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Abstract
Cardiac progenitor cell (CPC)-derived small extracellular vesicles (sEVs) exhibit
great potential to stimulate cardiac repair. However, the multifaceted nature of sEV
heterogeneity presents a challenge in understanding the distinct mechanisms under-
lying their regenerative abilities. Here, a dual-step multimodal flowthrough and
size-exclusion chromatography method was applied to isolate and separate CPC-
derived sEV subpopulations to study the functional differences related to cardiac
repair responses. Three distinct sEV subpopulations were identified with unique
protein profiles. Functional cell assays for cardiac repair-related processes demon-
strated that the middle-sized and smallest-sized sEV subpopulations exhibited the
highest pro-angiogenic and anti-fibrotic activities. Proteasome activity was uniquely
seen in the smallest-sized subpopulation. The largest-sized subpopulation showed
no effect in any of the functional assays. This research uncovers the existence of
sEV subpopulations, each characterized by a distinct composition and biological
function. Enhancing our understanding of sEV heterogeneity will provide valuable
insights into sEVmechanisms of action, ultimately accelerating the translation of sEV
therapeutics.
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 INTRODUCTION

Extracellular vesicles (EVs) are membrane-bound particles that display pleiotropic functions including advanced intercellular
communication through the transfer of cellular components such as proteins, RNA, and lipids (Kalluri & LeBleu, 2020; Valadi
et al., 2007). Initially, EVs were thought to be involved in removing unnecessary cellular components (Pan & Johnstone, 1983).
However, subsequent studies have revealed that EVs also play diverse roles in many biological processes including inflammation,
cell proliferation, apoptosis, and neuronal function (Rashed et al., 2017; Rezaie et al., 2018). EVs can play a role in intercellular
signalling through differentmechanisms such as endocytosis, membrane fusion, or by interactionwith surface receptors (Raposo
et al., 1996; Valadi et al., 2007). Given the widespread involvement of EVs in various diseases (Bonafede &Mariotti, 2017; Dykes,
2017; Inamdar et al., 2017; Sadeghipour &Mathias, 2017; Selmaj et al., 2017; Shen et al., 2017; Wiley & Gummuluru, 2006) and the
fact that the content of EVs reflects that of their cell of origin, these vesicles hold great promise as biomarkers (D’Souza-Schorey&
Clancy, 2012; Jia et al., 2017). Additionally, EVs are involved inmodulating immune responses and possess regenerative capacities,
making them potential therapeutic agents (Herrmann et al., 2021; Nassar et al., 2016). EVs are identified as the active fraction
in the paracrine secretion of mesenchymal stromal cells (MSCs) and cardiac progenitor cells (CPCs) that displayed reparative
properties in cardiac injury models (Lai et al., 2010; Maring et al., 2019). Although there are indications that these EVs stimulate
cell survival and angiogenesis, the exact cellular and molecular mechanisms underlying their contribution to cardiac repair are
still poorly understood (Deddens et al., 2017; Vrijsen et al., 2016).

Based on their biogenesis, EVs can be classified into two major populations: ectosomes, also referred to as microvesicles, and
exosomes (Colombo et al., 2014). Ectosomes are formed through a process of budding and shedding from the cell membrane
and typically range in size from 50 to 1,000 nm. Various subpopulations of ectosomes have been identified, such as midbody
remnants (Rai et al., 2021), migrasomes (Ma et al., 2015), exopheres (Davis et al., 2014) and Arrestin-domain-containing protein
1-mediated microvesicles (ARMMs) (Nabhan et al., 2012). In contrast, exosomes have an endosomal origin and range in size
from 30 to 150 nm (Inamdar et al., 2017; Willms et al., 2016). Exosomes are generated within endosomes as intraluminal vesicles
and are released when these multivesicular endosomes (MVEs) fuse with the plasmamembrane (Klumperman & Raposo, 2014).
Multiple pathways have been proposed for exosome biogenesis, both dependent and independent of the endosomal sorting
complex required for transport (ESCRT) machinery (Friand et al., 2015; Trajkovic et al., 2008).
It has become evident that EVs represent a heterogeneous population which may exhibit diverse biological functions. On this

idea, different studies have separated EV populations and subpopulations showing differences in molecular composition and
biological effects on recipient cells (Bruno et al., 2017; Collino et al., 2017;Willms et al., 2016; H. Zhang et al., 2018; Q. Zhang et al.,
2019, 2021). Given this heterogeneity, it is essential to explore the potential functional differences between EV subpopulations
related to cardiac repair mechanisms. Understanding these differences could lead to the development of more targeted and
effective therapeutic strategies for heart disease.
The current study aimed to characterize distinct small EV (sEV) subpopulations and investigate the functional hetero-

geneity of sEVs in the context of cardiac repair processes. To this end, we evaluated SEC technology to distinguish different
sEV subpopulations based on their size. We identified distinct sEV subpopulations, characterized their physical proper-
ties and protein composition and evaluated their functional effects using established in vitro cardiac repair models. The
improved understanding of functional differences between sEV subpopulations may facilitate the selection of the most
active sEV subpopulation with strong cardiac repair properties and improve the efficiency and reproducibility of sEV-based
therapeutics.

 METHODS

. Cell culture

Cardiac progenitor cells (CPCs) were obtained as previously described (Smits et al., 2009; van Vliet et al., 2012). CPCs were culti-
vated in MEM-199 (Gibco, 31150-022, + Earle’s Salts and L-glutamine) supplemented with 22% EGM-2 medium (Lonza), 1%
penicillin/streptomycin (Gibco), 10% fetal bovine serum (FBS) (Corning, 35-079-CU) and 1% MEM NEAA Nucleic acids
(Gibco). Human Microvascular Endothelial Cells 1 (HMEC-1) were cultivated in MCDB-131 medium (without L-glutamine,
Gibco) supplemented with 1% penicillin/streptomycin, 10% FBS, 5% GlutaMAX 200 mM (Gibco), 0.05 mM hydrocortisone
(Sigma) and 10 ng/mL rhEGF (Peprotech). Human fetal cardiac fibroblasts (hfCFs) were obtained as previously described
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(Bracco Gartner et al., 2019). HfCF were cultivated in DMEM (Gibco, 41965-062, 4,5 g/L glucose) supplemented with 1%
penicillin/streptomycin and 10% FBS. Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes were obtained as
described previously in (Lian et al., 2013; Lian et al., 2012). hiPSC-derived cardiomyocytes were cultivated in RPMI-1640 (Thermo
Fisher, 11875) supplemented with 1% penicillin/streptomycin, 2% B-27 (Thermo Fisher, A1895601) till day 20 (Supplementary
Figure 1A). hiPSC-derived cardiomyocytes were maturated following the protocol of Feyen et al. (2020) and cultured in the
describedmaturationmedium until day 40–45 post-differentiation (Supplementary Figure 1B). THP-1 cells (a humanmonocytic
cell line, ATCC, TIB-202) were cultivated in suspension in RPMI medium (Gibco, 21875-034, with L-glutamin) supplemented
with 1% penicillin/streptomycin and 10% FBS. hTERT immortalized adipose derivedmesenchymal stromal cells (MSCs) (ATCC,
ASC52telo) were cultivated in MEM Alpha Medium (Gibco, 32561-029, -ribonucleotides, -deoxyribonucleotides, +GlutaMAX)
supplemented with 1% penicillin/streptomycin and 10% FBS. All cell types were cultivated at 37◦C with 5% CO2 in coated
flasks (0.1% gelatin (Sigma) in DPBS (Gibco). All cells were obtained by individual written informed consent and after approval
of the ethics committee according to the principles outlined in the Declaration of Helsinki for the use of human subjects or
tissue.

. sEV isolation and separation by size exclusion chromatography

When cultured CPCs reached a confluency of 80%–90%, they were washed with PBS and medium was replaced for plain (FBS-
free) MEM-199 medium. Conditioned medium was removed after 24 h and spun down at 2000 x g for 15 min. Supernatant
was filtered through a 0.45 μm aPES bottle top filter (Nalgene). Filtrate was concentrated to a volume of approximately 3 mL
by Tangential Flow Filtration (TFF) using a Minimate TFF capsule (Pall, Omega PES membrane, OA300C12) with a membrane
cutoff of 300 kDa using a flowrate of 150 mL/min. During TFF, a buffer exchange was performed to PBS. Residue was loaded on a
HiScreen Capto Core 700multimodal flowthrough chromatography (MFC) column (Cytiva) connected to anÄKTA start system
(Cytiva) with a flowrate of 1 mL/min using PBS as running buffer. An absorbance chromatogram was recorded at 280 nm. sEV-
containing fractions were pooled and concentrated using 10 kDa Amicon Ultra-15 spinfilters (Merck). 2 mL of sEV fractions was
loaded on a HiPrep Sephacryl S-500 HR (Cytiva, 16/60) size exclusion chromatography (SEC) column connected to the ÄKTA
Pure system (Cytiva) with a flowrate of 0.5 mL/min using PBS as running buffer. An absorbance chromatogram was recorded at
280 nm. SEC fractions were concentrated with 10 kDa Amicon Ultra-15 spinfilters.

. Bicinchoninic acid assay analysis

A bicinchoninic acid (BCA) assay was performed for protein quantification according to manufacturer’s instructions of the
Micro BCA Protein Kit (Life Technologies, 23235). Absorbance was determined using a Multiskan™ FCMicroplate Photometer
(ThermoFisher Scientific). BCA is used for all quantification of sEVs for functional assays in this study.

. Sulfophosphovanilin assay

A sulfophosphovanilin (SPV) assay was performed for lipid quantification as described before (Osteikoetxea et al., 2015; Vis-
novitz et al., 2019), with minor modifications. Briefly, first a 10 mg/mL DOPC/DOPG 50:50 liposome standard was produced
in HEPES buffer saline buffer (HBS) using lipid film hydration followed by extrusion. The phospholipid concentration in the
liposome standard was quantified with the method of Rouser et al. (1970). For the SPV assay, 750 μL of 96% sulfuric acid was
added to 150 μL of samples including the standard which were subsequently incubated without the lids for 20 min at 90◦C.
After cooling, 450 μL of phospho-vanillin reagent (1 mg/mL vanillin in 17% phosphoric acid) was added and samples were
incubated for 1 h at 37◦C. After incubation, absorbance was determined using a Multiskan™ FC Microplate Photometer at
540 nm.

. Nanoparticle tracking analysis

Particle size and concentrationwas determinedwith aNanosightNS500 nanoparticle analyzer usingNanoSightNTA3.3 software
(Malvern). Three videos of 30 s were recorded for each sample with a delay of 5 s between each video. For all recordings camera
level was set at 16 with a well-adjusted camera focus. The detection threshold was set at 5, screen gain at 1.0 and other functions
were set at automatic. To ensure accurate measurements, prior to each measurement background signals of PBS (SIGMA) were
determined.
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. Western blot analysis

For SDS PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis), samples were diluted with LDS sample buffer (Life
Technologies) containing sample reducing agent (Life Technology). Subsequently, samples were heated for 10 min at 95◦C and
were separated on a 4–12 Bis-Tris polyacrylamide gel (Thermo Scientific) next to a PageRuler Plus Prestained Protein Ladder
(ThermoFisher Scientific). During blotting, samples were transferred from the gel to a PVDF iBlot membrane (Invitrogen, iBlot
Transfer Stack, PVDF) with the iBlot 2 apparatus (Life Technologies). Membranes were blocked for 1 h in Intercept Blocking
Buffer (LI-COR Biosciences). All immune-labelling was performed with Intercept Blocking Buffer for 2 h at room temperature
or overnight at 4◦C. Primary antibodies included mouse anti-Alix (Thermo Scientific, MA1-83977, 1:1000), mouse anti-syntenin
(Origene, TA504796, 1:1000), mouse anti-CD81 (Santa Cruz, SC-166029, 1:1000), rabbit anti-Annexin A1 (Abcam, ab214486,
1:1000), mouse anti-β-actin (Cell Signalling Technology, clone 8H10D10, 1:1000), rabbit anti-TSG101 (Abcam, ab30871, 1:1000),
mouse anti-HSP90 (Sigma, MA110372, 1:1000), mouse anti-CD63 (Abcam, ab8219, 1:1000) and rabbit anti-fibronectin (Sigma,
F3648, 1:2000) and rabbit anti-α-actinin 4 (Bethyl, O43707, 1:166). Secondary antibodies included Alexa Fluor 680-conjugated
anti-mouse antibody (LI-COR Biosciences, A-21057; 1:10,000) and IRDye 800CW anti-rabbit antibody (LI-COR Biosciences,
926–32211, 1:7500). Imaging was performed on an Odyssey Infrared Imager (LI-COR Biosciences) at 700 and 800 nm.

. Mass spectrometry

Proteomic characterization of the different subpopulations was achieved by mass spectrometry (MS) analysis of four biological
replicates for each sEV subpopulation (Bulk, P1, P2 and P3). Briefly, about 4 μg of sEV proteins from each sEV subpopulation
were lysed at 4◦C for 45 min in an end-to-end rotating platform in 0.5% SDC-containing 6M urea buffer (in 50 mM ammonium
bicarbonate, pH = 8.5), and the sEV membranes were further disrupted by 15 cycles of sonication in a Bioruptor (Diagenode),
where each cycle consisted of 30 s of sonication followed by 30 s off at 4◦C. Samples were spun down (20,000 x g, 30 min at 4◦C)
and the supernatants, containing extracted proteins, were reduced in 5 mM DTT (1 h at room temperature) and alkylated in
20 mM IAA (30 min at room temperature). The alkylation reaction was quenched by addition of 5 mM DTT for 5 min at room
temperature, and then proteins were digested first with Lys-C for 2 h at 37◦C (1:50 w/w enzyme to protein ratio) followed by 3x
dilution with 50 mM ammonium bicarbonate and overnight digestion with Trypsin (Promega) at 37◦C and the same enzyme
to protein ratio. After digestion, pH was lowered to 2.5 by addition of formic acid (5% final) and then the SDC precipitate was
removed by centrifugation (20,000 x g, 30 min at 4◦C). Peptides were desalted using Pierce C18 stage tips (Thermo Scientific),
dried down in a vacuum centrifuge and kept at −20◦C until LC-MS/MS analysis.
For the LC-MS/MS analysis, data were acquired with an Ultimate 3000 system (Thermo Fischer Scientific) coupled to an

Orbitrap Exploris 480 mass spectrometer (Thermo Fischer Scientific). Peptides were trapped (Dr Maisch Reprosil C18, 3 μM,
2 cm x 100 μM) before being separated on an analytical column (Agilent Poroshell, EC-C18, 2.7 μM, 50 cm x 75 μM). Solvent B
consisted of 0.1% formic acid in 80% acetonitrile. Trapping of peptides was performed for 2 min in 9% B at a flow rate of 300
nL/min followed by peptide separation in the analytical columnusing a gradient of 13−44%B in 65min. After peptide separation,
gradients were followed by a steep increase to 99% B in 3 min, a 5 min wash in 99% B and a 10 min re-equilibration at 9% B.
Flow rate was kept at 300 nL/minute. The mass spectrometer was operated in data-dependent mode. Peptides were ionized in a
nESI source at 1.9 kV and focused at 40% amplitude of the RF lens. Full scan MS1 spectra from 375 - 1600 m/z were acquired in
the Orbitrap at a resolution of 60,000 with the AGC target set to 1×106 and under automated calculation of maximum injection
time. Cycle time for MS2 fragmentation scans was set to 1 second. Only peptides with charged states 2–6 were fragmented, and
dynamic exclusion was set to a duration of 14 s for 65 min gradients. Fragmentation was done using fixed HCD normalized
collision energy of 28%. Fragment ions were accumulated until a target value of 1 × 105 ions was reached under an automated
calculation of maximum injection time, with an isolation window of 1.4 m/z before injection in the Orbitrap for MS2 analysis at
a resolution of 30,000. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE (Vizcaíno et al., 2016) partner repository with the dataset identifier PXD032334.

Raw data were searched in MaxQuant (v_1.6.10.43) (Tyanova et al., 2016) against the SwissProt human reference proteome
database (containing 20,381 proteins and downloaded from Uniprot on March 2021). Spectra were searched using MaxQuant’s
built-in Andromeda search engine. Trypsin was set as the digestion enzyme and up to two missed cleavages were allowed. Car-
bamidomethylation of cysteines was set as a fixed modification, while protein N-terminal acetylation, deamidation (NQ) and
oxidation (M)were set as variablemodifications. To obtain protein abundance values, label-free quantification (LFQ)was enabled
using a minimum ratio count of two and both razor and unique peptides for quantification. Match between runs was enabled,
the matching time window was set to 0.7 min and the alignment time window was set to 20 min. Precursor ion tolerance was set
to 20 ppm for the first search and 4.5 ppm after recalibration, and fragment ions tolerance was set to 20 ppm. False discovery rate
(FDR) of 1% was set at PSM, site and protein level by using a reverse decoy database strategy. Data was analyzed using Perseus
software (v_1.6.14) (Tyanova et al., 2016). In each analysis, proteins quantified (LFQ) in three out of four replicates in at least
one group were log2 transformed and missing values were replaced individually for each sample from the normal distribution.
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Statistical differences were always assessed by two-sided Student’s T test or One-way ANOVA and corrected p-values (q-
value) were calculated using the permutation method with up to 250 iterations. Proteins were considered significant when
q-value≤ 0.05.

For the clustering analysis, the optimal number of clusters was selected based on Silhouetto plots maximas and visual inspec-
tion. At the selected K-mean values, hierarchical clustering was performed on Z-transformed abundance data. Gene ontology
enrichment for cellular component was done for each cluster and the top 10 most enriched terms, based on q-value, were plotted
for each cluster and ordered based on gene count. All plots were generated using R packages.

. Imaging flow cytometry (IFCM)

sEVs were studied on a single particle level by high resolution IFCM (Amnis Cellstream, Luminex; equipped with 405, 488, 561
and 642 nm lasers) based on previously optimized settings and protocols with an Amnis ImagestreamX MkII instrument and
Amnis Cellstream instrument (Görgens et al., 2019, 2022). Briefly, fluorescence-conjugated antibodies were used to stain for sEV
surface markers. Antibodies were added to sEV samples diluted in PBS-HAT buffer (Görgens et al., 2022) to a concentration of
1e10 particles/mL at a final concentration of 8 nM, and sampleswere incubated over-night at room temperature as described before
(Tertel et al., 2020). All antibodies were centrifuged for 5min at 17,000× g before they were applied to sEV samples. The following
antibodies were used: CD9-APC (Miltenyi Biotech, clone SN4, 130-128-037), CD63-APC (Miltenyi Biotec, clone H5C6, 130-100-
182), and CD81-APC (Beckman Coulter, clone JS64, A87789), CD49B (Miltenyi Biotec, 130−100−348), CD49C (Miltenyi Biotec,
130−105−407), LAMP2 (Miltenyi Biotec, 130-123-837), HLA-ABC (Miltenyi Biotec, 130-120-429), CD151 (BioLegend, 340405),
CD29 (Beckman Coulter, IM0791U), CD98 (Miltenyi Biotec, 130-127-296) and CD147 (Miltenyi Biotec, 130-124-248). Post stain-
ing, samples were diluted 1000–2000 fold in PBS-HAT before acquisition by using the plate reader of the Cellstream instrument
with FSC turned off, SSC laser set to 40%, and all other lasers set to 100% of the maximum power. sEVs were defined as described
before (Görgens et al., 2019). Samples and all controls were acquired for 5 min at a flow rate of 3.66 μL/min (setting: slow)
with CellStream software version 1.2.3 and analyzed with FlowJo Software version 10.8.1 (FlowJo, LLC). Fluorescence calibration
and reporting of fluorescence data in molecules of equivalent soluble fluorophores (MESF) was performed as described before
(Görgens et al., 2019; Tertel et al., 2020). Dulbecco’s PBS pH 7.4 (Gibco) was used as sheath fluid.

. Dot blot analysis

The phosphatidylserine dot blot was performed as described before (Kooijmans et al., 2018), with minor modifications. Lipids
were extracted from sEVs by an extraction according to Bligh and Dyer (Breil et al., 2017). Briefly, 375 μL chloroform:methanol
was added to 100 μL of the aqueous sEV solution and vortexed until a single phase was formed. 125 μL of chloroform and 125 μL
of PBS were added and vortexed until two phases were formed. Subsequently, samples were centrifuged at 1500 x g for 90 s and
the organic chloroform phase including lipids was collected. Phosphatidylserine (PS) dissolved in 1 : 1 chloroform :methanol
at a concentration of 500 μM was used as a control. 5 μL samples were spotted on an 0.22 μm PVDF membrane and dried
for 1 h at room temperature. Membrane was blocked with Intercept Blocking Buffer for 2 h at room temperature, followed by
overnight incubation with an in-house developed PS-binding nanobody (Kooijmans et al., 2018) in Intercept Blocking Buffer at
4◦C. Application of first and second antibodies and analysis was performed as described under ‘Western blot analysis’. Mouse
anti-Myc was used as a primary antibody.

. Transmission electron microscopy (TEM)

3 μL of undiluted sEVs were adsorbed to glow-discharged (10 s, 10 mA) continuous carbon-coated formvar grids copper mesh
grids (Ted Pella 400 mesh Cu, 01754-F), incubating for 1 min. Excess sample was blotted away. After a PBS wash, after which
samples were stained in two steps using 2% (w/v) uranyl acetate: following a short application, excess stain was blotted away
before a longer 1-minute incubation with the same uranyl acetate solution was applied. After a last blotting step, grids were and
dried at room temperature. TEM images were collected on a Talos L120C transmission electron microscope (Thermo Fisher
Scientific) operated at 120 kV using a 4k × 4k Ceta CMOS camera (Thermo Fisher Scientific).

. sEV uptake assay

sEVs were labelled with Alexa fluor 647 NHS ester (Invitrogen, A20006) at a final labelling concentration of 40 μg/mL for 30min
at 37◦C as previously described (Roefs et al., 2022). After labelling the reaction was quenched using 100mMTris-HCl. sEVs were
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separated from free dye by 4 washing steps with PBS in a 15 mL 10 kDa spinfilter step at 3000 x g at 4◦C. sEV concentration was
determined by a fluorescence plate reader (Ex/Em, 651/672 nm). EV uptake assays were performed using HMEC-1, hfCF, hiPSC-
derived cardiomyocytes and THP-1 cells. 48 h before experiment cells were seeded in a 48 well plate (HMEC-1: 90,000/well,
hfCF: 50,000/well, 20 day post differentiation hiPSC-derived cardiomyocytes: 200,000/well and THP-1 200,000/well). THP-1
cells were differentiated into a macrophage-like phenotype by stimulation with 100 nM phorbol myristate acetate (PMA). After
48 h,mediumwas replaced and sEV subpopulations, normalized on fluorescence signal, were added to cells next to a PBS control.
After 4 h cells were washed with PBS, detached and analyzed by flow cytometry using a Cytoflex (Beckman Coulter).

. Endothelial cell wound healing assay

HMEC-1 were seeded in a 48-well plate at a density of 90,000 cells/well 48 h prior to the assay, as previously used (van de
Wakker et al., 2022). A scratch wound was made using a pipet tip and detached cells were washed away with plain MCDB-131
mediumwithout any supplementation. Subsequently, cells were incubated in plainMCDB-131 medium plus indicated treatments
in triplicate for 6 h. 3 μg of sEV subpopulations per well was added as treatment, PBS was used as a negative control andMCDB-
131 containing 20% FBS as a positive control. At t= 0 h and t= 6 h, two pictures per well were taken using an EVOS microscope
(Life Technologies). Closing of the scratch was measured by image analysis using Image J software. The mean width of each
scratch at t= 0 h was subtracted by the mean width at t= 6 h to determine the migrated distance. Wound closure was calculated
relative to the negative control for independent biological replicates.

. Endothelial signalling activation assay

To analyze activation of endothelial AKT signalling, HMEC-1 cells were incubated with different sEV subpopulations and lysates
were used to measure the phosphorylation of AKT (Evers et al., 2022). HMEC-1 cells were seeded in a 48 well plate at a con-
centration of 90.000 cells/well and incubated for 48 h. Next, medium was washed and replaced with plain medium without any
supplementation, and cells were serum-starved for 3 h in empty medium. After 3 h, 3 μg of sEV treatments were added and PBS
was used as negative control. After 30 min medium was aspirated and wells were washed with PBS. To cells, 100 μL complete
lysis-M buffer (Roche) including protease and phosphatase inhibitors (Cell Signalling Technologies) was added and incubated
for 5 min on ice. Each well was scraped and lysates were transferred to Eppendorf tubes. Samples were vortexed and centrifuged
for 15min at 12,000 x g at 4◦C. Expression of AKT, and pAKT, were analyzed bywestern blot analysis (equal protein amounts were
loaded). Primary antibodies included rabbit anti-Akt (Cell Signalling Technologies, 9272S, 1:1000), rabbit anti-pAkt (Cell Sig-
nalling Technologies, 4060S, 1:1000). Secondary antibodies were similar as described above. AKT was used as a baseline control.
To determine the signalling activation of the AKT pathway, the pAKT/AKT ratio was calculated.

. Sprout formation assay

Angiogenic sprouting was determined by seeding HMEC-1 cells onto Cytodex 3 gelatin microcarrier beads (17-0485-01) embed-
ded in Matrigel. 2,000 beads were preincubated with 2 × 106 HMEC-1 cells in a 50 mL conical tube. To allow cell attachment to
the beads they were incubated for 4 h in suspension at 37◦C with regular swirling of the tube. After incubation, beads with cells
were transferred to a T75 flask and incubated overnight. The following day around 50 beads/well were embedded between two
Matrigel layers consisting of a mixture of MCDB-131 medium, sEV subpopulation treatments (2 μg per layer) and growth factor
reduced Matrigel (Corning, 354230) in a volume ratio of 4:1:1. MCDB-131 medium supplemented with 10% FBS, 5% GlutaMAX
200 mM, 0.05 mM hydrocortisone and 10 ng/mL rhEGF was used as positive control and PBS as negative control. After solid-
ification of Matrigel, 200 μL of MCDB-131 medium was added on top of the gels. Plates were incubated at 37◦C for 72 h. After
72 h, images of 5–7 beads per well were recorded and image analysis was performed using ImageJ with the NeuronJ plugin. The
number of sprouts, mean length per sprout and total length per bead were measured.

. Cardiomyocyte survival assay

100,000 maturated hiPSC-derived cardiomyocytes/well (40-45 days post differentiation) were seeded in a 96 well plate. Cells
were incubated with 150 μL of fresh maturation medium and incubated for 4 days. Subsequently, sEV subpopulation samples
next to a PBS control were added to the cells and incubated for 48 h in 1% hypoxia conditions using a GasPak™ EZ Pouch System
(Becton, Dickinson and Company). A plate incubated in normoxia conditions was also prepared with only the PBS control and
incubated for the same period. For analysis, after incubation cells were fixated and cell death was determined using staining
with Hoechst 33342 (1:10,000) (ThermoFisher Scientific) and ethidium homodimer-1 (1:500) following the instructions of the
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TABLE  Used primers.

Primername Forward sequence Reverse sequence

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

Fibronectin CAGACATTCGTTCCCACTCA CGTCATAGTGGAGGCACTGA

αSMA GCTCAGCAGTAGTAACGAAGGA CTATGAGGGCTATGCCTTGCC

Collagen Type 1a1 ATCAACCGGAGGAATTTCCGT CACCAGGACGACCAGGTTTTC

Invitrogen™ LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian cells (ThermoFisher Scientific). After 30 min, staining
solution was replaced by maturation medium and cells were scanned using a CellInsight™ CX High Content Screening HCS
Platform (ThermoFisher Scientific) and analyzed using the Cell Health Profiling bioapplication to determine the percentage of
dead cells. Relative cell death of was calculated relative to the negative controls for independent biological replicates.

. Fibroblast stimulation assay

Human fetal cardiac fibroblasts (hfCFs) were seeded at a density of 25,000 cells/well in a 48well plate. To stimulate hfCFs, TGF-β1
(Preprotech) was added at a concentration of 2 ng/mL, as previously used (BraccoGartner et al., 2022; Tao et al., 2016). 3 μg of sEV
subpopulation samples were added to the stimulated hfCFs. Non-stimulated hfCFs without TGF-β1 were used as a control. After
24 h, cells were lysed in TRIzol reagent (Invitrogen, 15596026). RNA was extracted according to manufacturer’s instructions and
resuspended in RNase free water. To check the fibroblast activation, gene expression of αSMA, fibronectin, collagen type 1α1 and
GAPDH as a housekeeper gene were analyzed using qPCR (Table 1). cDNAwas obtained by reverse transcription and cDNAwas
used as template for Sybr Green (SIGMA, KCQS02) qPCR with the StepOnePlus Real-Time PCR system (Applied Biosystems)
according to the instructions of the manufacturer. Relative gene expression (normalized to GAPDH) was calculated relative to
the negative control for independent biological replicates.

. S proteasome activity assay

Tomeasure proteasome activity, a 20S proteasome activity assay was performed according tomanufacturer’s instructions (Sigma-
Aldrich, APT280). The proteasome inhibitor Lactacystin was included as a test inhibitor. Free AMC fluorescence was quantified
using a Spectramax ID3 (Molecular Devices) using a 380/460 nm filter. The enzyme activity is defined relative to the enzyme
activity of the used AMC standard of the kit.

. Proteinase K treatment

To digest extravesicular proteins, sEVs were incubated with a final concentration of 100 μg/mL Proteinase K (Promega) for 30
min at 37◦C. Proteinase K was subsequently inactivated by protease inhibitors (Roche) for 20min on room temperature followed
by a heating step of 95◦C for 10 min. The samples were thereafter immediately processed for western blot analysis.

. Statistics

Statistical analyses were performed using Prism 8.3.0 (GraphPad Software Inc.). Differences between two groups were tested
with a paired or unpaired T-test. Comparisons of more than two groups were tested with one-way ANOVA followed by Tukey’s
HSD multiple comparison test as post-test. Comparisons of more than two groups affected by two factors were tested with two-
way ANOVA followed by Tukey’s HSD multiple comparison test as post-test. Differences with p-values < 0.05 were considered
statistically significant. All results are expressed as mean ± standard deviation.

 RESULTS

. Size exclusion chromatography allows separation of sEV subpopulations on size

To separate sEV subpopulations derived fromCPCs and subsequently study potential differences in their function, we employed a
two-stepmultimodal flowthrough chromatography (MFC)—size exclusion chromatography (SEC)method. For isolation of bulk
sEVs from conditioned medium from CPCs, a purification step was applied by tangential flow filtration (TFF) with a membrane
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 of  VAN DEWAKKER et al.

F IGURE  SEC using S500 resin allows separation of sEV subpopulations on size. (a) Schematic overview of sEV purification process including a TEM
image of bulk sEVs. (b) Schematic overview of the size-based separation of sEV subpopulations using SEC, alongside an UV chromatogram of the SEC run and
TEM pictures of subpopulations defined as P1, P2 and P3. (c) Particle yields determined by NTA (n = 6). (d) Protein yields as determined by a microBCA
protein assay (n = 6). (e) Lipid yields as determined by a SPV assay (n = 4). *p < 0.05, ***p < 0.001.

cutoff of 300 kDa followed by MFC using the Hiscreen Capto Core 700 column. Figure 1a illustrates the purification process and
presents a transmission electronmicroscopy (TEM) image of isolated bulk sEVs. A heterogeneousmixture of sEVs with different
sizes were observed. As a second step, SEC was performed to fractionate sEV subpopulations based on size differences, where
larger sEVs eluted first followed by smaller ones.
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sEV subpopulations were defined based on proteinmarker elution profiles, whichwere assessed bywestern blot analysis. Three
distinct subpopulations, Pool 1 (P1), P2, and P3, exhibiting varying protein expression profiles, were identified (Supplementary
Figure 2A). P1 demonstrated enrichment in CD81 while being depleted in TSG101 and Alix. P2 displayed enrichment in CD81,
TSG101 and Alix, while lacking fibronectin. P3 exhibited enrichment in fibronectin but depletion of CD81, TSG101 and Alix.
Fractions 1–10 were combined to form P1, fractions 12–16 were combined to form P2, and fractions 18–33 were combined to form
P3. Figure 1b presents the UV chromatogram of the SEC run, demonstrating the separation of the three subpopulations alongside
TEM images. Clear differences in size and morphology were observed between the three subpopulations. P1 demonstrated the
most uniform subpopulation, which contained larger vesicle structures. P2 contained middle-sized vesicle structures and P3
contained a mix of small vesicle structures and larger protein structures. These larger structures resembled the non-vesicular
extracellular particles (NVEPs) as described in the literature (H. Zhang et al., 2018; Q. Zhang et al., 2021).
NTA showed the widest size distribution for the bulk sEVs, while the subpopulations were more homogeneous in size (Sup-

plementary Figure 2B-C). P1 contained the largest particles, however interestingly the particles in P3 appeared to be larger than
the particles in P2. Whilst the observed difference may not be statistically significant, this discrepancy might be explained by
known detection limits of the NTA which cannot detect particles smaller than ∼70 nm (van der Pol et al., 2014). As shown in the
TEM pictures in Figure 1b, the majority of particles in P3 were smaller than 70 nm.
To compare yields of isolated sEV subpopulations, particle count, total protein yield and total unsaturated lipid levels were

quantified using NTA, microBCA and an SPV assay respectively (Figure 1c-e). Total particle yield was significantly higher for P1
and P2 compared to P3, likely due to the inability to detect smaller particles in P3 by NTA, which were visible through TEM.
The middle-sized subpopulation, P2, had a significantly higher total protein yield, while the largest subpopulation, P1, had a
significantly higher lipid yield compared to the other subpopulations.
Together, these results demonstrate that SEC allows for the separation of sEV subpopulations with distinct sizes, sEV protein

marker content and morphologies.

. sEV subpopulations have distinct protein compositions

To characterize and differentiate the protein profiles of sEV subpopulations, we analyzed their protein compositions using mass
spectrometry. The full proteome as determined by mass spectrometry analysis is provided in Appendix 1. A comprehensive
understanding of the protein compositions of sEV subpopulations may shed insights on potential functional biological differ-
ences. Proteomic contents of the biological replicates of sEV subpopulations clustered tightly together, separately from the bulk
EVs (Figure 2a). Notably, P1 exhibited the most distinctive protein profile. A volcano plot comparing the protein quantification
of all subpopulations directly demonstrated a clear difference in protein expression between the subpopulations (Figure 2b). In a
comparative analysis of P1 versus P2, 49% were enriched in P1, while 11% were specific to P2. Similarly, when comparing P1 and
P3, 44% of the total proteins were unique to P1, and 16% were exclusively present in P3. Finally, in the comparison between P2
and P3, 13% of the total proteins in P2 were unique, while 16% of the proteins were exclusively present in P3.
Upon closer examination of differences in expression of individual proteins, a significant enrichment of specific canonical

EV markers was observed for all sEV subpopulations (Figure 2c). Interestingly, proteins previously suggested to be enriched in
ectosomes (Jeppesen et al., 2019; Mathieu et al., 2021) were enriched in P1, including annexin A1, basigin (CD147) and SLC3A2.
Furthermore, P1 was enriched for CD47, HLA proteins, galectin-1 and CD151. Other sEV marker proteins including ADAM10,
flotillins, CD9, CD63, CD81, Alix, TSG101, syntenin and LAMPproteins were enriched in P2. P3 exhibited significant enrichment
for heat shock proteins and extracellular matrix proteins such as fibronectin and decorin. Due to the sEVs being obtained from
FBS free conditioned medium, we did not expect high lipoprotein abundance in any of the subpopulations. Nonetheless, given
the morphological resemblances between P3 and lipoproteins, an examination of the proteomics data was performed to identify
lipoprotein markers. Lipoprotein associated proteins apolipoprotein B (ApoB) and apolipoprotein M (ApoM) were the only
lipoprotein markers detected, and were detected at low levels, exhibiting their highest expression within P3. The lipoprotein
markers apolipoprotein A-I (ApoA-I), apolipoprotein E (ApoE), paraoxonase 1 (PON1) and cholesteryl ester transfer protein
(CETP) were not detected.
Further analysis of specific protein families revealed that annexins, integrins, and RAB proteins, known to participate inmem-

brane trafficking, were enriched in the larger sEV subpopulation P1 (Figure 2d). In contrast, histones and laminins were enriched
in P2 and P3. The proteasome complex proteins were specifically enriched in P3. The observed protein distribution of annexin
A1, syntenin, alix, TSG101, CD81, CD63, HSP90 and fibronectin among the different subpopulations were confirmed by western
blot analysis (Figure 2e). Differential expression of specific membrane proteins between sEV subpopulations were also analyzed
by single vesicle analysis using imaging flow cytometry (IFCM) (Figure 2f, gating strategy is shown in Supplementary Figure 3A).
Consistent with mass spectrometry results, basigin, SLC3A2, CD44, several integrins, and CD151 were significantly enriched in
P1, while LAMP2, CD9, CD63, and CD81 were significantly enriched in P2. Unfortunately, fibronectin, as marker for P3, could
not be validated by IFCM (Supplementary Figure 3B). This may be attributed to the small size of the particles in P3, which may
have resulted in an insufficient number of protein copies for antibody binding. Additionally, some protein markers associated
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 of  VAN DEWAKKER et al.

F IGURE  Proteomic characterization of EV subpopulations reveals distinct protein profiles for sEV subpopulations. (a) A principal component analysis
based on the MS results. (b) Volcano plots showing differential protein expression between sEV subpopulations. (c) Heatmap of individual protein enrichment
profiles of different sEV markers. (d) Heatmaps of different proteins families. (e) Western blot analysis of sEV proteins annexin A1, syntenin, alix, TSG101,
CD81, CD63, HSP90 and fibronectin. Equal protein amounts (2 μg) were loaded. (f) IFCM based quantification of respectively detected concentrations of the
membrane proteins basigin, SLC3A2, CD44, integrin α2, integrin α3, integrin β1, CD151, LAMP2, CD9, CD63 and CD81. (g) Dot blot analysis for
phosphatidylserine (PS). (h) A Z-transformed clustering analysis based on the MS results. (i) Gene ontology enrichment for cellular component for
respectively cluster 2, 3 and 4. *p < 0.05, ***p < 0.001.
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with P3 may not be associated with EVs, but instead be incorporated into larger protein structures, which may be difficult to
distinguish from background signals using IFCM.
Annexins and galectins were both abundantly expressed in sEV subpopulation P1, and are known to bind phospholipids,

including phosphatidylserine (PS) (Popa et al., 2018). This prompted us to investigate the presence of PS in the sEV subpopula-
tions using a dot blot assay using an in-house developed PS-binding nanobody (Kooijmans et al., 2018). PS is a major component
of cellular membranes and plays a crucial role in various cellular processes such as apoptosis, phagocytosis and inflammation
(Perez et al., 2023; Shlomovitz et al., 2019). Our dot blot assay revealed that P1 clearly expressed the highest level of PS (Figure 2g).

To investigate possible differences in protein ontology among the distinct sEV subpopulations, we conducted a clustering anal-
ysis followed by a GeneOntology enrichment analysis for cellular components (Figure 2h-i). Analysis of the clusters representing
proteins specifically enriched in one of the subpopulations, that is, cluster 4 for P1, cluster 2 for P2, and cluster 3 for P3, are shown
in Figure 2i, while the results for the other clusters can be found in Supplementary Figure 3C. An overview of all Gene Ontology
enrichment data is provided in Appendix 2. Cluster 4, but also cluster 5, which contained proteins with the highest abundance
in P1, exhibited a greater enrichment of proteins derived from the plasma membrane and cytoskeleton. Conversely, P2-derived
proteins, which were most distinctly enriched in cluster 2, showed an association with the ESCRT complex, important for the
formation and loading of intraluminal vesicles in multivesicular endosomes, and with extracellular matrix proteins collagen and
laminins. Clusters representing P3-enriched proteins associated with the presence of several enzyme complexes, such as pepti-
dases and the proteasome complex. The abundance of plasmamembrane associated proteins in P1 and ESCRT associated proteins
in P2 suggest that there are differences in cellular origin among the three sEV subpopulations, with P1 resembling ectosomes, P2
resembling exosomes and P3 consisting primarily of large protein structures resembling NVEPs with an unknown biogenesis.
Taken together, our results demonstrate that CPCs release a heterogeneous mixture of sEVs with distinct protein profiles. The

observed heterogeneity in the protein content of sEV subpopulations suggests that CPCs may utilize different pathways for sEV
formation and sorting, leading to the packaging of different cargo molecules into different sEV subpopulations.

. sEVs subpopulations have different functional properties

After determining the differences in protein composition, we evaluated whether the sEV subpopulations had distinct biological
functions. Specifically, we investigated the involvement of sEV subpopulations in cardiac repair-related processes in multiple
cell types. Prior studies have demonstrated that sEVs contribute to cardiac repair by stimulating angiogenesis, regulating cardiac
fibrosis, preventing cardiomyocyte apoptosis, and regulating inflammatory responses (Bollini et al., 2018, Bracco Gartner et al.,
2019; Maring et al., 2019; van den Hoogen et al., 2019, van den Akker et al., 2018; Vrijsen et al., 2016). Based on this information,
we selected multiple in vitro functional assays to study the involvement of sEV subpopulations in these cellular processes.
Distinctive functional roles among subpopulations of sEVsmay be discerned based on their targeting preferences towards spe-

cific recipient cells. Research has identified various mechanisms underlying the cellular uptake of sEVs by recipient cells (Lässer
et al., 2018) and it is shown that sEVs from distinct sources target different cell types (Hoshino et al., 2015;Wiklander et al., 2015).
Therefore, we first studied the targeting properties of sEV subpopulations in cardiac-derived cell types. To assess sEV uptake, we
labelled sEV subpopulations with Alexa fluor 647 NHS ester reactive dyes. The employed washing protocol effectively eliminated
residual dye from the samples (Supplementary Figure 4A). To more comprehensively assess the residual signal of the free dye
following the washing procedure, we conducted an uptake assay using the free dye sample alongside two different concentrations
of labelled bulk sEVs. No background signal was observed in the free dye sample (Supplementary Figure 4B). The labelling and
washing protocol yielded similar labelling efficiencies for the different sEV subpopulations (Supplementary Figure 4C). Uptake
assays were performed using endothelial cells, human fetal cardiac fibroblasts (hfCFs), hiPSC-derived cardiomyocytes (Supple-
mentary Figure 1A) and macrophages. We found that P2 and P3 had similar uptake properties but were clearly distinct from the
larger sEVs in P1. Larger sEVs from P1 were more efficiently taken up by endothelial cells and hfCFs as compared to P2 and P3,
while these mid-sized and smaller sEV subpopulations were more efficiently internalized by cardiomyocytes and macrophages
(Figure 3a-d).
Since we observed different cell targeting properties for the sEV subpopulations, we next tested their functional effects on dif-

ferent cell types.We performed three assays to study their effect on endothelial cells: endothelial activation, endothelialmigration,
and endothelial sprouting. To assess endothelial activation, we determined activation of the AKT signalling pathway, which is
upregulated during tissue repair (Shabbir et al., 2015), upon short-term exposure to sEV subpopulation treatments. We found
that exposure of endothelial cells to P2 and particularly P3 led to activation (i.e., phosphorylation) of AKT, while the larger pool,
P1, did not induce expression of pAKT (Figure 4a-b).
The findings from the endothelial activation assay corroborated the results from the wound healing migration assay. A scratch

was introduced in a monolayer of fully confluent endothelial cells, which were then treated with sEV subpopulations (Figure 4c).
P2 and P3 significantly stimulated migration, while P1 did not exhibit significant functional activity in closing the wound
(Figure 4d).
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 of  VAN DEWAKKER et al.

F IGURE  sEV subpopulations exhibit distinct preferential uptake characteristics. Uptake efficiency of sEV subpopulations by endothelial cells (a),
human fetal cardiac fibroblasts (b), macrophages (c) and hiPSC-derived cardiomyocytes (d), as determined by flow cytometry. *p < 0.05, **p < 0.01,
***p < 0.001.

Next, a 3D sprouting assay was performed to assess the pro-angiogenic potential of the different sEV subpopulations. To this
end, endothelial cells were seeded ontoCytodex gelatin beads, embedded inMatrigel, and incubatedwith the sEV subpopulations
for 72 h (Figure 4e). The number of sprouts per bead, mean sprout length, and the total sprout length were quantified as a
readout of angiogenic activity (Figure 4f-h). As shown in the representative images in Figure 4e, cells treated with P1 did not
show significant outgrowth. In contrast, the middle-sized subpopulation, P2, showed the highest activity in stimulating sprout
formation, while a minor effect was seen for the P3 subpopulation. These results demonstrate functional heterogeneity of CPC-
derived sEVs on endothelial cells, with P2 exhibiting the highest pro-angiogenic activity.
In order to evaluate of sEVs on other cardiac cell types in the human heart, we used human induced pluripotent stem cell

derived cardiomyocytes (hiPSC-CMs) and hfCFs. First, hiPSC-CMs were cultured in maturation medium which has previously
shown to increase the maturation status and sarcomere organization of immature hiPSC-CMs (Feyen et al., 2020) and their
sensitivity to hypoxia, to use as an in vitro model of cardiac ischemia (Peters et al., 2022) (Supplementary Figure 1B). After
incubation with the different sEV subpopulations, cell death was assessed using Hoechst and ethidium homodimer-1 staining
(Figure 4i). Hypoxia resulted in significant cell death as shown by an increase in ethidium homodimer-1 signal under hypoxia
conditions, compared to untreated groups in normoxia conditions (Figure 4j). While all sEV subpopulations-treated groups
appeared to partly inhibit hypoxia-induced cell death, only P2 achieved a significant effect (p< 0.05) when compared to controls.

Next, to investigate the effect of sEV subpopulation treatment for cardiac fibrosis responses, hfCFs were stimulated with
2 ng/mL TGF-β1 and subsequently treated with different sEV subpopulations. The activation of hfCFs was analyzed by mea-
suring αSMA, fibronectin, and collagen type 1α1 gene expression levels. TGF-β1 stimulation led to a clear elevation in expression
of αSMA, fibronectin, and collagen type 1α1. Only P2 and P3 subpopulations were able to attenuate the activation of hfCFs, while
P1 did not show this effect (Figure 4k). However, the strong effect of TGF-β1 stimulation could not be completely inhibited by
sEV treatment.
Finally, as we observed an almost unique expression of proteins involved in the 20S proteasome complex in the smallest

subpopulation P3 (Figure 2e), we investigated association of the proteasome complex with sEVs and measured its activity. The
20S proteasome complex is able to catalyze selective degradation of damaged, aged and misfolded protein substrates (Jung &
Grune, 2008) and reduced 20S proteasomal activity has been linked to cardiovascular disease development (Sohns et al., 2010;
Tsukamoto et al., 2010;Willis et al., 2010). Previous research has linked sEV-associated proteasomes fromMSCs to cardiac repair
after myocardial infarction, suggesting a synergistic reduction of misfolded proteins by sEVs and 20S proteasome (Lai et al.,
2012). To test their activity in sEV fractions, we performed a proteasome activity assay by incubating a proteasome substrate
with the different sEV subpopulations (Figure 4l). We used lactacystin, a highly specific proteasome inhibitor, to test whether
the degradation was proteasome-specific. Only P3 showed significant proteasome-specific degradation of the substrate, while
there was only a minor proteasome-specific effect for P1, and no degradation for P2. A previous study combats the hypothesis
that proteasomes are involved in cell-to-cell communication via sEVs. It was shown that proteasome subunits are absent in sEV
fractions but are present in sEVdepleted fractionswhen separated using ultracentrifugation (Diakonov et al., 2019). To investigate
whether the 20S proteasome complex was incorporated in sEVs or associated to the sEV surface or potentially co-isolated, we
treated sEVs with proteinase K. Western blot analysis showed that the 20S proteasome, along with other proteinase-accessible
proteins, was not detected in the proteinase K-treated samples, in contrast to syntenin, which is present inside the sEV lumen
(Figure 4m). This indicates that 20S proteasomes are not incorporated inside sEVs and that effects of the proteasome complex
may potentially not be sEV-mediated. It is however possible that the 20S proteasomes are externally attached to sEV particles.
In conclusion, CPC-derived sEV subpopulations have different targeting properties and display differential functional effects

on different cell types. This knowledge could be used for the specific selection of sEV subpopulations for different therapeutic
strategies and the design of more targeted and effective treatments for cardiac repair.
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F IGURE  sEV subpopulations have different functional effects on recipient cells. (a) Representative western blots of AKT and phosphorylated AKT. (b)
Quantification of pAKT/AKT ratios. (c) Representative images demonstrating endothelial cell migration over the course of 6 h. (d) Quantification of
endothelial migration relative to negative control (n = 5). (e) Representative images of the sprouting assay showing endothelial cells on beads incubated with
different treatments. (f) Quantification of the mean sprout count per bead (n = 4). (g) Quantification of the mean sprout length per bead (n = 4). (h)
Quantification of the total sprout length per bead (n = 4). (i) Representative images of hiPSC-derived cardiomyocytes after hypoxia and subjected to the
indicated treatments, stained with Hoechst and ethidium homodimer-1 (EthD1). (j) Quantification of hiPSC-derived cardiomyocyte cell death relative to
untreated hypoxia group (n = 5). (k) Gene expression levels as determined with qPCR for αSMA, fibronectin and collagen type 1α1 (Col 1a1) relative to the
expression of GAPDH (n = 4). (l) Proteasome activity relative to the positive control (+, representing standard from the kit (n = 3). (m) Western blot analysis
of 20S proteasome, syntenin, CD81 and β-actin of proteinase K (Prot K) treated and non-treated sEVs. *p < 0.05, **p < 0.01, ***p < 0.001.
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 of  VAN DEWAKKER et al.

F IGURE  sEV subpopulation profiles are conserved among different cell types. (a) A schematic overview of separation of MSC-derived sEV
subpopulations using SEC, alongside an UV chromatogram of the SEC run. (b) Protein yields determined by a microBCA protein assay (n = 3). (c) Particle
yields as determined by NTA (n = 3). (d) Western blot analysis of sEV proteins annexin A1, syntenin, TSG101, CD81, HSP90, fibronectin and α-actinin 4. Equal
protein amounts (2 μg) were loaded. (e) IFCM IFCM based quantification of respectively detected concentrations of the membrane proteins CD151, HLA-ABC,
CD73, integrin β1, LAMP2, CD9, CD63 and CD81. *p < 0.05, **p < 0.01, ***p < 0.001.

. Presence of sEV subpopulations is conserved among different cell types

To confirm the presence of sEV subpopulations for a different cell type, sEV subpopulations were isolated from hTERT-
immortalized MSCs as indicated above. The UV chromatogram of the SEC run for MSC-derived sEV subpopulation separation
was similar to that of CPC-derived sEVs (Figure 5a). As observed for CPC-derived sEVs, MSC-derived sEVs P2 exhibited the
highest protein content (Figure 5b), while the highest particle yields were observed for P1 and the lowest for P3 (Figure 5c). NTA
revealed the largest particles in P1 (Supplementary Figure 5A-B), and smaller particles in P2 and P3.

Comparison of the protein profiles of MSC-derived sEV subpopulations with those of CPC-derived sEV subpopulations
revealed significant similarities. Similar to CPCs, MSC-derived EVs in P1 showed clear enrichment for annexin A1, while P2 was
enriched for syntenin, TSG101, and to a lesser extent, CD81 (Figure 5d). P3 was enriched for fibronectin and HSP90. α-actinin 4
was specifically enriched in the largest sEVs. Previously, this marker was also shown to be enriched in larger sEV subpopulations
derived from MSCs (Willms et al., 2016). Further analysis using IFCM revealed that similar to CPC-derived sEVs, CD151 was
enriched in P1 (Figure 5e). HLA-ABC and CD73 were also specifically enriched in P1 of MSC-derived sEVs. Notably, integrin β1
exhibited a different profile in MSC-derived sEVs compared to CPC-derived sEVs, while LAMP2, CD9, CD63, and CD81 were
enriched in P2 of both CPC- and MSC-derived sEVs.
Taken together, the profiles of MSC-derived sEV subpopulations were highly similar to those of CPC-derived sEV subpopula-

tions, suggesting presence of similar subpopulations across different cell types and demonstrating the ability of SEC to separate
them.

 DISCUSSION

Themajority of applied EV research focuses on the application of EVs for drug delivery, regenerative medicine and the discovery
of EV-based biomarkers (Roefs et al., 2020; Sluijter et al., 2018). Inmost studies, EVs were considered or used as one homogenous
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population of vesicles. However, multiple findings have highlighted the existence of unique EV subpopulations (Willms et al.,
2016; H. Zhang et al., 2018). This study builds on these findings by presenting functional sEV heterogeneity, which could be stud-
ied after separating sEV subpopulations based on size using SEC. This approach allowed for separation of three subpopulations
of sEVs with different protein composition, size, and biological function.
We used NTA and TEM to confirm different particle sizes in the isolated subpopulations. While NTA was not able to detect

the smaller EVs in P3 due to limitations to correctly detect and track particles below 70 nm (van der Pol et al., 2014), TEM
clearly showed size separation between subpopulations with largest particles in P1 and smallest in P3. P1 and P2 comprised clear
vesicular structures, while P3 also contained membraneless complexes resembling NVEPs next to small vesicular particles.
To characterize the three sEV subpopulations further, we analyzed their protein content with mass spectrometry. Our analysis

revealed that a substantial portion of the identified proteins are associated with EV biogenesis processes, which likely reflects the
origin of these sEVs (Simons & Raposo, 2009). The largest-sized pool, P1, displayed protein markers associated with the plasma
membrane, which are enriched in plasmamembrane-derived ectosomes (Jeppesen et al., 2014;Mathieu et al., 2021). These include
annexins, integrins, SLC3A2 and basigin, which are known to participate in membrane trafficking and transport (Cocucci et al.,
2009; Hegmans et al., 2004; Mathieu et al., 2021). A previous study on sEV heterogeneity using density gradient fractionation
for isolation showed similar results. Vesicles identified as ectosomes expressed annexin A1 but lacked expression of tetraspanins
(Jeppesen et al., 2019).
The P2 subpopulation displayed a distinct protein expression profile, characterized by a significant enrichment of several

proteins previously suggested to be markers of exosomes. In particular, the expression levels of syntenin, alix, TSG101, and other
ESCRT-machinery related proteinswere elevated,which are known to be involved in the formation of intraluminal vesicles. These
findings strongly suggest that the sEVs present in P2 are primarily derived from the ESCRT-dependent multivesicular endosome
biogenesis pathway (Friand et al., 2015; Hurley & Odorizzi, 2012). However, it should be noted that not all exosomes originating
frommultivesicular endosomes are necessarily formed via the ESCRT-dependent pathway. Interestingly, some proteins involved
in the ESCRT-independentmultivesicular endosome formation process, such as flotillins, were also found to be enriched in the P2
subpopulation (Ghossoub et al., 2014; Kowal et al., 2014). Additionally, other well-known suggested exosome-enriched markers,
including CD63 and LAMP1/2, were identified as being most highly expressed in P2 (Mathieu et al., 2021). The enrichment
of protein markers from different exosome biogenesis pathways suggests that P2 likely comprises multiple exosome subtypes
(Ghossoub et al., 2014). To delve deeper into this, employing affinity separation methods to isolate sEVs with specific surface
markers could offer a more comprehensive understanding. Nevertheless, subdividing the isolated sEV subpopulations might
reduce the yield of recovered sEVs, consequently restricting subsequent functional characterization (van deWakker et al., 2023).
Our proteomic analysis also revealed that subpopulation P3 displayed partial overlapping proteomic content with P2, particularly
regarding enrichment of matrix proteins and histones. However, P3 sEVs lacked most common sEV markers but were instead
enriched in extracellular matrix proteins such as fibronectin and decorin, as well as heat shock proteins, peptidase complexes,
and proteasomal proteins. The role of matrix proteins in sEV preparations is still debated, as it is unclear whether they are co-
isolates, contaminants, or sEV-associated as part of their protein corona. Given the role of extracellular matrix proteins in tissue
maintenance and repair, it is possible that sEVs in P3 facilitate tissue repair through matrix-mediated signalling (Al Halawani
et al., 2022). The expression of ApoB and ApoM also suggested the presence of lipoproteins in P3. Lipoproteins could influence
various cellular processes that are important for tissue repair through their involvement in cell migration, proliferation and
activation of the AKT pathway (Lin et al., 2020; Orsó & Schmitz, 2017). However, because only two lipoprotein markers were
detected with a modest abundance, while ApoA-I, ApoE, PON1 and CETP were not detected, we do not expect lipoproteins to
be amain contributor to the functional effects of P3. The protein content of P3 shows some overlap with the previously described
exomeres and supermeres, suggesting that P3 indeed consists of NVEPs, in agreement with our TEM analysis (Lee et al., 2019;
Tosar et al., 2022; H. Zhang et al., 2018; Q. Zhang et al., 2019, 2021).
The protein marker expression distribution across the three distinguished sEV subpopulations in our study exhibited notable

resemblancewith the results of a previous study that involved separation of sEVs based on their interactionswithmembrane lipid-
binding ligands. In this previous study, annexin V captured a PS-rich subfraction with similarities to P1, cholera toxin B chain
captured an exosome-associated subfraction resembling P2, and Shiga toxin B subunit, with an affinity for globotriaosylceramide,
captured a fibronectin-rich subfraction resembling P3 (Lai et al., 2016). Another recent publication that employed the separation
of two subpopulations based on heparin binding exhibited parallels with this research. The subfraction that lacked heparin
binding exhibited resemblances to P2, while the fraction with heparin binding displayed similarity to P3 (Zhou et al., 2023).
Consistent with our hypothesis, the studies underscored disparities in intracellular origin among the distinct sEV subtypes (Lai
et al., 2016; Zhou et al., 2023). These reports validate our findings regarding the existence of distinct sEV subpopulations which
can be distinguished using different separation techniques. Combining different separation methods might even enhance the
separation of sEV subpopulations.
sEVs derived fromCPCs andMSCs have been shown to reduce infarct size (Arslan et al., 2013; Lai et al., 2010; Yang et al., 2019)

and improve cardiac function after MI (Khan et al., 2015; Maring et al., 2019). These positive effects are suggested to be the result
of inhibition of cardiac fibrosis (Rogers et al., 2020), stimulation of angiogenesis and cell migration (Deddens et al., 2017; Lu et al.,
2017; Vrijsen et al., 2016), inhibition of apoptosis (Barile et al., 2014), and modulation of immune responses (Beez et al., 2019).

 20013078, 2024, 1, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12396 by U

trecht U
niversity, W

iley O
nline L

ibrary on [13/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 of  VAN DEWAKKER et al.

The diverse emerging roles of sEVs highlight the need to identify whether sEV subpopulations can perform specific functions.
Here, different cellular uptake preferences were seen for the sEV subpopulations, depending on the recipient cell type. Where
larger sEVs displayed more efficient uptake by endothelial cells and hfCFs than P2 and P3, the middle and smaller sEV subpop-
ulations were more efficiently internalized by cardiomyocytes and macrophages. These differential uptake preferences may have
functional implications, as different subpopulations of sEVs may be targeted towards specific recipient cells in order to modulate
their behaviour in different ways. Having observed distinct cellular targeting preferences among the sEV subpopulations, we
proceeded to evaluate their functional impacts on various types of cells.
We found thatmiddle- and small-sized sEVs, P2 andP3, were able to stimulate activation,migration, and sprouting of endothe-

lial cells, while the largest-sized sEVs did not display any observable effects on recipient endothelial cells. In addition, P2 and P3
exerted antifibrotic effects on hfCFs. All sEV subpopulations were able to partially prevent cardiomyocyte apoptosis. Finally, we
found that the proteasomal complex enriched in the P3 subpopulation exerted proteasomal activity.
The data reveal an interesting discrepancy between the uptake and function of different sEV subpopulations in different

cell types. Notably, it is important to recognize that sEV functionality extends beyond cargo transport via cellular uptake, as
it also encompasses the influence of receptor-ligand interactions. Additionally, the internalization of sEVs does not inherently
ensure the initiation of specific functions or the delivery of particular content. Despite efficient internalization of larger sEVs by
endothelial cells and hfCFs, their impact on cellular behaviour remainedminimal. Instead, the less efficiently absorbed P2 and P3
subpopulations demonstrated a more prominent effect on these cells. This discrepancy suggests that the efficiency of sEV uptake
does not directly correlate with the functional impact on the recipient cells. It highlights the intricate complexity of sEV-cell
interactions, shedding light on the nuanced nature of sEV-mediated cell responses. Moreover, this observation raises the likeli-
hood that specific sEV subpopulations might be selectively targeted towards certain cells to modulate their behaviour in specific
ways, irrespective of the uptake efficiency, suggesting a role for direct receptor-ligand interactions at the plasma membrane.
From our data, it is evident that mainly the exosome-like sEV subpopulation P2 and smallest-sized NVEP subpopulation in

P3 were most potent in the whole range of tested functional assays relevant for cardiac repair processes. This is in line with
several previous studies that have demonstrated that smaller EV populations exhibit more functional activity in tissue repair
than larger EV populations in various disease models (Bruno et al., 2017, Burger et al., 2015, Cosenza et al., 2017, Cosenza et al.,
2018, Jarmalavičiūtė et al., 2015, Lopez-Verrilli et al., 2016). However, it was previously suggested that highly purified sEV samples
lacked functional activity (Whittaker et al., 2020). Nevertheless, evidence presented here demonstrates that even highly purified
sEV subpopulations exhibit regenerative function in cardiac repair-related functional in vitro assays.
Ultimately, the largest-sized sEV subpopulation exhibited no functional activity in any of the assays conducted. Based on

the enriched presence of integrins, HLA proteins, CD44, and PS in the protein content P1, it is however possible that they are
destined to be taken up by immune cells or play a regulatory role in the immune system. Previously, higher externalization of PS
in larger EV subtypes positive for annexin A1 compared to smaller EV subtypes was also shown, especially for cancer cells (Perez
et al., 2023). The abundance of PS and other immune markers in P1 may suggest that the larger, more ectosome-like sEVs, may
be destined for degradation by phagocytic immune cells as PS acts as an ‘eat-me’ signal for phagocytic cells (Perez et al., 2023;
Shlomovitz et al., 2019). The conducted uptake experiments did not demonstrate an enhanced uptake of P1 by macrophages in
comparison to the other EV subpopulations. However, EVs may be taken up by macrophages not only destined for degradation
but also for functional purposes. Further investigation is warranted to elucidate the specific function of P1 sEV subpopulations.
One consideration when studying EV subpopulations is the potential overlap that occurs during size separation. Isolating

subpopulations solely based on size can result in a mixture of vesicles with varying characteristics. To enhance the specificity of
isolation, combining size separationwith other separationmethods, such as immunocapture,may prove beneficial. This approach
would enable the isolation of subpopulations with more defined characteristics, facilitating a more precise examination of their
cellular origin and function. Nonetheless, despite the potential advantages of combining different separation techniques, the
challenge of low EV recovery persists. This obstacle necessitates the continuous development of methodologies that strike a
balance between selectivity and recovery, ultimately maximizing the quantity and quality of isolated EV subpopulations.

 CONCLUSION

Taken together, our observations support the hypothesis that sEVs represent a heterogeneous population of particles with differ-
ent functions. Here, we showed that SEC allows further elucidation of sEV heterogeneity. Three distinct subpopulations of sEVs
could be discriminated, which differed in biophysical properties, protein content and cardiac repair-related functionality in a
variety of recipient cells. The evidence discussed here highlights the relevance of studying sEV heterogeneity. Further research
is needed to characterize sEVmolecular diversity, in parallel to further upscaling sEV production, as exploring sEV heterogene-
ity is crucial for understanding paracrine-mediated cardiac repair mechanisms. Greater knowledge of the biology and content
of sEVs can enhance therapeutic applications, as exploring the connection between specific protein content and their function
could pave the way for developing more targeted therapies.
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