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Abstract

Cardiovascular disease (CVD) is one of the leading causes of death worldwide. Atherosclerosis, a chronic pathology
directly related to the circulatory system, develops due to an interplay between several molecular events.
Atherosclerotic plaque build-up can lead to a reduction in arterial blood flow and finally, myocardial infarction (MI).
To prevent or slow down of the CVD progression, it is important to primarily address modifiable risk factors
connected with lifestyle and nutrition.

Microvesicles (MVs) belong to a larger group, called extracellular vesicles that also includes exosomes and apoptotic
bodies. These small (<1 pm) vesicles are released from the cell by blebbing of plasma membrane, a complex
process involving numerous signaling pathways. Circulating MVs originate mainly from blood cells, as well as
vascular endothelial cells. The release is activated by pro-inflammatory and pro-coagulant conditions. MV's transport
bioactive molecules both on their surface and inside the lumen that makes them an interesting target for biomarker
discovery and potential diagnostic application. The overall aim of this thesis was to explore the role of MVs in
cardiovascular-related pathologies.

To analyse plasma MVs, we optimized an acoustic trapping machine based method, employing ultrasonic standing
wave, that isolates vesicles in a non-contact manner. We demonstrated that the new method is comparable
to standard protocols of MV enrichment and could potentially be used for vesicle-based diagnostics . Furthermore,
the results of a clinical study revealed that exercise has a protective effect on the vasculature through decreasing
a release of MVs from activated endothelium. The proteomic data showed that exercise changes the pattern of the
vesicular cargo.

Bilberries (Vaccinium myrtillus) are considered to be a beneficial dietary component for patients with CVD and in
the BEARSMART randomized clinical study we explored if there was an effect of bilberry powder supplementation
on circulating MVs in MI patients. After eight weeks of dietary intervention, there was a significant reduction in
platelet and endothelial MV concentration. Moreover, the in vitro part of the study demonstrated that bilberry extract
decreased endothelial vesiculation, which was related to the P2X7 purinergic receptor pathway. The results of this
project showed for the first time that nutrional changes can directly affect MV release and underlined the protective
influence of berries on vascular health.

In the PROFLOW clinical study, we observed a negative relationship between coronary flow reserve (CFR),
a parameter depicting blood flow in the heart, and levels of endothelial and platet MVs, circulating in patients with
CVD. Proteomic profiling demonstrated similar connection for CFR and several vesicular biomarkers. The outcome
of this clinical study pointed at a potential application of MVs for diagnosis of vascular dysfunction.

Lastly, we showed that atherosclerotic plaque released MVs, following balloon angioplasty. The results revealed
that the vesicles originated from several types of cells and exhibited a pro-atherogenic ‘pattern’ of proteins that
represented the pathological processes within the cardiovascular system that can lead to the atheroma formation.
We also demonstrated an advantage of analysing isolated EVs, compared to crude plasma samples.

The outcome of the studies included in this thesis points at the important role of MVs in the cardiovascular system.
Study | and Il underlined the importance of exercise and nutrition for prevention of CVD through decrease in MVs,
whereas the Western world is still characterized with physical inactivity and imbalanced diet. Study Il and IV focused
on potential application of MVs as biomarkers or targets of therapeutics, however it needs further, thorough research
and possibly, personalized approach.
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Popular Summary

Cardiovascular disease (CVD) is one of the leading causes of death worldwide.
Major risk factors are both lifestyle-related, as well as non-modifiable.
Atherosclerosis is a chronic pathology of the arteries that is demonstrated
as a plaque built-up within the vessel. Such deposition can lead to a reduction
in blood flow and finally, myocardial infarction. Although many types
of anti-atherogenic medications have been already developed, it is important
to also address modifiable risk factors connected with lifestyle and nutrition,
to prevent or slow down the CVD progression.

Microvesicles (MVs) are a type of so called extracellular vesicles that originate from
different types of cells and are released to the environment. MVs found in the
circulation are predominantly released from blood cells or endothelial cell layer
in the vessels, and are mainly stimulated by pathological, pro-inflammatory
conditions. MVs carry many different classes of molecules and thus are a very
interesting source of potential biomarkers — indicators of a disease. To analyse
circulating MVs, we optimized a new method for MV isolation from plasma, called
acoustic trapping. It is a new technology that employs acoustic standing wave that
‘traps’ vesicles.

In Paper I we showed that acoustic trapping is comparable to standard protocols and
could potentially be wused for vesicle-based diagnostics. The results
of a clinical study revealed that exercise has a beneficial effect on the vasculature
through decreasing a release of MVs from endothelium. The analysis also indicated
that physical activity changes the protein content of the vesicles.

Bilberries, or Nordic blueberries, are considered beneficial for patients with CVD.
Thus, in Paper II we investigated if there was an effect of bilberry powder
supplementation on circulating MVs in myocardial infarction patients. Eight weeks
of dietary intervention significantly  decreased the concentration
of endothelial and platelet-derived MVs. In vitro culturing of endothelial cells
demonstrated that bilberry extract decreased vesicle release that was related to the
P2X;5 receptor. This project underlines that nutrional changes can affect MV release
and confirm the protective impact of berries on cardiovascular health.

In Paper III, we observed a negative correlation between coronary flow reserve,
a parameter depicting blood flow in the heart, and levels of endothelial and platet
MVs, circulating in patients with CVD. There was a similar connection for CFR and



several proteins, transported in MVs. The outcome of this clinical study points at a
potential application of MVs for diagnosis of vascular dysfunction.

In paper IV we showed that atherosclerotic plaque releases MVs, following balloon
angioplasty that originated from several types of cells. The vesicles exhibited a
pathological ‘pattern’ of proteins that represent the processes within the
cardiovascular system that lead to the formation of atheroma.

In summary, the outcome of the studies included in this thesis points at the important
role of MVs in the cardiovascular system and their potential application as
biomarkers.

10



Popular Sammanfattning

Kardiovaskulér sjukdom (CVD) ar en av de vanligaste dodsorsakerna i vérlden. De
storsta riskfaktorerna dr bade livsstilsrelaterade och kroniska. Aderforkalkning dr en
kronisk patologi i artdrerna som kénnetecknas av plackbildning i blodkérlen. Denna
fordndring kan i sin tur leda till en minskning av blodflddet och slutligen till
hjirtinfarkt. Aven om ménga typer av anti-aterogena likemedel redan har
utvecklats, sa dr det viktigt att dven ta itu med riskfaktorer kopplade till livsstil
och néring for att forhindra eller sakta ner progressionen av CVD.

Mikrovesiklar (MV) &ar extracellulira vesiklar som frigérs fran celler
till omgivningen genom avknoppning frin plasmamembranet. MV som finns
i cirkulationen frigérs huvudsakligen fr&n blodkroppar eller fran kérlens
endotelcellskikt vilket i sin tur kan stimuleras av patologiska, proinflammatoriska
tillstind. MV innehaller manga olika typer av molekyler och dr darfor en mycket
intressant kélla till potentiella biomarkérer — dvs indikatorer pd en sjukdom.
For att analysera cirkulerande MV:er optimerade vi en ny metod fér MV-isolering
frdn plasma, kallad “acoustic trapping”. Det &r en ny teknik som anvénder
en akustisk stdende vig som "fangar" mikrovesiklar.

I Arbete 1 visade vi att “acoustic trapping” dr jamforbar med standardmetoder
och potentiellt kan anvindas for vesikelbaserad diagnostik. Resultaten av en klinisk
studie visade att motion har en gynnsam effekt pa kérlsystemet genom att minska
frisittningen av MV fran endotelet. Analysen visade ocksa att fysisk aktivitet
fordndrar proteininnehéllet i vesiklarna.

Blébédr anses vara fordelaktiga for patienter med CVD. Séledes undersokte
vi i Arbete Il om ett diet tilldgg av blabérspulver har effekt pa cirkulerande MV hos
hjértinfarktpatienter. Vi fann att atta veckors dietintervention signifikant minskade
koncentrationen av MV fran endotel och trombocyter. Blédbarsextrakt minskade
frisattningen av vesiklar fran odlade endotelceller. Detta projekt visar
att ndringsfordndringar kan paverka MV-frisittning och bekréftar den skyddande
effekten av blabar pa hjirt-kérlhilsan.

I Arbete III observerade vi en negativ korrelation mellan koronarflodesreserv,
en parameter som visar blodflddet i hjdrtat och nivaer av endotel- och trombocyt-
MYV, hos patienter med CVD. Det fanns liknande kopplingar mellan CFR och flera
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olika vesikel-proteiner. Resultatet av denna kliniska studie pekar pa en potentiell
tillimpning av MV for diagnos av vaskulér dysfunktion.

I Arbete IV visade vi att ballongangioplastik orsakar att aterosklerotiska plack
frisatter MV, och att dessa hdrstammar fran flera typer av celler. Vesiklarna
uppvisade ett patologiskt “monster” av proteiner som alla representerar processer
som leder till bildandet av aterom.

Sammanfattningsvis pekar resultaten, som ingér i denna avhandling, pA MV:s
viktiga roll i det kardiovaskulédra systemet och deras potentiella tillimpning som
biomarkorer.

12



Podsumowanie popularnonaukowe

Choroby uktadu sercowo-naczyniowego sg jedng z gléwnych przyczyn zgonow
na $wiecie. Czynniki ryzyka tej grupy choréb sa zarowno zwigzane ze stylem zycia,
jak 1 niemodyfikowalne. Miazdzyca to choroba zwyrodnieniowa tetnic, polegajaca
na wytworzeniu blaszki miazdzycowej wewnatrz naczynia krwionosnego. Proces
ten moze doprowadzi¢ do zmniejszenia przepltywu krwi,
a w skrajnych przypadkach — zawatu migénia sercowego. Pomimo istnienia wielu
typow lekow przeciwmiazdzycowych, nalezy zadba¢ przede wszystkim
o modyfikowalne czynniki ryzyka, zwigzane ze stylem zycia i odzywianiem,
w celu zapobiegania i spowolnienia rozwoju choréb uktadu krazenia.

Mikropecherzyki to rodzaj tzw. pecherzykow  zewnatrzkomorkowych,
wytwarzanych z btony komoérkowej, ktore sg uwalniane przez komorki i wysytane
do otoczenia. Proces ten ma miejsce gtownie w patologicznych warunkach
prozapalnych. Mikropecherzyki krazace we krwi pochodza przede wszystkim
z ptytek krwi, leukocytdw i erytrocytow, a takze S$rddblonka, czyli warstwy
komorek wyscietajacych naczynia krwiono$ne. Mikropecherzyki transportuja wiele
réznych rodzajow zwigzkow chemicznych i z tego wzgledu sa interesujacym
zrodlem potencjalnych biomarkeréw — molekularnych wskaznikow choroby.
Aby zbada¢ mikropecherzyki krazace we krwi, opracowaliSmy nowg metode
o nazwie ,,pulapkowanie akustyczne”, pozwalajaca na ich pozyskanie z osocza.
Technologia ta wykorzystuje tzw. stojaca fale akustyczng, ktora umozliwia
»Ztapanie” i oczyszczenie pecherzykow.

W publikacji nr 1 pokazali$my, ze putapkowanie akustyczne osigga porownywalne
wyniki, jak standardowe protokoty do izolacji mikropecherzykow i w przysztosci
mogtaby by¢ potencjalnie uzyta w celach diagnostycznych. Rezultaty testu
klinicznego dowiodly, ze aktywnos¢ fizyczna ma pozytywny wplyw na naczynia
krwiono$ne poprzez zmniejszanie wydzielania mikropecherzykow przez
$rodbtonek. Wyniki analizy wskazaly réwniez na wplyw ¢wiczen na zmiany w
zawartosci biatek, obecnych w pecherzykach.

Dziatanie borowki czarnej, popularnie zwanej jagoda, uznawane jest za korzystne
w przypadku chordb sercowo-naczyniowych. Z tego wzgledu, w publikacji
nr 2 badalismy wpltyw suplementacji proszkiem z owocow tej rosliny
na mikropecherzyki we krwi pacjentow po przebytym zawale serca.
Osmiotygodniowa interwencja dietetyczna znaczaco zmniejszyla poziom
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mikropecherzykow pochodzacych ze $rodblonka oraz plytek krwi. Badania
in vitro na wyizolowanych komoérkach §rodbtonka ukazaly, ze ekstrakt z boréwki
czarnej zmniejszyl produkcje pecherzykow zewnatrzkomoérkowych, co byto
powiazane z receptorem P2X; Wyniki tego projektu podkreslaja wptyw diety
na uwalnianie mikropgcherzykow i potwierdzaja pozytywny efekt jagoéd na uktad
krazenia.

W publikacji nr 3 zaobserwowaliSmy odwrotng korelacje¢ miedzy tzw. rezerwa
wieficowg, parametrem obrazujagcym przeplyw w sercu, a poziomami
mikropecherzykow pochodzacych z ptytek krwi i1 $rodbtonka u pacjentow
ze zdiagnozowang chorobg uktadu krazenia. Podobny zwigzek mial miejsce
rowniez w przypadku rezerwy wiencowej oraz kilkoma biatkami, transportowanymi
przez mikropecherzyki. Rezultaty tego badania wskazuja
na potencjalne zastosowanie mikropgcherzykow w celu diagnozy dysfunkcji
$rodbtonka.

W publikacji nr 4 ukazaliSmy, Zze po zabiegu angioplastyki tetnic, plytka
miazdzycowa uwalniala mikropgcherzyki, pochodzace z roznych rodzajow
komorek. Pecherzyki z blaszki miazdzycowej charakteryzowaly si¢ rowniez
patologicznym wzorcem bialek, co oddaje procesy toczace si¢ w naczyniach
krwionos$nych, ktore doprowadzajg do rozwoju miazdzycy.

Podsumowujac, wyniki naszych badan wskazuja na wazng rol¢ mikropgcherzykow
w funkcjonowaniu uktadu sercowo-naczyniowego i ich potencjalne zastosowanie
jako biomarkerow.

14



Introduction

Cardiovascular disease

Cardiovascular disease (CVD) is a term grouping diseases related to circulatory
system, mainly blood vessels and the heart. CVD is a serious global burden,
as it accounts for approximately one third of deaths worldwide.! Major risk factors
comprise smoking, obesity, genetics, hypertension, diabetes, high cholesterol levels,
physical inactivity, alcohol consumption and air pollution. In the past years, mainly
due to an increase in CVD treatment options, a reduction in morbidity and mortality
has been observed. Examples of applied medications include statins, beta-blockers,
angiotensin converting enzyme inhibitors, angiotensin receptor blockers, warfarin,
platelet aggregation-regulating compounds such as aspirin, clopidogrel or newer:
prasugrel and ticagrelor.! However, modifiable risk factors should be primarily
addressed by modification of lifestyle (e.g. regular exercise) and diet.

One of the diseases belonging to the CVD group is coronary artery disease (CAD),
also known as ischemic heart disease.” It is connected with accumulation
of atherosclerotic plaque in the heart arteries that leads to a decrease in the blood
flow. CAD includes stable and unstable angina, cardiac arrest and finally,
myocardial infarction or heart attack (Fig. 1), characterized by heart tissue damage
due to very low oxygen levels and release of troponin into the circulation. Other
types of CVD include e.g. heart failure, stroke, cardiomyopathy, hypertensive heart
disease and aortic aneurysm. While not all CVD types are connected with
atherosclerotic plaques, CAD is directly related to this vascular pathology.

Endothelial dysfunction and atherosclerosis

Endothelial dysfunction is the first step towards development and progression
of atherosclerosis and further CAD. It involves several molecular events, such
as decrease in nitric oxide (NO) production, release of pro-inflammatory
and pro-thrombotic molecules, increased platelet aggregation that lead to a decline
in vascular relaxation and subsequent reduction in blood flow in coronary arteries.**

15



CARDIOVASCULAR DISEASE

(CvD)
Cerebrovascular Peripheral artery Coronary artery Aortic aneurysm Ot\her
disease Disease (PAD) disease (CAD)

e.g. ischemic stroke AN
A\ N
p / o
7 e N\
i / ~

~ / p N
P / \ % v

Stable \ Cardiac :
angina arrest Heart failure
% \ Hypertensive heart disease
\s -
"4 \ Carditis
Unstable Myocardial Valvular heart disease
angina infarction (M1) Cardiomyopathy
Venous thrombosis
STEMI NSTEMI Thromboembolic disease

Acute coronary syndrome

Fig. 1 Types of cardiovascular diseases, based on Olvera Lopez et al.?2 Abbreviations: STEMI — ST elevation
myocardial infarction, NSTEMI — non-ST elevation myocardial infarction.

Transition from endothelial dysfunction to a chronic disease called atherosclerosis
is caused by interplay between several molecules that switch the vasculature
to increasingly pathological status. Interestingly, atherosclerosis is sometimes
referred to as ‘inflammatory disease’, reflecting the complexity of this process.” The
occurring molecular events include e.g. high levels of LDL in blood, accumulation
of oxidized lipids in the vascular wall, leukocyte adhesion to the endothelial layer,
proliferation of vascular smooth muscle cells (SMCs), extracellular matrix
deposition, as well as calcium accumulation that finally lead to atherosclerotic
plaque formation in the wvessel, decrease of the vessel lumen
and deterioration of blood flow (Fig. 2).® Substantial blood flow limitation in the
arteries is manifested as arterial stenosis that is an advanced stadium
of the disease.*’

NORMAL ARTERY ATHEROSCLEROTIC ARTERY
® e Blood @ e * e | Blood
® e flow ® ® P - m PS
e ® — = e L ® e e
e — ® e
® — e e o o e

Fig. 2 Schematic representation on how the presence of atherosclerotic plaque decreases arterial blood flow.

16



Atheroma composition

Atherosclerotic plaque, or atheroma, has a diverse composition that is generally
divided into the following sections: a necrotic core, containing macrophages and
cholesterol crystals, as well as a fibrous cap, consisting of extracellular matrix,
SMCs and leukocytes (Fig. 3). The lesions are considered as vulnerable, when the
cap is thin or stable, when the cap is thick due to abundant presence of SMCs.®

In severe cases, such as arterial occlusion and M1, the plaque is ruptured that results
in an exposure to the bloodstream of prothrombotic material, derived from the
atheroma and further, formation of a thrombus (Fig. 3).}

Normal artery Vulnerable plaque

___—— Intima
(endothelial cells)
—
— . Media ,

(smooth muscle cells)

\ Adventitia

Vessel lumen (connective tissue)

l

Stable plaque

n Thin fibrous cap
Large lipid core

l

Plaque rupture

, \ Thrombus

Small lipid core Thick fibrous cap

Fig. 3 Schematic representation of atheroma composition and progression.

A standard method to increase the lumen of the narrowed vessel and improve the
blood flow is balloon angioplasty.” The procedure applies a catheter with
a deflated balloon that is placed in the artery and moved to the respective site of the
plaque. Once the balloon reaches the atheroma, it becomes inflated and compresses
the plaque, thus increasing blood flow (Fig. 4).
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Artery blocked Balloon
with atherosclerotic plaque angioplasty

Open artery

) a E:
y N ey

| 5
. v -

Fig. 4 Schematic representation of balloon angioplasty procedure.

Effects of nutrition on cardiovascular health

Nutrition for prevention and treatment of CVD

Diet is one of the essential lifestyle-related factors, profoundly affecting human
health. Proper nutrition is a weapon combating not only excessive body weight, but
also preventing from several pathologies, especially diseases of affluence, including
CVDs. Current recommendations from the American Heart Association for a
healthy, heart-friendly diet include limiting intake of sweets, sodium, alcohol and
animal-derived products rich in saturated fats, e.g. red meat and high-fat dairy;
incorporation of substantial amounts of vegetables, fruits, whole grains, nuts, low
fat dairy, fish and plant oils rich in polyunsaturated fatty acids (PUFAs)."” Some
of the officially recommended approaches that fulfil these criteria are Dietary
Approach to stop Hypertension (DASH),'"'? plant-based '*'* and Mediterranean
diets.'>'® There is also a growing interest in nutritional supplementation for CVD
prevention and additional treatment. For example, intake of standardized
anti-inflammatory Omega-3 PUFAs, found naturally in e.g. fatty fish, flax seeds and
canola oil, has recently gained attention as potential beneficial anti-CVD compound,
although the results of meta-analyses have not been consistent so far.'”?!

Bilberries for cardiovascular health

It has been reported that diet rich in berries exhibits protective effects on the
cardiovascular system.”>* Majority of these beneficial properties are attributed
to a high content of polyphenolic pigments called anthocyanins. The mechanism of
action on CVD-related pathologies is based on e.g. decreasing local oxidative
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stress,”*? improving NO production’’ or inflammation inhibition.”® Summary

of favourable influence of bilberry consumption is presented on Fig. 5. As bilberry
(Vaccinium myrtillus) is a widely consumed berry species, its incorporation in the
diet as a component or a supplement, appears to be a promising way of improving
the status of CVD patients.

V¥ Blood pressure A Flow-mediated dilation

A Insulin sensitivity

/

AAntioxidant defense

Improved LDL and HDL

\

V¥ Arterial stiffness «<—

Cyanidin 3-O-glycose ~ R2=H,R=R1=OH
Delphinidin 3-O-glycose R=R1=R2=0OH
Malvidin 3-O-glycose ~ R1=OH, R=R2=OMe
Peonidin 3-O-glycoside R=OMe, R1=OH; R2=H
Petunidin 3-O-glycoside R=R1=0H; R2= OMe
R3=arabinose or glucose or galactose

Fig. 5 Proposed benefits of bilberry dietary supplementation (upper panel), based on the current clinical
and in vivo studies and structure of anthocyanins (lower panel), plant pigments connected with beneficial
effects evoked by the bilberry intake. Based on Cutler et al.?®

Effects of exercise on cardiovascular health

Physical activity is another factor, connected to lifestyle that influences health
status. It is a tool to fight excess kilograms, however it is also crucial
for maintaining healthy cardiovascular system, as decreased muscle mass and
strength are known CVD risk factors. World Health Organisation recommends at
least 150 min of moderate-to-vigorous physical activity each week or 20 min daily
for adults*® Interestingly, a positive dose-response effect of the amount
of exercise and vascular status has been observed.’' It is important to note that
in the Western world a sedentary lifestyle prevails and a so-called sarcopenic
obesity, a state of simultaneous obesity with low muscle strength due to lack
of training, is very common. Thus, an active lifestyle is a cornerstone of CVD
prevention and treatment, especially in the elderly population.*®*

Regular training stimulates anti-atherosclerotic changes in endothelium, decreases
blood pressure, improves insulin sensitivity, vasodilation and coronary flow reserve;
is cardioprotective, anti-arrhythmic and anti-thrombotic.>***** Furthermore, it is
beneficial for cardiac regeneration via stimulation
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of angiogenesis. An important player in promoting vascular health is muscle tissue
that releases myokines and other factors into the circulation, thus influencing the
whole circulatory system.”® These muscle-derived ‘messengers’ have gained more
attention in the past decade and the knowledge in this field is still expanding.

Microvesicles

Definition

Microvesicles (MVs), sometimes referred to as microparticles or ectosomes, are
a subtype of a larger group, called extracellular vesicles (EVs) that also comprises
exosomes and apoptotic bodies.** This division is based on size or biogenesis
process (Fig. 6). MV size ranges between 30 — 1000 nm and this type of EVs is
produced by shedding of plasma membrane. The membrane blebbing involves
numerous intracellular and membrane-bound proteins, as well as activation
of different signalling pathways that depend on the cell type. Similar to MVs,
apoptotic bodies are membrane-derived vesicles, however their size varies between
1 to 5 um and the release occurs during apoptosis. Exosomes are the smallest
vesicles, less than 100 nm in diameter that are released from the cell
in a complex and controlled process of exocytosis, involving several transport-
associated proteins and cytoskeletal remodelling.
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Fig. 6 Subtypes of extracellular vesicles, based on the size and biogenesis process.
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Cellular origin of plasma microvesicles

The first plasma MVs were discovered by British physician Peter Wolf that
specialised in blood coagulation.*® In 1967 he published an article ‘The nature and
significance of platelet products in human plasma’ that described the presence
of so called ‘platelet dust’ and its procoagulant activity. From then on, the research
about plasma MVs has developed and the knowledge about these small, but very
important cellular particles has been substantially broadened.

The majority of plasma MVs stem from cellular components circulating in blood,
such as platelets, erythrocytes and leukocytes.***® Furthermore, a very important
source of plasma MVs are vascular endothelial cells (ECs), especially in the context
of endothelial dysfunction and atherosclerosis progression.
Pro-inflammatory and pro-coagulant conditions trigger EC activation and a release
of MVs, presenting E-selectin (CD62E) on their surface.’’ Similarly,
proatherosclerotic conditions also lead to shedding of platelet MVs.*®

In vivo experiments in rodents demonstrated physiological removal of circulating
MVs by organs such as liver and spleen. The exact mechanism of MV clearance is
yet unknown, however the available data proposes lipid- and protein-directed
phagocytosis that depends on the recipient cell, as well as the donor cell of MVs.*

As MVs are membrane-derived vesicles, they carry biologically active molecules
on their surface,*™*' such as receptors and phospholipids, originating from the
mother cell. MVs also transport a molecular cargo in their lumen: proteins,***’
miRNAs* and long non-coding RNAs (Fig. 6).*” This enrichment of different
classes of particles, present both inside and on the membrane, underlines the value
of MVs in mechanistic studies, cardiovascular biomarker discovery and potential
diagnostic application in the future.*>*

Role in development of atherosclerosis

Low levels of MVs are also detected in blood of healthy people that suggests
an existence of vesicle release in physiological conditions. Nevertheless, there are
strong indications that elevated levels of circulating MVs are the hallmarks
of vascular dysfunction and CVD. Endothelial and platelet MVs have been
associated with a range of cardiovascular system pathologies, such
as hypertension, CAD and MI.***%31"5* Currently available data shows that MV's can
affect cardiovascular system via many molecular mechanisms. For example,
activated ECs release MVs, augmenting platelet aggregation ex vivo that occurs
through a von Willebrand factor (vWF)-dependent crosslinking.> MVs can further
facilitate pro-atherogenic processes by e.g. activating clotting cascade, promoting
monocyte-endothelium interactions and regulating endothelial and vascular SMC
proliferation.’®” As MVs are a rich source of potential biomarkers and are involved
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in vascular pathologies, the projects included in this thesis have mainly been focused
on vesicles of the MV subtype.

Methods of microvesicle isolation and detection

Characterization of circulating M Vs in blood and so-called ‘liquid biopsies’ provide
a novel approach in both pre-clinical research, as well as clinical diagnostics.
However, MV isolation from patient plasma remains technically challenging. Most
of the currently used isolation techniques (e.g. ultracentrifugation, iodixanol/sucrose
gradient centrifugation, immunoaffinity beads) were first developed to isolate EVs,
especially exosomes from culture medium used in the in vitro experiments. It is,
however, possible to apply them for MV isolation from human plasma.’®
Nevertheless, these methods exhibit several disadvantages, especially with regards
to limited-volume biobank samples, as they require substantial sample volumes>*%
and can lead to loss of vesicles and EV integrity.®'**® Thus, the traditional methods
are challenging to use in the cardiovascular-related diagnostic context.

Traditionally, high-speed centrifugation has been used for plasma MV isolation.
Compared to ultracentrifugation that is usually used for culture medium, this
technique uses much lower than 100.000 x g rotor speed, ranging between 13.000
and 20.000 x g for flow cytometric or e.g. proteomic/miRNA analyses (Fig. 7). One
of the aims of this thesis was to optimize a novel method for MV enrichment from
plasma, called acoustic trapping that is a non-contact method, based
on a microscale technology. The method applies acoustic standing wave instead
of g force, thus preventing vesicle disruption and plasma aggregation. Furthermore,
the volume of plasma needed for a successful MV isolation is very low, reaching 50
ul  per sample for e.g. proteomic analysis. Another advantage
of acoustic trapping is no need for staining before the isolation, so that the whole
range of different MVs is isolated. A detailed technical description of the technique
is given in the ‘Materials and Methods’ section and Article I. Both high-speed
centrifugation and acoustic trapping are used for MV isolation from frozen patient
samples, thus it is vital to ensure a proper handling of the samples and removal of
blood cells prior freezing." As numerous novel microscale approaches for EV
isolation are currently appearing and different lab-on-a-chip devices are being
developed for liquid biopsies,***’ several interesting discoveries in the field should
be expected in the future.

Flow cytometry is a widely-applied method for measuring concentration and
analysis of cellular origin of plasma MVs.®® It is based on a staining of MVs with
fluorescently-labelled antibodies, directed against proteins, present on the outer
membrane of the vesicles.®” Most of the currently available research on MVs has
been done on conventional flow cytometers that usually enable measuring vesicles
not smaller than 500-200 nm.”” However, new branches, called high-sensitive
(sometimes also referred to as micro or nano) flow cytometry’'”* and imaging flow
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cytometry’*” have recently appeared and are developing rapidly. This thesis
presents data obtained both on a conventional (Study I. II and III), as well
as a micro (Study III and IV) flow cytometer.

Other methods for MV detection and enumeration that allow to measure other
physical parameters of the vesicles, involve more or less-known techniques such as
electron and atomic force microscopy, nanoparticle tracking analysis, zeta potential
analysis, dynamic light scattering and tunable resistive pulse sensing (Fig. 8). It is
important to note that all above-mentioned techniques have strengths and
weaknesses, especially with regards to potential application in clinical diagnostics
and the best approaches for MV isolation and analyses are yet to be determined.
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Fig. 7 Different methods of microvesicle isolation from plasma, presented in this thesis.
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Materials and Methods

Acoustic trapping (Papers I-1V)

As mentioned in the Introduction, acoustic trapping is a novel method for MV
enrichment from plasma samples. The platform (AcouTrap, AcouSort AB) consists
of a robotic unit, suitable for use of 96-well plates, a glass capillary,
a transducer and pumps used for sample aspiration and washing steps (Fig. 9).
Briefly, the procedure involves ‘seed particle’ aspiration and washing, plasma
sample aspiration and MV trapping within the seed particle cluster, washing and
elution of the MV suspension.

Fig. 9 Acoustic trapping platform at the Molecular Cardiology laboratory.

A rectangular glass capillary was used and a 4 MHz PZT transducer was attached
through a thin layer of glycerol (Paper I and II) or glue (Paper III and IV) to the
outside of the capillary. Both glycerol and glue ensure uniform acoustic coupling
over time, without evaporation. The transducer generates a local acoustic standing
wave in the capillary that enables particles to be retained or ‘trapped’
in a noncontact way. Because primary acoustic radiation force is dependent on the

25



particle volume, smaller particles (below 2 pum), e.g. MVs, cannot be directly
retained in the acoustic trap, as the force is not sufficient for particle focusing.
Larger particles, however, can be retained against the flow, thus 12 um polystyrene
beads were used as ‘seed particles’. After aspiration of the diluted plasma sample,
the scattered sound field between the seed particles and MVs present in the sample
induces enrichment of MVs within the seed particle cluster. The cluster is further
washed and subsequently released in a defined volume for further analyses, e.g.
proteomic or miRNA profiling. For detailed graphical explanation of acoustic
trapping working principles, please refer to the experimental section in Paper 1.

High-speed centrifugation (Paper 1)

To compare acoustic trapping with standard isolation protocol for flow cytometric
analysis of MVs, plasma samples were centrifuged at 1600 x g for 15 min at RT,
followed by 13 000 x g for 2 min. 80% of the supernatant was aspirated and diluted
with DPBS for subsequent staining with fluorochrome-conjugated antibodies (Abs).
For proteomic profiling, patient samples were centrifuged at 1600 x g for 15 min at
RT and 100 ul of plasma was further centrifuged
at 20 000 x g for 60 min at RT, resulting in two fractions: MV-rich pellet and MV-
free supernatant. Detailed explanation of the workflow and method comparison is
included in Paper I.

Flow cytometry (Papers I-1V)

Flow cytometry (FCM) is a method that uses optical characteristics of the cells
or vesicles for real-time visualisation and enumeration. MVs stained with
fluorescently labelled antibodies are injected into the cytometer, positioned
in a central fluid stream (hydrodynamic focusing), illuminated with a laser beam
and further detected.

In Papers I-1II Accuri C6 flow cytometer (BD Accuri) was used for enumerating
platelet and endothelial MVs isolated with acoustic trapping or high-speed
centrifugation. Polystyrene size standard beads (0.1-3 um) were used to establish a
flow cytometric ‘MV gate’, corresponding to the size of MVs. 100 pl of MV
suspension was incubated with PE-conjugated anti-CD62E (E-selectin) or CD42a
(glycoprotein IX) Abs for 30 min at RT. 20 000 events were collected in the MV
gate and the obtained data is shown as the number of fluorescently labelled MVs/pl.
Fluorescence-based gates were established using respective Ab isotype controls.
ApoGee Micro flow cytometer (Apogee Flow Systems) was used in Papers III and
Iv. Size-calibrated silica beads (ApogeeMix) were used
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to calibrate the MV gate. For Papers III (BAFF analysis section) and 1V, patient
plasma was diluted 1:200 with DPBS and 200 pl was stained with 2 pl of Abs for
30 min in RT. 110 pl was aspirated and analysed by the cytometer and the obtained
data is represented as the number of fluorescently labelled MVs/ul.
For additional gating strategies or detailed antibody description, please refer to the
experimental sections or supplementary information of the respective publications.

Proximity Extension Assay (Papers I, 11, IV)

To perform proteomic profiling of M Vs, isolated and lysed M Vs were analysed with
Cardiovascular II and III Proseek Multiplex 196 x 96 panels (Olink Proteomics).
This proximity extension assay (PEA) allows to simultaneously analyze 92 known
or potential cardiovascular  biomarkers in 96  samples, using
0.5-1 pg/pl protein. Each of the panels was evaluated by the manufacturer for
specificity, precision, sensitivity, dynamic range, matrix effects and interference.
The method involves three steps: incubation, extension and detection (Fig. 10). In
the incubation phase, two specific antibody probes with oligonucleotide tags bind
in close proximity to the target protein. In the extension phase, a PCR target
sequence is formed that allows DNA polymerization during quantitative real-time
PCR (qRT-PCR). The last step is a detection of the amplified sequence. The
generated qRT-PCR data is further transformed to relative quantification in log2-
scale as Normalized Protein eXpression (NPX). Detailed description controls used
for the analysis, as well as equations used for NPX calculation are provided on the
manufacturer’s website (www.olink.com). The analysis was performed at Clinical
Biomarkers Facility at the Science for Life Laboratory, Uppsala University.

DNA

PCR
amplicons

1. INCUBATION 2. EXTENSION 3. AMPLIFICATION
AND DETECTION

Fig. 10 Principle of Olink proximity extension assay.
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Transmission Electron Microscopy (Paper I)

To visualize EVs in our sample set, transmission electron microscopy (TEM) was
applied. This technique creates an image by transmitting a beam of electrons
through an ultrathin specimen. Briefly, to obtain a TEM image of EVs, plasma
sample was diluted with DPBS, centrifuged and washed. EV-rich pellet was fixed
with paraformaldehyde in Sorensen's phosphate buffer solution. The fixed pellet
was resuspended in DPBS and stained with mouse anti-human CD62E Ab. A glow
discharge carbon-coated 400 mesh grid was blocked with BSA. The sample was
then placed on the grid and the staining was performed with goat anti-mouse Ab
conjugated with 10 nm of gold. After series of washing with PBS, the samples were
fixed with glutaraldehyde, stained with uranyl acetate and dried. The imaging was
done on FEI Tecnai Biotwin TEM.

Nanoparticle Tracking Analysis (Papers I and II)

Nanoparticle Tracking Analysis (NTA) is a method that allows to visualise,
enumerate and assess the size distribution of EVs. It calculates the diameter of
particles suspended in liquids based on Brownian motion. The analysis of isolated
EVs was performed using NanoSight LM 10 (Malvern) equipped with a 488 nm blue
laser. EVs were stained with PE-conjugated CD62E or CD42a Abs and diluted for
fluorescence-based NTA. Ab-only and PBS controls were used
to ensure measurement of the vesicles.

Endothelial vascular cell culture (Paper II)

Human umbilical vein endothelial cells (HUVECs), pooled from multiple donors,
were purchased from Life Technologies. Three different HUVEC lots below
passage 4 were used in the in vitro experiments. The cells were seeded in dishes
covered with attachment factor and cultured in Medium 200 with
gentamycin/amphotericin and low serum growth supplement (LSGS, final serum
concentration 2%), containing hydrocortisone, epidermal growth factor, basic
fibroblast growth factor and heparin (Thermo Fisher Scientific).
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Calcein assay (Paper II)

In study II we examined the effect of bilberry extract (BE) on endothelial vesicle
release, hypothetically linked to the P2X; purinergic receptor. To study the
vesiculation, ECs were stained with calcein AM, a hydrophobic dye that emits
fluorescence inside the intact cells or EVs due to removal of acetomethoxy groups
by endogenous intracellular esterase activity (Fig. 11). The green fluorescent signal
can be further measured with e.g. fluorometer. Calcein is a reliable dye
to measure vesicle release, as it does not emit fluorescence outside the cells or EVs
due to its degradation, thus does not give false positive or unspecific signal like
some lipophilic dyes do.*
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Fig. 11 Principle of calcein staining.

Compound effect on endothelial cells (Paper II)

To assess the effect of different concentrations of BE on viability and proliferation
of HUVEC:s, trypan blue was used. The highest tested concentration of 1000 pg/ml
of BE was chosen for further experiments due to the lack of toxic effects
on the cells. HUVECs were seeded in 12-well dishes and cultured for 24 h.
1 mg/ml BE-containing medium was prepared from 100 mg/ml stock. The mixture
or control medium were incubated with confluent cells for 24 h. 300 um of P2X>
agonist bzATP (Sigma-Aldrich) and 100 nm of P2X- antagonist AZ11645373
(Sigma-Aldrich) were prepared from stock solutions in the culture medium. Calcein
AM (Thermo Fisher Scientific) stock was prepared in DMSO and diluted in HBSS
to obtain 2 um working solution. The cells were washed with HBSS,
1 ml of calcein solution was added per well and the cells were incubated at 37°C for
15 min. After washing, the diluted compounds or fresh culture medium were added
to the calcein-stained cells and incubated for the next 24 h. The medium was further
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collected, centrifuged to remove cellular debris and analysed using CLARIOstar
plate reader (BMG Labtech). The workflow of the vesiculation measurement is
presented on Fig. 12. All values were normalized to that of the control cells.
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Fig. 12 Workflow of endothelial vesiculation analysis.

RNA extraction, reverse transcription and quantitative
PCR (Paper II)

To measure gene expression, a real-time or quantitative polymerase chain reaction
(qPCR) was performed on isolated RNA. The first step applies reverse transcriptase
(RT) to create complementary DNA from RNA. (RT-PCR). The second step is
based on a real-time measurement of a target DNA sequence amplification by DNA
polymerase (qQPCR) that reflects the expression of the gene of interest.

The cells were harvested with 700 pL. QIAzol (Qiagen) and frozen at —80°C. RNA
isolation was performed with miRNeasy kit with DNase digestion (Qiagen) as per
manufacturer’s instructions. RNA concentration and quality was assessed with
NANODROP 2000C spectrophotometer. High Capacity RNA to cDNA kit (Thermo
Fisher Scientific) was used for reverse transcription. The mRNA expression was
assessed using TagMan Fast Universal PCR Master Mixes (Thermo Fisher
Scientific) with 20 ng template as per manufacturer’s instructions. The TagMan
assay employs annealing of the template with dye-labelled probes.
In case of no DNA polymerization, the dye is quenched and there is no fluorescence.
However, when the DNA polymerase is active, it releases the dye from the quencher
that results in the fluorescent signal that is proportional to the amount of the
synthetized DNA. qPCR reaction was performed on StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific). GAPDH was used
as a housekeeping gene for the reference (A Ct) and the data was normalized to the
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mean of the controls (AA Ct), according to the formula 222", giving the relative
quantification (RQ) parameter.

Western Blot (Paper II)

Western Blot is a technique that allows to quantify protein expression based on the
antibody binding. HUVECs were plated in 6-well plates and cultured for 24 h.
1 mg/ml BE was added and the cells were harvested and lysed with 200 pL. RIPA
buffer (Cell Signaling) containing phosphatase inhibitors. Protein concentration was
measured using BCA Protein Assay Kit (Thermo Fisher Scientific). 10 pg
of protein was loaded on pre-cast polyacrylamide midi gels (Thermo Fisher
Scientific) and separated with electrophoresis based on the molecular weight.
Further, the proteins were transferred via iBlot 2 transferring system (Thermo Fisher
Scientific) on a nitrocellulose membrane. To prevent non-specific binding of Abs,
the membrane was blocked with protein-free blocking buffer (Thermo Fisher
Scientific). Primary Abs against the proteins of interest were incubated
with the membrane overnight and washed. Then, a secondary Ab, conjugated with
horseradish peroxidase (HRP) and binding to the primary Ab was added.
Visualisation was performed with Pico Chemiluminescent Assay (Thermo Fisher
Scientific), containing HRP substrate, on Odyssey Fc¢ (LI-COR) based on the
densitometric properties of the membrane. f-actin was used as a reference protein.
The phosphorylation levels of phospho-Akt (pAkt) and phospho-p38 (pp38) were
normalised to the total levels of these proteins. The data is represented
as normalised to the control.

Coronary flow reserve measurement (Paper III)

Coronary Flow Reserve (CFR) is a clinical parameter used for measuring vascular
blood flow. It assesses both atherosclerotic lesions in the coronary arteries and
microvascular dysfunction. As CFR represents blood delivery to the heart during
higher demand,*** high CFR values usually mean better coronary circulation (Fig.
13). Low CFR is a strong and independent predictor of cardiovascular events.***
In Paper III, CFR was measured in LAD with transthoracic echocardiography
by experienced operators at Skane University Hospital and Sahlgrenska University
Hospital. The above-mentioned method is an alternative to invasive methods and
carries strong prognostic information.** In order to obtain maximal hyperaemia
in coronary arteries, the procedure involved adenosine administration to patients.
This purine nucleoside acts via Axa Gs-protein coupled receptors, present in the
vasculature that stimulate adenylyl cyclase.®”° cAMP further leads to SMC
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hyperpolarization through potassium channels, subsequent endothelial-independent
SMC relaxation and finally vasodilation of the coronary artery.®
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Fig. 13 Relationship between coronary flow reserve values and the level of stenosis. Based on
https://thoracickey.com/24-fractional-flow-reserve/.

Statistics (Papers I-IV)

For all studies p-values <0.05 were considered as statistically significant. The
normality of the data was determined using Shapiro test. Statistical analyses were
performed using GraphPad Prism or STATA 14 software. In Papers I, Il and IV,
the analysis of proteomic profiling with Olink PEA was done on NPX (Normalized
Protein Expression) values. Proteins with 50% < values lower than the limit of
detection were removed from the analysis and analysed with paired
t-test or Wilcoxon signed-rank test. In study [, Wilcoxon signed rank test for paired
data was used for FCM comparison between the time points (before and 1 h after
exercise). In Paper II, Mann—Whitney U test was applied to compare differences
between BE  supplementation and no dietary intervention  after
8 weeks. One-way ANOVA with false discovery rate (FDR) correction
of Benjamini and Hochberg was used to analyse the in vitro effects of BE and
compounds on ECs. In Paper III Spearman’s coefficients were calculated
to determine correlations. Multiple linear regression was used to measure the
relationship between CFR and certain factors. In Paper IV, paired t-test
or Wilcoxon-signed rank tests were used to analyse the differences in FCM and
proteomic data between proximal and distal samples to the plaque. For detailed
description of the applied statistical methods, please refer to the respective
publications.
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Aims and Hypotheses

The overall objective of this thesis was to study the role of MVs in cardiovascular-
related pathologies, as well as to optimize the novel method for MV enrichment —
acoustic trapping.

The specific objectives of each study are given below:

The primary aim of Paper I was to optimize the acoustic trapping machine for MV
isolation from plasma and compare it to standard high-speed centrifugation
protocols for flow cytometric and proteomic profiling. A clinical study was
performed to also study the effect of exercise on the vasculature in the MV context.

Paper II investigated if there is an influence of bilberry extract dietary intervention
in MI patients on MV levels in plasma. The in vitro part of the study aimed
to explore the effect of bilberry extract on endothelial vesiculation, related to the
P2X;5 receptor.

Paper III studied the relationship between coronary flow reserve, a parameter
depicting blood flow in the heart and MV levels or vesicle-related biomarkers,
circulating in patients with CVD.

Paper IV focused on exploring the composition and cellular origin of plaque-
released EVs, following balloon angioplasty. It also examined if there was
an advantage of analysing isolated EVs, compared to crude plasma samples.
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Results and Discussion

Paper I

Plasma-derived MVs offer a promising approach in diagnostics of several clinical
pathologies. As MV isolation by currently available methods is both technically
challenging and requires large sample volumes,®' we used an alternative method,
based on an acoustic standing wave technology.

Optimization of acoustic trapping

The optimization of the acoustic trapping was established by monitoring the
efficiency of the machine that was calculated based on the levels of CD42a+ platelet
MVs (Fig. 14A), as the majority of circulating MVs is of platelet origin.*’ For this
purpose, pooled frozen plasma from volunteers was used as an internal control to
monitor the device stability. Our results showed that acoustic trapping exhibited
high and stable MV recovery throughout the experiment. We further compared
platelet MV isolation efficiency with a commonly used high-speed centrifugation
protocol. As presented on Fig. 14B, the loss of MVs during isolation is substantially
lower for acoustic trapping that can be related
to non-contact principle of isolation and thus decreased aggregation/disruption of
the vesicles. Improved design of the acoustic trapping machine increased MV
recovery compared to earlier reports’’ and enhanced the long-term stability.
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Fig. 14 Results of acoustic trapping optimization for plasma microvescicle isolation. A: Efficiency of acoustic
trapping. B: Comparison of acoustic trapping and high-speed centrifugation recovery. Mean + SEM. One-way ANOVA
with FDR correction of Benjamini and Hochberg. *Statistically significant, p<0.05.
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Exercise study worklflow

To add a clinical context to the comparison, a pilot study consisting of 20 subjects
who underwent physical exercise was carried out. Plasma samples were obtained
before and 1 h after the training. The complete study workflow is presented
on Fig. 15. MVs were isolated both with acoustic trapping and standard high-speed
centrifugation protocol.

20 N Blood samples 8
subjects Sotaral B Exercise

‘ Blood samples
‘after’

EV
isolation
Acoustic High-speed High-speed Acoustic
Trapping centrifugation centrifugation Trapping
oW Pellet Supernatant
cytometry

Proteomic
profiling

Fig. 15 Acoustic trapping and high-speed centrifugation comparison workflow.

Flow cytometric analysis of MVs

The methods were further compared by FCM. The analysis revealed a rapid
decrease in CD62E+ (E-selectin) endothelial MVs 1 h after exercise on stationary
bicycle that was, importantly, consistent for both methods (Fig. 16).

It has been described that physical exercise has an impact on MV concentration
in blood. However, exercise protocols, MV isolation methods and analysed markers
vary substantially between the studies, making the outcome comparisons
challenging.”*'® A study by Babbitt et al. also evaluated the levels of CD62E+
MVs, but after a long-term exercise intervention in African Americans.” The results
showed that six months of aerobic exercise training significantly decreased
circulating MVs derived from activated endothelium. One of the possible
explanations of our and Babbitt’s observations is a protective effect of exercise
on human body, including the vasculature and inflammatory response'®'"'* that is
reflected in the levels of CD62E+ MV in blood.

35



200 - * 200 -
[r—
[¢]
= 1501 = 150 1 *
3 o 3 —
s 8 s
T T o
[] 4
& 100 0630 & 100 8 °
g —t— glo g
Q o o —_— [a] O O
O 50 804896 O 50+ 55
o o 000 o
golgg 5]
0 T T 0 T T
Before exercise 1h after exercise Before exercise 1h after exercise

Fig. 16 Comparison of acoustic trapping (A) and high-speed centrifugation (B) for flow cytometric analysis of
plasma microvesicles. Mean + SD. Wilcoxon signed-rank test. *Statistically significant, p<0.05.

Nanoparticle tracking analysis of vesicles

NTA was another method, used for the comparison of the methods (Fig. 17).
It revealed that both methods of isolation obtained similar results regarding EV size
distribution, with CD62E+ vesicles primarily in the MV size range. Additionally,
acoustic trapping yielded higher levels of CD62E+ EVs (Fig. 17B), compared to the
centrifugation protocol (Fig. 17D), which is consistent with the results from the
FCM analysis.
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Fig. 17 Comparison of acoustic trapping (upper panel) and high-speed centrifugation (lower panel) with
nanoparticle tracking analysis of plasma microvesicles. A, C — evaluation of total concentration of vesicles
(unstained). B, D — evaluation of fluorescently labeled CD62E+ vesicles.
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Proteomic profiling of MVs

We also compared the protein content of vesicles circulating before and 1 h after
physical exercise, isolated with acoustic trapping and high-speed centrifugation.
The proteomic analysis with Olink PEA cardiovascular panels showed
54 significantly changed proteins in the MV fraction (acoustic trapping and pellet
fractions) in response to physical exercise, whereas the MV-free plasma proteome
(supernatant) displayed only four differentially regulated proteins (Fig. 18). As the
vast majority of differentially regulated proteins were present in the vesicles, this
finding underlines the role of MVs in cellular communication and their potential
application as plasma-derived biomarkers. STRING database search revealed that
most of the changed proteins were associated with inflammatory response (e.g.
CCL17, CCL24, CXCL1, CXCL16, IL-1RA, IL-18), angiogenesis (angiopoietin 1,
TIE-2) and coagulation (PARI1, P-selectin, Src, vWF) that stands in line with the
current knowledge about the effects of exercise on biochemical parameters.'*%!106-118
Furthermore, most possible sources of the vesicular exercise-regulated proteins
were ECs, leukocytes, muscle tissue and platelets.
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ccL24
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CXCL16
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IGFBP2
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Fig. 18 Venn diagram showing comparison of acoustic trapping and high-speed centrifugation (microvesicle-
rich pellet and microvesicle-free supernatant), based on the proteomic profiling of exercise-regulated proteins.
Numbers in the circles represent significantly changed proteins after the exercise. Bolded proteins have been previously
described as of vesicular origin, based on Vesiclepedia.'® Abbreviations of all exercise-regulated proteins are explained
in Paper | and its supplementary material.
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Since the manuscript publication in 2018, several new original, as well as review
reports regarding exercise and EVs have appeared.'®'?"'¥ Some researchers point
at the role of muscle tissue as an endocrine organ and exercise-released exosomes
as important reservoirs of different chemokines and growth factors, sometimes
referred to as ‘exerkines’.'?*'?*!>* This hypothesis is consistent with our findings
from the proteomic study that identified exercise-regulated proteins of muscle tissue
origin, such as myoglobin and follistatin. As described above, the NTA revealed a
very small amount of EVs isolated with acoustic trapping with diameter below 100
nm that could be of exosome subtype of vesicles, transporting exerkines in the
circulation during/after the physical exercise.

Transmission electron microscopy of vesicles

We also performed additional experiments to validate the presence of CD62E
marker on the vesicles in our material. For this purpose, immunogold staining
against CD62E was performed and analysed with TEM. It confirmed the presence
of both the intact vesicles and the marker on the vesicle surface (Fig. 19).

Fig. 19 CD62E immunogold staining for transmission electron microscopy. Red arrows indicate the presence of
CD62E antigen.

In summary, results presented in Paper I showed that acoustic trapping is a fast and
efficient method that is comparable with the standard centrifugation protocols for
MYV isolation. It has the advantage of using lower sample volumes and contact-free
separation with higher yield. Furthermore, this study underlines the potential
application of acoustic trapping in the clinical vesicle-based diagnostics. The results
of the clinical study point at a protective effect of exercise on the vasculature.
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Paper 11

BEARSMART clinical study

In the BEARSMART study, MI patients received an 8-week bilberry extract (BE)
dietary supplementation,'”® whereas the control group did not take any dietary
supplementation (Fig. 20). MVs were isolated from the patient plasma with acoustic
trapping. CD42a+ platelet MVs and CD62E+ endothelial MVs were measured with
FCM.

Bilberry extract
Plasma samples supplementation
40 g/day

16 Ml patients
BE supplementation

Plasma samples
after 8 weeks

18 Ml patients No dietary
Plasma samples
Control intervention
L e MV |so|at|on

with acoustic
trapping

l

Flow cytometry

Fig. 20 Study Il workflow — investigation of the effect of bilberry extract on circulating platelet and endothelial
microvesicles.

Flow cytometric analysis of microvesicles

FCM analysis revealed that 8-week BE dietary intervention significantly decreased
levels of both circulating platelet (Fig. 21A) and endothelial MVs (Fig. 21B),
compared to the control group.

Anthocyanins are the major group of compounds present in bilberries that could be
linked to the reduced vesiculation. These polyphenols reduce both platelet'*7-!*8
and endothelial activation,'®'* thus possibly the vesicle release. As MVs are
related to the cardiovascular pathologies, our results demonstrate an important effect
of dietary intervention with BE supplementation on MI patients.
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Fig. 21 Eight-week supplementation of bilberry extract (BE) significantly decreases circulating platelet (A) and
endothelial (B) microvesicles. Median + 95% Cl. Mann-Whitney U test. *Statistically significant, p<0.05.

Nanoparticle tracking analysis of patient samples

We also performed NTA to determine vesicle size distribution in the samples (Fig.
22A). The majority of isolated vesicles were of 200-400 nm diameter, thus was
in the range of MVs. The analysis also confirmed the presence of CD62E+ (Fig.
22B) and CD42a+ (Fig. 22C) vesicles in patient plasma.
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Fig. 22 Evaluation of size distribution of vesicles present in patient samples, isolated with acoustic trapping.
A- size distribution of all vesicles (unstained). B- size distribution of vesicles originating from activated endothelium. C-
size distrubution of platelet-derived vesicles.

Effect of bilberry extract on endothelial cells

As BE supplementation decreased circulating endothelial MVs, we further
investigated the effect of BE solution on endothelial vesicle release, using HUVECs
and calcein staining. Concentration of 1 mg/ml of BE was chosen due
to the lack of toxic effects on the cells. Based on the literature, P2X7 receptor was
selected as a target for induction of vesiculation."”' Western blot and RT-qPCR

techniques were applied to explore the mechanisms of BE influence on ECs (Fig.
23).
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Fig. 23 Study Il workflow — in vitro experimental part investigating the influence of bilberry extract
on endothelial vesiculation, as well as the mechanisms underlying this effect.

Influence of bilberry extract on endothelial vesiculation

Our results show that in vitro treatment of ECs with BE decreased endothelial
vesicle release (Fig. 24). P2X; receptor agonist, bzATP, increased the vesiculation
compared to the control cells that was abrogated in the presence of P2X; receptor
antagonist AZ11645373. Pre-incubation with BE further prevented bz-ATP evoked
vesiculation. Thus, our data shows that BE reduces both unstimulated and P2X;—
stimulated vesicle release from ECs.
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o

o
o

0.6

Fig. 24 Effect of bilberry extract (BE) on endothelial vesiculation. BE incubation significantly decreased vesicle
release and bzATP increased the vesiculation compared to the control cells. Pre-incubation with BE prevented bz-
ATP evoked vesiculation. Mean + SD. One-way ANOVA with FDR correction of Benjamini and Hochberg. *Statistically
significant, p<0.05.
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Modulation of protein phosphorylation by bilberry extract

Based on the vesiculation results, Akt and p38 were selected as candidate proteins
for further investigation, as both take part in P2X5 signaling pathways, as well
as vesicle release.'**'* Furthermore, it has been previously reported that bilberry-
derived compounds affect both Akt and p38 phosphorylation in vitro and
in vivo."*"* Our results show that incubation of ECs with BE decreased Akt
phosphorylation after 3 h (Fig. 25A), but not after 6 h (Fig. 25B).
p38 phosphorylation, however, did not change at both time points (Fig. 25C,D).
This suggests that p38 is not directly involved in the observed BE-related
vesiculation decrease.
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Fig. 25 Effect of bilberry extract (BE) on protein phosphorylation. BE incubation for 3 h significantly decreased
Akt phosphorylation compared to the control cells. No effect was observed on p38 phosphorylation. Mean + SD.
One-way ANOVA with FDR correction of Benjamini and Hochberg. *Statistically significant, p<0.05.

Effect of bilberry extract on gene expression

Since it has been shown that Akt signaling pathway regulates P2X5 expression
in the neural cell line,"*” we also investigated if the observed decrease in the
vesiculation is associated with BE effect on P2X; transcription. As seen on Fig. 26,
BE treatment decreased P2X; gene expression that could explain a decrease in the
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bzATP-stimulated vesiculation after pre-treatment with BE. A similar pattern was
observed after bzATP incubation that can be explained by a negative-feedback loop
and inhibition of P2X; transcription after the receptor stimulation.'*' However, BE
decreased the receptor mRNA levels more profoundly than the agonist.
Furthermore, treatment of HUVECs with BE and subsequent stimulation with
bzATP also decreased P2X7 expression.
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Fig. 26 Effect of bilberry extract (BE) on P2X; gene expression. BE incubation significantly decreased P2X7
mRNA levels compared to the control cells. BZATP also decreased P2X7 transcription. Mean + SD. One-way ANOVA
with FDR correction of Benjamini and Hochberg. *Statistically significant, p<0.05. RQ — relative quantification.

We further selected four vesiculation-related genes that could potentially be affected
by BE. Rab27b and Rab27a control different stages of vesicle release,'* SMPDI
regulates P2X7-dependent vesiculation in glial cells'* and ARF6 is involved in MV
release from tumour cell line,'** as well as from macrophages via P2X; activation.'*
Our results show that BE treatment decreased the expression
of Rab27a and Rab27b genes (Fig. 27A,B). Pre-incubation with BE diminished the
bzATP-induced increase in Rab27b, Rab27a and SMPD1 gene expression (Fig.
27A-C). The results were not conclusive for ARF6 expression, as its transcription
decreased after all combinations of treatments (Fig. 27D).

Based on our findings, we propose a model, where BE and its major active
constituents, anthocyanins, reduce Akt phosphorylation and further P2X;
expression that subsequently decreases endothelial vesiculation. Importantly, we
also believe that the in vitro observed effect of BE reflects the decrease in plasma
endothelial MV concentration in BE-supplemented MI patients.

Furthermore, as BE is a complex mixture and the BE concentration used in the
in vitro study was relatively high, other potential mechanisms could be involved
in the reduction of circulating endothelial MVs. Anthocyanins or anthocyanin-
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derived metabolites could potentially act locally as free radical scavengers?*'*® and
thus prevent endothelial activation and vesiculation.*’
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Fig. 27 Effect of bilberry extract (BE) on vesiculation-related gene expression. BE incubation significantly
decreased mRNA levels of Rab27b and Rab27a (A, B). BZATP increased the transcription compared to the control
cells (A, B, C). Pre-incubation with BE prevented bz-ATP evoked vesiculation (A, B, C). No effect was observed on
ARF6 gene expression. Mean + SD. One-way ANOVA with FDR correction of Benjamini and Hochberg. *Statistically
significant, p<0.05. RQ - relative quantification

In summary, the results of Paper Il demonstrated that BE dietary intervention
improves the profile of circulating MVs in blood of CVD patients. Additionally, we
show that BE evokes effects on endothelial vesiculation through several molecular
mechanisms, connected with P2X5 signaling pathway, such as Akt phosphorylation,
P2X7 and vesiculation-related gene expression. We reported for the first time that

44



dietary compounds have impact on vesiculation, both in vitro and in vivo. This
supports the importance of our findings for potential dietary recommendations for
cardiovascular patients, as well as a possible part of nutritional prevention of CVD.

Paper III

PROFLOW clinical study

The prospective, exploratory and open PROspective Evaluation of Coronary FLOW
Reserve and Molecular Biomarkers in Patients with Established Coronary Artery
Disease (PROFLOW) study has previously been described by Haraldsson et al.'*” It
involved 619 high-risk patients with CAD, recruited by Department
of Cardiology at Skéne University Hospital in Lund and Sahlgrenska University
Hospital in Goteborg. Swedish Coronary Angiography and Angioplasty registry
(SCAAR) was used to identify patients with high risk for future major adverse
cardiovascular events. This study presents the data from 220 patients recruited
in Lund. Patients were clustered into high and low CFR groups based on the median
CFR value. CFR was measured in LAD with ultrasound system
as described previously'*’ and adenosine-assisted transthoracic echocardiography
protocol was applied. MVs were isolated from plasma with acoustic trapping and
analysed with FCM and Olink proteomic panels.

Coronary flow reserve and microvesicles

We investigated the relationship between platelet and endothelial MVs and CFR, as
the currently available data points at their contribution to endothelial dysfunction
and development of atherosclerosis. Our results show a negative correlation
between CFR and platelet and endothelial MV levels in plasma (Fig. 28 B, D). MV
levels were also compared in high and low CFR groups. According to our results,
the low CFR  group had  significantly = higher  concentration
of circulating platelet (Fig. 26A) and endothelial MVs (Fig. 26C), compared to the
high CFR group. Furthermore, we found a positive correlation between platelet and
endothelial MV levels (Fig. 29). We did not observe any relationship between MVs
and risk factors, as well as disease or inflammatory burden.

We also applied a statistical approach, involving explanatory multiple linear
regression, to investigate the relationship of CFR with patient characteristics such
as BMI, smoking, age, diabetes, hypertension, dyslipidaemia, low density
lipoprotein (LDL) levels and circulating platelet and endothelial MV
concentrations. The results showed a statistical significance for platelet MV levels
parameter estimate, which means that for each increase by 100 platelet MVs/ul
in plasma, the CFR value decreases on average by 0.06.
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The above results could be explained with the notion that circulating MVs could
contribute to a decrease in CFR. It is known that MVs can affect vascular physiology
and contribute to formation of atherosclerotic plaques.****“®!*® The lower CFR
values can also result from the presence of MVs released by already dysfunctional
endothelium that further decrease NO production and vascular relaxation in healthy
ECs.'* Moreover, MVs generated by ageing ECs leadto progression of the plaque
through increased calcification in the vessel.*
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Fig. 28 Coronary flow reserve negatively correlates with circulating platelet and endothelial microvesicles.
A, C: Patients with high CFR have lower concentration of circulating platelet (A) and endothelial (C) MVs, compared
to the low CFR group. Median + 95% Cl. Mann-Whitney U test. *Statistically significant, p<0.05. B, D: Platelet (B) and
endothelial (D) MVs in plasma negatively correlate with CFR, Rho - Spearman’s coefficient, p <0.05.
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Fig. 29 Circulating endothelial microvesicle levels positively correlate with platelet microvesicles.
Rho - Spearman’s coefficient, p<0.05.

Proteomic analysis of microvesicles

As our data demonstrated that there is a relationship between CFR and MVs
in plasma, the notion if this is reflected in the MV content was further explored.
Olink CVD panels were used to perform a proteomic analysis on MVs enriched
from patient plasma. The statistical analysis of CFR and NPX levels showed seven
negatively correlating proteins (Fig. 30): NF«B essential modulator (NEMO),
resistin, Tyrosine-protein kinase receptor UFO (AXL), perlecan, B-cell activating
factor (BAFF), Insulin-like growth factor-binding protein 7 (IGFBP7) and CD163.
No positively correlating proteins with CFR were found.

The comparison of high and low CFR groups revealed that the low CFR group
exhibited higher concentration in the vesicles of nearly all above-mentioned
proteins, with CD163 as an exception that did not reach statistical significance,
despite a visible trend toward higher values in the low CFR group (Fig. 31).
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Fig. 30 Correlation plots showing results of proteomic analysis with Olink cardiovascular panels. Seven proteins
negatively correlate with patient coronary flow reserve, based on the normalized protein levels (NPX),

Rho — Spearman’s coefficient, p<0.05.
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Fig. 31 Patients from the low CFR group are characterized with significantly higher levels of cardiovascular
biomarkers levels, based on the normalized protein expression (NPX) values. Median + range, Mann-Whitney
U test for unpaired data. *Statistically significant, p<0.05.

According to the current knowledge, all of the significantly correlating proteins are
involved in pathological and pro-atherosclerotic processes.’®!**'%3 It is noteworthy
that as most of the proteins have been measured as soluble forms in plasma, there is
a possibility that they could have been partially measured as MV components. Thus,
this study confirms for the first time that these proteins are present in the vesicular
fraction of plasma.

Analysis of circulating BAFF-expressing microvesicles

One of the significant proteins, BAFF, is a protein that is directly involved
in atherogenesis and its role is implicated in CAD.'"* It is also a pharmacological
target for developing anti-inflammatory therapeutics.'® Furthermore, its role has
been implied in the progression of atherosclerosis in mice'*® and application
of anti-BAFF receptor Ab reduces the lesions.'®> BAFF-related B-cell depletion
in mice decreases cardiac inflammation and infarct size, as well as circulating levels
of BAFF correlate with adverse effects in MI patients.'®
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Thus, we performed FCM analysis to identify cellular origin of circulating
BAFF-expressing MVs. Platelet, leukocyte, endothelial and erythrocyte origin
of BAFF+ MVs was explored. As seen on Fig. 32, our results showed that BAFF+
MVs in plasma co-stain with CD42b and CD31 markers and therefore have platelet
origin. Our data revealed that leukocytes (CD45 and CD16 markers), activated
endothelial cells (CD62E marker) or erythrocytes (CD235a marker) were not the
major sources of circulating BAFF+ MVs (Fig. 32).
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Fig. 32 Investigation of cellular origin of BAFF+ microvesicles in plasma. Patient plasma was stained both with
BAFF and platelet (upper panel), leukocyte (middle paned), endothelial (lower panel, left) and erythrocyte (lower panel,
right) markers. Dot plots show that circulating BAFF+ MVs represent a fraction of platelet MVs.
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As small fraction of CD31 is also expressed by ECs, we co-stained CD31 with
platelet marker CD42b and endothelial marker CD144 (VE-cadherin) (Fig. 33). The
staining confirmed platelet (Fig. 33A) and not endothelial origin (Fig. 33B)
of BAFF+ CD31+ MVs.

A Platelets B Endothelium

CD42b FITC
CD144 FITC

CD31 PE CD31PE

Fig. 33 Co-staining of CD31 marker with platelet (A) and endothelial (B) markers to determine major CD31
cellular origin in plasma. Dot plots show that CD31+ MVs are mainly of platelet origin, thus confirm that
BAFF-expressing MVs are a fraction of platelet MVs.

To further explore circulating BAFF+ MV, we investigated the expression on their
surface of CD36 that is an oxidized LDL receptor, involved in pro-atherogenic
processes'®’ (Fig. 34). The staining demonstrated that a fraction of BAFF+ MVs
expressed CD36 and the marker was of platelet (Fig. 34B) and not endothelial (Fig.
34C), leukocyte (Fig. 32D) or erythrocyte (Fig. 34E) origin.

Previous reports considered leukocytes as the main cellular source of BAFF in
plasma.'® However, our data demonstrated that the vast majority of circulating
BAFF+ MVs is a subpopulation of platelet MVs. Our findings are supported by the
results of other groups who discovered BAFF expression on platelets'® and
megakaryocytes.'® Furthermore, as BAFF+ MVs also carry pro-atherosclerotic
CD36, they represent a fraction of MVs involved in pro-inflammatory and
pro-atherogenic processes.

Atherosclerosis is sometimes described as an inflammatory disease,’ thus to further
explore if pro-inflammatory conditions are connected with BAFF+ MV release, we
stimulated a megakaryocyte cell line with TNFa, a cytokine related to endothelial
dysfunction.'” Addition of TNFa to the culture medium increased the production
of BAFF-expressing MVs by MEGOI cells (Fig. 35B), compared to the lack of
stimulation (Fig. 35A). The above results could partially explain the higher levels
BAFF in MVs from the low CFR group. BAFF appears to be a promising drug target
for treatment of vascular dysfunction, as therapeutics against it already exist.
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Fig. 34 Analysis of CD36 marker expression on BAFF+ microvesicles (A) and co-staining with platelet (B),

endothelial (C), leukocyte (D) and erythrocyte (E) markers to determine its cellular origin in plasma. Dot plots
demonstrate that CD36+ MVs are mainly of platelet origin.
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Fig. 35 Pro-inflammatory conditions stimulate a release of BAFF+ microvesicles from megakaryocyte cell line.
MEGO1 cells were stimulated with TNFa that substantially increased BAFF+ MV release (B), compared to the
unstimulated cells (A).
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In summary, in Paper III we investigated if there was a connection between CFR
values and circulating MVs. The low CFR group was characterized with
significantly increased concentration of platelet and endothelial MV levels in
plasma. Proteomic analysis of biomarker cargo in MVs showed that AXL, CD163,
IGFBP-7, NEMO, resistin, BAFF and perlecan levels negatively correlated with
CFR. All of  the above-mentioned proteins are involved
in inflammatory and pro-atherogenic processes, thus they reflect the pathological
vascular status of the patients from the low CFR group and have potential clinical
value as biomarkers of deterioration of vascular status. Moreover, anti-BAFF
therapeutics could be potentially explored for treatment against CVD.

Paper IV

‘Plaque-released MVs’ clinical study

The study consisted of 20 participants with a mean age of 66 years that were
recruited at Department of Cardiology, Skéne University Hospital in Lund. All
patients had a diagnosed coronary arterial stenosis and had undergone balloon
angioplasty. Blood samples were derived from aortic root (proximal to the plaque),
reflecting circulating M Vs or the coronary artery part distal to the plaque, containing
plaque-released M Vs, following balloon angioplasty.

Flow cytometric analysis of plaque-released MVs

We applied FCM to explore if atherosclerotic plaque contains M Vs that are released
after balloon angioplasty. Our analysis showed that total concentration
of MVs derived from part distal to the plaque was significantly higher, compared to
the MV levels present in the circulation (Fig. 36). Although a substantial increase
in total MV concentration after balloon angioplasty was observed, no subtype of
MVs increased significantly more than the other.

We further investigated the cellular origin of plaque-derived MVs with FCM.
Several cellular origins of MVs have been detected (Fig. 37): platelet (CD42b+,
CD62P+, CD36+, BAFF+), endothelial (CD62E+, CD201+), leukocyte (CD45+,
CD16+, CD14+, CD204+), SMC (CD140b+) and erythrocyte (CD235a+).

It has been implicated that the above-mentioned MVs are hallmarks of CVD and
atherosclerosis®***!'*>'"! and their markers play several roles in pro-inflammatory
and pro-atherosclerotic processes.**!”*'”> Generally, high concentration of MVs in
blood, expressing proteins involved in progression of atherosclerosis, are related to
a degree of CVD and points at a pathological environment within the vascular
system.
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Fig. 36 Flow cytometric analysis of a total MV release from atherosclerotic plaque, following balloon
angioplasty. Median + 95% CI. Wilcoxon signed rank test for paired data. * Statistically significant, p<0.05

Proteomic analysis of plaque-released EVs

To explore a protein cargo of plaque-released MVs after balloon angioplasty, we
performed an analysis with Olink CVD panels. Additional aim of this study was
to examine if there was an advantage of analysing enriched EVs. Thus, we compared
the proteomic results from EVs isolated with acoustic trapping with the data
obtained from crude plasma samples that also contain soluble, non-vesicular
proteins.

In case of enriched vesicles, 29 proteins had significantly higher concentration
in plaque released-MVs, compared to circulating MVs (Table 1). Analysis
of crude plasma samples revealed 49 proteins with significantly higher levels
in samples derived from distal part to the plaque (Table 1). There was an overlap of
12 significant proteins between enriched MVs and plasma samples (Fig. 38, Table

1.
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Fig. 37 Analysis of cellular origin of plaque-released MVs with flow cytometry. Plasma samples were stained with
Abs against platelet markers: CD42b, CD36, CD62P, BAFF (A), endothelial markers: CD62E, CD201 (B), leukocyte
markers: CD45, CD16, CD14, CD204 (C), erythrocyte marker CD235a and SMC marker CD140b (D).
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Table 1. List of proteins with significantly higher levels in plaque-released Evs and distal plasma samples,
idetified with Olink proteomic panels.

Abbreviation Protein name Enriched in plaque-  Enriched in distal

released EVs plasma samples
ACE2 Angiotensin-converting enzyme 2 +
ADM Pro-adrenomedullin +
AGRP Agouti-related protein +
AMBP Alpha-1-microglobulin/bikunin precursor +
AZU1 Azurocidin +
BOC Brother of CDO +
CCL3 c-c motif chemokine 3 (MIP1)
CD163 Scavenger receptor cysteine-rich type 1 protein M130 +
CD4 T-cell surface glycoprotein cluster of differentiation 4 +
CD93 Complement component C1q receptor +
CEACAMS g‘il;ggﬁgrgb(rcygrggba)ntlgen related cell adhesion +
CHI3L1 Chitinase-3-like protein 1
CPB1 Carboxypeptidase B
CTRC Chymotrypsin-C +
CTSL Procathepsin L +
DCN Decorin +
FABP2 Fatty acid-binding protein, intestinal +
FGF21 Fibroblast growth factor 21 +
FS Follistatin
Gal-9 Galectin-9 +
GDF-2 Growth/differentiation factor 2/BMP-9
GIF Cobalamin binding intrinsic factor +
GRN Progranulin +
HAOX1 Hydroxyacid oxidase 1 +
HO-1 Heme oxygenase-1 + +
IGFBP-7 Insulin-like growth factor-binding protein 7
IL-6RA Interleukin-6 receptor subunit alpha
IL16 Pro-interleukin-16 +
IL1RA Interleukin-1 receptor antagonist +
IL1RL2 Interleukin-1 receptor-like 2 +
ILARA Interleukin-4 receptor subunit alpha +
IL6 Interleukin-6 +
KIM1 Hepatitis A virus cellular receptor 1 (HAVCR1, TIM1) +
LEP Leptin +
LOX-1 Lectin-like oxidized LDL receptor 1 + +
LPL Lipoprotein lipase +
MARCO Macrophage receptor MARCO + +
MB Myoglobin +
MERTK Tyrosine-protein kinase Mer +
MMP12 Matrix metalloproteinase-12 + +
OPN Osteopontin
OSCAR Osteoclast-associated immunoglobulin-like receptor + +
PARP-1 Poly (ADP-ribose) polymerase 1 +
PD-L2 Programmed cell death 1 ligand 2 +
PGLYRP1 Peptidoglycan recognition protein 1
PLC Perlecan +
PIgR Polymeric immunoglobulin receptor +
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PRELP Prolargin

PRSS8 Prostasin +
RAGE Receptor for advanced glycosylation end products +
REN Renin +
SCF Kit ligand/Stem cell factor +
SELE E-selectin +

SERPINA12  Serpin A12/Vaspin +
SPON2 Spondin-2 + +
STK4 Serine/threonine-protein kinase 4/Mst1 +
TF Tissue Factor +
TGM2 Protein-glutamine gamma-glutamyltransferase 2 +
THBS2 Thrombospondin-2 +
TIE2 Angiopoietin-1 receptor +
™ Thrombomodulin +

Tumor necrosis factor r tor rfamily member

TNFRSF13B 1:1.318 (()TAST)OSS actor receptor superfamily membe + +
TNFSF13B B-cell activating factor (BAFF) +

TRAIL-R2 '1I'(L)JBmor necrosis factor receptor superfamily member +
VEGFD Vascular endothelial growth factor D +
XCL1 Lymphotactin +

This study was of an exploratory kind, thus the proteomic analysis aimed to study
the biomarker patterns in plaque-released MVs, rather than concentrating on
particular proteins. We compared the results obtained from isolated MVs (vesicular
fraction) with  plasma  samples (vesicular +  soluble fractions)
to investigate if there was any advantage of MV purification.

Isolated plaque-released MVs, compared to circulating MVs, were characterised
with significantly higher levels of proteins involved in progression of
atherosclerosis, e.g. inflammation (RAGE, CHI3L1, E-selectin, PGLYRPI,
galectin-9, progranulin, azurocidin, IL-6 receptor, BAFF and BAFF receptor —
TNFRSF13B, OSCAR),"7*"®  macrophage activation (CD163, CD93,
MARCO),'$* 87188 oxidized lipid uptake (LOX-1),'® foam cell formation
(follistatin),'”® extracellular matrix remodelling (MMP12, TGM2, spondin-2,
thrombospondin-2, prolargin, perlecan, osteopontin, CHI3L1, IGFBP7),!60:191-19
proteolysis (prostasin, CPB1)*****! and muscle tissue biology (myoglobin).?**

Distal plasma samples, containing both soluble and vesicle-derived proteins, were
characterized with significantly higher levels of proteins related to e.g.
inflammation (IL-6, IL-16, IL-1RA, IL-4 receptor, IL-1RL2, RAGE, CCL3, CD4,
TNFRSF13B, leptin, CEACAMS8, OSCAR, PD-L2, PlgR, XCLI1, galectin-9,
STK4),!76:178182.183,186203-215  activation  of macrophages (MARCO, KIMI,
MERTK),'®!%217 endothelial dysfunction (leptin, GDF2),2"*?'® calcification
(GDF2),*"” coagulation (TF, thrombomodulin),”?***! biology of fatty acids (FABP2,
LOX1, HAOXI, TIE2),'822222% extracellular matrix (decorin, spondin-2,
thrombospondin-2, TGM?2),!?1192194225 anoptosis  (TRAIL-R2, STK4),2262%7
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proteolysis (MMP12, chymotrypsin-C, procathepsin L, prostasin),**?522

angiogenesis (TIE2, VEGFD),?**" antioxidant activity (HO1, AMBP)>"*?
muscle tissue (BOC),”* DNA repair (PARP1),”* proliferation (SCF)** and feeding
behaviour (AGRP, FGF21).2%® Interestingly, we observed an increase in distal
plasma samples of vasoconstrictors ACE2*° and proadrenomedullin,***** as well
as a potent vasoconstrictor, renin.’**

Bioinformatic analysis of isolated EVs and plasma

We further explored the cargo of plaque-released MVs with STRING database
search (Fig. 41). The biological process analysis showed that vesicle preparations,
containing atheroma-derived MVs, were generally related to pro-atherogenic
processes, such as stress and inflammatory responses (macrophage activation,
chemotaxis, cytokine production, cell adhesion, leukocyte migration), as well as
regulation of SMC biology and lipid signaling (Fig. 39A). A high number of
proteins enriched in plaque-released MVs was involved in vesicle-mediated
transport, thus pointing at their vesicular origin (Fig. 39A). This finding could also
be connected with an overall higher level of MVs, as shown by FCM. Similar results
were obtained after analysing significantly higher proteins in crude, distal plasma
samples (Fig. 39D).

The majority of proteins higher in plaque-released MVs were mainly derived from
plasma membrane, cytoplasmic vesicles and secretory granules that further
corroborates their MV origin (Fig. 39B). Importantly, the results of cellular
component analysis for crude plasma did not reveal vesicle-related terms for
significant proteins in distal samples (Fig. 39E). This discrepancy underlines an
advantage of vesicle isolation, instead analysing crude plasma samples, for studying
MV-derived proteins, as the sensitivity of detecting the differences in protein
concentration may be too low in crude plasma samples.

The cellular origin analysis revealed that proteins with significantly higher levels in
plaque-released MVs were predominantly derived from macrophages, ECs, SMCs,
neutrophils, platelets and other sources (Fig. 39C), similarly to the FCM results.
Augmented concentration of macrophage-derived molecules in plaque-released
MVs implies a significant role of these cells in progression of atherosclerosis.”**
Analogous picture was presented by results from analysis of distal plasma samples
(Fig. 39F).

In conclusion, we believe that the above results confirm that atherosclerotic plaque
releases EVs that present a proatherogenic proteomic ‘pattern’ that represents the
pathological molecular events within the cardiovascular system, as well as the
health status of the patients.
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Fig. 38 proteomic content comparison of isolated MVs and crude plasma samples. The numbers reflect

significantly higher proteins (p<0.05), which are listed in the boxes. Protein abbreviations are explained in Table 1.
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Fig. 39 Results of biological process, cellular compartment and tissue/cellular origin analyses for isolated MVs
(left panel) and plasma (right panel). The graphs were created based on significantly higher proteins in distal samples,
identified with proteomic panels. Biological process and cellular compartments analyses were performed with STRING.
Tissue origin was assessed with The Human Protein Atlas and The Platelet Web.
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Summary and Perspectives

The overall aim of this thesis was to investigate the role of MVs in the physiology
and pathology of the cardiovascular system. To answer our questions, both clinical
studies and in vitro experiments were performed.

In Paper I we showed that a novel method for vesicle isolation, acoustic trapping, is
a valid method for MV isolation that could potentially be applied in clinical
diagnostics. Furthermore, the results of the clinical study also demonstrated a
protective effect of exercise on the vasculature, including decrease of MV release
from the endothelium.

Paper II revealed that dietary supplementation with bilberry extract exhibit
favourable effect on MI patient health status, by decreasing the concentration
of platelet and endothelial MVs in blood. Additionally, we discovered that bilberry
extract positively affects endothelial cells by reducing the vesiculation via several
molecular mechanisms, connected with P2X; receptor. This study reports for the
first time that dietary compounds have an effect on vesicle release, both in vitro and
in vivo. These findings are important for potential future dietary recommendations
for patients with CVD, as well as disease prevention with nutrition.

Paper I1I showed that there is a relationship between coronary flow reserve and MVs
in blood. The low CFR group, thus the group with a decreased blood flow, exhibited
significantly higher levels of platelet and endothelial MVs. The group was also
characterized with increased concentration of several pro-atherosclerotic proteins in
the vesicles. These results reflect the pathological status of cardiovascular system
of the patients and have a potential clinical value as biomarkers of deterioration of
endothelial function. It also raises the possibility that anti-BAFF therapeutics could
be further explored as treatment against CVD.

In Study IV we demonstrated that atherosclerotic plaque releases MVs, following
balloon angioplasty. The vesicles originate from several types of cells and present a
pro-atherogenic ‘pattern’ of proteins. These results represent the pathological
processes within the cardiovascular system that lead to the formation of
atherosclerotic plaque.

The outcome of the studies included in this thesis points at the important role of
MVs in the cardiovascular system. Study I and II underlined the importance of
exercise and nutrition for prevention of CVD through decrease in MVs, whereas the
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Western world is still characterized with physical inactivity and diet with low
nutritional value. Study II and IV focused on potential application of MVs
as biomarkers or targets of therapeutics, however it needs further, thorough research
and possibly, personalized approach.
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dzigkuje za cickawe rozmowy, motywacje i §wietny przyklad. Nie szkodzi, ze
jednak nie udato Wam si¢ wysta¢ mnie w kosmos, mysle, ze i tak jest niezle ;)

Bagdzmy wdzieczni wobec ludzi, ktorzy czynig nas szczesliwymi. Oni sq uroczymi
ogrodnikami, dzigki ktorym nasze dusze rozkwitajq.

Marcel Proust

Drogi Piotrze, cigzko wyrazi¢ mi stowami mojg wdzigczno$¢ za towarzyszenie mi
w tej szescioletniej drodze. To dla mnie zaszczyt, ze juz od dziesigciu lat jeste$ ze
mna i wspierasz mnie we wszystkich aspektach zycia. Dzigkuje za Twdj rozsadek,
wrazliwo$¢, zrozumienie oraz ogromne oddanie i milos$¢, ktoérych codziennie
doswiadczam. Dzickuje za to, ze mnie inspirujesz i motywujesz, a takze dbasz o
rownowage zawodowo-osobista w naszym zyciu. Dziekuje Ci za to, ze dzieki
Twojemu zaangazowaniu i wsparciu mogtam realizowac¢ si¢ zard6wno rodzinnie, jak
i naukowo.

Drogi Henryku, tak naprawde bytes przy mnie przez wigkszo$¢ mojego doktoratu.
Chciatabym Ci bardzo podzigkowaé za Twdj entuzjazm, dociekliwo$¢, cudowng
wyobrazni¢, no i oczywiscie mitos¢. Tak jak Twodj Tata, jeste$ niesamowicie
inspirujaca osobg i mam nadziej¢, ze Twoja rado$¢ zycia dostarczy Ci wielu
interesujacych wrazen i do§wiadczen w zyciu. | pamietaj: Don’t grow up — it’s a
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