise as a therapeutic strategy in the
context of MI, as evidenced by preclinical findings indicat-
ing that these exosomes can enhance cardiac function, sup-
press myocardial apoptotic cell death, inhibit inflammation,
and augment neovascularization following MI. In analyzed
studies, these treatment-related effects were shown to be
superior to those associated with control treatments with
saline solution or MSCs. Overall, these findings thus offer
robust evidence for the potency of cell-free regenerative
medicine as an approach to MI patient treatment.

MSC-Exos-based Therapeutic Cardiac Regeneration

Many different stem cell types have previously been
explored in clinical contexts pertaining to regenerative
medicine, including bone marrow mononuclear cells, bone
marrow MSCs, embryonic stem cells, cardiac stem cells, and
induced pluripotent stem cells [62, 63]. Bone marrow MSCs
offer great promise for the treatment of myocardial ischemia
owing to the ease with which they can be isolated, cultured,
and expanded while maintaining important stem cell proper-
ties [64]. Researchers initially hypothesized that transplanted
MSCs would be able to differentiate into cardiomyocytes
and vascular endothelial cells, but more recent evidence
suggests that the majority of transplanted cells die within a
month under hypoxic conditions within the ischemic micro-
environment, while their differentiation cannot be effectively
controlled [65].

Paracrine mechanisms are now thought to be the pri-
mary mechanism whereby MSCs exert beneficial effects on
target cells, with exosomes being among the most impor-
tant secreted paracrine factors derived from these cells.
Exosomes can interact with nearby cells or can enter into the
systemic circulation and can be internalized via endocytosis
or fusion with the plasma membrane of target cells, lead-
ing to the release of exosomal contents into the cytoplasm
[66]. Exosomes are believed to be important mediators of
cell-cell communication, and the miRNAs present within
many exosomes represent a key form of information that is
readily transmitted via this mechanism. Exosomes and miR-
NAs derived therefrom are important regulators of the func-
tion of cardiomyocytes, endothelial cells, vascular smooth
muscle cells, and inflammatory cells, thus contributing to
the development and progression of MI [67].

The Pro-angiogenic Effects of MSC-Exos Treatment

Exosomes can carry proteins, miRNAs, and other molecules
capable of promoting neovascularization after MI. For exam-
ple, miR-132, miR-221, and miR-130 have been shown to
drive vascular smooth muscle cell proliferation, differentia-
tion, migration, and angiogenesis [68—70]. These miRNAs

@ Springer

primarily impact angiogenesis via the regulation of related
signaling molecules and pathways including VEGF, HIF,
PTEN, and Akt/eNOS [71]. Ma et al. found that exosomes
derived from MSCs overexpressing miR-132 were better
able to promote angiogenesis than were exosomes from
control MSCs [30]. In contrast, miR-221-3p levels were
elevated in MI patients and correlated with troponin and
left ventricular systolic function [72]. Recent clinical trials
of antisense drugs targeting miR-132 have been conducted in
HF patients and have shown promising results, and clinical
trials using miRNAs in patients with MI are expected in the
near future [73].

There have been relatively few studies to date examining
changes in the properties of MSC-Exos following pharma-
cological intervention. In one report, Huang et al. found that
atorvastatin-pretreated MSC-Exos were better able to drive
endothelial cell migration, tube formation, and survival rela-
tive to control MSC-Exos [38]. Studies of the relative thera-
peutic impact of administering both MSCs and MSC-Exos
or MSCs alone have shown that the combination approach
is more efficacious than MSC transplantation in isolation
[34]. While the therapeutic benefits of MSC-Exos have been
detected in multiple studies, the results may be specific to
the particular exosome source used in a given analysis, and
all of these findings remain to be replicated in independent
reports.

While the exact mechanisms whereby MSC-Exos treat-
ment enhances cardiac outcomes following MI remain to
be determined, it is important to note that several of the
studies in the present systematic review found that these
exosomes functioned through a multi-faceted mechanism
associated with the enhancement of proliferation, migration,
and angiogenesis coinciding with reductions in autophagic
and apoptotic activity.

The Anti-apoptotic Effects of MSC-Exos Treatment

As cardiomyocytes exhibit a very limited capacity for
regeneration, MI typically results in extensive cardiomyo-
cyte death, ventricular remodeling, HF, and even mortality
in severe cases. In some reports, exosomes derived from
genetically modified MSCs were shown to exhibit therapeu-
tic efficacy in the treatment of MI [22, 24, 28, 29, 31, 32,
37, 39-41, 43-45]. Macrophage migration inhibitory fac-
tor (MIF) is an inflammatory cytokine that has been shown
to activate the AMPK pathway, leading to the upregulation
of SIRT1 and the downregulation of pro-apoptotic p53,
thereby suppressing the apoptotic death of exposed cells
[74]. For example, Liu et al. found that exosomes derived
from MSCs overexpressing MIF were better able to pro-
mote post-MI myocardial repair relative to control MSC-
Exos [41]. Yu et al. also found that exosomes derived from
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GATA-4 overexpressing MSCs were able to enhance sur-
vival and maintain mitochondrial membrane potential values
in hypoxia treated cardiomyocytes in vitro, in addition to
enhancing myocardial contractile function and decreasing
the infarct size in a murine MI model [24]. They further
determined that these GATA-4 overexpressing MSC-Exos
contained elevated levels of miR-19a, which was able to sup-
press many phosphatases and thereby preserve M1

MSC-Exos containing miR-185, miR-210, miR-22,
miR-338, miR-192a/19b, and miR-125b have been reported
to inhibit cardiomyocyte apoptosis after MI [22, 29, 39,
43-45]. In an animal model of MI, MSC-Exos overex-
pressing miR-185 inhibited cardiomyocyte apoptosis by
suppressing SOCS2 expression [39]; MiR-210 exerted
cardioprotective effects by targeting PI3K/AKT and p53
signaling [43]. In clinical trials, miR-22 and miR-185
were reported to be increased in the supernatant after
platelet aggregation and disappeared in the thrombus of
patients with MI, thus demonstrating their association
with thrombosis during MI [75]. In contrast, miR-210
was reported to have contributed to the growth of athero-
sclerosis and plaque instability [76]. MiR-19b expression
was upregulated in plasma from patients with ST-segment
elevation MI, while miR-19b expression peaked earlier
than troponin in a study of 280 patients, suggesting a
possible use as a diagnostic biomarker for MI with ST-
segment elevation [77].

Potential Confounders and Limitations

While the above studies highlight the therapeutic prom-
ise of MSC-Exos treatment for MI-related tissue injuries,
much of this research is in its early stages, and its clini-
cal relevance remains to be defined. All included studies
were conducted using rat or mouse models, consistent
with a need for further progress focused on large animal
studies and subsequent clinical trials.

Many exosome-based phase I/II clinical trials are cur-
rently underway, particularly in antitumor therapy [78].
However, clinical trials of exosomes for the treatment of
MI have not yet started. Many challenges remain before
its clinical application: (1) the isolation of exosomes is
complicated and standardized procedures are lacking; (2)
the duration of exosome exertion in the infarcted myocar-
dium cannot be assessed; (3) assessment of MSC- Exos in
a clinical setting, such as their biodistribution, metabo-
lism, excretion, etc., cannot be performed; (4) lack of
guidelines for large-scale production and quality control;
and (5) optimal dose/concentration and mode of admin-
istration of MSC-Exos remain to be determined. In addi-
tion, the safety, tolerability, and efficacy of exosomes for

the treatment of MI still need to be elucidated through
preclinical studies before entering clinical trials [79, 80].

Despite the formulation of guidelines aimed at stand-
ardizing the improving overall reporting pertaining to
experimental animal use, such as the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines,
our analysis underscores the need for improvements in
the methodological reporting for many studies [81, 82].
In addition, while the included studies appeared to be
methodologically sound, the SYRCLE risk of bias tool
suggested all of these studies have an unclear risk of
bias for most analyzed domains owing to a lack of clear
documentation pertaining to many relevant parameters.
As such, there is a clear need for better methodological
documentation in future studies in an effort to improve
the reliability and credibility of the resultant publications
[81, 82].

Owing to a lack of uniformity with respect to the report-
ing of quantitative results, we were unable to conduct
aggregate meta-analyses of the findings of these prior
studies. As such, future research efforts will be essential to
improve and standardize the statistical analysis and report-
ing approaches in related studies in order to permit more
robust meta-analyses of the underlying data.

Conclusion

In summary, the results of the present systematic review
suggest that MSC-Exos offer therapeutic value as a tool for
the treatment or inhibition of MI-associated cardiac tissue
damage. Animals in the majority of identified studies exhib-
ited exosome treatment-related improvements in cardiac
function, together with increased angiogenic activity and
suppression of cardiomyocyte apoptosis. This review thus
serves as a comprehensive analysis of recent preclinical ani-
mal model data on this topic and underscores the therapeutic
benefit of MSC-Exos for the treatment of MI injury.
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