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“Our greatest glory is not in never falling, but in rising every time we fall.”

Confucius



ABSTRACT

Cardiovascular diseases (CVDs) are the main cause of death around the world [1], and the
economic burden on the health systems is considerable. Heart failure with preserved ejection
fraction (HFpEF) affects more than 30 million people worldwide, the prognosis is poor (5 years
mortality of around 75%), and effective therapies for this syndrome are a major unmet clinical

need.

Aging and multiple comorbidities potentiate the development of HFpEF through the
establishment of a chronic systemic low-grade inflammation. This inflammation triggers
different mechanisms that culminate in cardiac dysfunction. Although HFpEF has been
established as a systemic disorder, little is known about circulating mechanisms and signaling
molecules that drive cardiac dysfunction. Because extracellular vesicles (EVs) are important
carriers of biological cargo between distant cells, one could hypothesize that EVs are

transmitting deleterious cargo to heart cells in HFpEF.

As such, the aim of this Master dissertation is to unveil the role of circulating EVs in delivering
deleterious signaling to the heart of HFpEF patients, particularly to cardiac endothelial cells
and fibroblasts. For that, EVs from HFpEF (HFpEF EVs) and control (CTRL EVs) cohorts with
matched age, sex and main comorbidities were isolated from plasma and characterized for
surface markers. Compared to CTRL, HFpEF EVs were shown to induce endothelial senescence
(senescence associated-B-gal (SA-B-gal), persistent DNA damage response, senescence
associated secretory phenotype (SASP)) and activation (up-regulation of intracellular adhesion
molecule 1 (ICAM1)) in human cardiac microvascular endothelial cells (MVECs). Tumor growth
factor-81 (TGF-81), a master regulator of fibrogenesis, was amongst the SASP molecules
upregulated in HFpEF EV-stimulated MVECs, indicating that these cells acquired a pro-fibrotic
phenotype. Human cardiac fibroblasts (hCFs) exposed to the secretome of MVECs pre-exposed
to HFpEF EVs showed higher levels of activation and differentiation in myofibroblasts. Mass
spectrometry on HFpEF and CTRL EVs further revealed that HFpEF EVs were enriched in the
alarmin $100 calcium-binding protein A9 (5100A9). The inhibition of toll like receptor 4 (TLR4),
a known receptor of S100A9, in MVECs rescued the activation levels observed upon stimulation
with HFpEF EVs.

These findings unveil a novel EV-mediated communication in HFpEF that explains how harmful
cargo can reach cardiac cells, leading to endothelial damage and fibrosis, two important HFpEF-

associated pathological mechanisms.



RESUMO

As doencas cardiovasculares (CVDs, eng. Cardiovascular Diseases) sao a principal causa de morte
no mundo [1], e o encargo econdémico sobre os sistemas de salide é consideravel. A insuficiéncia
cardiaca com fracao de ejecao preservada (HFpEF, eng. Heart Failure with Preserved Ejection
Fraction) € uma epidemia emergente cuja prevaléncia global ronda os 1.1-5.5% [2]. A
prevaléncia de HFpEF tem aumentado progressivamente devido ao aumento da esperanca
média de vida e do envelhecimento da populacdo, juntamente com o aumento de
comorbilidades cardiacas e nao cardiacas [3]. O controlo terapéutico de HFpEF é uma
necessidade clinica extremamente urgente. Em termos mecanisticos, o envelhecimento,
juntamente com as multiplas comorbilidades, potenciam o desenvolvimento de HFpEF ao
contribuirem para o estabelecimento de inflamacao sistémica persistente [4] [5]. Apesar de se
saber que a fibrose do miocardio, bem como a disfuncdo e senescéncia endoteliais e a
inflamacao do endotélio microvascular estdo envolvidas no desenvolvimento e/ou progressao

da doenca, os mecanismos subjacentes permanecem por elucidar.

As vesiculas extracelulares (EVs, eng. Extracellular Vesicles) sao importantes mensageiros
intercelulares e estao envolvidos na patofisiologia de diferentes CVDs [6, 7]. A hipdtese na base
desta dissertacdo é que as EVs presentes no sangue carregam informacdo molecular nociva que
afeta as células cardiacas dos doentes com HFpEF. Para testar esta hipotese, células
microvasculares endoteliais cardiacas (MVECs, eng. microvascular endothelial cells) foram
expostas a EVs isoladas do sangue de pacientes com HFpEF e doentes controlo. A estimulacao
das MVECs com HFpEF EVs resultou num aumento da senescéncia, disfuncdo, e ativacao
endoteliais. De seguida, o meio condicionado das MVECs estimuladas com HFpEF EVs foi
recolhido e usado para estimular fibroblastos cardiacos humanos (hCFs, eng. human cardiac
fibroblasts), resultando num aumento da sua ativacao e diferenciacao em miofibroblastos. A
analise protedmica dos Evs revelou perfis proteicos distintos entre os dois grupos. S100A9 foi
identificada como a proteina com maior relevancia para o grupo HFpEF e foi selecionada como
um potencial alvo molecular. Uma vez que o TLR4 (eng. Toll-like receptor 4) é um recetor
conhecido da S100A9, verificou-se a expressao deste recetor nas MVECs. Finalmente,
demonstrou-se que a inibicao do TLR4 (com Cli095) diminui a ativacdo de MVECs previamente
induzida pelos HFpEF EVs, provando assim que a proteina S100A9, transportada nas EVs
circulantes, interage com o seu ligando respetivo - TLR4, desencadeando a ativacao destas
células. Deste modo, foi identificado um novo mecanismo de comunicacao mediado por EVs em
HFpEF que explica como carga molecular nociva pode atingir as células cardiacas, levando a
dano endotelial e fibrose, dois importantes mecanismos patologicos associados a HFpEF. EVs
circulantes de pacientes com HFpEF ativam células endoteliais que revestem os vasos
sanguineos no coracao, o que ira provavelmente resultar numa maior infiltracao de células
imunes no miocardio, e consequente exacerbacdo da inflamacdo, que esta na base do

desenvolvimento e progressao de HFpEF.

Vi



vii



ACKNOWLEDGEMENTS

The Master’s project work in Bioengineering was a really interesting experience. First of all, |
would like to thank Pra. Dr2. Perpétua Pinto-do-O for accepting me in her research group at i3S.
It is a person that | greatly admire and whose kindness helped me to overcome some difficulties
| stumbled upon. Next, | would like to thank my supervisor Pr2. Dr2. Diana Nascimento and my
co-supervisor Elsa Silva, that guided and supported me through all my Master’s work, teaching
me important lessons not only in the laboratory, but also in life. At the end, it was a great
pleasure to work with all members of the group Script, whom I also want to thank, as well as
with all the people in the i3S research institute. Especially, | would like to thank Rita Reis,
member of the Biosciences Screening team, and André Maia, the head of this platform, for their
unmeasurable help in the acquisition of images from diverse immuno and fluorescent stainings,
and in the performance of several quantification analysis and definition of complex acquisition
protocols. Through all my work | interacted with different people, and had the opportunity to
learn a lot in the field of science, and regarding different experimental techniques, what is
very important to me, but also, | was able to enrich myself and develop my personality, learning
to not be so frustrated with the failures, and to adjust more quickly to the situations. This
demonstrates the importance of the interpersonal relationships, where we learn mutually by
interacting with each other, and it is why | am grateful to had performed my Master’s thesis

work especially in this laboratory, and more generally, in this institute.

Finally, | have no words to express my gratitude to my family - my twin sister, my mum, my
grandparents, and my cat (that is also part of the family), for their never-ceasing support and
reassurance. This work will always be a fascinating adventure and a great achievement in my

life.

viii



FUNDING

This work is funded by national funds through FCT - Fundacédo para a Ciéncia e a Tecnologia,
I.P. in the scope of the project [2022.08730.PTDC].

ix



INDEX

7 23y I 2 X O L N v
RESUMO ...ttt it eeteeeeereeenteenteaneeaaseneeenesensesneennsssesenssensssnssnsssnsesnssansenns vi
ACKNOWLEDGEMENTS ...ttt eteteteeeeteeeneaneaneaneaneaneanennenneanennsnnsnes viii
FUNDING . .. .ttt ettt ettt eeteeaeeeeeeeeenteentsanaennesnseenssonssonssnnssnnssnssonssnns ix
INDE X . .t ttiittiit ettt et et e et eeeeeeeeenteaneeaneeneeaneeanaeaneeonesnsesnesenesesesssesnsesnsesnaesnaenes X
LIST OF ABBREVIATIONS ... ettt iiit it e ettt teteeiteeteeaeeasesasernseaaennaenneenns xi
LIST OF FIGURES ... uutittiitieitietieneeeneeaeeeneeeneeeneeaneeseeneeenesenssssesnessnssonsssnssnnennes ii
LIST OF TABLES ....tiniiiitiiitiiiiiiteteitteeteenteenteaneeaseeneeaneeaneeasesasesnessneesnassneeneenns jii
1. INTRODUCTION ...tiiiiiitiitiitee ettt eeteenttaneeneaneeenteanssanessnesnnsonssonesnns 1
1.1. Epidemiology and Risk Factors of Cardiovascular Diseases (CVDS).....cceevvevinneeeannnns 1
1.2, Overview of Heart Failure .....coouviiiiiiiiiiiiiiiii it e e e e e eeneeeeeneens 2
1.3. Pathophysiology of HFPEF .......ciuiiiiiiii i e eeee e ea s 6

1.3.1.  Comorbidity-driven inflammaging in HFpEF pathophysiology ................... 7

1.3.2.  Microvascular dysfunction in HFPEF .......ccoiiiiiiiiiiiiiiiiiiiiiiiiiiicee e, 10

1.3.3.  Fibrosis in HFpEF pathophysiology .....ccovvuiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeens 11
1.4.  Cellular senescence in HFpEF: an emergent pathophysiology mechanism. ............. 12

1.4.1. Age-associated accumulation of senescent cells .........ccoeveiiiieiiiinnnnnn... 12

1.4.2. Evidence of cell senescence in HFPEF .......ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiins 14
1.5. Extracellular Vesicles (EVs)-Mediated Communication in CVDs ......cccevvviiiiinnnenn.. 14

1.5.1.  OVErVIEW Of EVS..neeiiiiiiiiii it eree e e raeeeanees 15

1.5.2. Isolation and characterization of EVs from biological fluids.................... 17

1.5.3.  Circulating EVs as carriers of pathological signalling to the heart ............ 18
2. Y PPN 21
3. MATERIALS AND METHODS ....eiiiiiiiiiiiiiii i et e et et e e ieeenaeaaeanans 22
3.1,  Sample collection and ProCeSSING .....cuiiiietiiiieiiiitiiiieiiteraieeeeneeeaneeranaeeanns 22
3.2. EV isolation and CONCENEration ....uviiiiiiiiiiiiii it iiiiieeeeiiieeeeeaaaiaaaeeanns 22
3.3. EV characterization by FLOW Cytometry ....c.vviiiiiiiiiiiiiiiiiii e eenaeeaaas 22
3.4, Effect of human EVs (hEVs) on cardiac Cells .....covviiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeenns 23

T T I O LB o{ UL B PP 23

3.4.2.  EVinternalization @SS@Y ..ecueeeeereiineeeererreeeeeesnnneeeesessneeeesessnnnaeeanns 23

3.4.3.  Culture of MVECS With hEVS....cineiiiiiii e eeeae 23
3.5.  Culture of hCFs With MVECS-CM ....iinuiitiiiiiiiiiiiii i iieeit et et eeneeeeeaens 23
3.6. (D d=Tota (o] g o) YN - B - | PPN 24
3.7. IMMUNOTIUOIESCENCE . ittt i et ettt teeiee e e eeeeineeeeaannnes 24
3.8. ({0 RN (=1 (Tt 4 o] o 25
3.9. RNA extraction and reverse transCription........ieevieeiiiiiiieeereiiieeeeeeriineeeeeennnes 25
3.10. Real time polymerase chain reaction (RT-PCR).....ccctiiiiiiiiiiiiiiiiiiiniieeianneeanns 25
K T I N o o Y Y 0] 4T S PP 26
3.12. Proteomic analysis of EVs and target selection and validation....................ooit 26

3.12.1. Sample preparation for spectrometric analysis.......ccvoveeiiiiinnieiiennnnnnns 26

3.12.2. Proteomic Data AnalySiS...ccoueeiiiiiiieteiieiiieeeieiiieeeeeerineeeeeenanneeeeenns 27
3,13, Statistical @NalySiS c.uueeeiiiii it et et e eei e ee e aaaaas 27
4, RESUL T S, .. utiitiitee et teteeteeeteeeeeeeeneeanteanesnneanneennsenesonesnnssnssonesonesnnenns 28
4.1. Isolation and characterization of circulating EVs from patient cohorts.................. 28
4.2. HFpEF EVs activate a senescent program in endothelial cells.........c..ccevvviiiiinninan 28

4.3. HFpEF EVs potentiate oxidative stress, activation and apoptosis of endothelial cells 32
4.4, Endothelial cells stimulated with HFpEF EVs drive cardiac fibroblast activation by

Paracring SigNALlING ....c.uiiiiniiiii i e ettt e it e et eeeeeenaeeeaeeeaneeranaaeanas 32
4.5, Proteomic analysis show distinct cargo in circulating CTRL and HFpEF EVs............. 33
4.6.  TLR4 Inhibition Reduces HFpEF EV-Induced MVECs Activation ...........ccccevveeinennn.. 35
5. DISCUSSION ....etetiiert it ei et e et eereeeteenteanesnneeneeanesenesanesnnesnesonesonssnnenns 39
6. CONCLUSIONS & FUTURE PERSPECTIVES ....cutiiiiiiiiiiiiieitiiieneenneenneeaneeanens 43
7. REFERENCES....... ittt ettt ettt eeateeteeaesanesnneanesenssanasnnenns 45
7 | = P 55



LIST OF ABBREVIATIONS

ACEi -
inhibitor
AF - Atrial fibrillation

AFM - Atomic force microscopy

Angiotensin-converting  enzyme

AHA - American Heart Association

a-SMA - alpha smooth muscle actin

BMI - Bone mass index

BMP2 - Bone morphogenetic protein 2
BNP - Brain natriuretic peptide

CAD - Coronary artery disease

Ca2+ - Calcium 2+

C-Casp 3 - Cleaved caspase 3

CDCs - Cardiosphere-derived cells

CDK - Cyclin-dependent kinase

CDKis - Cyclin-dependent kinase inhibitors
CECs - Circulating endothelial cells

CHD - coronary heart disease

CKD - Chronic kidney disease

CM - Conditioned media

COPD - Chronic obstructive pulmonary disease
CRP - C-reactive protein

cryo-EM - cryogenic Electron microscopy
CTRL - Control

CV - Cardiovascular

CVDs - Cardiovascular diseases

CXCL-1 - C-X-C Motif Chemokine Ligand 1

CITP - carboxy-terminal telopeptide of
procollagen type |

DAPI - 4',6'-diamino-2-fenil-indol

DCs - Dendritic cells

DDR - DNA damage response

DSB - Double-strand DNA breaks

DNA - Deoxyribonucleic acid

ECs - Endothelial cells

ECM - Extracellular matrix

EGM - Endothelial growth media

ELISA - Enzyme-linked immunosorbent assay

EMPs - Endothelial microparticles

Xi

ESC - European society of cardiology
EVs - Extracellular vesicles

FBS - Fetal bovine serum

FDA - Food and drug association

FGF - Fibroblast growth factor

FT - Flow-through

GDF11- Growth differentiation factor 11
HAECs - Human aortic endothelial cells
hCFs - human cardiac fibroblasts

HDL - High-density lipoprotein

HF - Heart failure

HFA - Heart failure association

HFimpEF - Heart failure with improved
ejection fraction

HFmrEF - Heart failure with mildly reduced
ejection fraction

HFpEF - Heart failure with preserved ejection
fraction

HFrEF - Heart failure with reduced ejection
fraction

HGF - Hepatocyte growth factor

HG-HUVEC-Exos - High glucose stimulated
Human umbilical vein endothelial cell
exosomes

hsCRP - high-sensitivity C-reactive protein
Hsp90/HSP90 - Heat shock protein 90

HUVECs -
cells

Human umbilical vein endothelial

ICAM-1 - Intercellular adhesion molecule 1
ITGB2 - Integrin subunit beta 2
IFN-y - Interferon-gama

IGFBP7 -
protein 7

Insulin-like growth factor binding

IHD - Ischemic heart disease

IGFR - Insulin-like growth factor receptor
IL-6 - Interleukin 6

KLF4 - Kriippel-like factor 4

LC-MS - Liquid chromatography - mass
spectroscopy

Ln - lean



IncRNA - long non-coding RNA

LOXL2 - Lysyl oxidase-like 2

LPS - Lipopolysaccharide

LV - Left ventricle

LVEF - Left ventricular ejection fraction
MCP-1 - Monocyte chemoattractant protein-1

MHC | - Major histocompatibility complex type
1

MI - Myocardial infarction

miRNA/miR - micro RNA

MMP-2 - Matrix metalloproteinases 2

MRI - Magnetic resonance imaging

mRNA - messenger RNA

MVs - Microvesicles

MVECs - Microvascular endothelial cells
MVEC-CM - Conditioned media from MVECs

NADP - Nicotinamide adenine dinucleotide
phosphate

NAFLD - Non-alcoholic fatty liver disease
NF-kB - Nuclear factor kappa B

NK - Natural killer

NKG2D - Natural killer group 2D

NO - Nitric oxide

NTA - Nanoparticle tracking analysis

NT-proBNP - N-terminal pro-B-type natriuretic
peptide

NYHA - New York Heart Association
Ob - obese
PAD - Peripheral artery disease

PAMPs - Pathogen associated molecular
patterns

PBMCs - Peripheral blood mononucleated cells
PH2AX - Phosphorylated H2AX
PLD - Phospholipase D

PLS-DA - Partial least squares - discriminant
analysis

PICP - Carboxy-terminal pro-peptide of
procollagen type |

PIIINP - Amino peptide of procollagen type IlI

xii

RNA - Ribonucleic acid
ROS - Reactive oxygen species

SA-B-gal
galactosidase

Senescence-associated beta-

SASP - Senescence Associated Secretory
Phenotype

SCAD - Stable coronary artery disease
SCs - Senescent cells

SDS-PAGE Sodium dodecyl-sulfate
polyacrylamide gel electrophoresis

SEC - Size exclusion chromatography

SEM - Standard error of the mean

SEM - Scanning electron microscopy
SGLT2 - Sodium-glucose cotransporter-2
SMCs - Smooth muscle cells

SPM - Scanning-probe microscopy

SPR - Surface plasmon resonance

STEMI - ST-elevation myocardial infarction
S100A9 - 5100 calcium-binding protein A9
TEM - Transmission electron microscopy
TGF-B - Transforming growth factor-8

TGS101
protein

Th17 - T-helper 17
TLR4 - Toll like receptor 4

TNF-a- Tumor necrosis factor-a

- Tumour susceptibility gene 101

TNFR1 - Tumor necrosis factor receptor 1
Treg - T regulatory

T2D - Type 2 diabetes

T2DM - Type 2 diabetes mellitus

UPAR - Urokinase plasminogen activator
receptor

USA - Unites States of America

VCAM-1 - Vascular cell adhesion molecule 1
VEGF- Vascular endothelial growth factor
VIP - Variable Importance in Projection
VSMCs - Vascular smooth muscle cells
WHO - World Health Organization






LIST OF FIGURES

i

Figure 1. Last 28-year trend and current scenario of worldwide epidemiology
OF HF ettt asassessssasseseessassssesssssassesesssasassesssasassestessssassssnsssassenes

Figure 2. Prevalence of non-cardiac comorbidities in HF subtypes HFrEF,
HFMIEF, and HFPEF. ... erecenetretntectsentsesesseseeestesessesessessssessssessssessssessenes

Figure 3. Risk factors and comorbidities involved in the development of
HFTEF, HFPEF, OF DOth. ..eceeeeteeteetcectncctnecteeneceneeesseessesssessesessesesassessesessesssenens

Figure 4. Physiological differences in the HFrEF heart and HFpEF heart. .......
Figure 5. Comorbidities drive pathological cardiac alterations in HFpEF. .........

Figure 6. Main characteristics of senescent Cells. ....errveeeeenrrererecersnserecnnanans

Figure 7. Characterization of circulating EVs from HFpEF and control (CTRL)

PATIENTS. .eeeeeeeereerrertereereerenreeressesessessessessessessessessessesseseeseesassesssssssssssessessessessessessesssssasaase

Figure 8. Cardiac endothelial senescence in response to HFpEF EVs. ................

Figure 9. Oxidative stress, activation and apoptosis of cardiac endothelial

cells in response tO HFPEF EVS. ..iricnerncnenesenesenesenesassesassessssessesessssesnens

Figure 10. Cardiac fibroblast activation in response to conditioned media
(CM) produced by EVs-stimulated MVEC. .......coeevnrerenenenenensesensessssessesessessssessesens

Figure 11. Proteomic analysis of CTRL and HFpEF EV.

Figure 12. Evaluation of the role of TLR4 is HFpEF EV-Induced MVECs

ACTIVALION. ceeeeeeeeeeeecectecectesreseeenesaeesaesseessesssessesssessssssessesssesssessesssessasssessasssessaesses

Figure 13. Schematic representation of the herein described mechanism in

HFpEF pathophysiology. ......

Page

13

30

31

33

34

36

37

43



LIST OF TABLES

Table 1 - List of primary and secondary antibodies used in
immunofluorescence and specification of working dilution. .........ccceceveereveereeennes .

Table 2 - Reverse transcription master miX COmMpONENLS. .....cccveereverrereerereeereerenes

Table 3 - Primer Sequences for qRT-PCR. ......cccveveveererrrerennne

Table 4 - RT-PCR cycling CoNditions. ......cccoeeeeeenenenrenenrennnenensessesessessssesessessesessssenes

Table 5 - List of conjugated antibodies used in flow cytometry and

specification of working dilution.

Table 6: Characteristics of Patient POPULation. .........ccceeeeeeeeseseeeseensesneesesnsesnsesanene

Table 7- Differentially abundant proteins identified by t-test in HFpEF vs
CTRLEVS. cutiteeeeerrtnenenesssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssessssssess

iii

Page

25
25

26

26

29



iv



1. INTRODUCTION

1.1. Epidemiology and Risk Factors of Cardiovascular Diseases

CVDs refer to pathologies that affect the cardiovascular system, composed by the heart and blood vessels.
CVDs include coronary artery disease (CAD), cerebrovascular diseases, peripheral artery disease (PAD), and
aortic atherosclerosis [8], [9]. According to the World Health Organization (WHO), CVDs are the number 1
cause of death globally, taking around 17.9 million of lives each year, which corresponded to 32% of global
deaths in 2019. Ischemic heart disease (IHD) and ischemic stroke are leading the CVD mortality ranking, with
an average of 9.440.000 and 3.870.000 deaths registered in 2021, respectively [10]. Moreover, the enormous
economic burden of CVDs makes them the most expensive disease, with overall costs of ~$237 billion dollars
per year, and estimates of ~$368 billions by 2035 [11].

The prevalence of CVDs was analysed in the Framingham Heart Study [12], during 30 years, in a cohort of
patients aged 50 and older. It was observed that the lifetime risk of CVDs varies accordingly to bone mass
index (BMI) category, presenting the individuals with both obesity and diabetes the highest risk of developing
CVD, approaching nearly 80% in women and nearly 90% in men [12]. Beyond overweight and obesity, diabetes,
and metabolic syndrome, other risk factors for developing CVD include smoking, high cholesterol levels and
low high-density lipoprotein (HDL) cholesterol levels, elevated blood pressure and hypertension [13], [14].
As defined by the American Heart Association (AHA), cardiovascular risk factors can be categorized in health
factors (e.g. cholesterol, blood pressure, and glucose control) and core health behaviors (e.g. smoking,
physical activity, diet, and weight) [15]. In fact, accordingly to the WHO, the risk of CVDs can be reduced by
cessation of tobacco use, by the maintenance of a healthy and balanced diet, with more fruits and vegetables
and less salt, by avoiding excessive alcohol consumption, and by keeping a regular physical activity [1]. The
above presented statistics highlight the impact of the lifestyle and associated comorbidities for the
development of heart diseases. In fact, compared with individuals with at least 2 major risk factors, such as
hypertension, smoking and diabetes, those with an optimal risk factor profile lived up to 14 years longer free
of CVDs [14].

CVD is a disease prevalent in the elderly, being most common in people over fifty, with increasing risk of
developing CVDs each year you get older [9]. Although, this prevalence increases with age in both genders
[15], the incidence is higher in men than women across all age indexes apart from the oldest (> 75 years)
[16]. For example, the risk of a cardiovascular (CV) event in a person with 45 years is 60.3% for men and
55.6% for women [14]. Estrogen provides a protective effect against heart disease in women during the
reproductive phase of their life. Therefore, once they enter menopause, the risk of CVD usually increases
[17].

Population growth and aging are two important factors that nowadays potentiate the increase of CVD
prevalence, especially in Northern Africa and Western Asia, Central and Southern Asia, Latin America and the

Caribbean, and Eastern and South-eastern Asia, where the proportion of older persons is estimated to double



between 2019 and 2050 [18]. Therefore, promoting an ideal healthy aging and maintaining a good

cardiovascular health across the lifespan is of paramount importance.

1.2. Overview of Heart Failure

Heart failure (HF) is a progressive syndrome associated with the reduced ability of the heart to eject and/or
fill with blood, resulting in an insufficient cardiac output to meet the body demands [19]. As such, this is a
life-threatening pathology, that reduces the life quality of patients, and has associated high costs and
significant morbidity and mortality, affecting more than 64 million people worldwide. HF prevalence is
increasing, being now equal to 1-3% in the
general population, as a result of the
ageing of the population, improved
treatment of and increased survival with
ischaemic heart disease, and the
availability of effective therapies (Figure
1) [19]. HF mortality remains high, with
1-year mortality of 15-30% and 5-year
mortality of 50-75%. Regarding the health

Cases (x1000)

care costs of HF, they are mainly in the
range of 10.000-18.000€ annually/per
patient, depending on the HF type and

varying greatly across countries [19].

@ YLDs (Years Lived with Disability)

O Prevalence

60 |, Figure 1. Last 28-year trend and current
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28288 % % % g % g % % z % scenario of worldwide epidemiology of
Time (years) HF. (adapted from [20])

In 2021, major worldwide scientific authorities in the area proposed the categorization of HF into different
types, based on left ventricular ejection fraction (LVEF): 1. HF with reduced ejection fraction (HFrEF, LVEF
<40%); 2. HF with mildly reduced ejection fraction (HFmrEF, LVEF 41-49%); 3. HF with preserved ejection
fraction (HFpEF, LVEF >50%); and 4. HF with improved ejection fraction (HFimpEF), a new type of HF based
on trajectories of LVEF over time [21]. In broad terms, whilst in HFrEF the left ventricle (LV) shows systolic
dysfunction, meaning that it is unable to contract efficiently, in HFpEF, main alterations are associated with

an inadequate diastole and, therefore, the capacity of the heart to relax is impaired.

Amongst the different types of HF, HFrEF and HFpEF are the most prevalent ones, comprising around 78% of
all HF cases [22]. While HFrEF prevalence has stabilized or shows a tendency to decrease, HFpEF prevalence
is firmly increasing [19]. In fact, HFpEF is the most prevalent from of HF in the elderly and is anticipated to

become the more common form of HF in the future, as a result of the ageing of the population and a

2



concomitant increase in cardiovascular comorbidities. Mortality is extremely high in HF patients, but data on
the contribution of each type of HF for this burden is not always consistent. Whereas some studies point
towards higher mortality in HFrEF patients [23] [24], others support a 5-year mortality rate similar for HFrEF
and HFpEF patients (around 75%), even after adjustment for patient demographics, medical history,

examination and laboratory findings [25].

As mentioned above for CVDs in general, comorbidities play an important role in HF, being associated with a
reduction in quality of life [26]. Type 2 diabetes mellitus (T2DM), atrial fibrillation (AF), and chronic kidney
disease (CKD) are three main comorbidities found in patients with HF [27], [28]. Particularly, T2DM was
identified as an independent predictor of mortality across all HF entities, after multivariable adjustment
[29]. In the CHARM program, diabetes was associated with a higher relative risk of CV death or HF
hospitalization in HFpEF patients, comparatively to HFrEF patients, but, for all-cause mortality, the risk
conferred by diabetes was similar for both groups [30]. Important to note that overall comorbidity burden is
shown to be heavier in HFpEF, comparatively to HFmrEF and HFrEF (Figure 2) [26], [31]. Although obesity,
hypertension, diabetes and kidney disease are common to both HFrEF an HFpEF, HFpEF patients present a
higher prevalence of non-cardiac comorbidities and age-related deleterious alterations, such as systemic
inflammation (Figure 3) [32]. While male sex, hypertension, higher heart rate, previous CVDs, higher
cholesterol levels, LV hypertrophy, and left bundle-branch block are associated with higher risk of developing

HFrEF, higher BMI, smoking, and a history of atrial fibrillation are factors that increase the risk of appearance

60 . of HFpEF [33]. This asymmetry in risk
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In fact, HFrEF and HFpEF differ in the development and progression of the disease, as well as in the alterations
at the cellular and molecular level. In HFrEF, cardiomyocyte cell death leads to local inflammation that
triggers a fibrotic process in which the holes left by dead cardiomyocytes are filled with collagen fibers
(replacement fibrosis) that impairs the normal functioning and contraction of the adjacent cardiomyocytes

[34], [35]. In this process, the renin-angiotensin-aldosterone system (RAAS) is activated, leading to eccentric
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hypertrophy (cardiomyocytes become thin and elongated), and, although being initially protective, RAAS
sustained activation becomes progressively deleterious and contributes to an increase in cardiac volumes and
to functional decline. On the contrary, in HFpEF, metabolic risk factors drive the chronic low-grade systemic
inflammation, along with the increased expression of adhesion molecules on endothelial cells, resulting in
systemic and local cardiac inflammation [36], [37], [34]. These mechanisms, together with increased vascular
stiffening, activate signalling cascades that result in the formation of interstitial fibrosis and cardiomyocyte
concentric hypertrophy (in which contractile protein are added in parallel, resulting in an increase in width-
to-length ratio), which collectively contribute to a stiffened myocardium with diastolic dysfunction (detailed
in Section 1.3) [38], [39]. As such, although
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Figure 3. Risk factors and comorbidities involved in the development of HFrEF, HFpEF, or both. (based
on [42])

Once diagnosed, non-pharmacological therapy is indicated for all types of HF, regardless of EF. Non-
pharmacological therapy is based on behavioural and lifestyle modifications, including following a diet and
complying with nutritional restriction, performing aerobic exercise trainings, and stopping bad habits such as
smoking, alcohol and illicit drug use [43]. Medical advances contributed to the development of efficient and
specific treatments for HFrEF, but efficacious drugs for the treatment of HFpEF are very scarce [42]. The

HFrEF situation is worrying, with more than 50% of HFpEF

¥ patients experiencing hospitalization and the projected

Eccentric remodelling
* Large left ventricle chamber  proportion of patients with HFpEF increasing over time,

* Thinleft ventricle wall the potential impact on the healthcare system is

considerable [3], [44].
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In HFrEF, initial pharmacologic therapy includes a combination of diuretics (to reduce the volume overload
and attenuate the symptoms), angiotensin system blockers, such as angiotensin-converting enzyme inhibitor
(ACEi), or hydralazine plus nitrate as an alternative, if there is no tolerance to angiotensin system blockers,
and a beta-blocker. Other medications that are options for selected patients are mineralocorticoid receptor
antagonists, ivabradine, and digoxin. If after at least 3 months of pharmacological therapy, LVEF remains less
than or equal to 35%, it is recommended to proceed with device therapy, namely implantable cardioverter-
defibrillator and cardiac resynchronization therapy. Despite the advances in the medical management of HF,
when a patient reaches a state of advanced HFrEF, surgical approaches may become the best therapeutic
option. Surgical approaches to HFrEF treatment include heart transplantation and procedures that reshape
the heart, repair the heart, or replace all or part of the heart function, namely, placement of ventricular

assist devices and surgical ventricular restoration procedure [43].

Contrarily to HFrEF, until recently there were no therapies for HFpEF or HFmrEF that would improve the
outcomes. Drugs used to treat HFrEF do not show efficacy in HFpEF. As an example, spironolactone, a
mineralocorticoid-receptor antagonist that improves the prognosis of patients with HFrEF, did not
significantly reduced the total number of deaths nor the number of hospitalizations in HFpEF patients [45].
There is evidence-based therapy for HFrEF, but there is no standard care for HFpEF at the moment [46].
Therefore, treatment of many of HFpEF patients is mainly empirical, oriented to relieve the symptoms, rather
than to improve the outcomes [46]. It focuses on controlling blood pressure using beta-blockers, administering

diuretics to relieve symptoms of volume overload, and addressing the risk factors and comorbidities [43].

Recently, two novel medications, from the class of sodium-glucose cotransporter-2 (SGLT2) inhibitors -
empagliflozin and dapagliflozin - showed positive outcomes in patients with HFpEF. In the EMPEROR-
Preserved trial, empagliflozin reduced the combined risk of CV death or hospitalizations for HF in patients
with HFpEF [47], being this way the first trial with HFpEF patients that met its primary endpoint [48], [49].
This way, Jardiance® (empagliflozin) was the first Food and Drug Association (FDA) approved HF therapy,
regardless of LVEF [50], that gradually improved the health status of the patients [49]. Based on these positive
results, dapagliflozin was tested on HFmrEF and HFpEF patients. Over a median of 2.3 years of duration of
the DELIVER trial, dapagliflozin reduced the combined risk of worsening HF or CV death in these patients,
meeting this way the primary composite outcome [51]. Moreover, in the PRESERVED-HF trial, dapagliflozin
treatment significantly improved patient health status, reported symptoms, physical limitations and exercise
function [52]. The treatment with dapagliflozin, with the commercial name Farxiga, was associated with an
18% reduction in worsening HF or CV death among patients with HFpEF, according to the results of the phase
[l of the DELIVER trial [53]. SGLT2 inhibitors are recommended by the 2022 AHA/ACC/HFSA Guideline for the
Management of Heart Failure as a class 2a therapy for adult patients with HFpEF [54].

In conclusion, although there were approved two novel effective treatments for HFpEF, from the class of
SGLT2 inhibitors, i.e. Farxiga (dapagliflozin) and Jardiance (empagliflozin), their introduction in the market
is very recent [55], [56], and HFpEF for now still remains a therapeutic challenge and a significantly unmet
clinical need.
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1.3. Pathophysiology of HFpEF

HFpEF is prevalent among the elderly, being the most common form of HF in patients older than 65, and, in
elderly women it even comprises nearly 90% of HF cases [57]. Patients with HFpEF are a heterogeneous group,
with several associated comorbidities, including arterial hypertension (60-80%), diabetes mellitus (25-45%),
obesity (41.4%) and aging, but also CKD (19.9%), COPD (14.0%), atrial fibrillation (15-40%) and others [44],
[57], [24], [58]. This syndrome is a systemic, multi-organ disorder, comprising cardiac diastolic dysfunction,

as well as pulmonary, skeletal and vascular dysfunction for which pathophysiology remains elusive [59-61].

Independently of the trigger of the syndrome, its hemodynamic alterations are well characterized. Regarding
the functional cardiac alterations, although LVEF remains equal or superior to 50%, HFpEF patients present
an impairment of diastolic function, evident by the increased diastolic pressures, decreased diastolic
distensibility and increased ventricular stiffness [62]. Developed from diastolic dysfunction, pulmonary
hypertension is common and severe in HFpEF patients [63]. The hypertrophy and stiffening of the left
ventricle lead to an increase of the end-diastolic and left atrial pressures. Long-standing left atrial
hypertension leads to left atrial dilation, which is used as a marker of long-term diastolic dysfunction. HFpEF
patients are characterized by an increased left atrial volume at rest and reduced left atrial filling on exertion
[64]. Although the ejection fraction is preserved, patients with HFpEF present moderate systolic dysfunction
and accentuated limitations in systolic reserve capacity during stress. Chronotropic incompetence, left atrial
dysfunction, atrial fibrillation, arterial stiffening, and endothelial dysfunction altogether contribute to

diastolic and systolic dysfunction, limiting cardiac output reserve and increasing LV filling pressures [65].

To sum up, the heart is able to pump the blood correctly to the circulation, but it does not relax properly.
This functional inability is a consequence of concentric remodelling and increased myocardial stiffness. As
such, the heart is not able to be filled with the entire amount of the oxygenated blood that comes from the
lungs. This blood fills the chamber too quickly, and is soon pushed backwards toward the upper chamber of

the heart and consequently to the lungs [46].

The hypothesis of inflammaging laying at the origin of HFpEF and potentiating its progression is gaining
strength in the latest decade [4], [5]. In 2013, Paulus and colleagues [34] proposed this novel disease
paradigm, in which a pro-inflammatory state triggers upstream pathways that culminate in diastolic
dysfunction in HFpEF (Figure 5). The inflammaging present in HFpEF patients, magnified by the multiple
comorbidities, such as obesity, diabetes, and hypertension [66], affects the coronary vascular endothelium,
reducing nitric oxide (NO) bioavailability, what induces a subsequent increase in reactive oxygen species
(ROS) [5]. This, for one hand, impairs endothelial activity, leading to endothelial dysfunction, and, on the
other hand, directly causes cardiomyocyte hypertrophy and cardiac stiffening, due to the
hypophosphorylation of the cytoskeletal protein titin [34], [4]. These stiffened cardiomyocytes, together with
the accumulated collagen, secreted by myofibroblasts, induce LV remodelling and dysfunction, the main

functional cardiac pathologic characteristic of HFpEF.



Figure 5. Comorbidities drive pathological
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Overall, whilst experimental evidence of causality is scarce, there seems to be four main axes that are

Collagen

Cardiomyocytes

interconnected and collectively contributing to disease progression/development: cardiomyocyte
hypertrophy and stiffening, systemic inflammation, endothelial dysfunction and fibrosis. Owing the focus of
this MSc dissertation, we will explore further these pathological axes, apart from the effect on

cardiomyocytes.

1.3.1. Comorbidity-driven inflammaging in HFpEF pathophysiology
Comorbidity-driven systemic low-grade inflammation (a.k.a. metainflammation) is thought to be in the origin
and potentiating the progression of HFpEF [4], [5]. This chronic and systemic inflammation when coupled
with aging is commonly called inflammaging and is characterized by the accumulation of pro-inflammatory
molecules associated with the aging process [66]. This sterile inflammation in aging, i.e. without overt
infection, is exacerbated and perpetuated by the multiple comorbidities [66], being a substantial risk factor
for morbidity and mortality in the elderly [67] and of CV events [68]. For instance, in the Health ABC study,
Interleukin-6 (IL-6), tumor necrosis factor (TNF-a) and C reactive protein (CRP) were found to be excellent
predictors of incident CVD [69, 70]. Of these inflammatory markers, IL-6 was the strongest and most
consistently associated marker with CVD, although the risk of CVD was greatest in subjects with high levels

of all three inflammatory markers [69, 70].

Furthermore, a strong link between systemic inflammation and CVD has been evidenced by a parabiotic
experiment in which the cardiac hypertrophy in old mice dramatically regressed after 4 weeks of exposure
to blood from young mice. This regression was accompanied by reduced cardiomyocyte size and molecular
remodeling, as a result of restoration of levels of growth differentiation factor 11 (GDF11), a mediator of the

systemic anti-hypertrophic activity [71]. Chronic, low-grade systemic inflammation commonly activates a
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“sterile” inflammatory pathway that involves nucleotide oligomerization domain-like receptor family pyrin
domain-containing NLRP3 inflammasome, whose subsequent cleavage leads to activation of pro-inflammatory
cytokines, such as IL-18, IL-6, IL-12, IL-18 and, to production of CRP in the liver [72].

According to the disease paradigm presented above by Paulus and colleagues [34], inflammaging is a trigger
of pathophysiological alterations in the heart that culminate in myocardial stiffening and diastolic dysfunction
[4], [5]. In line with this, our group has recently reported that ZSF1-obese rats, a cardiometabolic model of
HFpEF, showed exacerbated systemic inflammation (namely IL-1a, MIP-1A, IL-6, IL-18, monocyte
chemoattractant protein 1 (MCP-1) and TNF-a) and endothelial damage, comparatively to ZSF1-lean
littermates, which did not develop HFpEF [73]. Furthermore, the serum of ZSF1-Ob rats was shown to induce
higher levels of endothelial cell activation and injury, which explains the higher amount of infiltrated

macrophages found in the myocardium of these animals [73].

There are recent findings that also support the establishment of comorbidity-associated systemic low-grade
inflammation paradigm in HFpEF patients. At the same time, inflammation promotes endothelial dysfunction,
atherosclerosis, and vascular injury - alterations that may contribute to the development of HFpEF [72]. A
molecular analysis in HFpEF [74] showed a diffuse branch of biomarker correlations, without specific central
hubs. Nevertheless, most of biomarkers were associated with inflammation, a key point in the HFpEF
pathophysiology [34], whilst integrin subunit beta 2 (ITGB2) and catenin-B were outstanding hubs in the
network. Previous studies showed the relation of ITGB2 with chronic inflammatory processes, leukocyte
migration and endothelial dysfunction [75]. In an independent study, proteomic analysis established a clear
association between systemic inflammation and relevant parameters associated with cardiac structure and
function. Comorbidity burden was associated with clusters of inflammatory proteins and, then, inflammation
was related with alterations of cardiac structure and function, namely, with mitral E velocity, E/e’ ratio,
and tricuspid regurgitation velocity [76]. Tumor necrosis factor receptor 1 (TNFR1), urokinase plasminogen
activator receptor (UPAR), insulin-like growth factor binding protein 7 (IGFBP7), and growth differentiation
factor 15 (GDF15) were the primary identified proteins that mediated this relationship [76].

Furthermore, in HFpEF patients, CRP levels are proportional to comorbidity burden and correlate with
markers of disease severity, such as atrial fibrillation, right ventricular dysfunction and higher N-terminal
pro-B-type natriuretic peptide levels (NT-proBNP), despite that CRP levels were normal in 40% of patients
[77]. Besides CRP, other inflammatory molecules were also upregulated in these patients, such as interleukin
6 (IL-6), IL-8, and MCP-1, as well as markers of extracellular matrix (ECM) production (amino peptide of
procollagen type Il (PIIINP) and carboxy-terminal telopeptide of procollagen type | (CITP)) and turnover
(matrix metalloproteinase 2 (MMP-2) and MMP-9) [78]. In fact, in a rat model of HFpEF, IL-6 was shown to
promote myocardial fibrosis, concentric hypertrophy and diastolic dysfunction, by potentiating the

phenotypic conversion of fibroblasts to myofibroblasts and collagen production by the former [79].



Overall, these findings support that chronic inflammation and inflammaging-associated molecules are
augmented in HFpEF patients and correlate with markers of disease severity and/or dysfunction. However, a

concrete causal link between inflammation and the development of HFpEF is yet to be demonstrated.

Inflammaging has been mainly attributed to an imbalanced immune response resulting from natural aging or
other triggers [80]. On the other end, the establishment of a persistent inflammatory environment is known
to contribute to endothelial activation and local immune infiltration in the myocardium, as part of a
feedforward loop. Although the role of the immune axis on the development of HFpEF is largely unexplored,
several studies point to clear alterations in immune proportions in these patients. An increase in peripheral
monocyte percentage was detected in HFpEF patients and correlated with echocardiographic indexes of LV
diastolic dysfunction [81]. Both classic and alternative monocyte numbers were increased in HFpEF patients,
and soluble factors in the serum of these patients promoted M2 macrophage responses [81]. In corroboration
with these results, left ventricle myocardial biopsies collected from patients with hypertension and HFpEF
also contained more macrophages, comparatively with the age-matched healthy controls [82]. Monocyte
recruitment to the heart is a result of endothelium activation by the chronic low-grade inflammation typically
observed in HFpEF patients, due to the high comorbidity burden. Activated endothelial cells express adhesion
molecules such as E-selectin, intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule-
1 (VCAM-1), that attract and promote the infiltration of immune cells, such as leukocytes [83], to the sites
of inflammation [42]. The expression of these adhesion molecules [84] promoted infiltration of inflammatory
cells into the myocardium, what was detected in HFpEF patients and in ZSF1-HFpEF rats. In fact, HFpEF
patients have significantly higher levels of circulating T helper 17 (Th17) cells and significantly lower levels
of circulating T regulatory (Treg) cells, compared with healthy controls [85]. There is evidence suggesting
that T cells contribute to adverse cardiac remodeling and systemic inflammation in HFpEF. First, the role of
T cells is well-characterized in the pathophysiology of several common comorbidities present in HFpEF
patients, such as hypertension, obesity, and aging [86], [87], [88], [89]. Second, endothelial cells activated
by systemic inflammation start to express VCAM-1, ICAM-1, and E-selectin [90], [84], adhesion molecules that

are critical for T cell extravasation [91].

In experimental animals, monocytosis and myocardial macrophage density was found to promote diastolic
dysfunction [82]. These cardiac macrophages produce IL-10, that activates fibroblasts and stimulates collagen
deposition, leading to increased myocardial stiffness and impaired myocardial relaxation. On the other hand,
deletion of IL-10 in macrophages improves diastolic function [82]. Additionally, in animal models of HFpEF,
it was demonstrated the essential role of MCP-1 in myocardial macrophage infiltration, namely, for induction
of TGF-B production by these recruited macrophages, with the subsequent development of reactive fibrosis
and diastolic dysfunction. Chronic treatment with a neutralizing antibody against MCP-1 inhibited
macrophage accumulation, attenuated myocardial fibrosis, and ameliorated diastolic dysfunction, while no
effects were observed on blood pressure nor myocyte hypertrophy [92]. With age, macrophages accumulate
in the left ventricle, leading to an increased production of MMP-9, which, in turn, potentiates cardiac ageing

and inflammation, by inducing the macrophage polarization from the M2 towards the M1 phenotype. MMP-9
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deletion attenuates the ageing-associated cardiac fibrosis, resulting in a reduced collagen deposition and LV
diastolic dysfunction [93], [60].

Clinical trials have been conducted and others are ongoing to access whether targeting molecules or cells
involved in inflammation is beneficial for patients with CVD, and especially with HFpEF. For example,
Ziltivekimab, a fully human monoclonal antibody directed against the IL-6 ligand, has been shown to reduce
biomarkers of inflammation and thrombosis among patients with high atherosclerotic risk, elevated high-
sensitivity CRP (hsCRP) and CKD (NCT03926117) [94]. An ongoing randomized controlled trial (NCT05021835)
will evaluate the clinical value of Ziltivekimab in patients with CV and renal disease. Anti-IL-1 therapy,
colchicine and statin therapy showed some positive effects in reducing the inflammation in patients with HF.
However, the results were not consistent across studies, so further investment in this field is required to
develop efficient anti-inflammatory therapies that would target earlier the mechanisms underling the

development of HF.

1.3.2. Microvascular dysfunction in HFpEF
There is clear evidence of cardiac endothelial cell remodeling in HFpEF patients and animal models of this
disease. More specifically, it has been observed development of endothelial cell senescence in failing hearts,
with the induction of subsequent pathologic changes [95], as well as a lower microvessel density in patients
with HFpEF [96] and animal models of HFpEF [97]. In our laboratory, we also detected decreased
microvascular density in an animal model of HFpEF (ZSF1-Ob rats), alongside with an increased endothelial
cell activation in the hearts of these rats [73]. Similarly, C. Franssen et al. [84] also reported increased levels
of E-selectin and ICAM-1 in both myocardium of HFpEF patients and in ZSF1-HFpEF rats. Dahl salt-sensitive
rats fed a high-salt diet developed HFpEF, and were treated with cardiosphere-derived cells (CDCs), which
present anti-inflammatory therapeutic properties. Infusion of CDCs corrected diastolic dysfunction, reduced
oxidative stress, lowered monocyte levels, and restored vascular reactivity, corroborating the hypothesis that
inflammatory alterations of the vascular endothelium are crucial to HFpEF pathogenesis [97]. Interestingly,
a similar level of endothelial dysfunction was reported for aged mice with HFpEF and control mice with
normal physiological aging. Endothelial inflammation, however, was present in physiologically aging mice,
but was incremental in aging mice with HFpEF [98]. This could point toward a higher relative importance of

endothelial inflammation compared to endothelial dysfunction, when considering HFpEF pathophysiology.

Moreover, micro RNAs (miRNAs) are implicated in microvascular endothelial dysfunction [99]. Recently, a
distinctive pattern of miRNAs, functionally involved in the regulation of endothelial function, was identified
in HFpEF patients, when compared to healthy controls [100]. Of note, this dysregulation was mitigated after
treatment with the SGLT2 inhibitor empagliflozin [100]. From this microRNA signature, it is worth to note
the upregulation of miR-21 and miR-92, both also differentially expressed in patients with systolic heart
failure [101]. MiR-21 expression is higher in CVD patients, being a potential biomarker of inflammation [102],
and it is linked with inflammaging and frailty [103]. MiR-92 is upregulated after vascular injury in vitro and
in vivo, as well as in patients with artery restenosis [104], and has been previously suggested as a biomarker

of HF [105], whose inhibition was able to prevent deleterious myocardial remodeling [106]. Thus, miR-21 and
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miR-92 downregulation after 3 months of empagliflozin treatment strongly suggests a rescue of the

endothelial dysfunction in frail patients with HFpEF and diabetes mellitus [100].

Interestingly, results from the PROMIS-HFpEF, a large prospective multicenter study, showed a high
prevalence of coronary microvascular dysfunction in HFpEF and that it was likely to be systemic, with
evidence of reduced peripheral reactive hyperemia index, being this way a promising therapeutic target in
HFpEF [107].

Notably, Mohammed et al. [96] found an inverse correlation between microvascular density and myocardial
fibrosis, suggesting a link with microvascular endothelial dysfunction. In both control and HFpEF patients,
the percentage of fibrosis increased with decreasing microvascular density, supporting the idea that it is a

related process. However, further studies are needed to establish a mechanistic link.

1.3.3. Fibrosis in HFpEF pathophysiology
Fibrosis is a pathologic feature extensively described in HFpEF. Passive LV stiffness in HFpEF is largely caused
by changes in the composition and structure of the ECM, especially in fibrillary collagens [96], [108]. Cardiac
biopsies from HFpEF patients show increased extracellular fibrosis [96], [108] and up-regulation of collagen
type | and type Ill, comparatively to the control group. Notably, the ratio of collagen type | to type Il is
increased in HFpEF patients [90]. This abnormal accumulation of fibrillar collagens [98] leads to ECM
remodeling and fibrosis [109]. HFpEF patients present changes in the synthesis and degradation of collagen,
as the levels of type | carboxy-terminal telopeptide, a serum marker for collagen degradation, and the levels
of procollagen type I, a serum marker for collagen production, are found to be increased in HFpEF patients
[90]. Additionally, markers of collagen turnover, such as CITP, MMP-2, PIIINP and PICP (carboxy-terminal pro-
peptide of procollagen type |) can identify patients with HFpEF and diastolic dysfunction. Especially, PICP
has a huge potential for prediction of this condition, as it may reflect an exaggerated synthesis of collagen
type |, contributing to the LV stiffness characteristic of this disease [110]. Martos et al [110] showed that
patients with HFpEF and diastolic dysfunction can be identified with serological markers of collagen turnover,
concluding that MMP-2, in combination with other fibrotic biomarkers, may be even more useful than brain

natriuretic peptides (BNPs) for HFpEF diagnosis.

Fibroblasts reside in the ECM in a quiescent state, but are able to convert to collagen-secreting myofibroblasts
after activation [111]. It is well established that differentiation of fibroblasts into myofibroblasts is primarily
induced by TGF-8 [109], and increased TGF-B mRNA expression was found in the biopsy samples of HFpEF
patients, comparatively with controls [90]. In fact, interstitial fibrosis, together with increased
cardiomyocyte stiffness, result in elevated diastolic LV stiffness, which is the main contributor to impaired
tolerance to exercise and to HFpEF symptoms [5]. Interestingly, the amount of crosslinked collagen can
provide information about diastolic relaxation and LV filling pressure. In HFpEF patients, parameters of
diastolic dysfunction were found to correlate with the amount of collagen crosslinking [112] and lysyl oxidase-
like 2 (LOXL2) expression. LOXL2 is an enzyme that not only catalyzes collagen crosslinking, but also

stimulates cardiac fibroblasts to produce TGF-B82, promoting the fibroblast-to-myofibroblast transition [113].
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The myocardial fibrosis observed in HFpEF is the consequence of a systemic and cardiac inflammation, with
involvement of infiltrated immune cells and activated endothelium, deposition of fibrillar collagens and ECM

remodelling, culminating in LV stiffening and diastolic dysfunction [42].

1.4. Cellular senescence in HFpEF: an emergent pathophysiology mechanism.
1.4.1. Age-associated accumulation of senescent cells

The elderly population is steadily increasing in the last decades, becoming urgent the need for efficient
therapies to target cellular senescence, a fundamental mechanism that underlies many age-related diseases.
The functional decline of an organism throughout its life, known as aging, affects multiple organs and is
characterized by the accumulation of cellular senescence [114]. While in healthy individuals, senescent cells
(SCs) are cleared out from tissues by the immune system, in aging, the immune system undergoes cellular
senescence and functional impairment, a term known as immunosenescence, resulting in a diminished
clearance of SCs and their subsequent accumulation in tissues [115], [116]. This aberrant accumulation of
SCs, conjointly with the multiple age-related comorbidities, creates a systemic chronic low-grade
inflammation, that promotes the onset and progression of various age-related diseases, such as
neurodegenerative and cardiovascular diseases, liver fibrosis, among others [114], [117], [118],[119, 120],
[121], [115], [59].

Senescence is a cellular state characterized by a stable cell cycle arrest, usually in G1 phase, in which cells,
however, remain metabolically active [117],[118]. The senescent phenotype is often characterized by the
activation of a chronic DNA damage response (DDR), cell cycle arrest by the engagement of various cyclin-
dependent kinase inhibitors (CDKis), namely, p21 (CDKN1A), p15 (CDKN2B), and p16 (CDKN2A) [118], and
altered secretion of pro-inflammatory and tissue-remodelling factors, which is known as Senescence
Associated Secretory Phenotype (SASP). Also, typical features of cellular senescence include apoptosis
resistance by induction of anti-apoptotic genes, namely members of the Bcl-2 family (BcL2, Bcl-xL and Bcl-
W) [114], [122], altered metabolic rates, and endoplasmic reticulum stress [114],[120], [123], [122]. As a
consequence of all these signalling pathways, SCs show structural aberrations, such as an enlarged and more
flattened morphology, altered composition of the plasma membrane, accumulation of lysosomes and
mitochondria, and nuclear changes, for example,e a multinucleated morphology, [114], [117], [120], [121],
[115] and the loss of Lamin B1 [118, 120], [121], [122]. The described typical characteristics of SCs are
illustrated in Figure 6.
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Figure 6. Main characteristics of senescent cells. (from [122])

With time, cells naturally accumulate DNA damage that activates a robust DDR. Eroded telomeres, and
especially double-strand DNA breaks (DSBs) are powerful activators of DDR, promoting the phosphorylation
of the histone H2AX, which facilitates the assembly of specific DNA repair complexes. As such, detection of
phosphorylated y-H2AX foci is commonly used as a marker of cellular senescence [114], [118], [122], [124].
Moreover, SCs present an increased lysosomal content and upregulated activity of the lysosomal enzyme SA-
B-gal. Even though constitutive expression of SA-B-gal has been identified in non-senescent cells, [114] its
association with several molecular markers, namely p16 and phosphorylated y-H2AX foci, is a common
combination to access cellular senescence [122]. Furthermore, SASP is one of the main characteristics of SCs.
In vitro studies demonstrated that exposure of young somatic cells to senescent cells promotes senescence
of the young cells, through a phenomenon called “bystander effect” [125]. SASP is composed of a plethora
of soluble factors, including pro-inflammatory cytokines (e.g. IL-1a, IL-18, IL-6) [117], [115], chemokines

(e.g. IL-8, MCP-1), ECM remodelers and proteases, such as MMPs (e.g. MMP-1), and pro-angiogenic, pro-
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fibrotic, and proliferative factors (e.g. TGF-8, FGF, HGF, VEGF) [124], [117]. Beyond soluble factors,
extracellular vesicles (EVs) are also important components of the SASP [60], presenting fundamental functions

during cellular senescence [68], [60].

The stressful environment created by the pro-inflammatory factors released by SCs to the blood, conjointly
with immunosenescence, contributes to the raising in the number of cardiac, muscular, endothelial, and
endothelial progenitor SCs, that has been associated with the onset of various CVDs, such as hypertension,

atherosclerosis, myocardial infarction (MI), cardiac fibrosis, heart failure, and stroke [115], [59].

1.4.2. Evidence of cell senescence in HFpEF
Inflammaging is a phenomenon typically observed in age-associated diseases, such as CVDs. One of the main
contributors to inflammaging is the accumulation of senescent cells. The accumulation of SCs has been
associated with a series of CVDs, namely, arteriosclerosis and myocardial infarction [59], [126]. Endothelial
cell senescence may even lay in the origin of HFpEF, as demonstrated by Gevaert A. B. et al [98]. In this
study, after feeding a high-fat high-salt diet to senescence-accelerated mice, it was observed development
of endothelial cell senescence and inflammation in their cardiac tissues. Remarkably, their hearts presented

alterations that coincided with the typical hemodynamic and structural changes observed in HFpEF.

Our group in the past years has gathered further evidence supporting that cell senescence contributes to
HFpEF development [73]. ZSF1-Ob rats presented a higher frequency of circulating senescent peripheral blood
mononucleated cells (PBMCs), comparatively to ZSF1-Ln rats, as detected by SA-B-gal and p21 markers. Serum
levels of SASP molecules, namely IL-6, IL1-B, TGF-B, IL-10, and TNF-a were upregulated as well in ZSF1-Ob
rats. Also, circulating endothelial cells of ZSF1-Ob rats showed higher cellular senescence than counterparts
collected from ZSF1-Ln rats. Then, accumulation of senescent immune and endothelial cells was detected in
the heart at later timepoints, evidencing that the cellular senescence program started in peripheral blood
and extended to the heart. Analysis of HFpEF patients further showed that the abundance of these SCs
associates with the degree of HFpEF severity (New Yourk Heart Association (NYHA) Ill), BNP levels and
pulmonary artery systolic pressure, establishing a link between cellular senescence and hemodynamic and
cardiac alterations in HFpEF [73]. To evaluate the impact of these SCs to the disease, the senolytic drug
Navitoclax (selectively clears SCs) was administered to ZSF1-Ln rats. Navitoclax was shown to reduce
circulating BNP levels and decrease systemic inflammation and immunosenescence. In the heart, Navitoclax
decreased the SC burden, attenuated fibrosis and endothelial activation and rarefaction [73]. Altogether,
these findings demonstrate that SCs may be a key component of HFpEF pathophysiology that can open new

therapeutic routes.

1.5. Extracellular Vesicles (EVs)-Mediated Communication in CVDs

One clear conclusion from the previous sections regarding the pathophysiological mechanisms of HFpEF is
that disease alterations at the systemic level correlate with structural and functional dysregulation in the
heart, supporting that long distance communication is relevant to disease development and/or progression

[127], [128]. EVs are important mediators of long-distance intercellular communication, including signalling
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transmission in the context of CVDs, inflammation and aging [6]. As such, one can hypothesize that EVs may
play a relevant role in mediating pathological signalling in the context of HFpEF, an area that is yet to be

explored.

1.5.1. Overview of EVs
Extracellular vesicles comprise a heterogeneous group of lipid bilayer membranous structures, and can be
classified as exosomes, microvesicles (MVs) and apoptotic bodies, based on their size and biogenesis [129],
[130]. Although EVs can also be separated and classified based on physical characteristics such as density
and stiffness, the subcategorization based on the size and biogenesis is the most common [131]. While
exosomes are formed by the inward budding of the endosomal membrane during maturation of multivesicular
endosomes, MVs, also known as ectosomes, are generated directly by the outward budding and fission of the
plasma membrane. Apoptotic bodies, characterized by a larger size - 50 to 5000 nm in diameter, are produced
by the membrane of apoptotic cells [129], [130], [132]. EVs are released to the extracellular space or into
biological fluids, becoming a mean of intercellular and intracellular communication for short and long
distances, respectively. This is a process conserved through the evolution, that allows cells to exchange
proteins, lipids and nucleic acids [129]. There is now evidence that each cell type tunes EV biogenesis
depending on its physiological state and releases EVs with a particular composition [129], although a
constitutive EV release is necessary to maintain physiological homeostasis, in processes such as the embryonic

development and cell differentiation [129], [133].

EV cargo typically includes proteins, lipids and nucleic acids, but also enzymes, ECM adhesion molecules,
cytoskeletal molecules, chaperones, biogenesis factors and signalling molecules, reflecting the composition
of the cell type from which it originated, as well as the biologic status of the parental cell. The EV specific
composition will directly affect its fate and function. Interestingly that, despite a different mode of
biogenesis, exosomes and MVs display a similar appearance, overlapping size and often common composition,
what makes it difficult to identify their origin. Surface and transmembrane proteins include tetraspanins,
such as CD81, CD63, and CD9, cell adhesion molecules, such as integrin, fibronectin, ICAM and PECAMI1,
proteins for intracellular trafficking, such as GTPases and annexins, and finally, cell-type-specific proteins,
for example MHC type | and I, CD14, and CD86 from immune cells [129], MUC1, MUC4, MUC16 from human
airway epithelial cells [134], and EpCam, and CD24, from ovarian cancer cells [135], [136].

EV surface is composed by a plethora of molecules that are both integral and peripherally associated to the
EV membrane. This coronal layer or ‘atmosphere’ that surrounds the EV membrane contributes to a large,
highly interactive and dynamic surface area that facilitates EV interactions with the extracellular
environment. As the EV coronal layer contains surface molecules that reflect the identity of parent cells, it
carries a great potential for diagnostic. Also, EV corona contains extracellular molecules adhered to the
surface through electrostatic interactions. All together, these molecules on the exofacial coronal layer that
surround the EV membrane contribute to the chemical, physical and biological properties of EVs, influencing
its mobility and distribution, intercellular interactions and cellular uptake. Protein corona also holds great

potential for EV identification, classification and selective isolation [137], [138]. Eszter A. T. and colleagues
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[139] demonstrated the acquisition of a protein corona by EVs in blood plasma. After incubating THP1- and
platelet-derived EVs in EV-depleted blood plasma, EVs acquired a protein corona, as confirmed by its
increased density and interactions with plasma proteins, resorting to multiple techniques, including confocal
microscopy, capillary Western immunoassay, immune electron microscopy and flow cytometry. It were
identified 9 shared EV corona proteins (ApoA1, ApoB, ApoC3, ApoE, complement factors 3 and 4B, fibrinogen
a-chain, immunoglobulin heavy constant y2 and y4 chains), and it was observed that these plasma protein-
coated EVs induced an increased expression of TNF-a, IL-6, CD83, CD86 and HLA-DR by human monocyte-
derived dendritic cells [139].

Protein corona affects the bioactivity of EVs and its target delivery, being able to mask the molecules on
their surface that signal for homing or interaction/uptake by specific cell types. Protein corona consists of
two layers - one internal hard layer, and another external soft layer, that are generated around EVs as a
result of non-specific interactions, and ligand-receptor affinity. The binding of diverse serum proteins on the
exosomal surface can affect the hydrodynamic size, biodistribution, colloidal stability, and ligand-receptor
interaction between EVs and target cells. The binding of specific factors, such as complement proteins, as
well as the attachment of albumin to protein corona increases EV phagocytosis and uptake by immune cells,
and, therefore, diminishes its circulation time and deliver capacity [140]. On the other hand, EVs posses
immune-elusive mechanisms, namely, the presentation of CD47 on their surface that lead to the transmission
of “do not eat me” signals toward immune cells [141]. Importantly, protein corona composition can change
significantly even with slight modifications of the biological fluid (e.g. plasma vs serum) where EVs circulate.
It was shown that the composition of adsorbed proteins onto EVs (made with the same nanomaterials)
exhibited variations after incubating with serum of individuals who suffered from different pathological
conditions. Therefore, the composition and 3D conformation of the EV protein corona is strongly altered by

the patient's specific disease [142].

Regarding the cytoplasmic composition, it commonly includes chaperones - e.g. heat shock 70 kDa protein
(Hsp70) and Hsp90, biogenesis factors - e.g. tumour susceptibility gene 101 protein (TGS101), ubiquitin,
clathrin, phospholipase D (PLD), and nucleic acids - e.g. miRNAs and other non-coding RNAs, such as long
non-coding RNAs (IncRNAs), mRNA, and DNA (with histones). Additionally, it may contain transcription
factors, enzymes, such as peroxidases, pyruvate kinases and GAPDH, cytoskeletal molecules, namely actin
and tubulin, as well as signalling molecules and molecules for signal transduction, such as protein kinases, B-

catenin, G proteins and RHO-associated protein kinase [129].

This diversified group of EVs takes part in processes including cell-to-cell communication,
immunomodulation, growth and development, aging, and signalling transmission in various pathologies [143,
144]. As previously referred, EV composition is variable and is influenced by pathologic conditions, such as
cancer, CVDs, oxidative stress, and aging [144-147]. This way, it is fundamental to study their role in age-

related alterations and pathological conditions, including inflammation, aging and CVDs.
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1.5.2. Isolation and characterization of EVs from biological fluids
To obtain a pure EV solution, it is necessary, first of all, to collect the biological fluid containing the EVs,
such as serum, plasma, blood, or conditioned cell culture media. Since there is no an optimal separation
method, the isolation technique should be chosen based on the application and scientific question, regarding
the degree of purity and specificity they demand [148]. Differential ultracentrifugation has been for years
the primary method of EV separation and concentration [149], but several other techniques have also been
reported, such as density gradients, precipitation, filtration, size exclusion chromatography, and
immunoisolation [148]. EVs are typically isolated by the three following major method combinations:
differential centrifugation complemented with ultrafiltration, density gradient/cushion centrifugation, and
immunoaffinity-based capture [138]. Although the most widely EV isolation method is based on differential
centrifugation, this technique enables enrichment but not complete separation of different EV fractions
[138]. To improve the purity of the EV solution, this methodology can be further combined with other
techniques, such as washing in EV-free buffer (e.g. PBS), ultrafiltration, application of density gradients

(velocity or flotation) and chromatography [148].

While density gradient centrifugation allows to obtain an increased purification of EVs and its partial
separation in different subpopulations, the ultracentrifugation method isolates all EVs independently of their
subtype and cell of origin. Usually, the aim is to obtain EVs derived from specific cell type(s), to study their
contents and biological effects, and immunoaffinity-based methods can be useful for this purpose. It can be
used antibody-coated beads, or (para)magnetic microbeads coupled to antibodies against specific molecules
expressed on the surface of EVs of interest. Also, an increasing number of commercial kits based on various

proprietary technologies for EV isolation are becoming available and their future validation is required [138].

Regarding EV quantification, this task remains a major challenge. Initially, scientists started by measuring
total protein content to estimate EV amount, by various colorimetric assays or fluorometric assays, or by
global protein stain on sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). However, EV
number is often overestimated due to contamination with high molecular weight proteins that adsorb to the
EV surface (e.g. albumin from culture medium or plasma/serum) [138, 148]. This approach also disregards
the fact that protein content per vesicle may differ between EV subtypes [138]. The number and volume
distribution of EVs in body fluids and conditioned media can be estimated with nanoparticle tracking analysis
(NTA), a technique that is based on the detection of scattered light by particles in suspension and their
Brownian motion. The precision of the quantification can be affected by the heterogeneity of EV size and
optical parameters. Flow cytometry can also be used, although it is not suitable for smaller-size particles
(<300 nm) particles. Those can be analyzed if bound to beads coated with antibodies against surface antigens,
such as MHC class Il. Subsequent labeling by fluorophore-conjugated antibodies enables semiquantitative
analysis by flow cytometry [138]. EV quantification methods, such as enzyme-linked immunosorbent assay
(ELISA), bead-based flow cytometry, aptamer- and carbon nanotube-based colorimetric assays, and surface

plasmon resonance (SPR) can be used to quantify the amount of one or more specific molecules in the EV
17



solution. These are generally proteins (usually the tetraspanins CD9, CD63 and/or CD81, but sometimes
tumor-specific proteins or other specific molecules) and can be used to estimate the amount of EVs containing

this particular component, rather than total EV quantity [148].

Finally, what concerns the imaging techniques, all EV types can be visualized by electron microscopy, with
the additional confirmatory immunolabelling of vesicular proteins, or by other imaging techniques, such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), cryo-electron microscopy (cryo-
EM), scanning-probe microscopy (SPM), including atomic force microscopy (AFM), and super-resolution
microscopy [138, 148]. These techniques are not comparable, since ones provide better measurement of
some parameters than others and generate images of different quality. For example, cryo-EM clearly shows
the lipid-bilayer, and better preserves EV size than the dehydrating conditions used to fix samples for
transmission electron microscopy, and may also be more quantitative, as all particles in a given volume can

be imaged, and not just those that adhere to the surface.

1.5.3. Circulating EVs as carriers of pathological signalling to the heart
EVs can be released by cardiac cells, such as cardiomyocytes, endothelial cells (ECs), fibroblasts, platelets,
smooth muscle cells (SMCs) and leukocytes [145, 150-153] and help to maintain normal cardiac structure and
function under physiological conditions, whilst changing their composition under pathological conditions and
contributing to the development of CVDs [6, 7]. On the other end, elevated levels of circulating EVs are also
involved in the etiopathogenesis of many age-associated chronic inflammatory diseases [154] and are altered
in patients with high comorbidity burden, aged people and people with CKD, CVD and endothelial dysfunction

[155-158]. Owing the scope of this thesis we will focus on the role of circulating EVs in the context of CVD.

EVs are known to be implicated in the pathophysiology of several CVDs, by carrying miRNAs and other
molecular cargo associated with these diseases [159]. Micro-RNA-92a-3p was found to be upregulated in MVs
of coronary heart disease patients when compared with control patients. Internalization of MVs containing
functional microRNA-92a-3p accelerated cell migration and proliferation in the recipient endothelial cells,
contributing to a vascular network formation for further progression of the disease [160], by a
thrombospondin 1-dependent mechanism. Also, vascular senescence is a feature present in several CVDs,
including HFpEF, and exosomal miRNAs are known to be important regulators of vascular cell senescence
[161]. MiR-126 is the main component of endothelial microparticles (EMPs) [162] and it is carried by
circulating EVs for regulation of angiogenesis and vascular integrity, after internalization by ECs [163, 164].
Expression analysis of miR-126 in circulating EMPs from a cohort of patients with stable CAD with and without
diabetes mellitus revealed a significantly reduced miR-126 expression in circulating EMPs from diabetic
patients [162], demonstrating the impact of the associated comorbidities in patients with CVDs. Furthermore,
shuttling of EVs between the liver and vasculature in a non-alcoholic fatty liver disease (NAFLD) and CVD
model has revealed the distant inter-organ communication by EVs. Steatotic hepatocyte-derived EVs
contained miR-1, which suppressed KLF4 expression and activated the NF-kB pathway, promoting endothelial
inflammation, senescence and facilitating the development of atherosclerosis [165]. Moreover, miRNAs

carried inside EVs can contribute to the progression of CVDs after a CV event. For example, small EVs derived
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from M2 macrophages triggered functional changes in cardiac fibroblasts after acute MI. The circular RNA
CircUbe3a was synthesized and loaded into small EVs during increased M2 macrophage infiltration after M,

inducing proliferation, migration, and phenotypic transformation of cardiac fibroblasts after uptake [166].

However, not only miRNAs, but also proteins, such as transcription factors and signalling molecules,
are important components of EVs in mediating CVDs. It was identified a unique panel of proteins that vary
between plasma MVs from ST-elevation myocardial infarction (STEMI) and stable coronary artery disease
(SCAD) control patients, by proteomic analysis. The majority of the differentially expressed proteins were
involved in inflammatory response and CVD. Specifically, a2-macroglobulin isoforms, fibrinogen, and viperin
were upregulated in MVs from STEMI patients, and, interestingly, some of these proteins are involved in
thrombogenesis (e.g. a2-macroglobulin, and fibrinogen) [167]. G. Sarlon-Bartoli et al. [168] observed an
increase in leukocyte microparticle levels in asymptomatic patients with high-grade carotid stenosis with
unstable plaque, comparatively with those of patients with stable plaque. These leukocyte-derived MPs play
an important role in inducing plaque instability, since they promote thrombogenicity [169], stimulate
endothelial proliferation and intraplaque neovascularization, and promote leukocyte recruitment by the
transfer of ICAM-1 to ECs [170]. It was also dissected in vitro an EV-mediated mechanism between inflamed
ECs and monocytes that contributes to the early phase of atherosclerosis and CVDs. TNF-a-induced ECs
produced EVs with upregulated expression of pro-inflammatory cytokines and chemotactic mediators,
including ICAM-1, CCL-2, IL-6, IL-8, CXCL-10, CCL-5, and TNF-a. These EVs were readily uptaken by monocytes
and promoted the expression of inflammatory markers IL-6 and IL-8, as well as monocyte adhesion and
migration. These EVs were also internalized by ECs, and promoted increased expression of ICAM-1, IL-6, and
IL-8. Thus, these inflammation-stimulated EVs promoted vascular endothelial inflammation and activation,
an alteration that contributes to the progression of atherosclerosis by triggering the trans-endothelial
migration of immune cells to the site of inflammation [171]. EVs released in the context of CVDs also
contribute to the establishment of a systemic proinflammatory environment. Proteomic analysis revealed an
overall increase in inflammatory proteins in EVs from stroke patients, including proteins from acute phase,
such as C-reactive protein (CRP). These EV fractions induced inflammatory gene expression in macrophage
cultures - it was detected an increase in TNF, IL-1B8 and, especially, neutrophil chemoattractant CXCL-1 mRNA

expression in EV-treated macrophages [172].

Aging, as previously mentioned, is a heavy weight factor that contributes to the development of
CVDs. Aging alters plasma EV concentration, size and content, namely the miRNA expression profile. An
illustrative example is the potent induction of vascular calcification, a risk factor for atherosclerosis and
myocardial injury, by age-related EVs. MVs extracted from plasma of elderly patients contained increased
levels of calcium-binding proteins, namely annexins and bone morphogenetic protein 2 (BMP2) and increased
levels of Ca2+, inducing the initiation and propagation of calcification in human aortic SMCs [173].
Comorbidities are another factor that plays a prominent role in CVDs. To give an example, Zulong and
colleagues found that adipose-derived EVs enhance macrophage foam cell formation, but only visceral fat-

derived EVs from obese mice are capable of inducing macrophage polarization towards the pro-inflammatory
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M1 phenotype, thereby promoting the development of atherosclerosis in vivo [174, 175]. Vascular smooth
muscle cells (VSMCs) treated with exosomes isolated from high glucose stimulated HUVECs (HG-HUVEC-Exos)
presented higher levels of mineralized nodules after 14 days, than VSMCs treated with exosomes isolated
from normal glucose stimulated HUVECs. Results show that long-term exposure to high glucose causes ECs to
transfer exosomal Notch3 to VSMCs, consequently increasing osteocalcin expression that, at the end, induced

vascular calcification [176].

Overall, these evidence indicate the importance of altered EV cargo in the long distance communication
in CVDs, spreading the inflammation through the body, and mediating the transmission of dangerous signals
induced by the associated comorbidities, such as obesity, diabetes mellitus, hypertension and aging. Thus,
targeting circulating EVs seems to be a promising therapeutic approach to treat CVDs or, at least, restrain
their progression, for example, by reducing the inflammation and senescence promoted by altered circulating

EVs in the pathological context of these diseases.
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2. AIMS

Although HFpEF has been established as systemic disorder, little is known on circulating mechanisms and
signaling molecules that drive cardiac dysfunction. Because extracellular vesicles (EVs) are important carriers
of biological cargo between distant cells, one could hypothesize that EVs are transmitting deleterious cargo

to cardiac cells in HFpEF.

As such, the aim of this Master thesis is to unveil the role of circulating EVs in delivering deleterious signaling

to the heart of HFpEF patients, particularly to cardiac endothelial cells and fibroblasts.
To attain this main goal, we will:

Characterize plasma EVs from HFpEF and CTRL patient cohorts.

Evaluate the effect of these EVs in cardiac microvascular endothelial cells (MVECs) in vitro
regarding cellular senescence, endothelial activation and oxidative stress.

Evaluate the effect of the secretome produced by EV-stimulated MVECs on cardiac fibroblast
activation.

Perform a proteomic analysis of circulating EVs from HFpEF and CTRL patients and select and

validate potential molecular targets.

This study will pave the way for more thorough studies on the identification of EV-associated cardiac
alterations in HFpEF, which will be essential for the development of novel therapies and disease biomarkers
in HFpEF.
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3. MATERIALS AND METHODS

3.1. Sample collection and processing

Peripheral blood was collected from two patient cohorts: a control (CTRL) group, matched for age and main
comorbidities with normal BNP, and a HFpEF group of patients, diagnosed according to the 2018 European
Society of Cardiology (ESC) guidelines (for detailed characterization of the patients cohorts please see [73]).
After blood collection in EDTA tubes, plasma was separated from the buffy coat through centrifugation at
12000 x g, for 30 min, at room temperature (RT), without brake and acceleration. Plasma was collected after

a final centrifugation of 2500 x g, for 30 minutes, and stored at - 80°C.

3.2. EVisolation and concentration

EVs were isolated by size exclusion chromatography (SEC) in sepharose (GE Healthcare). For column
preparation, the sepharose was washed three times with PBS-sodium citrate 0.32% (w/v) and centrifuged at
300 x g, for 10 min and the supernatant was discarded. The sepharose was added on top of the syringe, filled
with a stocking at the bottom, up to 10 ml. When packed, a 3 mm paper filter was added on top to provide
an even interface. Column was then washed twice with PBS-citrate buffer (0.32% (w/v)), followed by Triton
solution (0.1%) and filtered PBS. To isolate EVs from plasma, 1 mL of plasma was diluted in an equal volume
of filtered PBS. The plasma was filtered with a 0.8 pm filter (Millex®) and centrifuged at 12600 x g, for 30
min, at 4 °C. Then, 1 mL of the plasma was applied to the column and eleven fractions of 1ml were collected.
During the process of sample elution, filtered PBS was continuously added after the complete loading of
samples in the column. For EV concentration, fractions F3 and F4 were loaded on Vivaspin 6 centrifugal
concentrator with a 10000 MWCO PES membrane (Sartorius) and centrifuged at 3000 x g, 4 °C, until

approximately 200 pL of concentrated sample was obtained and stored at - 80°C.

3.3. EV characterization by Flow cytometry

To confirm the presence of EVs isolated from CTRL and HFpEF patient blood samples, it was evaluated the
presence of general EV markers, namely CD71 in fractions FO to F11 and CD81 and CDé63 (1:200, ExoAb,
SystemBioscience) in EV concentrates of fractions F3 and F4, resorting to flow cytometry. EV suspensions
were mixed in a proportion of 4:1 with aldehyde/sulphate 4 pm beads and incubated for 45 min, at RT, in
rotation. Then, it was added glycine 1M during 45 min, at RT, in rotation. The samples were centrifuged at
1200 rpm, 2 min, at RT. Beads were suspended in BSA 10%, and incubated 45 min, at RT, in rotation. The
samples were centrifuged at 1200 rpm, 2 min, at RT. Samples were then incubated with primary antibody
CD81 in BSA 2% or just in BSA 2% (unstained control), overnight at 4°C, in rotation. On the following day,
samples were centrifuged at 1200 rpm, 2 min, at RT. Then, the secondary antibody DK anti-RB 647 conjugate
(1:200, Invitrogen) diluted in BSA 2% was added, and the samples were incubated 30 min, at RT, protected
from light. Finally, samples were centrifuged at 1200 rpm, 2 min, at RT and resuspended in BSA 2%. Samples
were analysed on BD LSRFortessa and on BD Accuri Flow Cytometers and data was analysed with FlowJo

software.
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3.4. Effect of human EVs on cardiac cells
3.4.1. Cell culture

Human cardiac MVECs (MVECs; #7130, Lonza) were seeded at the density of 5000 cells/cm? in EGM-2MV
microvascular endothelial cell growth medium BulletKit (EGM, Lonza). Primary adult human cardiac
fibroblasts (hCFs; Cell Applications, Inc.) were seeded at the density of 10000 cells/cm? in human fibroblast
growth medium (FGM; Cell Applications, Inc.). MVECs and hCFs were incubated in HERAcell® 150 CO;
incubator (Heraeus®) at 37°C, in a humidified atmosphere with 5% CO;. The medium was changed every two
days. Cells were passaged when they reached 70-80% confluency. For passage, cells were washed once with
filtered PBS, detached with 0.25% trypsin in PBS (Sigma 30 Aldrich, Co.), centrifuged at 300 x g for 5 min,
and then seeded with a cell density of 5000 cells/cm? in EGM for MVECs, and at a cell density of 10000
cells/cm? in FGM for hCFs.

3.4.2. EV internalization assay
The equivalent to 108 particles/ml of EVs was labelled with the cell membrane binding dye PKH67 (Sigma
Aldrich, Co), following the manufacturer’s instructions. To remove the excess of dye in solution, labeled EVs
were transferred to a Vivaspin column with 1 ml of filtered PBS and centrifuged at 2900 x g for 15 min at
4°C. The process was repeated until there was only 100 pl of EV suspension in the spin column. These labelled
EVs were collected and stored at 4°C. MVECs were seeded as reported in 3.4.1. In the following day, MVECs
were washed with PBS and exposed to 108 EV particles/ml labeled with PKH67 diluted in EGM without FBS
(Fetal Bovine Serum), during 24h, at 37°C. After the incubation period, MVECs were fixed with PFA
(paraformaldehyde) 4% in PBS pH 7.4 for 12 min, at RT. Following this incubation, cells were washed with
PBS (2x, 10 min, RT) and incubated with phalloidin 647 (1:1000, SantaCruz) in PBS for 20 min, at RT. Cells
were washed with PBS (3x, 5 min, RT) and incubated with DAPI (1:1000, Sigma) in PBS for 20 min, at RT.
Finally, after washing with PBS (3x, 5 min, RT), cells were kept in PBS and protected from light until image
acquisition. Images were acquired on Opera Phenix Plus microscope with the confocal high-content screening

system and adjusted for brightness and contrast using Fiji software (ImageJ version 1.51n, NIH, USA).

3.4.3. Culture of MVECs with EVs

MVECs were seeded at a density of 20000 cells/cm? in EGM. In the following day, MVECs were washed with
PBS and left in EGM without FBS, and EVs were added at a concentration of 1x10® particles/ml from HFpEF
and CTRL patients. To inhibit TLR4, EGM without FBS was supplemented with CLI095 (Invivogen, 10 pM) and
left with EVs at a concentration of 1x108 particles/ml. MVECs were incubated for 48h at 37°C, 5% CO,. After
48h, cells were collected for subsequent analysis. To collect conditioned media (MVEC-CM), MVECs were
washed with PBS and incubated in EGM without FBS for an additional period of 24h, at 37°C, 5% CO,. MVEC-
CM was collected and centrifuged at 2500 x g, 30 min, at 4°C, and stored at - 80°C until further use.

3.5. Culture of hCFs with MVECs-CM
HCFs were seeded (day -3) at a density of 36500 cells/cm? in a 96 culture well-plate in seeding medium (SM;
depleted Dulbecco's Modified Eagle's Medium (DMEM; Thermofisher) supplemented with 10% FBS Lonza, 1%

23



Penicillin-Streptomycin (P/S; Biowest) and 0.2 mM 2- phospho-L-ascorbic acid (Asc-2P; Sigma Aldrich, Co.)).
After 24h, the media was changed to working media (WM; depleted DMEM high glucose + 0.1% FBS + 0.2 mM
Asc. Acid + 1% P/S) (day - 2). After two days, the media was changed to WM containing 10% (V/V) of MVEC-
CM. The cells returned to the incubator, 37°C, 5% CO2, and this media was renewed at the day 2, day 4 and

day 6. At day 7, hCFs were fixed and processed for further analysis.

3.6. Detection of SA-B-gal

MVECs were challenged with EVs as reported in 3.4.3. At the end of the 48h, it was performed the C1,FDG (5-
dodecanoylaminofluorescein di-B-D-galactopyranoside) senescence assay following the manufacturer’s
instructions. Briefly, MVECs were left in EGM supplemented with bafilomycin A (1:1000, Invitrogen) for 90
min, at 37°C, 5% CO., protected from light. Then, the media was changed for EGM supplemented with
bafilomycin A (1:1000, Invitrogen) and C1,FDG (10 pM, Thermofisher) and cells were left for an additional
period of 90 min at 37°C, 5% CO,, protected from light. Cells were fixed with PFA 4%, for 15 min, and washed
with PBS (1x, 5 min, RT). Then, the cells were permeabilized with 0.1% Triton-X100 in PBS, for 15 min, and
washed with PBS (3x, 5 min, RT). Finally, cells were counterstained with DAPI 1:4000 in PBS, for 15 min, and
washed with PBS (1x, 5 min, RT). Images were acquired on the microscope Operetta CLS and adjusted for

brightness and contrast using Fiji software (ImageJ version 1.51n, NIH, USA).

3.7. Immunofluorescence

Cells were fixed with PFA 4% in PBS pH 7.4 for 12 min, at RT, and washed with PBS (3x, 5 min, RT). Next, the
cells were permeabilized with Triton X-100 0.1 to 1% in PBS for 5 min, at RT. Stepwise, the cells were
incubated with blocking solution (4% FBS, 1% BSA in PBS-Tween 0.1%) for 1h at RT. Cells were subsequently
incubated with primary antibody accordingly to the Table 1 in blocking solution (4% FBS, 1% BSA in PBS-Tween
0.1%), overnight at 4°C. In the following day, MVECs or hCFs were washed with PBS (3x, 5 min, RT) and
incubated with secondary antibody, accordingly to the Table 1, in blocking solution for 1h at RT, protected
from light. Following this incubation, cells were washed with PBS (3x, 5min, RT) and incubated with DAPI
1:3000 and cell mask green (1:1000, Invitrogen, H32714) in PBS for 30 min, at RT, protected from light. After
washing with PBS (3x, 5 min, RT), cells were kept in PBS protected from light until image acquisition. Images
were acquired on the high content widefield microscope Operetta CLS and adjusted for brightness and
contrast using Fiji software (ImageJ version 1.51n, NIH, USA).

Table 1 - List of primary and secondary antibodies used in immunofluorescence and specification of working
dilution.

Antibody Reference Dilution Triton X-100
C- caspase 3 9664, ABCAM 1:1000 0.1 %, 10 min
PH2AX 05636, Millipore 1:2000 0.3 %, 6 min

a - SMA Sigma 1:800 0.1 %, 10 min
Collagen Type | 8006567625, Rockland  1:400 0.1 %, 10 min
DK anti-RB 647 conjugate A31573, Invitrogen 1:1000 Not required
DK anti MS-568 Alexa conjugate A21043, Invitrogen 1:1000 Not required
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3.8. ROS detection

MVECs were challenged with EVs as reported in 3.4.3. After 48h, the media was changed for Krebs medium
supplemented with 0.01 pM CaCl; and ROS probe (H,DCFDA, 10uM, Invitrogen) for 30 min, at 37°C, 5% CO;.
Then, this media was replaced with Krebs media supplemented with 0.01 uM of CaCl,. The absorbance was
monitored during 30 min, at an excitation length of 480 nm and emission length of 550 nm, with a cut off of

530 nm (Synergy). ROS levels were obtained by calculating the slope of the line.

3.9. RNA extraction and reverse transcription

RNA extraction from MVECs and hCFs was performed using the TRIzol Reagent (Invitrogen), following
manufacturer’s protocol. RNA quantity was determined using a NanoDrop1000 spectrophotometer, and
reverse transcription was performed to convert the RNA to complementary DNA (cDNA), using PrimeScript RT

reagent Kit (Takara), accordingly to manufacturer’s instructions, as shown in Table 2.

Table 2 - Reverse transcription master mix components.

Components Volume/ reaction (pl)
5x PrimeScript Buffer 2

PrimeScript Rt Enzyme Mix | 0.5

Oligo dt Primer 0.5

Random 6 Mers 0.5

Total Volume 3.5

3.10. Real time polymerase chain reaction (RT-PCR)
To quantify gene expression, RT-PCR was performed using iTagTM Universal SYBR Green Supermix (BioRad).
A reaction mix for each primer was prepared without cDNA and added to a 96 or 384-well PCR low plate,

Primer sequences are specified in Table 3.

Table 3 - Primer Sequences for qRT-PCR.

Gene name Primer sequence (5’ to 3’)

GAPDH FW: CCTCCACCTTTGACGCT; RV: GGACTCCCCAGCAGTG

CDKN1A FW: TGGACCTGGAGACTCTCAGG; RV: CGGATTAGGGCTTCCTCTTGG
CDKN2A FW: ATGGTGCGCAGGTTCTTGGTGAC; RV: CGTGAGCCGCGGGATGTGA
CCL2 FW: AGTCTCTGCCGCCCTTCTGTG; RV: AGGTGACTGGGGCATTGATTG
CXCL8 FW: CAGTTTTGCCAAGGAGTGCTAA; RV: GGGTGGAAAGGTTTGGAGTATG
LAMB1 FW: GAGAGCAACATGATGCCCAAGTG; RV: GTTCTTCCCTGGCACTGTTGAC
TGFB1 FW: GCGTGCTAATGGTGGAAACC; RV: GGGTTCAGGTACCGCTTCTC

FAP FW: GGAAGTGCCTGTTCCAGCAATG; RV: TGTCTGCCAGTCTTCCCTGAAG
ACTA Il FW: CTATGCCTCTGGACGCACAACT; RV: CAGATCCAGACGCATGATGGCA
COL1A1 FW: GATTCCCTGGACCTAAAGGTGC; RV: AGCCTCTCCATCTTTGCCAGCA

Then, the cDNA, diluted in RNAse free water, was added to the corresponding wells and centrifuged at 1000
x g for 1 min. Wells were covered with a sealing tape to prevent the reaction mix from evaporation, and the
plate was centrifuged again in the same conditions before reading in CFX96 or CFX384 TouchTM Real-Time

PCR Detection System (Bio-Rad). The performed PCR cycles are described in detail in Table 4. Gene
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expression was calculated by the difference of the average threshold cycle values of the gene of reference
(GAPDH) and the genes of interest (2-ACt method).

Table 4 - RT-PCR cycling conditions.

Cycle | Nb of cycles Step Time (min:s) Temperature (°C)
1 1 Activation 3:30 95
2 40 Denaturation 0:20 95
Annealing 0:30 60
3 81 Melt curve 0:10 55

3.11. Flow cytometry

MVECs were detached as described in 3.4.1. and subsequently incubated with a mix of conjugated antibodies
diluted in FACS media (PBS, 2% FBS) during 20 min, 4 °C, as described in Table 5. Then, cells were washed
with FACS media and centrifuged at 800 x g, 1 min, RT. Cells were resuspended and filtered in FACS media
and the acquisition was performed in the cytometer FACS Canto Il (BD Biosciences). Data analysis was

performed in FlowJo software.

Table 5 - List of conjugated antibodies used in flow cytometry and specification of working dilution.

Antibody Reference Dilution
ICAM1-PacBlue 322716, Biolegend 1:100
VCAM1-PECy7 25-1069-42, Invitrogen 1:100
TLR4-PE 312805, Biolegend 1:50

3.12. Proteomic analysis of EVs and target selection and validation
3.12.1. Sample preparation for spectrometric analysis

To prepare the samples, 10 pg of EVs was subjected to reduction using dithiothreitol (30 nmol) at 37 °C, 60
min. Subsequently, alkylation was carried out in the absence of light using iodoacetamide (60 nmol) at 25 °C,
30 min. The resulting protein extract was then diluted with 200 mM ammonium bicarbonate to achieve a
concentration of 2M. This diluted extract was subjected to digestion using endoproteinase LysC (1:10 (W/W),
Wako), at 37°C, during 6 hours. The sample was further diluted 2-fold with 200 mM ammonium bicarbonate
for trypsin digestion (1:10 (W/W), Promega), 37°C, overnight. Following digestion, the peptide mixture was
acidified using formic acid and subsequently desalted using a MicroSpin C18 column from The Nest Group,
Inc. For chromatographic and mass spectrometry analysis, LTQ-Orbitrap Fusion Lumos mass spectrometer
from Thermo Fisher Scientific (San Jose, CA, USA) was employed, coupled with an EASY-nLC 1200 system
from Thermo Fisher Scientific (Proxeon, Odense, Denmark). The peptides were directly loaded onto a 50 cm
column with an inner diameter of 75 pm, packed with 2 ym C18 particles from Thermo Scientific (San Jose,
CA, USA). To ensure instrument stability and prevent sample carryover, digested bovine serum albumin
(obtained from New England Biolabs, cat # P8108S) was analyzed between each sample. Additionally, the

instrument’s longitudinal performance during the project was monitored and controlled using QCloud.
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3.12.2. Proteomic Data Analysis
The LC-MS/MS raw files were processed using MaxQuant software (version 1.6.17.0) to identify and quantify
proteins based on the LFQ algorithm (6,7). The Andromeda search engine was employed to analyze the runs
against the publicly available reference proteome of Homo sapiens, obtained from the UniProtKB database
(January 2021). The allowable tolerance for precursor mass and fragment mass was set at 4.5 and 20 ppm,
respectively. Peptides with a minimum length of 7 amino acids were considered, and trypsin was selected as
the proteolytic enzyme, allowing for up to 2 missing cleavage sites. Fixed modifications included
carbamidomethylation (Cys), while variable modifications encompassed oxidation (Met), deamidation (Asn
and Gln), and N-terminal protein acetylation. A false discovery rate (FDR) of 1% was applied at both the
protein and peptide levels. The inter-run agreement option was chosen for analysis. Quantification of proteins
was conducted using the MaxLFQ algorithm, which utilized the extracted ion currents (XIC) of precursor ion
peptides. The results were initially imported into Perseus software (version 1.6.14.0) and subsequently into
MetaboAnalyst 5.0 for statistical data analysis and visualization. Proteins identified as "site only,” "reverse,”
and "contaminants” were removed. Expression values were logarithmically transformed with a base of 2.
Samples were annotated based on their respective groups. To compare protein abundance between two
groups, a two-tailed t-test was performed with a significance threshold set at p < 0.05. Principal component
analysis (PCA) was conducted on the matrix prior to logarithmic transformation. After filtering for valid
values, a multi-stream plot and histogram were generated. Following the two-sample t-test, a volcano plot
was generated. PLS-DA (Partial Least Squares Discriminant Analysis) and VIP (Variable Importance in
Projection) values were extracted from the previous analysis. A heatmap was constructed using the top 100
proteins, and two clusters (downregulated and upregulated) were identified and filtered based on PCA values
(>2). The resulting clusters were subjected to STRING for further exploration of the biological functions

associated with the proteins.

3.13. Statistical analysis

Statistical analysis was performed using GraphPad® Prism 9.4.1 Software. The comparison between groups
was realised by subjecting the obtained values to paired two-tailed t-test or to non-parametric Mann-Whitney
test, in the case the results passed the normality test or not passed the normality test, respectively. Data
was presented as mean + SEM and as box and whiskers plot, and differences between groups were considered

statistically significant when p-value < 0.05.
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4, RESULTS

4.1. Isolation and characterization of circulating EVs from patient cohorts

Aiming at establishing the role of circulating EVs in HFpEF pathophysiology, plasma was isolated from
peripheral blood of HFpEF and comorbidity- and age-matched control patients (CTRL) (Table 6). EVs were
separated by SEC and 12 fractions (FO to F11) were collected (Figure 7 A.1). To determine which fractions
were enriched in EVs, fractions were evaluated by bead-based flow cytometry, using the marker CD71 [177-
179]. From the 12 fractions, F3 and F4 had increased levels of CD71 (Figure 7A.2) and were chosen to be
subsequently concentrated by ultrafiltration (Figure 7 B.1). EV presence in concentrated F3+F4 fractions
from CTRL and HFpEF patients was confirmed by detection of general EV markers CD81 and CDé63, when
compared with the flow-through (FT) collected during the ultrafiltration (Figure 7 B.2-5). Based on these
results and on complementary characterization performed by other researchers (shown in Annex |), EV

suspensions used in all subsequent assays were EV concentrates of F3+F4 fractions.

4.2. HFPpEF EVs activate a senescent program in endothelial cells

The systemic pro-inflammatory state of HFpEF patients is thought to contribute to endothelial dysfunction,
but the involved mechanisms remain largely elusive. To evaluate whether EVs may mediate this effect,
cardiac MVECs were exposed to EVs labelled with PKH67 (a dye that binds to the cell membrane [180]) and
observed by confocal microscopy. A z-projection of these cells confirmed that EVs were effectively inside
the cells (Figure 8 A.). Then, to assess the impact of EVs on endothelial cells, MVECS were challenged in
vitro with EVs (1x10% EVs/ml) from CTRL and HFpEF patients (Figure 8 B.). As endothelial senescence has
been recently shown to be involved in HFpEF development [98], the effect of EVs on the acquisition of a
senescent phenotype was assessed after EV exposure. For that, the B-galactosidase substrate C12FDG was
used to detect SA-B-Gal activity, a classical biomarker of cellular senescence [181]. MVECs stimulated with
HFpEF EVs showed increased SA-B-Gal activity (Figure 8 B.1 and B.2) when compared with CTRL EVs,
indicating that endothelial cells activate a senescent program in response to HFpEF EVs. To confirm that,
other markers of SCs were evaluated [124], namely related to the activation of a DNA-damage response. For
that, an immunostaining for phosphorylated histone variant H2AX (PH2AX) was performed, demonstrating a
higher frequency of PH2AX* MVECs when challenged with HFpEF EVs (Figure 8 B.3 and B.4). Additionally, to
corroborate the acquisition of a senescent phenotype, transcription of genes associated with cell senescence
was evaluated, namely CDKN1A and CDKN2A to evaluate cell cycle arrest, CXCL8, CCL2 and TGFB1 to evaluate
SASP, and LMNB1 to evaluate the loss of lamin B1 that frequently occurs in senescence [182]. Overall,
increased expression of CDKN1A, CDKN2A, CXCL8 and CCL2 genes alongside upregulation of the TGFB1 gene
was found in MVECs treated with HFpEF EVs, compared to CTRL (Figure 8 B.5). Of interest, and contrarily to
what was expected and described in the literature for SCs, LMNB1 expression was upregulated in MVECs
treated with HFpEF EVs, comparatively with CTRL EVs (Figure 8 B.5). Taken together, these results support
that circulating HFpEF EVs contribute to the establishment of a senescent phenotype in endothelial cells, a

phenotypic switch that has been previously associated with HFpEF, observed in experimental animals[98].
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Table 6 - Characteristics of Patient Population. Plus-minus values are mean + SEM. IQR - interquartile range.
2-tailed t-test and Mann-Whitney test were used for variables with normal and non-normal distribution
respectively. CM-Ctrl - comorbidity-matched control group; HFpEF - heart failure with preserved ejection
fraction. BMI - body-mass index; NYHA - New York Heart Association; ECW - extracellular water; TBW - total
body water, LVEF - left ventricular ejection fraction; LAVI - left atrial volume index; LVMI - left ventricle
mass index; PASP - pulmonary artery systolic pressure; eGFR - estimated glomerular filtration rate; HbA1c -
glycated hemoglobin; hsCRP - high-sensitivity C-reactive protein; hsTnl - high-sensitivity troponin |; BNP - B-
type natriuretic peptide; ACEi/ARB - angiotensin-converting enzyme inhibitors/angiotensin receptor
blockers.

Characteristic (C:LC 5;' I(-InF=p4E6F) p-value
Median Age - years (IQR) 64 (57-73) 72 (66-79) NS
Male sex - no. (%) 6 (60.0) 27 (58.7) NS
BMI - Kg/m? 30.5+1.4 29.1£0.7 NS
Cardiovascular Comorbidities

Hypertension - no. (%) 8 (80.0) 44 (95.6) NS
Diabetes - no. (%) 6 (60.0) 26 (56.2) NS
Dyslipidemia - no. (%) 9 (90.0) 41 (89.1) NS
Smoking - no. (%) 5 (50.0) 17 (36.9) NS
Atrial Fibrillation - no. (%) 0 (0.0) 16 (34.8) 0.03
HF Signs and Symptoms

Lung Congestion - no. (%) 2 (20.0) 27 (58.7) 0.03
Peripheral edema - no. (%) 2 (20.0) 33 (71.7) 0.002
NYHA functional classification - no. (%)

I - 19 (41.3)

Il - 23 (50.0)

] - 4 (8.7)

Bioimpedance

Median ECW/TBW - % (IQR) 38.1 (37.5-38.9)  39.4 (38.5-40.1) 0.05
Echocardiographic evaluation

LVEF - (%) 62.8 + 0.9 62.3 £ 0.6 NS
LAVI - (mL/m?) 26.5+1.9 36.6 £ 1.3 0.002
LVMI - (g/m?) 126.7 + 9.6 140.6 + 4.2 NS
E/E’ 8.1+0.8 9.9 +0.4 NS
PASP - mmHg (IQR) 24 (21-29) 30 (25-40) 0.05
Analytical Evaluation

Hemoglobin - g/dL 13.5+0.5 12.6 £ 0.3 NS
Median eGFR - mL/min/1.73m? 93.9 (82.6-109.8) 82.5(49.8-112.9) NS
Total Cholesterol - mg/dL 156.4 + 11.6 145.2 + 6.5 NS
Apolipoprotein B - mg/dL 81.0+6.5 77.0+2.9 NS
Median HbA1c - % (IQR) 6.2 (5.6-7.4) 6.1 (5.5-6.9) NS
Median hsCRP - mg/L (IQR) 2.8 (1.1-4.6) 2.6 (0.7-6.4) NS
Median hsTnl - pg/L (IQR) 3.1 (1.9-3.7) 6.6 (3.9-10.2) 0.003
Median BNP -pg/mL (IQR) 25.6 (17.2-37.7) 110 (80.1-210.8)  <0.001
Medication

Beta-blocker - no. (%) 2 (20.0) 31 (67.4) 0.01
Loop Diuretics - no. (%) 1 (10.0) 31 (67.4) 0.002
ACEi/ARB - no. (%) 6 (60.0) 28 (60.9) NS
Statin - no. (%) 6 (60.0) 37 (80.4) NS
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Figure 7. Characterization of circulating EVs from HFpEF and control (CTRL) patients. A.1 Schematic
representation of plasma EVs separation from HFpEF and CTRL patients using size exclusion chromatography
(SEC). A.2 Quantification of the CD71 EV marker on fractions 2 to 10 by bead-based flow cytometry. B.1
Schematic representation of fractions 3 and 4 (F3+F4) concentration (fractions enriched in EVs) by
ultrafiltration and the respective column flow-through (FT) (fraction depleted from most EVs). B.2 and B.3
Representative histogram of CD81 (B.2) and CD63 (B.3) marker expression in EVs (green) and in the FT (grey).
B.4 and B.5 Graph bar of the percentage of CD81- (B.4) and CDé3-expressing (B.5) particles in the FT and
EVs from HFpEF patients and CTRL patients (n>4 for CTRL and n=5 for HFpEF). Data are presented as dot plot
in A.2, as histogram in B.2 and B.3, and as mean + SEM with bars in B.4 and B.5.
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(Figure in the previous page)

Figure 8. Cardiac endothelial senescence in response to HFpEF EVs. A. Representative image of cardiac
microvascular endothelial cells (MVECs) exposed to PKH67-labeled EVs (in red). Markers: Phalloidin (green),
DAPI (blue) (scale bar = 40 um). B. Schematic representation of the protocol performed to expose MVECs to
1x 108 part/ml EVs from CTRL and HFpEF patients during 48h. B.1 and respective quantification B.2 of
positive SA-B-Gal MVECs exposed to EVs (n=16 (CTRL); n=20 (HFpEF)). Markers: SA-B-Gal (green), DAPI (blue)
(scale bar = 40 pm). Representative images B.3 and respective quantification B.4 of positive PH2AX MVECs
exposed to EVs. Cells with at least 7 foci were considered positive (n=14 (CTRL); n=18 (HFpEF)). Markers:
PH2AX (magenta), DAPI (blue) (scale bar = 40 pm). B.5 Gene expression of CDKN1A, CDKN2A, CXCL8, CCL2,
LMNB1, and TGFB1 in MVECs exposed to EVs from CTRL and HFpEF patients during 48h ((n=16 (CTRL); n>23
(HFpEF)). Data are presented as box and whiskers plot.

4.3. HFpEF EVs potentiate oxidative stress, activation and apoptosis of endothelial cells

Senescent endothelial cells, although metabolic active, have been shown to become dysfunctional and
contribute to disease progression [183]. For example, Honda and colleagues reported that endothelial SCs
become more reactive to inflammatory signals, in response to which augment adhesion molecules at their
surface, leading to enhanced monocyte adhesion [184]. To access endothelial activation, MVECs displaying
the adhesion molecule ICAM-1, known to mediate monocyte adhesion to ECs [185], were quantified by flow-
cytometry after exposure to CTRL and HFpEF EVs. Compared to CTRL EVs, the frequency of ICAM-1* MVECs
was increased in response to HFpEF EVs (Figure 9 A.), suggesting higher levels of endothelial activation.
Further studies are needed to confirm that this up-regulation of ICAM-1 translates in higher monocyte
adhesion to MVECs. Acquisition of a senescent phenotype by ECs has been previously associated with a higher
susceptibility to apoptosis and increased production of ROS [186, 187]. MVECs exposed to HFpEF EVs displayed
signs of oxidative stress, shown by an increased production of ROS (Figure 9 B.) and signs of apoptosis, as
demonstrated by increased intracellular levels of cleaved Caspase 3 (C-Casp 3) (Figure 9 C.1 and C.2). Taken
together, these results show that, alongside endothelial senescence, HFpEF EVs promote EC activation,

apoptosis and oxidative stress.

4.4. Endothelial cells stimulated with HFpEF EVs drive cardiac fibroblast activation by
paracrine signalling

Considering the remarkable TGFB1 expression in MVECs stimulated with HFpEF EVs (Figure 8 B.5),
comparatively to CTRL EVs, and, taking into account that TGF-B1 is a master regulator of fibrosis by
potentiating fibroblast-myofibroblast phenotypic transition [188], we further postulated that MVECs became
pro-fibrotic by promoting hCFs activation. To access that, MVECs were stimulated with EVs from HFpEF and
CTRL patients and conditioned media (MVEC-CM) was collected and used to challenge hCFs (Figure 10 A.).
The expression of pro-fibrotic genes ACTAIl, COL1A1, COL3A1 and FAP was upregulated in hCFs treated with
HFpEF EV-stimulated MVEC-CM, when compared to CTRL EVs. Of note, the collagen type | to type Il expression
ratio was also increased, as reported in HFpEF patients [90] (Figure 10 B.). Furthermore,
immunofluorescence assay for alpha-smooth muscle actin (a-SMA) and collagen type |, both molecules known
to be increased in fibroblast-to-myofibroblast transition, was performed. Quantification of a-SMA positive
hCFs revealed an increased activation in hCFs treated with MVEC-CM HFpEF EVs (Figure 10 C.1 and C.2).

Moreover, the mean intracellular collagen | area in hCFs treated with MVEC-CM of HFpEF EVs was also higher,
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comparatively with hCFs treated with MVEC-CM CTRL EVs (Figure 10 D.1 and D.2). These results support a
novel communication mechanism in HFpEF, in which circulating EVs impact on ECs, leading to a pro-fibrotic

phenotype that induces cardiac fibroblasts activation by paracrine signalling.

A. B.
200
c o lﬂ' " 0.0131
—_ — K
<3 4 8% 5.
@8 ; 25
8 § T Py E Y _.z_ E%
 § == o2
= w . o L 100+ 5
=9 104 [ 3 =9
p 3 _I_ 25 —t
2§ =3
[o] »n 9 50—
O 9 o
= X o X
() 5 X o
T T 0 T T
CTRL HFpEF CTRL HFpEF
CTRL HFpEF C.2
K 40
8 - 0.0165
o
= 9 30 L.
© 2 3
g w o®
89 |
V. n 9 20+ .
éf 58 0 i
8 » § 5
= i ®
Cell mask green 2 10 T T
3 (@]

CTRL HFpEF

Figure 9. Oxidative stress, activation and apoptosis of cardiac endothelial cells in response to HFpEF EVs.
A. Quantification of ICAM1* MVECs after exposure to EVs (n=10 (CTRL); n=12 (HFpEF)). B. ROS detection in
MVECs exposed with EVs (n=17 (CTRL); n=20 (HFpEF)). C. Assessment of apoptosis in MVECs. Representative
images C.1 and respective quantification C.2 of positive cleaved Caspase 3 MVECs exposed to EVs (n=15
(CTRL); n=20 (HFpEF). (scale bar = 40 pm). Data are presented as box and whiskers plot.

4.5. Proteomic analysis shows distinct cargo in circulating CTRL and HFpEF EVs

To determine the mechanism by which MVECs became altered in the presence of HFpEF EVs, EV protein
contents from HFpEF and CTRL groups were digested and analysed by liquid chromatography-tandem mass
spectrometry (nanoLC-MS/MS). Following data normalization, the analysis was focused on proteins detected

in over 90% of the samples (Supplementary table 1). To further verify that EV associated proteins were

identified by this methodology, this protein list was compared to the Exocarta database. From the 446
proteins identified in the EVs, 284 (-64%) have been previously associated with EVs and we additionally
identified 162 proteins that have previous associations with EVs (Figure 11 A.). Of note, know markers of
EVs, such as CD9, CDé63, CD81 and Syntenin-1 (SDCBP) were amongst the detected proteins. Gene ontology
(GO) analysis was then performed to increase functional insights on the proteomic cargo of EVs. Proteins

detected in EVs were strongly enriched in the following GO Cellular Components: extracellular space,
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extracellular vesicle, vesicle, and blood microparticle, further corroborating the efficient EV isolation

(Figure 11 B.).
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Figure 10. Cardiac fibroblast activation in response to conditioned media (CM) produced by EVs-
stimulated MVEC. A. Schematic representation of a protocol performed for collection of conditioned media
(CM) from MVECs, after exposure with 1x 108 part/ml EVs from CTRL and HFpEF patients during 48h (MVEC-
CM) and subsequent hCFs activation assay with MVEC-CM for 7 days. B. Gene expression of ACTAIl, COL1A1,
and FAP and gene expression ratio of COL1A1/COL3A1 in hCFs after exposure to MVEC-CM ((n=11 (CTRL);
n=16 (HFpEF)). C. Immunostaining for a-SMA. Representative images (C.1) and respective quantification (C.2)
of a-SMA positive hCFs exposed to MVEC-CM (n=18 (CTRL); n=23 (HFpEF). Markers: a-SMA (red), DAPI (blue),
Phalloidin (green), (scale bar = 40 pm). D. Immunostaining for Collagen type |. Representative images (D.1)
and respective quantification (D.2) of intracellular Collagen | area per cell area in hCFs exposed to MVEC-CM
(n=16 (CTRL); n=24 (HFpEF)). Markers: Collagen | (magenta), DAPI (blue), cell mask green (green), (scale bar
=40 pm). Data are presented as box and whiskers plot.

Considering the comparison between the two experimental groups - CTRL EVs and HFpEF EVs, a scores plot,
obtained by partial least squares - discriminant analysis (PLS-DA), showed a clear clustering of samples from
the two groups (Fig. W A.1). Overall, 34 proteins have been identified as presenting differential abundance
(p<0.05) between CTRL and HFpEF EVs, being 8 more abundant in HFpEF EVs, whereas 26 were enriched in
CTRL EVs (Table 7). Regarding functional annotation, the most significant enriched biological processes in
upregulated proteins in HFpEF EVs, associated with S100A9 and adiponectin (ADIPOQ), were Leukocyte
Aggregation and Brown Fat Cell Differentiation (Figure 11 C.1). Proteins increased in CTRL EVs GO were
Reverse Cholesterol Transport and Regulation of Opsonization (Figure 11 C.2). In order to aid on the
selection of potential protein targets, PLS-DA method also allowed to obtain a VIP (Variable Importance in
Projection) scores plot, which permits to analyze the proteins that are more relevant for the CTRL group and
those with more importance for the HFpEF group (Figure 11 D.). S100A9 was the protein that presented the
highest relevance for the HFpEF group (Figure 11 E.). Considering this association and the fact that S100A9
was functionally associated with the GO Leukocyte Aggregation process, which is particularly relevant in
HFpEF, as well as the higher endothelial activation observed after MVEC exposure to HFpEF EVs (Figure 9

A.), this protein was considered of great interest.

4.6. TLR4 Inhibition Reduces HFpEF EV-Induced MVECs Activation

S100A9 (also known as migration inhibitory factor-related protein 14 (MRP14) or calgranulin B) is an alarmin
that has been reported to promote leukocyte adhesion to ECs and cellular senescence in bone marrow stromal
cells via TLR4 [189, 190], [191]. Using string database [192], it was possible to see a direct relation of S100A9
with the TLR4 (Figure 12 A.). To access whether S1100A9, enriched in HFpEF EVs, may impact on ECs through
TLR4, we first confirmed the expression of this receptor in MVECs (Figure 12 B.). Following that, we
investigated whether TLR4 axis was relevant to MVEC activation. For that a dose-response assay was
performed, by exposing the cells to lipopolysaccharide (LPS, 10 pM), a known inducer of EC activation [193],
in the absence or presence of increasing concentration of the TLR4 inhibitor Cli095 [194]. EGM was used as a
negative control to simulate normal physiological conditions. MVECs upregulated ICAM1*VCAM1* in response
to LPS, which was decreased by Cli095 in a dose-dependent manner (Figure 12 C.). These results indicate
that TLR4 mediated LPS-induced activation of MVECs. To further access whether TLR4 was involved in HFpEF

EV-mediated MVEC activation, MVECs were challenged with these EVs in the presence or absence of Cli095.
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Overall, Cli095 decreased the frequency of ICAM1* and VCAM1* in MVECs previously exposed to HFpEF EVs
(Figure 12 D.). Overall, these findings support that S100A9, enriched in HFpEF EVs, stimulates endothelial
activation by binding to TLR4. However, whether this increased activation reflects in a higher adhesion and
rolling of immune cells remains to be explored.
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Figure 11. Proteomic analysis of CTRL and HFpEF EV. A. Venn diagram showing the overlap of identified
proteins with the Exocarta dataset. B. Cellular component of proteins detected in >90% of samples. C. GO of
Biological Processes associated with proteins upregulated in HFpEF EVs (C.1) and CTRL EV (C.2). D. Score
plot between selected principal components of each group. E. Variable Importance in Projection (VIP) scores
of important components identified by PLS-DA (Partial Least Squares - Discriminant Analysis).
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Table 7- Differentially abundant proteins identified by t-test in HFpEF vs CTRL EVs

Enriched in HFpEF EVs Enriched in CTRL EVs
Gene name p value Gene name p value
S100A9 0,0026 F5 0,0003
HSPA5 0,0076 PRG4 0,0004
CFD 0,0145 MASP2 0,0016
IGHV2-70 0,0189 PODOX8 0,0057
ADIPOQ 0,0240 C4BPA 0,0059
AOC3 0,0257 LBP 0,0073
IGHV3-64 0,0310 FN1 0,0086
CRISP3 0,0411 PROS1 0,0094
CLU 0,0100
C4BPB 0,0113
FCN2 0,0143
ANGPTL6 0,0183
CES1 0,0186
CEP295 0,0196
FCN3 0,0208
ADGRF5 0,0244
CETP 0,0276
TGM1 0,0278
PLTP 0,0301
APOM 0,0377
IGKC 0,0389
PODOX7 0,0403
PON1 0,0423
PCYOX1 0,0469
CD9 0,0474
APOD 0,0496
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(Figure in the previous page)

Figure 12. Evaluation of the role of TLR4 is HFpEF EV-Induced MVECs Activation. A. String network showing
evident association between S100A9 and TLR4 receptor. B. Representative histogram of TLR4 expression in
MVECs (green) against unstained solution (grey). C. Percentage of VCAM1*ICAM1* MVECs exposed to 0 pM, 5
HM and 10 pM CLi095 (TLR4 inhibitor) and LPS 10 pM. D. Percentage of ICAM1* MVECs (left) and VCAM1* MVECs
(right) exposed to EVs from HFpEF patients and 10 pM Cli095. Data are presented as histogram in B.1, as
mean + SEM with bars in B.2, and as box and whiskers plot in B.3.
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5. DISCUSSION

HFpEF is a multifaceted disease in which underlying mechanisms are poorly understood. Although it is
becoming clear that systemic inflammation, endothelial dysfunction and interstitial fibrosis are important
pathophysiological components of HFpEF, the cross-communication between these axis is poorly explored.
Because EVs have been shown to be important in CV pathophysiology [145], [195], we postulated that these
vesicles can be relevant carriers of pathological cargo to the heart in the context of HFpEF. Herein, circulating
EVs from HFpEF patients were shown to be internalized by ECs, triggering changes at the molecular and
phenotypic level, that culminate in increased endothelial activation, senescence and acquisition of a pro-
fibrotic phenotype that stimulates fibroblast-to-myofibroblast transition. Further, proteomic and functional
assays showed that HFpEF EVs-induced effect on endothelial cells was in part mediated by a S100A9-TRL4-

associated mechanism.

EVs from the blood of HFpEF and respectively matched CTRL patients were extracted using SEC and
concentrated by ultrafiltration. In line with previous reports [196], this methodology allows the separation
of EVs from human plasma with acceptable purity as confirmed by detection of tetraspanins (CD81 and CD63),
TEM and NTA (performed by other researchers, as presented in Annex | for contextualization). Proteomic
analysis further confirmed EV presence in the preparation, namely, detected HSP70 (HSPA8), Syntenin-1 and
integrins (ITGB1). The identification of all these EV-associated proteins and performed analysis are aligned
with recent MISEV guidelines [197]. However, to fully comply with these guidelines, one should also quantify
the presence of contaminates, such as lipoproteins abundant in plasma. Of note, Apolipoproteins A and B

(APOA/APOB) were both identified in the proteomic analysis whereas Albumin (ALB) was not detected.

Circulating EVs have been shown to be produced mainly by hematopoietic cells, with a minor (~0.2%)
contribution from other tissues [198]. Further characterization of EV surface and intracellular components
could allow the identification of the cellular source of isolated EVs. This would be an important contribution
for full understanding of the herein identified mechanisms and could inform on which cells constitute relevant

targets for therapy.

Even though endothelial senescence has been previously described in an aging mouse model of HFpEF [98],
upstream mechanisms of cell senescence are yet to be identified. Herein we shown that EVs from HFpEF
patients induce upregulation of one of the most widely used senescence marker - the activity of the lysosomal
enzyme SA-B-Gal [122] in endothelial cells. Another common feature of senescent cells is resistance to
apoptosis [114], that can be accessed by detection of members of the Bcl-2 family, such as Bcl-2, Bcl-xL, Bcl-
W and Mcl-1, or, in the other turn, by confirming the lack of Annexin V, cleaved PARP or cleaved caspase-3
expression [122]. Nevertheless, in this work we observed increased levels of cleaved caspase 3 in MVECs
treated with EVs from HFpEF patients. This is manly because, contrary to other senescent cells, endothelial
cells may acquire a pro-apoptotic phenotype when they become senescent, due to ROS-induced damage
[199]. Indeed, in this work, ROS were upregulated in MVECs exposed to EVs from HFpEF patients. Caspase 3

cleaved can also perform non-apoptotic functions, related to proliferation, angiogenesis, cell survival and

39



cell differentiation [200]. A. Bernard et al. [201] found that cleaved caspase-3 can function as a transcription
factor, taking part in pathways that promote EC activation. In this work, the adhesion molecule ICAM-1 was
upregulated in MVECs exposed to HFpEF EVs. This is in accordance with previous works that showed increased
expression levels of E-selectin and ICAM-1 in MVECs in the myocardium of HFpEF patients and ZSF1-HFpEF
rats [84]. Silva E. and colleagues demonstrated that plasma from HFpEF and ZSF1-HFpEF rats induced
activation of MVECs [73]. Overall, HFpEF EVs were shown to induce a deleterious phenotype in endothelial
cells that encompasses cell senescence, oxidative stress and activation. Interestingly, others have previously
reported an association of endothelial senescence with upregulation of VCAM-1 expression and enhanced
monocyte adhesion [184]. In a broader picture, both works are aligned with the current perspective that the
accumulation of senescent ECs potentiates age-associated inflammation, oxidative stress and vascular
dysfunction [202].

The presence of one marker is not enough to identify cellular senescence. E. Gonzalez-Gualda and colleagues
[122] suggested the assessment of, at least, 3 different traits, relative to i) cell cycle arrest, ii) important
structural changes - e.g. increased lysosomal mass, multinucleation, flattened and enlarged shape, and the
loss of lamin B1, and iii) an additional trait specific for that senescence subtype, for instance, DNA damage-
related markers, increased ROS levels and upregulation of specific SASP factors. Herein, we showed, apart
from SA-B-gal, persistent DNA damage through detection of y-H2AX nuclear foci. Moreover, enlarged
morphology and binucleation in MVECs exposed to EVs were features present in both tested groups (not
shown). We also demonstrated pronounced changes in their secretome, termed senescence-associated
secretory phenotype (SASP), which includes variable components, such as chemokines, ECM remodelers,
proteases, growth factors, and inflammatory cytokines. Finally, molecules related with cell cycle arrest, such
as CDKN1A and CDKN2A, were upregulated in MVECs exposed to HFpEF EVs.

The protein lamin B1 is a major component of the nuclear lamina, being crucial for the maintenance of
nuclear structural integrity [203]. However, this integrity is lost in SCs, being the downregulation of lamin B1
an early senescence-associated biomarker [122], [204]. Nevertheless, LMNB1 (gene that codifies the lamin
B1 protein) levels were increased in MVECs treated with HFpEF EVs, compared to MVECs treated with CTRL
EVs. Curiously, O. Dreesen and colleagues [205] found that, while either LMNB1 depletion or overexpression
inhibited proliferation, only LMNB1 overexpression induced cellular senescence in human fibroblasts.
Important to note that lamin B1 alterations may vary with the cell type, cellular senescence phase (early or
late), state of the chromatin and cell cycle phase [206]. On the other angle, lamin B1 interacts directly with
the 53BP1 protein, that plays a pivotal role in the DSB repair. This interaction is dissociated after DNA
damage, leading to more free form of lamin B1 in the nucleus. Lamin B1 overexpression impedes 53BP1
recruitment to DNA damage sites and leads to the persistence of DNA damage, a feature of cellular
senescence, and to increased sensitivity to DSBs [207], that can lead, for example, to recruitment of H2AX
histone and formation of y-PH2AX foci, a marker of cellular senescence. As such, a similar mechanism may
also be present in endothelial senescent cells, generated in response to HFpEF EVs, which could be further

clarified by lamin B1 localization through immunodetection.
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Recently, it was demonstrated that different SCs share a core of signalling molecules related with
inflammatory and matrix-remodelling/fibrotic SASP factors [208], when compared to non-senescent cells.
This phenotype was independent of age or time after injury. Remarkably, MVECs treated with HFpEF EVs
displayed a notorious upregulation of TGFB1 (master regulator of fibrosis) comparatively to CTRL EVs. This
marked difference suggests that, in HFpEF, circulating EVs trigger changes in MVECs that activate fibrotic
pathways, leading to an increased intracellular production of TGF-81. Importantly, higher levels of TGF-B81
production have been previously associated with SCs [209]. Also, previous data from our laboratory showed
that hCFs exposed to plasma from ZSF1-Obese rats treated with the senolytic drug Navitoclax presented
downregulation of pro-fibrotic genes, comparatively with non-treated ZSF1-Obese animals (not shown). This
demonstrates that pharmacological clearance of senescent cells in ZSF-1 Ob rats reverts the fibrotic

phenotype, further corroborating the herein results.

Previously, it was hypothesized that, inflammatory molecules and upregulation of endothelial activation in
HFpEF may lead to an increased infiltration of leukocytes into the myocardium [210, 211]. These leukocytes
become activated and produce higher amounts of TGF-B8 and IL-10, and, thus, induce interstitial fibrosis,
which in turn increases passive myocardial stiffness [212]. Here we show for the first time a direct relationship
between inflammation, endothelial dysfunction and cardiac fibrosis. Endothelial cells exposed to HFpEF EVs
become senescent and release factors to the extracellular space that activate cardiac fibroblasts, inducing
their differentiation into myofibroblasts. Activated myofibroblasts increase the production of pro-fibrotic
proteins and fibrillar collagens, such as collagen |, whose deposition and accumulation leads to interstitial
fibrosis, and, at the end, to LV stiffening typical of HFpEF [213], [5]. The induction of fibrosis by senescent
endothelial cells was previously shown in an in vitro model [214] where persistent secretion of cytokines and
growth factors including CXCL1, IL-6, IL-8 and PDGF by senescent cholangiocytes triggered stromal fibroblasts
activation, confirmed by increased a-SMA expression. Addition of an anti-PDGF antibody almost completely
abrogated this activation. In our study, this intercellular crosstalk was observed between senescent
endothelial cells and cardiac fibroblasts, even though the specific factors released by senescent MVECs that

trigger fibrosis and activation of hCFs are still to be determined.

Proteomic analysis of HFpEF and CTRL EVs revealed S100A9, also known as MRP-14 (Myeloid-related protein
14), among the most relevant targets for HFpEF. S100A9 is a calcium binding protein that presents both
intracellular and extracellular functions [191], [215] and can associate in a complex with ST00A8 (or MRP-8).
S100 isoforms have been previously shown to play important roles in the immune system as alarmins or
damage associated molecular patterns (DAMPs). S100A9 was found to be upregulated in aged humans [216]
and in old mice and its downregulation alleviated vascular senescence [217]. It has also been reported that
the protein S100A9 is able to modulate endothelial cell activity [215]. Viemann D. and colleagues [218]
detected a 3.3-fold and 2.5-fold increase in IL-8 and ICAM-1 gene expression in human MVECs after stimulation
with S100A8/5100A9 complexes, comparatively with the control MVECs. As shown in string analysis, S100A9
interacts directly with TLR4, which is known to be expressed in endothelial cells. W. Wang and colleagues

[219] found high expression levels of TLR4 in primary HUVECs and in human aortic endothelial cells (HAECs).
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In the present work, MVECs were shown to express TLR4. TLR4 expression levels vary across endothelial cells,
being higher in microvascular ECs than in macrovascular ECs [220]. TLR4 activation, by the use of LPS,
triggered in endothelial cells a potent inflammatory response, with increased secretion of inflammatory
cytokines, namely IL-6, and induced an upregulation of ICAM-1, VCAM-1 and E-selectin activation markers.
TLR4 inhibition significantly reduced expression of MCP-1, ICAM-1 and E-selectin [220] upon stimulation with
LPS. Additionally, R. Menghini et al. [221] showed upregulation of IL-6, IL-8, TNF-a, CCL-2, VCAM and ICAM
in HAECs after stimulation with LPS, that was reduced to control levels after treatment with eritoran, a TLR4
antagonist. Here, we were able to inhibit the activation of MVECs, induced by LPS, by the use of TLR4 inhibitor
Cli095. The activation of endothelial cells exposed to HFpEF EVs showed a 2-fold decrease in the presence of
a TLR4 antagonist (Cli095). Cli095 binds to the intracellular domain of TLR4, both at plasma membrane and
in the endosome. Although, in humans, TLR4 is mainly expressed by cells of myeloid origin, namely monocytes
[222], it was reported TLR4 intracellular expression in human coronary endothelial cells [223]. In these ECs,
TLR4 was fundamental for LPS signaling cascade, but was not necessary for LPS uptake. In our work, we were
able to detect TLR4 at the plasma membrane, as well as intracellularly (data not shown). The specific
localization of S100A9 in EVs (at the surface or as part of the internal cargo) requires further investigation.
For that, EVs should be treated with proteases and then analysed, for example, by bead-based flow-cytometry
with anti-S100A9 staining. Interestingly, S100A8 has already been described to be part of EV protein corona
[140].

In conclusion, herein, a new mechanism has been identified in HFpEF patients, linking alteration at the
systemic level with endothelial dysfunction and fibrosis, both observed in the myocardium of HFpEF patients
[210, 211]. In particular, EVs from HFpEF patients induce senescence of endothelial cells, which become
activated and pro-fibrotic, a mechanism that is at least in part mediated by the S100A9-TLR4 axis. Of note,
upregulation of ICAM-1 and VCAM-1 on these cells, widely recognised molecules of leukocyte adhesion to ECs,
may increase the infiltration of immune cells in the myocardium, further potentiating the vicious cycle of

inflammation in HFpEF.
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6. CONCLUSIONS & FUTURE PERSPECTIVES

These findings shed light on a novel EV-mediated communication mechanism in HFpEF pathophysiology,

elucidating how cargo can reach cardiac cells through circulating EVs, leading to endothelial activation and

senescence and, consequently, to cardiac fibroblast activation, two crucial pathological mechanisms in HFpEF

(Figure 13). To the best of our knowledge, it is the first study that addresses the relevance of circulating

EVs in HFpEF. Our findings highlight the potential of EVs as mediators of long-distance cellular communication

and may serve as a source of new possible targets to treat or diagnose HFpEF.
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Figure 13. Schematic representation of the herein described mechanism in HFpEF pathophysiology.

This study paves the way for future studies continuing the dissection of these intricate mechanisms, namely:

- Validate the role of S100A9 as a possible inducer of MVECs senescence, if not, find a potential

target(s) that induce MVEC senescence and dysfunction, and further validation of the selected

target(s) with a functional assay.

- Analyse the content of conditioned medium from MVECs treated with HFpEF EVs, by subjecting

it to proteomic analysis LC-MS/MS, in order to identify pro-fibrotic factors.
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Identify a cell-specific source of the isolated circulating EVs, by the detection of specific cell
markers on the surface and internal content of EVs, resorting, for example, to flow cytometry.

Evaluate the effect of circulating EVs on other cardiac cell types, namely, on cardiomyocytes.

We foresee that these future studies will elucidate the mechanisms through which these EVs contribute to
the development of cardiac alterations in HFpEF and will unveil new pathophysiological mechanisms of

biomarker/therapeutic relevance.
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Supplementary Figure 1. Characterization of EVs accordingly with MISEV2018 guidelines. A. Particle size
distribution by dynamic light scattering (DLS) alongside with protein quantification of fractions 0 to 11,
collected during EV isolation (n=5/group). B. Representative Western Blot of fractions 3,4, 7 and 9 for
commom proteins found in EVS (CD63 ad CD81). C. Representative image of Transmission electron microscopy
(TEM) of EVs concentrated from CTRL and HFpEF patients. D. Representative histogram of size distribution
of EVs from HFpEF and CTRL groups obtained by nanoparticle tracking analysis (NTA). E. EVs concentration
of particles ranging from 50nm to 150nm by NTA (n>13)
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