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Aims We have shown that extracellular vesicles (EVs) secreted by embryonic stem cell-derived cardiovascular progeni-
tor cells (Pg) recapitulate the therapeutic effects of their parent cells in a mouse model of chronic heart failure
(CHF). Our objectives are to investigate whether EV released by more readily available cell sources are therapeu-
tic, whether their effectiveness is influenced by the differentiation state of the secreting cell, and through which
mechanisms they act.

...................................................................................................................................................................................................
Methods
and results

The total EV secreted by human induced pluripotent stem cell-derived cardiovascular progenitors (iPSC-Pg) and
human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM) were isolated by ultracentrifugation and
characterized by Nanoparticle Tracking Analysis, western blot, and cryo-electron microscopy. In vitro bioactivity
assays were used to evaluate their cellular effects. Cell and EV microRNA (miRNA) content were assessed by
miRNA array. Myocardial infarction was induced in 199 nude mice. Three weeks later, mice with left ventricular
ejection fraction (LVEF) <_ 45% received transcutaneous echo-guided injections of iPSC-CM (1.4� 106, n = 19),
iPSC-Pg (1.4� 106, n = 17), total EV secreted by 1.4� 106 iPSC-Pg (n = 19), or phosphate-buffered saline (control,
n = 17) into the peri-infarct myocardium. Seven weeks later, hearts were evaluated by echocardiography, histology,
and gene expression profiling, blinded to treatment group. In vitro, EV were internalized by target cells, increased
cell survival, cell proliferation, and endothelial cell migration in a dose-dependent manner and stimulated tube for-
mation. Extracellular vesicles were rich in miRNAs and most of the 16 highly abundant, evolutionarily conserved
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miRNAs are associated with tissue-repair pathways. In vivo, EV outperformed cell injections, significantly improving
cardiac function through decreased left ventricular volumes (left ventricular end systolic volume: -11%, P < 0.001;
left ventricular end diastolic volume: -4%, P = 0.002), and increased LVEF (þ14%, P < 0.0001) relative to baseline
values. Gene profiling revealed that EV-treated hearts were enriched for tissue reparative pathways.

...................................................................................................................................................................................................
Conclusion Extracellular vesicles secreted by iPSC-Pg are effective in the treatment of CHF, possibly, in part, through their spe-

cific miRNA signature and the associated stimulation of distinct cardioprotective pathways. The processing and reg-
ulatory advantages of EV could make them effective substitutes for cell transplantation.
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Introduction

Cardiovascular disease remains the leading cause of death in the
developed world, with chronic heart failure (CHF) among the top
causes of cardiovascular morbidity. While the evidence-based guide-
lines mandated by the European Society of Cardiology1 have contrib-
uted to the improved management of patients with heart failure,
some of them remain refractory to treatment. When exploring alter-
natives to conventional therapies, cell transplantation remains an
attractive option. However, while there is some indication of the
potential for efficacy, this approach still fails to demonstrate clinically
meaningful improvements in outcomes.2 Data generated by this
research have led to a major shift in our understanding of the mecha-
nism of action of transplanted cells; while the original hypothesis was
that implanted cells could directly replace damaged tissue, it has
become increasingly apparent that the therapeutic effects of trans-
planted cells are largely mediated by the release of factors which
stimulate endogenous regeneration or repair pathways.3,4 There is
mounting evidence that most of these paracrine factors are found in
extracellular vesicles (EVs), which are membrane-bound vesicles
containing proteins, bioactive lipids, messenger RNA (mRNA),
microRNA (miRNA) and other macromolecules.5

Given their ability to target specific cell types, possibly through
the presence of distinctive surface markers, and deliver bio-active
macromolecules, EV have now been successfully tested in preclinical
models of stroke,6 acute kidney injury,7 myocardial infarction,8–11

myocardial infarction/reperfusion injury,12,13 and hind limb
ischaemia,14 among others. Clinical trials in this field are in their
infancy, but antitumour therapies based on EV derived from dendritic
cells have already entered phase II human clinical trials.15

We have previously demonstrated that the EV secreted by human
embryonic stem cell (hESC)-derived cardiovascular progenitor cells
could replicate the therapeutic effects of their parent cells in a mouse

model of CHF.8 While these results open new clinical perspectives
for cell-free therapies for CHF, there are ethical, logistic, and practical
concerns that may limit the implementation of therapies dependent
on hESC sources. In this study, we have thus considered an alterna-
tive source of pluripotent stem cells, namely human induced pluripo-
tent stem cells and used both in vitro and in vivo approaches to
investigate whether the EV released by human induced pluripotent
stem cell-derived cardiovascular progenitors (iPSC-Pg) and human
induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM)
are therapeutic, whether their effectiveness is influenced by the dif-
ferentiation state of the secreting cell, and through which mecha-
nisms they may act.

Methods

Detailed materials and methods are given in the Supplementary material
online.

Extracellular vesicle preparation
Human iPSC-Pg and iPSC-CM were purchased from Cellular Dynamics
International (Madison, WI, USA). Conditioned media were collected
and ultracentrifuged for 16 h at 100 000 g to pellet all EV. At the end of
the culture period, cells were harvested and characterized by quantitative
PCR (qPCR) and immunofluorescence to confirm their differentiation
state. Extracellular vesicles were characterized by Nanoparticle Tracking
Analysis (NTA3.2, Malvern, Malvern, UK) and cryo-transmission electron
microscopy (cryo-TEM), and the presence of exosomes was confirmed
by western blot. The miRNA contents of iPSC-Pg and their EV were
examined by Affymetrix miRNA Array (ArrayExpress accession number
E-MTAB-5165).

In vitro bioactivity assays
To determine the pro-survival effects of iPSC-Pg-EV, serum deprived
H9c2 cardiac myoblasts were incubated with iPSC-Pg-EV and the number

Translational perspectives
Induced pluripotent stem cells (iPSC) are currently used for drug screening and disease modelling and, to a lesser extent, for experimental cell
therapy. Here, we show that iPSC-derived cardiovascular progenitors release extracellular vesicles (EVs) that are effective therapeutics for
mice in chronic heart failure. In vitro analyses suggest that EV may promote cell survival, proliferation of resident cardiac cells, and angiogenesis
thereby improving left ventricular function. These effects, combined with the logistic, safety, and regulatory advantages of a cell-free approach,
make EV a potentially viable option for the treatment of heart failure and reveal a new role for iPSC as in vitro ‘biofactories’.
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of viable cells at the end of 27 h was determined. The potential for these
EV to be internalized by target cells was examined by observing the fluo-
rescence of H9c2 cells after 20 h of incubation with calcein-AM-labelled
iPSC-Pg-EV by imaging flow cytometry, confocal microscopy and by fluo-
rescence video microscopy (spinning disk). The pro-angiogenic potential
of iPSC-Pg-EV was determined using human umbilical vein endothelial
cell (HUVEC) wound healing and Matrigel tube formation assays. Human
embryonic stem cell derived-cardiomyocytes (hESC-CM) were used to
study the pro-proliferative effect of iPSC-Pg-EV.

Animal experiments
Myocardial infarction was induced in 199 nude mice by permanent left
anterior coronary artery occlusion. Three weeks later, mice were
assessed echocardiographically and assigned to receive transcutane-
ous echo-guided peri-infarct injections of phosphate-buffered saline
(PBS), iPSC-CM cells, iPSC-Pg cells, or iPSC-Pg-EV. Functional
improvement was assessed again by echocardiography (blinded to
treatment groups) 7 weeks after treatment. After sacrifice, approxi-
mately half of the animals were evaluated for infarct size, percent fib-
rosis, and vascular density by histology on cryo-sections. The
remaining hearts were evaluated for differentially expressed genes
when compared with PBS controls by Affymetrix mouse mRNA array
(ArrayExpress accession E-MTAB-5164).

Statistical analyses
Data are summarized using mean (standard deviation) or median (q1–
q3) for continuous variables when appropriate and n (%) for categori-
cal variables. Comparisons of LV function variables across groups
were performed using analysis of variance; multiple comparisons were
done using pairwise comparison with Tukey correction for post hoc
tests. For multiple comparisons with a control group, Dunnett correc-
tion was used. Across groups, the change of LV function variables
between baseline and 7 weeks post-treatment were compared using a
Student test. The reliability of measurements of heart function by the
same echocardiographer was assessed using the intra class correlation
coefficient (ICC). Comparisons of histological parameters between
groups were performed using a mixed model analysis of variance-
covariance taking into account the intraheart correlation. For all anal-
yses, a two-tailed P-value <0.05 was considered statistically significant.
Analyses were conducted using SAS 9.4 (Statistical Analysis System,
Cary, NC, USA).

Results

Characterization of induced pluripotent
stem cell-derived cardiovascular progeni-
tors and cardiomyocytes
Thawed human iPSC-Pg were cultured for 4 days in serum-free
media supplemented with bFGF. At this time point, their cardiovascu-
lar progenitor identity was confirmed by both qPCR and immunos-
taining which showed the reduced expression of the pluripotency
markers NANOG, SOX2, OCT3/4, the expression of the early cardi-
ovascular lineage markers ISL-1, MEF2C, NKX2.5 and GATA4, and
the absence of mature cardiomyocyte markers such as TBX20,
TNNT2, PLN, MYH6, MYH7, MYL2 (see Supplementary material
online, Figures S1 and S2, Tables S1 and S2). Thawed human iPSC-CM
were plated and cultured 7 days, at the end of which time they

expressed markers of mature cardiomyocytes (see Supplementary
material online, Figures S1 and S3).

Extracellular vesicle isolation and
characterization
Extracellular vesicle were isolated from iPSC-Pg conditioned media
on Day 2 (for in vitro experiments only) and on Day 4 (for in vitro and
in vivo experiments) of culture. Both time points yielded consistently
large quantities of iPSC-Pg-EV (Figure 1A). This was in contrast to
iPSC-CM, which produced no detectable EV in any of the six culture
conditions tested, including three different media types under nor-
moxic and hypoxic (3% O2) conditions (see Supplementary material
online, Figure S4). Nanoparticle tracking analysis of iPSC-Pg-EV prepa-
rations detected a poly-disperse population of particles ranging pri-
marily from approximately 50–550 nm, with a small population at
around 1000 nm. The majority of particles in our preparations
(approximately 68% of detected particles) were in the size range of
exosomes (approximately 50–150 nm). These results were consis-
tent with cryo-TEM, which identified primarily particles of the size of
exosomes, many microparticles and a few apoptotic bodies
(Figure 1B–D). This mixed population of particles was expected since
our isolation protocol (ultracentrifugation at 100 000 g for 16 hours)
pellets total EV, and does not distinguish between EV sub-types. The
presence of exosomes was confirmed by western blot, which identi-
fied both CD81 and CD63 exosomal markers in our iPSC-Pg-EV Day
4 preparations (two independent EV preparations, Supplementary
material online, Figure S5).

In vitro bio-activity of extracellular
vesicles
Induced pluripotent stem cell-derived cardiovascular

progenitor-extracellular vesicles promote survival of

stressed cardiac cells

Serum deprivation of H9c2 rat cardiac myoblasts for 27 h led to a
dramatic decrease in the number of viable cells. Conversely, iPSC-
Pg-EV increased viability in a seemingly dose-dependent fashion
(Figure 2). This effect was highly reproducible for numerous inde-
pendent iPSC-Pg-EV preparations. While the virgin media contains
no detectable particles of the size of EV, other components, such
as growth factors or proteins, in the media could have accounted
for some of the effect of the EV preparations. To control for this
possibility, virgin complete media, was incubated 48 h in coated
culture flasks in the CO2 incubator (without cells) and ultracentri-
fuged; the bottom of the tube was then thoroughly rinsed with PBS
in a volume equivalent to the one used in our iPSC-Pg-EV prepara-
tions and tested in an H9c2 survival assay. This preparation had no
positive effect on cell survival (see Supplementary material online,
Figure S6).

Induced pluripotent stem cell-derived cardiovascular

progenitor–extracellular vesicles induce angiogenic

responses

Scratch wound assay: The percent wound invasion was determined at
numerous time points, with the 18-h time point showing clear and
consistent differences between positive and negative controls
(97% and 10% healing, respectively). Human umbilical vein

Acellular therapeutic approach for heart failure 1837
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.endothelial cell invasion was increased by iPSC-Pg-EV incubation,
even at the lowest concentration tested, with a seemingly dose-
dependent effect (Figure 3). Tube formation assay: Tube formation, as
measured by total segment length and number of nodes after 24 h,
was also increased by iPSC-Pg-EV, though in contrast to the scratch
wound assay, this effect was without a clear dose-dependent
response (see Supplementary material online, Figure S7, Results).

Induced pluripotent stem cell-derived cardiovascular

progenitor–extracellular vesicles increase cardiomyocyte

proliferation

The number of proliferating cells was determined by EdU incorpora-
tion. After 3 days of iPSC-Pg-EV incubation, the percentage of

proliferating hESC-CM cells increased in a dose-dependent manner
from 15% (basal rate) up to 35% (Figure 4, Supplementary material
online, Results).

Induced pluripotent stem cell-derived cardiovascular

progenitor–extracellular vesicles are internalized by car-

diac cells

In order to determine whether EV were taken up by H9c2 target cells,
EV were first labelled with calcein-AM green fluorescent dye.
Extracellular vesicle labelling was confirmed by ImageStream (see
Supplementary material online, Figure S8A-B). Labelled EV were incu-
bated with serum-deprived H9c2 cells which, after 20 h of incubation,
were themselves analysed by ImageStream. H9c2 cells incubated with

Figure 1 Characterization of induced pluripotent stem cell-derived cardiovascular progenitor–extracellular vesicle preparations. (A) Similar
overall concentrations and yields of particles per cell were found in three separate preparations of induced pluripotent stem cell-derived
cardiovascular progenitor–extracellular vesicles by Nanoparticle Tracking Analysis. Cryo-transmission electron microscopy of these extracel-
lular vesicles identified membrane-bound vesicles of the size of (B) exosomes, (C) microparticles, and (D) large vesicular bodies that may be
apoptotic bodies.

1838 N. El Harane et al.
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labelled EV were more fluorescent than any of the negative controls
[see Supplementary material online, Figure S8E and F 1-complete
medium; 2-poor medium; 3-poor mediumþ unlabelled foetal bovine
serum (FBS)-EV; 5-poor mediumþ unlabelled-iPSC-Pg-EV; 6-poor
mediumþwash], with fluorescence not reaching the level of intensity
as high as cells directly labelled with calcein dye (see Supplementary
material online, Figure S8E and F: 7-cells incubated in poor medium
with unlabelled-FBS-EV and directly labelled with 1mM calcein AM
from T19h-T20h; 8-cells incubated in poor medium with unlabelled-
FBS-EV and directly labelled with 1mM calcein AM from T0-T20h).
These data suggest that labelled iPSC-Pg-EV were internalized by or
closely associated with H9c2 cells. In order to distinguish between
these two possibilities, cells were imaged by confocal microscopy.
Punctate green signals were detected in cells incubated with labelled
iPSC-Pg-EV (see Supplementary material online, Figure S8G). Z-stack
analysis confirmed that the green fluorescence was indeed within the
cell body and not on the surface of the cells. Green fluorescence was
not detected in the negative controls (see Supplementary material
online, Figure S8H: H9c2 and non-labelled iPSC-Pg-EV; Supplementary
material online, Figure S8I: H9c2 and wash to control for possible
contaminating free calcein-AM). The internalisation of calcein-labeled
iPS-Pg-EV by H9c2 cells was also captured by fluorescence video
microscopy (see Supplementary material online, Video S1).

Induced pluripotent stem
cell-derived cardiovascular progenitor–
extracellular vesicles contain microRNAs
associated with a cardioprotective
potential
Bioanalyser analyses of small RNAs showed that iPSC-Pg-EV were
enriched in miRNAs when compared with their parent cells, with an
average of 53% of small RNAs of the size of miRNAs in EV and 17%
in iPSC-Pg cells (average of three independent iPSC-Pg cultures and
their corresponding EV preparations). Furthermore, Affymetrix array
showed that at the highest detection thresholds, the number of
miRNAs in EV exceeded that in their parent cells, thereby suggesting
that certain miRNAs are specifically targeted to EV, which are not
simply a random sampling of cytosolic content (see Supplementary
material online, Figure S9, Results).

In order to identify miRNAs potentially relevant to the therapeutic
effects of the iPSC-Pg-EV, we first considered only the most highly
abundant miRNAs (log intensity threshold 9). Next, since the human
derived iPSC-Pg-EV had an effect on rat and human cells in vitro and
on mouse hearts in vivo, we selected only miRNAs broadly conserved
across species as annotated in Target Scan (v 7.1, released June
2016). Sixteen miRNAs were then identified that met these criteria
(Table 1, Supplementary material online, Results), of which 11 have
previously been reported to be stably present in the heart or cardio-
vascular cells and have predicted biological functions expected to
benefit the failing heart (cell differentiation, proliferation, survival,
development, and angiogenesis).

Functional assessment in the chronic
heart failure model
At the final 7-week time point, the study group included 72 mice: PBS
(vehicle control, n = 17); iPSC-CM cells (1.4� 106 cells per mouse,
n = 19); iPSC-Pg cells (1.4� 106 cells per mouse, n = 17); and the
iPSC-Pg-EV secreted by the same batch of iPSC-Pg cells over 48 h
(Day 2–4 of culture; n = 19) (see Supplementary material online,
Results). ANOVA showed no baseline differences between groups for
left ventricular end systolic volume (LVESV) (PBS: 48.94± 6.61mL;
iPSC-CM cells: 47.92± 7.30mL; iPSC-Pg cells: 50.87 ± 8.16; iPSC-Pg-
EV: 50.71± 7.07mL), left ventricular end diastolic volume (LVEDV)
(PBS: 78.84± 6.62mL; iPSC-CM cells: 76.31± 8.20mL; iPSC-Pg cells:
79.28± 8.52mL; iPSC-Pg-EV: 79.55± 7.57mL), or ejection fraction (EF)
(PBS: 38.08± 4.09%; iPSC-CM cells: 37.36± 5.23%; iPSC-Pg cells:
36.06± 4.70%; iPSC-Pg-EV: 36.43± 4.13%).

After 7 weeks, the best preservation of LV function was found in
the EV-injected hearts with LVESV significantly decreased (by 11%)
compared with baseline values (change: -5.75mL, P < 0.0001)
(Figure 5A–C) along with a decrease of 4% in LVEDV (-3.25mL vs.
baseline, P = 0.001). Because of these parallel reductions in LV vol-
umes, EV treatment resulted in the highest post-treatment EF with an
increase of 14% over baseline (þ4.85%, P < 0.0001), with no differ-
ence between animals treated with fresh or frozen EV (P = 0.34). A
randomly selected subset of echocardiographic data were re-
assessed, blinded to previous results, to confirm these results
and a high ICC was found for all functional parameters (ICC range:
0.97–0.99).

Figure 2 Induced pluripotent stem cell-derived cardiovascular
progenitor–extracellular vesicles improve cardiac cell survival of
immortalized H9c2 rat cardiac myoblasts. At T0, media was
refreshed with complete media (positive control, dark grey bar),
stressful serum free media (Dulbecco’s Modified Eagle Medium glu-
tamax,þ1% penicillin/streptomycin/Amphotericin B) (negative con-
trol, bright grey bar), or serum free media plus 5.3� 109 foetal
bovine serum-derived extracellular vesicles (medium grey bar) or
induced pluripotent stem cell-derived cardiovascular progenitor–
extracellular vesicles at Day 4 of culture at increasing concentra-
tions (blue bars). At T = 27 h, the number of viable cells from each
condition was determined and normalized to the number of cells at
the start of the stress (T0 = 100%). Results are the average of 1–3
independent experiments, each in duplicate. Extracellular vesicle
concentrations were determined by Nanoparticle Tracking Analysis
at high camera sensitivity (camera level 15).
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Figure 3 Induced pluripotent stem cell-derived cardiovascular progenitor–extracellular vesicles exhibit pro-angiogenic effects in a scratch wound
assay. The potential for induced pluripotent stem cell-derived cardiovascular progenitor–extracellular vesicles to affect human umbilical vein endo-
thelial cell migration was evaluated by the scratch wound assay. A scratch was induced in a human umbilical vein endothelial cell monolayer. (A) The
percent wound invasion was determined at numerous time points, with the 18-h time point showing clear and consistent differences between (B)
positive control (complete media = endothelial cell growth medium plus endothelial cell growth medium supplement pack; dark grey bar), and (C)
negative control (poor media = endothelial cell growth medium; bright grey bar) with 97% and 10% healing, respectively. (D) Human umbilical vein
endothelial cell invasion was increased by extracellular vesicle incubation (poor mediaþ extracellular vesicles), even at the lowest concentration
tested, with a seemingly dose-dependent increase in cell migration, reaching 80% invasion with 1� 1010 extracellular vesicles per 15 000 human
umbilical vein endothelial cells.
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..Of note, significantly more mice in the EV group responded posi-
tively to treatment (LVESV improvements greater than 5%) com-
pared with the other groups (P = 0.04, v2 test) (Figure 5D).
Furthermore, while individual functional improvements were well
clustered in the EV group, they were more variable in the iPSC-Pg
group. Likewise, analysis of variance found that the iPSC-CM group
also had significantly greater variances in the distributions of LVESV
changes than the EV group (P = 0.02).

Gross macroscopic and histological
analyses of heart tissue
No significant differences were detected between groups for any of
the histological or gross macroscopic analyses of heart tissue. This is
illustrated in Supplementary material online, Figure S10, where the
box plots indicate that there are no differences in the distribution of
the parameters between groups.

Figure 4 Induced pluripotent stem cell-derived cardiovascular progenitor–extracellular vesicles stimulate human embryonic stem cell
derived-cardiomyocyte proliferation. EdU incorporation was used to assess the potential for extracellular vesicles to stimulate cardiomyocyte
proliferation. After 48 h of extracellular vesicle incubation, human embryonic stem cell derived-cardiomyocytes were incubated with EdU for
an additional 24 h. (A) An a-actinin staining confirmed the cell phenotype. (B) The basal rate of proliferative cells was 15% which increased in a
seemingly dose-dependent manner up to 35% of cells at 1.81� 109 extracellular vesicles per 10 000 human embryonic stem cell derived-
cardiomyocyte.

Acellular therapeutic approach for heart failure 1841

Deleted Text: p&thinsp;
Deleted Text: p&thinsp;
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehy012#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Transcriptomic analysis of heart tissue
Differential gene expression analysis comparing each treatment
group to the PBS vehicle controls revealed distinct gene expression
profiles following each treatment (Figure 6).

The differentially expressed genes were then analysed by Ingenuity
Pathway Analysis (IPA, Qiagen, https://www.qiagenbioinformatics.
com/). The three treatments were found to be associated with dis-
tinct gene expression patterns with the iPSC-Pg-EV group being
more enriched for pathways thought to be beneficial to hearts in
chronic failure, such as increased growth, proliferation, survival,
metabolism, angiogenesis, vasculogenesis, and decreased organismal
morbidity and mortality (Figure 7, Supplementary material online,
Figure S11, Results).

Discussion

Rationale
In parallel to conducting our current clinical trial testing the epicardial
delivery of SSEA-1þ ISL-1þ cardiovascular progenitors embedded
into a fibrin gel,16 we investigated the mode of action of these cells
and have data supporting a paracrine signalling mechanism; in a
mouse model of CHF, the functional benefits of these cardiovascular
progenitors could be duplicated by the sole administration of the EV
that they had released under stress conditions.8 This study builds on
these previous data by further assessing the effects of EV released by
cardiac progenitors, but with an important switch in the cell source
from ESC to iPSC for clinically relevant practical reasons: unlimited
availability of iPSC, better suitability for industrial, robust, reproduci-
ble and scalable cell culture, limited ethical issues and, importantly,
reduced safety issues as long as the cells are now intended to be

exclusively used for producing the EV and not for being transplanted
to patients. The switch to these cells, with the necessary evaluation
of the therapeutic potential of their EV was, in our view, a crucial
step, necessary for the development of a therapeutic with the poten-
tial for widespread clinical use.

Functional data
The main result of this study is that EV released by iPSC-Pg yielded
the best functional outcomes 7 weeks after treatment. These data
support the protective effects of EV previously documented in
reperfused12,13 and non-reperfused8–11 myocardial infarctions. In our
experiments, the EV-related preservation of LV function was best
illustrated by the significant decrease in LVESV from baseline values,
which is clinically relevant in view of the correlation between changes
in LVESV and patient outcomes.17 Extracellular vesicle treatment was
also the only one to cause a highly significant decline in LVEDV,
thereby reflecting an attenuation of adverse LV remodelling. Of note,
the benefits of EV were similar in the fresh and cryo-frozen subsets,
consistent with the idea that exosomes are stable across a wide range
of temperatures,5,9,18 which reinforces their attractiveness as an off-
the-shelf product readily available for clinical use.

An unexpected finding of our study was that the EV globally out-
performed their iPSC-Pg parent cells, largely because the latter was
associated with a greater scattering of cardiac functional changes.
Possible explanations for this heterogeneous pattern include differ-
ent rates of cell death during injections, different rates of post-
injection retention depending on the locally present inflammatory
cues, or large variation in the number of cells delivered to each
mouse due to clumping or settling out of cells within the syringe dur-
ing the injection process (contrasting with a highly homogeneous EV
suspension which does not settle out at all during the injection

........................................................................................

....................................................................................................................................................................................................................

Table 1 Top 16 conserved miRNA and their respective families

miRNA Intensities (log) Family

S1 S2 S3 Avg

hsa-miR-6088 12.4 12.6 13.0 12.7 miR-143-3p

hsa-miR-92a-3p 11.8 12.1 12.0 12.0 miR-25-3p/32-5p/92-3p/363-3p/367-3p

hsa-miR-17-5p 10.6 11.7 11.4 11.3 miR-17-5p/20-5p/93-5p/106-5p/519-3p

hsa-miR-106a-5p 10.6 11.6 11.3 11.2

hsa-miR-20a-5p 9.7 11.3 10.8 10.7

hsa-miR-93-5p 9.8 10.8 10.0 10.3

hsa-miR-20b-5p 8.7 10.0 9.7 9.6

hsa-miR-302d-3p 9.6 10.4 10.7 10.3 miR-302-3p/372-3p/373-3p/520-3p

hsa-miR-103a-3p 10.1 10.1 10.5 10.3 miR-103-3p/107

hsa-miR-107 8.7 9.5 10.0 9.5

hsa-miR-24-3p 9.8 10.8 9.6 10.2 miR-24-3p

hsa-miR-191-5p 9.0 10.0 10.2 9.8 miR-191-5p

hsa-miR-26a-5p 6.4 9.7 10.6 9.7 miR-26-5p

hsa-miR-23a-3p 8.2 10.4 9.8 9.7 miR-23-3p

hsa-miR-16-5p 7.8 9.9 9.4 9.2 miR-15-5p/16-5p/195-5p/424-5p/497-5p

hsa-miR-130b-3p 8.8 9.8 8.4 9.1 miR-130-3p/301-3p/454-3p

Avg, log of the average of the intensities; S1, EV sample 1; S2, EV sample 2; S3, EV sample 3.
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process). Another possible explanation for the apparent superiority
of EV therapy over cell injection could be related to a dose-effect.
Since these cells are only transiently present in the host tissue,19 the
number of EV released by the dwindling numbers of iPSC-Pg cells in
situ could be dramatically reduced from the number they had
released after 48 h of healthy culture in vitro. Indeed, our in vitro results
are consistent with the possibility of a dose effect. One potential cor-
ollary to this could be that multiple injections over time could
increase therapeutic effectiveness of EV and provide better long-
term effects.

We also found that hearts injected with iPSC-CM failed to recover
cardiac function to a greater extent than PBS-injected controls.
Although it would be over simplistic to relate therapeutic effectiveness
to EV release, it is noteworthy that we only found a minimal release of
EV from our mature CM, a finding also reported by Malik et al.20

Mechanistic insights
The protective effects of EV are generally attributed to the transfer

of their content to target cells and the subsequent intracellular activa-

tion of repair pathways.21,22 This idea is supported in this study by

three main lines of evidence. First, EV were shown to be internalized

into cultured cardiac cells. Second, most of the miRNAs identified in

the iPSC-Pg-EV were associated with tissue repair pathways. These

miRNAs were preferentially packaged in EV when compared with

their parent cells, indicating a selective enrichment of the transcripts

as has been described previously in the literature.5,23,24 The predicted

targets of these miRNA are consistent with the improved viability of

stressed cardiomyocytes, the vascular repair of the scratch-induced

wound and the increased proliferation of hESC-CM seen in our

in vitro bioassays. These effects are also consistent with the strong

Figure 5 Induced pluripotent stem cell-derived cardiovascular progenitor–extracellular vesicle treatment significantly improves cardiac function.
Left ventricular end systolic volume, left ventricular end diastolic volume, and ejection fraction were determined 3 weeks after myocardial infarction
(baseline) and 7 weeks after treatment. All groups showed some decrease in ventricular volumes and increase in ejection fraction. For the extracellu-
lar vesicle group, there is a clear and highly significant improvement in all three functional parameters, representing a decrease in (A) left ventricular
end systolic volume and (B) left ventricular end diastolic volume of 11% and 4% relative to baseline, respectively, and an increase in (C) ejection frac-
tion of 14% relative to baseline. (D) Considering left ventricular end systolic volume changes of individual mice in each group, significantly more mice
responded to treatment (>5% decrease, ‘responders’, below the line) in the extracellular vesicle group than in any other group (P = 0.04, v2 test).
Analysis of variance indicates that the evolution of individual mice in the extracellular vesicle group is significantly more homogeneous than the evolu-
tion of mice in the induced pluripotent stem cell-derived cardiomyocytes and progenitor cell groups.
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pro-survival, pro-angiogenic and pro-proliferative roles of EV derived
from diverse cellular sources, including undifferentiated ESC.11 Third,
gene transcription profiles in hearts treated by cells or EV suggest
that both interventions affect myocardial cell gene expression but
that EV treatment induced the greatest transcriptional changes asso-
ciated with cardiac functional improvement. These changes primarily
consisted of an up-regulation of signalling pathways known to be pos-
sible targets of the EV miRNA content, such as cell proliferation/
growth, cardiogenesis, and vessel formation.

We have not explored here the relative therapeutic importance of
each of the 16 promising miRNA identified in our study. While others
have indeed found links between EV therapeutic effectiveness and a
single miRNA,10,25 at this juncture, we feel that it could be counter-
productive to deconstruct the EV cargo into single components as it
is likely that it is a combination of molecules acting synergistically
which account for the biological effects of EV. Furthermore, even the
identification of particularly effective miRNAs would only give a trun-
cated picture of the overall mechanism of action of EV because of the
likely additional involvement of proteins and lipid rafts.23,25 Finally, it
should be emphasized that one of the great advantages of EV as a
therapeutic is their inherent ability to deliver cargo much more effi-
ciently than if the individual components of that cargo were to simply
encounter the target cells in a ‘naked’ form.26 Indeed this capacity of

EV for shuttling a full cargo directly to the recipient cell in which it is
internalized is increasingly exploited for targeted delivery of drugs or
other therapeutics.27

Limitations
We acknowledge that this study has several limitations. Firstly, we
have only investigated cardiovascular progenitor-derived EV on the
premise that cardiac repair is best served by cardiac-committed
cells.28 However, we cannot exclude that another source of parent
cells, particularly mesenchymal stem cells,29 could yield equally effec-
tive EV. Secondly, we used total EV preparations, partly because of a
lack of consensus regarding the selective isolation of EV sub-
populations and lack of consistent markers to determine sub-fraction
purity, and also because it is unknown which sub-population is
endowed with the greatest cardioprotective potential. Future studies
are warranted to identify the most effective EV fraction, characterize
specific biomarkers allowing its isolation,30 and develop more discrim-
inatory purification methods. Third, the uptake of EV by target cells
was demonstrated in vitro and remains to be demonstrated in vivo.
However, as we have previously documented the efficacy of our
transcutaneous echo-guided injections for delivering EV in infarcted
hearts using fluorescent dye injection,8 it is reasonable to speculate
that the improved functional recovery yielded by EV injections is a
consequence of their actual presence in the target sites. Future work
is nevertheless warranted to identify the specific cell-type(s) which
internalizes the EV. Lastly, we used here an animal model prone to a
high rate of spontaneous recovery and a late study Endpoint of
7 weeks after treatment, which may have resulted in missing some
early histological or transcriptomic changes in the treated hearts.
Indeed, the lack of histological evidence for an increase in vessel den-
sity at the 7-week post-treatment time point contrasts with the in vitro
findings that EV stimulate endothelial cell migration and tube forma-
tion. The explanation might be the rapid rate of spontaneous collat-
eral revascularisation of the mouse species31 which could then make
it difficult to show a benefit in the EV treatment group at a late time
point because of the ‘catch-up’ of angiogenesis in controls.

Translation of extracellular
vesicle-therapies to clinical use
Currently, iPSC-derived differentiated cells have been used for drug
screening and disease modelling while ‘regenerative’ therapy remains
a more lofty goal. This is largely due to the fact that potential genetic
and epigenetic changes incurred by these cells during the reprogram-
ming process raise safety issues that may hamper approval from regu-
latory agencies. Our results open the way for possibly reconciling the
advantages of iPSC-based therapies and patient safety by assigning a
new role to these cells, i.e. that of an in vitro factory of therapeutically
effective EV acting as cell surrogates. In addition to circumventing the
safety issues that might be associated with direct transplantation of
iPSC-derived cells in patients, this strategy features multiple clinically
relevant advantages: greater standardization and reproducibility of
manufacturing, scalability, more accurate product characterization,
greater suitability for regulation-compliant quality controls and there-
fore better alignment with a pharmaceutical production model.
Consequently, pharmaceutical companies may be stimulated to
invest in the development of this field facilitating the translation of

Figure 6 Induced pluripotent stem cell-derived cardiomyocytes,
induced pluripotent stem cell-derived cardiovascular progenitors,
and induced pluripotent stem cell-derived cardiovascular progeni-
tor–extracellular vesicle treatments lead to distinct gene expression
patterns 7 weeks after treatment. Gene expression patterns in
mouse hearts 7 weeks after treatment were analysed via mRNA
array. Genes differentially expressed in each group when compared
with the control phosphate-buffered saline group were identified
and gene lists were compared with one another to identify common
and specific differentially expressed genes. One-hundred and fifty-
eight genes were common to all three treatments, whereas induced
pluripotent stem cell-derived cardiomyocytes, induced pluripotent
stem cell-derived cardiovascular progenitors, and induced pluripo-
tent stem cell-derived cardiovascular progenitor–extracellular
vesicles differentially expressed 350, 1090, and 882 genes,
respectively.
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Figure 7 Heat map of differential functions by group—specific gene lists. Differentially expressed genes from each treatment group were assessed
by Ingenuity to predict upregulated (warm colours) and downregulated (cool colours) diseases and biological functions when compared with phos-
phate-buffered saline controls. Each column examines differentially expressed genes uniquely present in the indicated treatment group (left—induced
pluripotent stem cell-derived cardiomyocytes; middle—induced pluripotent stem cell-derived cardiovascular progenitors; right—induced pluripo-
tent stem cell-derived cardiovascular progenitor–extracellular vesicles). Induced pluripotent stem cell-derived cardiovascular progenitor–extracellu-
lar vesicle treated hearts were the most enriched for functions consistent with increased cell proliferation/growth, cardiogenesis, and vessel
formation. The list is sorted to have the greatest difference in enrichment between the extracellular vesicle group and the other groups at the top of
the list. This list was truncated after the 78th line.
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EV-therapies to the clinic. The obvious pre-requisite for such a devel-
opment is to validate the safety of the final EV formulation to ensure
a lack of arrhythmias, immune reaction (particularly if time-release
formulations or multiple EV injections are considered) and tumouri-
genesis. This last point is particularly important considering that some
of the miRNA identified in the iPSC-Pg-EV are associated both with
regeneration and cancer pathways.

Overall, we have found that iPSC-Pg-derived EV are effective in the
treatment of CHF, possibly, in part, through their specific miRNA sig-
nature and the associated stimulation of cardioprotective pathways
(Take home figure). The production and regulatory advantages of EV
could make them appealing alternatives to cell transplantation.

Supplementary material

Supplementary material is available at European Heart Journal online.
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