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Abstract

Background: Extracellular vesicles (EV) mediate the therapeutic effects of stem cells but it is unclear whether
this involves cardiac regeneration mediated by endogenous cardiomyocyte proliferation.

Methods: Bi-transgenic MerCreMer/ZEG (n = 15/group) and Mosaic Analysis With Double Markers (MADM;
n = 6/group) mouse models underwent permanent coronary artery ligation and received, 3 weeks later, 10
billion EV (from human iPS-derived cardiovascular progenitor cells [CPC]), or saline, injected percutaneously
under echo guidance in the peri-infarcted myocardium. Endogenous cardiomyocyte proliferation was tracked
by EdU labeling and biphoton microscopy. Other end points, including cardiac function (echocardiography and
MRI), histology and transcriptomics were blindly assessed 4-6 weeks after injections.

Results: There was no proliferation of cardiomyocytes in either transgenic mouse strains. Nevertheless, EV
improved cardiac function in both models. In MerCreMer/ZEG mice, LVEF increased by 18.3 + 0.2% between
baseline and the end-study time point in EV-treated hearts which contrasted with a decrease by 2.3 + 0.2% in
the PBS group; MADM mice featured a similar pattern as intra-myocardial administration of EV improved LVEF
by 13.3 + 0.16% from baseline whereas it decreased by 14.4 + 0.16% in the control PBS-injected group. This
functional improvement was confirmed by MRI and associated with a reduction in infarct size, the decreased
expression of several pro-fibrotic genes and an overexpression of the anti-fibrotic miRNA 133-al compared to
controls. Experiments with an anti-miR133-a demonstrated that the cardio-reparative effects of EV were partly
abrogated.

Conclusions: EV-CPC do not trigger cardiomyocyte proliferation but still improve cardiac function by other
mechanisms which may include the regulation of fibrosis.

Introduction

Except for cardiac transplantation, the current = number of cardiomyocytes and this observation has
treatments of ischemic heart failure do not address the  been a strong incentive for transplanting therapeutic
root cause of the disease, i.e., the loss of a large stem cells with the hope of replacing tissue loss by
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new functional cardiac cells. However, the parallel
and consistent observation that few, if any, of these
cells engrafted permanently has led to challenge the
exogenous cell-based “remuscularization” hypothesis
and led to consider an alternate mechanism of action
based on the paracrine harnessing of endogenous
pathways contributing to cardiac repair [1]. Further
mechanistic insights have then led to recognize that
these paracrine effects were largely mediated by
biomolecules packaged in extracellular vesicles (EV).
These nanoparticles harbour a biologically rich cargo
made of proteins, lipids and nucleic acids that they
shuttle into recipient cells, thereby modulating their
function. The most compelling evidence for the role of
EV as mediators of the stem cells effects have come
from the findings that they could recapitulate the
cardio-protective potential of their parent cells in
pre-clinical models of multiple diseases including
ischemic heart injury [2-5]. In a clinical perspective,
EV-based therapies are currently raising a growing
interest because of their attractive features including a
large-scale production more akin to that of a
pharma-type product, their lack of immunogenicity
(depending of the parental cells) [6] and an off-the-
shelf availability due to the possibility of storing them
at minus 80 °C without loss of bioactivity [7].

However, the precise mechanism(s) whereby EV
improve cardiac function remain elusive. Since one of
them could be the generation of new cardiomyocytes,
the present study was designed to assess, with the use
of two transgenic models, whether EV could trigger
endogenous cardiomyocyte proliferation in the
setting of chronic heart failure [2].

Material and Methods

Overview of experimental protocols

Extracellular vesicles were collected from
cardiovascular progenitor cells (CPC) differentiated
from human induced pluripotent stem cells. A
myocardial infarction was created in mice by a
permanent left coronary artery ligation followed,
three weeks later, by transcutaneous injections, under
echocardiographic guidance, of EV or Phosphate-
Buffered Saline (PBS) in the peri-infarction area. This
approach was chosen to avoid a repeat surgery which
is fraught with a high mortality rate in previously
infarcted mice [8]. Three consecutive series of
experiments were performed. We first used the
transgenic MerCreMer/ZEG model to assess whether
new cardiomyocytes had been generated and identify
their putative source (division of existing
cardiomyocytes or mobilization of another
tissue-resident cell source). In this model, an injection
of tamoxifen induces existing cardiomyocytes to

express the Green Fluorescent Protein (GFP) and thus
to stain green. Osmotic minipumps delivering
5-ethynyl-2"-deoxyuridine =~ (EdU)  were  also
subcutaneously implanted for 7-10 days at the time of
PBS or EV injections to enable the subsequent tracking
of double-labeled cells for GFP and EdU used as a
marker for cardiomyocyte proliferation. To
double-check the results yielded by this first series,
we then proceeded with the transgenic Mosaic
Analysis with Double Markers (MADM) model in
which cardiomyocytes, if they divide, produce
daughter cells that are either red or green whereas if
they fail to divide, they remain double-colored
(yellow) or colorless. The ratio of single-colored to
double-colored cells thus indicates whether
cytokinesis, a hallmark of cell division, has occurred
[9]. In a mechanistic perspective, we finally used
C57BL/ 6] mice to more specifically assess the role of a
microRNA  (miR-133-al) overexpressed in the
EV-treated MerCreMer/ZEG hearts through the use
of one of its antagonists. In all series, mice were
sacrificed at 4-6 weeks after injections. Outcomes were
assessed on echocardiography, magnetic resonance
imaging (MRI), immunohistochemistry and gene
expression in the myocardium. The different
experimental protocols are illustrated in Figure 1 and
all procedures are detailed in Supplemental Materials.

Statistical Analysis

Apart from genome-wide analyses, Mann-
Whitney or Student t-Test were used. Analyses were
conducted using GraphPad InStat3 (8.0.1) and
performed by an independent statistician blinded to
the treatment groups. Values are given as mean *
standard error (SEM) and a p value < 0.05 was
considered statistically significant. Mice that died
within 24 h of coronary artery ligation surgery (< 10%
in all genotypes studied) were excluded from
subsequent analyses.

Results

EV-CPC quantification

The majority of EV (~ 70%) were in the size range
of small EV approximately 50 to 200 nm
(Supplemental Figure 1A). The concentration of
particles of the size of small EV in the media prior to
cell exposure was 4x108 particles/mL as measured by
Nanoparticle Tracking Analysis. This value
represented the background noise which was taken
into account when the actual number of EV released
by the CPC (higher by two logs) was measured. The
identity of EV-CPC was confirmed by their positive
expression of phosphatidylserine, CD9, CD63 and
HSC70 (Supplemental Figure 1B-D) while they were
unstained for calnexin (Figure S1E).
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EV-CPC do not trigger endogenous
cardiomyocyte proliferation but still improve
cardiac function

In MerCreMer/ZEG mice, a 4-OH-tamoxifen
pulse induced GFP expression only in
cardiomyocytes, with 80% of them expressing the
fluorescent protein. The number of proliferating
(EdU*) cardiomyocytes (TnT*) did not significantly
differ between groups at either 7 or 10 days of EdAU
delivery (Figure 2A-B). These values represented
approximately 0.6% and 1.7% of the total
cardiomyocyte  content per tissue  section.
Importantly, all proliferating double-positive EAU*
TnT*cardiomyocytes stained positive for GFP (Figure
2C), thereby demonstrating that cardiac proliferation
derived from pre-existing cardiomyocytes.

However, while left ventricular ejection fraction
(LVEF) was not different between the two groups 3
weeks after myocardial infarction (referenced as
baseline, Figure 3A), their patterns of changes then
diverged since at the end-study time point, LVEF had
increased by 18.3% + 0.2% (from baseline) in the
EV-treated hearts which contrasted with a decrease by
2.3% = 0.2% in the PBS group (Figure 3B). This was
associated with a decrease of left ventricular
end-diastolic (LVEDV) and end-systolic volumes
(LVESV) by 3 £0.2% and 4 + 0.3%, respectively, in the

EV-treated group which contrasted with an increase
by 20 + 0.2% and 24 £ 0.2%, respectively, in the control
group  (Supplemental  Figure 2A-B).  This
improvement of LVEF following EV injections was
confirmed by MRI which was performed in a subset
of mice randomly selected from the two groups
(Figure 3C).

MADM mice featured a similar pattern as
intra-myocardial administration of EV improved
LVEF by 133 £ 0.16% from baseline whereas it
decreased by 14.4 + 0.16% in the control PBS-injected
group (Figure 3D-E). However, in keeping with the
data obtained with the MerCreMer/ZEG model, we
failed to show any difference in the number of
single-colored cells between the two groups, thereby
indicating a similar rate of cardiomyocyte
proliferation independent of the EV treatment (Figure
2D-E). Taken together, these results suggest that EV
administration did not promote a substantial
proliferation of pre-existing cardiomyocytes in the
failing heart.

EV-CPC decrease infarct size and fibrosis

Conversely, administration of EV reduced
myocardial fibrosis. MerCreMer/ZEG mice injected
with PBS had a mean infarct size, assessed by
Hematoxylin and Eosin staining, of 49 + 10.7% versus
36.6 £ 12.7% in those that had received EV, yielding a
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significant (p = 0.02) difference of 12.4 + 5.7% (Figure
4A-B). The reduction in infarct size and interstitial
fibrosis in EV-treated hearts was confirmed by
Masson trichrome and Sirius red staining,
respectively (Figure S3A-B). This was paralleled by a
decreased (albeit not significant) expression of several
pro-fibrotic mRNAs (Col 1al, Col 3al, Lox, MMP3,
Supplemental Figures 3C) and a significant decrease
in the number of Fibroblast Activated Protein
(FAP)-positive cells in EV-treated hearts compared to
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controls (Figure 4C-D). Likewise, in the C57BL/6]
mice in which transcriptomics studies were
performed acutely (i.e.,, 5 days post MI, 2 days post
intervention)  pro-fibrotic = genes were also
down-regulated, the difference between EV-treated
and PBS controls being significant for MMP3 (p =
0.0352) and elastin (p = 0.0058) (Supplemental Figure
4). Capillary density and cardiomyocyte hypertrophy
did not differ between groups (data not shown).
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Figure 2. Absence of EV-induced cardiomyocyte proliferation in murine adult hearts. Mean number of proliferating cardiomyocytes (EdU+ and cTnT+) after 7 (A)
or 10 (B) days of EdU delivery. Each group consisted of 5-6 randomly selected mice. C. Representative fluorescence microscopic imaging of triple immune-staining for cTnT, GFP
and EdU in MerCreMer/ZEG mice. Arrow points to a proliferating cardiomyocyte. D. Cardiomyocyte proliferation in MADM mice expressed as the percentage of
single-coloured cardiomyocytes relative to the total number of cardiomyocytes per high-power field and showing similar results in the PBS-injected and EV-CPC-treated groups

(n = 5-6). E. Representative fluorescence of bi-photon imaging.
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To provide additional insight into the
mechanism(s) of EV-induced cardiac repair,
genome-wide microarrays were used to assess the
differential expression of RNAs in the myocardial
tissue of EV-CPC-treated MerCreMer/ZEG mice
compared with PBS-injected animals (Figure 5A). Out
of the 64,000 gene arrays, 14 genes were differentially
expressed, of which 9 have been studied in
mammalians (Table 1). In line with the histological
findings, the anti-fibrotic miR-133-al [10-12] and its

A B
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pseudo-gene Gm?21747 were found significantly
upregulated compared with controls (by 2.13 and 2.94
fold, respectively, Table 1). However, only small
amounts of miR-133-al were found in EV-CPC
(Figure 5B), making unlikely that its increased
expression in the EV-treated hearts was due to an
EV-mediated direct transfer. As an alternate
possibility was that EV foster an endogenous
overexpression of miR-133-al in targeted cardiac
resident cells, we assessed the expression, in the EV
cargo, of the transcription Myocyte

enhancer factor-2 (MEF2), which is a

* miR-133-al activator,[13] and actually
. found it increased (Figure b5C).
Additional in vitro experiments
confirmed the upregulation of
miR-133-al in cardiomyocytes (Figure
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further  assess  the  potential
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T relationship between the increased
EV expression of miR-133-al and the
EV-induced improvement in heart
function, we conducted an additional
series of in vivo experiments where
C57BL/6] mice were injected with
EV-CPC, PBS or a mix of EV-CPC and
anti-miR133. In keeping with the
previous functional data, EV-CPC
improved significantly LVEF by
14.76% * 6.20% compared to PBS
controls 4-6 weeks after treatment
whereas this protective effect was
partly abrogated by the anti-miR133
antagomir (Figure 6A-B). Likewise,
the fibrosis-reducing effect of EVs was
partly lost following their co-delivery
* with the anti-miR-133 antagomir
(Figure 6C). Left ventricular volume
changes did not differ between
groups (Figure Sb).
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Figure 3. Effects of EV-CPC on left ventricular function. A. Absolute echocardiographic values of left
ventricular ejection fraction expressed at baseline (pre-transplantation, 3 weeks following MI) and at the end of
study or B. As percent changes from baseline in MerCreMer/ZEG mice. Each group comprised 15 mice. *p <
0.05. C. Absolute values of left ventricular ejection fraction, as measured by Magnetic Resonance Imaging, in
MerCreMer/ZEG mice. There were 5 and 6 randomly selected mice in the EV and PBS groups, respectively. *p
< 0.05. D. Echocardiographic data of left ventricular ejection fraction expressed at baseline (pre-transplantation,
3 weeks following Ml) and at the end of study or E. As percent changes from baseline in MADM mice. Each group

transplanted cells is an activation of
endogenous repair pathways [1]. This
paracrine effect is largely mediated by
the EVs released by the grafted cells
owing to the unique ability of these
nanoparticles to shuttle a biologically
rich cargo into recipient cells and thus
modulate several signaling pathways
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Figure 4. Effect on EV-CPC on fibrosis in MerCreMerZEG mice. A. Infarct size expressed as a ratio between the perimeter of the infarct and the total perimeter of the
section (H&E staining). For this end point, there were 15 and 13 mice in the EV and PBS groups, respectively. B. Representative images of the infarct area in a control and an
EV-treated heart (Sirius red staining). Arrows point to infarcted area. C. Quantification of Fibroblast Activated Protein (FAP) in peri-infarcted area in EV-CPC (n = 13) and PBS
(n = 15) injected hearts. D. Representative immunostaining for FAP (green) and cardiac Troponin T (red) in the left ventricular free wall section of a PBS-injected control heart

and a EV-injected heart. (20X). *p < 0.05 **p < 0.005.

involved in the stimulation of angiogenesis and the
mitigation of inflammation, apoptosis and fibrosis [6,
14-16]. However, less is still known about the
potential capacity of EVs to trigger cardiomyocyte
proliferation. The present study was designed to
address this issue.

The main results of our present work can be
summarized as follows: (1) EV fail to induce a
substantial proliferation of host cardiomyocytes, (2)
they nevertheless preserve cardiac function of
chronically infarcted hearts and (3) this benefit seems
rather mediated by a regulation of myocardial
fibrosis.

Several reports have already shown that EV
released by CPC, either native* or differentiated from
pluripotent stem cells [3, 14] improve function of
chronically infarcted hearts. The present study

confirms a benefit of EV on LVEF across three
different mouse strains and with the use of two
imaging modalities (echocardiography and MRI).

To track the generation of new endogenous
cardiomyocytes, we used two transgenic models but
failed to demonstrate a substantial EV-induced
cardiomyocyte proliferation with either one. In the
MerCreMer/ZEG experiments, a triple immuno-
staining allowed to label host cardiomyocytes
expressing cInT (constitutively), GFP (following the
tamoxifen pulse chase) and EdU (for cells which had
proliferated) but there was no difference in the
number of these triple-positive cardiomyocytes
between the control and EV groups. To confirm these
findings, we also used the MADM model which
provides unambiguous evidence for cell division
directly related to cytokinesis [17,18] and while it is
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recognized that cell division is methodologically
challenging to document directly, this model system
is considered as one of the most sensitive [9]. In our
experiments, the ratio of single-colored cells to
double-colored cells was identical in the two groups,
thereby ruling out again an effect of EVs on cell
proliferation. Although one could argue that newly
generated cardiomyocytes might have originated not
from the already mature ones but from endogenous
progenitors, this is unlikely since such cells would
have been positive for both c¢TnT and EdU but
negative for GFP, which did not actually happen.
While the mechanism(s) underlying the exit of
cardiomyocytes from cell cycle shortly after birth in
mammals are still debated, a likely contributor to this

arrest is the switch from anaerobic glycolysis to
oxidative phosphorylation [19]. To our knowledge,
there are no data supporting that EV could reverse
this switch and restore an energetic milieu fostering
cardiomyocyte proliferation. At the opposite, they
have been reported to shuttle mitochondria as part of
the package they transfer into recipient cells [20,21]
and, as such, could rather favor mitochondria-based
oxidative metabolism. Altogether, our results are in
line with the concept that division of cardiomyocytes
stops shortly after birth (or only persists at a very low
rate [22]) and the finding that EV from CPC exert a
cardio-protective  effect without triggering a
cardiomyocyte proliferation [23].
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using mMRNAs from control and treated hearts and differentially expressed genes (DEG) were selected using one-way analysis of variance (ANOVA). The fold change (FC) of
every gene, together with their corresponding p-value, were used for selection of DEGs with a cut-off of 2.0. (n = 3/group). B. Expression levels of miR-133 in EV-CPC. miR125
was taken as the reference. C. Expression of MEF2 in EV-CPC. The control was nuclear extracts provided by the manufacturer (2 technical replicates). D. Expression levels of
miR-133a in HL-1 cells treated with PBS or EV after incubation for 24 h. E. Expression levels of miR-133a in 3T3 cells treated with PBS or EV after incubation for 24 h.
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Figure 6. Effects of EV-CPC on left ventricular function and fibrosis in C57BL/6) mice. A. Echocardiographic data of absolute values of left ventricular ejection
fraction expressed at baseline (pre-transplantation, 3 weeks following MI) and at the end of study in C57BL/6] mice or B. As percent changes from baseline, showing a partial
abrogation of the protective effects of EV-CPC in the presence of a miR133 antagomir. Each group comprised 6 mice. C. Infarct size expressed as a ratio between the infarct area
and the total area of the section (Masson’s trichrome staining). *p < 0.05.

Table 1. List of the differentially expressed genes between the EV-CPC- and PBS- groups (n = 3/group).

Probe ID FC P-val Gene Symbol Description Group
microRNA 1332-1; miRNA. non-coding RNA; 68nt; expressed on heart
TC1800000982.mm.1 213 0,0015 Mir133a-1 cell differentiation, cell population proliferation, response to stimulus, Precursor_microRNA
system development
microRNA 5128; miRNA, non-coding RNA ; 84nt expressed on cardiac .
TC0%00003162.mm.1 - 0.0291 Mir5128 _precu e e e Precursor_microRNA
T cell specific GTPase 2; expressed on musculoskeletal system;
TC1100002649 . mm.1 -3.13 0.0441 Tgtp2 hydrolase, IFNG-inducible GTPase, participate on vesicular transport; Multiple_Complex
response to stmulus
TC0500001693 . mm.1 242 0,0494 Mir7038 microRNA 7038; miRNA, non-coding RNA; 71nt expressed on heart; Precursor_microRNA
TC0700000324. mm.1 0.0497 Vmniri13 vomeronasal 1 receptor 113; expressed on heart; Coding
TC0200000400 mm.1 202 0.0044 Gm22572 snRNA: 105nt; Expressed on heart; cell nucleus; processing of pre Small_ RNA
messenger RNAs
TC1400001667 mm.1 222 0,0129 Gm24916 snoRNA, non-coding RNA; 79nt; Expressed on heart Small_RNA
TC0400000944 mm.1 207 0,0328 Gm22804 snoRNA, non-coding RNA; 101nt; Expressed on heart Small_RNA
Gm21747; IncRNA; 4161nt; expressed on heart expressed on cardiac precursor; 2
e 294 | 0.04% | \y133a1ng antisense to Mib1 and host to Mir1a-2, Mir133a-1 Nancheto

Nevertheless, the lack of de novo cardiomyocyte  genes in the myocardial tissue. The effects of EV on
proliferation did not preclude an improvement in  the mitigation of fibrosis have been documented in
heart function which was related, at least in part, toa  previous studies [16] and are consistent with their
mitigation of fibrosis demonstrated histologically and  ability to modulate ischemia-induced myocardial
by the trend for a downregulation of fibrosis-inducing  inflammation [6]. Of note, in the present study, there
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was a significantly decreased immune-histochemical
expression of Fibroblast Activated Protein (FAP)
whose inactivation by chimeric antigen receptor
T-lymphocytes has recently been shown to contribute
to improve heart function [24]. In line with this
hypothesis, there was an increased expression of the
anti-fibrotic miR-133-al in the EV-treated hearts [10-
12]. While our data do not show a direct link between
the EV components, the myocardial upregulation of
miR-133 and the reduction of fibrosis, several lines of
evidence jointly support such a relationship: (1) the
low content of miR-133-al in EV makes unlikely that
its increased expression in EV-treated hearts resulted
from its direct EV-mediated horizontal transfer; (2) in
contrast, the EV cargo was enriched in MEF-2, which
has been shown to activate transcription of a RNA
encoding miR-133a-1 [13]. This supports the
hypothesis of a miR133-a myocardial upregulation of
endogenous origin, triggered by other EV
components than EV-enclosed miRNA [25] and our
data show that EV can upregulate the expression of
miR-133a in cardiomyocytes and not fibroblasts; (3)
one of the targets of miR-133a is ColAlA, a main
collagen fiber present in the heart. Of note, in a rat
angiotensin II-dependent hypertension model, an
increased content of ColAlA in interstitial and
perivascular  fibrosis is associated with a
down-regulation of miR-133a [26]. In keeping with
these observations, we evidenced that EV treatment
reduced heart tissue levels of CollAl; (4) the
co-delivery of EV with an antagomir of miR-133a
resulted in functional outcomes intermediary between
those of control PBS-injected and EV-treated hearts
with a partial abrogation of the EV-associated
anti-fibrotic effects. Put together, these results
strongly suggest the likely contribution of miR-133-al
to the EV-associated cardiac repair; at the same time,
the antagomir experiments where abrogation of the
EV protective effects were only partially mitigated
highlight that these effects cannot be reduced to a
single compound and rather result from the
cooperative action of the multiple constituents of their
cargo. The practical implication is that deconstructing
the EV cargo may not be the most effective approach
for leveraging its reparative capacities, supporting
our choice to rather target the EV-enriched secretome
for our clinical trial under preparation.

We acknowledge that our data are at variance
with those reported in other studies. However, these
discrepancies could be explained by important
differences in the design of the experiments, including
(1) the usual delivery of EV at the time of injury [27-
29] (and not at the more chronic stage, like in our
protocol) with expected differences in local
cardio-instructive cues, (2) the use of cells of a

different origin (the epicardium) [29], cultured under
hypoxic conditions[30] or genetically engineered [27],
and (3) the use of outcome measures failing to provide
direct evidence for cytokinesis [30]. Of note, in the
study of Balbi et al. [28] where exosomes secreted by
CPC from human atrial explants induced
cardiomyocyte proliferation by a periostin-dependent
mechanism, the exosome-induced improvement in
left ventricular function was unchanged after
periostin inhibition, thereby suggesting a minimal, if
any, contribution of the exosome-induced
cardiomyocyte cell cycling in the preservation of
cardiac function.

Some limitations of this study should finally be
outlined. Direct intramyocardial injections of EV
likely leads to their rapid wash-out from the
myocardium and thus may fail to provide enough
exposure time for them to exert therapeutically
relevant effects; however, the observation of
EV-associated benefits other than cardiomyocyte
proliferation, ie., mitigation of fibrosis and
improvement of function, makes this assumption
questionable even if, in the future, incorporation of
EV in slow-release hydrogels could be an efficacious
means of extending their exposure to the myocardium
and consequently of potentiating their effects [31].
Along this line, and for sake of minimizing the
number of confounding factors, we used a single-dose
intramyocardial mode of delivery but cannot exclude
that repeated dosing made possible by a less invasive
approach, like the intravenous route, could not result
in different outcomes. Second, functional data were
collected 4-6 weeks after EV injections and therefore
do not allow to determine whether the observed
improvement is, or not, sustained over time. Finally,
we did not test the effects of a miR-133-al mimics to
double-check the role of this miRNA in fibrosis
mitigation.

Despite these shortcomings, the results of this
study strongly suggest that EV from CPC have
cardio-protective effects which, at least at the dosing
which was used, do not seem to involve the
generation of new cardiomyocytes but are more likely
mediated by a regulation of myocardial fibrosis.
Other strategies currently aim at inducing such a
cardiac "regeneration" by lifting checkpoint inhibitors
(like the Hippo pathway) [32], overexpressing
cell-cycle regulators [18] or converting host fibroblasts
into cardiomyocytes [33] but their clinical feasibility,
efficiency and safety still remain to be established. In
the meantime, the use of EV could yet be a more
user-friendly and effective addition to the current
armamentarium of therapies against heart failure.
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Theranostics 2021, Vol. 11, Issue 20

10123

Abbreviations

EV: Extracellular vesicles; CPC: cardiovascular
progenitor cells; PBS: phosphate-buffered saline; GFP:
Green Fluorescent Protein; EdU: 5-ethynyl-2-
deoxyuridine; MADM: Mosaic Analysis with Double
Markers; MRI: Magnetic resonance imaging; NTA:
Nanoparticle Tracking Analysis; TnT: Troponin T;
LVEF: Left ventricular ejection fraction; LVEDV: left
ventricular end-diastolic volume; LVESV: left
ventricular end-systolic volume; Col: Collagen; Lox:
Lysyl oxidase; MMP3: Matrix Metalloproteinase; FAP:
Fibroblast Activated Protein; RNA: Ribonucleic acid;
MEF-2:  Myocyte enhancer factor-2; EV-CPC:
Extracellular vesicles from iPS-derived cardiovascular
progenitor cells; b-FGF: basic fibroblast growth factor;
BCA: bicinchoninic Acid Assay; MISEV: Minimal
Information for Studies of Extracellular Vesicles; NP:
nanoparticles; EM: electron microscopy; HRP: horse
radish peroxidase; ECL: enhanced chemilumi-
nescence; Tg: Transgene; PCR: Polymerase Chain
Reaction; RT-PCR: Real-Time Quantitative Reverse
Transcription Polymerase Chain Reaction; OCT:
Optimal Cutting Temperature; RT: Room tempera-
ture; BSA: bovine serum albumin; FITC: Fluorescein
isothiocyanate; DAPI: 4, 6-diamidino-2-phenylindole;
WGA: Lectin Wheat Germ Agglutinin; hmbs:
hydroxymethylbilane synthase; GADPH: glycer-
aldehyde 3-phosphate dehydrogenase.

Supplementary Material

Supplementary methods and figures.
https:/ /www .thno.org/v11p10114s1.pdf

Acknowledgments

We thank Pierre Johanne, Xavier Loyer, Stephan
Malzan, Michael Robillard, Cécile Devue for their
scientific and technical advices.

Funding

This work was supported by INSERM, the
LabexRevive (10-LABX-0073), Assistance Publique-
Hopitaux de Paris, the University of Paris, the
Fondation de France (PME20180639496), the Fonda-
tion pour la Recherche Médicale (DEQ20160334910),
Agence Nationale de la Recherche (ANR-17-
CE18-0003).

Author Contributions

B. LC, N.EH., MP, MD., designed and
performed the study, interpreted the data and drafted
the manuscript. PA, VB, KK, CG, JV, LP, GA, EB, MCP
and AA performed experiments and interpreted the
data. A.B, MG and NKR contributed to study design
and data interpretation. PM. and JSS designed the

study, analyzed and interpreted the data and drafted
the manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

1.  Gnecchi M, Zhang Z, Ni A, Dzau VJ. Paracrine mechanisms in adult stem cell
signaling and therapy. Circ Res. 2008; 103: 1204-19.

2. Chen L, Wang Y, Pan Y, Zhang L, Shen C, Qin G, et al. Cardiac
progenitor-derived exosomes protect ischemic myocardium from acute
ischemia/reperfusion injury. Biochem Biophys Res Commun. 2013; 431: 566-
71.

3. Kervadec A, Bellamy V, El Harane N, Arakélian L, Vanneaux V, Cacciapuoti I,
et al. Cardiovascular progenitor-derived extracellular vesicles recapitulate the
beneficial effects of their parent cells in the treatment of chronic heart failure. J
Heart Lung Transplant. 2016; 35: 795-807.

4. Barile L, Milano G, Vassalli G. Beneficial effects of exosomes secreted by
cardiac-derived progenitor cells and other cell types in myocardial ischemia.
Stem Cell Investig. 2017; 4: 93.

5. Adamiak M, Cheng G, Bobis-Wozowicz S, Zhao L, Kedracka-Krok S, Samanta
A, et al. Induced pluripotent stem cell (iPSC)-derived extracellular vesicles are
safer and more effective for cardiac repair than iPSCs. Circ Res. 2018; 122: 296~
309.

6. Lima Correa B, El Harane N, Gomez I, Rachid Hocine H, Vilar J, Desgres M, et
al. Extracellular vesicles from human cardiovascular progenitors trigger a
reparative immune response in infarcted hearts. Cardiovasc Res. 2021; 117:
292-307.

7. Jeyaram A, Jay SM. Preservation and storage stability of extracellular vesicles
for therapeutic applications. AAPS J 2017; 20: 1.

8. Toeg HD, Tiwari-Pandey R, Seymour R, Ahmadi A, Crowe S, Vulesevic B, et
al. Injectable small intestine submucosal extracellular matrix in an acute
myocardial infarction model. Ann Thorac Surg. 2013; 96: 1686-94.

9. Leone M, Magadum A, Engel FB. Cardiomyocyte proliferation in cardiac
development and regeneration: a guide to methodologies and interpretations.
Am ] Physiol Heart Circ Physiol. 2015; 309: H1237-50.

10. LiN, Zhou H, Tang Q. miR-133: A Suppressor of Cardiac Remodeling? Front
Pharmacol. 2018; 9: 903.

11. Chen Y, Zhao Y, Chen W, Yang J, Chen Y, Lei W, Shen Z. MicroRNA-133
overexpression promotes the therapeutic efficacy of mesenchymal stem cells
on acute myocardial infarction. Stem Cell Res Ther. 2017; 8: 268.

12. Duisters RF, Tijsen A]J, Schroen B, Leenders JJ, Lentink V, van der Made I, et al.
miR-133 and miR-30 regulate connective tissue growth factor: Implications for
a role of microRNAs in myocardial matrix remodeling. Circ Res. 2009; 104:
170-8.

13. LiuN, Williams AH, Kim Y, McAnally J, Bezprozvannaya S, Sutherland LB, et
al. An intragenic MEF2-dependent enhancer directs muscle-specific
expression of microRNAs 1 and 133. Proc Natl Acad Sci U S A. 2007; 104:
20844-9.

14. Barile L, Lionetti V, Cervio E, Matteucci M, Gherghiceanu M, Popescu LM, et
al. Extracellular vesicles from human cardiac progenitor cells inhibit
cardiomyocyte apoptosis and improve cardiac function after myocardial
infarction. Cardiovasc Res. 2014; 103: 530-41.

15. ElHarane N, Kervadec A, Bellamy V, Pidial L, Neametalla H]J, Perier MC, et al.
Acellular therapeutic approach for heart failure: invitro production of
extracellular vesicles from human cardiovascular progenitors. Eur Heart J.
2018; 39: 1835-47.

16. Rogers RG, Ciullo A, Marban E, Ibrahim AG. Extracellular vesicles as
therapeutic agents for cardiac fibrosis. Front Physiol. 2020; 11: 479.

17. Ali SR, Hippenmeyer S, Saadat LV, Luo L, Weissman IL, Ardehali R. Existing
cardiomyocytes generate cardiomyocytes at a low rate after birth in mice. Proc
Natl Acad Sci U S A. 2014; 111: 8850-5.

18. Mohamed TMA, Ang Y-S, Radzinsky E, Zhou P, Huang Y, Elfenbein A, et al.
Regulation of cell cycle to stimulate adult cardiomyocyte proliferation and
cardiac regeneration. Cell. 2018; 173: 104-16.

19. Nakada Y, Canseco DC, Thet S, Abdisalaam S, Asaithamby A, Santos CX, et al.
Hypoxia induces heart regeneration in adult mice. Nature. 2017; 541: 222-7.

20. Balbi C, Costa A, Barile L, Bollini S. Message in a bottle: Upgrading cardiac
repair into rejuvenation. Cells. 2020; 9.

21. Doulamis IP, Guariento A, Duignan T, Orfany A, Kido T, Zurakowski D, et al.
Mitochondrial transplantation for myocardial protection in diabetic hearts.
Eur J Cardiothorac Surg. 2020; 57: 836-45.

22. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabé-Heider F, Walsh S,
et al. Evidence for cardiomyocyte renewal in humans. Science. 2009; 324: 98-
102.

23. Wendt S, Goetzenich A, Goettsch C, Stoppe C, Bleilevens C, Kraemer S, et al.
Evaluation of the cardioprotective potential of extracellular vesicles - a
systematic review and meta-analysis. Sci Rep. 2018; 8: 1-14.

https://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 20

10124

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Aghajanian H, Kimura T, Rurik JG, Hancock AS, Leibowitz MS, Li L, et al.
Targeting cardiac fibrosis with engineered T cells. Nature. 2019; 573: 430-3.
Tkach M, Théry C. Communication by extracellular vesicles: Where we are
and where we need to go. Cell. 2016; 164: 1226-32.

Castoldi G, di Gioia CRT, Bombardi C, Catalucci D, Corradi B, Gualazzi MG,
et al. MiR-133a regulates collagen 1A1: Potential role of miR-133a in
myocardial fibrosis in angiotensin II-dependent hypertension. ] Cell Physiol.
2012; 227: 850-6.

Zhao M, Nakada Y, Wei Y, Bian W, Chu Y, Borovjagin AV, et al. Cyclin D2
Overexpression enhances the efficacy of human induced pluripotent stem
cell-derived cardiomyocytes for myocardial repair in a swine model of
myocardial infarction. Circulation. 2021; 144: 210-28.

Balbi, C. Milano G, Fertig TE, Lazzarini E, Bolis S, Taniyama Y, et al. An
exosomal-carried short periostin isoform induces cardiomyocyte proliferation.
Theranostics. 2021;11: 5634-49.

Villa Del Campo C, Liaw NY, Gunadasa-Rohling M, Matthaei M, Braga L,
Kennedy T, et al. Regenerative potential of epicardium-derived extracellular
vesicles mediated by conserved miRNA transfer. Cardiovasc Res. 2021;
cvab054.

Jung J-H, Ikeda G, Tada Y, von Bornstiddt D, Santoso MR, Wahlquist C, et al.
miR-106a-363 cluster in extracellular vesicles promotes endogenous
myocardial repair via Notch3 pathway in ischemic heart injury. Basic Res
Cardiol. 2021; 116: 19.

Liu B, Lee BW, Nakanishi K, Villasante A, Williamson R, Metz ], et al. Cardiac
recovery via extended cell-free delivery of extracellular vesicles secreted by
cardiomyocytes derived from induced pluripotent stem cells. Nat Biomed
Eng. 2018; 2: 293-303.

Leach JP, Heallen T, Zhang M, Rahmani M, Morikawa Y, Hill MC, et al. Hippo
pathway deficiency reverses systolic heart failure after infarction. Nature.
2017; 550: 260-4.

Murry CE, Pu WT. Reprogramming fibroblasts into cardiomyocytes. N Engl |
Med. 2011; 364: 177-8.

https://lwww.thno.org



