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Rationale: Extracellular vesicles (EVs) derived exogenously from pluripotent stem cells or endogenously from
healthy human serum exert cardioprotective effects after injury. However role of endogenous EVs from myo-
cardial infarction (MI) patients not well understood in this settings.
Methods and results: The EVs from plasma of MI patients with preserved or reduced left ventricular ejection
fraction (LVEF) and healthy controls (HC) were purified and characterized by flow cytometry, mass spectrom-
etry (MS) and transmission electron microscopy (TEM). HCM and human cardiac microvascular endothelial
cells (hCMVECs), under individual culture or co-culture, were used to study functional effects of EVs upon
TNFa stimulation. These effects of EVs on HCM and hCMVECs were observed using cell death assays, western
blots and confocal microscopy. Higher concentrations of platelet-, leukocyte-, endothelial- and erythrocyte-
derived EVs were found in MI patients, both with preserved and reduced LVEF, compared to HC, and MS data
on MI EVs proteome displayed alteration in several proteins. MI EVs protected HCM and hCMVECs against
staurosporine-induced apoptosis. Furthermore, MI EVs were observed to abrogate TNFx-triggered HCM and
hCMVECs death under both individually cultured and co-cultured conditions. MI EVs failed to inhibit TNFo
induced hCMVECs and HCM activation when cultured individually, however co-cultured hCMVECs with
HCM supported MI EVs capacity to attenuate TNFa induced cells activation. MI CD41+ EVs but not HC EVs
were found to be internalized by HCM directly or migrated through hCMVECs to HCM. MI EVs indirectly
restores TNFo mediated drop in mitochondrial membrane potential.
Conclusions: Endogenous EVs from MI patients, regardless of severity of the MI exert cardioprotective poten-
tial upon TNFa-induced cell death. Patient-derived EVs needs to be further explored to elucidate their poten-
tial cardioprotective role during MI.

© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY

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

Acute myocardial infarction (MI) with plaque rupture-induced
thrombosis, coronary occlusion and subsequent ischemic injury,
ensuing heart failure, are still leading causes of morbidity and mortal-
ity worldwide despite improved acute treatment [1-3].

Serum levels of tumor necrosis factor alpha (TNF«) are elevated in
many human cardiac-related pathogenic conditions, including heart
failure [4—7]. TNFq, along with its receptor TNFR-1, are produced by

Abbreviations: EVs, extracellular vesicles; TNFe, tumor necrosis factor alpha;
hCMVECs, human cardiac microvascular endothelial cells; HCM, human cardiomyo-
cytes; MI, myocardial infarction; LVEF, left ventricular ejection fraction
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cardiac cells, [8,9] and their local concentration has been found to be
higher in failing human cardiac tissue compared to non-failing heart
[9]; TNF has therefore been linked to cardiomyocyte apoptosis [10].
Furthermore, cell death of cardiac endothelial cells and cardiomyo-
cytes occurs frequently during the pathological process of MI, leading
to cardiomyocyte loss and cardiac damage in terms of necrosis, apo-
ptosis and necroptosis [11—13]. There is also evidence of autophagy
of the cells, which could contribute to the negative remodeling pro-
cess after MI [14,15].

Extracellular vesicles (EVs) are extracellular membrane-bound
vesicles ranges from small (~30—150 nm, often termed exosomes) to
large (~150—1000 nm in diameter) and are found in all biological flu-
ids, including peripheral blood and saliva and serve as emerging
potential biomarkers [16,17]. EVs are secreted by most cell types and
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can mediate communication between cells [18—21]. EVs contain
RNAs, microRNAs, proteins, and lipids, some of which are specific
due to their cellular origin, whereas others are ubiquitous to all EVs
such as tetraspannins [22]. Previous studies have shown increased
numbers of platelet, endothelial cell- and leucocyte—derived EVs in
patients with MI, and associations to severity of MI have been
described [23-28].

Within the heart, EVs are involved in regulating cardiomyocyte
survival, their communication with fibroblasts and endothelial cells,
angiogenesis and cardiac remodeling in heart tissues [29-31].
Recently, EVs from serum have been shown to prevent the myocar-
dium from ischemia-reperfusion injury [32]. To date, most studies
involving the role of EVs in cardiac repair have mainly focused on the
function of exogenous EVs derived from in-vitro cultured-pluripotent
cells. However, limited knowledge is available regarding the roles of
endogenous EVs in cardiac protection during MI.

The aims of the present study were (I) to characterize EVs purified
from plasma of patients with MI with reduced or preserved left ven-
tricular ejection fractions (LVEF) based on different surface epitopes
and proteome, compared to EVs from healthy controls, (II) to test
functionality of these EVs in terms of their induction of activation
and aggravation or protection against TNFa-induced effects on
human cardiac microvascular endothelial cells and cardiomyocytes,
and (III) to dissect whether observed effects of EVs are autocrine or
paracrine in nature.

Patients and methods
Patient cohort

Forty patients from the REBUS (The RElevance of Biomarkers for
future risk of thromboembolic events in UnSelected post-myocardial
infarction patients) study were included. REBUS was a prospective
observational study of patients with recent MI (NCT01102933, Clini-
calTrials.gov). Patients with MI, both ST elevation (STEMI) and non-
ST elevation (NSTEMI) MI, admitted to the acute coronary care unit at
the Department of Cardiology, Uppsala University Hospital, during
2010-2012 [33]. The patients were included at median 2.0 (2.0-3.0)
days after the acute MI. An informed written consent was taken prior
to the inclusion of patients in the study. All patients were treated
according to international and national guidelines, at the discretion
of the physicians responsible. LVEF was evaluated by echocardiogra-
phy before discharge from the index hospital stay. In the present
study 20 patients with preserved LVEF (>0.55 for men and >0.54 for
women) and 20 patients with reduced LVEF were included. The dis-
tribution of STEMI patients was equal in the LVEF groups. Healthy
individuals, without any medical treatment, participated as healthy
controls (HC) (n = 6). The study was approved by the local ethics com-
mittee (No. 2009/210) and followed the regulations of the Helsinki
Declaration.

Blood collection, plasma storage and preparation of extracellular vesicles
(EVs)

Blood samples were collected at inclusion at median 2 days after the
acute MI. Whole blood from MI patients and the HC group was col-
lected in citrate tubes (3.8%) by direct puncture without stasis. The
preparation of whole blood started within 30 minutes (min) of collec-
tion followed by centrifuging at 2000 x g for 15 min, and plasma ali-
quots were frozen and stored at —80 °C. Thawed samples were
transferred to new Eppendorf tubes, 1 ml per tube, and centrifuged at
2500 x g for 15 min followed by 20,000 x g for 60 min at room temper-
ature (RT). The supernatant was subsequently removed. The pellet was
used as purified EVs dissolved in 200 pL HEPES-buffered saline (HBS),
and aliquots of 20 L were frozen at —80 °C. The concentration of EVs
were measured in terms of total protein concentration using a
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detergent compatible (DC) Protein Assay based on the Lowry method
(BioRad).

Flow cytometry of purified extracellular vesicles

Flow cytometry was performed on purified EVs using a CytoFLEX
flow cytometer (Beckman Coulter). Polystyrene microspheres (Preci-
sion Size Standards; Polysciences Inc., Warrington, PA, USA), 0.50
—1.27 pm, were used to position the EV gate in a forward scatter
(FSC) versus side scatter (SSC) histogram. Purified EVs were incu-
bated with FITC-conjugated anti-CD45 (clone AK-6; Abcam), PE-con-
jugated anti-CD144 (clone TEA1/31; Beckman Coulter), APC/AF750-
conjugated anti-CD235a (clone 11E4B-7—6; Beckman Coulter), PE-
conjugated CD42b (clone HIP1; BD) and APC-conjugated CD63 (clone
H5C6; NordicBiosite) in HEPES buffer saline (HBS). The flow cytome-
ter was equipped with 405 nm, 488 nm, 561 nm and 633 nm lasers
with a more sensitive SSC resulting in higher particle resolution com-
pared to the FSC. To standardize the instrument for daily measure-
ment and EV detection, the standard filter configuration was changed
so that the 405 nm violet laser SSC (VSSC) was used as trigger signal
to discriminate the noise, rather than the conventionally used
488 nm FSC. For calibration of the flow cytometer, fluorescent silica
beads (Megamix FSC & SSC Plus, BioCytex, Marseille, France), in sizes
0.2,0.5,0.76 and 0.9 m, were used. VSSC and FL1 channel gain were
set to visualize the beads. For better discrimination of the beads, Sil-
ica bead solution (BioCytex) was gated to exclude the background
noise. A rectangular gate was set between the 0.2 um and 0.9 um
bead populations and defined as the EV gate (Supplementary Fig. 1).
The flow cytometer was washed before and between samples using
filtered (0.04 pm filter units) double distilled water to avoid back-
ground noise. The remaining configurations and the settings were
maintained according to the manufacturer’s recommendations for
detection of EVs.

Transmission electron microscopy (TEM) of negatively stained EVs

The purified, concentrated frozen EVs were thawed and mixed
with an equal volume of 4% paraformaldehyde. A 5 ul drop of the
sample was placed on a formvar and carbon-coated grid. After
20 min the excess solution was removed by blotting on filter paper.
The sample was washed in drops of PBS, 3 x 2 min, transferred to a
drop of 1% glutaraldehyde for 5 min and washed again in drops of
distilled water, 8 x 2 min. The sample was stained in a drop of Ura-
nyl—oxalate solution, pH 7, 5 min, then stained in a drop of Uranyla-
cetate 4% pH 4 + Methylcellulose 2% (1 part UA + 9 parts MC) on ice
for 10 min. Excess of UA/MC was removed by blotting on filter paper.
Dried grids were examined by TEM (FEI Tecnaii G2; AMOLF Nether-
lands) operated at 80 kV.

Proteomics of purified extracellular vesicles

For a comparative protein profiling of the purified EVs, 6 HC and
40 M, sub-divided into 20 with preserved LVEF and 20 with reduced
LVEF samples, were analyzed.

Sample preparation for MS analysis

The samples were lysed in urea-containing lysis buffer (4 M urea,
50 mM ammonium bicarbonate, protease inhibitor cocktail) and son-
icated in an ultrasonic bath for 20 min. The total protein concentra-
tion in the samples was analyzed using a Coomassie assay, with
bovine serum albumin as a standard (BioRad) [34]. Aliquots corre-
sponding to 8 ug protein were reduced with dithiothreitol (DTT,
Sigma Aldrich, working concentration 50 mM) for 15 min at 50 °C
and alkylated with iodoacetamide (IAA, Sigma Aldrich, working con-
centration 25 mM) for 15 min at room temperature in the dark. After
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two-times dilutions with 50 mM ammonium bicarbonate, trypsin
was added at a trypsin:protein ratio of 1:20, and digestion was per-
formed overnight. Digestion was stopped by adding 35 uL (1/4 of
total volume) of 2% trifluoroacetic acid (TFA), 20% acetonitrile (ACN)
and 78% water. Samples were desalted using C18 spin columns
(Thermo Scientific). After elution peptides were vacuum centrifuged
to dryness using a Speedvac system ISS110 (Thermo Scientific). Prior
to nano-liquid chromatography tandem mass spectrometry (LC-MS/
MS), the samples were resolved in 50 w1 0.1% formic acid and further
diluted 8 times.

LC-MS/MS

The samples were analyzed using a QExactive Plus Orbitrap mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped
with a nano-electrospray ion source. The peptides were separated by
reversed-phase LC using an EASY-nLC 1000 system (Thermo Fisher
Scientific). A set-up of pre-column and analytical column was used.
The pre-column was a 2-cm long nano viper (NV)-column (ID 75 pm,
3 pum particle size, C18; Thermo Fischer Scientific), and the analytical
column was a 15-cm long NV-Column (ID 75 pm, 2 wm particle size,
C18; Thermo Fisher Scientific). Peptides were eluted with a 90 min
linear gradient from 4% to 100% acetonitrile at 250 nl min~!. The
mass spectrometer was operated in positive ion mode, acquiring a
survey mass spectrum with resolving power 70,000 (full width half
maximum), m/z = 400—1750, using an automatic gain control target
of 3 x 10°. The 10 most intense ions were selected for higher-energy
collisional dissociation fragmentation (25% normalized collision
energy), and MS/MS spectra were generated with an automatic gain
control target of 5 x 10° at a resolution of 17,500. The mass spec-
trometer operated in data-dependent mode.

MS data handling

The acquired data (RAW files) were processed by MaxQuant soft-
ware, version 1.5.1.2 [35], and database searches were performed
using the implemented Andromeda search engine [36]. MS/MS spec-
tra were correlated to a FASTA database containing proteins from
Homo sapiens extracted from the UniProt database (release date: Feb-
ruary 2019). A decoy search database, including common contami-
nants and a reverse database, was used to estimate the identification
false-discovery rate, where a rate of 1% was accepted. The following
settings were used in the search: minimum peptide length of seven
amino acids, 20 ppm mass tolerance in first search, 4.5 ppm mass tol-
erance in the second search, 20 ppm mass tolerance for the fragment
ions, trypsin as digestive enzyme and two maximum missed clea-
vages were allowed. Carbamidomethylation was set as static modifi-
cation and variable modifications were Oxidation (M) and
Deamidated (NQ). The search criteria for protein identification were
set to at least two matching peptides. Data analysis was based on
label-free quantification (LFQ) intensities for proteins.

Cell culture and co-culture experiments

The human cardiac microvascular endothelial cells (hCMVECs)
and human cardiomyocytes (HCMs) cells (PromoCell, Heidelberg,
Germany) were maintained in phenol red-free endothelial cell
growth media with supplements and myocyte growth media with
supplements (both from PromoCell) respectively in 5% CO, at 37 °C
with the highest density never exceeding 10° cells/mL. Seeding den-
sity for all the experiments was maintained at 20,000/cm?. To induce
cell death, cells were incubated with staurosporine (2 M for 3 hour
(h); apoptosis inducer, SigmaAldrich, St. Louis, MO, USA), etoposide
(10 uM for 12 h; necroptosis inducer, SigmaAldrich), rapamycin
(200 nM for 12 h; autophagy inducer, EMD Millipore, MA, USA) and
TNFa (50 ng/mL for 24 h; recombinant human, apoptosis inducer,
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R&D Systems, MN, USA). The cells were incubated with and without
preincubation with EVs from HC or MI with preserved and reduced
LVEF (50 ug/mL; 24 h or 48 h). For co-culture experiments Polycar-
bonate Cell Culture Insert with 0.4 um pore size in 24-well plate
(ThermoFisher Scientific) and Polycarbonate Cell Culture Insert with
0.4 um pore size in 12-well plate (SigmaAldrich) were used in 24-
well and 12-well plates (ThermoFisher Scientific) respectively [37].
During co-culture experiments hCMVEVs were always seeded in
trans-well, while HCM were seeded in 12-well or 24-well plates sep-
arately at a density of 20,000/cm? for 24 h prior to inserts being set
inside the HCM growing wells. Post 48 h of co-culture EVs and
reagents were added to hCMVECs compartment for assay-specific
time points.

Western blot analysis

For immunoblot analysis, the following antibodies were used:
rabbit monoyclonal anti-eNOS (D9A5L; Cell Signaling, MA, USA),
anti-myosin (R&D Systems), anti LC-3 (Novus Biologicals, CO, USA),
mouse monoclonal anti—g-actin (Sigma Aldrich), and secondary
anti-mouse, anti-rabbit or anti—goat fluorescently labeled antibody
(LI-COR, NE, USA). Whole cell lysate was obtained through lysis of a
defined number of cells in RIPA lysis buffer (Sigma Aldrich) followed
by 3 freeze and thaw cycles, including protease and phosphatase
inhibitor cocktail (Cell Signaling) added just before the lysis. Total
protein concentration of the lysate was measured using DC Protein
Assay based on the Lowry method (BioRad, CA, USA). Equal amounts
of proteins were loaded and separated on 4—20% Tris-Glycine or 4
—12% Bis-Tris gradient gels (Invitrogen) by electrophoresis under
reducing conditions followed by transfer to PVDF membrane (Milli-
pore). Membranes were blocked and probed overnight at 4 °C with
primary antibodies, followed by secondary antibody incubation and
washing. Blots were scanned and imaged using the LI-COR system
according to manufacturer’s instructions.

Caspase-3 assay

Caspase-3-like activity as a measure of cells apoptosis was deter-
mined by colorimetric measurement of p-nitro aniline, which is a
result of hydrolysis of the peptide substrate acetyl-Asp-Glu-ValAsp
p-nitroanilide (Ac-DEVD-pNA) by caspase 3, based on the Caspase 3
Assay Kit (SigmaAldrich) following manufacturer’s instruction. The
development of the colorometric p-NA was recorded by ELISA plate
reader using 405 nm and recorded as «M/min/mL.

LDH assay

The LDH Cytotoxicity Assay Kit (Sigma Aldrich) was used to deter-
mine cell death. Cells were suspended at a density of 0.5 x 10° cells/
mL in 24-well plates, and samples lysed in lysis buffer at 37 °C for
45 min were used to determine maximum LDH release. LDH release
was measured by using the Tecan Infinite® F200 plate reader operat-
ing with Magellan v7.2 software.

EV labeling and intracellular visualization on co-cultured cells using
immunofluorescence

Purified EVs (50 pg/ml) from HC and MI patients with preserved
and reduced LVEF were labeled with FITC-conjugated anti-CD41
(clone 5B12; DAKO; 2 ul per 50) for 1 h at 37 °C. Before labeling, the
antibody solution was centrifuged at high speed for 15 min at 4 °C,
and the supernatant was further filtered through 0.2 pm filter units
to remove any aggregates. A mixture without EVs was used as a con-
trol for detecting any carryover of labeled antibody within the cells.
hCMVEVs were seeded in trans-well while HCM were seeded on glass
coverslips in 12-well plates separately at a density of 20,000/cm? for
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24 h prior to inserts being set inside the HCM growing wells. Post
48 h of co-culture hCMVECs in trans-well were incubated with
labeled EVs solution for 4 h at 37 °C. Post incubation trans-wells were
discarded, and HCM monolayer on glass coverslip was washed with
PBS and fixed in 2% paraformaldehyde solution for 30 min. After fixa-
tion, the glass slides were washed and subsequently stained with
Alexa Fluor™ 647 phalloidin solution (ThermoFisher Scientific) fol-
lowing manufacturer’s instruction before mounting with ProLong
Gold Antifade Mountant with DAPI (ThermoFisher Scientific). Images
were obtained using a ZEISS LSM 510 META confocal microscope
(Carl Zeiss, Oberkochen, Germany).

Mitochondrial membrane potential

To evaluate the dissipation of mitochondrial transmembrane
potential (Ayrm), HCM were seeded in 96-well plate followed by EVs
incubation and TNFo treatment. Cells were then washed in PBS/
0.2%BSA and incubated for 20 min at 37 °C in cell culture medium
with the fluorescent probe, tetramethylrhodamine ethyl ester
(TMRE, Abcam, 500 nM). Subsequently cells were washed and resus-
pended in PBS/0.2% BSA containing 500 nM TMRE. The plate was
read on a fluorescence plate reader with setting suitable for TMRE:
Ex/Em =549/575 nm. As a positive control, cells were incubated for
10 min with the uncoupling agent, carbonyl cyanide 3-chlorophenyl-
hydrazone (25 uM) (Abcam). Samples were analyzed on fluorescence
microplate reader (FLUOstar Omega, BMG LABTECH) at 485 nm exci-
tation and 535 nm emission wavelengths using Omega Mars software
(BMG LABTECH).

Statistical analysis

The baseline characteristics were described as frequencies and
means (SD). The two-tailed Student’s t-test was used for analysis of
two groups. Statistical tests were performed using SPSS software,
version 23, and GraphPad Prism. A p-value of <0.05 was considered
statistically significant. For mass spectrometry: Proteins that were
present in more than 80% of the samples in the respective groups
were included in the subsequent analysis of differences in expression
level between the groups (20% missing values were allowed). The

Table 1
Baseline characteristics of patients.
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results of all samples were combined to a total label-free intensity
analysis for each protein. A two-tailed, two-sample Student’s t-test
was performed between the groups assuming equal variances. A p-
value of <0.05 was considered statistically significant.

Results
Baseline characteristics

Forty MI patients with a mean age of 66.5 (SD 15.8) years, whereof
10 (25%) women, were included in the study. Baseline characteristics
are described in Table 1. Patients with reduced LVEF had a higher
proportion of comorbidities compared to patients with preserved
LVEF. Revascularization with percutaneous coronary intervention
(PCI), before inclusion, was performed in 18 (90%) and 15 (75%) of the
patients with preserved and reduced LVEF, respectively.

Characterization of extracellular vesicles from MI patients and HC and
their proteome

To elucidate origin and concentration of vesicles, purified EVs
were labelled with different cell surface-specific markers and sub-
jected to flow cytometry. EVs from MI patients with preserved or
reduced LVEF showed increased, but not significant, numbers of
endosome-specific CD63+ vesicles compared to HC (Fig. 1A). Next,
platelet-derived CD42b+, leukocyte-derived CD45+, erythrocytes-
derived CD235a+ and endothelial-derived CD144+ EVs (Fig. 1B-1E
respectively) were observed to be significantly higher in MI patients
with both preserved and reduced LVEF when compared to HC. No sig-
nificant differences were found in MI with preserved compared to
reduced LVEF in terms of the number of EVs positive for CD63,
CD42b, CD45, CD235a and CD144, neither were there any differences
comparing the amount of EVs from STEMI and NSTEMI patients (data
not shown). To validate EV suspension and size distribution, we ana-
lyzed the morphology of the purified EVs by transmission electron
microscopy. This analysis demonstrated the presence of 50—1000 nm
vesicles that are morphologically consistent with a mixed population
of small and large vesicles (Fig. 1F) in all samples studied.

Preserved LVEFN =20  Reduced LVEFN =20

Age median (IQR), years 67.5(58.5-77.7) 65.5(61.8-77.7)
Sex Male n (%) 15(75) 15(75)
Female n (%) 5(25) 5(25)
Smoking n (%) 8 (40) 6(30)
STEMI* as index MI' 10 (50) 10 (50)
Left ventricular ejection fraction, LVEF, median (IQR),% 62.5(58.2-67.5) 37.5(35.0-40.5)
Medical history
Diabetes mellitus n (%) 2(10) 8(40)
Hypertension n (%) 8 (40) 13(65)
Previous myocardial infarction/ ischemic stroke/peripheral artery disease n (%) 0 6(30)
Atrial fibrillation n (%) 0 4(20)
Revascularization of MI'
Percutaneous coronary intervention, PCI n (%) 18(90) 15(75)
Coronary artery bypass. CABG planned n (%) 1(5) 2(10)
Medical treatment at inclusion
Aspirin n (%) 20 (100) 19(95)
P2Y;; inhibitor n (%) 20(100) 19(95)
Warfarin n (%) 0 6(30)
ACE/ARB? n (%) 15(75) 20 (100)
Beta blocking agent n (%) 19(95) 20 (100)
Diuretics n (%) 4(20) 10(50)
Statin n (%) 18 (90) 20(100)

*STEMI: ST-elevation myocardial infarction.
tMI: myocardial infarction.

BACE/ARB: angiotensin converting enzyme/ angiotensin receptor blocking agent.
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Purified EVs from healthy controls (HC) (hcEVs) and myocardial infarction (MI) patients with preserved left ventricular ejection fraction (LVEF) (PreEVs) or reduced LVEF
(RedEVs) were subjected to flow cytometry to detect expression levels of exosome-specific marker CD63 (A), platelet-specific marker CD42b (B), leukocyte-specific marker CD45
(C), erythrocyte-specific marker CD235a (D), and endothelial-specific marker CD144 (E). Results represented marker count/50,000 events and are given as mean =+ SD (n = 6 for HC
EVs and n = 20 per group of MI EVs). P-value by one way ANNOVA *P < 0.05, ** P < 0.01, ***P < 0.005, ****P < 0.001 versus HC. (F) Representative transmission electron micrographs
of purified EVs from HC and MI patients, with ST-elevation (STEMI) or non-ST-elevation (NSTEMI), with preserved or reduced LVEF with uranyl acetate negative staining (scale bar
500—1000 nm) (n = 6 for HC and n = 5 per group of MI; 10—20 images were taken per sample).

Using mass spectrometry analysis, we compared the proteomes of
the purified EVs from HC and MI patients with preserved or reduced
LVEF and identified 267 proteins in total from all the samples (Sup-
plementary Table 1). Among all the identified proteins, 50 were
found to be differentially expressed, of which 32 were up-regulated
and 18 were down-regulated in at least one of the groups from MI
patients as against its HC counterparts. Both LVEF groups presented
similar results with regard to 20 up-regulated and 8 down-regulated

proteins when compared to HC (Table 2, 3), whereas apolipoprotein-
A was uniquely present in both MI groups (Table 4).

Along with apolipoprotein A, some other proteins such as coagu-
lation factor XIII B, complement C8, amyloid protein and von Wille-
brand Factor were found to be uniquely presented in MI group with
reduced LVEF. The group of complement factors appears to be most
significantly increased in concentration within EVs from MI patients,
whereas proteins such as Epididymis secretory sperm-binding
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Table 2
List of up-regulated proteins in MI EVs with severity of disease and their corre-
sponding level of significance when compared to HC EVs.
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Table 4
List of uniquely presented proteins in MI EVs with different severity of disease mea-
sured in terms of LVEF when compared to HC EVs.

Up-regulated proteins P-Values

Preserved LVEF vs HC  Reduced LVEF vs HC

Uniquely presented proteins

Preserved LVEF Reduced LVEF

Alpha-1-antichymotrypsin 0.04755 0.00291
Alpha-1-acid glycoprotein 0.04333 0.01881
Alpha-1-antichymotrypsin ns* 0.00397
AMBP protein 0.01852 0.00797
Apolipoprotein H (Beta-2-glyco-  ns* 0.00464
protein I)
Ceruloplasmin ns* 0.00557
Complement B 0.00058 0.00181
Complement C1q ns* 0.00842
Complement C1r 0.00046 0.00937
Complement Cl1s 0.00612 0.03816
Complement C3 0.00059 0.000002
Complement C4-A 0.03461 ns*
C4b-binding protein alpha chain ~ 0.00231 0.02548
Complement C5 0.00004 0.000002
Complement C6 0.00131 0.00019
Complement C8A 0.00783 0.01615
Complement C9 0.00002 0.00005
Complement H-related protein 1 0.02699 0.00384
Complement | 0.04799 0.02884
Epididymis secretory sperm 0.04579 0.02069
binding protein
Fibrinogen alpha chain 0.00069 0.00012
Fibrinogen beta chain 0.00111 0.00002
Fibrinogen gamma chain 0.00439 0.00002
Haptoglobin 0.02698 0.00421
HCG40889, isoform CRA_b 0.00861 0.000003
Hemopexin 0.04729 ns*
Inter-alpha (Globulin) inhibitor 0.01022 ns*
H4
Inter-alpha-trypsin inhibitor H4  ns* 0.00635
Leucine-rich alpha-2- 0.03656 0.01717
glycoprotein
Protein S 0.01246 ns*
Prothrombin 0.03441 ns*
Serum amyloid A-4 protein ns* 0.00496

ns*: not significant.

Table 3
List of down-regulated proteins in MI EVs with severity of disease and their corre-
sponding level of significance when compared to HC EVs.

Down-regulated proteins P-Values

Preserved  Reduced
LVEFvs HC  LVEF vs HC

Apolipoprotein A-I 0.00029 0.00059
Apolipoprotein A-IV 0.00274 ns*

Apolipoprotein C-I ns* 0.02673
Apolipoprotein M 0.01745 Ns*

Alpha-2-HS-glycoprotein Ns* 0.01287
Antithrombin-III 0.04246 ns*

Anti-H1N1 influenza HA kappa chain variable region ~ ns* 0.02344
Coagulation factor XII 0.00494 0.00641
Epididymis secretory sperm binding protein Li 71p 0.00772 0.00092
GCT-AS5 light chain variable region 0.04419 0.02683
Gelsolin 0.03194 0.01539
Histidine-rich glycoprotein (HRG) 0.03358 ns*

Immunoglobulin kappa light chain 0.01207 0.00513
Lumican ns* 0.04078
N-acetylmuramoyl-L-alanine amidase 0.01289 0.00081
Plasma kallikrein 0.01321 ns*

Rheumatoid factor D5 light chain ns* 0.01061
Transthyretin 0.03768 0.00247

ns*: not significant.

protein, Alpha-1-acid glycoprotein, retinol-binding protein and pro-
thrombin were least significantly expressed (Table 2). The most sig-
nificantly highest down-regulation of the proteins in MI EVs was
recorded for coagulation factor XII and apolipoprotein A-I (Table 3).

Apolipoprotein A Apolipoprotein A

Coagulation factor XIII B
Complement C8 gamma chain
Serum amyloid A-1 protein
ITIH3

von Willebrand factor

Extracellular vesicles from both preserved and reduced LVEF MI patients
protect chemical-induced cardiac cell death

To explore the impact of these EVs in chemically stimulated
human primary cardiac cells, hCMVECs and HCMs were subjected to
incubation with EVs from HC and MI LVEF groups prior to treatment
with chemicals such as staurosporine (STS), etoposide and rapamy-
cin, which induce apoptosis, necroptosis and autophagy-dependent
cell death, respectively [38,39]. Cells pre-incubated with MI EVs both
preserved and reduced LVEF for 24 h or 48 h showed significantly
increased inhibition to STS-induced caspase 3 activity compared to
HC EVs or mock incubated hCMVECs, whereas no EVs rendered cas-
pase-3 activity by themselves on hCMVECs (Fig. 2A). To ensure that
the overall degree of cell death was captured, we included the LDH
release assay that monitors loss of integrity of the plasma membrane.
In contrast, LDH release upon etoposide stimulation was not affected
in the presence or absence of EVs from either HC or MI patients
(Fig. 2B), suggesting limited membrane damage by etoposide to
hCMVECs. Further, we tested whether endogenous EVs from HC or
MI patients had any effect on autophagy in the presence or absence
of autophagy inducer rapamycin. While rapamycin induced cleavage
of LC3-I to LC3-II in hCMVECs, the presence of EVs from either HC or
MI patients with preserved or reduced LVEF did not influence auto-
phagic response, which was endogenously presented or triggered by
rapamycin (Fig. 2C). Similarly, we tested effects of these cell death
inducers in the presence of MI EVs on human cardiomyocytes (HCM),
cells that are directly affected during MI. Like hCMVECs, HCMs also
showed susceptibility to STS stimulation, although the presence of
MI EVs from both preserved and reduced LVEF significantly inhibited
STS-induced caspase-3 activity in HCM post both 24 h and 48 h of
EVs incubation when compared to HC EVs (Fig. 3A). HCM showed sig-
nificantly higher LDH release compared to hCMVECs when incubated
with etoposide. Pre-incubation of HCMs with MI EVs, both preserved
and reduced LVEF, both after 24 h or 48 h, did not prevent etoposide-
induced LDH release (Fig. 3B). Moreover, unlike in hCMVECs, baseline
LC3-II expression in HCM was observed to be too high to be per-
turbed by the presence of rapamycin (Fig. 3C). Taken together these
results indicate that both cardiac endothelial cells and cardiomyo-
cytes were protected from STS-induced apoptosis by MI EVs obtained
from both preserved LVEF and reduced LVEF patients, whereas etopo-
side-induced cell death, in terms of LDH release, observed in HCM but
not in hCMVECs, was not inhibited by MI EVs.

Extracellular vesicles’ effect TNFa-induced cell death both in individual
cultures and co-cultures

To further explore the impact of MI EVs and the cytokine TNFo on
cell death when cells are separately stimulated or co-cultured prior
to stimulation, we asked whether programmed cell death was
affected. We detected an increase in apoptosis following exposure for
24 h to TNFa in hCMVECs (Fig. 4A) when these cells were separately
cultured. We identified that MI EVs from both preserved and reduced
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Fig. 2. Effect of MI EVs on chemically induced cell deaths in hCMVECs

hCMVECs were treated with vehicle alone or exposed to different chemicals, as indicated, to detect cell death. (A) Apoptotic stimuli staurosporin (STS) (2 wM) for 3 h induced
caspase-3 activity in hCMVECs, measured in terms of absorbance of colorometric p-nitroaniline per min per ml of lysate in the presence and absence of either healthy controls (HC)
EVs (hcEVs), myocardial infarction (MI) EVs preserved left ventricular ejection fraction (LVEF) (PreEVs) or reduced LVEF (RedEVs) for 24 h and 48 h. Results shown are mean values
+ S.D (n = 6). (B) LDH activity measured in terms of LDH release («M) per min per ml of hCMVECs supernatant, post nectroptotic stimuli with etoposide (10 M) for 12 h, which
were subjected to preincubation with either vehicle or EVs from HC (hcEVs) or MI-patient groups (PreEVs and RedEVs) for 24 h and 48 h. Results shown are mean values + S.D.
(n = 6). (C) Representative western blot depicting LC3-I cleavage post vehicle or rapamycin (autophagy inducer) stimulation on hCMVECs that were preincubated with either HC
EVs (hcEVs) or MI EVs groups (PreEVs and RedEVs). Accompanying is a densitometric analysis of LC3-II to LC3-I ratio as observed in corresponding western blot. Results shown are
mean values + S.D. (n = 6). P-value by two way ANNOVA and Student’s t-test * P < 0.05, **P < 0.01, *** P < 0.005, ****P < 0.001.

LVEF patients attenuated TNFe-mediated caspase-3 activity in these
cells when compared to presence of HC EVs or no EVs (Fig. 4A). Simi-
larly, HCM upon stimulation of TNFe showed increased caspase 3
activity which was abrogated by the presence of MI EVs but not HC
EVs (Fig. 4B). Next, when hCMVECs and HCM were co-cultured, simi-
lar results were obtained, where in co-culture, both hCMVECs and
HCM showed increased caspase 3 activity upon TNFa stimulation
that was stunted when hCMVECs chamber was pretreated with MI

EVs from both preserved or reduced LVEF patients (Fig. 4C, D). Along
with caspase 3 activity assay, we wanted to check the status of
cleaved caspase-3 from both these cells with/without co-culture
upon TNFa stimulation. Western blot analysis detected caspase 3
cleavage in hCMVECs and HCM when stimulated with TNF« irrespec-
tive of co-culture, whereas preincubation of cells with MI EVs from
either preserved or reduced LVEF patients inhibits TNFe-mediated
caspase-3 cleavage (Fig. 4E, F).
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Fig. 3. Effect of MI EVs on chemically induced cell death in HCM

HCMs were treated with vehicle alone or exposed to different chemicals, as indicated, to detect cell death. (A) Apoptotic stimuli staurosporin (STS) (2 «M) for 3 h induced cas-
pase-3 activity in HCMs, measured in terms of absorbance of colorometric p-nitroaniline per min per ml of lysate in the presence and absence of either healthy control (HC) EVs
(hcEVs) or myocardial infarction (MI) EVs with preserved (PreEVs) or reduced (RedEVs) left ventricular ejection fraction (LVEF) for 24 h and 48 h. Results shown are mean values +
S.D. (n = 6). (B) LDH activity measured in terms of LDH release (M) per min per ml of HCMs supernatant, post nectroptotic stimuli with etoposide (10 «M) for 12 h, which were
subjected to preincubation with either vehicle or EVs from HC (hcEVs) or MI patients groups (PreEVs and RedEVs) for 24 h and 48 h. Results shown are mean values + S.D. (n = 6).
(C) Representative western blot depicting LC3-I cleavage post vehicle or rapamycin (autophagy inducer) stimulation on HCM that were preincubated with either HC EVs or MI EVs.
Accompanying is a densitometric analysis of LC3-II to LC3-I ratio as observed in corresponding western blot. Results shown are mean values + S.D. (n = 6). P-value by Student’s t-

test and two way ANNOVA * P < 0.05, ** P < 0.01, *** P < 0.005, ****P < 0.001.

Extracellular vesicles from MI patients modulate TNFa-induced effects
on cardiac cells

In the next step we tested these results in a more physiological
setting. Whether MI EVs exerts functional effects on hCMVEC and
HCMs in a cellular model of co-culture in the presence of the inflam-
matory cytokine TNFo was analyzed, since increased local concentra-
tions of TNF may induce cardiotoxicity [10]. There were significant
decreases in expression of eNOS by hCMVECs and myosin by HCM
when stimulated with TNFe in the presence of MI EVs with preserved

or reduced LVEF compared to HC EVs (Fig. 5A). This decrease in eNOS
and myosin by hCMVECs and HCM, respectively, was abrogated, and
their expressions reverted to comparable levels when these two cells
were co-cultured together (Fig. 5B). Densitometric analysis confirmed
significant down-regulation of eNOS and myosin band densities rela-
tive to housekeeping B-actin band density by MI EVs in hCMVECs
and HCM, respectively, when cultured separately, whereas their lev-
els were restored upon co-culture (Fig. 5C, D).

Interestingly, TNFo also induced autophagy in hCMVECs but not
in HCM irrespective of whether these cells were co-cultured or not.
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Fig. 4. Caspase-3 activity in hCMVECs and HCM during TNF« treatment when cultured separately or co-cultured.

B-actin
HCM with co-culture

Caspase-3 activity measured in terms of absorbance from the lysates of hCMVECs (A) and HCM (B) when cultured separately post 24 h incubation with EVs (healthy control (HC)
(hcEVs) or myocardial infarction (MI) patients with preserved (PreEVs) or reduced (RedEVs) left ventricular ejection fraction (LVEF)) and 24 h treatment of TNF« (50 ng/ml) (n = 6).
Similarly, Caspase-3 activity measured in terms of absorbance from the lysates of hCMVECs (C) and HCM (D) when co-cultured together post 24 h incubation with EVs (HC (hcEVs)
or MI-patient groups (PreEVs and RedEVs)) and 24 h treatment of TNFe (50 ng/ml) (n = 9). Results are shown as means + SD. P-value by two way ANNOVA * P < 0.05, ** P < 0.01 and
***P < 0.005. Representative western blot of pro-caspase and cleaved caspase from lysates of hCMVECs and HCM when cultured separately (E) or co-cultured together (F) post 24 h

of EVs (50 pg/ml; HC or MI-patient groups) and 24 h of TNF« (50 ng/ml) treatment.

In contrast to when rapamycin was used as an inducer of autophagy,
TNFa-induced LC3-1I formation in either separately cultured or co-
cultured hCMVECs with HCM was attenuated by the presence of both
preserved and reduced LVEF MI EVs as compared to HC EVs (Supple-
mentary Figure 2A-D). Baseline LC3-II formation was observed to be
too high in HCM to be able to detect any effect exerted by TNF« or

Extracellular vesicles from MI patients migrate to HCM through
hCMVECs on co-culture and mitigate TNFa induced drop in
mitochondrial membrane potential

Intrigued by the effect of MI EVs in prevention of TNFx-induced

apoptosis, particularly under the co-culture conditions where
EVs. hCMVECs were cultured over HCM and the EVs were only exposed to
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Representative immunoblots of eNOS and myosin from hCMVECs and HCM respectively together with B-actin as a loading control when cultured separately (A) or co-cultured
together (B) post 24 h of EVs (50 g/ml; healthy control (HC) (hcEVs) or myocardial infarction (MI) patients with preserved (PreEVs) or reduced (RedEVs) left ventricular ejection
fraction (LVEF)) and 24 h of TNF« (50 ng/ml) treatment (n = 6). Densitometric analysis of eNOS (C) and myosin (D) bands normalized to the corresponding loading control as quanti-
fied using Imagej and represented as relative band density (a.u.). Data represent the mean =+ SD of three independent experiments using EVs from 6 different donors per group.
Results are shown as means + SD. P-value by two way ANNOVA and Student’s t-test * P < 0.05, ** P < 0.01, ***P < 0.005, ****P < 0.001.

the hCMVECs compartment, we aimed to examine whether MI EVs
transfer their protective effect indirectly to HCM or whether they
transmigrate through hCMVECs to the HCM compartment to directly
impose their function. To explore the localization of EVs within cells,
CD41-labeled EVs were incubated with HCM with or without co-cul-
ture. In the case of co-cultured experiments, labelled EVs were incu-
bated in hCMVECs chamber. Confocal microscopy showed that EVs
CD41+, both HC- and MI patient-derived, were internalized and
appeared in the cytoplasm in the same 0.5-pm section as the Lyso-
TrackerRed, post 4-h incubation in HCM when cultured separately
(Fig. 6A). When hCMVECs were co-cultured on HCM and CD41+ EVs
were incubated over hCMVECs compartment for 4-h, only MI EVs
from both preserved and reduced LVEF appeared within the HCM as
opposed to HC EVs (Fig. 6B). This indicated that MI EVs migrated
through hCMVECs to engineer their function in HCM, suggesting
paracrine effect of MI EVs in prevention of TNFa-induced HCM apo-
ptosis. To further elucidate the mechanism with which MI EVs pre-
vents apoptotic process within HCM, we tested effect of TNF«
treatment on mitochondrial membrane potential (AW'm) of HCM
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and whether MI EVs plays any role in this process. It was observed
that TNFa treatment resulted in 20—-25% drop in AWm in HCM
(Fig. 6C) which is at comparable levels with uncoupling agent FCCP
(Supplementary Figure 3A). This drop in AWm, triggered due to
TNFq, was clearly attenuated by MI EVs (Fig. 6C) suggesting a poten-
tial mechanism of prevention of dissipation of A¥m thereby inhibit-
ing caspase-3 activation. Furthermore, intracellular localization of MI
EVs was found to be substantially outside of mitochondria (Fig. 6D)
connoting indirect effect of MI EVs over mitochondria.

Discussion

In the present study we found that the amount of EVs in patients
with recent MI were similar regardless of reduced or preserved left
ventricular function, and their proteomes differed compared to
healthy controls. These endogenous EVs reduced chemically induced
apoptosis and abrogated TNFa-triggered HCM and hCMVECs apopto-
sis under both individually cultured and co-cultured conditions.
These effects by MI EVs appeared to be paracrine in nature, as CD41+
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Fig. 6. EVs localization within cells under different culture conditions and TNFe induced drop in mitochondrial membrane potential.Extracellular vesicle (EVs) (green) localization
within HCM (LysoTracker or MitoTracker; red) visualised using confocal microscopy. Purified EVs from either HC (HC EVs) or MI-patient groups (Preserved and Reduced EVs) were
labeled with FITC-conjugated anti-CD41 antibody and incubated with HCM that were cultured separately (A) or with hCMVECs co-cultured with HCM (B) followed by LysoTracker
staining, fixation, mounting and confocal analysis. The experiment was performed 3 times, and representative images from at least 15 images per sample are shown. C. Dissipation
of the mitochondrial membrane potential (Ayym) was determined post 24 h of EVs incubation and TNF« treatment using the fluorescent probe, tetramethylrhodamine ethyl ester
(TMRE). Data represented as% cells showcasing Ayrm of untreated cells. Results are shown as means =+ SD. P-value by two way ANNOVA * P < 0.05, ** P < 0.01, ***P < 0.005. D. EVs
localization within HCM when cells were directly incubated with labelled HC EVs or MI EVs followed by MitoTracker staining, fixation, mounting and confocal analysis. The experi-
ment was performed 6 times, and representative images from at least 15 images per sample are shown.

EVs were found to be internalized by HCM directly or migrated
through hCMVECs to HCM.

There was no difference in the levels of the different subsets of
EVs comparing STEMI and NSTEMI patients, and the proteins within
EVs were similar. It has previously been shown that in both STEMI
and NSTEMI some subsets of leukocyte, endothelial-derived EVs
together with tissue factor expressing EVs persist as elevated in
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peripheral blood even several days after an acute event [27,40]. We
could confirm an increase of EVs from these subsets together with
higher concentrations of erythrocyte- and platelet-derived EVs. After
coronary revascularization the initial type of MI seems of minor
importance for the amount of EVs and their effect of apoptosis inhibi-
tion was found regardless of the severity of the MI as measured by
left ventricular function.
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In animal models ischemia and reperfusion injury induce release
of EVs that display both damaging and protective properties [41,42].
Accumulating evidence has suggested that the exogenous EVs from
in-vitro cultured-pluripotent stem cells exert cardioprotective effects
and that endogenous EVs from healthy human serum protect myo-
cardium under ischemia-reperfusion injury [32,43]. However, the
cardioprotective potential of human-derived EVs on heart cells
remains unclear. Local increase in TNFx in cardiac microenviron-
ments aggravates infarction-related cardiac cell death [8,10,44];
therefore use of recombinant human TNFe to induce human primary
cardiac cells’ death along with co-cultures of cardiac cells mimics
pathological schemes presented in humans during MI.

In the present study, we report that the endogenous circulating
EVs derived from plasma of acute MI patients protected cardiomyo-
cytes and microvascular endothelial cells from both chemically and
TNFa-induced cell death. Our results point to the protective effects
being associated with attenuation of cell activation and caspase inhi-
bition. EVs, on the one hand, can mediate ligand-based interaction
and, on the other hand, be taken up by the target cells to deliver their
cargo. Unlike earlier studies where authors did not detect healthy
humans’ peripheral blood-derived EVs uptake by primary rat cardio-
myocytes [32], we observed CD41+ EVs direct uptake by primary
HCM. Moreover, MI EVs in contrast to HC EVs migrate through
hCMVECs to reach HCM under co-culture conditions, highlighting a
novel mode of EVs’ paracrine function in human cells. EVs are found
in biological fluids and can cross the blood-brain barrier, but our
knowledge of EV migration into different tissues must be further
explored [17,45], STS- as well as TNFo- mediated apoptosis under
individually cultured or co-cultured conditions in our experimental
set-ups were modulated by the cellular uptake of MI EVs. In co-cul-
tured conditions, anti-apoptosis induced by MI EVs was attributed to
their potential to migrate through endothelial cells to HCM.

TNFw-triggered autophagic flux in hCMVECs is attenuated by MI
EVs when these cells are independently cultured, whereas this inhibi-
tion is abrogated by co-culturing of hCMVECs with HCM. Under both
scenarios of culturing, MI EVs-mediated apoptosis inhibition was
observed to be sustained in hCMVECs, suggesting a redundant role
for autophagy in cardiac endothelial cells in this context. These find-
ings reveal the previously unrecognized role of the endogenous EVs
from MI patients and provide new insights into the major role of
these EVs beyond being mere biomarkers. Whether the endogenous
EVs can be better utilized in mediating cardioprotective effects has to
be explored in future studies.

Our study’s heterogeneous population of endogenous EVs from MI
patients was utilized to examine their cumulative effect on human
primary cardiac cells. It should be stressed that the majority of stud-
ies involving the role of EVs in cardioprotection found exosomes to
be the driving force of the effect [46—48], In contrast, we identified
that a heterogeneous population of EVs, comprising exosomes as
well as large vesicles, derived from MI patients, exert their anti-apo-
ptotic effects and thereby lead to cardiomyocyte cell-death attenua-
tion. In fact, we have observed similar levels of CD63+ vesicles among
healthy controls’ and MI patients’ plasma-derived EVs. However, the
contents of these exosomes are not addressed here and can therefore
not be used to specify their precise contribution to the cardioprotec-
tive effect observed in this study.

A plausible mechanism by which EVs could translate their cardio-
protective effects in the present study is by transmigrating through
the endothelial barrier to the cardiomyocytes to disembark their
cargo and abrogating TNFo mediated drop in mitochondrial potential
and eventual caspase activation in a paracrine fashion. Of note, these
EVs were largely found to be outside mitochondria suggesting indi-
rect communication to mitochondria. Our mass spectrometry data on
MI patient-derived EVs revealed different candidate proteins
involved in cardiac remodeling, some of which are shown to alter
cardiac function during pathological conditions. Elevated levels of
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certain complements of the innate immune system, also identified in
our analysis, are found to be associated with less adverse remodeling
and improved survival in patients with stable systolic heart failure
[49]. Moreover, pro-angiogenic leucine-rich «—2 glycoprotein is pro-
posed as a target for cardiac remodeling and heart failure [50]. Exoge-
nous EVs from cultured stem cells were found to be promoting
angiogenesis in the cardiac microenvironment [43,51,52] to improve
cardiac cell survival and improve cardiac function. The pro-angio-
genic potential of human endogenous EVs has been described in
patients with pulmonary arterial hypertension [53], and whether this
potential can be attributed to MI EVs as well is a subject for future
studies.

In conclusion endogenous EVs derived from MI patients exert car-
dioprotective potential upon TNFa-triggered HCM and hCMVECs
apoptosis under both individually cultured and co-cultured condi-
tions. These effects were found irrespective of the severity of MI,
measured as ventricular function, and involved migration of MI EVs
through human cardiac microvascular endothelial cells into human
cardiomyocytes. Further elaboration of our understanding of endoge-
nous EVs in MI might paves ways in identifying additional strategies
with potential to reduce the risk of heart failure in patients with ML
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