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Abstract

Recent years have seen a shift from cell-based to cell-free therapeutic strategies in the cardiovascular
field, given the new found role of the cellular secretome, including extracellular vesicles (EVs), in the pro-
cesses that regulate cardiac repair and regeneration. In this work, EVs from hiPSCs and hiPSC-derived
cardiac cells were isolated and purified from conditioned culture medium by differential centrifugation and
density gradient ultracentrifugation. In vitro bioactivity assays were used to assess wound healing and
angiogenic properties of EV samples. hiPSC-EVs demonstrated more significant wound healing capacity
and the ability to stimulate the formation of capillary-like structures when used as treatment in endothelial
cells, when compared to EVs from cardiac-derived groups. MicroRNA expression profiles obtained by
RNA-seq indicated specificity of EV cargo, substantiated by the enrichment of cardiac-derived EVs in
microRNAs involved in cardiac muscle development. hiPSC-EVs displayed increased targeting of pro-
survival and angiogenesis-related pathways. Additional work will be paramount to validate and enhance
the bioactivity of cardiac-derived EVs and to further unveil the role of hiPSC-EVs in cardioprotection.
Keywords: extracellular vesicles, human induced pluripotent stem cells, cardiomyocyte differentiation,

angiogenesis, cardiac regenerative medicine

Introduction

Cardiovascular disease is the dominant cause of
morbidity and mortality worldwide (1), with current
therapies still failing to address the fundamental
mechanisms of cardiac tissue regeneration. Cell
transplantation strategies have failed to demon-
strate clinically meaningful results, showing incon-
sistent and modest efficacy (2). Recently, it has
become increasingly apparent that the therapeu-
tic effects of transplanted cells are largely medi-
ated by secreted factors that stimulate endogenous
repair. Mounting evidence suggests extracellular
vesicles (EVs) to be among these paracrine medi-
ators, playing a major role in cardiac rehabilitation
processes (3; 4).

EVs are nano- and micro-sized particles delim-
ited by a lipid bilayer and without a functional nu-
cleus that transport a cargo of biomolecules be-
tween cells, including proteins, nucleotides, lipids
and metabolites (5). They are naturally released
during normal cellular physiology, as well as dur-
ing stress and disease (6), acting as facilitators
in intercellular communication. In eukaryotic cells,
EVs are secreted either by fusion of endosomal
compartments with the plasma membrane, shed-
ding of the plasma membrane, or during controlled
cell death. Thus, the nomenclature of EV is gen-
erally associated with their origin and size, being

described as exosomes (50-150nm), microvesicles
(100-1000nm) or apoptotic bodies (500nm-5um)
accordingly (7).

In cardiac regenerative medicine, there is a
growing interest in using EVs as cell-mimetic ther-
apeutics, given their potential superior benefits (8)
and also their advantages over cell transplantation,
such as absence of oncologic risk and feasibility
of consistent large-scale production (9). Recently,
EVs were shown to be virtually non-immunogenic
(10), crossing an important prerequisite for clini-
cal translation. Research has focused on the car-
dioprotective potential of EVs derived from adult
(stem) cells, with more limited avaliability, such
as mesenchymal stem/stromal cells (MSCs) (11)
and cardiac progenitor cells (CPCs) (12; 13), along
with a more recent focus on cardiomyocytes (CMs)
(14). The use of human induced pluripotent stem
cell (hiPSC) derivatives as cell sources for EV pro-
duction presents advantages over alternative adult
cells given their high self-renewal and proliferation
properties, however few comparative studies have
been conducted to define the most promising cell
candidates within hiPSC-derivatives.

In this work, EVs were isolated from conditioned
culture medium of four well-defined cell popula-
tions: hiPSCs, hiPSC-CPCs, immature (CMi) and
mature (CMm) hiPSC-CMs. Particle characteris-
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Figure 1: Overview of the experimental workflow for cardiomyocyte differentiation and EV isolation from different cell
populations: human induced pluripotent stem cells (hiPSCs) and their derivatives including, cardiac progenitor cells
(CPCs), immature and mature cardiomyocytes (CMi and CMm). hiPSCs were differentiated into CMs using a 3D differentiation
protocol previously developed by iBET. Conditioned culture medium (CCMed) was harvested at days 0 (hiPSCs), 6 (CPCs), 15
(CMi) and 35 (CMm) of culture and processed by multiple centrifugation steps and 0.45 pm filtration to remove major contaminants.
The cleared CCMed was ultracentrifuged at 110.000 gmax for 2h40 min to produce a 100K pellet, which was loaded on the bottom
of an OptiPrep™ density gradient and centrifuged for 18h at 110.000 gmax. EV-rich density fractions 8-9 were collected and
concentrated. Particle characterization was performed to ensure purity of EV samples, and functional assays were carried out
to assess therapeutic potential of EVs in the cardiac setting. MicroRNA analysis was perfomed to give further insights on target

functions and specificity of released EV cargo.

tics, function and microRNA cargo were compared
with the goal of studying their therapeutic poten-
tial and further understand how EV function is in-
fluenced by the differentiation and maturation state
of their parent cell. This work may open new direc-
tions on the design of novel cell-free therapeutic
approaches for heart regenerative medicine.

Results & Discussion

Establishment of an effective EV isolation and purifi-
cation method and EV characterization

The choice of isolation method is a critical param-
eter known to significantly impact size, yield and
purity of EV samples (15). OptiPrep™ density gra-
dient, the adopted method for this work (Fig.1), has
been shown to outperform other commonly used
approaches in terms of enrichment in exosomal
markers and absence of contaminants by several
independent studies (16; 17; 18).

The isolation protocol was validated by standard
particle characterization. For this, NTA was per-
formed on EV samples to assess size distribution
and particle concentration. Results indicated a typ-
ical NTA profile for the size distribution of all sam-
ples, ranging between 50 and 500 nm (Fig.2a).
More specifically, particle concentration peaks oc-
cur for particle sizes of 134.5 and 176.5 nm for

hiPSC-EVS, 138.5 nm for CPC-EVs, 105.5 nm and
139.5 nm for CMi-EVs and 127.5 nm for CMm-EVs,
which stand within the reported range for EV size
(30-1000 nm) (7).

The yield of EVs was estimated to appropriately
compare the EV production capacity of each cell
type, defined as the total number of isolated par-
ticles secreted per million viable cells per day of
production (Fig.2b). When considering the num-
ber of cells in culture, EV yield analysis indicates a
distinct profile regarding EV production capacity to
that which might be interpreted following NTA re-
sults. Contrary to previous findings that reported
limited EV release by CMs relative to CPCs (19),
when normalization to the number of EV-producing
cells is performed, CPCs seem to give the low-
est EV yield (8.50x10° particle.108 cell'.day™), in
spite of showing the greatest particle concentration
by NTA. Furthermore, EV yield is highly influenced
by the choice of isolation method (20). Given that
the present methodology contains an exhaustive
series of centrifugation steps, it may compromise
yield to a similar extent in all samples.

Visualization of particles by Transmission Elec-
tron Microscopy (TEM) showed typical EV mor-
phology and absence of similar-sized contaminant
particles such as low-density lipoproteins (LDLs)



a) b) c)
T 2.0x108 . = hiPSC-EVs CPC-EVs
E hiPSC-EVs 1105 - - - - e
5 1.5x10% CPC-EVs T gx10" 8 - e o g
k3 - i :
E CMi-EVs £ 6107 . . e |
E 10x10° z= - - 0 Y 5.
g = CMm-EVs 3 e - - 1
o 7. f\ £ E B TV o o 4
o 5.0%10 / T 2x107 2
2 \ £
£ J )
& 0.044 — S——y T T .
100 200 300 400 500 60O 53\" &° & &
Particle size (nm) ‘gﬁf’ dzc" o\ﬁ“‘ (}b&
d hiPSC CPC CMi CMm )
) WCL EV WCL EV WCL EV WCL EV f) Unstained PBS
- 108 KDa
= B8 KDa
~e2K0a
coas =49 KDa
|
-3 K0a
8 Koa
FLOT2 hiPSC-EVs CPC-EVs CMi-EVs
AGO2
e)

PKH26 positive cells (%)

CMm-EVs DYN

Figure 2: Characterization of EV samples and uptake of PKH26-labelled EVs by HUVECSs. a) Size distribution profile of EV
samples as analysed by Nanoparticle Tracking Analysis, expressed in particles per mL of sample (n=4). b) EV yield, measured as

total number of isolated particles per million viable cells per day

(n > 3 for all samples). ¢) Representative negative staining close-

field transmission electron microscopy (TEM) images of EV samples. Scale bar: 200 um d) Western blot analysis of characteristic
EV markers (transmembrane protein CD63 and cytosolic protein Flotillin-2) and co-isolated contaminant (Argonaute 2) of EV
samples and respective cell lysate. WCL — whole cell lysate. e) Percentage of PKH26-positive cells quantified by flow cytometry.
f) Representative immunofluorescence images of EV uptake and uptake blockage. HUVECs incorporated PKH26-labelled EVs,
as seen by the red dots present inside the cells. EV uptake was blocked by the presence of Dynasore (DYN). HUVECs were
stained for transmembrane protein CD31 (green) and nuclei were counterstained with DAPI (blue). Scale bar: 100 um. Results
shown as mean + SD. * p < 0.1, *** p < 0.0001, ns non-significant.

(Fig.2c). Western Blot analysis further confirmed
the identity of isolated samples by the detection of
EV-specific markers CD63 and Flotillin 2, and ab-
sence of non-EV contaminant Argonaute 2 (Fig.2d)
(21).

HUVECs were incubated with labelled EVs to
study cellular uptake (Fig.2 e-f). From the result-
ing immunofluorescence images, EVs can be de-
tected in the cell cytoplasm by the visible red flu-
orescent signal. Uptake blockage was performed
using Dynasore, a GTPase inhibitor which acts on
Dynamin-2 to prevent detachment of the endocytic
vesicle from the cell membrane during clathrin- and
caveolae-dependent endocytosis, inhibiting EV in-
ternalization by recipient cells. For a quantitative
analysis of EV internalization, flow cytometry was
performed to assess the percentage of PKH26-
positive cells after treatment with labelled vesicles.
Results show no major differences in the number
of cells with fluorescent signal, which equates to a
near total cell population for all EV samples. Inter-

estingly, in the presence of Dynasore, the percent-
age of PKH26-positive cells is lower but not null
compared to the non-DYN counterparts. This indi-
cates that while most EVs are uptaken by HUVECs
via dynamin-dependent processes, a subpopula-
tion of EVs continues to be internalized via alterna-
tive dynamin-independent pathways upon dynamin
inhibition.
Wound healing and angiogenic properties of EVs
Angiogenesis, the intricate process by which new
blood vessels are formed from pre-existing ones,
is a fundamental step for cardiac tissue rehabilita-
tion following assault (22). Angiogenesis is medi-
ated by migration, proliferation and remodelling of
endothelial cells following complex molecular sig-
nalling mechanisms and cellular crosstalk (22). To
study the involvement of EVs in the collective mi-
gration and tube formation capacities of endothe-
lial cells, two functional assays were performed on
HUVECs.

Results demonstrate that all EV samples exhibit
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Figure 3: Effect of EVs from hiPSCs and hiPSC-cardiac derivatives on HUVEC migration and angiogenesis, quantified by
the wound healing and tube formation assays a) Representative images of cell migration at timepoints Oh and 24h post-scratch,
in absence or presence of Dynasore. Scale bar: 100 um. b) Percentage of wound closure at 24h relative to wound area at Oh,
with the respective comparison to 1. negative or vehicle control, and 2. treatment in the presence of Dynasore. ¢) Representative
images of tube formation at timepoint 8h post-seeding. Scale bar: 100 pm. ¢) Quantification of tube formation as percentage of 1.
tube length and 2. number of nodes, relative to untreated control (CTR-, corresponding to 100%). All data shown as mean + SD
(n=3). *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns non-significant.

significant capacities to promote HUVEC migration
(Fig.3 a-b). This migratory stimulation is observed
to a similar extent for all groups, with enhanced sig-
nificance for hiPSC-EVs. Furthermore, this effect
is suppressed with the addition of Dynasore, sug-
gesting that the observed outcome is impacted by
EV activity. The following experimental outcome
goes in accordance with previously reported stud-
ies on EC migration that verify the wound healing
effects of CPC- and CM-EVs (14; 23), possibly due
to the matrix degradation and remodelling action

of matrix metalloproteinases (MMPs) found in se-
creted vesicles. In addition, the inability of FBS-
EVs to close the wound could advocate for speci-
ficity in EV activity.

The same was not observed for the tube forma-
tion assay, given that only hiPSC-EVs displayed
significant capacity to induce formation of capillary-
like structures in HUVECs (Fig.3 c-d). The re-
maining EV samples showed no angiogenic prop-
erties from both analysed measurements when
compared to their vehicle controls, and in similar



degree to that of FBS-EVs. These findings op-
pose those reported in the literature by several
independent groups, that indicate pro-angiogenic
activity for CPC-EVs (13; 19) and CMs (14; 24),
along with the established therapeutic properties
found for hiPSC-EVs (25). Furthermore, it would
be expected that cardiac-derived EVs would be
equally or more effective at stimulating cardiac
repair mechanisms than EVs from unrelated cell
sources (26).

Still, it is important to consider that the present
analysis does not account for a number of factors
which may play a role in the experimental outcome.
Firstly, the functional assays adopted for this work
are purely observational and may not represent the
most suitable models for the study of the cardio-
therapeutic potential of EVs. Additionally, it is not
certain that the same number of particles is being
uptaken by HUVECs for each different sample, nor
that their cargo is being internalized uniformly.

MicroRNA profile of EV cargo

To better interpret the results obtained from func-
tional assays and gain insight into the specific sig-
nals directed to the cells, transcriptomic analysis of
EV cargo was performed.

Differential Expression (DE) data for each group
comparison indicates distinct microRNA expres-
sion profiles for EVs from different cell groups
(Fig.4a). Interestingly, the further apart these cell
sources stand in the differentiation and maturation
timeline, the more their respective EV microRNA
profiles diverge (Fig.4a-1), also seen by the in-
creasing number of differentially expressed miR-
NAs from hiPSC-EVs when compared to CPC, CMi
and CMm-EVs (Fig.4a-2). This suggests speci-
ficity of EV cargo and specialized stimuli for each
destined target according to its cell source, a find-
ing that has been previously reported (27). These
results are supported by the Principal Component
Analysis (PCA) (Fig. 4b), which shows two major
clusters for EVs from hiPSCs (blue) and cardiac
derivative cells (red) along Principal Component
1 (PC1). Furthermore, specific differentially ex-
pressed miRNAs involved in cardiac muscle devel-
opment and maturation (28; 29) were found to be
highly overexpressed in CPC/CMi/CMm-EVs (Fig.
4c).

Figure 4 d) shows the results obtained for KEGG
pathway analysis of miRNA targets. For every
KEGG class, each containing a set of related path-
ways, the number of targeted genes is shown for
CPC/CMi/CMm-EVs (purple) and hiPSC-EVs (or-
ange). KEGG analysis results show that Cellular
Processes implicated in wound healing and angio-
genesis are significantly enriched in hiPSC-EVs.
These include cell motility and community pro-

cesses, such as regulation of the actin cytoskele-
ton, junctional proteins and focal adhesion, all key
activities for vascular angiogenic response (30).
Additionally, hiPSC-EVs show increased targeting
of signalling pathways regulating pluripotency of
stem cells, advocating for EV specificity.

Gene Ontology (GO) enrichment analysis
yielded an extensive array of biological processes
associated with targeted genes (Fig.4e). Biological
processes contained within the categories of circu-
latory system development, response to wounding
and cellular component organization were iden-
tified for hiPSC-EVs and CPC/CMi/CMm-EVs
groups. Results suggest enrichment of relevant
biological functions, such as blood coagulation,
platelet activation, growth factor signalling and
cytoskeleton/extracellular matrix organization in
hiPSC-EVs, all considered important modulators
of angiogenesis and vessel integrity (31; 32).
Furthermore, overexpression of reported pro-
angiogenic miRNAs was detected in hiPSC-EVs,
including miR-18a, miR-20a and miR-17-5 of the
miR-17-92 cluster. Such findings, although not
conclusive, could attest to the more pronounced
angiogenic effects observed for hiPSC-EVs. How-
ever, from a first set of results, no evident trace
stands out to firmly substantiate the outcome of
functional assays. A more in-depth analysis and
subsequent experimental confirmation by miRNA
inhibition/overexpression would be required to
reach conclusions regarding the potential role of
EVs in cardioprotection and the most promising
parent cells for this purpose.

Conclusions and future work

In this work, we established a method for the isola-
tion of pure EVs from CCMed of hiPSC and hiPSC-
derived CPC, CMi and CMm cells by density gra-
dient ultracentrifugation. While all four EV popula-
tions were promigratory, only hiPSC-EVs demon-
strated the capacity to promote tube formation in
HUVECs, an observation that may be explained by
more significant expression of pro-angiogenic and
cardioprotective microRNAs in the transcriptomic
cargo of this EV population. More extensive data
analysis and experimental confirmation will be re-
quired to reach conclusive results.

These results suggest hiPSC-EVs as a suitable
candidate for therapeutic use in cardiac repair, al-
though its beneficial effects were not pronounced
when compared to the remaining cardiac-derived
EV groups. Strategies involving cell precondition-
ing for the modulation of EV signalling towards a
more specific cardioprotective response have been
employed in numerous studies (14; 33; 34) and re-
veal promising results for boosting the therapeu-
tic potential of EV treatment. Similar approaches
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Figure 4: Differentially expressed microRNAs in EV samples and respective analysis of KEGG pathways and Gene On-
tology biological processes. a) 1. Number of differentially expressed microRNAs (log fold change (FC) > 2 or < -2 and p-value
< 0.05.) 1. within EV groups and 2. between hiPSC-EVs and the remaining samples. 3. Volcano plot displaying statistical signif-
icance of microRNA differential expression (DE) between hiPSC-EVs and CPC/CMi/CMm-EVs. Y-axis shows —logyg of the false
discovery rate (FDR) and X-axis the logoFC between groups. Statistical significance increases with Y; Up and down regulated
microRNAs in CPC/CMi/CMm-EVs compared to hiPSC-EVs are shown in green and red, respectively. DE data obtained consid-
ering CPC, CMi and CMm-EVs samples as replicates of the same group. b) Principal Component Analysis (PCA) plot obtained
with the 50 microRNAs with highest coefficient of variation (%CV). Cluster groups are plotted against the two highest components
of variation (PC1 and PC2). ¢) Heatmap of RNA-Seq expression Z-scores computed for relevant cardiac muscle-miRNAs that are
differentially expressed between hiPSC-EVs and CPC/CMi/CMm-EVs groups. d) KEGG pathway classification associated with
microRNAs upregulated in hiPSC-EVs and CPC/CMi/CMm-EVs. Data shown for each group as the number of targeted genes
in each KEGG class. Associated pathways considered significant for p-value < 0.05. e) GO classification and term of relevant
biological processes associated with microRNAs upregulated in hiPSC-EVs and CPC/CMi/CMm-EVs, presented in a bubble plot.
Size of bubbles varies with the number of targeted genes for each biological process, indicated inside or above each bubble; color

varies with p-value according to the presented color scale.

could be adopted for this work to increase the an-
giogenic potential of cardiac-derived EVs, such as
exposing the cells to hypoxic conditions prior to
CCMed collection. Additionally, enrichment of EVs
with specific pro-angiogenic miRNAs could further
enhance cardioprotective effects, using miRNAs
identified from RNA-seq data analysis.

Lastly, combined bioengineering approaches
must be explored to bridge the gap of clinical
translation regarding efficient EV delivery and spe-
cific cell targeting. Several groups have made
progress in this domain through the development
of intrinsic and extrinsic strategies (ref.(35)), such
as the improvement in biodistribution by means of
EV modifications or increase in retention through
biomaterial-based platforms for sustained release
of EVs.

Materials and Methods

hiPSC culture

The hiPSC line IMR(90)-4 (WiCell) was used for this pur-
pose. hiPSCs were cultured and routinely expanded on Ma-
trigel coated plates (Matrigel hESC-Qualified Matrix, Corning)
in serum-free mTeSR™1 medium (StemCell Technologies) at
37°C in a humidified atmosphere of 5% CO,. The same expan-
sion procedure was followed for hiPSCs to be used for EV iso-
lation (day 0 sample), using feeder-free and animal component-
free TeSR-E8™ medium (StemCell Technologies) to ensure
complete EV depletion from external sources. Cells tested neg-
ative for mycoplasma contamination.

hiPSC differentiation into cardiomyocytes

Differentiation of hiPSCs into CMs was initiated once cells
reached 80-90% confluence and was performed following a
previously described protocol (36), by temporal modulation of
the Wnt/B-catenin signalling. Briefly, at day 0 of differentia-
tion, expansion medium was replaced by RPMI 1640 medium
(Thermo Fisher Scientific) supplemented with B27 without in-
sulin (Thermo Fisher Scientific)(RPMI+B27-1), and 80 ng/ml Ac-
tivin A (PeproTech), 12 pM CHIR99021 (Tocris Bioscience) and
50 pg/ml Ascorbic acid (Sigma-Aldrich). At day 1, approximately
24h after differentiation induction, the medium was replaced by
RPMI+B27-I supplemented with 5 uM IWR-1 (Selleckchem) and
50 pg/ml Ascorbic acid (Sigma-Aldrich). At day 3, the medium
was replaced by RPMI+B27-1 supplemented with 5 uM IWR-
1. At day 6, the medium was exchanged for RPMI medium
supplemented with B27 with insulin (Thermo Fisher Scientific)
(RPMI+B27). Upon reaching 80% of beating cells in monolayer
(between days 7 and 8 of differentiation), cells were dissociated
by incubation with TrypLE Select (ThermoFisher Scientific) for 8

min and aggregated using AggreWell™400 (STEMCELL Tech-
nologies) at a seeding density of 1.500 cell/microwell, according
to a previously described protocol (37). Approximately 48h after
aggregation, CM aggregates were harvested and transferred to
an orbital suspension culture system, at an agitation rate of 90
rpom. Medium (RPMI+B27) was replaced every two days there-
after. At day 15 of culture RPMI+B27 medium was replaced
by maturation media, composed of RPMI 1640 without glucose
(MP biomedicals, ThermoFisher Scientific) supplemented with
B27, 1 mM of glutamine, 10 mM of galactose, 100 uM of oleic
acid and 50 uM of palmitic acid, to promote CM metabolic mat-
uration (36). Maturation medium was changed every other day
thereafter. CM aggregates were cultured in these conditions for
an additional 20 days, reaching a total of 35 days of culture.

HUVEC culture

Human umbilical vein endothelial cells (HUVECs) (catalog No.
C2517A, Lonza) were cultured according to the manufacturer’s
specifications. Briefly, cells were maintained in Endothelial Cell
Growth Medium 2 (ECGM-2, Promocell), containing 2% (v/v) of
Fetal Calf Serum (FCS, Promocell), in a humidified atmosphere
at 37°C in 5% CO,. Medium was changed every 48h. Cells
were subcultured upon reaching 70-85% confluence. HUVECs
were only maintained and used for experiments up to passage
5, including.

Conditioned culture medium harvest

Conditioned culture medium (CCMed) was harvested at days 0,
6, 15 and 35 of culture, respectively of hiPSCs, CPCs, immature
CMs (CMi) and mature CMs (CMm). For each harvest, total cell
number and cell viability were estimated by cell counting using
trypan blue exclusion dye. The same volume of medium (180
mL) was collected and processed at each time point.

EV separation from conditioned culture medium

EVs were isolated from CCMed using a combination of differen-
tial centrifugation and density gradient ultracentrifugation, which
have been shown to outperform other regularly used isolation
methods (16; 17). Briefly, the collected CCMed was processed
to ensure depletion from major contaminants. For this, two low-
speed centrifugation steps (rotor A-4-81, 5810 R centrifuge, Ep-
pendorf) were performed at 4°C immediately after harvest, 1x
300 g for 10 min to remove remaining cells and 1x 2000 g for
10 min to remove apoptotic bodies, followed by a 0.45 pM fil-
tration of the resulting supernatant (Nalgene™ Rapid-Flow™,
Thermo Fisher Scientific) to deplete the sample of all other
debris. The cleared CCMed was then ultracentrifuged in 30
mL conical open-top polyallomer tubes (Beckman Coulter) at
110.000 gmax for 2h45 using a XL-100 ultracentrifuge (SW 28
rotor, Beckman-Coulter) to produce an EV pellet, designated
as the 100K pellet. For the density gradient ultracentrifugation,
an OptiPrep™ density gradient (ODG, Axis Xield Diagnostics)
was prepared as previously described in the literature (16), with
minor modifications. An iodixanol working solution (50% (w/v)
iodixanol) was made by adding a working solution buffer (60



mM Tris-HCI, 6 mM EDTA, 0.25 M sucrose (pH 7.4)) to a stock
solution of OptiPrep™ (60% (w/v) aqueous iodixanol solution).
Appropriate amounts of the iodixanol working solution and a
homogenization buffer (10 mM Tris-HCI (Tromethamine - Hy-
drochloric acid), 1 mM EDTA (Ethylenediaminetetraacetic acid)
and 0.25 M sucrose (pH 7.4)) were combined in order to pre-
pare 5%, 10%, and 20% (w/v) iodixanol solutions. The 100K
pellet was combined with the 50% iodixanol working solution,
to create a 40% (w/v) iodixanol EV-containing solution. The
discontinuous bottom-up ODG was prepared by loading 4 mL
of 40% solution (containing the EV sample) on the bottom of a
16.8 mL open-top polyallomer tube (Beckman Coulter), followed
by consecutive layering of 4 mL of 20%, 4 mL of 10%, 3.5 mL of
5% solutions and 1 mL of DPBS. The gradient was centrifuged
at 4 °C for 18 h at 110.000 gmax using an XL-100 ultracen-
trifuge (SW 28 rotor, Beckman-Coulter). During centrifugation,
EVs migrate upwards by flotation and settle upon reaching their
buoyant density. After centrifugation, 16 fractions of 1 mL were
collected from top (fraction 1) to bottom (fraction 16). Density
fractions 8-9, which have been found to contain most of the EV
sample of interest (16), were pooled and concentrated to 300
uL using Amicon Ultra-2 mL 10 KDa filter units (Merck Milli-
pore). Negative and positive control gradients were prepared
with blank DPBS and Fetal Bovine Serum (FBS qualified, EU-
approved, Gibco, Thermo Fisher Scientific), respectively.

Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed using the
NanoSight NS300 (Malvern Instruments Ltd., Malvern, UK)
equipment, with a 488 nm laser (< 55 mW maximum power)
and an automatic syringe pump system. NTA was used to mea-
sure size, size distribution and concentration of particles from
the pooled Optiprep™ density gradient EV-rich fractions 8-9.
Three videos of 60 s were recorded for each individual sam-
ple and considered using detection threshold 3, camera level
14 and a syringe pump infusion speed of 40. All videos were
analysed by NTA software version 3.3. To achieve optimal mea-
surements, samples were diluted with DPBS to obtain a particle
concentration within the ideal range for the NTA software (3.108
—1.10° particles/mL). All size distributions determined with NTA
correspond to the hydrodynamic diameters of the particles in
suspension, as estimated by the Stokes-Einstein equation.

Transmission Electron Microscopy

Transmission Electron Miscroscopy (TEM) was performed on
EV-rich fractions 8-9. A drop (5 pL) of sample was deposited
on a precoated formvar/carbon 150 mesh Veco copper grid for
2 min. Grids were fixed with 4% (w/v) PFA for 20 min, washed
with sterile water, stained with 2% (w/v) uranyl acetate for 2 min
and dried at room temperature (20-22°C). Grids were examined
using electron microscopy (Hitachi H-7650, 120 KV electron mi-
croscope, Hitachi High-Technologies Corporation).

Western Blotting

Western blot was performed on EV-rich fractions 8-9 and whole
cell lysates for EV specific transmembrane protein CD63 and
cytosolic protein Flotillin-2 (38), and for non-EV common con-
taminant AGO2 (21). EV samples were normalized by vol-
ume (20 pL of sample per lane) and whole cell lysates were
normalized by protein amount (10 pg of protein was applied
per lane). Protein concentrations were determined by BCA
(ThermoFisher Scientific). Samples were diluted in lysis buffer
(NuPAGE LDS sample buffer 4x, Novex, Life Technologies Eu-
rope B.V.) in reducing (Flotillin-2, AGO2) or non-reducing con-
ditions (CD63) and boiled for 5 min at 95°C. Protein samples
were separated by SDS polyacrylamide gel electrophoresis in
MES running buffer (Novex, Life Technologies Europe B.V.)
for 50 min and transferred to a nitrocellulose membrane (iBlot
Transfer Stack, nitrocellulose, mini, Novex, Life Technologies
Europe B.V.). Membranes were stained with Ponceau S solu-
tion (Sigma Aldrich) immediately after transfer for acquisition
of pictures to confirm the success of the transfer, and then

washed with distilled water, de-stained with 1 M NaOH solution,
and again washed extensively with distilled water. Membranes
were blocked with 5% (w/v) skim milk in Tris-Buffered Saline +
0.1% (v/v) Tween 20 (TBST) for 1h at room temperature and
then incubated overnight at 4°C in primary antibodies diluted
in 5% skim milk prepared in TBST: CD63 (1:1.000, ab59479,
Abcam), Flotillin-2 (1:1.000, 610383, BD) and AGO2 (1:1.000,
ab32381, Abcam). The following day, membranes were washed
with TBST, incubated with the respective secondary antibody
for 1h at room temperature (anti-rabbit HRP, 1:20.000, System
Biosciences; anti-mouse ECL, 1:5.000/ 1:10.000, NA931V, GE
Lifesciences) and then washed again. For the revelation step,
chemiluminescent substrate (WesternBright Sirius, Advansta)
was added to the membranes according to the manufacturer’s
instructions and imaging was performed using a ChemiDoc
imaging system (Bio-Rad Laboratories, Hercules).

EV labelling with PKH26 and uptake assays

EV labelling was performed using the PKH26 Red Fluores-
cent Cell Linker Mini Kit for General Cell Membrane Labelling
(Sigma-Aldrich) according to the manufacturer’s instructions. A
negative control was prepared with PBS following the same
protocol. Stained vesicles (PKH26-EVs) and the correspond-
ing control (PKH26-PBS) were loaded on the bottom of a den-
sity gradient, and ultracentrifuged as previously described, to
separate labelled particles from unbound dye. HUVECs were
seeded in 8-well chamber Ibidi slides (Ibidi GmH) at a density
of 8.000 cells/cm? or in 12-well plates at a density of 18.000
cells/cm?, to be used for immunofluorescence and flow cytome-
try respectively. Cells were treated with PKH26-EVs or PKH26-
PBS appropriately diluted in ECGM-2, at a dose of 3.000 par-
ticles per cell. For each sample, 1 well was prepared with the
addition of dynamin inhibitor Dynasore (Sigma Aldrich) in a con-
centration of 50 puM, to prevent EV uptake. HUVECs were incu-
bated for 2h30 in a humidified environment (37 °C, 5% CO5).
Cells to be used for flow cytometry were washed twice with
FACS buffer and then analysed using a BD FACS Celesta™
cytometer (BD Biosciences). Cells to be used for immunoflu-
orescence were fixed with 4% PFA (w/v) for 20 min at room
temperature, and then stained for CD31 marker. For this, fixed
cells were washed twice with DPBS, blocked with 0.2% (w/v)
FSG for 30 min at room temperature and incubated overnight
with primary anti-CD31 antibody diluted in 0.2% FSG (1:50;
clone JCFOA, M0823, DAKO Omnis, Agilent Technologies), or
the corresponding mouse IgG isotype control (1:50, sc-3877,
Santa Cruz Biotechnology) at 4°C. The following day, cells were
washed with DPBS and incubated with secondary antibody di-
luted in 0.2% FSG (1:200, Alexa 647, donkey anti-mouse IgG,
31571, ThermoFisher Scientific) for 1h at room temperature.
Nuclei were counterstained with DAPI (ThermoFisher Scien-
tific) in DPBS. Fluorescence images were acquired using an
inverted fluorescence microscope (DMIB000, Leica Microsys-
tems GmbH) and signal intensity was quantified using ImageJ
software.

Wound healing assay

HUVECs were seeded at 35.000 cells per well onto 48-well
plates coated with 0.1% (w/v) gelatin (Sigma-Aldrich). A
sterile 200 pL pipette tip was used to create a scratch in
the cell monolayer, after which cells were washed twice with
DPBS. EV samples were diluted in appropriate amounts of
reduced-supplementation media (with 0.5% (v/v) FCS and with-
out growth factors) and blank gradient. Positive (fully supple-
mented ECGM-2), untreated negative (Endothelial Cell Basal
Medium-2 (ECBM-2, consisting of ECGM-2 without any added
supplements) + 0.5% FCS) and FBS-EVs (isolated through the
same process as CCMed) controls were prepared. Vehicle con-
trols, consisting of the 8-9 fractions of a blank gradient in vol-
umes consistent with each EV sample, were also prepared for
each day 0, 6, 15 and 35. The same procedure was conducted
with the addition of Dynasore in concentration of 50 uM (Sigma-
Aldrich), which inhibits the uptake of EVs by HUVECs and



demonstrates that the wound healing effect observed in the as-
say is indeed mediated by EVs. 500 pL of corresponding treat-
ment was added per well, normalized to a dose of 3.000 parti-
cles per cell. Cells were placed in a humidified environment (37
°C, 5% CO,) and images were acquired at time-points Oh, 8h
and 24h post-scratch using an inverted microscope (DMI6000,
Leica Microsystems GmbH). Wound width was analysed with
MRI Wound Healing tool of ImageJ software, by calculating the
percentage of wound closure relative to time-point Oh.

Tube formation assay

HUVECs were seeded at 12.000 cells per well onto 48-well
plates coated with 40 pL of basement membrane extract
(Matrigel Growth Factor Reduced (GFR) Basement Membrane
Matrix, Phenol Red-Free, Corning). HUVECs were resus-
pended in the corresponding EV sample appropriately diluted in
ECBM-2, at a dose of 3.000 particles per cell. Positive (ECGM-
2), untreated negative (ECBM-2), FBS, PBS and vehicle con-
trols were prepared. For each sample, the same procedure
was conducted with the addition of Dynasore in concentration
of 50 uM. To validate the efficacy of this assay, Suramin Sodium
Salt (TargetMol), an inhibitor of endothelial cell proliferation and
migration, was added to positive control cells in concentrations
of 5 uM and 10 pM diluted in ECGM-2. The plate was placed
in a humidified environment (37 °C, 5% CO,) for 8 h. Cells
were then stained with a 1:500 solution of FDA (Sigma-Aldrich)
in DPBS. Fluorescence images were acquired at 5x magnifi-
cation using an inverted fluorescence microscope (DMI6000,
Leica Microsystems GmbH). Pictures were analysed using the
Angiogenesis Analyzer plugin of Imaged software.

MicroRNA analysis

Total RNA was isolated from EV samples (N=3 replicates for
each sample) using Norgen Biotek Exosomal RNA Isolation Kit
(Cat.58000). microRNA library preparation was performed by
PCR amplification using Norgen Biotek Small RNA Library Prep
Kit (Cat. 63600) and library quality control was achieved us-
ing Bioanalyzer to estimate library size and concentration. Li-
braries were denatured and diluted to the required concentra-
tion and then applied onto the suitable flowcell and sequenced
using lllumina NextSeq 500 sequencing platforms. Data anal-
ysis was carried out using an advanced pipeline for process-
ing of raw reads and mapping to the genome and annotated
transcriptome. Data was filtered and normalized using the
trimmed mean of M-values (TMM) normalization method for dif-
ferential expression (DE) analysis. DE analysis between each
two groups was performed using the EdgeR statistical software
package and false discovery rate was adjusted through the
Benjamini-Hochberg procedure. For the comparison of hiPSC-
EVs with the designated CPC/CMi/CMm-EVs group, replicates
of each biological group were considered as individual repli-
cates of the CPC/CMi/CMm-EVs group. DE was considered
significant for log fold change > 1 or < -1 at p-value and FDR
< 0.05. Results were further trimmed by considering only
miRNAs with log fold change > 2 or < -2. Putative targets
of up- and down-regulated miRNAs between hiPSC-EVs and
CPC/CMi/CMm-EVs were predicted, along with KEGG path-
ways and GO-terms analysis from the selected targets, using
the DIANA-miRPath v3 software, considering only results with
p-value < 0.05.

Statistical analysis

Statistical analysis was entirely performed using GraphPad
Prism 7 (GraphPad Software). Significance was tested using ei-
ther Student’s T test or one-way ANOVA. Statistical significance
was considered for p-values < 0.05. All experimental outcomes
correspond to a minimum of 3 biological replicates, with the ex-
ception of CMm-EVs, with 2 biological replicates and technical
duplicates for one of the replicates.
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