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Intra-Cardiac Release of Extracellular Vesicles Shapes
Inflammation Following Myocardial Infarction
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Rationale: A rapid and massive influx of inflammatory cells occurs into ischemic area after myocardial infarction
(MI), resulting in local release of cytokines and growth factors. Yet, the mechanisms regulating their production
are not fully explored. The release of extracellular vesicles (EVs) in the interstitial space curbs important biological
functions, including inflammation, and influences the development of cardiovascular diseases. To date, there is no
evidence for in situ release of cardiac EVs after MI.

Objective: The present study tested the hypothesis that local EV generation in the infarcted heart coordinates
cardiac inflammation after MI.

Methods and Results: Coronary artery ligation in mice transiently increases EV levels in the left ventricle when
compared with sham animals. EVs from infarcted hearts were characterized as large vesicles (252+18 nm) expressing
cardiomyocyte and endothelial markers and small EVs (118+4 nm) harboring exosomal markers, such as CD (cluster
of differentiation) 63 and CD9. Cardiac large EVs generated after MI, but not small EVs or sham EVs, increased the
release of IL (interleukin)-6, CCL (chemokine ligand) 2, and CCL7 from fluorescence-activated cell-sorted Ly6C*
cardiac monocytes. EVs of similar diameter were also isolated from fragments of interventricular septum obtained
from patients undergoing aortic valve replacement, thus supporting the clinical relevance of our findings in mice.

Conclusions: The present study demonstrates that acute MI transiently increases the generation of cardiac EVs
characterized as both exosomes and microvesicles, originating mainly from cardiomyocytes and endothelial cells.
EVs accumulating in the ischemic myocardium are rapidly taken up by infiltrating monocytes and regulate local
inflammatory responses. (Circ Res.2018;123:100-106. DOI: 10.1161/CIRCRESAHA.117.311326.)
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Acute myocardial infarction (MI) induces a rapid and massive
influx of inflammatory cells into ischemic areas, resulting in
the release of soluble chemokines, cytokines, and growth factors.!
In murine models of MI, these inflammatory cells consist, in part,
of Ly6Che" and Ly6C"" monocytes.'? Whereas Ly6Che" mono-
cytes are predominant in the early phase of myocardial healing,
Ly6C monocytes peak at a later time point, but both monocyte
subtypes have been shown to modulate post-MI cardiac remodel-
ing and function.? After infiltrating the inflamed tissues, Ly6Chis"
and Ly6C™ monocytes may differentiate into inflammatory or
reparative macrophages.' Inflammatory macrophages are related

to proinflammatory processes and adverse left ventricular (LV)
remodeling, whereas reparative macrophages are involved in in-
flammation resolution and tissue repair.
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Extracellular vesicles (EVs) emerge from different subcellu-
lar compartments: microvesicles (=100-1000 nm in diameter) are
budding from the plasma membrane whereas exosomes (=40-100
nm in diameter) are generated from intracellular multivesicular
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What Is Known?

Microvesicles and exosomes are extracellular membrane vesicles me-
diating new type of cell-cell communication.

Cultured vascular and cardiac cells release extracellular vesicles that
are able to curb important biological functions, such as inflammation,
in target cells.

Presence of extracellular vesicles is observed in the heart.

What New Information Does This Article Contribute?

In a murine model of myocardial infarction, coronary artery ligation
transiently increased the release of extracellular vesicles of cardio-
myocyte and endothelial origin in the ischemic heart.
Cardiac extracellular vesicles locally produced after myocardial infarc-
tion are taken up by monocytes infiltrating the ischemic heart and sub-
sequently increased their proinflammatory response.

In this article, we tested the hypothesis that myocardial infarction
stimulates the release of extracellular vesicles within the infarcted

Novelty and Significance

heart to modulate the subsequent cardiac inflammatory response.
Using a murine model of coronary artery permanent ligation, we
demonstrate in the infarcted heart the transient release of extra-
cellular vesicles expressing markers from cardiomyocytes and en-
dothelial cells. Similar experiments performed in mice expressing
green fluorescent cardiomyocytes identified infiltrating monocytes
as the prevailing inflammatory cell type incorporating fluorescent
extracellular vesicles of cardiomyocyte origin after coronary artery
ligation. We then examined in vitro the functional consequences
of exposing monocytes to extracellular vesicles, which were all
isolated from infarcted or control cardiac ventricles. Extracellular
vesicles isolated from mice with myocardial infarction stimulate
the release of proinflammatory cytokines from monocytes invad-
ing the ischemic myocardium, whereas vesicles isolated from
control animals had no effects. Taken all together, these findings
demonstrate that extracellular vesicles accumulating in the isch-
emic myocardium are rapidly taken up by infiltrating monocytes to
regulate the local proinflammatory response.

Nonstandard Abbreviations and Acronyms
CCL chemokine ligand

CD cluster of differentiation

EV extracellular vesicles

GFP green fluorescent protein

IL interleukin

IEV large extracellular vesicle

Lv left ventricle

Mi myocardial infarction

SEV small extracellular vesicle

bodies. EV release into the interstitial space regulates important
biological functions, including inflammation, which influences
the development of cardiovascular diseases.> Presence of exo-
some-like vesicles in cardiomyocyte cytoplasm was reported ear-
lier in human hearts.® Culture cardiomyocytes and fibroblasts also
release EVs in vitro.”® However, we lack in vivo evidence of such
phenomenon in the heart, in particular after MI. The present study,
therefore, tested the hypothesis that local generation of EVs in the
infarcted heart regulates cardiac inflammation after ML

Methods

The data that support the findings of this study are available from the
corresponding author on reasonable request.

Mouse Model of MI

Nine- to 12-week-old (Janvier, France) or cardiac o-actin—-GFP*
(green fluorescent protein)® male mice (C57B1/6J background; n=4-6
per group) were subjected to permanent coronary ligation, accord-
ing to the ethical committee guidelines for animal experimenta-
tion (MESR [Ministere Enseignement Supérieur et Recherche] No.
9228).1011 Sham-operated mice were subjected to all procedures, ex-
cluding permanent coronary artery ligation.

EV Isolation

Cardiac-Derived EV Isolation
EVs were isolated from ischemic tissue according to Leroyer et al.'?
Briefly, hearts were perfused by ice-cold PBS; apex was minced

(30 seconds, 4°C) using fine sterile scissors (2-cm strait blade) in
0.9% NaCl (100 pL per 100-mg tissue; Sham, 48+2 mg; MI, 54+3
mg; n=36). Samples were centrifuged twice at 400 g (15 minutes),
and the resulting supernatant was further centrifuged at 20500 g (45
minutes, 4°C) to pellet large EVs (IEVs). Pilot experiments demon-
strated that the 20500-g centrifugation step pelleted 95+2% of an-
nexin V+ EVs, whereas 5+2% of annexin V+ events remained in the
20500-g supernatant.

IEV pellets were then suspended in 100 pL 0.9% NaCl and
stored at —80°C. IEV supernatant was mixed with the exosome pre-
cipitation buffer from miRCURY Exosome Isolation Kit (Exiqon)
at 4°C overnight, spinned down at 10000 g (20°C, 1 hour), and
pellets were subjected to 100000 g (90 min, 4°C). Small EV (sEV)
pellets were then suspended in 100 pL 0.9% NaCl and stored at
-80°C.

Human Cardiac EV Isolation

Similar procedure was used to isolate EVs from myomectomy
fragments of interventricular septum (86+46 mg) obtained from 4
patients (2 of 4 male; 59+4 years old) operated on for aortic valve ste-
nosis and undergoing aortic valve replacement at Institut Mutualiste
Montsouris, Paris. Removal of tissue specimens was done during car-
dioplegic arrest. All patients had given their informed consent before
surgery, and procedures were approved by the institutional ethical
committee (CEPAR [Comité d’Evaluation des Protocoles et d’Aide
a la Recherche] 2016-010).

EV Characterization

Western Blot Analysis

Ischemic LV and EV pellets were prepared in radioimmunopre-
cipitation assay buffer (3). Five-microgram proteins were loaded
onto a 12% SDS-acrylamide gel and transferred on nitrocellulose
membrane, incubated with anti-CD (cluster of differentiation) 63,
anti-CD9, anti-Hsc70, or anti-cardiac-troponin primary antibodies.
Expression of ApoAl (apolipoprotein A1) and ApoB (apolipoprotein
B) was below detection level (not shown).

Integrated Magnetic—Electrochemical Exosome
Measurements

Expression of CD63 on IEV and sEV samples was analyzed by an
integrated magnetic—electrochemical exosome platform.!* EVs were
captured on immunomagnetic beads (specific to CD63). Collected
EVs were then labeled with an oxidizing enzyme (horseradish per-
oxidase) through a second antibody against CD63. Mixing beads with
a chromogenic electron mediator (3,3",5,5'-tetramethylbenzidine)
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generated electric currents, which were measured by a custom-de-
signed electric reader. About 10 pL of EV samples were used. The
measured CD63 level was normalized against EV concentrations per
tissue weight.

Flow Cytometry
IEVs were analyzed on a Gallios flow cytometer (Beckman
Coulter)'*"* using Megamix-Plus FSC beads (Biocytex) to define
events with a 0.3- to 1-pm diameter. Phosphatidylserine external-
ization was assessed using FITC-conjugated annexin V (Beckman
Coulter), with and without CaCl, (5 mmol/L). Vesicle concentration
was calculated using calibrator beads (AccuCount; Spherotech).
IEVs cellular origin was identified as cardiomyocyte (caveolin
3+8), endothelial cell (CD31*CD41-'>14), fibroblast (CD90.2*15), plate-
let (CD41+'2"), erythrocyte (TER119*'? [glycophorin A—associated
antigen]), or leukocyte (CD45*2). Concentrations of each EV sub-
population were given per milligram of tissue. All caveolin 3+ EVs
were also annexin V+.

Tunable Resistive Pulse Sensing Measurements

IEV and sEV size distributions were quantified by tunable resistive
pulse sensing (qNano; Izon Science, New Zealand) using NP400
and NP150 nanopores and compared with calibration beads CPC400
(mode diameter, 350 nm) and CPC200 (mode diameter, 210 nm),
respectively.'*"” EV concentrations were expressed as total particles
normalized to LV weight.

Cardiac Immune Infiltrating Cell Analysis

Inflammatory Cell Isolation
Hearts were collected, the LV was isolated, minced with fine scissors,
and cells were isolated as described previously.'

Inflammatory Cell Phenotyping Using Flow Cytometry

Total cardiac cells were gated on PerCP-conjugated CD45 (BD
Biosciences), and the following antibodies were used: PE-Cy7-
conjugated anti-CD11b (BD Pharmingen), PE-conjugated anti-Ly6G
(Iymphocyte antigen 6 complex, locus G; 1A8; BD Pharmingen),
FITC-conjugated anti-Ly6C (lymphocyte antigen 6 complex, lo-
cus C; Biolegend), PE-Alexa700—conjugated anti-CD3 (eBiosci-
ence) and APC-conjugated anti-F4/80 (Bio-Rad). CD45*/CD11b*
leukocytes were gated on F4/80- monocytes and then further
stratified by Ly6G and Ly6C expression. Monocytes were iden-
tified as CDI11b""Ly6GLy6C*. Neutrophils were identified as
CD11b*Ly6G"e" and T cells as CD45*CD3*. The total number of cells
was then normalized to LV weight. Cells were analyzed using a flow
cytometer (LSR II; BD Biosciences).!*!!

Cardiac EV Engulfment by Infiltrating Immune Cells
Cardiac a-actin~GFP* mice on C57B1/6J background were subject-
ed to MI. Twenty-four hours post-MI, immune cells were isolated,
stained, and analyzed using ImageStream (Amnis Corp) to detect
GFP fluorescence in immune cells.

EV Effects

Cardiac-derived monocytes were fluorescence-activated cell-
sorted from LVs, 24 hours after the onset of MI. Fluorescence-
activated cell-sorted CD45+4/CD11b*/Ly6G~/Ly6C* monocytes
were counted, seeded at a density of 4.5x10° cells per well, and cul-
tured in complete RPMI (Roswell Park Memorial Institute)-1640
medium (1% exosome-depleted serum; 1% f-mercaptoethanol
and penicillin streptomycin). Cells were then stimulated for 24
hours with 1IEVs or sEVs derived from MI mice at a ratio of 10°
IEVs per cell or 10° sEVs per cell to reproduce local concentra-
tions of infiltrating monocytes and those of IEVs and sEVs in the
infarcted heart 24 hours postligation. NaCl 0.09% was used as
control vehicle. TNFa (tumor necrosis factor alpha), CCL (che-
mokine ligand) 2, CCL7, IL (interleukin)-4, IL-5, IL-6, IL-10, IL-
12, IL-13, and IFNYy (interferon gamma) levels were quantified
using ProcartaPlex multiplex immunoassays panels (Affymetrix,
eBioscience, France).'®'! Concentrations were calculated from a
control standard curve.

Statistics

Results were expressed as mean+SEM. Kruskal-Wallis 1-way
ANOVA was used to compare each measure when there were >3
independent groups. Comparisons between groups were performed
using Dunn multiple comparisons test when the ANOVA test was
statistically significant. A P value <0.05 was considered significant.
Mann—Whitney U test was used to compare 2 groups. All data were
analyzed using Prism 5.0 (GraphPad Software, Inc).

Results

Cardiac EVs were obtained after brief mincing of LVs and iso-
lated by successive centrifugations. Less than 1% of total annex-
in V+ events were also propidium iodide labeled in the 400-g
supernatant, indicating that cardiac EV isolation procedure led
to negligible amount of apoptotic bodies. Electron microscopy
evidenced the presence of IEVs and sEVs in the 20500-g pellet
and supernatant, respectively (Figure 1A and 1D).

The release of 1EVs in murine heart increased signifi-
cantly at 15 and 24 hours after coronary artery ligation when
compared with sham animals and then returned to basal lev-
els (Figure 1B and 1C). Coronary artery ligation transiently
increased the release of annexin V+ 1IEVs from 2.6 (sham)
to 4.7 10° vesicles per milligram tissue (24 hours post-MI;
P=0.01; n=5). This response was decreased by 95+1% (n=3)
after 0.05% Triton exposure. The local release of SEVs in the
infarcted heart followed a similar pattern, with a significant
increase at 15 and 24 hours postligation (Figure 1D through
1F) and then returned to levels similar to sham conditions.
sEV diameter (118+4 nm; n=45) was significantly lesser than
that of IEVs (252+18 nm; n=45; Figure 1B and 1E).

IEVs originated mainly from cardiomyocyte (caveolin-3*;
Troponin T*) and also from cardiac fibroblast (CD90.2*) and
endothelial cells (CD31*CD41-; Figure 1G and 1H). A small
population of leukocyte-derived IEVs expressing CD45 was
detected. Platelet- (CD41%) and erythrocyte-derived (Ter119+)
vesicles, if any, were below detectable levels (Figure 1G).
When compared with sham, MI significantly increased the in-
tracardiac release of IEVs derived from cardiomyocytes and
endothelial cells (Figure 1G and 1H). However, MI did not af-
fect the release of IEVs from fibroblasts, leukocytes, platelets,
and erythrocytes (Figure 1G). sEV harbored cardiomyocyte
troponin T (Figure 1H) and also expressed exosomal markers
CD63 and CD9'%" (Figure 11 and 1J).

The transient nature of EV release after coronary artery liga-
tion prompted us to examine whether immune cells infiltrating
the ischemic heart might be responsible for EV disappearance
from injured ventricles. In agreement with previous findings,’
we observed that neutrophils (CD45*/CD11b*/Ly6G*ie"/Ly6C;
Figure 2A) transiently infiltrated ischemic hearts, whereas
monocytes (CD45*/CD11b*/Ly6G/Ly6C*; Figure 2B) accu-
mulated with time in the infarcted area. T lymphocytes (CD45+/
CD3+; Figure 2C) also rapidly infiltrated ischemic tissues; their
levels remained elevated at 72 hours postligation, but to a lower
extent than neutrophils and monocytes. Because cardiac EVs
generated after MI originated mostly from cardiomyocytes, we
performed coronary artery ligation in o-actin-GFP* mice ex-
pressing GFP specifically in cardiomyocytes. We subsequently
assessed GFP labeling in inflammatory cells invading the isch-
emic myocardium. Both neutrophils and monocytes exhib-
ited GFP fluorescence, indicating that GFP* material derived
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Figure 1. Cardiac extracellular vesicles (EVs) are transiently released in response to myocardial infarction (MI) in mice and originate
mainly from cardiomyocyte. A, Typical representative electronic microscopy of large EVs (IEVs). B, Representative size distribution analysis
by tunable resistive pulse sensing (TRPS) of IEVs from ischemic and sham murine cardiac tissue 24 h postligation. C, IEVs release during 72
h after the onset of ischemia in sham (open circles) and MI mice (dark circles). D, Typical representative electronic microscopy of small EVs
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(sEVs). E, Representative size distribution analysis by TRPS of sEVs from ischemic and sham murine cardiac tissue 24 h postligation. F, sEVs
release during 72 h after the onset of ischemia in shams (open circles) and MI mice (dark circles). G, Cellular origin of IEVs isolated from infarcted
hearts 24 h postligation. H, Representative Western blots for Hsc70 and troponin T in ischemic left ventricle (LV) in IEV and sEVs derived from
sham and M. I, Representative Western blots for Hsc70, CD63, and CD9 in ischemic LV and sEVs. J, CD63 levels measured using integrated
magnetic—electrochemical exosome and normalized to EV concentrations per tissue weight. Data are mean+SEM. n=4 to 7 animals per time
point. ND indicates not detectable. **P<0.01 vs corresponding sham, *P<0.05 vs sham, 1P<0.05 vs IEVs.
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Figure 2. Cardiac extracellular vesicles (EVs) are engulfed by monocytes and shape the inflammatory response. A-C, Infiltration of
neutrophils (Neutro; A), monocytes (Mono; B), and lymphocytes (Lympho; C) in sham (open circles) and myocardial infarction mice (dark
circles) for 72 h after coronary artery ligation. Data are mean+SEM. n=4 to 7 animals per time point. **P<0.01 vs corresponding sham-
operated mice at the same time point. D, Representative images of engulfment of GFP+ material by infiltrating immune cells (CD45+/
CD11b* leukocytes were gated on F4/80- monocytes and then further stratified by Ly6G and Ly6C expression) and (E) corresponding
quantification. Data are mean+SEM. n=4 animals. *P<0.05 vs GFP+ cardiac neutrophils, 11P<0.01 vs GFP+ cardiac T lymphocytes. F-H,
IL-6, CCL2, and CCLY7 release by monocytes stimulated with cardiac-derived large (IEVs) or small EVs (sEVs). Data are mean+SEM. n=4

to 11 per experimental conditions. *P<0.05, **P<0.01 vs saline control.

from GFP* cardiomyocytes had been taken up (Figure 2D).
However, GFP fluorescence was preferentially associated with
monocytes (+85% versus neutrophils, P<0.05; Figure 2E).
GFP signal was also detected at a low level in CD3* cells.
Because infiltrating monocytes were the major cell type
engulfing GFP* material from ischemic myocardium of mice
expressing GFP in cardiomyocytes, we then examined the
functional effects of sEVs and 1EVs isolated from ischemic
hearts on cardiac monocytes. Ly6C* monocytes were iso-
lated from ischemic hearts 24 hours after the onset of isch-
emia and exposed to IEVs or sEVs at their respective in situ

concentrations in ischemic hearts. IEVs from ischemic hearts
significantly increased the release of IL-6 and chemokines
CCL2 and CCL7 (P<0.05 versus saline; Figure 2F through
2H), but not tissue necrosis factor o, IL-4, IL-5, IL-10, IL-12,
IL-13, or interferon vy levels (data not shown), whereas sham
EVs or sEVs did not modify cytokine release (Figure 2I).
Further studies will determine whether EV uptake or binding
to membrane receptor mediates these proinflammatory effects.

To investigate the clinical relevance of our findings ob-
tained in murine MI, we searched for the presence of EVs
in human hearts. We identified cardiac EVs in fragments of
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the interventricular septum obtained from 4 patients under-
going extracorporeal circulation for aortic valve replace-
ment (Figure 3A and 3B). As observed for the murine EVs,
the mean diameter of human 1EVs was significantly greater
than that of sEVs (n=4; Figure 3C). Integrated magnetic—
electrochemical exosome CD63 expression averaged 8.2+1.3
and 14.8+3.2 arbitrary units per 10° vesicles per milligram tis-
sue in IEV and sEV fractions, respectively (data not shown).
Intracardiac concentration of 1IEVs was greater than that of
sEVs (Figure 3D).

Discussion
Here, we report that coronary artery ligation transiently in-
creases 1IEV and sEV levels in a murine model of MI, in
comparison with control sham animals. Vesicles of similar di-
ameter were also isolated from human interventricular septum
fragments, attesting the pathophysiological relevance of our
findings in the murine model.

Calcium-dependent annexin V labeling and sensitivity to
Triton both demonstrated that IEVs harbored microvesicle
characteristics.*'* Furthermore, the presence of CD63 and
CD9 in sEV is in favor of the exosome nature of these frac-
tions.'®" 1IEVs expressed detectable levels of caveolin-3 and
troponin T, attesting their cardiomyocyte origin.® They also
harbored CD31 but not the platelet marker CD41, indicat-
ing that some of these IEVs were also of endothelial origin."
Taken all together, these findings demonstrate that MI triggers

the transient cardiac release of EVs of cardiomyocyte and
endothelial origin. IEVs locally generated after MI increased
the release of chemokines and inflammatory cytokines from
Ly6C* monocytes infiltrating the infarcted heart, whereas
IEVs from sham animals and sEVs were without effects.

Taken altogether, these findings suggest that IEVs from
ischemic hearts could serve as a spatiotemporal rheostat to
fine-tune inflammation after MI.2
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