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1 Introduction

Our body is in a continuous dynamic balance that is called homeostasis. When this
equilibrium is disturbed, biological mechanisms begin to function improperly. In
response, the body initiates various compensatory processes to restore balance. However,
if these stress-mechanisms fail to re-establish the original equilibrium, our body remains
in a persistent imbalance. In result, biological processes will continuously malfunction,
that is called as disease.

One of the most prevalent of these conditions is the group of cardiovascular diseases
(CVDs). While its global burden has significantly declined in the last few decades [1] due
to the extensive research and successful development of pharmacological and non-
pharmacological therapies, it still remains the leading cause of deaths worldwide [2].
These data indicate that our current understanding on the pathomechanism resulting in
the dysregulation of cardiovascular homeostasis is not yet complete. Gaining further
insight into the regulation of harmful and compensatory mechanisms of the
cardiovascular system could enable the development of novel therapies which help the
body to restore healthy equilibrium.

1.1 Helium conditioning activates regenerative cardiac mechanisms

Biological processes associated with interventions to reduce cardiac injury in CVDs, and
specifically in myocardial ischemia and reperfusion, are extensively studied to uncover
the mechanisms underlying the innate stress response of the heart and to develop novel
therapeutic interventions [3]. The most efficient so called cardioprotective intervention
identified so far is ischemic preconditioning (IPC), consisted of a series of short ischemic
periods applied to the myocardium before a prolonged ischemic event. This intervention
significantly reduces the size of the necrotic tissue by activating self-defense molecular
programs of the heart [4]. Other cardioprotective therapies, including ischemic
conditioning on remote tissues or pharmacological treatments, have also been described
with various underlying molecular pathways [3]. However, preclinical data represents
discrepancies in efficacy of these interventions [5] and none have been successfully
translated to clinical settings [3,6,7]. These results highlight that the molecular

mechanisms of cardioprotection are not yet fully understood.



One of the cardioprotective interventions are inhalation of inert gases [8-10].
Specifically, the cardioprotective effect of helium have been demonstrated in multiple
preclinical studies [11-14]. Helium conditioning (HeC) would be a non-invasive and
clinically easily applicable cardioprotective intervention. Furthermore, as inert gas-
induced cardioprotection is less studied so far, associated biological processes are not
fully discovered. Further understanding of how HeC regulates myocardial functions could
lead to the discovery of yet unknown cardioprotective signaling pathways and the

development of more efficient interventions.

1.2 Hypercholesterolemia has direct cardiotoxic effects

A better understanding of cardiac homeostasis could be achieved by analyzing not only
cardioprotective interventions, but cardiotoxic conditions. One significant harmful
process contributing to the development of CVDs is the dysregulation of metabolic status
of the body. The connection between high cholesterol levels and cardiovascular risk was
demonstrated decades ago [15]; elevated cholesterol level is widely accepted as a
principal risk factor for coronary artery disease. However, besides atherosclerosis,
hypercholesterolemia (HC) alone has direct negative effects on the myocardium [16]. HC
disrupts the physiological function of the heart, leading to impaired systolic and diastolic
functions [17-19]. Additionally, it hinders cardioprotective interventions, such as IPC
[20-22]. Despite these observations, the specific mechanisms underlying the direct
cardiotoxic effect of HC are not well understood. Gaining a deeper understanding of the
connection between metabolic status and CVDs is one of the possible directions to

unravel the mechanisms responsible for the imbalances that results in CVDs.

1.3 Extracellular vesicles may lead to novel therapies and diagnostics in
cardiovascular diseases.

Extracellular vesicles (EVs) are nano-sized membrane particles that are secreted by all
cells and are present in intercellular spaces and biofluids. EVs were originally categorized
by their biogenesis as exosomes, originated from the fusion of the multivesicular bodies
with the plasma membrane, ectosomes, also known as microvesicles, which bud directly
from the plasma membrane, and apoptotic bodies produced during programmed cell death

[23]. However, recent findings have uncovered other secretory mechanism [24], and EV



subpopulations based on biogenesis cannot be experimentally separated or distinguished.
Consequently, current guidelines classify EVs by size, source or isolation procedure used
for sample preparation [25].

EVs carry a diverse array of molecular cargo including proteins, nucleic acids, lipid
membrane components, and other metabolites. EV cargo are thought to be actively
selected [26-28], though, passive stochiometric effects also contribute to the enrichment
of specific compounds in EVs. As an example, miRNAs overexpressed in donor cells are
similarly enriched in their EVs [29]. Therefore, EV composition reflects the phenotypic
status of the donor cell. This phenomenon is driving efforts to use EVs from bodily fluids
for diagnostic purposes. In the field of oncology, the first EV-based diagnostic products
have been approved by the United States Food and Drug Administration [30,31],
highlighting the yet unexploited possibilities in EVs.

Recipient cells uptake EVs where they bioactive cargo can induce phenotypic changes
[32]. In this way, EVs establish paracrine and endocrine intercellular communication.
Numerous studies aiming to utilize the functional effects of EVs to develop novel
therapeutics are already in clinical phase according to clinicaltials.gov database.
Specifically for CVDs, numerous preclinical studies demonstrates the potential of EVs as
cardioprotective compounds [33,34]. However, our understanding on mechanisms driven
by EVs is still limited, as they have been studied extensively in the last few decades only.
Gaining insight into how EVs are dysregulated in CVDs or during cardioprotective
interventions could reveal, novel information about the maintenance of cardiac

homeostasis.

1.4 Extracellular vesicles in hypercholesterolemia

EVs play a role in both metabolic and cardiovascular diseases [35-37]. Furthermore,
novel results demonstrating that EVs contribute to the connection of these disorders
emerge. Davidson et al. have shown that type-1l1 diabetes can inhibit EV-mediated
cardioprotection [38]. Additionally, EVs derived from the plasma of high-fat-fed animals
can exacerbate ischemic cardiac damage and induce cell death in cardiomyocytes (CM)
[39,40]. These results suggest that connections between metabolic diseases and CVDs,

which were previously hidden, could be revealed trough the analysis of EVs in HC.



HC may influence the cardiac tissue via blood EVs, which are derived from remote
tissues, enter the circulation, and reach the myocardium where they modulate cellular
functions, as well as via EVs derived from local cells, such as CMs. Therefore, to
comprehensively investigate how HC contributes to CVD development via EVs, the
analysis of both blood and cardiac-derived EVs is needed.

Numerous studies have evidenced that the number of circulating EVs is elevated in
metabolic disorders [41-45]. Moreover, in familiar HC their amount is associated with
the risk of future cardiovascular events [46,47]. Barrachina et al. analyzed the
dysregulated proteome of circulating EVs in obesity and found that proteins involved in
inflammation and coagulation are enriched in circulating EVs of obese patients [48].
Furthermore, they identified a reduction in the level of adiponectin, which is in relation
with higher cardiovascular risk [49]. Similarly, analysis of the miRNA profile of
circulating EVs in obese patients revealed that the targets of miRNAs upregulated in EVs
in obesity are associated with inflammatory pathways [50]. These results suggest that
EVs in HC may contribute to inflammation, which is one of the known mechanisms
linking CVDs and HC [51]. However, how HC affects the metabolome of circulating EVs
were yet not analyzed.

In contrast to circulating EVs, information on how HC affects the local EV
communication of the myocardium is limited. An earlier study demonstrated that
endothelial EVs of obese patients increased pro-fibrotic and pro-hypertrophic protein
expression in CMs [52]. However, how HC modulates CM EV secretion is unknown.
Therefore, to understand the connection between CVDs and HC, an in-depth analysis of
CM EVs is necessary. CM-derived EVs regulate immune cell activation in multiple
diseased conditions. EVs derived from CMs treated with angiotensin Il to induce
hypertrophy transform RAW264.7 murine macrophages to pro-inflammatory state
[53,54]. Similarly, CM-derived EVs after myocardial infarction seem to induce
macrophage polarization to a pro-inflammatory M1 phenotype [55,56]. Taking into
account that proteomics and miRNA profile of circulating EVs in obesity also exhibit
pro-inflammatory characteristics [48,50], it is plausible that HC results in the secretion of

pro-inflammatory cardiac EVs.



1.5 Effect of helium conditioning on extracellular vesicles and cardiac
fibroblasts

To understand how EVs play a role in the regulation of cardiac homeostasis, it is essential
to investigate their role in cardioprotection. Our group has shown earlier that EVs play a
pivotal role in ischemic conditioning [57]. Furthermore, HeC seems to regulate EV
secretion as well. Weber et al. demonstrated in mice that HeC increased the number of
Caveolin-3 rich circulating EVs [58]. Helium also increases EV secretion from murine
neutrophils [59] and endothelial cells [60]. These results suggest that HeC may affect
cardiac EV secretion that contribute to its regenerative mechanisms.

Cardiac tissue is composed of multiple cell types, including CMs, endothelial cells and
cardiac fibroblasts (CFs) [61]. While CMs are responsible for the pump function of the
heart, endothelial cells and CFs are crucial for maintaining the appropriate
microenvironment and homeostasis for CMs. Additionally, they play significant roles in
cardiac repair after myocardial infarction [62-65]. In our common work, Marek
Jelemensky demonstrated that HeC promotes CF migration [66], which may be
responsible for enhanced cardiac regeneration. As CFs can protect CM from cell death
during myocardial infarction via paracrine factors [67-69], including EVs [70], we
hypothesized that CFs might secrete EVs or other mediators that promote post-infarction
cardiac regeneration. However, Jelemensky’s work showed that pro-migratory effect of
HeC cannot be transferred to naive CFs from HeC-treated CFs via paracrine factors [66].
On the other hand, whether HeC indirectly activates endothelial cells via CFs, and how it

regulates CF EV secretion has not been addressed.

1.6 Analysis of extracellular vesicles may reveal novel information on the
pathophysiology of the heart

Considering these information, we aimed to investigate how EVs contribute to the
maintenance of cardiac equilibrium. We addressed HC as a mechanism that dysregulate
cardiac homeostasis and HeC that aims to alleviate cardiac stress. To gain deeper insight
into blood-derived EVs in HC, we investigated the metabolomic profile of plasma-
derived EVs (pEV) of rats fed with high-cholesterol chow, as it had not been previously
addressed on circulating EVs. Furthermore, we performed in-depth analysis of CM s mall
EVs (sEV) under HC conditions. In the context of HeC, we analyzed CF medium-sized

EV (mEV) secretion and the effect of CF secretome on the function of endothelial cells.
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2 Objectives

We hypothesized that HC dysregulates the composition of both circulating and cardiac-

derived EVs contributing to the progression of CVDs. Furthermore, we hypothesized that

HeC modifies EV secretion of CFs, which could contribute to its cardioprotective effect.

By analyzing EVs in both cardiotoxic and cardioprotective mechanisms we aim to gain

deeper understanding of the role of EVs in maintaining cardiac homeostasis. According

to our hypotheses, we have established the following objectives:

1)

2)

3)

4)

Analyze how HC modifies circulating EV metabolome:

EVs are composed of membrane lipids, inter- and transmembrane proteins and
cargo of nucleic acids and other metabolites. As protein and miRNA content of
circulating EVs in obesity was addressed earlier [48,50], here we aimed to extend
our knowledge on how metabolic diseases affects EVs by analyzing their
metabolite composition, including certain membrane lipids.

Analyze the effect of HC on CM EV secretion:

Both circulating and local EVs can affect the myocardial homeostasis. However,
how HC dysregulates CM EV secretion has not yet been analyzed. To gain insight
into how HC contributes to CVD formation via EVs, we aimed to perform an in-
depth analysis of CM EVs

Analyze whether CM EVs induce inflammation in HC:

As circulating EVs seem to promote inflammation in HC [48,50] and HC-induced
inflammation plays a role in CVD formation [51], we hypothesized that CM EVs
play a role in such mechanisms. Therefore, we aimed to analyze the effect of CM
EVs on immune cells.

Analyze the effect of HeC on CF EVs:

HeC activates stress-adaptive mechanisms of the heart [13] and may affect EV
secretion as well [58-60]. Previously, with Marek Jelemensky we demonstrated
that HeC facilitates CF migration [66]. To investigate how HeC regulates cardiac

EVs, we aimed to analyze its effect on CF EV secretion.
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3 Methods

3.1 Treatment of hypercholesterolemic rats

Experiments on male Wistar rats were approved by the National Scientific Ethical
Committee on Animal Experimentation and the Semmelweis University’s Institutional
Animal Care and Use Committee (project identification code: PE/EA/1912-7/2017; date
of approval: November 2017) and all experiments were performed in accordance with the
ARRIVE guidelines.

Hypercholesterolemic animal model was implemented as we described [71]:

“Male Wistar rats were fed either with standard (n = 11) or high cholesterol (n = 7)
chow for 12 weeks. HC chow contained 2% cholesterol and 0.25% cholic acid. Animals
were housed in a temperature (22 + 2 °C)-, and humidity-controlled (50 + 10%) room at
a 12-h light/dark cycle and had free access to laboratory chow and drinking water ad
libitum. After the 12-week period, the animals were anesthetized intraperitoneally with
60 mg/kg pentobarbital and their blood was collected from the abdominal aorta into
Anticoagulant Citrate Dextrose-A vacuum tubes. Platelet-free plasma (PFP) was
obtained by centrifugation twice with 2,500 xg at 4 °C, for 15 min. as previously
described[ref.: [72]]. PFP samples were stored at -80 °C.”

3.2 Isolation of extracellular vesicles from rat plasma

Male Wistar rats were treated as described above, then platelet-free plasma samples were
collected and used for pEV isolation according to the protocol described by Onddi et al.
[73]. In brief, plasma samples were first loaded onto an iodixanol (Axis-Shield, Oslo,
Norway) density gradient column, and density gradient ultracentrifugation was performed
for 24 h at 120,000 x g at 4 °C. The gradients were separated to twenty equal-sized
fractions. EV-rich fractions (fractions 8-10) were pooled and further isolated with size
exclusion chromatography using a HiScreen Capto Core 700 column (GE Healthcare Life

Sciences) using the Vezics system (vezics.com).
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3.3 Metabolomics of rat plasma and plasma-derived extracellular vesicles
Metabolomics were performed by the Department of Laboratory Medicine, Laboratory
of Mass Spectrometry and Separation Technology of Semmelweis University.

Plasma and pEV samples were analyzed using the same procedure. Equal amount (0.01
mL) of samples were analyzed with a Biocrates MxP Quant 500 kit (Biocrates AG,
Innsbruck, Austria) according to the manufacturer’s instructions, as we detailed earlier
[71]. For the analytical procedure and data analysis, Biocrates MetIDQ software (version
7.13.11, DB109-Nitrogen-2850 Revision 31995, Base Version 109, Runtime version
1.8.0_181, Runtime architecture amd64; Biocrates A.G., Innsbruck, Austria) was used.
Analytical system control and data acquisition were performed using Sciex Analyst
(version 1.5.3).

Quantified data were analyzed using R programming language [74] as we described
earlier [71]: “Metabolites were excluded from the analysis if less than half of the
measurements (< 7 for CTRL and < 4 for VEH) were below the limit of detection (LOD)
in both groups independently for EV and plasma samples. For the analytes included,
values below the LOD were imputed with a normal distribution around half of the LOD.
For correlation analysis, metabolite types for which at least twelve plasma-EV
measurement pairs were available were analyzed with linear regression model. For both

linear regression and statistical analysis, data were logl (0 transformed.”

3.4 Culturing and hypercholesterolemic treatment of AC16 cardiac
myocytes

AC16 human cardiomyoblast cells (CRL-3568; ATCC, Manassas, VA, USA) were
cultured as we described earlier [71]:

”[Cells] were cultured in Dulbecco’s Modified Eagle medium and Nutrient F12 1:1 mix
(DMEM/F12) (Capricorn, Cat. no.: DMEM-12-A) supplemented with 12.5% heat-
inactivated fetal bovine serum (FBS) (Corning, Cat. no.: 35-079-CV), 2 mM of L-
glutamine  (Corning, Cat. No.: 25-005.Cl), 10mM of HEPES (N-2-
hydroxyethylpiperazine- N-2-ethane sulfonic acid) (Gibco, Cat. No: 15630-056) and 1%
Antibiotic-Antimiotic Solution (Corning, Cat. No.: A5955-100ML). Cells were kept at 37
°C in a 5% C0O2/95% air environment and subcultured by trypsinization (TrypLE)
(Gibco, Cat. No.: 12604-021) when cells reached 90% confluence."

13



For HC treatment, a total of 3.5 million cells were seeded into 175 cm? culture flasks. The
day after seeding, culturing medium was replaced with fetal bovine serum (FBS)-free
medium. For HC treatment, the medium was supplemented with Refeed® (Remembrane,
Imola, Italy) hypercholesterolemic supplement. As vehicle, 3 uL/mL 96% ethanol was
added to the medium. Cells were incubated for 48 hours with the treatment medium. After
treatment, the supernatant was collected for SEV isolation, and the cells were trypsinized
and counted using a hemocytometer. Viability was determined by Trypan blue (Cytiva,
Cat. No.: SV3008401) staining. Samples were excluded from the analyses if viability did

not reach 90%.

3.5 OilRed O staining of AC16 cells

Oil red O staining of AC16 cells were performed as we described earlier [71]:

“AC16 cells were seeded on CELLview cell culture microscope slides (Greiner Bio-One,
Austria) at a concentration of 20,000 cells / well. After 24 hours, the cells were treated
with HC treatment solution, then cultured for another 48 hours at 37 °C in a CO>
incubator. The cells were fixed in 10% neutrally buffered formalin, washed with ultrapure
water and then with 60% isopropanol. The cells were then stained with Oil Red O solution
(3 mg/mL) (Sigma, USA, Cat. No.: 00625-25G) for 10 minutes. This was followed by
another wash with isopropanol followed by ultrapure water, and the nuclei were labeled
with 1:1,000 dilution of DAPI (Cell Signaling Technologies, Danvers, MA, USA, Cat.
No.: 4083S) for 1 minute, and the samples were covered with Prolong Gold (Thermo
Scientific, Waltham, MA, USA) mounting medium and coverslips were applied. Samples
were examined with a Leica SP8 confocal microscope. Oil Red O dye was excited at 552
nm and the emitted fluorescence was detected in the range of 645-767 nm.”

3.6 Isolation of extracellular vesicles from cell culture supernatant

EVs from in vitro cell culture supernatant were isolated using differential centrifugation,
as we described earlier [71]:

"Culturing medium was collected in 50 mL centrifuge tubes and EVs were isolated using
differential centrifugation. Cell supernatants were centrifuged at 300xg at 4 °C for 10
min (Hettich Universal 320R; Rotor type: 1494 with Hettich 1427 adaptor). Then
supernatants were centrifuged at 2,500 x g at 4 °C for 5 min (Hettich Universal 320R;
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Rotor type: 1494 with Hettich 1427 adaptor). The supernatants were transferred into 50
mL centrifuge tubes (Herolab Cat. no.: 253211) and centrifuged at 13,500 x g at 4 °C
for 40 min (Hermle Z326K, Rotor type: 220.78 V20.).”

To isolate mEVs, supernatant after the last centrifugation step was resuspended in 200
uL phosphate-buffered saline (PBS). To isolate sEVs, the protocol continued as we
described [71]:

“[Supernatants] were transferred into ultracentrifuge tubes (Beckman Coulter, Cat. no.:
326823) and centrifuged at 174,900 x g at 4 °C for 3 h using an ultracentrifuge (Optima
XPN-100; Rotor type: SW32Ti with adaptor 129.7). Pellets were resuspended in 120 uL
of phosphate-buffered saline (PBS) or in 120 uL of Tris-buffered saline (TBS) for atomic
force microscopy (AFM).”

3.7 Protein, lipid, and total phosphatidylcholine quantification of
extracellular vesicles

To determine protein concentration of the EV isolates, light absorption at 280 nm was
measured using an Implen N50 nanophotometer (Implen, Miinchen, Germany).

To measure total lipid content, the protocol of Visnovitz et al. [75] was used, that we
briefly summarized earlier [71]:

“50 mg of vanillin (Sigma, W310727) was dissolved in 50 mL of 17% phosphoric acid
(Sigma, 79617) to create phosphor-vanillin reagent. 200 uL of 96% sulfuric acid was
either to 40 uL of 1,2-Dioleoyl-sn-glycero-3-phosphocoline (DOPC) (Sigma, P6354)
liposome standards, or to 40 uL of EVs suspended in sterile filtered PBS. After being
vortexed, samples and standards were incubated at 90 °C in a fume hood for 20 min.
Tubes were cooled down and 120 uL of phospho-vanillin reagent was added to each tube,
and 280 uL of each sample was transferred into a 96-well plate and was incubated at 37
°C for 1 h. Absorbance was determined at 540 nm using a plate reader (Multiskan Go,
Thermo Scientific).”

To measure total phosphatidylcholine (PC) content of EV isolates, a colorimetric assay
(CS0001, Merck KGaA, Darmstadt, Germany) was used according to the producer’s

instructions.
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3.8 Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) was performed using a Zeta View PMX 110
device (Particle Metrix, Meerbusch, Germany). Measurements were performed as we
described earlier [66]:

"The machine was calibrated using 100 nm polystyrene beads according to the
manufacturer’s protocol. Samples were diluted in PBS to have 50-300 particles in a view
of sight. At least 1 mL sample was injected into the machine and automated measurement
was acquired with 11 positions throughout the measurement cell, with two cycles of
reading at each position. Readings for which the software recommended exclusion were
excluded from the final evaluation. ”

Instrument parameters were set as: temperature 25 °C, sensitivity 75 for mEVs and 85 for
SEVs, frame rate 7.5 frames per second for mEVs and 30 frames per second for SEVS,
shutter speed 100. Post-acquisition parameters were set as: minimum brightness 20,
minimum size 5 pixels, maximum size 1000 pixels. Results were multiplied by the
dilution factor.

Results were analyzed using R programming language [74]. To visualize the size
distribution of EVs, the mean of all measurements of each experimental groups was

calculated, the data was smoothed with Loess-regression and visualized with + SEM.

3.9 Atomic force microscopy imaging and force spectroscopy of small
extracellular vesicles

Atomic Force Microscopy (AFM) of EV isolates was performed by the group of the
Department of Biophysics and Radiation Biology, Semmelweis University. EV samples
were 100-fold diluted in tris-buffered saline (TBS) solution, deposited on a freshly
cleaved mica surface, and incubated at 25+1°C for 30 minutes. The surface was rinsed
with ultrapure water and then kept in TBS. Samples were measured using a Cypher ES
AFM (Asylum Research, Santa Barbara, CA) with Olympus BL AC 40 TS cantilevers
(nominal stiffness: 90 pN/nm, resonance frequency: 110 kHz, tip radius: 8 nm; Olympus,
Japan) at 2°C. Calibration was performed as described earlier [76]. Non-contact mode
images were performed at a line scanning frequency of 0.5-1 Hz. Contact mode
measurements were then performed for in situ force spectroscopy on spherical structures

with height exceeding 15 nm. The cantilever was moved at a speed of 1 um/s from a pre-
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set height until a load threshold of 100 pN was reached, after which the cantilever was
retracted with the same speed. Data were analyzed using the built-in software of the
device (IgorPro, WaveMetrics Inc., Lake Oswego, OR). Structures with a minimal height
of 10 nm were treated as EVs. EV diameter was defined as the diameter of a circle with
an area equals to the surface area of the detected structure. Vesicle height was measured
as the difference between the highest point of the vesicle and the substrate. Young’s
modulus was calculated by fitting force-vesicle indentation curves from 0 (contact point)

to 100 pN loading force using the modified Hertz model [77].

3.10 Analysis of small extracellular vesicle proteomics

SEVs were isolated as described above, vacuum dried and transferred on dry ice to UCD
Conway Institute Mass Spectrometry Resource where proteomics analysis was performed
using liquid chromatography bound tandem mass spectrometry (LC-MS/MS). The
samples were prepared as we described earlier [71]:

“Samples were then resuspended in 50 ul of 50 mM Tris HCI (Thermo Scientific,
Waltham, MA, USA), sonicated, and protein concentration was measured using a
bicinchoninic acid (BCA) assay kit (Thermo Scientific, Waltham, MA, USA). Samples
were normalized to protein concentration and dissolved in 6 M Urea (Thermo Scientific,
Waltham, MA, USA). The samples were then reduced by adding 8 mM of dithiothreitol
(Merck KGaA, Darmstadt, Germany) and stirred at 30 °C at 1000 rpm for 30 minutes.
Samples were then carboxylated by adding 20 mM of iodoacetamide (Merck KGaA,
Darmstadt, Germany) and stirred at 30 °C at 1000 rpm for 30 minutes. Next, samples
were diluted with 50mM of Tris HCL to reduce urea concentration below 2M. Samples
were digested by Trypsin (Promega (Corporation, Madison, WI, USA) at 37 °C with 1000
rpm in 1:30 enzyme:sample ratio overnight. Digestion was terminated by adding formic
acid (Thermo Scientific, Waltham, MA, USA) to 1% final concentration. Samples were
purified on Empore™ Solid Phase Extraction membranes (Merck KGaA, Darmstadt,
Germany), eluted in 60% acetonitrile and 0.1% Trifluoroacetic acid, vacuum dried and
in 0.1% formic acid and each sample was loaded onto an Evosep tip (Evosep Biosystems,
Buchwaldsgade, Denmark).”

LC-MS/MS measurements were performed by the UCD Conway Institute Mass
Spectrometry Resource. Experiments were performed as we described earlier [71]:
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“The Evosep tips were placed in position on the Evosep One, in a 96-tip box. The
autosampler is configured to pick up each tip, elute and separate the peptides using a set
chromatography method (30 samples a day)[ref.: [78]]. The mass spectrometer was
operated in positive ion mode with a capillary voltage of 1.700 V, dry gas flow of 3 I/min
and a dry temperature of 180 °C. All data were acquired with the instrument operating
in trapped ion mobility spectrometry (TIMS) mode. Trapped ions were selected for ms/ms
using parallel accumulation serial fragmentation (PASEF). A scan range of (100-1700
m/z) was performed at a rate of 5 PASEF MS/MS frames to 1 MS scan with a cycle time
of 1.03s[ref: [79]]. The following chromatography buffers were used: Buffer B: 99.9%
acetonitrile, 0.1% formic acid. Buffer A: 99.9% water, 0.1% formic acid.

LC-MS/MS data have been deposited to the ProteomeXchange Consortium via the
PRIDE [80] partner repository with the dataset identifier PXD044594,

Raw data were processed by the UCD Conway Institute Mass Spectrometry Resource
using the search engine Maxquant (release 2.1.4.0) [81]. Data were searched against the
Homo sapiens subset of the Uniprot Swissprot database (reviewed, 12.11.2021) with
specific parameters for trapped ion mobility spectra data dependent acquisition. Specific
Maxquant parameters, i.e., only peptide scores that corresponded to a false discovery rate
(FDR) of 0.01 were set to filter low quality data. Then, data were normalized using Label
Free Quantitation (LFQ) [82].

We have analyzed LFQ intensities according to the protocol of Tyanova & Cox [83],
using R programming language [74] as we described earlier [71]:

“Proteins that were labelled as ‘reversed’ or ‘potential contaminants’ or ‘only identified
by site’ were excluded (see supplementary material). Proteins that were detected in less
than half of the samples in all groups were also excluded. All other proteins were defined
as identified and processed for quantitative analysis. Data were log2 transformed and
the missing values were imputed with normal distribution around the detection limit.”
Statistical analysis was applied on log2 transformed data, meanwhile, for fold-change
calculation, non-transformed data was used. To visualize protein-protein interaction
network and to perform gene ontology (GO) enrichment analysis STRING software
[84,85] was used.
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3.11 Culturing of THP1-ASC-GFP monocytes and treatment with AC16
SsEVs

THP1 human monocytes expressing apoptosis-associated speck-like protein containing a
CARD domain fused by green fluorescent protein (ASC-GFP, InvivoGen, Toulouse,
France) were maintained as we described earlier [71]:

“[Cells] were maintained in THP1 medium consisting of RPMI 1640 medium (Gibco,
21875-034), 10 V/V% heat inactivated FBS (Corning, 35-079-CV), 1% L-glutamine
(Corning, 30-004-Cl), 1 % antibiotics-antimycotics (Corning, 25-005-Cl), and 1%
HEPES (Gibco, 15630-080) at a maximum of 6x10° cells/mL in a T175 flask. THP1
medium was also supplemented with 100ug/mL Zeocin (InvivoGen, ant-zn-0.5) for
transgene selection at every second passage. Cells were grown at 5% CO2 95% air, at
37°C.”

For monocyte activation assay, 1x10® THP1-ASC-GFP cells were treated with a final
concentration of 107, 10® or 10° particlessmL AC16 SEVs or with 100 ng/mL

lipopolysaccharides in one mL culturing medium for 16 hours.

3.12 Flow cytometry of THP1-ASC-GFP monocytes

THP1-ASC-GFP cells were treated with AC16 SEVs as described above. Cells were then
centrifuged, resuspended in PBS, and fixed with 1% PFA at 4 °C for 10 min followed by
two washes with PBS. Flow cytometry was performed by Szabolcs Hambalkd
(Semmelweis University, Department of Pharmacology and Pharmacotherapy) using BD
FACSCalibur (BD Biosciences, San Jose, CA, USA). Forward and Side scatter and GFP
expression were analyzed using Flowing software (Turku Bioscience, Turku, Finland) to
select viable cells and to measure the percentage of the GFP* population. For each

measurement, 10,000 events were counted.

3.13 Quantitative PCR of THP1-ASC-GFP monocytes

THP1-ASC-GFP cells were treated with AC16 SEVs as described above. The cells were
then lysed in Qiazol lysis reagent (Qiagen, Germantown, MD, USA) and stored at -80 °C.
To isolate RNA, samples were centrifuged at 4 °C at 12,000 x g for 10 minutes.
Supernatants were then mixed with chloroform (Thermo Scientific, Waltham, USA) in

5:1 ratio, incubated for 3 minutes at room temperature and centrifuged at 4 °C at 120,000
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x g for 15 minutes. Supernatant was collected and mixed with isopropanol (Merck KGaA,
Burlington, USA) in 1:1 ratio and centrifuged at 4 °C with 12,000 x g for 10 minutes.
The supernatant was removed, pellet was washed with 75% ethanol (VWR, Randor, PA,
USA) and centrifuged at 4 °C at 12,000 x g for 10 minutes. The pellets were dried and
resuspended in RNase-free water. SensiFAST cDNA synthesis kit (Bioline; London, UK)
was used to prepare cDNA according to the manufacturer’s protocol. PCR measurements
were performed on a LightCycler® 480 Real-Time PCR System (Roche Diagnostics,
Basel, Switzerland) using LightCycler® RNA Master SYBR Green | reagent (Roche
Diagnostics, Basel, Switzerland) with primers presented in Table 1. The PCR protocol
was set as: Initiation: 95 °C for 2 min; Amplification: 45 cycles of 95 °C for 5 s, then 57
°C for 10 s, then 72 °C for 20 s; final extension: 7 2°C for 5 min. Data were analyzed
using the AACt calculation method according to Schmittgen and Livak 2008 [86].

Hypoxanthine Phosphoribosyltransferase 1 was used as the housekeeping gene.

Table 1.: PCR primers used for gene expression analysis of THP1-ASC-GFP monocytes
after treatment with AC16 sEVSs.

Gene name Gene Primers sequence
abbreviation q
) 5’ -ATTGCTCAAGTGTCTGAAGCAGC-3"
Interleukin 1 Beta IL-1b
5/ -AGCCCTTGCTGTAGTGGTGG-3"
) 5’ -GCCTTCAGCAGAGTGAAGACTTTCTTTC-3"
Interleukin 10 IL-10
5’ ~-CCAGGTAAAACTGGATCATCTCAGACAAGGC-3’
Hypoxanthine HPRT 5’ -TGCTCGAGATGTGATGAAGG-3"
Phosphoribosyltransferase 1 5’ -TCCCCTGTTGACTGGTCATT-3’
Tumor Necrosis Factor- TNF 5" -ATACTGACCCACGGCTCCAC-3"
-a
Alpha 5’ -AGAAGATGATCTGACTGCCTGGG-3"
] 5’ -GGTACATCCTCGACGGCATCT-3"
Interleukin 6 IL-6

5’ -GTGCCTCTTTGCTGCTTTCAC-3"

3.14 Isolation and culturing of neonatal rat cardiac fibroblasts

Neonatal rat cardiac fibroblasts (NRCF) were isolated from 1-3 day-old male Wistar rats
(Toxi-coop Itd., Budapest, Hungary) according to the protocol optimized by Marek
Jelemensky [66]. Animals were sacrificed by cervical dislocation, the hearts were
removed and placed into cold PBS. Then, atria were removed, and the tissue was minced
and digested in 0.25% trypsin solution (Thermo Scientific, Waltham, MA) at 37 °C for

25 minutes with agitation in every 5 minutes. The resulting cell suspension was
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centrifuged for 15 minutes at 250 rcf at 4 °C. The supernatant was removed, and the
pelleted cells were resuspended in Dulbecco's Modified Eagle Medium (Corning Inc.,
NY, USA) supplemented with 10% FBS (Corning Inc., NY, USA) and seeded into a cell
culture flask. After 90 minutes, the culturing medium was collected and transferred into
a fresh culture flask to seed NRCFs. Cells were subcultured when 75% of confluence was
reached using 0.5% trypsin/0.53 mM EDTA (ATCC, Manassas, VA, USA). Cells were

used for no longer than three passages.

3.15 Helium conditioning of neonatal rat cardiac fibroblasts

NRCFs at 75-90% of confluence in cell culture flasks were employed for HeC according
to the protocol optimized by Marek Jelemensky [66]. Cells were washed with Hanks
balanced salt solution (HBSS, Corning Inc., NY, USA) and then glucose- and FBS-free
growth medium (PAN-Biotech GmbH, Aidenbach, Germany) was added. The flasks were
placed into a sealed plastic container with loosened caps. To ensure removal of all room
air, the container was filled and flushed with 95% helium + 5% CO, gas mixture four
times, then fully filled with the gas mixture, and sealed. Flasks were incubated at 37°C
for 1 hour in the hermetic container. After incubation, the container was opened and the
flasks were left under normal growth conditions (5% CO2/95% air, 37°C) for 1 hour. This
treatment was repeated a total of four times. After the fourth cycle of treatment, culturing
medium was supplemented with 1g/L glucose (Merck KGaA, Burlington, USA) and the
flasks were left in normal growth conditions for 40 hours. For control, cells were kept
under normal growth conditions in the same culturing medium that the HeC-treated cells.
When NRCF supernatant was used for HUVEC-TERT2 angiogenesis or migration assay,
the media used for conditioning were replaced with FBS- and bovine brain extract (BBE)-
free HUVEC-TERT2 growth medium.

3.16 Electron microscopy of extracellular vesicles

For transmission electron microscopy (TEM), mEVs were resuspended in 1.5 mL PBS
and centrifuged for 1 hour at 100,000 rcf at 4 °C in a polypropylene ultracentrifuge tube.
Samples were fixed within the tube with 4% paraformaldehyde and then with 1% osmium
tetroxide (Taab, Aldermaston, UK). Samples were dehydrated in graded ethanol, block-
stained with 1% uranyl acetate in 50% ethanol, and embedded in Taab 812 (Taab,
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Aldermaston, UK). After overnight incubation at 60 °C, pellets were sectioned using a
Leica UCTG6 ultramicrotome (Leica Microsystems, Wetzlar, Germany, UK). Images were
taken with a Hitachi 7100 transmission electron microscope (Hitachi Ltd., Tokio, Japan)
and a Veleta 2 k x 2 k MegaPixel side-mounted TEM CCD camera (Olympus, Tokio,
Japan). Brightness and contrast were adjusted using Adobe Photoshop 7.0 (Adobe
Systems Incorporated, San Jose, CA, USA).

3.17 Culturing of HUVEC-TERT2 cells

HUVEC-TERT2 endothelial cells were cultured as we described earlier [66]:
“HUVEC-TERT2 (Evercyte GmbH, Vienna, Austria, CHT-006-0008) were cultured on
0.1% gelatin (Merck KGaA, Burlington, USA)-coated surface using endothelial cell
growth basal medium (Lonza Group Ltd, Basel, Switzerland), supplemented with human
endothelial growth factor, hydrocortisone, bovine brain extract (BBE), ascorbic acid and
FBS from Lonza SingleQuots Kit (Lonza Group Ltd, Basel, Switzerland) and 20 ug/mL
G418 solution (Roche Diagnostics, Basel, Switzerland). Cells were kept at 37°C in 5%
CO2/95% air environment and subcultivated according to the vendor’s protocol, when

cells reached 80% of confluence.”

3.18 HUVEC-TERT2 migration assay

In vitro migration assay of HUVEC-TERT2 cells were performed as we described [66]:

“HUVEC-TERT2 were seeded onto 24-well plate and grown until confluence. Sixteen
hours before the assay, medium was changed to growth medium supplemented with 1%
FBS and 0.25% BBE. After incubation, confluent cell monolayer was scratched off from
the surface using a 1000 uL pipette tip and growth medium from HeC NRCF or CTRL
NRCF supplemented with 1% FBS and 0.25% BBE was added onto the cells. Pictures
from each well were taken in two defined positions at 0 hours and 8 hours using phase
contrast microscope (Leica Microsystems, Wetzlar, Germany). Images were analyzed
using ImageJ software by a blinded analyzer. For each image, area of the scratch was
measured, and percentage of the gap closure was calculated. At each experiment, images
from the same well were analyzed individually and then the average of the gap closure

values was calculated and treated as a single data point.”

22



3.19 Tube formation assay of HUVEC-TERT2 cells

For HUVEC-TERT2 tube formation assay, culture media of HeC-treated or control
NRCFs were collected and supplemented with 5% FBS and 0.25% BBE. HUVEC-
TERT?2 cells were then subcultured at a seeding density of 8000 cells/well using the
collected media in Ibidi angiogenesis p-slides (Ibidi GmbH, Grafelfing, Germany) coated
with Matrigel basement membrane (Corning Inc., New York, USA). Images were taken
6 hours after incubation using a phase contrast microscope (Leica Microsystems, Wetzlar,
Germany, UK). Image analysis was performed using the ImageJ [87] Angiogenesis
Analyzer macro [88]. Each individual data points represents the average of three technical
replicates. Number of master junctions represents the number of nodes, mean mesh size

represents the mean size of the meshes and Mesh index represents mean tube length.

3.20 sodium dodecyl sulfate polyacrylamide gel electrophoresis and
western blotting

For western blot analysis, samples were lysed in 10x radio-immunoprecipitation assay
buffer (RIPA; Cell Signaling Technology, Danvers, MA, US) containing protease
inhibitor (Amresco, Solon, OH, US) at a sample-to-buffer ratio of 1:10. Equal volume of
samples were then mixed with 1/4 volume of Laemmli buffer containing p-
mercaptoethanol (Thermo Scientific, Waltham, MA, USA) and incubated at 96°C for 5
minutes. Samples were loaded onto Tris-glycine sodium dodecyl sulfate-polyacrylamide
gels (Bio-Rad, Hercules, CA, USA) and gel electrophoresis was performed using
Criterion Cell and PowerPac Basic Power Supply (Bio-Rad, Hercules, CA, USA).
Proteins were then transferred to polyvinylidene difluoride membranes (Bio-Rad,
Hercules, CA, USA) and blocked with 5% bovine serum albumin (Bio-Rad, Hercules,
CA, USA) in TBS containing 0.05% Tween-20 at room temperature for 2 h. Primary
antibodies used are detailed in Table 2. As secondary antibodies, Anti-mouse 1gG, HRP-
linked Antibody (7076s, Cell Signaling Technologies, Danvers, MA, USA) and Anti-
rabbit 1gG, HRP-linked Antibody (7074s, Cell Signaling Technologies, Danvers, MA,
USA) were used. Signals were visualized using ECL chemiluminescence kit (Bio-Rad,
Hercules, CA, USA) and Chemidoc XRS+ (Bio-Rad, Hercules, CA, USA). Data analysis
was performed using Image Lab software (Bio-Rad, Hercules, CA, USA) was used.
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Table 2.: Antibodies used in Western Blot analyses.

Target

Target name abbreviation ID Vendor
Albumin Albumin sc-271605 _Santa Cruz
Biotechnology
Annexin Al ANXA1 ab214486 Abcam
Apolipoprotein B-100 ApoB MABS2046 Merck
ATP synthase subunit alpha ATP5A ab133989 Abcam
CD81 antigen cD81 sc-166029  >antacruz
Biotechnology
Fibrinogen beta chain FGB GTX54019 GeneTex
Glyceraldehyde-3-phosphate GAPDH ab133989 Abcam
dehydrogenase
Heat shock 70 kDa protein HSP70 sc-66049 S anta Cruz
Biotechnology
Histone-H3 Histone-H3 ab133989 Abcam
Programmed cell de_ath 6-interacting ALIX 553540 _Santa Cruz
protein Biotechnology
Sodium Potassium ATPase Na-K-ATPase  ab133989 Abcam
Tumor susceptlbl_ lity gene 101 TSG101 ab83 Abcam
protein

3.21 Statistics and visualization

Statistical data analysis and data visualization were implemented using R programming
language [74] with ggplot2 package [89] and GraphPad Prism 6 software (GraphPad
Software Inc., San Diego, CA, USA). Adobe illustrator (Adobe, San Jose, CA, USA) was
used to create figures. All figures are the original work of the author, or the reference is
highlighted in the figure legend. All referenced figures are freely re-usable according to
the Creative Commons Attribution 4.0 International License CC-BY license.

To compare metabolome of NC and HC rat plasma and pEVs, multiple t-tests with
Benjamini-Hochberg FDR adjustment were applied, while linear regression analysis was
used for the correlation of plasma and pEV metabolome. To analyze AC16-derived SEVS,
including particle size and concentration measurement with NTA, protein concentration
measurement, particle size, concentration and elasticity measurement with AFM, total

lipid measurement, relative PC concentration measurement, the analysis of lipid-to-

24



protein ratio and for the analysis of the results obtained from the treatment of THP1-ASC-
GFP cells with AC16 SEVs, analysis of variance (ANOVA) with Tukey’s post-hoc test
was applied. For the quantitative analysis of AC16 sEV proteomics, ANOVA with FDR
adjustment followed by Tukey’s post-hoc test was used, For GO analysis, enrichment
analysis with FDR correction was applied using the STRING software [84,85]. For the
statistical analysis of NRCF mEV secretion and HUVEC-TERT2 treatment with NRCF
mEVs, Wilcoxon t-test was used. Data are presented as mean =+ standard error of the

mean. Significance level was set as o = 0.05.
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4 Results

4.1 Hypercholesterolemia dysregulates plasma-derived extracellular
vesicle metabolome independently of plasma metabolome

Discovering of how metabolic diseases dysregulate pEVs can augment our understanding
of the pathomechanism of these disorders. Numerous studies have demonstrated that the
number of pEVs increases in metabolic disorders [41-43]. Furthermore, the protein and
miRNA composition of pEVs in obesity have also been addressed [48,50]. To further
understand how metabolic diseases, especially HC, affects pEVs, we investigated how
HC diet modifies the metabolite composition of pEVs in rats and how this correlate with
the plasma metabolome (Figure 1A). We fed rats with hypercholesterolemic chow for
twelve weeks, then we collected plasma samples and isolated pEVs using density gradient
ultracentrifugation followed by size exclusion chromatography with a protocol results in
EV isolates with non-detectable amounts of common contaminants, such as
Apolipoprotein Al, as we have shown earlier [73].

Using a commercial kit we have analyzed the presence of 630 pre-defined metabolites,
out of which 433 were detected in plasma and only 29 in pEVs [71]. To test our animal
model system, first we analyzed metabolite composition of the plasma samples. We have
identified a significant increase in the aggregated intensities of cholesterol esters upon the
treatment (Figure 1C). Furthermore, several triacylglycerols showed increased
concentration, whereas multiple glycerophospholipids had decreased concentration
(Figure 1D, left panel). Despite these changes the body weight of the animals remained
unchanged (Figure 1B). These results indicate that our animal model system represents
non-obese patients with HC well.

Next, we have analyzed the pEV metabolome, to unravel how HC dysregulates the
metabolite composition of EVs in the circulation. We identified that EVs from HC-fed
rat contained significantly less amount of several PCs (Figure 1D, right panel). When we
compared these data with metabolite intensities obtained from plasma samples, we
identified that some of these PCs showed opposite changes (Figure 1E). To further
analyze the connection between plasma and pEV metabolites, we correlated intensities of
metabolites detected in both plasma and in pEVs from the same animal. Surprisingly,

there was no correlation between plasma and pEVs in the concentration of amino acids,
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amino acid-related metabolites, fatty acids, and triacylglycerols, and only a moderate
correlation was identified in the concentration of glycerophospholipids (Figure 1F). This
analysis highlights that HC dysregulates not only plasma metabolome, but also pEV
metabolite composition. Furthermore, these changes are differentially regulated. These
results indicate that pEVs might have a different biological effect in HC, and novel
pathomechanism can be discovered with their analysis, which were hidden if plasma was

measured alone.

A B
54 600
N I diet 12 weeks ‘§ i
ormal die =) )‘#
HC diet ‘ I » » o £ 400 ‘/ #
[=)] A
B g ,-- SyX g Y
—e— CTRL
=) %Loac;s cZIIT:crzzn EV isolation § 200
o —o— HC
Metabolomic analysis 0
012345678 9101112
Weeks
C D
Plasma metabolome EV metabolome
& (D [l
— 2000 S 20
<=u o ® 4 2 I | )
2 4£00 = = 15 : : @ triacylglycerols
- 3 < T — o o = = =~ — - ~ = glycerophospholipids
2 o § ’ = 1.0 -: | ® = cholesterol esters
£ 5 10001 22 21
“.9 s} S o o 1 : -® other
17} . T4 <05 1 o
2 5001 i of
£ P
S 0 0.0 —_t
0- C -1 0 1
CTRL HC Log2 fold change Log2 fold change
E Log2 fold change F
;8(12'2_34:3
(16: ;
O l’ 28
100.0 1 % Aa,
1) — ) e CTRL
PC aa C40:5 = ot
PC aa C40:3 =z > | 4 HC
PC 28 C342 210.0 R o Aminoacids
PC 2a C36:2 1w 8 oA I Aminoacids related
PCaaC361/ x € As minoacids relate
PC aa C42:1 0 © ~ % o Fatty acids
PC ae C38:0 £ 1.01 A AL 4 o
gg ae 8%4 1 3 ‘. & 2e¢ Glycerophospholipids
aa C34:1 o
PC aa C38:2 i -1 = °se - ® Triacylglycerols
PC aa C34:4 A
EPA 0.1 ® Other
DHA I
DG(18:2_18:2)
Cer(d18: 1/20 0(OH))
3-Met-His T Y ¥ T
Cys 0.01 0.10 1.00 10.00

EV  Plasma EV intensity [au]

Figure 1.: Effect of hypercholesterolemia on circulating extracellular vesicle
metabolome. (A) Schematic representation of the experimental plans. Male Wistar Rats
were fed either with normal or HC chow for twelve weeks, when serum samples were
collected and serum EVs were isolated. Metabolomics of both sample types were
measured. (B) Animal body weight was unaffected by the treatment. (C) Aggregated
intensity of cholesterol esters was significantly enriched by HC treatment. (D) Volcano
plots representing the differentially regulated metabolites in (left panel) plasm and in
(right panel) EVs. [Figure legend continues on page 27.]
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Figure 1. continued: Effect of hypercholesterolemia on circulating extracellular
vesicle metabolome (E) Comparison of fold changes in those metabolites that were
statistically analyzed both in plasma and EVs. Opposite direction of changes was
observed at certain phosphatidylcholines. (F) Linear correlation in the metabolite groups
analyzed between plasma and EVs. Each dot represents a single metabolite measured in
both samples. Correlation was observed in the amount of glycerophospholipids only, with
R?2 = 0.502. * p < 0.05 between CTRL and HC groups in Student’s t-test. HC:
Hypercholesterolemia, CTRL: Normal-fed group, EV: Extracellular vesicle. Obtained
from Kovdcshazi et. al [T1].

4.2 Hypercholesterolemia increases cardiomyocyte extracellular vesicle
secretion without changing its phosphatidylcholine concentration

Cardiovascular derangements by HC through EVs can originate from both circulating
pEVs and EVs secreted in the local microenvironment. As CMs are the major functioning
elements of the myocardium, we focused our research on understanding how HC
dysregulates CM EV secretion to identify potential pathological effects driven by EVs.
We have treated AC16 human CMs with hypercholesterolemic supplement or with its
vehicle and isolated sEVs using differential centrifugation (Figure 2A). To validate our
HC treatment, we stained accumulated lipids in AC16 cells with Oil-red-O stain. We
confirmed that the lipid content was increased due to HC treatment (Figure 2B).

Next, we have analyzed the protein content of our sEV isolate using Western Blotting to
test the purity of our isolates according to the guidelines [25]. We detected EV markers
tumor susceptibility gene 101 and programmed cell death 6-interacting protein, and
transmembrane EV protein CD81 in our samples. Additionally, we detected
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and heat shock protein 70, which
are common cargo proteins of EVs. We tested for potential contaminants by measuring
ATP synthase lipid-binding protein (ATP5A), sodium potassium ATPase (Na-K-
ATPase) and Histone H3, out of which the samples were positive for Histone H3 (Figure
2C). These results suggest that EVs were enriched in our isolate and most of common EV
contaminants, such as fragments of membrane-bound organelles were below the detection
limit.

We used NTA to determine the EV size and concentration of our isolates. We identified
particles between 50-300 nm (Figure 2D) with a median size of 150 nm, regardless of the
treatment (Figure 2E). These results demonstrate that we successfully isolated small-sized
EVs.
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NTA data analysis also revealed that HC treatment significantly elevated particle level in
HC-treated AC16 SEV isolates (Figure 2F). Similarly, we found that the protein
concentration of these samples was also increased (Figure 2G). These results suggest that
HC increases CM sEV secretion, aligning with the systemic effect of HC, as pEV
concentration is also increased in certain metabolic diseases [41-45].

As we observed a decreased amount of certain PCs in rat pEVs, we proceeded to analyze
the lipid-to-protein ratio and relative PC concentration of AC16 sEV isolates. However,
our analysis did not reveal difference in the lipid-to-protein ratio of the samples (Figure
2H). Similarly, the PC concentration, normalized to the total lipid concentration of AC16
SEVs, was unaffected by HC treatment (Figure 21).

To further analyze the membrane composition of AC16 sEVs in HC we conducted AFM
measurements on our SEV isolates with the Department of Biophysics and Radiation
Biology of Semmelweis University. As cholesterol affects rigidity, banding and elasticity
of plasma membranes [90-92], we hypothesized that HC treatment might modify the
elasticity of EVs via increased cholesterol content of the membrane or other metabolic
dysregulation. We observed that elastic moduli of SEVs distributed between 10°-107 Pa
(Figure 2J), which is consistent with earlier data on liposomes and EVs [93-95].
However, the treatment did not affect the elasticity of AC16 sEVs (Figure 2J). These
results suggests that unlike in pEVs, the membrane composition of CM sEVs is not
affected by HC or such changes were undetectable with our measurement system.

To verify our sEV isolation protocol, we analyzed our AFM data further. Surface mapping
of AC16 sEVs revealed roughly circular particles with partially flattened, curved
surfaces, that aligned with the literature [93,96-98]. Besides EVs, we identified smaller,
rounded, or multisegmented objects with a height lower than 10 nm, likely lipid- or
protein aggregates or vesicle fragments (Figure 2H). EVs ranged from 10 to 300 nm in
diameter with a median size of around 50 nm (Figure 2L) and heights ranging from 10 to
100 nm (Figure 2M). As NTA cannot detect particles below 50nm, and overestimates
particle size [99], these results align with our earlier measurements. Surprisingly, we
found statistically significant difference in size between VEH vs CTRL or HC groups
(Figure 2L) and in height between HC vs CTRL or VEH groups (Figure 2M), likely due
to the high power of our measurements and as the effect size is minimal, the biological

significance of these changes is probably negligible. Altogether, our observations validate
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that we isolated sEVs from AC16 cells with minor contamination with non-vesicular

fragments.
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Figure 2.: Analysis of AC16 cardiomyocyte extracellular vesicles in
hypercholesterolemia. (A) Schematic representation of the experimental plans. AC16
cardiomyocytes were treated with HC treatment or with its vehicle or kept in control
conditions and then EVs were isolated from the cell culture supernatant. (B)
Representative images of Oil-red-o staining of AC16 cell after treatment. Blue: DAPI
(nuclei), red: Oil-red-O (lipid). Results show increased amounts of lipids upon the
treatment. (C) Western blot analysis on the EV isolates. Samples were free from most
common contaminants and positive for extracellular vesicle markers. (D) Size
distribution of isolated EVs measured by nanoparticle tracking analysis. Vesicles ranged
from 50-300 nm (E) Median size of the detected particles. The treatment did not affect
particle size (F) Particle number of the isolates was significantly elevated in HC group.
(G) Protein concentration measured with 280 nm light absorbance was significantly
elevated in HC group. [Figure legend continues on page 30.]
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Figure 2. continued: Analysis of AC16 cardiomyocyte extracellular vesicles in
hypercholesterolemia. (H) Lipid-to-protein ratio of EV isolates were unaffected by the
treatment. (I) PC concentration normalized to total lipid concentration of EVs was
unaffected by the treatment. (J) Elastic modulus of EVs analyzed with atomic force
microscopy did not change upon the treatment. (K) Representative images of non-contact
mode atomic force microscopy measurements. First row: height-contrast, second row:
amplitude-contrast images in the same view field. Arrows: EVs, Circles: Non-EV-like
structures with height < 10 nm. (L) In particle diameter measured by atomic force
microscopy, a significant difference was observed between the VEH vs CTRL and HC
groups. (M) In particle height measured by atomic force microscopy, a significant
difference was observed between the HC vs CTRL and VEH groups. * p < 0.05 HC vs
CTRL and VEH, # p < 0.05 VEH vs CTRL and HC in ANOVA with Tukey'’s post-hoc test.
CTRL: Control conditions, VEH: Vehicle treatment, HC: Hypercholesterolemic
treatment, ALIX: ALG-2-interacting protein X, TSG101: Tumor susceptibility gene 101,
HSP70: heat shock protein 70, GAPDH: glyceraldehyde-3-phosphate dehydrogenase,
Na-K-ATPase: Sodium-potassium ATPase, ATP5A: ATP synthase lipid-binding protein,
Hist. H3: Histone H3, PC: phosphatidylcholine. Obtained from Kovacshazi et. al [71].

4.3 Hypercholesterolemia do not modify the effect of cardiomyocyte
extracellular vesicles on immune cells

One of the mechanisms contributing to HC-induced CVDs is inflammation. As EVs play
a role in mediating inflammation through various mechanisms [24], we hypothesized that
HC might alter the impact of CM-derived EVs on immune cells, as observed in other
diseased conditions [53-56]. To test this hypothesis, we treated THP1 monocytes
expressing ASC-GFP with sEVs derived from AC16 CMs at different doses. Following
a 16-hour treatment. We measured GFP expression of monocytes with flow cytometry
representing ASC expression that demonstrates inflammasome activation [100]. In
addition, we analyzed the gene expression of certain cytokines to further investigate
potentially activated pro- and anti-inflammatory signaling pathways (Figure 3A).

Our results showed that SEVs did not increase GFP expression in THP1-ASC-GFP cells
regardless of the treatment applied to the donor cells (Figure 3B). This indicates that CM-
derived sEVs do not trigger inflammasome activation in monocytes. To explore other,
non-ASC dependent inflammasome-mediated mechanisms, we measured the gene
expression levels of pro-inflammatory factors Interleukin 1 beta and Tumor Necrosis
Factor alpha, as well as the anti-inflammatory factor Interleukin 10. No significant
changes were observed in the expression of these genes, irrespective of the treatment
(Figure 3C). These findings suggest that, contrary to our initial hypothesis, CM-derived
sEVs do not contribute to inflammation in HC.
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Figure 3.: THP1-ASC-GFP treated with AC16 extracellular vesicles. (A) Schematic
representation of the experimental plans. THP1-ASC-GFP monocytes were treated with
EVs isolated from AC16 cells after HC treatment. GFP and gene expression of the
monocytes were measured. (B) GFP expression of THP1-ASC-GFP cells after EV
treatment. No difference was observed in the amount of GFP positive/activated cells. (C)
The treatment did not affect the gene expression IL-15, TNF-o and IL-10 genes. * p <
0.05 vs PBS in ANOVA with Tukey’s post-hoc test. CTRL: Control conditions, VEH:
Vehicle treatment, HC: Hypercholesterolemic treatment, EV: extracellular vesicle, IL-
1p: Interleukin 1 beta, TNF-a.: Tumor Necrosis Factor alpha, IL-10: Interleukin 10.
Obtained from Kovacshazi et. al [71].

4.4 Hypercholesterolemia dysregulates proteome of cardiomyocyte-
derived extracellular vesicles

Contrary to our hypothesis, HC does not seem to modify the inflammatory effect of CM
SEVs. In light of these results, we decided to analyze the protein composition of AC16
sEVs to identify potential functional dysregulations induced by HC.

Isolated AC16 sEVs were vacuum dried and transferred to the UCD Conway Institute
Mass Spectrometry Resource for proteomics measurements using LC-MS/MS.

From all the samples measured, we identified a total of 2235 proteins derived from 2218
genes (available at the online supplementary material of the original article [71]). To
perform a first quality control on our dataset, we compared these genes with the
Vesiclepedia [101,102] database, which compiles thousands of proteomics studies on
EVs. A total of 2088 genes overlapped with the database, including 84 of the 100 most
frequently identified proteins in EVs (Figure 4A). These results highlight that nearly all
identified proteins presented in at least one independent EV-proteomics study, and our

SEV isolate show no major differences from others at the protein level.
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To assess the effect of HC on the CM sEV proteome, we compared the protein abundance
between our treatment groups using ANOVA with FDR adjustment and Tukey’s post-
hoc test. A total of 117 proteins showed statistically significant differences between at
least one comparison. Of these, 12 proteins showed differences between the CTRL and
VEH groups. Five of these 12 proteins had significantly different abundance between the
CTRL and HC groups, but not between the VEH and HC groups. In addition, two proteins
showed significant difference between the CTRL and HC groups, but not between the
VEH and HC groups. A total of 110 proteins exhibited significant differences between
the VEH and HC groups; all of these also showed significant differences between CTRL
and HC groups (Table 3, Figure 4B). We selected these proteins for further analysis to
explore proteomic changes induced by HC treatment in CM-derived SEVSs.

Among the 110 proteins analyzed, the abundance of 33 proteins decreased in SEVs
derived from HC-treated AC16 cells (Figure 4C). These included numerous extracellular
matrix (GO: 0031012, FDR < 0.001) and cell adhesion-associated (GO: 0005925, FDR <
0.001) proteins. Additionally, the amount of certain endosomal sorting complexes
required for transport (ESCRT) constituents [103] was reduced (Figure 4D, left panel).
Most of the 77 proteins with increased abundance in HC-treated AC16 SEVs were
associated with RNA binding (GO:0003723, FDR < 0.001). Some of these, such as
nuclease-sensitive element-binding protein 1, heterogeneous nuclear ribonucleoproteins
A2/B1 and heterogeneous nuclear ribonucleoprotein A1 (HNRNPAL1) [104-109], are
involved in RNA packaging into EVs as well. Additionally, many of these proteins are
part of the spliceosome or ribosomal complex (Figure 4D, right panel). This suggest that
not only the protein but also the RNA composition of CM EVs are affected by HC.

We further investigated the functions of the dysregulated proteins, which might play a
role in HC-induced CVDs. Numerous proteins with increased abundance in HC-treated
AC16 sEVs are associated with tissue remodeling, namely connective tissue growth
factor, also known as cellular communication network factor 2, which mediates fibrosis
in cardiomyocytes and regulates proliferation, cell adhesion and angiogenesis [110], as
well as cysteine-rich angiogenic inducer 61, also known as cellular communication
network factor 1 (CYR61, CCN1), DNA (cytosine-5)-methyltransferase 1 (DNMT1) and
HNRNPA1 which play a role in EV-induced angiogenesis, proliferation, invasion or in
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vivo metastasis formation of cancer EVs [111-113]. Furthermore, CYR61 encapsulated
in EVs also induces Metalloproteinase 1 expression in recipient cells [114].
Additionally, proteins such as DNMT1, HNRNPAL, Double-stranded RNA-binding
protein Staufen homolog 1 and Gamma-interferon-inducible protein 16, which had
increased abundance in HC-treated AC16 sEVs, regulate genes involved in lipid
metabolism and adipocyte differentiation [115-118].

Finally, none of the proteins enriched in AC16 sEVs after HC treatment were associated
with inflammation. On the contrary, the immunogenic protein HLA class |
histocompatibility antigen, B-7 alpha chain decreased in abundance in SEVs of the HC
group.

In conclusion, proteomics analysis of AC16 SEVs revealed that HC substantially modifies
CM EV proteome and potentially affects EV RNA content as well, that can modulate the
biological function of EVs.
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Figure 4.: Proteomic analysis of AC16 extracellular vesicles. (A) Comparison of the
proteins detected with the Vesiclepedia database. Out of the 2137 proteins identified,
2088 are part of the database of which 84 are in the 100 most frequently described EV
proteins. (B) Venn diagram representing the statistically significant differences between
the experimental groups, using ANOVA followed by Tukey’s post-hoc test. (C) Volcano
plot representing the significant differences between the VEH and HC groups. (D)
Interaction network of proteins with significantly different abundance between the VEH
and HC groups. LEFT: Proteins with decreased abundance, RIGHT: Proteins with
increased abundance. CTRL: Control conditions, VEH: Vehicle treatment, HC:
Hypercholesterolemic treatment, EV: extracellular vesicle, ESCRT: endosomal sorting
complexes required for transport. Obtained from Kovdcshazi et. al [71].
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Table 3.: List of proteins found differentially expressed in AC16 small extracellular
vesicles upon hypercholesterolemic treatment. Proteins found significantly different
between VEH and HC groups were involved in further analysis. * p < 0.05 for ANOVA
followed by Tukey’s post-hoc test. Obtained from Kovdcshazi et. al [T1].

ANC.)W.\ p ost-hoc Log2 fold change

# Protein IDs Gene names significance

CTRLvs | CTRLvs | VEHvs | CTRLvs | CTRLvs | VEH vs

VEH HC HC VEH HC HC
1 | 014672;014672-2 ADAM10 * ns * 0323 | -1762 | -1.439
2 | P25098;P35626 ADRBK1;ADRBK2 * * ns 3.492 | 4442 | 0950
3 | Q02952-3;002952-2;Q02952 AKAP12 * ns * 0.163 | -1.324 | -1.161
4 |assvsl ALYREF * * * 1878 | 4.210 | 2.332
5 | 043633 CHMP2A * ns * 0718 | -2.066 | -2.784
6 | Q9NZz3;Q9NZZ3-2 CHMP5 * ns * 0231 | -1.695 | -1.464
7 | aovav2-4;09v3v2;Q9v3v2-3 CHTOP * ns * 0558 | 3.423 | 2.864
8 | Q99715;099715-4;099715-2 COL12A1 * * * 0540 | -1.581 | -1.041
9 ggﬁifg};llzlllﬁfglz111'4" COL6A3 * * ns 0380 | -0.950 | -0.570
10 | P29279;r29279-2 CTGF * ns * 0595 | 2.859 | 3.454
11 | oooe22 CYR61 * ns * 0107 | 1719 | 1.826
12 | asuvk1 CSPGA4 * ns ns 0357 | 0929 | -0.572
Q5VWQ8-3;Q5VWQ8-4;Q5VWQ8-2;
13 | Q5VWQS8-5;Q9UJF2; DAB2IP;RASAL2 * ns * 0916 | 1236 | 2.152
Q5VWQ8;Q9UJF2-2

14 | 092499;092499-3;092499-2 DDX1 * ns * 0050 | 1.250 | 1.200
15 gg;:ﬂfgng%1"Q92841'3; DDX17 * ns * 0367 | 1.431 | 1.064
16 | Q9NR30;Q9NR30-2;09BQ39 DDX21 * ns * 0272 | 3.135 | 2.863
17 | agp2es DIP28B * ns * 0.273 | -3.455 | -3.728
18 | P26358-2;P26358;P26358-3 DNMT1 * ns * 0449 | 3.174 | 3.624
19 | 043854-2;043854 EDIL3 * ns * 0773 | -1.820 | -1.046
20 | P26641;P26641-2 EEF1G * * ns 0402 | 0755 | 0.353
21 | 000303 EIF3F * ns ns 0567 | 1.296 | 0.729
22 | Q9v6C2;Q9Y6C2-2 EMILINL * ns * 0.036 | -1.501 | -1.465
23 | Q52U0-1;052L00 FAM98B * ns * 0566 | 2.812 | 2.246
24 | P62942 FKBP1A * ns * 0214 | 2.979 | -3.194
25 | P35637-2;P35637 FUS * ns * 0227 | 1378 | 1.151
26 | P51114;P51114-3;P51114-2 FXR1 * ns * 0531 | 2572 | 2.041
27 | ps1116 FXR2 * ns * 0.684 | 3.722 | 3.038
28 | P17302 GIAL * ns * 0.818 | -3.718 | -2.900
29 | Q92896;092896-3;092896-2 GLG1 * ns * 0224 | -1.125 | -0.900
30 | P63244 GNB2L1 * *x * 0631 | 1.189 | 0.557
31 | P29084 GTF2E2 * ns * 0938 | 4.489 | 3.550
32 | Q8IUE6;Q71U19-5 HIST2H2AB * ns * 0389 | -2.047 | -2.437
33 | Po1889 HLA-B * ns * 0444 | 2192 | -1.748
34 | Q13151 HNRNPAO * ns * 0.890 | 3.425 | 2.535
35 2?5069561;’;2%?5;11' HNRNPA1;HNRNPA1L2 * ns * 0.204 1.009 | 0.805
36 | P22626;P22626-2 HNRNPA2B1 * ns * 0.169 | 0.761 | 0.592
37 | P51991 HNRNPA3 * ns * 0.026 | 0990 | 1.016
38 833;;,(114103,(114103 4 HNRNPD * * * 0348 | 0991 | 0.642
39 | 043390;043390-3 HNRNPR * ns * 0.203 | 1.845 | 1.642
40 ggzzjgf?SSSJS'a;QSSSJS'Z; HP1BP3 * ns * 0392 | -1.463 | -1.855
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Table 3. continued

ANOVA Post-hoc

.. Log2 fold change
# Protein IDs Gene names significance
CTRLvs | CTRLvs | VEHvs | CTRLvs | CTRLvs | VEH vs
VEH HC HC VEH HC HC
41 | QOVDF9 HSPAl4 * ns * 0.490 | 2277 | 1.787
42 | P98160 HSPG2 * ns * 0136 | -1.221 | -1.085
Q16666-3;016666-2;016666;
s |USSSESQOOSEBOPSS; | e m | o | a0 | s | acm
Q6KOP9
44 | Q9NZI8;Q9NZI8-2 IGF2BP1 * ns * 0557 | 3.187 | 3.744
45 ggigm_éﬁgzgm:ggsxbi ., |16F28P2 * ns * 0332 | 2963 | 3.296
46 | Q969P0;Q969P0-3;0969P0-2 IGSF8 * ns * 0.303 | -1.213 | -1.516
47 gggggg:zg?:gggjps 3990; IST1 * * ns -0.869 | -1.979 | -1.110
48 | Q6NYC1-2;Q6NYC1;Q6NYC1-3 JMID6 * ns * 0343 | 1.845 | 2.188
49 | Q16363-2;Q16363 LAMA4 * ns * 0334 | -0.888 | -0.554
Q6PKGO;Q6PKGO-3;Q659C4-7;
50 | Q659C4-6;Q659C4-5;0659C4-2; LARP1 * ns * 0.657 | 3.122 | 2.465
Q659C4;Q659C4-9
51 | Q4G0J3-3;04G013;Q4G0J3-2 LARP7 * ns * 0.183 | 3.079 | 2.89
52 | P09382 LGALS1 * ns * 0235 | -1.297 | -1.062
53 | QINX58 LYAR * ns * 0.620 | 4.227 | 3.607
54 gig:&{;gf;’:g_ﬁ%ﬁ;f:' MAGED2 * ns * 1430 | 3711 | 2281
55 | Q77304 MAMDC2 * ns * 0.173 | -2.661 | -2.488
56 | P29966 MARCKS * ns * 0247 | -1399 | -1.152
57 gggig1308431'3&08431'4; MFGES * ns * 0275 | -1.298 | -1.023
58 | QOHCEL;Q9HCEL-2 MOV10 * ns * 0353 | 1.751 | 2.104
59 | P19338 NCL * ns * 0.067 | 2.023 | 2.089
60 | Q14112-2;,014112 NID2 * ns * 0255 | -1.501 | -1.247
61 | Q8TAD7 occl * ns * 0218 | -1.280 | -1.061
P11940;P11940-2;Q9H361;Q4VXU2;
62 | Q4VXU2-2;096DUS-2;096DU9; PABPC1 * ns * 0292 | 1.328 | 1.035
QsJaF8
63 | Q13310-2;013310;Q13310-3 PABPC4 * ns * 0021 | 1625 | 1.604
64 | P09874 PARP1 * ns * 0.269 | 1.497 | 1.228
65 | Q8WUMA4-2;08WUM4;Q8WUM4-3 | PDCD6IP * ns * 0223 | -1.054 | -0.831
66 | P30086 PEBP1 * ns * 0.048 | -1.851 | -1.804
67 gg:mgﬁi\é\:\s’\%gf&wso-& PHF6 * ns * -0.449 | 4134 | 4583
68 | 015031 PLXNB2 * ns * 0542 | -1.175 | -0.634
69 | QINRX1 PNO1 * ns * 1221 | 3.484 | 2.264
70 :ff;:éz:j:ggi 4 PRRC2A * ns * -0.897 | 3.855 | 4.752
Q9Y520-3;09Y520-4;Q9Y520-5;
71 | Q9Y520;Q9Y520-7;Q9Y520-2; PRRC2C * ns * 0260 | 3.920 | 4.180
Q9Y520-6
72 | 095084-2;095084 PRSS23 * ns * 0270 | -1.564 | -1.295
73 | 075475;075475-3;075475-2 PSIP1 * ns * 0.009 | 3.230 | 3.221
74 | Q81Y67-2;081Y67;Q81Y67-3 RAVER1 * ns * 0587 | 2.153 | 2.739
P38159;P38159-2;Q96E39;
75 P38159:3;O75526,;%8N7X1, RBMX;RBMXL1 * *x * 0906 | 2.826 | 1.920
76 | P62906 RPL10A * ns * 0300 | 1.820 | 1.520
77 | P18621-3;P18621;P18621-2 RPL17 * ns * 0131 | 1629 | 1.497
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Table 3. continued

ANOVA Post-hoc

.. Log2 fold change

# Protein IDs Gene names significance

CTRLvs | CTRLvs | VEHvs | CTRLvs | CTRLvs | VEH vs

VEH HC HC VEH HC HC
78 | Q07020-2;,007020 RPL18 * ns * 0217 | 1532 | 1.316
79 | 84098 RPL19 * ns * 0.081 | 1.816 | 1.736
80 | P46778 RPL21 * ns * 0.247 | 1390 | 1.143
81 | P61353 RPL27 * ns * 0.246 | 1.315 | 1.069
82 | 62888 RPL30 * ns * 0474 | 1412 | 0938
83 | P62910 RPL32 * ns * 0.294 | 1552 | 1.258
84 | P05387;P05386-2 RPLP2 * ns * 0.264 | 1.010 | 0.746
85 | P46783;09NQ39 RPS10;RPS10PS * ns * 0292 | 1.618 | 1.326
86 | P62280 RPS11 * ns * 0.076 | 1.168 | 1.092
87 | P25398 RPS12 * ns * 0.282 | 1.483 | 1.202
88 | P62263 RPS14 * ns * 0.490 | 2.135 | 1.645
89 | P628a1 RPS15 * ns * 0102 | 1724 | 1622
90 | P62249 RPS16 * ns * 0474 | 1534 | 1.060
91 | P15880 RPS2 * ns * 0.090 | 1.153 | 1.062
92 | P60866;P60866-2 RPS20 * ns * 0.002 | 1.631 | 1.629

P62847-2;P62847-
93 | 3.p62847 Pe8dT4 RPS24 * * * 0.635 | 2.067 | 1.432
94 | P62854;Q5INZ5 RPS26;RPS26P11 * ns * 0.258 | 1.665 | 1.407
95 | P61247 RPS3A * ns * 0300 | 1.505 | 1.205
9 | Pa6782 RPSS5 * ns * 0.235 | 1.634 | 1.399
97 | Po88es RPSA * ns * 0.205 | 1.116 | 0.910
98 gzmlecs;;giPZES)-a;QsNMG-s; RRBP1 * ns * 0321 | 1.021 | 1.343
99 | 043290 SART1 * ns * 0.865 | 2419 | 3.284
100 | 099590-2;Q99590 SCAF11 * ns * 0198 | 2483 | 2.681
101 | 000560-2 SDCBP * ns * 0.061 | -1.341 | -1.280
102 | P34897-3;P34897;P34897-2 SHMT2 * ns * 0.095 | -1.960 | -1.864
103 ggmngiggNuqe-z;QgNuos-m SPATS2L * ns * 0478 | 3162 | 3.639
104 | P37108 SRP14 * ns * 0187 | 1.316 | 1.503
105 | Q08945 SSRP1 * ns * 0717 | 2.184 | 1.467
106 | 095793-2;095793;095793-3 STAUL * ns * 0.610 | 2.728 | 2.118
060506-3;060506;060506-4;

107 | Oe0506-2.060506.5 SYNCRIP * * * 0.279 | 1.283 | 1.004
108 | P35442 THBS2 * ns * 0393 | -1.363 | -0.970
109 | Q96EY4 TMA16 * ns * 2328 | 1574 | 3.902
110 | P62328 TMSBAX * ns * 0.110 | -1.232 | -1.122
111 | Q99816;099816-2 T5G101 * * ns 0764 | -1.378 | -0.614
112 | 043657 TSPANG * ns * 0150 | -1.767 | -1.617
113 gggg:;z;wm“Z'Z;Q‘C’COHZ‘ TTYH3 * ns * | -0530 | -4459 | -3.928
114 | P67809;Q9Y2T7 YBX1 * ns * 0337 | 1.337 | 1.000
115 | P16989-2 YBX3 * ns * 1562 | 4.869 | 3.308
116 | P16989;P16989-3 YBX3 * ns * 0.767 | 4.128 | 3.361
117 | Q6DD87 INF787 * ns * 0.992 | 3.983 | 2.991
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4.5 Helium conditioning might reduce mEV secretion of neonatal rat
cardiac fibroblasts

EVs play roles in CVD development as well as in cardioprotective mechanisms. To
further understand the role of EVs in maintaining the cardiovascular homeostasis, we
analyzed the effect of HeC on CF mEVs.

Marek Jelemensky previously demonstrated that HeC increases the migration of NRCFs
[66]. During my thesis work, we investigated, how HeC affects EV secretion of these
cells. We applied HeC treatment on NRCFs and 40 hours later we isolated mEVs with
differential centrifugation from the FBS-free cell culture medium (Figure 5A).

To test the quality of our EV isolates, according to the international standards [25], we
characterized mEVs with TEM, western blotting and NTA and Marek Jelemensky
preformed flow cytometry. As expected, TEM images revealed membrane particles with
50-200 nm in diameter. Besides, electron dense structures, possibly protein aggregates,
which are common contaminants of EV isolates, were also identified (Figure 5B).
Western blot was used to analyze the protein composition of mEV isolates. We detected
EV cargo protein Annexin Al [119] (Figure 5D), however GAPDH, which can
accumulate in EVs [119], was below the detection limit. The samples were also negative
for markers of potential contaminant, such as ATP5A, Na-K-ATPase and Histone H3.
Additionally, fibroblast markers, such as Discoidin domain-containing receptor 2 and
Thy-1 membrane glycoprotein were detected on our mEVs with flow cytometry by Marek
Jelemensky [66]. Finally, using NTA, we identified particles with diameters ranging from
50 to 700 nm (Figure 5C) that aligns with the expected size range of mEVs. These results
confirm that we successfully isolated mEVs of NRCFs with minor protein contamination.
Upon analyzing the particle concentration of our EV isolate, we observed a slight
decrease by HeC treatment, with statistical analysis yielding p = 0.0742 (Figure 5C).
These results suggest that HeC might reduce mEV secretion of NRCFs, however, further
orthogonal measurements or increased sample size are needed to validate this finding.

4.6 Neonatalrat cardiac fibroblasts do not secret angiogenic factors or
extracellular vesicles after helium conditioning treatment

Angiogenesis is a crucial mechanism that could enhance regeneration after myocardial
infarction. Therefore, we investigated whether NRCFs after HeC treatment could enhance

angiogenic potential of endothelial cells via paracrine signaling. To test this, we
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transferred the EV-rich cell culture supernatant from HeC or control-treated NRCFs to
HUVEC-TERT2 and measured their migration and in vitro tube formation capabilities.
We found that migration of HUVEC-TERT2 was not affected by the supernatant of HeC-
treated NRCFs (Figure 5E,l,J). Additionally, no difference was observed in the
parameters analyzed in the tube formation assay (Figure 5F-H,K). These results suggest
that the pro-migratory effects of HeC on NRCFs [66] do not extend to endothelial cells
via soluble factors or EVs.

In conclusion, however EVs contribute to cardioprotection in certain interventions [57],

our study did not reveal any major effect of HeC on NRCF mEV secretion.
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Figure 5.: Analysis on the effect of helium conditioning on cardiac fibroblast
extracellular vesicle secretion. (A) Schematic representation of the experimental plans.
NRCF suffered HeC or kept in control conditions and then incubated for 40 hours. Cell
culture supernatant was collected for EV isolation and cell treatment. (B) Electron
microscopic image of EVs isolated from NRCF cell supernatant. Black arrows: EVs,
White arrows: non-vesicular structures. (C) Results of nanoparticle tracking analysis on
EV isolates. Left: Particles are ranged from 50-700 nm, right: HeC treatment might
reduce the EV secretion of NRCFs. (D) Representative image of Annexin A1 western blot
analysis of EV isolates. (E-H) Medium transfer from NRCFs after HeC treatment to
HUVEC-TERT2. (E) Cell migration measured by wound healing assay was unaffected by
the treatment. No change in (F) tube length, (G) number of nodes and (H) mean mesh
size was observed in in vitro tube formation assay. (I-J) Representative images of wound
healing assay experiments on HUVEC-TERT2 from cells treated with NRCF supernatant
after (1) CTRL or (J) HeC treatment. (K) Representative images of in vitro tube formation
assay experiments on HUVEC-TERT2 from cells treated with NRCF supernatant after
CTRL or HeC treatment. NRCF: neonatal rat cardiac fibroblast, CTRL: control
conditions, HeC: helium conditioning, CM: supernatant from neonatal rat cardiac
fibroblast. p represents statistical significance of Wilcoxon’s test. Obtained from
Jelemensky et. al [66].
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5 Discussion

In this thesis we aimed to investigate the role of EVs in the maintenance of cardiac
homeostasis. We hypothesized that HC dysregulates circulating and cardiac-derived EVs
and CF-derived EVs contributes to HeC-induced cardioprotection. We identified a
difference in the metabolome of pEVs in HC-fed rats. Furthermore, for the first time, we
demonstrated that HC dysregulates CM SEV secretion substantially. Regarding to
cardioprotective interventions, we observed that HeC do not appear to significantly affect
mEVs from CFs. These results demonstrate the potential of EVs in the development of

novel diagnostics and therapeutics for CVDs.

5.1 Metabolome of circulating extracellular vesicles in
hypercholesterolemia

Previous studies have characterized the proteomics and miRNA profiles of circulating
EVs in the context of metabolic disorders [48,50]. Here, we expanded our understanding
on how HC affects EVs by analyzing pEVs isolated from rats fed with
hypercholesterolemic chow. When we correlated the amount of certain metabolites
between plasma and pEV samples, we found only a minor connection. These results
strengthen the hypothesis that analyzing EVs can provide novel insight into the analyzed
pathophysiological conditions. Such information can be utilized to develop new
diagnostic and prognostic measurements for the early identification of maladaptive
mechanisms in HC.

We also found that HC significantly reduces the amount of multiple PCs in pEVS. These
observations align with the findings of Blandin et al., who reported reduced PC content
in EVs isolated from adipocytes of high-fat diet fed mice [120]. As PCs are major
constituents of plasma membranes, the impact of such changes on cardiac homeostasis
remains uncertain. However, given that EV-transferred metabolites can affect remote
tissues [121] and that the amount of certain PCs are dysregulated in other disease states
as well [122-124], these changes may contribute to maladaptive processes in HC and
CVD development.

In conclusion, our results demonstrate that HC affects the metabolome of pEVs that might
play a role in the pathomechanism of CVDs. In addition, these changes could not be

identified with the analysis of the plasma alone. Upon these results, future clinical studies
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on non-obese, but hypercholesterolemic patients without lipid lowering therapies and
corresponding controls should be implemented to investigate whether similar changes can

be identified in human pEVs as well.

5.2 Effect of hypercholesterolemia on extracellular vesicle secretion of
cardiomyocytes

In our experiments on AC16 cells, we demonstrated that HC elevates the secretion SEV
of CMs. Elevated intracellular cholesterol can increase EV secretion through various
mechanisms. Strauss et al. demonstrated that cholesterol treatment elevates EV secretion
of Oli-Neu cells [125]. They suggest that this is a mechanism to eliminate cholesterol
from the endosomal/lysosomal system. In accordance with these results, a recent study
demonstrates that cholesterol accumulates in EVs via active processes [27]. When
cholesterol-rich EVs are secreted, they can act as external cholesterol source for recipient
cells. These results suggest that, when cells are in an excess of cholesterol, they may get
rid of the surplus via increased EV secretion. Furthermore, cholesterol plays a significant
role in lipid raft formation [126], which is involved in EV biogenesis [127], thus elevated
number of lipid rafts may also contribute to the increased number of secreted EVs in HC.
Taking into account that we observed reduced relative concentration of certain ESCRT
complex constituents, which is one of the best known protein complexes involved in
exosome and ectosome biogenesis [23], we propose that the elevated EV secretion is
mediated by non-canonical, cholesterol-specific EV secretory mechanisms.

On the other hand, we did not observe any differences in the lipid-to-protein ratio or PC
concentration of CM sEVs. Similarly, the elasticity of CM sEVs was unaffected by HC.
These findings suggest that the membrane composition of CM sEVs is not significantly
altered under HC conditions, thus these EVs may be secreted via a mechanism that
preserves vesicular membrane composition. In conclusion, we suggest that HC induces
pathological EV secretory pathways distinct from those predominant under normal
conditions. As such processes may not CM specific, these changes could explain the
increased number of circulating EVs in HC. Further investigation into these pathways
may lead to the identification of specific EV subpopulations associated to HC and CVDs.
Upon inflammation induced by CM EVs, we initially hypothesized that altered CM EV
secretion under HC might activate immune cells. However, our results with THP-ASC-

42



GFP cells indicate that sEVs derived from HC-treated CMs do not affect cytokine
expression and ASC-dependent inflammasome activation in monocytes. This is in line
with our proteomics analysis, as we did not observe elevation in any proteins associated
with inflammation.

In contrast, we identified numerous proteins associated with the extracellular matrix or
cell adhesion that had lower concentrations in CM sEVs in HC. Additionally, numerous
proteins associated with tissue remodeling were enriched. These results suggest that CMs
secrete EVs that may contribute to cardiac tissue remodeling in HC, potentially leading
to cardiac dysfunction.

Moreover, we identified that certain proteins with higher abundance in EVs derived from
HC-treated CMs regulate lipid metabolism and adipocyte differentiation. Several studies
described that CM EVs establishes communication between cardiac and adipose tissue
[128-130]. Therefore, these changes might aim to alleviate dyslipidemia and also indicate
the stressed metabolic condition of the CMs.

We also observed elevated amount of CYR61 in CM EVs in HC, similarly to circulating
EVs in acute coronary syndrome [131]. Moreover, GJAL that was reduced in CM EVs in
HC is also reduced in circulating and CM EVs after myocardial infarction [132]. Thes
findings demonstrate that the dysregulated proteome of CM EVs represents stress signals
that are observed in CVDs as well as specific responses to the hypercholesterolemic status
of CMs.

Finally, as we observed that many proteins upregulated in HC conditions in CM sSEVs
can bind RNA and some play a role in EV miRNA packaging, we suggest that HC also
affects the RNA composition of CM sEVs.

In conclusion, we identified that HC increases CM EV secretion through pathways that
are potentially specific to diseased conditions. Contrary to our hypothesis, HC does not
affect the inflammatory potential of CM EVs. However, it significantly affects their
proteome and possibly RNA composition. The identified changes suggest that EVs
derived from CMs in HC induces cardiac tissue remodeling. To further analyze these
results, in vitro and translational experiments will need to be performed. In addition, if
CM EVs could be enriched from plasma, analysis of such changes and could be the basis
of diagnostic tools to identify the stressed condition of CMs in the early stages of CVD

development.
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5.3 Effect of helium conditioning on cardiac fibroblast EV secretion

To investigate the role of EVs in a cardioprotective therapy, we applied HeC on CFs and
isolated mEVs. Given that EVs are involved in mechanisms activated by certain
cardioprotective interventions, such as IPC [57], we hypothesized that HeC modulates
CF mEV secretion.

According to our NTA measurements, HeC do not have major effect on the amount of
secreted mEVs from CFs. Previously, Jelemensky demonstrated that HeC accelerates
NRCF migration, however this effect could not be propagated to un-treated CFs with EV-
rich supernatant transfer [66]. Similarly, we observed that, secretome, including EVs, of
HeC-treated CFs, do not modulate the function of endothelial cells. Similarly, Smit et. al
demonstrated that helium treatment has direct effect on endothelial cells, but the observed
changes cannot be transferred to naive cells with supernatant transfer [133]. Considering
that HeC modulates EV secretion from various sources [58-60], and EVs are involved in
other cardioprotective therapies [57], certain EV subpopulations might play a role in
physiological mechanisms related to HeC-induced cardioprotection, however, according
to our data, CF-secreted mEVs have a minor role in this context.

Taken together these results we conclude that EVs are involved in maintaining cardiac
homeostasis through regulating cardioprotective mechanisms, however, because of the
complexity of EVSs, specific experiments focusing on EV subpopulations are needed to

clearly identify their roles in cardiac physiology.
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6 Conclusions

To gain further insight into the role of EVs in cardiac physiology, we examined the effects
of both cardiotoxic HC and cardioprotective HeC on EVs. We specifically focused on the
metabolome of pEVs in HC and investigated how HC affects CM SEV secretion and
whether the changes contribute to inflammation. Furthermore, we analyzed how HeC
affects CF mEV secretion and its effect on endothelial function.

Our findings that HC significantly alters metabolome of pEVs, which is regulated
differently from the plasma metabolome, strengthens the original hypothesis that
analyzing EVs can reveal information about the disease states that would remain hidden
if plasma metabolome was investigated alone. Furthermore, considering that HC
dysregulates circulating EV proteome and miRNA composition as well [48,50], we
conclude that HC greatly impacts the molecular composition of pEVs, which may play a
role in CVD development and such changes can be the basis of future diagnostic tools.
Moreover, we demonstrated that HC increases CM SEV secretion. However, unlike in
other stressed conditions, such as hypertrophy [54], EVs derived from
hypercholesterolemic CMs do not modulate immune cells. Instead, they may induce
cardiac tissue remodeling and potentially regulate gene expression of adipose tissue.
Together with our results on pEVs, we conclude that EVs can play significant role in
altered intercellular communication in HC. The identified changes can regulate
intracardiac and systemic changes to maintain the homeostasis of the body.

In contrast to our results in HC conditions, we observed limited effect of HeC on CF
mEVs. While HeC might slightly affect the quantity of secreted mEVSs, the vesicles do
not transmit activation signals to endothelial cells. Taking into account that EVs play
significant roles in other cardioprotective mechanisms, such as IPC [57], and that HeC
affects EVs from certain sources [58-60], we suggest that EVs are involved in
cardioprotective mechanisms, however CF mEVs have limited role in HeC.

In conclusion, in this thesis we demonstrate that EVs are important players in conditions
with high cardiovascular risks, such as HC. Furthermore, EVs are also involved in certain
cardioprotective mechanisms. These results demonstrate that EVs contribute to cardiac
homeostasis and further understanding of their functional roles can facilitate the
development of novel diagnostics and therapeutics for CVDs. Our observations, such as
the neutral effect of HeC on CM EVs, highlights the complexity of EV-mediated
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transcellular communication as well. To fully understand the role of EVs in CVD
progression, future experiments with specific focus on subpopulations of EVs, including
detailed analysis of EV composition and function need to be implemented. These small,
targeted steps will take us to the final understanding of what EVs do to keep the heart and

our body healthy.
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7 Summary

CVDs are the leading cause of deaths worldwide [2], indicating an incomplete
understanding of their pathomechanism. A major comorbidity of CVDs is metabolic
diseases, including HC [2]. EVs are nano-sized, cell-secreted membrane particles [23],
involved in HC, CVDs and cardioprotective therapies [35-37,57]. However, their role in
cardiovascular homeostasis is yet unclear.

This thesis aims to elucidate the role of EVs in cardiac stress responses by examining the
effect of a cardiotoxic condition, HC, and a cardioprotective intervention, HeC, on EVs.
Specifically, the objectives are to: 1) analyze how HC modifies the metabolome of
circulating EVs, 2) determine how HC regulates CM EV secretion, 3) investigate whether
CM EVs in HC induce inflammation, and 4) examine how HeC modifies NRCF EV
secretion.

pEVs were isolated from male Wistar Rats fed with hypercholesterolemic chow and their
metabolome was analyzed using the Biocrates MxP Quant 500 kit. Furthermore, AC16
CMs were treated with Remembrane® HC supplement and sEVs were isolated from the
cell culture supernatant. AC16 sEVs were quantitatively analyzed, used for THP-1-ASC-
GFP monocyte cell treatment, and their proteome was measured with LC-MS/MS. In
addition, HeC treatment was applied on CFs, mEVs were isolated, and HUVEC-TERT2
were treated with conditioned CF cell culture supernatant.

We found that HC reduces the amount of certain glycerophospholipids in pEVS.
Furthermore, the metabolome of pEVs showed only minor correlation with plasma
metabolome. HC treatment increased AC16 SEV secretion, however sEVs from neither
experimental group activated monocytes. On the other hand, proteomics of AC16 SEVs
revealed significant effects of HC, and certain proteins involved in in cardiac tissue
remodeling found enriched. HeC had no major effect on CF mEV secretion, and
supernatant transfer from HeC-treated CFs to HUVEC-TERT?2 did not affect recipient
cell function.

In conclusion, HC alters the composition and potentially the function of both circulating
and CM-derived EVs. Furthermore, CF EVs do not play major role in HeC. Our results
demonstrates that EVs are involved in the regulation of cardiac homeostasis. For
complete understanding of these mechanisms, experiments with specific focus on

subpopulations of EVs are needed.
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