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Extracellular vesicles from human cardiovascular progenitors
trigger a reparative immune response in infarcted hearts
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Extracellular vesicles and cardiac inflammatory reaction

Bruna Lima Correa 11, Nadia El Harane1t, Ingrid Gomez1, Hocine Rachid Hocine2, José
Vilari,Manon Desgres1i, Valérie Bellamy1, Keirththana Kamaleswaran 1, Chloé Guillaszi,
Maria Perotto1, Laetitia Pidial1, Paul Alayraci, Thi Trani, Sisareuth Tan3, Thomas
Hamadai, Dominique Charrons, Alain Brisson3, Nisa K. Renault4, Reem Al-Daccaks,
Philippe Menaschéi,6*, and Jean-Sébastien Silvestre1*

1. INSERM UMRS 970, Paris Centre de Recherche Cardiovasculaire (PARCC), Université de Paris, 56, rue
Leblanc, F-75015 Paris,

France;

2. Institut Curie, F-75005 Paris, France;

3. UMR-CBMN, CNRS—Université de Bordeaux—IPB, F-33600 Pessac, France;

4. Fujifilm Cellular Dynamics Inc, Madison, WI 53711, USA,;

5. INSERM, UMRS-976, Hépital Saint-Louis, F-75015 Paris, France; and

6. Department of Cardiovascular Surgery, Hopital Européen Georges Pompidou, 20, rue Leblanc, F-75015 Paris,
France

*.Corresponding authors.

Tel: +33(0)1 56 09 36 22; fax: +33(0)1 56 09 32 61, E-mail:philippe.menasche@aphp.fr (P.M.);

Tel: +33 (0)1 53 98 80 60; fax: +33(0) 1 53 98 79 51, E-mail: jeansebastien.silvestre@inserm.fr (J.-S.S.)
#. The first two authors contributed equally to the study and are co-first authors

Abstract

The cardioprotective effects of human induced pluripotent stem cell-derived cardiovascular progenitor
cells (CPC) are largely mediated by the paracrine release of extracellular vesicles (EV). We aimed to
assess the immunological behaviour of EV-CPC, which is a prerequisite for their clinical translation. Flow
cytometry demonstrated that EV-CPC expressed very low levels of immune relevant molecules including
HLA Class I, CD80, CD274 (PD-L1), and CD275 (ICOS-L); and moderate levels of ligands of the natural
killer (NK) cell activating receptor, NKG2D. In mixed lymphocyte reactions, EV-CPC neither induced
nor modulated adaptive allogeneic T cell immune responses. They also failed to induce NK cell
degranulation, even at high concentrations. These in vitro effects were confirmed in vivo as repeated
injections of EV-CPC did not stimulate production of immunoglobulins or affect the interferon (IFN)-y
responses from primed splenocytes. In a mouse model of chronic heart failure, intra-myocardial injections
of EV-CPC, 3 weeks after myocardial infarction, decreased both the number of cardiac pro-inflammatory

Ly6Chigh monocytes and circulating levels of pro-inflammatory cytokines (IL-1a, TNF-a, and IFN-y). In



a model of acute infarction, direct cardiac injection of EV-CPC 2 days after infarction reduced pro-
inflammatory macrophages, Ly6Chigh monocytes, and neutrophils in heart tissue as compared to controls.
EV-CPC also reduced levels of pro-inflammatory cytokines IL-1a, IL-2, and IL-6, and increased levels of
the anti-inflammatory cytokine IL-10. These effects on human macrophages and monocytes were
reproduced in vitro; EV-CPC reduced the number of pro-inflammatory monocytes and M1 macrophages,
while increasing the number of anti-inflammatory M2 macrophages.

EV-CPC do not trigger an immune response either in in vitro human allogeneic models or in
immunocompetent animal models. The capacity for orienting the response of monocyte/macrophages
towards resolution of inflammation strengthens the clinical attractiveness of EV-CPC as an acellular
therapy for cardiac repair.

Keywords: Acellular therapies, Heart Failure, Extracellular vesicles, Immunomodulatory effects



Introduction

Despite therapeutic improvements, chronic heart failure still carries a poor prognosis with a 5-year
mortality averaging 50% !. When drug-based regimens are no longer effective, heart
transplantation or mechanical assist devices may be indicated, but their invasiveness and
limitations call for alternate options, include cell therapy. Even though, so far, cell therapy trials
have largely failed to significantly improve patient outcomes, they have provided some insights
into the mechanism of action of transplanted cells which appears to be predominantly mediated by
paracrine signaling 2. This concept is largely based on the observations that the secretome,
including extracellular vesicles (EV), is as effective as the parent therapeutic cells in the treatment
of experimental cardiomyopathies 3#. We have previously shown, in a mouse model of chronic
heart failure, that EV released by embryonic stem cell derived cardiovascular progenitor cells
(CPC) ° and EV released by induced pluripotent stem cells (iPSC) derived CPC © were
therapeutically effective. Others have shown this to be the case for the secretome of other cell types,

primarily mesenchymal stem cells 7 and cardiac stem cells ®1°.

Extracellular vesicles are membrane-bound particles ranging in size from less than 100 nmto 1 um
and found in all biological fluids and conditioned media . They are composed of a bi-lipid
membrane, similar to the cell membrane, which encloses an aqueous, nucleus-free compartment,
harboring mRNAs, microRNAs, proteins, lipids, and other bioactive molecules 2%, Although a
consensus has not yet been reached on specific markers of EV subtypes, EV can be characterized
by the expression of proteins like the tetraspanins (CD9, CD63 and CD81) and integrins while
additional features of their profile depend on the phenotype of the parent cell *"-2°, Furthermore,
while the molecular mechanisms underpinning the cardio-protective effects of EV are still under
investigation, the therapeutic potential of EV likely relies on pleiotropic effects including
angiogenesis, modulation of the inflammatory environment and, possibly, activation of cardiac

intrinsic regenerative pathways®>%2:-24,

Yet, to the best of our knowledge, most of the studies investigating the cardio-reparative effects of
human EV have been conducted in immune-deficient experimental animal models. Although these

studies provide valuable mechanistic insights, a more clinically relevant assessment of the immune



effects of EV, which is a prerequisite for their potential clinical use, requires their exposure to
human cells and the use of immune-competent animal models. In the present study, we used
tailored allogeneic in vitro human cell assays and immunocompetent mouse models of myocardial

infarction (MI) to investigate the immune effects of EV derived from human CPC.



Material and Methods

Detailed Material and Methods are given in the Supplemental Material.

Ethics section

All procedures were approved by the Institutional Ethics Committee from the Université de Paris-
Descartes (project #04073.01) and comply with European legislation (European Commission
Directive 2010/63/EU) on animal care. All animals received humane care in compliance with the
“Principles of Laboratory Animal Care” formulated by the National Society for Medical Research
and the “Guide for the Care and Use of Laboratory Animals” prepared by the Institute of
Laboratory Animal Resources and published by the National Institutes of Health (NIH guidelines).
All animals received anesthesia by isoflurane (2.5L/min isoflurane at 1.5L/min of O2) and were
euthanized by dolethal injection at 140mg/kg. For in vitro tests with human cells, blood donors
signed an informed consent and all methods and experimental protocols were approved by the
institutional Ethics Committee (Hopital St. Louis, Paris, France) and conducted in accordance with

guidelines and regulation outlined in the Declaration of Helsinki.

Cell culture, EV preparation, quantification and characterization

a) Cell Culture and cell characterization

Cardiovascular progenitor cells differentiated from human iPSC (iCell® Cardiac Progenitor Cells,
Cellular Dynamics International, Madison, WI) were cultured according to the manufacturer’s
directions (for a detailed protocol, see Supplementary Material). After 4 days of culture, cells were
harvested and immune-phenotyped with antibodies against relevant immune molecules using
fluorescence-activated cell sorting (FACS) (CANTO-II Flow Cytometer, BD Bioscience, DIVA
and FlowJo software).

For human cell in vitro experiments, human peripheral blood mononuclear cells (PBMC) were
prepared from blood samples from healthy donors using Ficoll gradient (Eurobio) centrifugation

and cryopreserved for later use.

b) EV isolation



Conditioned media were collected, pre-cleared by centrifugation for 6 minutes at 1,200g and EV

were pelleted by ultracentrifugation (rotor 70Ti-Beckman) for 16 hours at 100,000g.

c) EV quantification and characterization

Extracellular vesicles were quantified by Nanoparticle Tracking Analysis (NanoSight LM-14,
Malvern) and characterized by FACS 2° after coupling with latex beads (Life Technologies,
A37304) using a MACSplex kit (MACSPlex Exosome Kit human, Miltenyi Biotech) as follows to
phenotype their membrane ligands.

In a second time, EV (25 pg of protein) were mixed with 4-um Aldehyde/Sulfate Latex Beads at
room temperature (RT); then suspended in Phosphate-Buffered Saline (PBS) and left at RT for
another 2h. The coupling reaction was terminated by 100 mM glycine, and the mixture was
centrifuged at 1,500 x g. The beads were then stained with conjugated antibodies for the relevant
markers and analyzed by FACS.

Ultimately immuno-gold labeling and cryo-transmission electron microscopy (cryo-TEM) were
also performed on EV. Gold nanoparticles (NP) were conjugated with an anti-CD81 monoclonal
antibody (mAb) following procedures previously described 26. Samples of EV were used either
pure or diluted 10-fold with a HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-
buffered saline containing 150 mM NaCl and 10 mM HEPES, pH 7.4. Samples were then labeled
for 1 h with 10-nm anti-CD81-gold-NP at 1-3 x 10% gold-NP/L, at RT. Immuno-gold labeled
samples were processed for cryo-TEM as follows. A 4-uL aliquot was deposited on an electron
microscopy (EM) grid coated with a perforated carbon film. After draining the excess liquid with
a filter paper, grids were quickly plunged into liquid ethane using a Leica EMCPC cryo-chamber,
transferred to cryo-boxes and stored under liquid nitrogen until TEM observation. For cryo-TEM
observation, grids were mounted onto a Gatan 626 cryoholder and transferred to a Tecnai F20
microscope (FEI) operated at 200 kV. Images were recorded with a USC1000-SSCCD camera
(Gatan). These experiments were performed to best match the minimal Information for Studies of
Extracellular Vesicles (“MISEV”) guidelines?’.

On the basis of a previous study® in which the cardioprotective effects of 1.4x10% CPC could be
recapitulated by delivering the amount of EV they had secreted in 48 hours, we selected in the
present study the same EV dose which equates here to 1x10'° particles (100 pg of protein)

concentrated in a 50-60pL-volume.



Allogeneic immune responses and immunomodulation assays

Tailored mixed lymphocyte reactions (MLR) were performed using PBMC from different donors.
Briefly, responding PBMC (1x10° cells) were labeled with 2.5 pM carboxyfluorescein
succinimidyl ester (CFSE, Thermofisher Scientific) and then co-cultured in Roswell Park
Memorial Institute (RPMI) medium supplemented with 10% Fetal Bovine Serum (FBS, Gibco Life
Technologies) in U-bottom 96-well plates (VWR) with human leukocyte antigen mismatched
(HLA) mitomycin-C-treated (Sigma) stimulatory PBMC (1x10° cells), mitomycin-C-treated CPC
(at CPC:PBMC ratios of 1:5 and 1:10), or increasing doses of EV (EV1: 5.5x10%, EV2: 5.5x10° or
EV3: 1.7x10% particles) or PBS as a control. After 6 days of co-culture, cells were harvested and
stained with anti-CD3-PE/Cy7, anti-CD4-APC, anti-CD8-APC-H7 antibodies and 7AAD (BD
Biosciences). Proliferation and cell death of T-cell subsets were monitored by FACS.

In assays determining the immunomodulatory effects of CPC and EV-CPC, HLA-mismatched
CFSE-labeled PBMC (1x10° cells) were stimulated with 1 pug/mL phytohemagglutinin (Sigma-
Aldrich) in the presence or absence of mitomycin-C-treated CPC (at CPC: PBMC ratios of 1:5 and
1:10) or with increasing concentrations of EV (EV1: 5.5x108, EV2:5.5x10° or EV3: 1.7x10%
particles) for 5 days. At the end of the co-culture, the proliferation and death rate of the T cells

were monitored by FACS.

Natural Killer cell degranulation

Natural Killer (NK) cells were isolated from PBMC by negative selection using immune-magnetic
cell sorting (Miltenyi Biotech, Germany) according to the manufacturer’s instructions.
Experiments were conducted with NK cells primed overnight with recombinant human interleukine
(1), 1L-15 (50 ng/mL) (Sigma) in RPMI medium supplemented with 10% FBS to ensure their
proper expression of NK cell activating receptors and functionality. Cytokine-activated NK cells
were cultured alone or in the presence of K562 cells used as positive controls (ATCC, USA), CPC
(ratio 1:1) or increasing doses of EV (5.5x108; 5.5x10° or 1.7x10%° particles) and labelled with an
anti-CD107a-PE antibody (BD Bioscience). After 18 hours, cells were harvested, washed and
stained with CD3-APC-H75R (BD Bioscience) and CD56-APC specific antibodies (BD
Bioscience), and the expression of CD107a was analyzed on CD3"CD56" NK cells by FACS.



Macrophage polarization assay

PBMC from healthy donors were suspended at a concentration of 100 million cells per mL in
Monocyte Attachment Medium (Promocell) and seeded at a density of 1 million viable cells/cm?
with a monocyte content >25% and 1.5 million viable cells/cm? for a monocyte content of <25%
(4 million cells per P24-well). At day 0, monocytes were incubated for 90 min at 5% CO and 37°C
to allow adherence. Non-adherent cells were discarded by vigorously swirling the culture and
aspirating the supernatant. Adherent cells were then washed and the appropriate amount of
complete M0, M1, M2 Macrophage Generation Medium (Promocell) was added to the cells for 6
days. Under these conditions, monocytes differentiate into M1-like or M2-like polarized
macrophages. After 6 days, the culture medium was replaced with fresh complete MO, M1, M2
Macrophage Generation Medium DXF with or without EV (5.5x10° particles per well).
Macrophages were then incubated for another 2 days at 37°C and 5% CO. At day 8, the culture
medium was supplemented with IFN-y (50 ng/mL) and LPS (10 ng/mL) for M1 macrophage
polarization, with 20 ng/mL IL-4 and 20ng/mL IL-13 for M2 macrophage polarization (all from
Merck) or with macrophage colony-stimulating factor (MCSF) medium for MO macrophages. Each
of these conditions was exposed or not to EV (5.5x10° particles per well). The next day (D9), cells
were detached with the Macrophage Detachment Solution DXF (Promocell) for 45 min at RT.
Monocytes and macrophages were analyzed at day 9 of culture, after polarization and exposure to
EV, as described above. They were suspended in MACSBuffer (Milteny), centrifuged for 10 min
at 500 x g, counted and labelled at 200,000 cells per condition with anti-CD64 PE, anti-CD68 PE-
Cy7, anti-CD80 PE-Cys5, anti-CD86 APC or BV605, anti-CD163 BV421, anti-CD206 BV711 and
anti-CD14 FITC ((Fluorescein isothiocyanate) antibodies (all from BD Biosciences). Monocytes
and macrophages were categorized by the following markers: Monocytes:CD14+; Pro-
inflammatory monocytes: CD14+, CD86++; Macrophages: CD64+, CD68+; M1: CD64+, CD68+,
CD80+, CD86+; M2a: CD64+, CD68+, CD206+; M2b: CD64+, CD 68+, CD163+. All antibodies
were used at a dilution of 1:100. After incubation, cells were washed and suspended in 100 pL of
MACS Buffer for FACS analysis. Events were acquired on a Fortessa X20 flow cytometer (BD
Biosciences); results were analyzed with FlowJo software (FlowJo VV10.4.2, FlowJo LLC) and are
given as a percentage of the whole population. Experiments were performed in technical triplicates
for each donor.



Bead-based multiplex immunoassay

A Dbead-based multiplex immunoassay (Bio-Rad) was used to measure the levels of multiple
cytokines [basic Fibroblast Growth Factor, Eotaxin, G-CSF, GM-CSF, IFN-y, IL-1p, IL-1ra, IL-2,
IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, MCP-1
(MCAF), MIP-1a, MIP-1B, PDGF-BB, RANTES, Tumor Necrosis factor-alpha (TNF-a), and
VEGF] from supernatants of macrophage cultures at day 9. Concentration were calculated using a

standard curve (5 PL regression, with Bio-Plex Manager™ software).

Immunoglobulin assay following EV treatment

To assess whether EV-CPC could induce antibody production, mice were subcutaneously injected
at day 1, 13 and 20 with either EV (n=5, at the dose of 1x10% particles per injection) or PBS (n=5)
according to a classical immunization protocol®. Blood samples were collected at days 10, 20 and
30 post injection. Ig isotypes in plasma were qualitatively detected using the mouse

immunoglobulin isotyping ELISA kit (ThermoFisher Scientific).

Enzyme-linked immunospot

The enzyme-linked immunospot (ELISPOT) is a sensitive technique for the detection of cytokine-
producing cells at the single cell level. The IFN-y ELISPOT (Diacole) method was used for
measuring the antigen-specific response to EV-CPC elicited by NK cells, T cells, antigen-specific
Th1l CD4" and CD8* effector T cells. Primed splenocytes of each vaccinated mouse were isolated,
plated (at a seeding density of 1.5 million cells/cm? in 96-well plates), and re-exposed to either EV
(2x10° particles) or PBS in vitro for 21h; the positive control was a mixed solution of phorbol 12-
myristate 13-acetate (PMA, 100ng/mL) and ionomycine (2ug/mL; both from Sigma) that triggers
unspecific IFN-y production. When spots indicating IFN-y production appeared, they were counted
using a Cellular Technology Ltd system (USA) and analyzed using ImmunoSpot 5.0.3 software.
Results are reported as the mean of triplicate measurements of the number of IFN-y spot-forming
cells (SFCs) per 5x10° plated cells.

Mouse model of myocardial infarction (MI) and administration of EV-CPC
Myocardial infarction was induced in C57BL/6JRj male mice (Janvier Laboratories) by permanent

ligation of the left anterior descending coronary artery (LAD). In a first series of chronic heart



failure, mice received 3 echo-guided, trans-cutaneous injections of 10-20 pL each, in peri—infarcted
myocardium, 3 weeks after MI. The experimental groups were as follows: PBS, CPC (1.4 million
cells), EV-CPC (secreted by 1.4 million CPC in 48 hours, which was 1x10%° particles or 100 ug of
protein) or lipopolysaccharide (LPS dose of 22.5 g, used as a positive control of inflammation).
Six additional mice were also infarcted but did not receive any injection (controls). Except for the
LPS injection group, which had a 33% post-treatment mortality rate, all treated animals survived
and were sacrificed 3 days after injection.

In an additional series of acute myocardial infarction, mice received similar transcutaneous echo-
guided injections in 3 peri-infarcted areas of either PBS (vehicle control) or EV-CPC (secreted by
1.4x10° CPC which was 1x10% particles or 100 pg of proteins) 2 days after the infarct. Efforts
were made to reproducibly control the degree of cardiac injury in each series of experiments by
carefully standardizing the coronary artery ligation site 2-3 mm below the atria all the samples

respected this histomorphometric inclusion criteria.

Tissue digestion and flow cytometry

Tissues (heart, spleen, femur and blood) were collected 3 days after EV-CPC injections in both
acute and chronic models and kept on ice during all procedures (except for blood). Hearts were
rinsed in PBS to remove blood clots. The left ventricle was isolated, minced with fine scissors and
gently passed through the Bel-Art™ Scienceware™ 12-Well Tissue Disaggregator (Bel-Art
Products). Cells from heart, spleen and bone marrow were then collected in PBS, filtered through
a 40-uM nylon mesh (Falcon) and washed. Red blood cells were removed by using the Red Blood
Cell Lysing Buffer (Sigma). Cells harvested from the heart were immuno-stained at 4°C for 30
min. Total cardiac immune cells were gated after staining with an Alexa Fluor 700-conjugated anti-
CD45 antibody (BD Biosciences) and the following antibodies were used: PE/Cy7-conjugated anti-
CD11b (BD Pharmingen), PA-conjugated anti-Ly6G (BD Pharmingen), BV421-conjugated anti-
CD64 (Biolegend), APC-conjugated anti-F4/80 (Bio-Rad), FITC-conjugated anti-Ly6C (BD
Pharmingen), Percp5.5-conjugated MHC class 11 (Biolegend), FITC-conjugated anti-CD45R/B220
(eBioscience) and BV421-conjugated anti-CD3 (BD Pharmingen). All antibodies were used at a
dilution of 1:100. After incubation, cells were washed and suspended in 100 pL of PBS for FACS
analysis. The total number of cells was normalized to heart weight. Events were acquired on an

LSR 1l flow cytometer (BD Biosciences). Monocytes were categorized as Ly6C"9" monocytes
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(CD45+CD11b*F4/80°Ly6G Ly6C"9"), and Ly6C'"" monocytes (CD45+CD11b*F4/80°Ly6G
Ly6C'®%). Neutrophils were categorized as CD45+CD11b*Ly6G**F4/80Ly6C™d, and
macrophages, as CD45+CD11b* Ly6GF4/80* 2°.

Bio-Plex ProTM

The bead-based multiplex immunoassay (Bio-Rad) was used to measure the levels of pro- and anti-
inflammatory mediators from mouse plasma (chronic heart failure model) or cardiac tissue
homogenates (chronic heart failure and acute myocardial infarction models), 3 days after EV-CPC
injection. A 21-plex immunoassay panel (IL-1 a and B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10,
IL-12, IL-13, IL-17A, eotaxin, Granulocyte-colony stimulating factor (G-CSF), Granulocyte
macrophage colony-stimulating factor (GM-CSF), IFN-y, KC, Monocyte chemoattractant protein
(MCP-1 or CCL-2), MIP-1a, RANTES and TNF-a) was used according to the manufacturer’s
directions and analysed on a Bio-Plex® 200 (Bio-Rad). Analyte concentration was calculated using

a standard curve (5 PL regression, with Bio-Plex Manager™ software).

Statistical Analyses

For all analyses, the Wilcoxon signed rank test was used and a p-value <0.05 was considered
statistically significant, Mann-Whitney test was also used to compare two groups. Analyses were
conducted using GraphPad InStat3 (8.0.1).

Results

EV-CPC and their parental cells display an immune phenotype compatible with allogeneic

applications

The iPSC-derived CPC express SSEA-1/CD15, a marker of loss of pluripotency, in line with their
cardiac progenitor identity. Immunologically, they express low levels of HLA-1 and
costimulatory/regulatory CD274 [PDL1], CD275[ICOS-I] and CD86 molecules, low levels
of CD80 and of the ligands of the NK cell activating receptor NKG2D, ULBP-1, ULBP 2/5/6 and
MIC-A/B and they did not express HLA-II (Figure 1a). The EV-CPC also express CD15 of their
parent cells. Immunologically, they do not express HLA-I, HLA-II or costimulatory CD86
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molecules. They display low levels of CD80, PD-L1 and ICOS-1, and only modest levels of the
ligands of NKG2D (Figure 1b).

To further characterize EV, we used the MACSplex kit to more extensively determine their surface
marker profile. We detected CD9, CD29, CD49%, CD63, CD81 and CD326 (Epithelial Cell
Adhesion Molecule-EPCAM), which are known to be abundantly expressed by EV, (Figure 1c and
Supplemental Figure 1). The EV-CPC also expressed markers of an early differentiation stage
including SSEA-4, CD133, CD105 and ROR1 and lacked the expression of markers not expected
to be present on EV derived from CPC such as CD3, CD4 and CD14 (Supplemental Figure 1). The
EV identity was further confirmed by the expression of CD81, as assessed by cryo-immuno gold
electron microscopy (Figure 1d). EV consisted mostly of spherical vesicles ranging in size from 50

to 500 nm (Figure 1d-lower panel) and 40% of them were found to express the tetraspanin CD81.

EV-CPC neither induce T cell activation nor modulate their on-going proliferation

The capacity of both CPC and their secreted EV to activate T cells in allogeneic settings was then
evaluated. Co-culture of PBMC with allogeneic mitomycin-C-treated PBMC significantly
activated both CD4" and CD8* cells, increasing the percentage of proliferating cells from 4% to
40%. In contrast, neither CD4* nor CD8" cells responded to allogeneic mitomycin-c-treated CPC
(Figure 2a). On the same note, PBMC cultured with EV-CPC maintained their basal proliferation
rate and were not affected by EV (Figure 2a). The possibility of PBMC death by apoptosis as a
potential cause of their non-proliferation was excluded by aminoactinomycine D7-AAD labeling
(data not shown). Thus, neither CPC nor their secreted EV trigger any direct or indirect in vitro
allogeneic T cell proliferation.

We then investigated the immunomodulatory capacity of EV-CPC in comparison to their parent
cells. We evaluated PHA-induced T cell proliferation as an on-going T cell immune response
model in the presence or absence of CPC or their secreted EV. The presence of CPC decreased
both PHA-induced CD4" and CD8™" T cell proliferation by approximately 33%, in a ratio-dependent
manner (Figure 2b). In contrast, the presence of EV did not modulate PHA-induced CD4" or CD8"
T cell proliferation (Figure 2b), suggesting that they neither inhibit nor promote a T cell-mediated

on-going immune response.
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EV-CPC do not induce NK degranulation

Similar to their parent cells, EV-CPC express ligands of the NKG2D receptor, albeit at a lower
level. Therefore, we evaluated their capacity to trigger NK cell cytotoxicity in allogeneic settings
by assessing their ability to induce degranulation of IL-15-primed NK cells. Compared to the
classical NK cell target, (HLA-I-negative K562 cells), CPC modestly activated allogeneic NK
cells. The percentage of NK cells specifically expressing the degranulation marker CD107a was
approximately 26% in the presence of CPC compared to 45% in the presence of K562 cells. In
contrast, the expression of CD107a on IL-15-primed NK cells was not affected by the presence of
EV-CPC, even when a high dose of 1.7x10° particles was used (Figure 3). Thus, in line with their
expression of ligands of NK cell activating receptors, only CPC, but not their secreted EV, are able

to modestly activate NK cells.

EV-CPC do not induce humoral nor cellular response in vivo

To validate our in vitro findings, we then investigated the immune behavior of EV-CPC in an
immunocompetent mouse model subjected to an immunization protocol. Mice were
subcutaneously injected 3 times (at day 1, 10, 20) with either EV-CPC (n=5) or PBS (n=5) and the
humoral or cellular responses of injected mice against EV-CPC were determined. No statistically
significant differences in immunoglobulin production were observed between controls and EV-
CPC-treated mice at any time point (Figure 4a). To evaluate the cellular immune response,
splenocytes from treated and untreated mice were re-challenged in vitro with EV-CPC or PBS and
the production of IFN-y was evaluated as a marker of effector T (CD4* and CD8*) and NK cell
activation. Neither the splenocytes from EV-CPC-treated mice nor those from untreated mice
produced detectable levels of IFN-y upon their re-exposure to EV-CPC (Figure 4b). Together, these
data suggest that injecting immunocompetent recipients with EV-CPC is unlikely to trigger a

pronounced humoral or cellular immune response.

Immuno-inflammatory effects of EV-CPC in an immunocompetent mouse model of chronic
heart failure

We then investigated the immune response to EV-CPC in immunocompetent mice in which a Ml
had been created 3 weeks earlier. Inflammatory cells were harvested 3 days after treatment with
PBS, CPC or EV-CPC. Lipopolysaccharide administration was used as a positive control to

stimulate inflammation in the targeted cardiac tissue. As expected, the injection of LPS in the
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myocardium altered the profile of myeloid cell lines (Figure 5a), thereby confirming the capacity
for these mice to mount an appropriate response to this endotoxin . In infarcted hearts which were
left untreated (controls), the overall number of inflammatory cells was low, consistent with a lower
level of inflammation in chronic heart failure compared to acute MI 3%, Furthermore, PBS injection
did not lead to significant changes in the immune profile of heart tissue when compared to untreated
animals, thereby ruling out a significant immune response to the needle poke or introduction of
fluid. Likewise, injection of EV-CPC or their parental cells did not induce any significant alteration
in the numbers of adaptive cells (B and T), innate macrophages or neutrophils, as compared to
controls. In contrast, they significantly decreased the number of inflammatory Ly6C"9" monocytes

without any pronounced effect on Ly6C'®" monocytes.

EV-CPC and CPC injection did not affect the number of circulating (blood) adaptive immune cells,
neutrophils or Ly6C'®Y monocytes (Supplementary Figure 2a). However, as compared to controls,
and in contrast to EV, CPC injection reduced the number Ly6C"9" circulating monocytes. No
significant difference between groups were observed in the immune profile of bone marrow
(Supplemental Figure 3 a) or spleen cells (Supplemental Figure 3b), with the exception of a drastic

drop of myeloid and lymphoid bone marrow cells in the LPS group *.

The expression profile of blood cytokine levels was in accordance. Infarcted mice treated with EV-
CPC or parental cells displayed decreased levels of the pro-inflammatory cytokines IL-1a, 1L-1f3,
TNFa, and IFN-y compared to the PBS control group (Figure 5b), while other cytokines were not
affected (Supplemental Figure 2b).

Collectively, these data suggest that EV-CPC, similar to their parental cells, do not trigger any
pronounced deleterious immune response in a chronic MI-induced left ventricle (LV) dysfunction

model. They might rather downregulate pro-inflammatory compounds in cardiac tissue.

Immuno-inflammatory effects of EV-CPC in an immunocompetent mouse model of acute
myocardial infarction

As the number of inflammatory cells in the infarcted heart was low 3 weeks post-infarct, the
possibility was raised that the putative immunomodulatory potential of EV-CPC could have been
missed due to the dampened inflammatory reaction at that stage of disease. Therefore, we assessed

the immune-inflammatory effects of EV-CPC in an experimental model of acute MI which is
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associated with a large increase of immune/inflammatory cells in the cardiac tissue. In this model,
mice were injected with EV-CPC or PBS 2 days after the infarct, and, as in the chronic model,
cardiac inflammatory cells were harvested 3 days after treatment. Compared to control PBS-
injected mice, EV-CPC treatment resulted in a significant decrease in neutrophils (from 140 to 50
cells per mg of tissue, p=0.02) and pro-inflammatory Ly6C"9" monocytes (from 160 to 70 cells per
mg of tissue, p=0.01), but did not induce any significant differences in macrophages or adaptive T
or B cell populations (Figure 6a). Cytokine profiling in cardiac tissue was in-line with these results,
as EV-CPC induced a significant decrease in pro-inflammatory interleukins, IL-1a, IL-2, and IL-
6, and a significant increase in the anti-inflammatory cytokine, IL-10. No noticeable differences
were observed for other cytokines between the two groups (data not shown). EV-CPC treatment
did not induce any significant alteration of tissue-resident cells in the bone marrow or the spleen
(Supplemental Figure 4).

Collectively, our findings in the acute MI model support those observed in the chronic heart failure
model and emphasize the capacity of EV-CPC to modulate immune/inflammatory responses
towards a reparative profile.

EV-CPC shape macrophage polarization state

As our in vivo data had suggested that EV-CPC could act as modulators of monocyte/macrophage
populations towards an anti-inflammatory phenotype, we assessed whether these effects were
relevant to human cells. CD14+ monocytes were isolated from human PBMC and differentiated to
MO-(M-CSF), M1-(LPS and IFNy), or M2-macrophages (IL-4 and IL-13). Pro-inflammatory M1
macrophages were characterized as CD64+, CD68+, CD80+, CD86+ cells; and reparative
macrophages as M2a (CD64+, CD68+, CD206+) or M2b (CD64+, CD68+, CD163+)
(Supplementary Figure 5). Exposure of MO to EV-CPC decreased the percentage of pro-
inflammatory monocytes (CD14* CD86") by 2.20-fold (data not shown), and that of pro-
inflammatory macrophages (CD64+ CD68+ CD86+ CD80+) by 2.26-fold. In this experimental
setting, the percentage of anti-inflammatory macrophages M2a (CD64+ CD68+ CD206+) was
increased by 1.66-fold, (Figure 7a). Exposure of M1 macrophages to EV-CPC did not impact the
percentage of CD64+ CD68+ CD86+ CD80+ cells but raised by 1.64-fold the percentage of M2a
cells, suggesting that even under pro-inflammatory conditions, EV-CPC favors the occurrence of

anti-inflammatory M2 macrophages. Exposure of M2 macrophages to EV-CPC did not
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significantly affect the percentage of M1, M2a or M2b cells (Figure 7a). Analysis of the culture
supernatants confirmed the capacity of EV to modulate cytokine levels and, more specifically, to
upregulate angiogenic and anti-inflammatory markers in the treated macrophages (Figure 7b).
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Discussion

The principal findings of the present study are that EV derived from cardiovascular progenitor cells
do not appear to be immunogenic and seem rather endowed with anti-inflammatory properties

(Schematic representation).

The consistent observation of a discrepancy between the low engraftment rate of therapeutic cells
and the maintenance of functional benefits beyond the disappearance of the grafted tissue has led
the field to favor a paracrine mechanism of action whereby the transplanted cells release factors
which stimulate endogenous repair pathways 2%2433-%¢_This mechanistic hypothesis is strengthened
by the finding that the effects of transplanted cells can be recapitulated by the administration of
their secretome®®. This equivalence has been demonstrated in various and multiple preclinical
models targeting different diseases®’ which lends further support for the therapeutic benefits of the
cellular secretome. While this secretome is comprised of multiple biologically active components,
one important class which has gained increasing interest is represented by EV %34, All cell types
secrete EV, but not all EVs are equivalent. For example, Barile et al > have shown that, in
comparison with EV from mesenchymal stem cells, those released by cardiac stem cells have a
greater therapeutic efficacy in a ischemic rat occlusion-reperfusion model. The proteomic profile
from the two cell types is actually different, possibly leading to a release of factors by cardiac-
committed cells which are better tailored to heart tissue repair. Therefore, and in-line with our
previous studies, we have been committed to use EV secreted from cells phenotypically close to
those of the target tissue. In this case, we use iPSC derived cardiovascular progenitors. These EV
were primarily characterized by their size profile, surface markers and TEM characteristics which
thus provided sound evidence for their identity.

While the composition of the EV cargo reflects that of their parental cells, it can be selectively
enriched in, or deprived of, some molecules present in these cells!8. This is confirmed in the present
study by the finding that, in contrast to CPC, the secreted EV express extremely low levels of most
immune relevant molecules. Yet, they did express the ligands for NK cell activating receptors,
albeit at a lower level compared to their parent cells. This expression pattern strongly suggests that
EV-CPC may be more immunologically neutral towards lymphoid populations and innate
lymphoid NK cells than their parent cells. This idea is supported by the fact that EV-CPC did not

17



trigger allogeneic T cell activation either in vitro, as shown by the mixed lymphocyte reactions
data. The EV-CPC are probably also unable to trigger neither T nor B cells response in vivo, since
they were not able to affect the number of these adaptive cells upon their injection in
immunocompetent infarcted mice. Further, EV-CPC did not trigger a humoral immune response,
since their repeated delivery did not result in an increase in immunoglobulin production as
compared to controls, thereby strengthening the idea that they may deviate the immune surveillance
of the host. This makes them therapeutically attractive since, and in contrast to their parental
allogeneic cells, their use in patients might not require immunosuppression. Of note, EV from other
cell sources like antigen-presenting cells carry HLA-I and Il antigens and can thus trigger T cell
proliferation “3. Conversely, EV from mesenchymal stem cells have been credited with
immunosuppressive effects 4 which we did not find to be the case for EV-CPC in our in vitro
studies. Taken together, these data highlight the critical influence of the parental cell phenotype on

the ultimate immune properties of their secreted EV.

The fact that EV-CPC seem endowed with anti-inflammatory properties further supports the above
notion. In vivo, we consistently observed that pro-inflammatory Ly6CM9" monocytes were
decreased in heart tissue in both acute M1 and chronic heart failure models. This anti-inflammatory
effect was more pronounced at the acute stage under the form of a concomitant decrease in
neutrophils. Further evidence includes a decrease in heart and plasma cytokine levels in both acute
and chronic settings and the trend for human innate myeloid monocytes/macrophages exposed to
EV-CPC to shift their polarity towards an anti-inflammatory phenotype. Yet, EV-CPC were unable
to reverse the pro-inflammatory M1 pattern once established concerning in vitro experiments with
human cells, in contrast to exosomes from adipose-derived mesenchymal stromal cells which can
reverse the M1 conversion of microglial cells subjected to oxygen and glucose deprivation “°. These
divergent results might be due to differences in the content of the EV payload and/or the phenotype

of the target cells.

Although the present experiments focused on the immune-inflammatory responses to EV and, as
such, did not include functional assessments, it is noteworthy that in a previous study from our
laboratory ¢, EV from the same CPC source as in the present study were shown to improve post

infarction contractile performance in a mouse model of chronic left ventricular dysfunction. The
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transcriptomic study of these EV had highlighted the strong expression of 16 microRNAs broadly
conserved across species, among which at least half, i.e., miR-92a 6, miR-24 4’ miR-93-5p ¢, miR
20b-5p *°, miR-107 °°, miR 26a-5p °!, miR-16-5p°> and miR-130b-3p > are to some extent
involved in the regulation of inflammation. It is thus plausible that the effects of the EV cargo on
the mitigation of immune-inflammatory responses demonstrated in the present study participate in
the previously documented EV-associated preservation of post infarction heart function. Of note,
these functional benefits were observed in an immune-deficient mouse model. However, recent
work in our laboratory has reproduced this therapeutic effect in an immune-competent strain
(unpublished data), suggesting that the possible link between the EV-related regulation of immune-
inflammatory responses and the mitigation of post infarct heart injury is independent of the immune
status of the recipient animals.

The finding of decreased circulating levels of IL-1a and IFN-y in mice, following intramyocardial
injection of EV three weeks earlier, suggests that these particles might induce a sustained systemic
anti-inflammatory effect not strictly localized in the treated organ. It is thus conceivable that the
opposite event may happen, i.e., that intravenously delivered EV, even though they are
predominantly trapped in the lungs and spleen, may exert endocrine anti-inflammatory effects on
remote organs, including the heart, as reported for mesenchymal stem cells®. This could explain
the therapeutic efficacy of intravenously injected EV in Duchenne *° and doxorubicin-induced
cardiomyopathy ¢ which share in common a chronic inflammation of the myocardial tissue "8
Should this hypothesis be validated, it would reinforce the clinical attractiveness of EV by opening
the way to systemic delivery, making such a treatment simple, non-invasive, readily available and

economically affordable.
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Figure legends

Figure 1: Surface marker profile of CPC and EV-CPC:

a & b) Representative flow cytometry histograms for the fluorescence intensity of surface markers
on CPC (a) and EV-CPC (b). The percentage of positive cells (%) and geometric mean fluorescence
intensity (MFI) are indicated. mAb (monoclonal antibody). ¢) Main surface marker profile of EV-
CPC, as identified by a cocktail of 39 fluorescently-labeled bead populations, each coated with a
specific antibody binding the respective EV surface epitope. These data were derived from 4
independent preparations of EV. Data are presented as box-and-whisker plots, with the midline
representing the median and the whiskers representing maximum and minimum values. d) The
upper and middle panels present representative cryo-TEM images of CD81+ and CD81- EV
embedded in a thin film of frozen buffer. The lipid bilayer is clearly resolved (arrow in the upper
panel). The lower panel presents the size distribution of CD81+ and CD81- EVs, determined over
a total of 350 EV. The median sizes are 175 nM and 265 nM for CD81+ and CD81- EV,
respectively. CPC: iPS-derived cardiovascular progenitor cells; EV: Extracellular vesicles from
iPS-derived cardiovascular progenitor cells.

Figure 2: Effects of CPC and EV-CPC on allogeneic T-cell immune response.

a) CFSE-labeled peripheral blood mononuclear cells (PBMC) were cultured alone (negative
control), with human leukocyte antigen-mismatched mitomycin C-treated PBMC (Allo PBMC
from 2 different donors, positive control), with mitomycin C—treated CPC at different CPC:PBMC
ratios (CPC1: 1:10; CPC2: 1:5), or with EV-CPC at different doses (EV1: 5.5x108 ; EV2: 5.5x10°
and EV3: 1.7x10 particles). Proliferation levels of CD4* and CD8" T cells were determined by
loss of CFSE labelling.

b) CFSE-labeled human leukocyte antigen-mismatched PBMC were activated with
phytohemagglutinin ((PHA)-positive control), alone (negative control), in the presence of
mitomycin C-treated CPC at different CPC:PBMC ratios (CPC1: 1:10; CPC2: 1.5), or with EV-
CPC at different doses (EV1: 5.5x108 ; EV2: 5.5x10° and EV3: 1.7x10% particles). Proliferation
levels of CD4* and CD8" T cells were determined by loss of CFSE labelling. The results are given
as mean = SD from 3 independent experiments performed in duplicate or triplicate. Wilcoxon
signed rank test was used and a p-value <0.05 was considered statistically significant** p <0.01;

***n<0.001. Abbreviations as in Figure 1.
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Figure 3: Effects of CPC and EV-CPC on NK cell degranulation.

a) Scatter plot of flow cytometry analysis showing the percentages of CD107a-positive cells in
CD56+ IL-15-activated NK cells after overnight incubation with target cells: K562 (positive
control), CPC or EV-CPC (EV1: 5.5x108 EV2: 5.5x10° and EV3: 1.7x10%° particles) at a 1:1
effector:target cell ratio.

b) Histogram presenting percentages of CD107a positive cells (mean = SD) from 3 independent
experiments performed in triplicate. The results are given as mean + SD. Wilcoxon signed rank
test was used, a p-value <0.05 was considered statistically significant. *** p <0.001. Abbreviations

as in Figure 1.

Figure 4: Humoral and cellular responses of vaccinated mice with PBS or EV-CPC.

a) Immunoglobulin isotype detection in plasma of vaccinated mice at days 10, 20, 30 and 37.

b) Spot counts of interferon-gamma (IFN-y) detection secreted by splenocytes of each vaccinated
mouse (technical triplicates), n = 6 per group. PBS: Phosphate-Buffered saline; other abbreviations

as in Figure 1.

Figure 5: Inflammatory cell numbers in heart tissue and cytokine blood levels in the chronic
heart failure model.

a) Heart tissue levels of immune cells: Three weeks after MI, mice were untreated (n=8-13) or
injected with PBS (n=6-8), EV (n=7), CPC (n=6) or LPS (n=4). Three days after injection, the left
ventricle was removed and analysed by FACS for the assessment of immune cells.

b) Circulating blood cytokine measurements, assessed by FACS using a Luminex® based—bead
immuno assay. Untreated (n=3-5), PBS (n=4-6), EV (n=5-6), CPC (n=3-5) or LPS (n=3). The
results are given as mean £ SD. Wilcoxon signed rank test was used, a p-value <0.05 was

considered statistically significant. *p < 0.05; ** p < 0.01. Abbreviations as in Figure 4.

Figure 6: Inflammatory cell numbers and cytokine levels in heart tissue in the acute

myocardial infarction model.
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a) Heart tissue levels of immune cells: Two days after MI, mice were injected with PBS (n=6) or
EV (n=6). Three days after injection, the left ventricle was removed and analysed by FACS for the
assessment of immune cells.

b) Cardiac cytokine levels, as assessed by FACS using a Luminex® based—-bead immuno-assay;
PBS (n=5-6) or EV (n=6-7). The results are given as mean + SD. Wilcoxon signed rank test was
used, a p-value <0.05 was considered statistically significant. *p <0.05. Abbreviations as in Figure
4,

Figure 7: Effects of EV-CPC on the expression of macrophage surface markers and cytokine
expression profile.

a) Percentage of cell expressing specific surface markers in human macrophages (CD64+ and
CD68+, n=3 or 4 different patients). The results are given as mean £ SEM. Mann-Whitney Test
was used to compare two groups and a p-value <0.05 was considered statistically significant.

b) Supernatants of macrophage cell culture at day 9 were analyzed by FACS using a Luminex bead-
based immunoassay. Values have been normalized in reference to the untreated population in each
case. Data were obtained from 4 different patients. The results are given as mean + SD. Mann-
Whitney Test was used to compare two groups and a p-value <0.05 was considered statistically
significant; *p < 0.05.

MO: Undifferentiated macrophages; M1: Pro-inflammatory macrophages; M2: Anti-inflammatory

macrophages; EV: Extracellular vesicles from iPS cell-derived cardiovascular progenitor cells.

Schematic representation: EV and cardiac inflammatory reaction. Extracellular vesicles (EV)
obtained from iPS cell-derived cardiovascular progenitor cells (CPC) do not trigger an immune
response either in in vitro human allogeneic settings or in immunocompetent experimental models.
Of note, EV harbor an unchallenged capacity to fine-tune the response of monocyte/macrophages

towards resolution of inflammation bolstering their therapeutic potential.
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