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Abstracts

Abstract

Current therapeutic approaches against acute myocardial infarction (AMI) are
focused on myocardial ischemic zone revascularization. The most common strategy
is called primary angioplasty, in which a catheter is introduced to unblock the
affected artery and restore blood flux, in a process called reperfusion. Nevertheless,
an additional injury on cardiac tissue is caused after reperfusion, and the
combination of primary angioplasty with the use of cardioprotective molecules has
emerged as a potential strategy to reduce cardiac tissue injury.

In this context, cell-free therapies by using customized nanoparticles which can
preconditionate heart ischemic area before reperfusion and reduce
cardiomyocyte’s apoptosis and increase its proliferation rate, promote new tubes
formation and/or have an anti-fibrotic effect have gained attention. In this doctoral
thesis, two new cell-free therapeutic strategies with cardioprotective potential
have been proposed to reduce cardiac injury after AMI.

It is known that cardiomyocytes are deprived from nutrients and oxygen during
ischemia, causing massive cell death. Fatty acids are the main source of energy of
adult mammal cardiomyocytes in healthy conditions. Based on that, the first
therapeutic strategy proposed consisted on the input of a free fatty acid (di-
docosahexaenoic acid, diDHA) covalently bound to a polymeric backbone (poly-L-
glutamic acid, PGA) in order to increase diDHA solubility and stability and modulate
its effect on target cells. Results showed that PGA-diDHAs. conjugate
administration during ischemia protected cardiomyocytes from reperfusion-
induced injury, as apoptotic number of cells and oxidative stress was reduced, and
mitochondrial function was less affected when compared to untreated cells. In
addition to this, PGA-diDHAs4 also showed therapeutic effects when locally
administered in an ischemia-reperfusion in vivo model in rats and pigs, where a
modest reduction of area at risk was observed compared to control groups.

The second cell-free strategy proposed in this work was focused on enhancing the
therapeutic potential of small extracellular vesicles (SEV or exosomes) isolated form
mesenchymal stromal cells (MSC) conditioned media. Previous studies have
described the therapeutic potential of paracrine factors released by MSC, where
both soluble factors and vesicular components are included. In particular, SEV have
gained special attention. One study published by our laboratory showed that
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hypoxia inducible factor-1a (HIF1-a) overexpression in MSC (HIF-MSC) augmented
native cells therapeutic potential in an AMI in vivo model in rats by promoting
angiogenesis in cardiac tissue. Moreover, it was described that this effect was
partially mediated by notch ligand jagged-1 loading on SEV secreted by HIF-MSC).
In this context, it was proposed MSC genetic modification in order to load proteins
of interest on SEV and potentiate its native therapeutic potential. Based on
previous findings, where it has been described a potential anti-fibrotic role of
oncostatin-M (OSM) in AMI context, we decided to incorporate OSM on SEV surface
by its fusion to CD81 tetraspanin, a protein naturally loaded on SEV surface, in order
to trigger functional effects on target cells. OSM sequence modification was
necessary in order to load the protein on SEV surface efficiently, and preliminary
data showed that modified OSM-CD81 loaded on SEV had a functional effect on
human ventricular cardiac fibroblasts. Concretely, decrease of proliferation rate
after starvation and telo-Collagenlal location pattern modification was observed
after stimulation with a pro-fibrotic cocktail (containing TGFB-1, a-dextran and
ascorbic-L-acid sulphate) in vitro when cells were treated with modified OSM-CD81-
SEV compared to ctrl and CD81-loaded SEV treatments.

Overall, two new advanced cell-free therapies with preliminary promising results
have been proposed in order to reduce myocardial injury after AMI in terms of
cardiomyocytes apoptosis reduction and fibrosis mitigation.

Resumen

Las intervenciones actuales utilizadas en el ambito clinico durante el infarto agudo
de miocardio (IAM) se centran en la revascularizacion de la zona isquémica. Entre
dichas estrategias, la angioplastia coronaria, procedimiento por el cual se utiliza un
catéter para desobstruir la arteria ocluida, es el proceso mas utilizado. Sin embargo,
se ha descrito este proceso (conocido como reperfusion) desencadena un dafio
adicional en el miocardio, por lo que la combinacidn de dicha intervencion con
moléculas cardioprotectoras resulta de gran interés para tratar de reducir el
tamano del infarto.

En este contexto, el uso de terapias libres de células mediante la sintesis
personalizada de nanoparticulas capaces de precondicionar el drea isquémica antes
de la reperfusién mediante la reduccidn de la tasa de apoptosis de cardiomiocitos,
la induccidn de nueva formacién de tubos o que consigan un efecto anti-fibrético
ha ganado especial interés en los ultimos afios. El presente trabajo propone dos
nuevas moléculas con potencial cardioprotector en el contexto del IAM.
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Estudios previos han descrito que durante la isquemia los cardiomiocitos no
disponen de oxigeno ni nutrientes necesarios para obtener la energia necesaria vy,
en consecuencia, se produce una muerte masiva de los mismos. En base al
metabolismo de los cardiomiocitos adultos, cuya fuente principal de energia son
los acidos grasos, la primera estrategia propuesta se ha basado en el aporte de un
acido graso (diDHA) en la zona isquémica antes de la reperfusidon para tratar de
reducir el estrés de los cardiomiocitos y el nimero de células muertas antes de la
reperfusion. Ademads, se han sintetizado nanoconjugados basados en la unién
covalente de diDHA a un unido covalentemente a un esqueleto polimérico (acido
poli-L-glutamico, PGA) con el fin de incrementar la estabilidad del diDHA vy
conseguir una liberacién controlada de la molécula, modulando su efecto en los
cardiomiocitos. Los resultados obtenidos mostraron que la formulacion PGA-
diDHAs4 fue la mas optimizada, mostrando un mejor efecto en el
precondicionamiento de los cardiomiocitos antes de la reperfusion en términos de
reduccion de apoptosis, generacion de especies reactivas de oxigeno y
mantenimiento de la funcion mitocondrial in vitro. Ademas, el nanoconjugado PGA-
diDHA6 4, también mostré un modesto efecto terapéutico cuando se administrd en
modelos in vivo de isquemia-reperfusion en ratas y cerdos, reduciendo el tamafo
final de infarto respecto a los grupos control.

La segunda estrategia terapéutica propuesta se ha centrado en aumentar el
potencial terapéutico de las vesiculas celulares de pequefio tamafio (SEV o
exosomas) procedentes de medio condicionado de células madre estromales
(MSC). Numerosos estudios han descrito el papel terapéutico de factores
paracrinos secretados por las MSC, donde se incluyen tanto factores solubles como
vesiculas extracelulares (EV) y, en especial, SEV. En este contexto, estudios previos
en nuestro laboratorio demostraron que la sobrexpresion del factor inducible por
hipoxia-1a (HIF1-a) en MSC aumentaba el efecto terapéutico de las células nativas
en un modelo de IAM en ratas, aumentando la angiogénesis en el corazén. Ademas,
se describid que este efecto venia parcialmente mediado por la incorporacién del
ligando de la via de notch, jagged-1, a las EV secretadas por dichas células. Asi, se
pensd en la modificacién genética de las MSC con el objetivo de enriquecer las SEV
en proteinas de interés que pudiesen potenciar el efecto terapéutico de las SEV
nativas. En base a estudios previos, donde se ha visto que la oncostatina-M (OSM)
podria jugar un papel anti-fibrético en el contexto del IAM, se decidié incorporar
dicha proteina en la superficie de las SEV derivadas de MSC mediante su fusion con
proteinas presentes de forma natural en la superficie de las SEV, con el objetivo de
desencadenar una respuesta en las células diana. La modificacidon de la secuencia
de la OSM vy su fusién con la tetraspanina CD81 permitieron cargar de manera
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efectiva la OSM en la superficie de las SEV, y los resultados preliminares en
fibroblastos ventriculares cardiacos mostraron un efecto funcional beneficioso con
respecto a los SEV control y los enriquecidos en CD81, reduciendo la tasa de
proliferacidén de las células en condiciones de ayuno, y modificando la expresién y
la liberacién de la proteina telo-Collal en las células después de ser estimuladas
con TGFB-1, a-dextrano y &cido ascérbico-L-sulfato, simulando una activacién de
los fibroblastos in vitro.

En resumen, dos nuevas estrategias terapéuticas avanzadas libres de células han
sido propuestas en el presente trabajo, donde se han mostrado resultados
preliminares prometedores para reducir el dafio en el miocardio tras el IAM en
términos de reduccién de apoptosis de cardiomiocitos y de activacion de
fibroblastos cardiacos.

Resum

Les intervencions actuals utilitzades en I'ambit clinic durant I'infart agut de miocardi
(IAM) se centren en la revascularitzacié de la zona isquémica. Entre aquestes
estrategies, I'angioplastia coronaria, procediment pel qual s'utilitza un catéter per
a desobstruir I'artéria oclosa, és el procés més utilitzat. No obstant aixo, s'ha descrit
que aquest procés (conegut com a reperfusid) desencadena un mal addicional en
el miocardi. En conseqiiencia, la combinacié d'aquesta intervencié amb molécules
cardioprotectores resulta de gran interés per a tractar de reduir la grandaria de
I'infart.

En aquest context, I'Us de terapies lliures de cel-lules mitjancant la sintesi
personalitzada de nanoparticules capaces de precondicionar I'area isquémica
abans de la reperfusid6 mitjancant la reducci6 de la taxa d'apoptosi de
cardiomiocitos, la inducci6 de nova formacié de vasos sanguinis o que
aconseguisquen un efecte anti-fibrotic ha guanyat especial interés en els ultims
anys. El present treball proposa dues noves molecules amb potencial
cardioprotector en el context del IAM.

Estudis previs han descrit que durant la isquemia els cardiomiocitos no disposen
d'oxigen ni nutrients necessaris per a obtindre I'energia necessaria i, en
conseqiiéncia, es produeix una mort massiva d'aquests. Sobre la base del
metabolisme dels cardiomiocitos adults, que tenen com a principal font d'energia
els acids grassos lliures, s'ha proposat I'aportacié d'un acid gras (diDHA) a la zona
isquémica del miocardio abans de la reperfusio per a tractar de reduir I'estrés dels
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cardiomiocitos i el nombre de cél-lules mortes abans de la reperfusid. A més, s'han
sintetitzat nanoconjugats basats en la unid covalent de diDHA a un esquelet
polimeric (acid poli-L-glutamic, PGA) amb la finalitat d'incrementar I'estabilitat del
diDHA i aconseguir un alliberament controlat de la molécula, modulant el seu
efecte en els cardiomiocitos. Els resultats obtinguts van mostrar que la formulacié
PGA-diDHAs4 va ser la més efectiva, mostrant un millor efecte en el
precondicionament dels cardiomiocitos abans de la reperfusi6 en termes de
reduccio d'apoptosi, generacié d'espeécies reactives d'oxigen i manteniment de la
funcié mitocondrial in vitro. A més, el nanoconjugat PGA-diDHAs 4 també va mostrar
un modest efecte terapéutic quan es va administrar en models in vivo d'isquemia-
reperfusid en rates i porcs, reduint la grandaria final d'infart respecte als grups
control.

La segona estratégia proposada s’ha centrat en potenciar I'efect terapéutic de
vesicules extracelul-lars de xicoteta grandaria (SEV o exosomes) que son secretades
per cel-lules mare estromales. Nombrosos estudis han descrit el paper terapéutic
de factors paracrinos secretats per les MSC, on s'inclouen tant factors solubles com
vesicules extracelul-lars (EV) i, especialment, les SEV. En aquest context, estudis
previs en el nostre laboratori van demostrar que la sobrexpressié del factor
inducible per hipoxia-1a (HIF1-a) en MSC augmentava l'efecte terapeutic de les
cél-lules natives en un model de IAM en rates, augmentant la angiogénesis en el
cor. A més, es va descriure que aquest efecte venia parcialment mediat per la
incorporacié del lligant de la via de notch, jagged-1, a les SEV secretades per
aquestes cél-lules. Aixi, es va pensar en la modificacié genética de les MSC amb
I'objectiu d'enriquir les SEV en proteines d'interés que pogueren potenciar |'efecte
terapeutic de les SEV natives. Sobre la base d'estudis previs, on s'ha vist que la
oncostatina-M (OSM) podria jugar un paper anti-fibrotic en el context del IAM, es
va decidir incorporar aquesta proteina en la superficie de les SEV derivades de MSC
mitjancant la seua fusid amb proteines presents de manera natural en la superficie
de les SEV, amb |'objectiu de desencadenar una resposta en les cel-lules diana. La
modificacio de la seqiiencia de la OSM i la seua fusié amb la tetraspanina CD81 van
permetre carregar de manera efectiva la OSM en la superficie de les SEV, i els
resultats preliminars en fibroblastos ventriculars cardiacs van mostrar un efecte
funcional respecte als SEV control i els enriquits en CD81, reduint la taxa de
proliferacié de les cel-lules en condicions de dejuni, i modificant I'expressio i la
secreci6 de la proteina telo-Collal en les cél-lules després de ser estimulades amb
TGFB-1, a-dextran i acid ascorbic-L-sulfat, simulant una activacié dels fibroblastos
in vitro.
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En resum, dues noves estrategies terapeutiques avancades lliures de cel-lules han
sigut proposades en el present treball, on s'han mostrat resultats preliminars
prometedors per a reduir el mal en el miocardi després del IAM en termes de
reduccio d'apoptosi de cardiomiocitos i d'activacié de fibroblastos cardiacs.
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1. Introduction

1.1.The heart

1.1.1. Cardiac tissue: structure and function

The cardiovascular system comprises both heart and the entire circulatory network.
Particularly, the heart acts as a blood pump distributing oxygen and nutrients
throughout organs, tissues and cells. At the anatomical level, it is composed of four
cavities: two atria in the upper position and two ventricles in the bottom. Right and
left parts of the heart are separated by a muscular wall; while atria and ventricles
are communicated by cardiac valves. The right half receives oxygen-depleted blood
from the entire body and sends it to the pulmonary circulation, where it is charged
with oxygen. The oxygenated blood is returned to the left half of the heart and it is
distributed to the systemic circulation®. At the histological level, heart is composed
by three layers: endocardium, myocardium and epicardium (Figure 1.1).
Endocardium is the inner part and consequently is in contact with cardiac cavities.
It is composed by endothelium and connective tissue. The intermediate and thicker
layer is the myocardium, which is composed by striated cardiac muscle (mainly
contractile cells called cardiomyocytes [CM]), extracellular matrix (ECM, which is a
complex architectural network consisting of structural and nonstructural proteins,
creating strength and plasticity) and blood capillaries. The outer layer is the
pericardium, which is divided in epicardium, pericardial space, parietal pericardium
and fibrous pericardium, and it is primarily composed by connective tissue,
including elastic fibers and adipose tissue. Pericardium forms a membrane that
covers and holds the heart. Additionally, it avoids friction with other structures and
ventricular distension during cardiac beating?.
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Figure 1.1. Structure of the heart wall. Cardiac tissue is formed by three main layers:
endocardium, myocardium and epicardium. Adapted from www.guwsmedical.info.

The pumping action of the heart is based on a rhythmic sequence of ventricles
systole (contraction) and diastole (relaxation) which is driven by electrical signals
and mechanical actions intimately intertwined. Cardiac cycle is normally
represented by electrocardiogram (ECG) and includes six phases: atrial systole (P
wave), isovolumetric ventricular systole (QRS wave), ventricular ejection (S-T
segment), ventricular relaxation (T wave), isovolumetric relaxation (end of T wave)
and diastole (period between the end of T wave and the beginning of P wave),
represented in Figure 1.2.
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Figure 1.2. Cardiac cycle Electrical activity of the heart showed by ECG. The different segments of
an ECG trace indicate electrical events during cardiac cycle: atrial depolarization (PR interval, P
wave), QT interval, divided in ventricular depolarization or contraction (QRS complex) and ventricular
repolarization (ST segment, T wave). Adapted from Vogel B. et al., 20193.

1.1.2. Resident cells in the myocardium

The heart is composed of several cell populations, and each of them has specific
functions and regulatory roles. Given the importance of the heart as a muscular
pump, cardiac striated muscle cells (CM) account for ~25-35% of the total number
of cells in the myocardium* and occupy ~70-85% of the volume of the mammalian
heart>®. The use of genetic tools and cellular markers has allowed the identification
of non-myocytic populations, which include endothelial cells (EC), vascular smooth
muscle cells (VSMC), pericytes, cardiac fibroblasts (cFib), neurons, immune cells
and cardiac stem or progenitor cells (CSC or CPC)* 7. However, their proportion
with respect to number and volume in the heart remains controversial due to the
lack of feasible markers to differentiate each individual identity™°.

The most relevant cardiac resident cells for the present project will be explained
below.
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1.1.2.1. Cardiomyocytes

CM are the muscle cells of cardiac tissue and they are responsible for maintaining
3D structural integrity of the heart and generating synchronous contraction force
in the intact heart in order to pump blood throughout the body?!!. Striated muscle
cells have a unigue membrane system (sarcolemma) with transverse-axial-tubular
(t-tubules) invaginations, where most Ca%*-handling proteins are located*2.They are
large (100-150 pm in length and 10-35 um in width) cylindrical cells with end-to-
end intercellular connections, called intercalated disks, which ensure mechanical
and electromechanical coupling'®. Additionally, CM are communicated by
intercellular channels, named gap junctions and composed by connexins®*. lons,
small molecules and small peptides can cross these junctions.

CM cytoplasm (also called sarcoplasm) is primarily composed by sarcomeres, which
are the contractile units of muscle cells, and mitochondria. In deep, mitochondria
correspond to approximately one third of the volume of each CM and are needed
to cover energy requirements®®. Individual sarcomeres are composed of long,
fibrous proteins that slide past each other during contraction and relaxation. The
most important proteins contained in sarcomeres are actin, which form thick
filaments and is bound to Z-discs, tropomyosin (forming thin filaments) and
troponin®®. Together, they form myofibrils. CM function is principally regulated by
local ion concentrations that establish membrane potential and stimulate
myofibrils contraction, and their electrophysiological properties are highly
regulated by a number of ion channels, pumps and auxiliary proteins to control
intracellular Na*, Ca?* and K* ion concentrations'®.

1.1.2.2. Endothelial cells

EC form the inner layer of blood and lymphatic vessels. They have an essential role
in heart development, vascular homeostasis and promoting CM survival and
organization?. Previous scientific research has demonstrated a strong interaction
between EC and CM, both by physical interaction and/or paracrine sighaling®® 22,
Coronary vasculature is highly organized in a network which maintains cardiac
irrigation and ensures cardiac muscle is fed. In fact, each CM is in contact with at
least one capillary, and it has been estimated that endothelial cells outnumber
cardiomyocytes by ~3:1% 2?2, representing up to 60% of non-CM population in the
heart®.

1.1.2.3. Vascular smooth muscle cells and pericytes
VSMC and pericytes are mural cells with multipotent progenitor potential
surrounding blood vessels, adjacent to EC?3. VSMC cover large-diameter vessels like
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arteries and veins, while pericytes cover micro-vessels such as arterioles, venules
and capillaries®® 5. However, the distinction between VSMC and pericytes
morphologies and location is not absolute, and they seem to exist in a continuum
of phenotypes distributed among intermediate and small vessels?®. They are critical
for vascular stability and structure and cell-cell contact with EC maintain capillaries
in a quiescent state. Angiogenesis requires the detachment of pericytes to enable
EC migration, but they also stabilize and mature nascent vessels®®.

1.1.2.4. Cardiac fibroblasts
It has been estimated that resident cFib represent the 20% of the non-CM cells®.
They are a dynamic and versatile population of cells of mesenchymal origin that
present a regulatory phenotype in healthy conditions. cFib are continually assessing
homeostasis in the environment and have a pivotal role in cardiac tissue support
by the synthesis of the cardiac ECM components, which provides a scaffold to cells
to migrate, proliferate, differentiate and preserve their normal function?” %, In
addition to this, they interact with CM through functional gap junctional channels,
facilitating electro-mechanical transduction and, consequently, the proper
maintenance of the conduction system? 30,

1.2. Cardiac metabolism: Role of fatty acids in the heart
Heart proper function depends on the availability of high adenosine triphosphate
(ATP) molecules, and this is supported by the energy obtained in the mitochondria
from fatty acids and carbohydrates3!.

Fatty acids (FA) are the main source of energy in mammal adult heart. FA are
carboxylic acids structures as a long hydrocarbon chain, with a methyl terminus
end, and a carboxylic acid group (-COOH)*. They are organized into three broad
categories according to their unsaturation degree (carbon-carbon double bounds):
(1) saturated, (2) monounsaturated and (3) polyunsaturated; and can be further
subdivided depending the location of the first double bond relative to the methyl
terminus chain. FA nomenclature is usually presented according to the position of
the first unsaturation, where the final carbon in the FA chain is called omega (w)*:.

Saturated FA (SAF), such as lauric, myristic, palmitic and stearic acid, do not present
any carbon-carbon double bond. They are easily synthesized by the body and their
intake is associated with an increase in the amount of low-density protein
cholesterol in the bloodstreams and inflammatory processes, which is linked to
cardiovascular diseases (CVD) or diabetes development, among other chronic
conditions®** %, Monounsaturated fatty acids (MUFA) are molecules with one
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unsaturated carbon bond, such as oleic acid (w-9) and palmitoleic acid (w-7), and
are mainly obtained from diet, although they are synthesized endogenously in
minor concentrations®®. Polyunsaturated fatty acids (PUFA) are molecules with
more than one unsaturated carbon bond synthesized from linoleic acid (LA) and a-
linoleic acids (a-LA) and can be subdivided in w-6 and w-3 PUFA, respectively. LA
downstream products include arachidonic acid (AA) and docosapentaenoic acid;
while a-LA derived PUFA include eicosapeontaenoic acid (EPA) and
docosahexaenoic acid (DHA). LA and a-LA, together with their derivates, are
classified as essential FA (EFA) because they are not synthesized by the body, but
rather must be obtained from dietary intake®. It has been described that ratio
between w-6 and w-3 PUFA intake determines the composition of cellular
membranes and triggers tissue functional changes. In fact, w-3 PUFAs are
considered as a beneficial dietary intervention for the prevention and treatment of
CVD. Their beneficial effects have been described through several mechanisms,
including antiatherogenic properties®* %, lowering serum triglycerides®,
decreasing blood pressure®” 38, improving endothelial function®’, reducing
inflammatory responses®’, inhibiting platelet aggregation and thrombosis®** 3’ and
decreasing the incidence of arrhythmias3*%’.

EFA are usually present in dietary intake as triacylglycerol (TAG) and
phosphatidylcholine, and must be processed before they can be released into blood
and, eventually, cardiac muscle. Firstly, gastric lipase is responsible for 10 to 30% of
FA lipolysis by mechanical emulsification and partial TAG hydrolysis, resulting in two
products: diacylglycerol and free FA (FFA); while the remaining percentage of TAG
digestion is performed by pancreatic lipase in duodenal lumen, releasing 2-
monoacylglycerol and FFA3 %°, Secondly, solubilization of these products is
achieved by formation of disc-shaped micelles and liquid crystalline vesicles*. Next,
lipolytic products are translocated to enterocytes, where they are re-esterified and
packaged in chylomicrons or very-low-density lipoproteins (VLDL). Finally, they are
exocytosed into systemic circulation and adipose tissue* 3,

FA used by the heart originate mainly from adipose tissue triglycerides (TG) and
circulation, both as FFA bound to albumin or released from TAG contained in
chylomicrons or VLDL***. FA translocation across sarcolemma membrane of CM
occurs both by passive diffusion and via a protein carrier-mediated pathway, which
includes FA translocase (FAT)/CD36, the plasma membrane isoform of fatty acid
binding protein (FABPpm) and fatty acid transport protein (FATP) 1/6%*° (Figure
1.3). Of important note, lipoprotein lipase (LpL) presence on the capillary
endothelial cell surface is necessary for TG hydrolysis and subsequent B-oxidation
by the heart>® 1,
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Figure 1.3. FFA uptake mechanisms by CM. FA are transported in VLDL, chylomicrons or bound to
albumin in the blood stream. Alternatively, adipose tissue can release TG as an additional source of
energy. FFA released from VLDL, chylomicrons, albumin and TG are necessary for their transport
across sarcolemma. Proteoglycans, GPIHBP1 and LpL are essential for this step. Next, FFAs are
transported into sarcoplasm by passive diffusion across the phospholipidic membrane or by active
transport, which involves FABPpm and FAT/CD36 proteins or FATP1/P transporter. VLDL: very low-
density proteins; FABPpm: plasma membrane isoform of fatty acid binding protein; GPIHBP1:
Glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1; TG: Triglyceride;
LpL: lipoprotein lipase; FFA: Free fatty acid; FAT: Fatty acid translocase; FATP1/6 Fatty acid transport
protein. lllustration created in BioRender.

FA are commonly known because of their essential participation in cardiac
metabolism, being the main source of energy in adult hearts, and their prominent
presence in cell phospholipidic membrane. Nevertheless, additional works have
shown that FA also participate in intracellular signal transduction and post-
translational modifications®

1.2.1. Cardiac mitochondrial metabolism
Every event in every cell requires ATP to get energy and maintain their normal
function. Mammalian heart is constantly contracting, and energy requirement to
fuel its continuous mechanical work isimmense. Consequently, myocytes need ATP
to maintain normal heart, rates, pump blood and support increased work, as well
as for grow, repair itself and survive. Under normoxic conditions, >95% of ATP
produced in the heart is derived from oxidative phosphorylation in the
mitochondria, and around 5% of ATP is generated from glycolysis and citric acid
cycle >¥54, Attending to the substrate origin, FA oxidation accounts for 70 to 90% of
cardiac ATP production; while the remaining 10 to 30% comes from the oxidation
of glucose and lactate, small amounts of ketone bodies and certain amino acids>*
%6 These percentage ranges are due to results of studies which support that cardiac
metabolism is flexible depending on substrate availability to confer the advantage
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of adequate ATP supply for continual cardiac function under several physiological
conditions®”®, In fact, it has been described a metabolic shift from glucose and
lactate to FA in the transition of fetal to newborn hearts, when there is an increase
in oxygen availability and FA dietary intake®" 2. Interestingly, there are evidences
pointing that hypertrophic and dysfunctional hearts present the same preference
for glucose as a substrate as observed in fetal hearts® %4, Studies in animal models
of left ventricle (LV) hypertrophy progressing to LV systolic dysfunction have shown
a downregulation of FA oxidation enzymes related to downregulation of
peroxisome proliferator-activated receptor (PPAR)-a pathway, which indeed
regulates the expression of genes involved in FA B-oxidation and is a major
regulator of energy homeostasis and responsible for glycolytic enzymes
upregulation %7,

A schematic representation of the main cardiac metabolic processes is showed in
Figure 1.4.
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Figure 1.4. Cardiac metabolism classic pathways outline. Substrates are transported across the
extracellular membrane into the cytosol and are metabolized via specific catabolic pathways. For
oxidation, the respective metabolic intermediates (pyruvate or acyl-coenzyme A [CoA]) are
transported across the inner mitochondria membrane by specific transport systems. These metabolic
intermediates are then B-oxidized or carboxylated (anaplerosis) and give place to reducing
equivalents (reduced nicotinamide adenine dinucleotide [NADH] and reduced flavin adenine
dinucleotide [FADH,]) and guanosine triphosphate (GTP) through Krebs cycle. The reducing
equivalents are used by the electron transport chain to generate a proton gradient, which in turn is
used for ATP production. ACC: acetyl-CoA carboxylase; CPT: carnitine palmitoyl transferase; FAT:
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fatty acid translocase; G6P: glucose 6-phosphate; GLUT: glucose transporter; IMS: mitochondrial
intermembrane space; MCD: malonyl-CoA decarboxylase; MPC: mitochondrial pyruvate carrier; PDH:
pyruvate dehydrogenase; and PDK: pyruvate dehydrogenase kinase. lllustration from Doenst T. et al.,
2015%8,

1.2.2. Signal transduction in cardiomyocytes

Previous studies have demonstrated an important role of FA, and specifically of w-
3 PUFA, as transcription regulators. FA can modulate the activity of various
transcription factors in CM, such as nuclear factor kappa-light-chain enhancer of
activated B cells (NF-kB), PPAR-a/B/&/y, retinoid X receptors and hypoxia inducible
factor 1-alpha (HIF1a)® 7. These transcription factors are translocated to the
nucleus and bind the appropriate response elements, modulating the expression of
genes involved in the regulation of cell proliferation, survival, neo-angiogenesis and
inflammatory processes. Some examples are proteins of B-Cell lymphoma 2 (Bcl-2)
family, DNA topoisomerases and polymerases, cyclins, cyclin dependent kinase
inhibitors, protein-phosphatases and kinases, cyclooxygenase-2, lipoxygenase-5,
VEGF and matrix metalloproteinases. Additionally, lipid metabolism enzymes, such
as FA synthase and 3-hydroxy-3-methyl-glutaryl-CoA reductase expression, are
dependent on FA7>73,

1.2.3. Post-translational modifications

FA are involved in protein post-translational modifications in CM, such as acylation.
It is widely known that the attachment of a FA to a protein increases its overall
hydrophobicity, modulating the biological activity, stability, function and
intracellular location. Consequently, ion channels and cellular receptors function
are also sensitive to the lipid composition of cell membrane and plasma and the
ratio of saturated, monounsaturated and polyunsaturated FA also has an impactin
the normal functioning of CM in terms of ion channels functionality and myocytes
contractility’®. Despite a study made by Van der Vusse G.J. and Roemenhowed
T.H.M. showed that only 0.3% of the total cardiac FA pool resulted to be bound to
proteins’, additional studies have shown that proteins which are crucial for normal
cellular functioning, such as many ion channels’®”°, receptors® and kinases®"# are
present in the acylated form. As an example, one study published in 2007 showed
that w-3 PUFA supplementation prevented calcium overload and reduced the
incidence of triggered arrhythmogenic activity in response to norepinephrine in
porcine ventricular myocytes®®. This finding would explain, at least in part, the
mechanism underlying antiarrhythmic effects attributed to w-3 PUFA, although it is
still under debate if it is by acting at some lipid-anchoring sites near the channels
or directly on the channel protein itself3% 8>,
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1.3. Acute myocardial infarction

1.3.1. Epidemiology

CVD are the first cause of death globally. It has been estimated that 17.9 million
people die each year from this group of diseases, representing 31% of deaths
worldwide®®. CVD are a group of disorders of the blood vessels and heart which
includes coronary artery diseases, cerebrovascular disease, peripheral arterial
disease, rheumatic heart disease, congenital heart disease and deep vein
thrombosis and pulmonary embolism®. Up to 85% of all CVD deaths are due to
heart attacks and strokes, and survival at 5 years after a heart failure (HF) event is
only around 50% despite the great advances already done in the cardiovascular
research field®”. Risk factors for CVD comprise behavioral factors, including tobacco
use, unhealthy diet, excessive alcohol intake and non-physical activity; and
physiological factors, such as hypertension, raised blood glucose or lipids,
overweight and obesity. The later factors are also related to underlying
determinants as social, economic and cultural elements, such as ageing, economic
income, urbanization, stress and hereditary factors®® 2°. In consequence, a
percentage of heart attacks and strokes could be prevented by controlling major
risk factors through lifestyle changes and drug treatment when necessary.

Understanding heart functioning at the metabolic and anatomical level before,
during and after an acute myocardial infarction (AMI) and the changes triggered
throughout the process is of vital importance to hypothesize about new therapies
to address this disease and improve life quality of patients after HF.

1.3.2. Pathophysiology

The orchestrated function of different cell populations in the heart, in combination
with a complex network of intercellular communication systems, is vital to maintain
a healthy heart, and its disruption provokes pathological conditions®. AMI is caused
by the occlusion of a coronary vessel, which dramatically reduces blood flow and,
consequently, oxygen and nutrients supply to cardiac tissue®’. Under these
circumstances, all the cells depending on the irrigation of the occluded vessel
become ischemic, causing a quick cell death. CM from higher adult vertebrates have
very limited potential for proliferation, and while it can be barely increased after
injury, the rate is too slow (~0.5-2% per year) to replace the large number of cells
lost after AMI and recover cardiac function® %, leading to decreased contractibility
capacity.
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The main causes of vessel occlusion are atherosclerosis, which refers to the
development of atheromatous plaques in the inner arterial surface, and acute
coronary obstruction, which is common in patients with a previous severe
atherosclerotic coronary cardiopathy %. Acute coronary obstruction involves the
rupture of an atheroma fibrous cap, initiating thrombus formation by exposing
blood components to tissue factor, triggering coagulation and platelets
recruitment, and leading to plate growth until blood vessel lumen is obstructed. In
some cases, thrombus can be detached and provoke the obstruction of a blood
vessel with a smaller diameter®> °°,

Prolonged ischemia induces AMI, which can be detected by ST-segment elevation
(ST elevation myocardial infarction, STEMI) observing the ECG parameters and
leads to necrosis of a vast number of cardiac cells, causing irreversible myocardial
injury. This damage is extended in a wavefront manner, starting in the
subendocardial layers in the center of the hypoperfused myocardial zone (area at
risk, AAR) and progressing into subepicardial layers to the infarct border zones®” %,
Early reperfusion, which consists on the reopening of the occluded coronary arteria,
is the main clinical objective in patients with STEMI. However, myocardial
reperfusion causes additional damage in the infarcted region (process called
ischemia-reperfusion[l/R]-induced injury) and it is associated with larger infarct
size, transient contractile dysfunction, arrhythmias and metabolic acidosis,
between others®,

As described before, cardiac energetic requirements are highly demanding, and
proliferative rate of cardiomyocytes is extremely low. Consequently, affected
cardiomyocytes cannot generate enough energy to maintain their normal function
during an ischemic event, and pathologic cardiac remodeling is triggered. In this
process, molecular, cellular, histological, structural and functional changes occur in
the heart. Three overlapping phases can be distinguished after AMI: inflammatory,
proliferative and healing!®, which will be explained in more detail below and are
summarized in Figure 1.5.

Importantly, irreversible damage in the myocardium can be produced after 20
minutes of ischemia if occlusion is not reverted. Despite the cardioprotective
effects of some secreted cytokines and chemokines both in infarcted tissue and
surrounding unaffected regions, local heart repair capacity is limited, and
cardiomyocytes death triggers acute inflammatory response modulated through
selectins, integrins, cell adhesion molecules and endogenous ligands (danger-
associated molecular patterns, DAMP), attracting circulating immune cells via
binding to pattern recognition receptors (PRR)%% 12, The first infiltrated cells into
the damage area are neutrophils, which peaks ~24 h post-AMI. At this stage,
neutrophils release proteolytic enzymes and reactive oxygen species (ROS), leading
to further injury in surrounding cells'®" 13, Additionally, they release chemotactic
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factors'® and induce accumulation of monocytes, which reaches a peak ~3 days

after reperfusion'®. These monocytes differentiate into macrophages and have
phagocytic, proteolytic and pro-inflammatory functions, promoting removal of
necrotic debris and tissue digestion%. Although it has been demonstrated that an
appropriate tempered inflammatory response is necessary after AMI, the adverse
effects of neutrophil infiltration can be extended after the early post-reperfusion
period, as excess of neutrophil accumulation could interfere with the recruitment
of additional leukocyte populations and the transition from inflammatory to

proliferative phase of cardiac repair, which begins~4-7 days after reperfusion’.

Proliferative phase is defined by resolution of inflammation and proliferation of
fibroblasts to initiate the formation of collagen-rich scar. Neutrophils that had
infiltrated the damaged zone early after reperfusion undergo apoptosis in this stage
are phagocyted by macrophages, inducing a switch toward a pro-resolving
phenotype. These macrophages exhibit attenuated inflammatory characteristics
and promote tissue repair through increased expression of anti-inflammatory, pro-
fibrotic and angiogenic factors, such as IL-10, transforming growth factor (TGF)-p
and VEGF!%, Anti-inflammatory T-lymphocyte populations also infiltrate the
infarcted area and limit adverse ventricular remodeling by promoting wound
healing, inflammation resolution and scar development via collagen matrix
formation'®.

During this phase, fibroblasts try to compensate loss of CM and provide mechanical
support for the newly formed structures. Inactive fibroblasts start to express
contractile proteins, such as a-smooth muscle actin (a-SMA)'°, and become
activated (myofibroblasts) leading to proliferative activity and synthesis of ECM
proteins, including collagen, fibrin and fibronectin, all of which contribute to the
early phases of scar formation®’.

In the healing phase, which starts around two or three weeks after AMI, the
emerging scar undergoes a maturation process in which ECM becomes cross-linked
and reparative cells, including myofibroblasts, come into a quiescent state, and may
enter in apoptosis!!!. Significant loss of contractile function and electrical
uncoupling occurs, which leads to LV geometric and functional changes, provoking
left ventricle ejection fraction (LVEF) reduction due to chamber dilatation, global
systolic dysfunction, and the onset of HF. At this point, volume of blood pumped by
the heart is not enough to supply oxygen and nutrients demand of the body.
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Figure 1.5. Cellular and molecular events after AMI. Inflammatory, proliferative and healing phases
are characterized by specific events, involving types of cells and molecules. ECM: extracellular matrix;
HIF: Hypoxia inducible factor; IL: Interleukin; MCP: Monocyte chemotactic protein; AMI: Acute
myocardial infarction; MIF: Macrophage inhibitory factor; MSC: Mesenchymal stromal cell; NF-kB:
Nuclear factor kappa B; SDF: Stromal-derived factor; TGF: Transforming growth factor; TNF: tumor

necrosis factor. Adapted from Liehn E.A. et al., 201119,

It has been described that the main problems after AMI are the massive loss of
contractile tissue, which cannot be recovered due to low regeneration rate of CM,
and the subsequent massive proliferation of myofibroblasts, which eventually
become in non-functional tissue. In this work, new therapeutic strategies for
cardiac tissue pre-conditioning to avoid I/R-induced injury will be proposed. With
this purpose, understanding the mechanisms triggering cardiomyocytes death
during the I/R process is of vital interest and are discussed below.
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1.3.3. Underlying molecular mechanisms of cardiomyocytes
death during I/R-induced injury

Experimental studies over the last decades have identified complex signal
transduction processes underlying cardiomyocytes death during and after an
ischemic event. Necrosis in the infarcted myocardium is characterized by
histological signs, including myofibrillar contraction bands, swollen and/or ruptures
mitochondria, sarcolemma rupture, destruction of CM membranes, microvascular
break up, hemorrhage and presence of infiltrating leukocytes (inflammatory
response). Most of these features are aggravated by reperfusion®” 112, This process
is thought to originate from unregulated and uncoordinated pathophysiological
mechanisms as a result of an overwhelming stress. However, regulated modes of
cell death, such as apoptosis, autophagy or necroptosis, also occur in infarcted
myocardium?3115,

During ischemia, a sudden cut in oxygen and nutrients supply in the infarcted zone
occurs. As a response, mitochondria consume the available oxygen to generate ATP
and anaerobic pathways are activated as an alternative to obtain energy and
maintain functionality. Consequently, FA metabolism is dramatically reduced, and
anaerobic glycolysis becomes the main source of energy, leading to hydrogen ions
accumulation and lactate production, which is eventually translated into tissue
acidosis. Increase of Na* influx trough the Na*/H* exchanger, and intracellular Na*
accumulation is supported by the inhibition of Na*/K*-ATPase due to lack of
available ATP® 117 The subsequent exchange of Na* and Ca?* by reverse mode
operation induces intracellular Ca?* overload. Upon reperfusion, there is a quick pH
normalization, leading to Ca%* oscillatory release and reuptake into the
sarcoplasmic reticulum and myofibrillar hypercontraction!’. Ca?* oscillations also
induce the activity of xanthine oxidases, promoting ROS production, which
exacerbate membrane damage by promoting mitochondrial permeability transition
pore (MPTP) opening and mitochondrial matrix swelling® 1'%, mPTP opening is a
crucial event for apoptosis initiation, and it is partially dependent on the Bcl-family
proapoptotic (e.g. Bax, Bak and Bid) and antiapoptotic (e.g. Bcl-2) proteins ratio,
which interact with the mitochondrial membrane to regulate cellular fates,
Mitochondrial disruption leads to cytochrome c release to the cytosol, which
activates programmed cell death by the caspase cascade, typically without
inflammation response? (Figure 1.6). Necroptosis is considered a regulated form
of necrotic cell death and shares characteristics with both necrosis and apoptosis,
but it is controlled by activation of receptor-interacting protein kinases 1 and 32,
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Figure 1.6. Main contributors of myocardial injury during cardiac ischemia-reperfusion-
induced injury. The absence of oxygen and FAs during ischemia involves a sudden change in CM
metabolism, with Glucose as a new main source of energy. Lactate and H+ produced during
anaerobic glycolysis decrease pH in the cells, which creates an imbalance in ions exchange and
intracellular Ca?* accumulation. Physiological pH is restored immediately after reperfusion,
triggering oscillations in Ca?*, ROS production, myofibril hypercontraction and mPTP opening,
which is responsible for Cyt. C release and apoptosis cascade initiation. ATP: Adenosine
triphosphate; mPTP: Mitochondrial permeability transition pore; SR: Sarcoplasmic reticulum;
ROS: Reactive oxygen species; Cyt. C: Cytochrome C. lllustration from Li X. et al., 2016122,

The alternative method of programmed cardiomyocyte death during I/R process is
macroautophagy, often referred to as autophagy. Several evidences suggest that
proteostasis, which includes protein folding quality control (PQC) in endoplasmic
reticulum (ER), is essential for maintaining the long-term wellbeing of low rate-
proliferating mammalian cells, such as neurons or CM*?* 12, |/R-induced injury
induces the loss of proteostatic control, and the unfolded protein response (UPR)
is activated in the ER, triggering the expression of stress response genes and
subsequent translation of proteins, such as the ER chaperone glucose-regulated
protein 78 kDa (GRP-78), which contributes to I/R-induced stress mitigation!®. The
UPR is initially an adaptative response. Nonetheless, it can lead to autophagy and
programmed cell death activation if unresolved. In this sense, autophagy
corresponds to one of the major components of the PQC system and occurs in a
highly conserved constitutive mechanisms for homeostatic clearance of organelles
and aggregated or misfolded proteins. It involves intracellular segregation of cargo
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within double-membrane-bound autophagosomes that fuse with and are degraded
within lysosomal degradative process!?® ¥, Myocardial ischemia induces
autophagy via the AMP-activated protein kinase pathway induction, and it is
considered a protective event. Nonetheless, reperfusion activates autophagy via
Beclin-1 upregulation, which impairs autophagosome processing, causing an
increased autophagosome accumulation, ROS generation, mitochondrial
permeabilization and, subsequently, cell death?&13°,

I/R-induced cell programmed death by apoptosis and autophagy may be linked
events, as showed in Figure 1.7. Under physiological conditions, Beclin-1 is bound
to Vps34 complex | to induce autophagy. Concurrently, Bcl-2 binds to Bax to prevent
the activation of mitochondria-mediated pro-apoptotic signaling pathway. During
cardiac I/R-induced injury, mammalian sterile 20-like kinase 1 (Mstl),
phosphorylates Beclin-1, enhancing its physical interaction with Bcl-2. Therefore,
free Bax in the cytoplasm is translocated to mitochondria membrane and
contributes to cytochrome c release, triggering apoptosis and enhancing
autophagy.

Physiological Cardiac I/R-
conditions induced injury

Caspase-3 Apoptosis
Autopha OO o activation Autophagy
phosY i Cytochrome C

Apoptosis

Figure 1.7. Cross-talk between apoptosis and autophagy via Beclin-1-mediated signaling pathway.
Bcl-2 is bound to Bax under physiological conditions, inhibiting the activation of apoptotic signals. At
the same time, Beclin-1 forms a protein complex responsible for maintaining homeostatic levels of
autophagy. Under stressing conditions, Mst1 phosphorylates Beclin-1, promoting its Bcl-2 separation
from Bax and the physical interaction between Beclin-1 and Bcl-2. Once Bax is free, it is accumulated
in the mitochondrial membrane, enhancing its permeabilization and the release of cytochrome C,
which finally derivates in caspase-3 activation and apoptosis and autophagy induction. Vps34:
Vacuolar sorting-associated protein 4; p150: Phosphoinositide-3-kinase, regulatory subunit 4;
Atg14L: Beclin 1-associated autophagy-related hey regulator; NRBF2: Nuclear receptor-binding
factor 2; Bcl-2: B-Cell lymphoma 2; Mst1: Mammalian sterile 20-like kinase 1. Illustration adapted
from Maejima Y. et al., 201731 and created in BioRender.
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Despite the contribution of each process to cell death remains unknown, a role of
mitochondria is vital in all of them. Recognition of the different modes of CM death
during AMI opens the possibility of identifying new therapeutic targets to modulate

cell loss®3,

1.3.4. Dynamics of fibroblast activation during AMI
Proliferation and activation of fibroblasts after cardiac insult is crucial for tissue
repair. However, these processes also contribute to fibrosis, tissue remodeling and,
eventually, HF. Cardiac fibroblasts undergo important phenotypic plasticity in
response to stimulation with defined soluble mediators or mechanical stress2,
Necrotic CM release DAMP during AMI and trigger resident non-CM cell types
activation and leukocytes infiltration during inflammatory phase, which release
pro-inflammatory cytokines and chemokines. Fibroblasts respond to environment
signals and contribute to proinflammatory signaling, releasing soluble factors, such
as TNF-a, IL-6 or IL-1B!33. In addition to this, it has been described a pro-survival and
anti-proliferative phenotype of cardiac fibroblasts at day 1 after AMI. Fibroblasts in
the infarct zone become proliferative, show an increased activation and are
polarized to an anti-inflammatory and pro-angiogenic phenotype during the
following days after AMI. In this context, galectin-3 has been proposed as an
activator of TGFB-1/a-SMA/Collagen | pathway in cardiac fibroblasts during this
phase, which leads to ECM accumulation®®*. TGFB-1 interacts with a heterodimer
on targe cell surface, formed by TGFB receptors 1 and 2, and induces
phosphorylation of SMAD2 and SMAD3 transcription factors, which form a complex
with SMAD4 that is translocated to the nucleus to promote fibroblasts
differentiation-specific gene expression, such as collagen type 1> 3¢ TGFB
receptors signaling also trigger fibroblasts activation through the activation of
MAPK effectors, such as p38, inducing a-SMA transcription and the formation of
stress fibers!3>. At day seven after AMI, fibroblasts continue producing ECM
components and contribute to scar formation. Concretely, Collagen | and Il are the
main components of ECM, and are the predominant proteins supporting scar
generation. Fibroblasts also show anti-angiogenic potential and reduced migration
rates one week after AMI, which correlates with an observed shift in adhesion
preference from laminin to collagen IV'¥,
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Figure 1.8. Fibroblasts’ phenotype shift through the different phases of cardiac remodeling during
and after AMI. Cardiac fibroblasts are activated, and acquire pro-inflammatory and anti-migratory
capabilities after myocardial insult (day 1). After three days, resolution of the previous inflammation
starts, and cardiac fibroblasts change to a proliferative, pro-angiogenic and pro-fibrotic phenotype,
leading to ECM-related proteins synthesis. After one week, ECM deposition is increased and scar
formation starts. Neo-homeostasis state is reached around 28 days after AMI. Fibroblasts are de-
activated, but they keep producing enough ECM to orchestrate the new kinetics turnover. LV: Left
ventricle; ECM: Extracellular matrix. Picture adapted from Daseke Il MJ and collaborators, 2020%.

1.4. Diagnosis and conventional treatments of AMI

Myocardial injury and infarction can be diagnosed by biomarkers detection,
patient’s history and clinical manifestations. The most reliable and used markers
are cardiac troponin | (cTnl) and T (cTnT), which form part of the contractile
machinery of CM and are expressed almost exclusively in the heart. These
molecules are released from skeletal muscle cells and can be detected in peripheral
blood®38, Indicative but not specific symptoms for myocardial ischemia include
chest and upper extremity pain, dyspnea, fatigue or nausea. Electrocardiographic
study is the most quick and effective method to asses cardiac function and detect
changes in systolic and diastolic functions or arrhythmias. As previously mentioned,
ECG manifestations of AMI include ST-segment elevation and/or ST-segment
depression and T wave changes®,

Nowadays, AMI treatments comprise both acute therapeutic strategies and post-
infarction approaches (Figure 1.9). Interventions in the acute stage of AMI are
related to revascularization procedures to avoid infarct extension, such as
percutaneous coronary intervention (PCl) by a nonsurgical procedure consisting on
the insertion of a catheter tube (formerly known as coronary angioplasty), coronary
artery by-pass grafting (CABG) or clot-busting drugs (thrombolysis)'**.
Pharmacological approaches are used in combination with the previous strategies
to limit myocardial I/R-induced damage. Compounds that slow or reverse cardiac
remodeling and decrease heart oxygen demands, such as angiotensin-converting-
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enzyme (ACE) inhibitors, angiotensin receptor-neprilysin inhibitors (ARNI), B-
blockers (e.g., metoprolol or Esmolol), and mineralocorticoid-receptor (MR)
antagonists, have demonstrated a decrease in HF-associated mortality?*°1%2, Other
strategies include immunosuppressant drugs, anti-inflammatory compounds,
metabolic modulators (e.g. nitric oxide) blood thinners (e.g. aspirin) and pain
relievers'®®, Mechanical support therapies, such as LV assist devices (LVAD) and
cardiac resynchronization therapy (CRT), show beneficial effects in patients with a
previous HF¥* 1% Heart transplantation remains the only effective solution.
Nevertheless, it is not realistic as a standard approach since surgical procedure is
highly complex and donors are limited®.

Despite the above-mentioned treatments have allowed to improve quality life and
survival of AMI patients, the development of new therapeutic strategies to avoid
pathologic cardiac remodeling and regenerate the injured area is still necessary.

1.5. Advanced therapies for AMI

Over the last years, several approaches have emerged to improve patients’ clinical
outcome after AMI. The study of the precise molecular mechanisms which drive
cardiac remodeling during AMI is key to select which potential therapeutic
molecules can be used to fight the pathology. In this context, rational integration
of knowledge from decades of research is crucial to find new combinations and
innovative approaches to make a step forward in cardiovascular nanomedicine.

It has been estimated that up to 1 billion of CM can be lost after myocardial insult,
and CM turnover is insufficient to restore the contractile function of an injured
human heart!¥. Consequently, the common aim of advanced therapies is to protect
damaged area after AMI, promote mechanical function recovery and enhance heart
regeneration (Figure 1.9). The two major groups of strategies are cell-free and cell-
based therapies. Cell-free approaches for ischemic heart disease are based on
cardiac resident cells targeting. In this context, induction of the remaining
endogenous CM proliferation?*® or addressing the pro-fibrotic response after AMI
have been of special interest: while a line of research has been focused on
pathogenic cardiac remodeling blocking?*®, other studies are based on cardiac
fibroblasts direct reprogramming to cardiomyocytes by the expression of a
combination of developmental transcription factors®™® 51, Cell therapy strategies
involve cell transplantation to replace or repair damaged tissue. Cells from different
origin have been used for this purpose, such as skeletal myoblasts>?, bone-marrow
derived cells®™* > mesenchymal stromal cells (MSC), CSC*> and functional CM
derived from embryonic stem cells (ESC) or induced pluripotent stem cells (iPSC)**¢
158 Despite cell-based approaches conferred some beneficial effects in patients
with AMI by improving LVEF and cardiac function, not consistent positive results in
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the treatment of AMI and clinical translation problems have been noticed.
Additionally, long-term follow-up studies have shown adverse effects, such as poor
engraftment rates, arrhythmias derived from mature CM, immune rejection and
tumorigenesis risk due to the presence of non-differentiated cells when ESC or iPSC
are differentiated to CM**°,
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Figure 1.9. Therapeutic approaches to AMI. In humans, the default response to I/R-induced injury is
fibrosis, where necrotic tissue is replaced with a fibrotic scar, causing loss of cardiac contractility and,
eventually, HF. The aim of clinical therapies is either to salvage the ischemic myocardium by early
revascularization (light blue box) or to prevent pathological cardiac remodeling through
pharmacological therapy or electromechanical support (dark blue box). Despite current clinical
translation problems, advanced therapies (green box) have demonstrated promising outcomes
against cardiac remodeling. PCl: Percutaneous coronary intervention; CABG: Coronary artery by-pass
grafting; ACE: Angiotensin-converting enzyme; ARNI: Angiotensin receptor-neprilysin inhibitors; MR:
Mineralocorticoid receptor; LVAD: Left ventricle assist devices; CRT: Cardiac resynchronization
therapy. lllustration adapted from Hashimoto H. et al., 20181%.

Two novel advanced cell-free therapeutic strategies to reduce cardiac remodeling
after myocardial I/R-induced injury are proposed in the present project. In the first
section, the cardioprotective potential of new nanoparticles based on the
conjugation of a w-3 PUFA (di-docosahexaenoic acid, diDHA) with poly-L-glutamic
acid (PGA) was explored; while the second section was focused on the specific
loading of a soluble factor (Oncostatin-M, OSM) in small extracellular vesicles (SEV)
derived from MSC to enhance the beneficial effects of their paracrine signaling. In
the following sections, a more detailed discussion of these approaches is provided.
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1.5.1. Nanotechnology and polymer-drug nanoconjugates
Nanotechnology is a multidisciplinary research field that address the design,
synthesis and characterization of materials with controlled shapes and sizes at the
nanometer scale!®. One of the most active research areas is nano-biotechnology,
which involves the use of nanoparticles as vehicle for therapeutic agents’ delivery
and have been implemented for AMI treatment to mitigate inflammation, oxidative
stress and necrosis, among other pathological processes during I/R-induced injury.
A summary of some strategies that have been proposed in this field is shown in
Figure 1.10. Nonetheless, any of the mentioned approaches has been approved by
the Food and Drug Administration (FDA) federal agency for clinical practice.

VEGF-like
suprarl:wlecular Hydrogel/nanoparticles
nanafilaments (bioactive glass and
clay)
Conductive scaffolds:
CeCO polymer matrix + gold siRNA-loaded PLGA-Pitavastatin
2 . N
nannparticles nanoparticles nanoparticles nanoparticles
2007 2011 2013 2016
2004 2010 2012 2014 2017
PEG-PE Micelles VEGF-loaded Myocardial matrix- Gold nanoparticle- Organic-inorganic
nanoparticles mimicking hydrogels: decellularized matrix hybrid hollow
stem cell engraftment hybrids mesoporous
organosilina
Electric stimulation of Injectable nanoparticles .fnr
polymer scaffolds with methacrylated gelatin gene transfection
carbon nanotubes with nanocomplex of

grapene oxide and
DNAegr

SEV from human CPC

Figure 1.10. Timeline of nanotechnology for AMI treatment. PEG-PE: Polyethyleneglycol/
phosphatidyl-ethanolamine; CeCO2: Cerium oxide; VEG: Vascular endothelial growth factor;
SEV: Small extracellular vesicles; CPC: Cardiac progenitor cells; PLGA: Poly(lactic-co-glycolic acid.
lllustration adapted from Bejarano, J. et al., 201861,

Among the wide variety of nanoparticles, polymer-drug nanoconjugates are
pharmacologically active macromolecular constructs comprising one or more
therapeutic agents, such as small molecules, peptides, proteins or aptamers,
covalently bound to a polymeric carrier'®2. The first polymer-drug nanoconjugate
was synthetized in 1955 by Von Horst Jatzkewitz!®3, but the field of “polymer
therapeutics” was established by the intensive work of Ringsdorf, Kopecek and
Duncan, among others, in the 1970s!%41¢¢, Nowadays, more than 15 polymer-drug
nanoconjugates have been successfully translated into the clinical practice to treat
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liver and renal acute cancer™’, lymphoblastic leukaemia®®, neovascular age-
related macular degeneration!® or anemia associated with chronic kidney
disease'’®, among others'®2, They present several advantages compared to free-
drug administration, including improved drug solubilization, prolonged circulation
in the blood stream, controlled release, reduced immunogenicity and enhanced
biosafety!®2.

Attending to their structure, polymer-drug nanoconjugates on the market or in
clinical development can be classified in four classes: polymer-protein conjugates,
polymer-small-molecule  drug candidates, dendrimers and  polymer
nanoparticles'®?. Conformation and size of the different types of nanoconjugates
are summarized in Figure 1.11.

A) Polymer-protein conjugate B) Polymer-small-molecule drug conjugate

~20 nm 5-15 nm

C) Dendrimer D) Polymer nanoparticle

1-10 nm 60-100 nm

Figure 1.11. Schematic representation of polymer-drug nanoconjugates types on the market or in
clinical development. (A-B) Polymer-protein or small molecule drug conjugates 3D structure, where
protein is represented in orange and small-molecule drug in purple. (C) Dendrimers present a highly
branched structure with high functionality for drug conjugation. (D) Polymeric nanoparticles have a
micellar shape and are characterized by a core-shell architecture, with a hydrophobic core
sequestered by a hydrophilic corona. Illustration adapted from Ekladious I. et al., 201962,

The first section of this thesis is focused on the use of a FA with cardioprotective
potential (diDHA) conjugated to a polymeric carrier (PGA) to mitigate cardiac I/R-
induced injury via passive targeting. In this context, polymer nanoparticles are the
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preferred option for the delivery of hydrophobic agents, offering enhanced stability
and biodistribution®2. This type of hanoconjugates is commonly composed of three
main components: a water-soluble polymeric carrier, a bio-responsive linker and a
bioactive agent (drug)'®* 1. Rational selection of each component is crucial to
achieve optimized physicochemical properties of the polymer-drug nanoconjugate,
such as size, surface charge and conformation.

Polymeric carrier of choice should present specific properties, including
biodegradability (facilitating excretion in vivo), low polydispersity (providing
homogeneity of the final product), prolonged half-life in the blood (enhancing
adequate biodistribution) and multivalence (allowing flexible drug loading)'’2. The
nano-system self-assembly behavior also depends on the polymer and drug
characteristics. Of important note, several hydrophilic polymers fail to aggregate in
the presence of water, but self-assembly is induced after conjugation with a
hydrophobic drug. In this context, PGA has been used as a polymeric backbone for
the conjugation of potential therapeutic molecules and disease treatment,
including wheat germ agglutinin for bladder cancer’®, doxorubicin and paclitaxel
for breast cancer and other solid tumors'’* 17>, apoptotic protease activating factor
1 against I/R-induced injury in kidney'’® 177 or glatiramer acetate for autoimmune
inflammatory central nervous system disorders!’®. These research works have
shown that PGA is water-soluble, non-toxic, biodegradable and non- immunogenic,
which makes it interesting for therapeutic use'’®. Additionally, the use of bio-
responsive linkers can optimize drug release profiles in specific microenvironments
and influence the % loading of the drug to the carrier and drug stability. In this
context, linkers can respond to both endogenous (e.g. pH or ROS presence) or
exogenous (e.g. magnetic field, temperature, light) stimulus®.

As previously mentioned, dietary intake of w-3 PUFA has been recommended as a
strategy to reduce the risk to develop CVD, and several studies have linked PUFA
uptake with a reduced cardiac injury after stress induction'®18”_ Nonetheless, such
experimental models do not fit to daily clinical practice, where AMI patients are
admitted at the hospital and need for emergency reperfusion. Additionally, the
clinical benefit of w-3 supplementation remains controverted, although they seem
relevant as prevention of coronary events and mortality'®. Different w-3
formulations have also been administered as cardioprotective agents at the onset
of the ischemic process by culture medium enrichment, ex vivo infusion,
intravenous injection or intraperitoneal injection in vitro and in vivo pre-clinical
models’®1%°, However, these studies do not study if beneficial effects against
reperfusion-induced injury are a result of the combined action of DHA and EPA
contained in the w-3 emulsion or related more to one of them. Moreover, the
amount of PUFA that reach cardiac tissue after administration and possible side
effects on additional organs have not been taken into account. Previous studies
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have described that carbon-carbon double bonds confers PUFA a higher
susceptibility to be peroxidized and FFA can be sequestrated by albumins in the
blood stream, reducing the amount of drug which reaches the target tissue. In
addition to this, the resulting free radicals and hydroperoxides after lipid
peroxidation, which can be oxidized into aldehydes and ketones, may contribute to
oxidative stress, which stimulates NF-kB and the production of inflammatory
cytokines, chemokines and adhesion factors®® %7, A review of the experimental
approaches where PUFA against cardiac I/R-induced injury have been used is
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summarized in Table 1.1.

Table 1.1. Experimental approaches using FA to reduce cardiac I/R-induced injury.

Formulation
Lipid
emulsion
enriched on
DHA or EPA

EPA, DHA or
EPA+DHA

Enriched w-6
or w-3 PUFA
media

Individual LA,
LNA, DHA,
EPA or AA

Flaxseed-rich
diet (source
of w-3 PUFA)

DHA

w-6 PUFA, w-
3 PUFA or
SFA

DHA
w-6 PUFA, w-

3 PUFA or
SFA

DHA:EPA
(3:1)

Administration

Infusion prior to

I/R

6 weeks dietary
intake before I/R

4 days before
OGD-R in culture
media

90s
preincubation
prior to chemical
induction

16 weeks dietary
intake

Infused within the
pericardial space
before, during
and after |
6 weeks dietary
intake before
infusion

Infusion pre and

pre/post |

6 weeks dietary
intake before I/R

8 weeks dietary
intake prior to I/R

Experimental model

Isolated rat hearts: 30
min | +30 min R

Isolated rat hearts: 17
min |+ 33 minR

OGD-R in vitro
NRVM

LV cardiac
sarcolemma from
pigs: NA*/H*
exchanger activity

Isolated hearts from

hypercholesterolemic

rabbits: 30 min | + 45
min R

I/R in vivo pig model: 45
min | + 180 min R

Isolated rat hearts:
30 min |+ 120 min R

Isolated heart rats: 20
min | +30 min R

Isolated rat hearts: 30

min |+ 120 min R

Isolated rat hearts: 30
min | +120 min R

Effect

Not-protective effects
found

Recovery of cardiac
pump activity related to
EPA accumulation in CM

membrane
a- and B-adrenoreceptor
response modulation by
w-3 PUFA
DHA and EPA
antiarrhythmic
properties by altering
sarcolemma
composition

Antiarrhythmic effect

Reduced IS and
mortality

w-3 PUFA reduced
arrhythmias

Reduced cardiac damage
and afforded antioxidant
protection

w-3 PUFA reduced
oxidative damage

Reduced IS
Increased antioxidant
activity
Decreased NF-kB and
Nrf2 activation

Ref.

189

182

190

183

191

184

198

185

186
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4 weeks dietary
intake or during

I/R in vivo rat model: 20
min | +40 min R

Increase of mRNA level
of PPARy-target genes

-3 PUFA 187
DA prenatal period, NRVM: 30 min | + 60 min (FATP and IL-1ra), BCL2
before damage R and Connexin-43
| d arterial
EPA:DHA Intravenous bolus  I/R in vivo rat model: 30 mprovec arteria 193
. pressure and decreased
(6:1) before R minl+4hR
cTnl plasma levels
DHA attenuated NLRP3
Infused prior to Isolated mouse hearts: inflammasome cascade
EPA or DHA =
or I/R 30 min | + 40 min R and preserved
mitochondria function
Reduced IS, i d
Infusion or IP Isolated mouse hearts: ec::(jiac f’L::l?i?:e
w-3rich TG injection at the 30 min 1+ 60 min R recovery and promoted 195
emulsion onsetand1h 1/R in vivo mouse model: v P

cell survival (PI3K/AKT
signaling pathway)

DHA: Docosahexaenoic acid; EPA: Eicosapentaenoic acid; PUFA: Polyunsaturated fatty acids; LA: Linoleic acid; LN:
Linolenic acid; AA: Arachidonic acid; SFA: Saturated fatty acid; TG: Triglyceride; I: Ischemia; R: Reperfusion; IP:
Intraperitoneal; NRVM: Neonatal rat ventricular myocytes; CM: Cardiomyocytes; IS: Infarct size; NF-kB: Nuclear
factor kappa light-chain enhancer of activated B cells; Nrf2: Nuclear transcription erythroid 2-related factor 2;
PPAR: Peroxisome proliferator-activated receptor; FATP: Fatty acid transport protein; IL-1ra: Interleukin-1 receptor
antagonist; BCL-2: B-Cell lymphoma 2; cTn: Cardiac troponin; NLRP3: NACHT, LRR and PYD domains-containing
protein 3; PI3K: Phosphoinositide 3-kinase/protein kinase B; AKT: RAC-alpha serine/threonine-protein kinase.

after R 30minl+48hR

The use of polymeric carriers to facilitate the translation and clinical utility of novel
agents is a particularly exciting and promising avenue for the next generation of
polymer therapeutics. So far, there are no records of previously designed
nanoparticles for cardiac repair that have been used in clinical practise!® 62, Here,
passive targeting via a single dose local administration in relevant in vitro and in
vivo cardiac I/R-induced injury models is proposed, where a hydrophobic drug
(diDHA) has been attached via covalent binding to a polymeric chain (PGA) and a
micelle structure is formed. In addition to this, an ester bond pH-responsive linker
has been used to favor drug release in the injury area because of the acidic pH
during cardiac ischemia and inflammatory environment expected in comparison
with normal blood (pH 7.4)%. The solubility in water and healing properties of
diDHA could be improved by polymeric conjugation, triggering its controlled and
sustained release at the injury site. Of important note, the stabilization of diDHA in
nanoconjugates could also avoid lipid peroxidation or albumin sequestration in the
blood stream, which eventually could become in a reduced drug activity.

1.5.2. Cell therapy based on the use of MSC
MSC are a subpopulation of multipotent stromal cells first reviewed by Friedenstein
A.. et al. in 1966 as a population of non-hematopoietic stem cells in the bone
marrow®®, Nowadays, it is known that MSC can be easily isolated from additional
tissues, such as dental pulp, adipose tissue or fetal tissues. The Mesenchymal and
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Tissue Stem Cell Committee of the International Society for Cellular Therapy
provides minimal criteria to define human MSC. These features are summarized in
Figure 1.12. First, they should be plastic-adherent when maintained in standard
culture conditions. Second, MSC must express CD105, CD90 and CD73 and lack
expression of CD14 or CD11b, CD19 or CD79a, CD34, CD45 and HLA-DR surface
molecules. Third, they must differentiate to chondroblasts, adipocytes and

osteoblasts in vitro?®.

Increasing evidences over the last decades show that MSC are multipotent cells,
that can replicate as undifferentiated cells and have the potential to differentiate
to additional lineages of mesenchymal tissues, including hepatocytes, neurons and
skeletal muscle cells®®X. Although previous in vitro and in vivo studies described that
MSC may be differentiated into CM-like cells?>2%, MSC transplantation in vivo
beneficial effects after AMI have been associated to additional factors, such as cell

fusion?®” or paracrine signaling?®.

EEN

Muscle Adipose
Bone marrow Umbilical cord

(+) CD105
CD90
CD73

(-) CD14 or CD11b
CD19 or CD79a
cD34
cD45
HLA-DR

N\ A -
#\ ®le ’ 4 ®
(N . - Fibroblast-like spindle shape

Osteoblast Chondrocyte Myotube Stromal Fibroblast Adipocyte
cells

Figure 1.12. MSC main sources and characteristics. Green arrows indicate the most common sources
for MSC isolation (bone marrow, muscle, adipose tissue and umbilical cord). MSC multipotency relies
on their ability to differentiate into multiple cell types (black arrows). Observed in vitro
characteristics (red arrow) include plastic adherence, fibroblast-like spindle morphology and
expression or lack of specific cell surface markers, represented as (+) and (-), respectively. Illlustration
adapted from Ibraheim H. et al., 201729 and Rodriguez-Pardo V. et al., 201321,

1.5.2.1. Therapeutic potential of MSC: Paracrine hypothesis
The above-mentioned characteristics of MSC along with their easy manipulation
and expansion ex vivo made cellular therapy based on the use of these cells very
promising. Nonetheless, the low-rate survival of cells after transplantation in vivo
suggests that long-term survival of MSC might not be essential for their beneficial
effects?'1213, Additionally, not only MSC but also their conditioned media have
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proven to ameliorate kidney?!*, lung?'> 2!® and heart?'” 2!® function after insult.
Therefore, the protective mechanism of MSC transplantation might mainly be
related to their ability to stimulate survival and recovery of damaged tissue by
paracrine factors release (secretome). This phenomenon is known as the “paracrine
hypothesis” of MSC therapeutic potential (Figure 1.13).

MSC secretome includes a protein soluble fraction (mostly growth factors,
chemokines and cytokines) and a vesicular component (extracellular vesicles, EV),
which transfer proteins, lipids, and genetic material between cells?®, Vast
experimental evidences support the active participation of MSC paracrine signaling
in the protection of the cardiac damaged tissue after AMI modulating apoptosis,
ROS generation, angiogenesis, fibrosis and inflammation??®-??> (Figure 1.13).

MsC

Autocrine effect

Soluble molecules and
vesicles secretion

!

Paracrine signaling effects
Cardiac ROS-induced
!
N
MSCs transplantation in

4
— [ cardiac tissue ] —| Angiogenesis |
1

[ immunomodulation | [ antifibrotic |

Figure 1.13. MSC paracrine signaling effects in cardiac cell therapy. lllustration adapted from
Ydnez-MdJ M. et al., 2015226 and built using Biorender.

In spite of the healing features showed by MSC in AMI experimental in vivo models,
clinical trials have shown inconspicuous outcomes??’. Consequently, alternative
approaches to enhance therapeutic potential of MSC have been implemented.
With this purpose, MSC preconditioning and genetic modification have been
tested. In a study developed by Feng Y. et al. in 2014, paracrine factors released by
MSC after ischemic preconditioning led to reduced apoptosis in ischemic CM,
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ameliorated fibrosis and improved cardiac function after myocardial infarction??8,
Another similar work showed that preconditioned MSC cultures activated survival
Akt signaling pathway and increased their regenerative potential in a hindlimb
ischemia in vivo model®®. In this context, our research team generated a stable
MSC line overexpressing HIF1-a (MSC-HIF), which is a protective transcription
factor expressed by MSC under hypoxia but degraded in the presence of oxygen.
Results showed that intramyocardial injection of MSC-HIF provided higher healing
potential than native MSC in a rat in vivo model after AMI in terms of
cardiomyocytes survival, fibrosis reduction and angiogenesis induction®°. Later
studies from our laboratory found that angiogenic potential was partly mediated
by the enrichment of jagged-1 protein in MSC-HIF derived SEV in comparison with
SEV isolated from native MSC conditioned culture media®*'. The use of EV derived
from genetically modified MSC to enhance cardiac protection has been also
explored by cellular overexpression of Akt?3% 233, C-X-C chemokine receptor type 4
(CXCR4)?** or transcription factor GATA-4%%, among others.

Taking together, these experimental data have evidenced the important role of
MSC-derived EV for cardiac repair and aroused our interest in the rational
modification of EV in order to enhance their therapeutic potential.

1.5.2.2. Extracellular vesicles bioengineering
EV are natural carriers of wide-ranging origin biomolecules and play a key role in
cell-to-cell communication. Their intrinsic similarity to cell membranes, deformable
cytoskeleton®®, slightly negative zeta potential for long circulation®” 238,
biocompatibility?*® and small size for penetration into deep tissues?® has increased
the scientific community interest for their use as nanocarriers for clinical
applications.

In order to augment the therapeutic efficacy of native EV, several technical
approaches to improve EV bioactivity, stability, targeting and presentation to the
target cells have been developed. In this context, a wide range of biomolecules,
such as mRNA, miRNA, proteins or hydrophobic and hydrophilic small molecules
have been loaded in EV using two major strategies: active or passive encapsulation.
On the one hand, active SEV loading techniques include physical approaches, such
as sonication?”, extrusion?*?, electroporation?*? and freeze-thaw cycles?*®, and
chemical techniques, such as lipofection®**, incubation with membrane
permeabilizers®*? 245, click chemistry?*® 247 and antibody binding2*. These methods
have demonstrated to achieve a high loading efficiency, but the majority of them
compromise membrane integrity and favor EV aggregation?*®. On the other hand,
passive loading approaches include incubation of SEV or donor cells with free
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biomolecules?*> 250 21 Unlike active approaches, passive loading do not
compromise EV membrane integrity, but loading efficiency is low?*.

The use of EV for protein delivery is a promising method which opens the possibility
of loading EV through genetic engineering of the donor cells, which are transfected
with a plasmid carrying the gene of interest fused to a gene encoding a protein
which is naturally present in EV membrane?*2. Consequently, donor cells synthetize
the desired encoded protein, which is incorporated and secreted into EV. In this
context, tetraspanins, lysosome-associated membrane glycoprotein 2 transcript
variant b (lamp2b) and lactadherin c1c2 domains (protein also known as MFG-E8)
have been widely used as fusion partners for distinct applications to display a
protein of interest on the EV surface?® 2%,

Nanotechnology has unlocked a new dimension of possibilities regarding to
potential therapeutic molecules delivery. Polymeric carriers and SEV have shown
to present several advantages to succeed as promising clinical tools, such as low
immunogenicity and cytotoxicity, which correlate with long-term biosafety.
Polymers and EV customization to get an enrichment in a particular molecule has
been only minimally explored in the field of AMI.

1.6. Cellular communication mechanisms

The rise of multicellularity was a major transition in evolution and set the stage for
unprecedent increase in complexity, especially in land plants and animals.
Consequently, new ways for cells to stick together, communicate and share
resources were necessary, and cells went through a developmental program,
where distinct subpopulations assumed specialized jobs and were organized in
each organism?*4,

Cell-to-cell communication is a process by which one cell behavior is influenced by
signals transferred from another cell or itself. Messages from cells in complex
organisms are sent by a huge variety of signal molecules, which include proteins,
amino acids, nucleotides, steroids, retinoids, fatty acid derivatives, and even
dissolved gases such as nitric oxide or carbon monoxide. These messages or ligands
are sent to receptor cells, and trigger a biological response. The first basic idea
around specific receptors that bind transmitter substances onto the cells, thereby
initiating or inhibiting cellular functions, was formulated by the Cambridge
physiologist John Newport Langley?®®. Nowadays, four different cellular
communication mechanisms have been described based on the distance between
the involved cells®*® (Figure 1.14):

- Autocrine: Signal agent is secreted to the extracellular space, but
transmitter and receptor cell is the same.
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- Paracrine: Transmitter and receptor cell are in a short distance, so ligands
are directed to neighbor cells.

- Juxtracrine: Signals are transferred to adjacent cells through cell-cell
contact.

- Endocrine: Cells transmit the signal over long distances. Messengers are
produced by specialized cells and released into the bloodstream, which
carries them to target cells in distant parts of the body.

Autocrine Paracrine
Free ligand
N B \
B
o
® L]
LY ° L
Bl
\
Receptor
Juxtacrine Endocrine
PM ligand
Blood vessel .'/ °
\ \ * o0
C=3 . \ §
{ &4

Figure 1.14. Cellular communication mechanisms. One cell can interact with itself by autocrine
signaling or with other cells in a paracrine, juxtracrine or endocrine manner. PM: Plasma membrane.
lllustration created in Biorender.

Therefore, cells in multicellular organisms receive stimulus from their environment,
interpret the signals and respond accordingly by activating specific signaling
pathways.

1.6.1. Extracellular vesicles
As previously mentioned, EV are secreted by cells to communicate with both
neighboring and distant cells, or with the parent cell itself. These vesicles present a
nanosized spherical structure with a lipidic membrane and aqueous lumen.
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Additionally, they contain both in the membrane and the lumen, a wide range of
biomolecules, which include proteins, lipids, multiple RNA species (mMRNAs, miRNAs
or long non-coding RNAs) and DNA fragments®>7-2%2, EV selective content mostly
reflects the aims and the physiological state of the parent cells, and they have been
found in a number of body fluids, such as blood plasma?%3-2%°, urine?®®, saliva?®’ or
breast milk?®8, Additionally, they can be secreted by plant cells?% 27 bacteria?’% 27,
fungi?’> 274 parasites?”> and archaea??, suggesting a highly conserved evolutionary
function of intercellular communication. There are four main subtypes of EV:
apoptotic bodies, ectosomes or microvesicles (MV), exosomes and exomeres,
which are differentiated from each other based on their biogenesis, release
pathways, size, content and function??®27¢ (Figure 1.15).

Apoptotic bodies range from 1 to 5 um and are formed during programmed cell
death as a result of cell fragmentation. They contain cell organelles, proteins,
nuclear fractions, DNA, RNA and lipids?’” 2’8, MV are vesicles with sizes between 0.1
and 1 um which are assembled and secreted by shedding or outward budding of
the plasma membrane?”. Their time of release is only a few seconds, and it can
occur in a constitutive way or in response of a stimuli®® 2!, Exosomes are
extracellular membrane vesicles sized from 50 to 150 nm in diameter whose
biogenesis by exocytosis of multivesicular endosomes was described for the first
time in 1983 by two independent research articles, published within a week of each
other®? 28 Nowadays, they are considered as key players in fundamental
mechanisms of intercellular communication, signaling and regulation of cell fate,
and also as a tool for many clinical applications. Cells can secrete exosomes with
unique characteristics. Indeed, two distinct subpopulations, called small-exosomes
(Exo-S, 50-80 nm) and large-exosomes (Exo-L, 90-120 nm), have been recently
isolated by asymmetric flow field-flow fractioning (AF4) from conditioned media of
more than 20 cell lines, showing different cargo and composition between them
and confirming the heterogeneity of EV subpopulations®®*. Finally, a new
subpopulation of EV, called exomeres, has been identified by Zhang H., et al. in
2018%% In this work, exomeres have been presented as non-membranous
nanoparticles sizing less than 50 nm in diameter, and recent evidences point that

they have different biophysical characteristics compared to both Exo-S and Exo-L%
285
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Figure 1.15. Types of EV, biogenesis and exosomes composition. Apoptotic bodies are secreted by
plasma membrane blebbing. Microvesicles are formed directly by plasma membrane evaginations.
Exosomes are originated by the endocytic pathway. First, early endosomes are formed from plasma
membrane invaginations and accumulate in multivesicular bodies (MVB). Finally, MVB content can
be degraded by fusion with lysosomes or released to the extracellular space by fusion with plasma
membrane. Two subpopulations of exosomes (Exo-S and Exo-L) can be distinguished. The content of
exosomes includes several types of RNA, metabolic enzymes, heat shock and cytoskeletal proteins,
while the membrane is enriched in lipids and other types of proteins with different functions,
including transport, targeting, adhesion, fusion or immune system presentation (major
histocompatibility complex, MHC, | and Il). A new type of nanovesicle, called exomeres, have been
found recently, but their biosynthesis process is still unknown. Illustration from Zhou X. et al.,
2020%73,

Despite the efforts made to fully characterize the different types of EV and clarify
their functional differences, the lack of standardized isolation methods which fully
separate MV from exosomes has made this task challenging®®. Moreover, there is
an overlap in their physicochemical and biochemical properties and an evidenced
heterogeneity among subpopulations of exosomes??® 287288 Numerous scientific
works have optimized isolation protocols involving 220 nm ultrafiltration and serial
ultracentrifugation steps to obtain small-sized vesicles, using the term “exosomes”
for the obtained samples. The combination of these techniques allow the isolation
of an enriched-exosomes fraction containing exosomes specific markers and lacking
the expression of other contaminating markers that will be specified below; but the
obtained sample will also include other small vesicles with a diameter inferior to
220 nm?®. This population will be referred to as SEV in this work. More detailed
discussion of MV and exosomes biogenesis, composition, release and uptake
mechanisms will be explained in the next sections.
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1.6.1.1. Synthesis and release mechanisms

MV are described as vesicles released to the extracellular space directly by outward
budding from the plasma membrane; while exosomes are originated from
intraluminal vesicles (ILV) within MVB as part of the endocytic pathway and are
released from cells when MVB are fused to the plasma membrane?®%2°2, First, early
endosomes are formed by plasma membrane invaginations by endocytosis. After
that, ILV are formed from early-endosome vesicles membrane micro invaginations,
forming MVB. These MBV can be fused to lysosomes for degradation of their
content or follow the secretory itinerary and fuse with the plasma membrane to
release exosomes into extracellular space (Figure 1.16).

ILV generation pathway can be regulated by the endosomal sorting complexes
required from transport (ESCRT)-dependent or independent pathways®! (Figure
1.16). ESCRT machinery consists of four ESCRT complexes (ESCRT-O, -I, -Il and -lll)
and accessory proteins (e.g., Alix and VSP4), and it is responsible of sorting
intracellular cargos that are destined or not for lysosomal degradation?>%°>, Two
ESCRT-independent mechanisms of exosomes formation and release have been
described: the first one depends on sphingomyelinase, an enzyme which produces
ceramide?®®; while the second involves tetraspanins®®’. Next, intracellular vesicle
transport between different compartments, necessary for the approximation of
MVB to the plasma membrane, is mainly controlled by the Rab family of small
GTPases. Finally, intracellular membrane-fusion, where MVB membrane and
plasma membrane are involved, is thought to be regulated by both soluble factors
(e.g. N-ethylmaleimide-sensitive factor [NSF] and soluble NSF-attachment protein
[SNAP]) and membrane complexes (such as SNAP-attachment protein receptor,
SNARE), although the fully mechanism is not still understood%,
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Rabs (Rab 7, SNARE
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Figure 1.16. Exosomes and MV biogenesis. Electron microscopy capture of exosomes releasing
process from MVB can be observed in the left panel. Main proteins implicated in the exosomes and
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MV biogenesis and release are highlighted (in purple and green, respectively) in the right panel. PM:

Plasma membrane; ILV: Intraluminal vesicles; MVB: Multivesicular body,; MV: Microvesicles; ESCRT:

Endosomal sorting complexes required from transport; Rab: Ras related proteins Rab; SNARE: SNP-

attachment protein receptor. lllustration showed in left panel taken from Edgar J.R., 20162%°. Image
in the right panel created in Biorender.

The route of MV formation has not been completely described neither, but it is
thought to require cytoskeleton components (e.g. microtubules and actin),
molecular motors (kinesins and myosins) and fusion machinery molecules (SNARE
and tethering factors)*®. It is known that that an accumulation of specific molecules
in certain regions of plasma membrane leads to a process of phospholipids
redistribution driven by calcium-dependent enzymes, such as flippases and
floppases, and at least ESCRT complexes | and lll, which are responsible for plasma
membrane deformation into buds and vesicles scission, respectively3? 302,

1.6.1.2. Recognition and downstream signaling in target cells
Once exosomes and MV have been released into the extracellular space, they can
interact with target cells and induce phenotypic changes on them. The preferred
mechanism of SEV to induce changes in the physiological state might depend on
their size and specific surface composition, as well as the recipient cell origin,
although an SEV population could possibly trigger more than one SEV-cell
interaction mechanism simultaneously. It has been described that SEV direct
bonding to acceptor cells through ligand/receptor molecules on their respective
surfaces is sometimes sufficient to activate signaling pathways and have an impact
on cell function, without the need of releasing their luminal content3%®3%, |n other
cases, the cargo of SEV must be transferred inside the recipient cells. Although
there are still questions to answer, various mechanisms for SEV uptake, including
direct membrane fusion3® and endocytosis®®. Indeed, a wide range of endocytic
portals, such as clathrin-dependent3®” 3% caveolae-mediated®® and lipid raft-
mediated endocytosis®'®, macropinocytosis®!* or phagocytosis®'® 313 have been
described in specific cell types. A schematic illustration representing the
mechanisms by which SEV interact with the receptor cells in shown in Figure 1.17.
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Figure 1.17. MV and exosomes interaction mechanisms with receptor cells. MV and exosomes in
the extracellular space can release their content and modify receptor cell behavior by (1) direct
membrane fusion; (2) endocytosis (3) direct interaction with receptors in plasma membrane.
Endocytosis can be clathrin-dependent, caveolae-mediated and lipid raft-mediated. Additionally,
micropinocytosis and phagocytosis has also been demonstrated in specific types of cells. After
endocytosis, vesicles can fuse with the endocytic membrane and release their content to the cell
cytoplasm. MV: Microvesicle; PM: Plasma membrane. Illustration created with BioRender.

There is a growing list in the literature of specific protein-protein interactions that
mediate SEV attachment and uptake into recipient cells. Accumulated experimental
evidence suggest that tetraspanins, which are membrane proteins involved in cell
adhesion, motility and proliferation, are highly abundant on SEV surface and cell
plasma membranes®!, and several studies have suggested their role in SEV-cell
interaction3>3Y7_ Integrins and immunoglobulins, which participate in several
functions (including cell-to-cell adhesion, cell signaling and leukocytes endothelial
transmigration), have been also related to SEV uptake in additional scientific
works3'” 318 Other authors have suggested the role of proteoglycans, and
specifically of heparin sulphate proteoglycans (HSPCGs), and lectins as mediators
of vesicular entry in bladder cancer cells®?® and dendritic cells3?°, respectively.

1.6.1.3. Cytosolic and membrane composition
Exosomes and MV present similarities on their lipid bilayer composition.
Concretely, both exosomes and MV contain lipid rafts, are enriched in cholesterol
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and expose phosphatidylserine (PS)?% 2°1, In addition to this, a lipidomic analysis
revealed that membranes of both Exo-S and Exo-L subpopulations are enriched in
ceramide, diglyceride, phosphatidylcholine, sphingomyelin and triglycerides,
although total lipid level and composition among the different exosomes
subpopulations showed cell-type dependent differences?’®.

Exosomes biogenesis, specific cargo and release to the extracellular space responds
to the cellular needs, but they present common components which are expected
to be found regardless of the parent cell type because they are linked to their origin
(e.g.: Alix, TSG101, HSC70 and HSP90B)32 322, The presence of these proteins along
with the absence of Calnexin, which is expressed in vesicles from ER and not in
exosomes, are currently used to identify exosomes in vitro. Proteins of the
tetraspanin family, such as CD9, CD63 and CD81, are also commonly found in
exosomes membrane, although they have been also identified in MV323, In addition
to this, exosomes tend to be enriched in glycoproteins; while MV are thought to
contain higher levels of proteins carrying posttranslational modifications, such as
phosphorylation and glycosylation3* 324, MV origin by outward budding of plasma
membrane also influences their content, which includes cytosolic and plasma
membrane-associated proteins such as cytoskeletal proteins, integrins, heat shock
proteins and the previously mentioned tetraspanins. Additionally, they contain
mRNAs, miRNAs and lipids®*. A wide range of proteins with different functions,
including membrane transport, fusion, adhesion or targeting have been found in
exosomes; while their cargo is composed by other proteins (e.g., cytoskeletal and
heat shock proteins), mRNA, noncoding RNAs (such as miRNA or tRNAs) and lipids
(Figure 1.15)?79 3% _The content of DNA in exosomes remains controversial, since it
has not been clarified whether DNA is contained in exosomes or in other type of
EVz87_

Although markers to distinguish between both exosomes and MV are still lacking?®’,
a wide range of specific additional molecules can be found in EV, which can also
change regarding to the physiological state and the origin of the parent cell. In
consequence, the biological response triggered in the target cell will be determined
by the specific EV cargo?? 326,327,

1.6.2. Soluble factors: Oncostatin-M
Cells can also communicate with each other by secreting soluble factors, such as
cytokines, growth factors and metabolites, to the extracellular space and act in a
paracrine, autocrine or endocrine manner. These signals can interact with the
target cell directly by crossing the hydrophobic phospholipidic membrane or

binding to a receptor on the target cell surface3?,
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One of the biggest families of secreted factors is cytokines, which include other
groups of proteins like lymphokines, monokines, chemokines and IL. The term
cytokine (from Greek -cyto = cell and -kinos = movement) was proposed by Stanley
Cohen in 19743%. Although the definition is still under evolution, growing scientific
evidence have shown that cytokines include peptides, proteins and glycoproteins
that are secreted by immune cells (e.g. lymphocytes, neutrophils, monocytes or
macrophages) and a few types of non-immune cells (e.g. epithelial cells, fibroblasts
or EC) and function by strongly binding to specific receptors on target cells and
activating a downstream signaling cascade that culminate in the expression of a set
of genes necessary for specialized responses®*. Cytokines play overlapping and
pleiotropic roles controlling hematopoiesis, growth, differentiation, angiogenesis,
tissue remodeling, would healing and cell or death survival as well as the effector
functions in tissues and immune cells having both anti- and pro-inflammatory
effects31333,

In this context, recent scientific evidences showing a possible beneficial role of
OSM, a cytokine classified in the group of the IL 6-type cytokine family33*,
counteracting fibrosis aroused our interest in the study of OSM as a possible
therapeutic agent in cardiac repair®®>33%%, Further details regarding to OSM
synthesis, structure and function with a focus on the cardiovascular system will be

provided in the next subsections.

1.6.2.1. OSM Synthesis
OSM was first reported and purified from U937 monocytic cells conditioned media
after phorbol 12-myristate 13-acetate (PMA) treatment by Zarling J.M. et al., in
19863%. Nowadays, it is known that OSM is a protein secreted mainly from
hematopoietic sources, including activated T Ilymphocytes, macrophages,
monocytes, neutrophils, eosinophils and mast cells®3% 34, Although the mechanisms
that regulate OSM expression are not completely described, various research works
have reported a role of the signal transducer and activator of transcription 5
(STAT5) on OSM induction. Particularly, it has been described that STATS-
dependent OSM expression can be induced by other cytokines, such as
erythropoietin, granulocyte colony-stimulating factor (G-CSF), IL-2 and [L-334% 342,
Additional cytokines, such as IL-15 and granulocyte-macrophage colony-stimulating
factor (GM-CSF) or PMA can also stimulate OSM production in neutrophils with a
role of STATS not confirmed3*-3%°, |L-12 has been pointed as an additional agent
which plays a role in OSM production, which could be positively regulated by STAT4
and negatively regulated by STAT6 in CD4* T cells3*®. Finally, expression of OSM in
monocyte-derived macrophages after thrombin or complement component C5a
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stimulation can be regulated via activation of activator protein (AP)-1 transcription
factor family347-348,

1.6.2.2. Structure and ligand-receptor interaction

At a structural level, human OSM is initially formed by 252 amino acids and divided
in three parts: signal peptide, chain and propeptide. Signal peptide and propeptide
are excised by proteolytic cleavage inside the cells in order to secrete mature OSM
into the extracellular space, which has a four-helix bundle structure joined by loops,
two disulfide bonds and two sites of glycosylation®*°. Once released, OSM can
interact with two specific heterodimers present in the surface of the target cells,
named Type | and Type Il receptors. Type | receptor complex is formed by leukemia
inhibitory factor receptor (LIF-R) and glycoprotein 130 (gp130 or IL-31RA); while
Type Il receptor complex consists on the Oncostatin-M receptor (IL-31RB) and IL-
31RA. Scientific evidences have shown that Type | receptor can interact with
different proteins of the IL-6-type cytokine family, whereas Type Il heterodimer is
specific for OSM349-351,

Interaction of OSM and IL-31RA is mainly carried out by the glycine in the position
120, along with two glutamines and one asparagine (Gly120, GIn16, GIn20 and
Asn124, respectively), which form a dimple located on helices A and C of OSM. LIF-
R and IL-31RB binding site consists of two critical residues (Phenylalanine [Phe, F]
160 and Lysine [Lys, K] 163) in a conserved FXXK motif, located at the beginning of
D-helix and the loop between helix A and B. Recent experimental data showed that
additional residues in OSM (tyrosine [Tyr]-34, GIn-38, Gly-39 and leucine [Leu]-45
in the AB loop and proline [Pro]-153 in the D-helix) and punctual amino acid
sequence changes between OSM and the rest of IL-6 cytokine family proteins which
binds LIF-R and IL-31A might be key for specific IL-31RB activation by OSM?35352,

1.6.2.3. Downstream signaling in target cells

The binding of OSM to either Type | or Type Il receptor induces the activation of
Janus Kinase (JAK) family members (JAK1-2 and TYK2) through tyrosine
phosphorylation, which induce the activation and nuclear translocation of STAT
proteins (STAT1, 3, 5A and B). In deep, Type | complex activates STAT1 and 3,
whereas Type Il complex stimulates STAT1, 3 and 5%% 34 Alternatively, the
activated receptors can also trigger mitogen-activated protein kinases (MAPK,
including ERK, p38 and JNK), phosphoinositide 3-kinase/protein kinase B
(P13K)/RAC-a serine/AKT and the protein kinase C delta (PKCS8) pathways. However,
the signaling pathways activated by OSM are not completely described> 3%, A
schematic representation of OSM signaling is showed in Figure 1.18.
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Figure 1.18. OSM signaling pathway. OSM induces signal transduction via the IL-31-RA-LIF-R or IL-
31RA-IL-31-RB receptor complexes. This engagement triggers the activation of Jak1, Jak2 and Tyk2,
which phosphorylate tyrosine residues in the cytoplasmic domains of the receptors. Phosphorylated
residues recruit STAT proteins and regulate their nuclear translocation. In addition, OSM triggers the
activation of and RAS-MAPK, PI3K and PKC6 pathways, although the fully mechanisms of activation
is not fully understood (dashed arrows). OSM: Oncostatin-M; IL-31RA: Interleukin-31 receptor
subunit alpha; LIF-R: Leukemia inhibitor factor receptor subunitbeta; IL-31RB: Oncostatin-M-specific
receptor subunit beta or interleukin-31 receptor subunit beta; Jak: Janus kinase; Tyk2: Non-receptor
tyrosine-protein kinase TYK2; SHP-2: Tyrosine-protein phosphatase non-receptor type 11; PI3K:
Phosphoinositide 3-kinase/protein kinase B; Akt: RAC-alpha serine/threonine-protein kinase; PKC6:
Protein kinase C delta; STAT: Signal transducer and activator of transcription; SH-2: SH2B adapter
protein 1; GRB2: Growth factor receptor-bound protein 2; RAS: GTPase Ras protein; MAPK: Mitogen-
activated protein kinase; ERK: Extracellular signal-regulated kinase; p38: Mitogen-activated protein
kinase 38; JNK: C-Jun-amino-terminal kinase-interacting protein; PM: Plasma membrane. lllustration
created with Medical Art. Data source: Richards C., 2013357 and West N.R. et al., 20183°8.
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The biological activities of OSM vary in different species and depend on ligand
concentration and the specific cell type, but also on its physiological state and
microenvironment®°. Notably, OSM has been related to both pro- and anti-
inflammatory properties. Pleiotropic responses to OSM include production of
inflammatory chemokines and cytokines, expression of leukocytes adhesion
factors, expression of ECM components and remodeling factors together with
alterations in cell proliferation and differentiation. Under appropriately regulation,
such previous mentioned responses contribute to homeostasis and tissue repair
following injury. In contrast, dysregulated OSM expression can promote sustained
inflammation and organ disfunction3% 360,
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Attending to the cardiovascular system, OSM has been related to proliferation,
chemotaxis and tube formation in cultures of human microvascular endothelial
cells¥1383, Furthermore, OSM could also indirectly regulate angiogenesis by
modifying the expression of VEGF3®* 365 fibroblast growth factor (FGF)-236% 366,
angiopoietin-2°7 and urokinase-type plasminogen activator (uPA)*®’. According to
this, OSM promoted revascularization and tissue regeneration in a mouse model of
acute muscle injury®®. Inflammatory responses evolution can be also modulated by
OSM gene activation in EC, including adhesion factors and cytokines (e.g. ICAM1,
VCAM1, IL-6, CCL2, P-Selectin and E-Selectin) and chemokines (e.g. CXCL1, 2 and 5),
which induce neutrophil rolling and adhesion3%® 37,

CXCL1, 2 and 5 chemokines expression in response to OSM treatment have also
been described in cardiac fibroblasts and myocytes, reinforcing the hypothesis of
OSM as an inflammation modulator following cardiac tissue injury3’® 372,
Importantly, recent results published by Abe H. et al. and Huguier V. et al,,
demonstrated a role of OSM counteracting the inductive effects of TGFB1 on
fibrosis®37:3%, |n addition to this, it has been described a role of OSM promoting CM
dedifferentiation and tissue remodeling after cardiac injury3> 373, Nonetheless,
growing evidence have pointed that these effects are consequence of punctual
OSM stimulation, but sustained OSM production can also have detrimental effects
in the heart, leading to HF and dilative cardiomyopathy33% 358373,
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2. Hypothesis and
objectives
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2. Hypothesis and objectives

Therapies proposed to fight against AMI have not shown major improvements on
patients’ outcome. Consequently, new therapeutic strategies that can prevent I/R-
induced injury during and after AMI are still needed.

Here, two cell-free based strategies have been proposed in order to pre-
conditionate ischemic area and reduce reperfusion-induced injury. First, we
focused on the metabolic switch in cardiomyocytes during ischemia. Under those
stressing conditions, where oxygen and nutrients are not enough to maintain
normal cardiac function, it was thought that local administration of a fatty acid
(diDHA) bound to PGA could help cardiomyocytes metabolism and avoid a massive
cardiomyocytes death before reperfusion. Second, previous studies have described
a pro-angiogenic potential and anti-apoptotic role on cardiomyocytes of small
extracellular vesicles (SEV) secreted by mesenchymal stromal cells (MSC) in AMI
context. Moreover, SEV are stable in vivo and they can regulate biological processes
by transferring bioactive molecules to target cells. Consequently, they have
emerged as a novel cell-free carrier for therapeutic purposes. In this sense, it was
proposed the specific loading of a protein with anti-fibrotic potential (OSM) on
MSC-SEV surface, and evaluate its ability to counteract fibroblasts activation in the
context of AMI, enhancing the native therapeutic potential of native MSC-SEV.
Based on these ideas, the following objectives were proposed:

- Evaluate the cardioprotective potential of nanoconjugates based on PGA
covalent union to diDHA in in vitro and in vivo ischemia-reperfusion models.

- Test the feasibility of OSM loading in SEV-MSC through its fusion to
membrane proteins naturally present on SEV.

- Assess the functional role of OSM loaded on MSC-SEV surface on in vitro
models of cardiac fibroblasts proliferation and activation.
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3. Methodology
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3. Methodology

3.1. Cellular models

3.1.1. Prokaryote cell types

Douglas Hanahan 5 a™ (DH5a) Competent Cells (ThermoFisher Scientific) have
been used in this work. They are a non-pathogenic versatile bacteria strain and
excellent hosts for routine cloning applications and lentiviral transformation.
Additionally, they are endonuclease deficient, which improves the quality of
plasmid DNA prepared form minipreps, and recombinant deficient, increasing
insert stability. This bacteria strain includes an ampicillin antibiotic resistant gene
for colony selection. Genotype: F ®80lacZAM15 A(lacZYA-argF)
U169 recAl endAl hsdR17(rk’, mk*) phoA supE44 thi-1 gyrA96 relA1 \".

3.1.2. Eukaryotic primary cultures and cell lines

The following cell types were used during this work: human cardiac microvascular
endothelial cells (HMVEC-C), normal human ventricular cardiac fibroblasts (NHCF-
V), primary cultures of ventricular myocytes (NRVM) and cardiac fibroblasts (cFib),
both from neonatal rats, embryonic kidney cells 293 type T with human origin (HEK
293T), human embryonic kidney Expi293 type F (Expi293F) cells, primary cultures
of native and genetically modified Mesenchymal Stromal Cells (MSC) and human
induced pluripotent stem cells (iPSC). All cellular types but Expi293F™ were
cultured in a Forma Series Il Incubator Model 3141 (Thermo Fisher Scientific) at 37
°C and 5 % of CO,. Expi293™ cells were maintained in suspension culture and
constant orbital shaking. A Ruskinn INVIVO, 400 Workstation chamber (Ruskinn
Technology) was used to culture cells in hypoxia (1% O).

3.1.2.1. Primary culture of human cardiac microvascular
endothelial cells
HMVEC-C were obtained from Lonza and cultured with EGM™-2 MV (Microvascular
Endothelial Cell Growth Medium-2 BulletKit™, Lonza), following manufacturer’s
instructions.
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3.1.2.2. Primary culture of human ventricular cardiac fibroblasts
NHCF-V were obtained from Lonza or PromoCell and cultured with FGM™.-3 Cardiac
Fibroblasts Growth Medium-3 Bulletkit™ (Lonza or PromoCell), following
manufacturer’s instructions.

3.1.2.3. Primary culture of neonatal rat ventricular myocytes and
cardiac fibroblasts

NRVM were obtained following the Worthington Neonatal Cardiomyocyte Isolation
System (Worthington Biochemical Corporation)®*. One- or two-days Wistar
neonatal rats’ hearts were removed, washed twice with cold calcium and
magnesium free Hank’s Balanced Salt Solution (HBSS, Gibco) and cut in small pieces
(0.5-1 mm3). Thereafter, hearts were incubated with 0.05% trypsin at 4 °C
overnight. Next day, enzymatic digestion with 2% collagenase Il and 10 mg/mL
DNase | was performed at 37 °C for 40 min, passed by a 40 um filter and centrifuged
at 100 g for 5 min. Cell suspension was pre-plated and incubated for 30 min in high
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplied with 10% heat
inactivated fetal bovine serum (FBS), 1% pyruvate solution, 1% L-glutamine and 1%
penicillin/streptomycin (P/S) (all from Gibco) to allow the attachment of fibroblasts
to the plate. Enriched cardiomyocyte cell suspension was recovered, centrifuged at
100 g during 5 min and plated in 0.02% Gelatin-1% Fibronectin coated plates at a
density of 200.000 cell/cm?. NRVM do not allow additional passages, so obtained
cells were directly seeded in plates for each experiment. Cardiac fibroblasts
remaining in the culture dishes were cultured high glucose DMEM supplied with
10% of heat inactivated FBS and 1% of P/S (all from Gibco) and used for experiments
between passage 1 to 4.

3.1.2.4. Embryonic human kidney cells 293 type T
HEK 293T was obtained from ATCC. This cell line is competent to replicate vectors
carrying the SV40 region of replication. HEK 293T gives high yields when used to
produce retroviruses. HEK 293T were cultured in high glucose DMEM supplied with
10% of heat inactivated FBS and 1% of P/S, all from Gibco.

3.1.2.5. Embryonic human kidney cells Expi293 type F
Expi293F cells were obtained from Thermo Fisher Scientific. These cells were
maintained in suspension and continuous orbital shaking at 150 rpm in a humidified
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CO; cell culture incubator using Expi293 Expression Medium (Gibco). Expi93F cells
have a high transfection rate and generate superior protein yields compared to
standard HEK 293T cell lines in transient protein expression.

3.1.2.6. Dental pulp Mesenchymal Stromal Cells

Dental pulp MSC in passage 1/2 were obtained from the Spanish National Cell line
Bank (BNLC) through Inbiobank Foundation (San Sebastian, Spain), where cells
were processed according to the specific requirements on 1S090001:2000 quality
system under Good Manufacturing Practices (GMP) conditions. The same biopsy of
MSC was immortalized and characterized in our laboratory through telomerase
reverse transcriptase lentiviral transduction (iMSC). MSC and iMSC were cultured
in low glucose DMEM supplied with 10% of heat inactivated FBS and 1% P/S, all
from Gibco. Genetically modified MSC contain a Tet-On inducible vector system
whose expression depends on the presence of doxycycline. Consequently, lentiviral
transduced MSC were seeded in the same conditions but standard FBS was
replaced for heat inactivated tetracycline-free FBS (BioWest) to allow the
expression of the desired gene only when doxycycline is added to cell culture
medium.

3.1.2.7. Human induced pluripotent stem cells

Foreskin fibroblasts from a Caucasian male were obtained from Coriell Institute for
Medical Research, and human induced pluripotent stem cell line (iPSC-Ctrl[clonF5])
was generated and characterized by Dra. Ana Maria Cervera Zamora and Dr.
Kenneth James McCreath in Cardiovascular Research National Centre (CNIC). iPSC
were cultured in mTeSR™1 culture medium (Stem Cell Technologies). iPSC need
special care for maintaining cells in an undifferentiated state. Consequently, culture
medium was daily changed, and colonies were picked up when necessary to
remove any cell starting to differentiate. iPSC were cultured on Matrigel® (Corning®
Matrigel® hESC-qualified Matrix) coated surfaces, which contains extracellular
matrix components as laminin, collagen IV, entactin, and heparan sulphate
proteoglycan, among other undefined components. Matrigel® was diluted
following manufacturer’s instructions and coated plates were prepared and
maintained at RT 3 h before cell seeding.
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3.2. Cell culture

3.2.1. Cells thawing

Cells were stored in cryovials placed in liquid nitrogen tanks at -195.8 °C. In order
to achieve a proper cell conservation, cryovials were placed in a 37 °C pre-warmed
thermostatic water bath directly from liquid nitrogen. Once thawed, cryovial
content was placed in a 15 mL tube containing 10 mL of the correspondent cell
culture medium. Cells were centrifuged at 300 g for 5 min, resuspended in culture
medium and seeded in the proper dish. HMVEC-C were seeded directly skipping the
centrifugation step according to manufacturer’s instruction. Next day, cell culture
medium was changed.

3.2.2. Cell expansion

HMVEC-C, NHCF-V, cFib, MSC and HEK 293T were expanded until reaching 80% of
confluency and cellular passages were performed. Cells were washed with balanced
salt solution without calcium and magnesium (Phosphate Buffer Saline, PBS) and
treated with Trypsin/EDTA 0.25% (Gibco) to detach them from plate surface,
centrifuged at 300 g for 5 min, resuspended in the proper cell culture medium and
counted. Next, cells were seeded in the correspondent culture flask at the desired
density. Expi293F™ were subcultured 3 times each week at a density of one million
of cell per milliliter in Erlenmeyer culture flasks.

iPSC were also expanded until reaching 80% of confluency before cellular passage.
Next, cells were washed twice with PBS and incubated with 0.5 mM EDTA
(UltraPure™ 0.5 M EDTA, pH 8.0, Thermo Fisher Scientific diluted in PBS) at 37 °C
for 3 min or until a distinction of cell-forming inside colonies could be seen. Next,
EDTA was removed, cells were detached from dish surface by pipetting carefully to
avoid cell individualization, transferred to a 15 mL tube containing 2 mL of fresh
culture medium and centrifuged at 300 g for 5 min. Finally, cells were carefully
resuspended and seeded in previously Matrigel-coated dishes at the desired
density.

3.2.3. Cell cryopreservation
Cells were submitted to a similar protocol for cryopreservation. After cells
detaching and centrifugation, they were resuspended in FBS, FBS TTC free or
Knockout Serum (Gibco) in case of iPSC, counted and diluted to a density of 1 million
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of cells per 900 pL of the appropriated FBS. After that, cell suspension was divided
between the different cryotubes and 10% of dimethyl sulfoxide (DMSO) was added
to favor cell cryopreservation. Cryotubes were stored on a recipient with
isopropanol, which allows a gradual temperature decrease (1 °C/h) at -80 °C
freezer. After 24 hours, cryotubes were transferred to a liquid nitrogen tank.

3.2.4. Cell viability counting

HMVEC-C, NHCF-V, cFib, MSC and HEK 293T viability of obtained cell suspensions
after trypsin/EDTA digestion and subsequent centrifugation was analysed mixing
10 pL of cell suspension with 10 uL of 0.2% trypan blue diluted in PBS. Expi293F™
do not require enzymatic digestion, so viability was directly measured after
centrifugation. Trypan blue is a reagent able to stain dead or damaged cells while
healthy cells can actively expel it. In order to count the number of viable cells, a
Neubauer chamber was used. This chamber has an area of 0.01cm? and is 0.01 cm
depth (Volume = 0.1 mm?® or 10* mL). Consequently, 10 pL of the obtained
suspension were placed in the Neubauer chamber and viable cells (not stained)
were counted. The following mathematical formula to obtain the concentration of
viable cells in each sample was used: Concentration (N2 of viable cells/mL) = N2 of
viable cells x 10.000 / Number of counted squares x Dilution factor.

In order to obtain single cell suspensions of iPSC and count the number of viable
cells to start a differentiation protocol, 10 um ROCK pathway inhibitor (Y-27632,
Stem Cell Technologies) was added 1 h before cell disaggregation to increase cell
viability and favour undifferentiated state. After that time, iPSC were washed twice
with PBS and incubated with Accutase (Innovative Cell Technologies Inc.) at 37 °C
for 7 min to obtain individualized cells. After centrifugation, the same counting
protocol applied to the rest of cell types was followed.

3.2.5. Cardiomyocytes differentiation from iPSC

In vitro differentiation of iPSC to cardiomyocytes mimics the sequential stages of
embryonic cardiac development. Three families of protein growth factors are
thought to control mesoderm formation and cardiogenesis: bone morphogenetic
proteins (BMPs), Wingless/INT proteins (WNTs) and the fibroblasts growth
factors®®®. iPSC-CM differentiation protocol relies on the use of small molecules to
inhibit or stimulate Wnt signalling pathway and drive cardiac progenitor cell
formation.
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iPSC were individualized as described in the previous section and seeded in 12 multi
well plates at a density of 263.158 cells/cm? in mTeSR™1 culture medium
containing 5 uM ROCK pathway inhibitor. Seeding day was considered Day -3 of
differentiation. Culture medium was replaced with fresh mTeSR™1 culture medium
on differentiation days -2 and -1. On day O, cell culture medium was replaced for
mTeSR™1 and CHIR99021, which is an inhibitor of GSK3a and GSK3B and activates
Wnt signalling pathway, was prepared at 8 um (StemCell Technologies) in
differentiation culture medium 1 (DM1: 95.4 % RPMI 1640 culture medium, 1%
100X GlutaMAX, 1% mL 100X non-essential amino acids, 0.5% P/S, 0.1 % B-
Mercaptoethanol and 2% 50X B27 without insulin supplement). CHIR99021 was
maintained for 24 h and was replaced for fresh DM1 (day1). On day 3, IWP-4, which
is a Wnt signalling pathway inhibitor, was prepared at 5 uM in DM1 and added to
the cells for 48 h. After that time, fresh DM1 was added (day 5). Differentiation
medium 2 (DM2: 95.4 % RPMI 1640 culture medium, 1% 100X GlutaMAX, 1% mL
100X non-essential amino acids, 0.5% P/S, 0.1 % B-Mercaptoethanol and 2% 50X
B27 with insulin supplement) was prepared at day 7 of differentiation, added to the
cells and replaced every 48 h. Cell cultures were monitored routinely until the cells
began to beat.

Since adult cardiomyocytes proliferative rate is extremely low, cardiomyocytes
derived from iPSC (iPSC-CM) obtained from each differentiation process were
directly used for the desired experiments. For this purpose, cells were washed with
PBS twice and incubated with Trypsin/EDTA 0.25% at 37 °C for 7 min. Cells were
detached from dishes by pipetting, transferred to a tube containing DM2 and
centrifuged at 300 g for 5 min. Next, cells were counted and seeded in Matrigel pre-
coated plates in DM2 containing 20% FBS and 5 uM ROCK pathway inhibitor at the
required concentration. Next day, medium was replaced for DM2 and refreshed
every 48 h until day of differentiation 30.

All components in DM1 and DM2 were obtained from Gibco. CHIR99021 and IWP4
were reconstituted following manufacturer’s instructions and stored in small-
volume aliquots at -20 °C.

3.3. Molecular genetics techniques
During this work, lentiviral vectors and other vectors for protein production in
mammalian cells were used to genetically modify target cells. Conventional genetic
engineering techniques have been used to edit and introduce genetic material
stably into eukaryotic cells.
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Expi293F™ were used for transient protein expression and initial fusion protein
stability screening using pEBNAZ mammalian cells expression vector backbone, and
MSCs were transfected with lentiviral vectors for stable cell generation. MSC and
Expi293F cells were genetically modified to express fusion proteins composed by
different OSM isoforms bound to three SEV anchoring proteins: lactadherin, CD81
or TSPAN14, and control vectors to express only SEV anchoring proteins were

included. Plasmids used for this project are summarized in Table 3.1:

Table 3.1. List of plasmids used during the project.

Plasmid name

Tet-On® 3G in and GFP in
XSTP_Oncostatin

Tet-On® 3G in and GFP in
XSTP_Oncostatin without
Oncostatin

Tet-On® 3G in and GFP in
CD81_MatureOncostatin

Tet-On® 3G in and GFP in
CD81_MutantOncostatin
Tet-On® 3G in and GFP in
CD81_without Oncostatin

MatureOncostatin_Lactad
herin in pEBNAZ

MutantOncostatin_Lacta
dherin in pEBNAZ

Lactadherin in pEBNAZ

MatureOncostatin_CD81
in pEBNAZ

MutantOncostatin_CD81
in pEBNAZ

Fusion
protein
name

OSM-XSTP

XSTP

MatureOS
M-CD81

MutantOS
M-CD81

CD81

MatureOS
M-
Lactadheri
n
MutantOS
M_
Lactadheri
n
Lactadheri
n

MatureOS
M-CD81

MutantOS
M-CD81

osm
isofor
m

Native
OsSM

Matur

OSM
Muta
nt
OSM

Matur

OSM

Muta
nt
OSM

Matur

OSM
Muta
nt
OSM

AP”

Lactadhe
rin

Lactadhe
rin

CDh81

CD81
CDh81

Lactadhe
rin

Lactadhe
rin

Lactadhe
rin

CD81

CDh81

AP

isoform*
*

Lactadhe
rin c1 TD-
c2 FD
Lactadhe

rin cl TD-
c2 FD

Native

Native

Native

cl-c2
domains

cl-c2

domains

cl-c2
domains

Native

Native

Plasmid
backbo
ne
Lentivir

al

Lentivir
al

Lentivir
al

Lentivir
al

Lentivir
al

pEBNAZ

pEBNAZ

pEBNAZ

pEBNAZ

pEBNAZ

Source

SBl and

Gene

Univers
a

SBl and

Gene

Univers
a

AZ-1IS
La Fe

AZ-11S
La Fe

AZ-1IS
La Fe

AZ-11S
La Fe

AZ-11S
La Fe

AZ-11S
La Fe
AZ-11S
La Fe

AZ-1S
La Fe
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CD81 in pEBNAZ CD81 = CD81 Native

MatureOncostatin_TSPA MatureOS | Matur

. M- e TSPAN14 Native
N14 in pEBNAZ TSPAN14  OSM
Mutant MutantOS Muta
Oncostatin_TSPAN14 in M- nt TSPAN14 Native
pPEBNAZ TSPAN14 OSM
TSPAN14 in pEBNAZ TSPAN14 - TSPAN14 Native

"AP: Anchoring protein; “*FD: Full domain; TD: Truncated domain

Lactadherin c2 domain binds specifically to phosphatidylserine in SEV membrane,
while CD81 and TSPAN14 are transmembrane proteins also present on SEV surface.
In consequence, OSM is expected to specifically be loaded in SEV isolated from
parental cells. On the one hand, expression of fusion proteins in lentiviral vectors
was controlled by the addition of a TetOn inducible system, where addition of
doxycycline to culture media is necessary to induce the expression of the vector
encoded fusion protein. Green Fluorescent Protein (GFP) was also included for
tracking and selection purposes and its expression was controlled by a constitutive
promoter (EF1). On the other hand, pEBNAZ vectors backbone sequence consisted
on a human cytomegalovirus (CMV) promoter. An example of both types of vectors

are showed in Figures 3.1 and 3.2.

(MI3 fwd] MUl (1)
Vo SphI (95)
bla promoter: VoS
(8800) Sspr “ \ HIV LTR
\ \/ < BssHU (438)
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_ BspDI- Clal (1917)
~ Spel (1822)

{7103} Pcil [ PmlI (2059)

(E-coli catabolite activator protein binding site]

pEBNAZ

pEBNAZ

pEBNAZ

pEBNAZ

AZ-11S
La Fe

AZ-11S
La Fe
AZ-11S
La Fe

AZ-11S
La Fe
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lac repressor encoded by lacl binding site
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/
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XSTP_Oncostatin (1)
9387 bp

Figure 3.1. TeT-On® 3G in and GFP in XSTP_Oncostatin lentiviral vector outline.

~(medified rETA protein that binds tightly topro)
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Peil, EcoS3KI SacI,Nrul,Peil, Pas], PspONI, Apal, Bbs], Hpal, +6
Alol
Spel, PFIML, Ahdl
Bael
PspOHT
Apal, Mlul
TapHI, Ymal, Smal
Bpulel

Mature0SM-Lactadherin
9816 bp

RsrIl
#1
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SexAl
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u
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Figure 3.2. MatureOSM-Lactadherin in pEBNAZ vector scheme.

3.3.1. Bacterial transformation and amplification

Once plasmids were received, they were transformed and amplified in DH5a™
bacteria. Firstly, 100 pL of bacteria were mixed with 200 ng of the correspondent
plasmid dissolved in MiliQ H,O and the resultant solution was incubated for 20 min
on ice. Next, bacteria were transformed by heat shock technique using a water
batch pre-warmed at 42 °C for 45 seconds and were put back on ice for 2 min. After
that, ImL of 42 °C pre-warned lysogeny broth medium (LB: 10 g NaCl, 10 g tryptone
and 5 g yeast extract in 1L of water and pH adjusted to 7.4 with NaOH) was added
and samples were incubated at 180 revolutions per minute (RPM) in an orbital
shaker at 37 °C for 1h. Next, samples centrifuged at 400 g for 1 min and pellet was
resuspended in 50-100 plL of LB. The resulting mixture was added to Petri dishes
previously covered by LB-agar LB agar (5 g of bacteriological agar per 1L of LB) with
ampicillin (100 pug/mL) was used for bacterial clone selection. This method allows
only the growth of bacteria which have incorporated the plasmids and therefore
are ampicillin resistant. Plates were placed in a bacteriological incubator at 37 °C
overnight. Resulting plates with growth colonies were stored at 4 °C until their use.
Reagents used in this section were purchased from Sigma Aldrich.
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3.3.2. Isolation and purification of plasmid DNA from
bacteria
Colonies obtained in Section 3.3.1 were individually picked and inoculated in tubes
containing 3 mL of LB with ampicillin. Samples were incubated in an orbital shaker
at 180 RPM at 37 °C until the optimal optical density was obtained. Once the pre-
inoculum was growth, DNA isolation was performed using the Plasmid MiniPrep kit
(GE Healthcare) following manufacturer’s instructions.

To obtain greater amounts of DNA, 2 mL of transformed bacteria were transferred
to flasks with 200 mL of LB containing the antibiotic for selection and were
incubated in an orbital shaker at 180 RPM at 37 °C overnight. Next day, plasmid
DNA isolation was carried out with the Plasmid Maxi Prep Kit (Jetstar) following
manufacturer’s instructions. Resultant DNA was quantified by spectrophotometry
(NanoDrop 1000, Thermo Fisher Scientific) and quality of samples was
corroborated according to the absorbance standard ratios 260/280 (ratio above 1.8
indicates insignificant RNA contamination) and 230/260 (ratio between 2.0-2.2
indicates low contamination of sample by proteins or different molecules). DNA
obtained was diluted to a stock concentration of 1 pg/mL and was stored at a -20
°C freezer.

3.3.3. Enzymatic digestion
Enzymatic digestions of two lentiviral vectors were performed to test if plasmids
had the expected length and digestion pattern. With this purpose, Hindlll
restriction enzyme was used. Number and length of expected fragments for each
plasmid are detailed in Table 3.2:

Table 3.2. Expected fragments’ number and length after plasmid digestion with Hindlll.

Plasmid Expected fragment Expected fragm?nt length
number (base pairs)
Tet-On® 3G in and GFP in
; ; 2252; 1819; 342
XSTP_Oncostatin without Oncostatin > 253, 583; 2252, 1819, 3424
O 26 .
Tet-On® 3G in and GFPin 5 553; 583; 3008; 1819; 3424

XSTP_Oncostatin

Plasmid digestion was carried out by mixing 10 pL of each plasmid with 10 units of
Hindlll (1 pL of stock) in a final volume of 25 pL containing 2.5 uL of NEBuffer (New
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England Biolabs Inc, UK) and 11.5 pL H,0; for each sample. Resulting samples were
incubated at 37 °C for 1h.

The digestion patterns obtained were analyzed using agarose gel electrophoresis
technique. With this purpose, 1X trys-acetate EDTA (TAE) buffer was previously
prepared, which is composed by 40 mM trys-acetate 1% agarose gel and 1 mM
EDTA (all from Sigma Aldrich) in MiliQ H;0 and pH was adjusted to 8.3. Gel with 1%
of agarose in 1X TAE was prepared and electrophoresis at 100 V was run. In order
to see the bands obtained, gel was incubated with GelRed (Biotium) at 60 RPM in
an orbital shaker for 40 min. Gels were revealed with Bio-Rad Gel Doc XR system.

3.3.4. Lentiviral transduction and engineered MSC lines
generation

Five different lentiviral transductions were carried out in MSC using the vectors
described in Section 3.3. Consequently, five genetically modified two of them from
a primary MSC cell line (MSC-XSTP, MSC-OSM-XSTP) and three from the same cell
line, but previously immortalized (iMSC-CD81, iMSC-MatureOSM-CD81 and iMSC-
MutantOSM-CD81) were generated. With this purpose, HEK 293T cells were used
as a packaging cell line in order to produce lentiviral particles, which would be used
as a vehicle to introduce the desired genetic material in MSCs. HEK 293T cells were
transfected with the plasmids psPAX2 and pVSV (Addgene), necessary to produce
the entire virus and package the genetic construct in the resulting lentiviral particle.
Detailed process is explained here:

- Day 1: HEK 293T seeding. HEK 293T were seeded in 55 cm? plates at a
density of 6 x 10° cells per culture dish.

- Day 2: Plasmid transfection. One hour before transfection, HEK 293T cell
culture medium was changed by high glucose DMEM with 1% P/S and
chloroquine (Sigma Aldrich) at a final concentration of 25 um. After that,
the following solutions were prepared:

o Solution A (uL/55 cm?dish): 5 pL of desired plasmid, 3 puL psPAX2
plasmid, 1.5 puL VSV2 plasmid, 62 pL 2M CaCl; and 428.5 uL 0.2 um
filtered MiliQ H,0,. All plasmids’ stocks were prepared at 1 pg/uL.

o Solution B (uL/55 cm?dish): 500 uL HBS 2X buffer (280 mM NaCl,
50 mM HEPES buffer and 1.42 mM Na;HPO,, all from Sigma
Aldrich). HBS 2X pH was adjusted to 7.05 and 0.2 um filtered.
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Once Solution A and B are prepared, solution A is added to solution B in a drop-wise
manner while Solution B is in continuous vortex shaking. After that, mixture is
leaved still for 10-15 min and is added carefully to HEK 293T cells for 8 hours. After
that time, cell culture medium is replaced by MSC culture medium (low glucose
DMEM supplemented with 10% TTC-free FBS and 1% P/S) for 48h. During this time,
packaging cell line produces the lentiviral particles with the genetic construct of
interest inside.

- Day 3: MSC seeding. MSC were seeded in 55 cm? plates at a density of 3 x
10° cells per culture dish. For viral tittering, MSC were seeded in 24 well
plates at a density of 100.000 cells/well.

- Day 4: Lentiviral particles collection and MSC infection. HEK 293T
supernatant was collected, centrifuged at 300 g for 5 min to remove
possible floating cells and 0.45 pum filtered to avoid cell debris
contamination. Collected culture medium was used for both viral tittering
and large-scale infection.

On the one hand, different dilutions of collected culture medium in low glucose
medium with 1% P/S were prepared for viral tittering. Tested dilutions were: 1/50,
1/25, 1/10, 1/5 and 1/2.5 and 1/1. Cells with low glucose DMEM with 1% P/S were
used as a control. In all cases, polybrene (Sigma Aldrich) at a final concentration of
8 ug/mL was added to improve viral particle efficiency. After 7 hours, cell culture
medium was replaced by low glucose DMEM supplied with 10% TTC-free FBS and
1% P/S. 48h later, cells were analyzed by flow cytometry to evaluate the number of
GFP positive cells in each sample and the optimal number of viral particles to infect
3 x 10° MSC was calculated based on titration curves previously performed.

On the other hand, MSC medium was changed for a mixture of low glucose DMEM
with 1% P/S supplemented with 8 ug/mL polybrene (Sigma-Aldrich) and the volume
of collected culture medium containing viral particles previously calculated. The
final volume on each dish was 8 mL. After 7 hours, cell culture medium was replaced
by low glucose DMEM supplied with 10% TTC-free FBS and 1% P/S.

3.3.5. Large scale transfection in Expi293F cells
Expi293F cells were used for protein transient expression to get a faster screening
of designed fusion proteins stability. 40 kDa linear Polyethilenimine (PEI, from
Polysciences Inc.) was used as plasmidic DNA encapsulator. The procedure
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described below was carried out for all the pEBNAZ-based plasmids described in
Section 3.3.

- Day 1: Expi293F™ seeding. Cells were seeded at a density of 2 million cells
per mLin a final volume of 45 mL.

- Day 2: Transfection. Twenty-four hours after seeding, cell density and
viability was measured. Cell viability should be higher than 95%, while cell
density should range from 3.5 to 4.2 million of cells per mL to proceed. If
parameters match, two different solutions are prepared:

o Solution A: 75 pg of DNA in 2.5 mL of Expi293F™ expression media.
o Solution B: 300 pL of PEI Max in 2.5 mL of Expi293F™ expression
media.

After all reagents were prepared, Solution A was added to Solution B. Components
were carefully mixed and incubated for 15 min at RT. Thereafter, DNA-PEI
complexes were added to Expi293F™ cells.

- Day 3: Culture media addition and culture parameters check. Twenty-four
hours after transfection, cell density and viability were measured to ensure
cell growth and well-being. If viability was acceptable, 50 mL of fresh
expression media were added to each Erlenmeyer culture flask.

- Day 4: Media _and samples recollection. Forty-eight hours after
transfection, one million of cells were used for the generation of cell lysates
and protein samples and cell supernatant was collected for SEV isolation.

3.4.SEV isolation from cell culture supernatants

3.4.1. SEV production medium

FBS is routinely used for cell culture medium as a supplement to favor cell growth.
However, it contains EV which would contaminate the experiments. To avoid this,
culture media from which the cell-derived SEV will be purified must be depleted of
the contaminating EV. Consequently, EV in FBS were eliminated by
ultracentrifugation as previously described by C. Théry et al®”. In the present work,
fixed angle 50.2Ti rotor (Beckman Coulter) and ultracentrifuge CD8ONX (Hitachi)
were used.

Low or high glucose DMEM were supplemented with 20% of tetracycline free FBS
and ultracentrifuged at 100.000 g at 4 °C for 16 h for MSC-derived SEV isolation.
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After that, supernatant was filter sterilized by pouring the contents of each tube
into a vacuum-connected 0.22 um filter on top of a sterile bottle and diluted in one
volume of low or high glucose DMEM medium without FBS and 1% of P/S to obtain
the SEV production mediums (PM1 and 2, respectively). PM1 or PM2 was added to
the desired cells for 48 h for SEV purification by ultracentrifugation or for
experiments. Doxycycline was added to induce OSM expression in the
correspondent experimental conditions.

3.4.2. SEV isolation

SEV isolation secreted by cells to the extracellular space was performed by serial
ultracentrifugation of PM. PM1 or 2 was added to the cells of interest, recollected
after 48 h of incubation, and centrifugated at 2.500 g at 4 °C for 20 min to
precipitate and remove live cells. Supernatant was transferred to ultracentrifuge
tubes and centrifuged at 15.000 g for 45 min to rush to the bottom cellular debris.
Supernatant was collected and 0.2 um filtered to exclude large EV. Next,
supernatant was transferred to clean tubes and ultracentrifuged at 100.000 g for 2
h at 4 °C. After that, supernatant was completely removed, and each pellet was
resuspended in 1 mL of cold PBS. Resulting solutions from the same biological
conditions were pooled in only one tube for a final washing step. With this
objective, tubes were filled with cold PBS and samples were ultracentrifuged at
100.000 g for 2 h at 4 °C. Finally, supernatant was removed as completely as
possible and SEV pellet was resuspended in the desired solution.

3.5. Molecular biology techniques

3.5.1. RNA purification and quantification

RNA was isolated from eukaryotic cells in culture. Firstly, culture dishes were placed
on ice and three cold PBS washed were done. After that, RNeasy Plus Mini Kit
(Qiagen) was used following manufacturer’s instructions. Experimental process
consists on cellular lysis with RLT buffer supplemented with 1% of B-
Mercaptoethanol and subsequent RNA purification with a column system which
combines the selective binding properties of a silica-based membrane with the
speed of microspin technology.

Concentration of obtained RNA in samples was measured with NanoDrop ND-1000
(Thermo Fisher Scientific) spectrophotometer. After the addition of 1 L of sample
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RNA concentration was obtained from the resultant absorbance spectrum.
Samples’ quality was checked calculating the absorbance ratios 260/280 nm (when
value is 2.0 is considered that nucleic acid contamination or another molecule with
similar spectra is not significant) and 230/260 nm (range of 2.0-2.2 means an
insignificant protein or other molecules contamination).

3.5.2. Reverse transcription and Real Time PCR
Expression of genes of interest from total cellular RNA was measured by real time
PCR (RT gPCR). This process requires reverse transcription of RNA to
complementary DNA (cDNA) and the use of the obtained cDNA as a template for
amplification by PCR.

3.5.3. Reverse transcription: cDNA synthesis

Reverse transcription consists on the synthesis of DNA from RNA. Therefore, RNA
can act as a template to obtain a DNA chain with complementary sequence. In order
to obtain cDNA from RNA samples, the high-capacity cDNA reverse transcription kit
(Applied Biosystems) was used following manufacturer’s instructions using the
protocol detailed in Table 3.3 in an Eppendorf Thermal Cycler. Reaction mix was
prepared using 1 pg of RNA for each sample and the rest of components provided
by the mentioned kit: RT buffer, RT Random Primers, dNTP Mix, MultiScribe
Reverse Transcriptase and ultrapure water.

Table 3.3. Reverse transcription protocol for cDNA synthesis.

Step Number of cycles Temperature Time
1 1 25°C 10 min
2 2 37°C 60 min
3 1 85 °C 5 min
4 - 4°C oo
3.5.4. Relative quantification of gene expression by real

time quantitative PCR
Real time quantitative PCR (RT gPCR) was carried out from 100 ng of previously
synthetized cDNA. Predesigned primers to amplify the sequences of target genes
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were acquired from KiCkStart™ Primers Service of Sigma Aldrich or TagMan Assay
Probes™ from Thermo Fisher Scientific. In this work, expression of the genes
detailed in Table 3.4 was analysed. Expression of GUSB was measured as control or
housekeeping gene for iPSC or differentiated iPSC, while GAPDH and B-ACTIN were
used for the rest of cell lines for SYBR Green and TagMan Assay probes,
respectively.

Table 3.4. Primers sequences used for gene expression quantification by RT qPCR.

Gene Assay ID
OCT4 NM_00173531
NKX2-5 D6021-C02/C03
TNNT2 NM_000364
GP130 Hs00384276_m1
LIFR Hs01123581_m1
OSMR Hs00174360_m1
GUSB NM_000181
GAPDH NM_017008.3
B-ACTIN Hs01060665_g1

RT qPCR for each gene of interest was performed using the correspondent pair of
primers, SYBR green master mix (1X Light Cycler 480 SYBR Green | Master, Roche)
and Taq DNA polymerase NETZYME (1 U/uL, NEED) when SYBR Green Assay Probes
were used. cDNA amplification was performed in the LightCycler 480 Instrument
(Roche). Each PCR reaction mix contained: 3 uL of previously synthetized and
diluted cDNA, 1 pL Tag DNA Polymerase NETZYME, 2.5 10X Polymerase buffer, 1 uL
MgCl, 50 mM, 2.5 uL 2.5 mM dNTPs, 0.5 uL of forward primer, 0.5 uL of reverse
primer and MiliQ H,0, to reach a final volume of 15 uL. Once samples were ready,
they were introduced into the thermal cycler following the protocol detailed in
Table 3.5.

Table 3.5. Protocol for DNA amplification by RT gPCR using SYBR Green Gene Expression Assays.

Step Temperature Time Number of cycles
Pre-incubation 95 °C 10 min -
95 °C 15s
Amplification 58 °C 10s 45
72°C 20s
94 °C 5s

Melting Curve 60 °C 15
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97 °C Continuous
Cooling 4°C 10s -

In case of gene expression analysis with TagMan® Gene Expression Assays,
TagMan® Fast Advanced Master Mix 2X was used, and master mix for each
individual or each Tagman assay probes (20X) were prepared following
manufacturers’ instructions for a final volume of 10 pL/well. QuantStudio™ 7 Flex
Real-Time PCR System instrument was used to run the reactions following the
protocol showed in Table 3.6.

Table 3.6. Protocol for DNA amplification by RT qPCR using TagMan Gene Expression Assays.

Step Temperature Time Number of cycles
Pre-incubation 50 °C 2 min -
Polymerase activation 95°C 2 min -
PCR (Denature and 95°C 1s 0
Anneal/Extend) 60 °C 20s
Cooling 4°C 10s -
3.5.5. gPCR results analysis

Light Cycler 480 SW 1.5 (Roche) or QuantStudio™ 7 Flex Real-Time PCR System
software were used to analyze results. Each sample was assayed by triplicate. Gene
expression results for each sample was normalized with gene expression of
housekeeping genes (B-ACTIN, GAPDH or GUSB) and were expressed as the number
of times that gene expression increases or decreases compared to control sample
values.

3.6. Biochemical technigues

3.6.1. Extraction of protein content
In order to obtain good quality extracts of proteins all the procedure was carried
out on ice. Firstly, medium in culture was discarded and dishes were washed twice
using ice-cold PBS. Next, PBS was discarded and ice-cold RIPA lysis buffer (Sigma
Aldrich) was added. Lysis buffer was supplemented with a cocktail of protease
inhibitors (Roche) and phosphatase inhibitors (Sigma Aldrich) to favor protein
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integrity. Cells were lifted with sterile cell scrapers and transferred to Eppendorf
tubes. Gentle pipetting was done to enhance extracts’ lysis and disaggregation.
After that, samples were incubated on ice for 20 min and centrifuged in an
Eppendorf 5417R Refrigerated Centrifuge (Thermo Scientific) at 16.000 RPM for 20
min at 4 °C. Proteins contained in the resulting supernatant was collected and
transferred to a new Eppendorf tube and samples were conserved in a freezer at -
80 °C until use.

3.6.2. Protein quantification assay

Protein concentration was quantified by BCA technique (Pierce™ BCA Protein Assay
Kit, ThermoFisher Scientific). BCA assay is based on the use of bicinchoninic acid
(BCA) for colorimetric detection and quantification of the protein content in a
sample. First, working solution containing 50 parts of Solution A (Composition:
sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in
0.1M sodium hydroxide) and 1 part of Solution B (Composition: Cupper sulphate)
was prepared. Then, 10 pL of each previously prepared standard (protein standard
curve recipe is detailed in Table 3.7) or 10 uL of the correspondent sample were
added to a well of a 96 multi-well plate. After that, 190 pL of work solution was
added to each well and plate was shacked in an orbital shaker for 30 s. Samples
were covered and incubated at 37 °C for 30 min. Finally, absorbance at 562 nm was
recorded in a Victor2 microplate reader using Wallac 1420 Workstation (Perkin
Elmer).

Table 3.7. Standard BSA curve for protein quantification.

BSA from stock solution at 2mg/mL

BSA Concentration (ug/mL) Diluent (uL)

(L)

()} 0 30

25 0.375 29.62
125 1.87 28.12
250 3.75 26.25
500 7.5 225
750 11.25 18.75
1000 15 15
1500 22.5 7.5
2000 30 0
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Protein concentration was calculated by line regression using the following
formula:

Y=mX X+b, m=AY/AX = (Y; = Yy)/ (X1 — Xp)
Where:
Y = Dependent variable (Absorbance)
m = Slope

X = Explanatory variable

3.6.3. Polyacrylamide gel electrophoresis
In the displayed experiments, 30 ug of protein from each sample have been used
for Western Blot assays. Laemmly Sample Loading Buffer 4x (Bio-Rad)
supplemented with B-mercaptoethanol (Sigma-Aldrich) was mixed with protein
samples following manufacturer’s instructions. Then, samples were transferred to
a thermo-block station at 95 °C for 5 min and a short spin was performed. This step
allows protein denaturalization before electrophoresis.

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-Page) allows
protein separation according to their molecular weight. With this purpose, proteins
are loaded with electric charge and differently migrate inside a porous matrix
depending on their size due to the application of a constant electric camp. Porous
matrix is achieved by linear and branched polymerization of a solution composed
by 30% Acrylamide/0.8% Bisacrylamide (Bio-Rad). Consequently, the final
concentration of this solution will determine gels’ porous size and smaller proteins
will migrate quickly than heavy proteins.

During this work, a discontinuous gradient was achieved using a gel composed by a
stacking gel fraction and a running gel fraction. Stacking gel was prepared with 5%
of polyacrylamide/bis-acrylamide solution to accumulate all the proteins present
on the different samples in the migration front (beginning of running gel) to ensure
that all the proteins start its migration at the same time. Running gel, with smaller
porous size, was prepared at different percentages of
polyacrylamide/bisacrylamide solution depending on the protein size of interest.
Gel compositions used during this project are detailed in Table 3.8.

Table 3.8. Stacking and running polyacrylamide/bisacrylamide gels recipes.
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o : P . o .
Stock solution 5% stacking gel ~ 7.5% running gel =~ 10% running gel

(mL/5mL) (mL/10mL) (mL/10mL)
0, H 0,
396 Acryla.mlde/ 0._86 0.83 55 33
Bisacrylamide solution
1.5 M Tris-HCL, pH 8.8 - 2.5 2.5
1 M Tris-HCI, pH 6.8 0.63 = =
10% SDS 0.05 0.1 0.1
10% APS (ammonium persulfate) 0.05 0.1 0.1
TEMI.ED I 0.005 0.004 0.004
(tetramethyletilendiamine)
ddH,0 3.4 4.8 4

Electrophoresis was carried out using a running buffer composed by 192 mM
glycine, 0,1% SDS and 25 mM Tris-HCl at pH 8.3 in a MiniProtean Il system (Bio-Rad)
and ran at 100 V until samples reached the running gel and then at 150 V during
70-90 min. Molecular weight marker used was SM0441 (Fermentas, MD).

3.6.4. Protein transfer by Western Blot assay
Proteins were transferred to a PVDF membrane (Immobilon™-P Transfer
Membrane, Millipore), which was previously activated with methanol for 2 min.
Transference was performed in a buffer composed by 20% methanol, 20 mM tris
and 150 mM glycine in a MiniProtean Il System (Bio-Rad) with a continuous electric
current of 100 V and slow shacking at room temperature for 3 h or at 4 °C overnight.

3.6.5. Membrane blocking, antibody labelling and signal
detection
After proteins were transferred to PVDF membrane, they were washed with tris
saline buffer (TBS: 50 mM tris-HCl and 150 mM NaCl at pH 7.6) and incubated with
blocking solution (5% dairy milk in TBS) in an orbital shaker for at room temperature
for 1 h. After that, antibodies were prepared in an incubation working solution
composed by one part of blocking solution and one part of TBS and membranes
were incubated with the correspondent antibody in continuous shake at 4 °C
overnight. Antibodies employed during this work are detailed in Table 3.9. Next
day, three TBS washes of 5 min were done and membranes were incubated with
the correspondent secondary antibody conjugated to horseradish peroxidase (HRP)

98



UNIVERSITAT POLITECNICA DE VALENCIA

in continuous shaking at room temperature for 1 h. Three TBS washes were done
following the same procedure as before and membranes were prepared to proceed
to the signal detection step.

Table 3.9. List of antibodies employed for WB.

Antibody Dilution Specie Brand
anti-Bcl-2 1:500 Mouse Santa Cruz
anti-Bax 1:500 Rabbit Cell Signalling
anti-Beclin-1 1:500 Rabbit Cell Signalling
anti-GRP-78 1:500 Rabbit Cell Signalling
anti-HIF1la 1:500 Mouse BD Biosciences
anti-hOSM 1:500 Mouse R&D
anti-hOSM 1:500 Rabbit Sigma-Aldrich
anti-Lactadherin 1:500 Rabbit Sigma-Aldrich
anti-CD81 1:1000 Mouse Abcam
anti-CD63 1:1000 Mouse Abcam
anti-Alix 1:1000 Mouse Abcam
anti-TSG101 1:1000 Rabbit Abcam
anti-CD9 1:1000 Rabbit Abcam
anti-IL-31RA 1:500 Rabbit Abcam
anti-IL-31RB 1:500 Rabbit Proteintech
anti-LIF-R 1:500 Mouse R&D
anti-Calnexin 1:1000 Rabbit Abcam
anti-B-Actin 1:2000 Mouse Sigma-Aldrich
anti-Tubulin a-1A (Tub) 1:10000 Mouse Sigma-Aldrich
anti-mouse 1gG HRP 1:20000 Goat Promega
anti-rabbit IgG HRP 1:10000 Goat Santa Cruz
IRDye® 800CV\IIgGGoat anti-Rabbit 1:20000 Goat LI-COR
IRDye® 800CWI:Goat anti-Mouse 1:20000 e LI-COR
IRDye® 680RDI;5cc;at anti-Rabbit 1:20000 Goat LI-COR
IRDye® 680RDI:gat anti-Mouse 1:20000 Geeh LI-COR

Amersham ECL Western Blotting Detection Kit (GE Healthcare) was used for
chemiluminescent protein detection following manufacturer’s instructions.
Membranes were covered with transparent film and a Curix 60 (AGFA) film
processor or an Amersham Imager 600 (Life Technologies) equip was used to
measure chemiluminescence signal. Odyssey® CLx Imaging System was used for
fluorescent signal detection. Results analysis were done with Image) software (NIH)
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and relative expression of each gene of interest normalized to housekeeping gene
(B-Actin or Tub) expression on each sample was calculated.

3.7. Immunocytochemistry
Immunocytochemistry is a technique which allows the use of antibodies for
different molecules detection in cells or tissues.

Cells were seeded in multi-well plates, on coverslips (Menzel Glaser, Thermo
Scientific) or 8 well chamber slides (lbidi). After the correspondent treatments, cells
were rinsed in PBS 3 times, fixed with 4% paraformaldehyde (PFA) or 70% ethanol
(EtOH) at 4 °C for 10 min and washed again with PBS 3 times. Samples were stored
in PBS supplemented with 0.05% sodium azide (Panreac) at 4 °C until used. Next,
blocking solution made up of 2% Goat Serum (GS, Gibco) and 0.1 % Triton X-100 in
PBS was added, and samples were incubated at 37 °C for 1 h. After that, samples
were incubated with the correspondent primary antibodies diluted in antibody
solution (composition: 1 part of blocking solution and 1 part of PBS) at 4 °C
overnight. The following day, 3 PBS washes for 5 min each were performed, and
secondary antibodies diluted in antibody solution were added. Samples were
incubated at room temperature for 1 h, rinsed 3 times in PBS for 5 min each and
incubated with 1ug/mL DAPI (4’-6-diamidino-2-phenylindole) in PBS at room
temperature for 5 min. Additional PBS washes were performed and coverslips were
placed in the microscope slides (Menzel Glaser, Afora). When chamber slides were
used, silicone spacers removal was performed instead. Mounting medium
(FluorSave, Millipore) was added and preparations were properly sealed with nail
polish. Primary and secondary antibodies used during this work are detailed in
Table 3.10.

Table 3.10. List of antibodies used for immunofluorescence experiments.

Antibody Dilution Specie Brand
Anti- T:‘Tt:::;n a-1A 1:500 Mouse Sigma Aldrich
Anti-CD31 1:100 Rabbit Sigma Aldrich
Anti-cTnT 1:1000 Mouse Abcam
Anti-Oct4 1:200 Rabbit Abcam
Anti-Ki67 1:1000 Rabbit Abcam
Anti-BrdU 1:100 Rat Abcam
Anti-teloCollagenlal 1:500 Rabbit Rockland
Alexa Fluor 488 1:500 Goat Life technologies
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Alexa Fluor 555 1:500 Goat Life technologies

3.8.Imaging techniques

3.8.1. Fluorescence optical microscopy

Inverted fluorescence microscope (Model DMI4000B, Leica) equipped with a
DFC350FX monochromatic CCD camera (Leica), 5 fluorescence filter cubes for the
following Ex/Em wavelengths (nm: 436-20/480-40; 470-40/525-50; 500-20/535-30;
546-12/605-75; 620-60/700-75) and 3 objectives (N PLAN 10X NA 0.25; N PLAN L
40X NA 0.55; PL APO 63X 1.40), where NA refers to the numerical aperture and
determines the resolution capacity of an objective, was used to observe and take
pictures of live cells.

Upright fluorescence microscope (Model DM6000B, Leica) equipped with a
DFC350FX monochromatic CCD camera (Leica) was used to observe
immunofluorescence samples. 4 fluorescence filter cubes for the following Ex/Em
wavelengths (nm: 360-40/470-40; 480-40/527-30; 546-12/600-40; 620-60/700-75)
and 5 objectives (HC PL FLUOTAR 5X NA 0.15; HC PL APO 10X NA 0.40; HC PLAN
APO 20X NA 0.70; HCX PL APO 40X NA 0.75; HCX PL APO 63X NA 1.40). Acquisition
of the different wavelengths were made sequentially with different barrier filters
(suitable for each of the fluorochromes) and were combined in a single-color
overlay image.

FLIPR Penta High-Throughput Cellular Screening system (Molecular Devices) was
used for high-throughput for live and fixed cells scanning.

Data were analyzed with Leica Application Suite Version 2.4.0 R1 version and
ImageJ (NIH) in all cases.

3.8.2. Time-lapse microscopy
Time-lapse photography is a technique where the frequency at which film frames
are captured is much more spread out than the frequency used to view a sequence.
This methodology is widely used to study cell biology events like cellular movement
or molecules transference between cells in vitro. In this work, an inverted widefield
fluorescence microscope DMI6000 (Leica) with fully automated transmitted and
fluorescence light axis and equipped with 4 objectives (HCX PL FLUOTAR 10X NA
0.30; HCX PL FLUOTAR L 20X NA 0.40; N PLAN L 40X NA 0.55; HCX PL APO 63X NA
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1.40-0.60) and 2 filter cubes for Ex/Em wavelengths 480/535 and 560/610 nm was
used for wound healing (scratch) uptake assay in vitro. This microscope includes an
incubation chamber which allows controlled CO,, temperature and humidity
settings and makes the system suitable for live-cell imaging for long periods of time.
Once samples were prepared and system was settled, coordinates in each well
were fixed and images were automatically taken each 30 min for 24 or 48 h
maintaining a proper atmosphere (37 °C and 5% CO,). Data were analyzed using
Image) software (NIH).

3.8.3. Confocal microscopy

Multicolor confocal TCS-SP2-AOBS microscope (Leica) was used when imaging
speed, augmented resolution or additional number of colors was required. This
microscope is equipped with 9 excitation laser lines which include all visible
spectrum from 405nm to 633nm, 4 detectors that can work simultaneously and 5
objectives (HC PL FLUOTAR 5X NA 0.15; HC PL FLUOTAR 10X NA 0.30; N PLAN 20X
NA 0.40; N PLAN 50X NA 0.75 and PL APO 100X NA 1.40). Moreover, life-cell imaging
under controlled atmosphere (temperature and CO, adjustment) is allowed.
Sequential photograms in different planes were taken to create a 3D composition
which allows molecules tracking and location inside cells without fluorescence
signals overlapping. Image recording was performed in collaboration with the
Confocal Microscopy Service of Principe Felipe Research Centre, Valencia.

Two additional confocal imaging systems were used for immunofluorescence
screening: CellVoyager CV8000 high-throughput screening system (Yokogawa),
equipped with four cameras and 5 lasers. Image analysis was performed with Leica
Application Suite Version 2.4.0 R1 version and Image J software (NIH) in all cases.

3.8.4. IN Cell
IN Cell Analyzer 1000 Workstation was used in order to capture accurate, high-
speed imaging through a combination of optical technology and fast hardware. IN
Cell technology allowed cellular and subcellular automated imaging in fixed and live
cells thanks to an autofocus software included for high throughput image
acquisition and screening applications.

IN Cell Analyzer systems are equipped with an environmental control module for
live-cell assays, allowing customized temperature and gases concentration
conditions. During this work, IN Cell Analyzer 1000 Workstation (GE Healthcare)
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was used. This device is equipped with four different objectives (4X NA 0.20; 10X
NA 0.45; 20X NA 0.45 and 40X NA 0.60), five dichroic filters for the following Ex/Em
wavelengths (nm: 360/460; 480/535; 405/585; 565/620; 620/700) and a CCD
camera for transmitted light imaging in bright-field, differential interference
contrast (DIC) or phase-contrast. After samples preparation, a specific protocol was
set up for each experiment and 10 pictures from random fields were automatically
obtained from each well for representative data collection.

Data analysis was performed with the same IN Cell Analyzer 1000 Workstation
software with the Cytomics Unit in Principe Felipe Research Institute. Segmentation
process using nuclear or membrane staining allowed the division of each image in
individual objects or contiguous regions, differentiating them for each other and
from the image background. After that, desired parameters, as fluorescence
intensity per cell, number of particles per cell, total fluorescent intensity or positive
and negative cells on for each dye in every recorded field were calculated.

3.8.5. Transmission electron microscopy (TEM)

Electron microscopy is a technique based on the incision of an electron beam in a
sample, obtaining an image which is dependent on the electrons able or not to cross
the sample. This result involves previous steps of adsorption and contrasting of
samples in TEM grids. Contrasting is achieved by joining electron-dense
compounds, which deviate electrons, to the sample ultrastructure. Electrons that
pass through the sample are detected by a phosphor screen, generating an image
that can be viewed directly by the operator. This technology can be used to
investigate the detailed structure of tissues, cells, organelles, macromolecular
complexes or small extracellular vesicles isolates, among others. TEM Sections were
examined with a FEIl Tecnai G2 Spirit TEM (FEI Europe) and images were recorded
using a Morada CCD camera (Olympus Soft Image Solutions GmbH) in collaboration
with Electron Microscopy Service of Principe Felipe Research Institute.

3.8.5.1. Organelle’s ultrastructure analysis
Samples were immobilized onto Permanox® coated chamber slides (Lab-Tek®),
washed three times with 0.1 M phosphate buffer (PB) and fixed with 3%
glutaraldehyde at RT for 2 h. 0.2 M PB was prepared from 0.2M NaH,PO, (0.496
g/100mL) and 0.2 M Na;HPO4(2.328 g/100 mL) and diluted 1:1 in MiliQ water. After
that, samples were washed 3 times with 0.1 M PB, post-fixed with 2% osmium
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tetroxide (EMS) in 0.1 M PB for 1 h and dehydrated in graded acetones (each step
lasted 5 min and was performed twice): 30%, 50%, 70% and 90%. After that, 100%
acetone was added five times for 10 min each, cleared in propylene oxide at RT for
1 h and embedded in araldite (Durkupan, Fluka UG). Thick sections were obtained
using a diamond knife, placed into copper grids and stained with 2% uranyl acetate
(EMS) for 10 min. Uranyl acetate is used for contrasting protocols due to its
capability to precipitate in the presence of proteins, which are highly present in
biological membranes. Finally, samples were washed with water, dried at RT and
observed in the transmission electron microscope.

3.8.5.2. SEV morphology study

First, 10 pL of the SEV fraction isolated from PM1 resuspended in PBS was placed
in a carbon grid (Formvar coated grid, SPI® Supplies) for 20 min for SEV attachment
by electrostatic forces. After that, SEV were fixed in 2% PFA (Aurion) in 0.1 M PB at
RT for 10 min and washed twice with PBS. A second fixation step was performed
using 1% glutaraldehyde (Aurion) in 0.1 M PB at RT for 5 min and 8 washed of 2 min
were performed with distilled water. At this point, samples are ready to start with
the contrasting protocol. Samples were incubated with 1% uranyl acetate in 0.1 PB
at RT for 5 min and with 1% methylcellulose and 1% uranyl acetate in PBS at 4 °C
for 10 min. Methylcellulose was used to improve membrane stability. Grids were
dried at RT for 30 min and observed in the electron microscope.

3.9. Cytomics

Flow cytometry is a widely used method for analyzing the expression of cell surface
and intracellular molecules, characterizing and defining different cell types in a
heterogeneous cell population, assessing the purity of a cell culture and analyzing
cell size and volume. In addition to this, simultaneous multi-parameter analysis of
single cells is allowed by fluorescent-labelled antibodies detecting proteins, ligands
that bind to specific cell-associated molecules, proteins fused to a fluorescent
reporter or soluble molecules conjugates to fluorescent dyes, among others. During
this work, CytoFLEX S (Beckman Coulter) equipped with 4 lasers and FACSCanto |l
Flow Cytometer (Becton Dickinson) equipped with 3 lasers were used. Protocols
were set up in collaboration with Cytomic Units in Principe Felipe Research Centre
and IIS La Fe and data analysis was performed with CytExpert, FACSDiva and Flowlo
software.
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3.10. SEV quantification

3.10.1. Nanoparticle tracking analysis
Nanoparticle tracking analysis (NTA) was used to determine SEV concentration and
particle size distribution. All particle tracking analyses were performed using a
LM14C NanoSight instrument (Malvern Instruments Ltd) using the same settings
(camera level 16, 3 videos of 90 s and 1300/512 slider shutter/gain, respectively) at
the proper concentration to obtain around 50 particles/frame. Analysis of the
acquired videos was performed with threshold 5 and gain 12 with NTA3.2 program.

3.10.2. SEV protein quantification
Protein concentration in SEV was quantified by BCA technique (Pierce™ BCA
Protein Assay Kit, Thermo Fisher Scientific) as described in Section 3.6.2.

3.11. Ischemia-reperfusion in vitro model

Oxygen-glucose deprivation (OGD) and OGD-R are widely used as in vitro models
for stroke, showing similarities with the in vivo models of heart ischemia. In order
to perform OGD-R, HMVEC-C, cFib, NRVM, iPSC-CM or NHCF-V were counted and
seeded at the recommended concentration on different transwell inserts, multi
well plates or chamber slides. After that, culture medium was removed, cells were
washed with PBS and glucose-free DMEM (Gibco) containing 1% P/S was added.
Cells were placed under a deoxygenated atmosphere (1% 0,, 5%CO,) in a hypoxic
chamber for 6 h (Ischemic cells, 1). After that, reperfusion was simulated in vitro by
adding complete culture medium and placing cells in an oxygenated atmosphere
(21% 0, 5% CO,) for 1 h (Ischemia-reperfusion cells, I/R). Cells in normoxia (Nx)
were used as control.

3.12. Chemicals and Nanoconjugates
Poly-L-glutamic acid (PGA) was obtained from Polypeptide Therapeutic Solutions
S.L., di-docosahexaenoic acid (diDHA) was purchased from Nu-Chek Prep Inc. and
Oregon Green 488 cadaverine (OG) was obtained from Invitrogen. PGA-diDHA
conjugates with different diDHA loadings were obtained from the Therapeutic
Polymers laboratory in Principe Felipe Research Centre. During this work, three
different conjugates were used (conjugated or not with OG): PGA-diDHA,.,, PGA-
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diDHAs2 and PGA-diDHAg 1. The different loadings correspond to the number of
diDHA units present in one unit of PGA. PGA and free diDHA were used as controls.
Esmolol (Brevibloc®), a common B-blocker used as cardioprotective drug®’®, was
added at 1 pg/mL as a positive control for AMI treatment. Doxycycline to induce
fusion protein expression in lentiviral-infected cells was purchased from Sigma-
Aldrich. Recombinant human OSM (R&D) was used as control in experiments where
engineered SEV were added.

3.13. Functional in vitro assays

3.13.1. Cytotoxicity assays

3.13.1.1.  Cell viability assessment

Cells were seeded in 96 multi well plates at a density of 100.000 cells/cm?. One day
later, compounds were diluted in fresh medium and added to each well. After 72
hours, cell viability was measured with Cell Titer 96® Aqueous Non-Radioactive Cell
Proliferation Assay Kit (Promega), a colorimetric method for determining the
number of viable cells in a sample. The assay is composed of solutions of a novel
tetrazolium inner salt compound (MTS) and an electron coupling reagent
(phenazine methosulfate, PMS). MTS is reduced by cells into a formazan product
that is soluble in tissue culture medium. MTS and PMS mix were prepared
(50MTS:1PMS) and 10 pL were added to each well. Samples were incubated at 37
OC for 3 h and absorbance at 490 nm was recorded with a 96-well plate reader
(Perkin Elmer). The quantity of formazan product as measured by the amount of
490 nm absorbance is directly proportional to the number of living cells in culture.
Results were presented as the percentage of live cells in a sample compared to
control cells.

3.13.1.2.  Lactate dehydrogenase release measurement
Cells were seeded in 96 multi well plates at a density of 100.000 cells/cm?2. Next
day, medium was replaced with fresh culture medium containing the
correspondent treatments. After 72 hours, lactate dehydrogenase (LDH) release
was measured with LDH-Cytotoxicity assay Kit (Abcam). The LDH assay protocol
uses an enzymatic coupling reaction: LDH oxidizes lactate to generate nicotinamide
adenine dinucleotide hydrogenase (NADH), which then reacts with stable
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tetrazolium salt (WST) to generate a yellow color. The intensity of the generated
color correlates directly with the cell number lysed. In brief, 100 uL of cell culture
medium were transferred to a new 96 multi well plate, 100 pL of LDH reaction mix
were added to each well. Samples were incubated 30min at RT and absorbance at
450 nm was analyzed with a microplate reader (Perkin Elmer).

3.13.2. Internalization assays

3.13.2.1.  Uptake analysis
HMVEC-C, NRVM or cFib were seeded in 18 mm coverslips or directly in 24 multi
well plates at a density of 50.000 cells/cm? or in 8 well chamber slides at a density
of 30.000 cells/cm?. Next day, cells were submitted to Nx or I/R, compounds were
added for 30 min and washed three times with PBS.

Three different approaches were followed to study compounds uptake in vitro:

- Confocal microscopy analysis: cells were fixed with 70% EtOH and
immunocytochemistry protocol described in Section 3.7 was followed.

- IN Cell analysis: cells were labelled with 1 pg/mL Hoechst 33342 staining
solution and 50 nM Tetramethylrodamine, methyl ester (TMRM, Ex/Em:
488/570 nm), both from ThermoFisher Scientific, following manufacturer’s
instructions and analyzed on the IN Cell 1000 Work Station to count the
percentage of OG positive cells on each sample. TMRM was used for
cytoplasm labelling to allow segmentation process during results analysis.

- Flow cytometry analysis: cells were labelled with 1 pg/mL Hoechst 33342
staining solution (ThermoFisher Scientific) to exclude apoptotic cells,
enzymatically detached using trypsin, pelleted and resuspended in a cell
culture medium for flow cytometry analysis. Cells were selected
considering cellular size and shape, and aggregates were discarded. From
the resultant population, living cells were selected as the subpopulation
not stained by Hoecsht33342 (Ex/Em: 361/497). Finally, OG positive cells
(Ex/Em: 488/526 nm) were gated and percentage of positive cells from live
cells was obtained.

3.13.2.2.  Transcytosis assay
Transwell assay was set up to evaluate the ability of compounds to traverse from
HMVEC-C to NRVM under physiological or ischemic conditions. To test if ischemia
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could favor nanoconjugates transference between both type of cells, NRVM under
Nx or I/R were used. With this purpose, nanoconjugates were added to HMVEC-C
previously seeded in 24 well plate transwell inserts (pore size: 0.4 um, Corning) at
a density of 100.000 cells/cm?. After 30 min of exposure, cell culture medium was
removed, cells were washed with PBS three times, fresh culture medium was added
and transwell inserts carrying HMVEC-C were transferred to 24 multi well plates
where NRVM were previously seeded in 18 mm coverslips or directly at a density
of 50.000 cells/cm?. After 24 h, OG positive cell number was measured by confocal
microscopy or flow cytometry as described before. Schematic process is shown in
Figure 3.3.

Treatments

30 min 24 h

HMVEC-C HMVEC-C HMVEC-C
NRVMs (Nx or I/R) NRVMs (Nx or I/R)

Figure 3.3. Transcytosis assay scheme protocol. HMVEC-C were incubated with compounds for 30

min. Next, HMVEC-C were gently washed with PBS and inserts were transferred to the top of wells

containing NRVM under Nx or I/R conditions. After 24h, OG positive NRVM were measures by flow
cytometry or immunofluorescence.

3.13.3. Apoptosis assays
Apoptosis is a form of programmed cell death considered a vital component of
various processes as normal cell turnover, proper development and functioning of
the immune system or chemical-induced cell death. Inappropriate apoptosis is a
factor in many human conditions, including ischemic damage. During this project,
apoptosis rate in response to different stimulus and compounds was evaluated in
target cells.

3.13.3.1.  Annexin V/7-AAD staining
The combination of Annexin V and 7-aminoactinomicin D (7-AAD) staining is widely
used to distinguish cells in different states of apoptosis. Annexin V is a cellular
protein in the annexin group which can bind to phosphatidylserine, a marker of
apoptosis when it is on the outer leaflet of the plasma membrane. 7-AAD is a
fluorescent chemical compound which has a high DNA binding constant and is
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efficiently excluded by intact or early apoptotic cells. After completing
experimental procedures, cell culture medium containing apoptotic and necrotic
cells was recollected and cells were washed once with PBS. PBS used for cell washes
was also recollected in the same tube. Next, cells were trypsinized, transferred to
the tubes with cell culture medium and PBS previously recollected, centrifuged at
300 g for 5 min and resuspended in ice-cold PBS. After that, cells were centrifuged
again at the same conditions and resuspended in 100 uL Annexin Binding Buffer
(mM: 10 HEPES, 140 NaCl, 2.5 CaCl,; pH adjusted to 7.4). 1 uL of CF Blue Annexin V
(Ex/Em: 410/450 nm, Immunostep) and 1 uL 7-AAD (Ex/Em: 546/647 nm, Molecular
Probes) were added to each sample and they were incubated in darkness at RT for
15 min. Unstained cells and single stained cells for each dye were used as controls.
Samples were analyzed by flow cytometry in a CytoFLEX S instrument (Beckman
Coulter) and analyzed with CytExpert Software. Double positive cells for Annexin V
and 7-ADD indicated cells in late-apoptosis, while positive cells for Annexin V and
negative for 7-AAD indicated an early- apoptosis state. Total apoptotic cells in each
sample were indicated by the addition of the two previous values.

3.13.3.2.  Caspase-3/7 activity

Caspase-3 and -7 are members of the caspase family of proteins and have been
shown to be executioner proteins during apoptosis. In order to measure Caspase-
3/7 activity in vitro, Caspase-Glo®-3/7 Assay (Promega) was used. The assay
provides a luminogenic Caspase-3/7 substrate, which contains the tetrapeptide
sequence DEVD, in a reagent optimized for caspase activity, luciferase activity and
cell lysis. Caspase-Glo®-3/7 reagent was prepared and equilibrated to RT following
manufacturer’s instructions and 50 uL were added to each sample. Culture medium
mixed with Caspase-Glo®-3/7 reagent was used as blank sample. Samples were
incubated in darkness at RT for 30 min and luminescence was recorded in a plate-
reading luminometer (Perkin Elmer).

3.13.3.3.  Bcl-2/Bax protein expression ratio
Bcl-2 is a protein responsible for apoptosis suppression by controlling the
mitochondrial membrane permeability. Additionally, inhibits caspase activity and is
associated with autophagy regulation. Apoptosis regulator Bax is a protein located
in the cytosol under physiological conditions. However, it undergoes a
conformation change that causes its translocation to the mitochondria membrane
under stress conditions, promoting Caspase-3 activation and triggering
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apoptosisi!8. The expression ratio of these two proteins is considered an indicative
of therapeutic response of cells under different stimulus. Cells were seeded in 24
multi well plates at a density of 500.000 cs/cm? and protein extracts were obtained
as described in Section 3.6 for Western Blot assays. Bcl-2/Bax protein expression
ratio was measured by Western Blot normalizing the obtained signals with Tub
protein expression level in each sample. An increased value of Bcl-2/Bax protein
expression ratio indicated a low rate of cells in apoptosis, while a decrease indicates
a pro-apoptotic phenotype in sample.

3.13.4. Reactive oxygen species generation measurement

Oxidative stress results from an imbalance between the production of ROS and the
ability of cells to scavenge them. CellROX® Orange Reagent (Ex/Em: 545/565 nm,
Thermo Fisher Scientific) is a fluorogenic probe for measuring oxidative stress in
live cells. This cell-permeant dye is non-fluorescent while in a reduced state and
exhibits bright orange fluorescence upon oxidation by ROS. CellROX® Orange
Reagent was resuspended and stabilized following manufacturer’s instructions.
Thereafter, it was added at a concentration of 2.5 uM diluted in the correspondent
culture medium to previously seeded cells in 96 multi well plates at a density of
100.000 cells/cm?. Hoescht33342 (Ex/Em: 361/497 nm) at a final concentration of
1 pg/mL was used to stain cell nuclei. Samples were incubated in darkness at 37 °C
for 30 min, rinsed in PBS 3 times and analyzed in the IN Cell Analyzer 1000
Workstation (GE Healthcare) using a 40X magnification objective. Results were
represented as orange fluorescence intensity per cell in each sample.

3.13.5. Autophagy and endoplasmic reticulum stress study

3.13.5.1.  Beclin-1 and GRP-78 protein expression
I/R process triggers endogenous cytoprotective mechanisms, as autophagy and
unfolded protein response activation3’’. However, massive activation of these
processes can undergo detrimental effects. Autophagy initiation is dependent on a
protein complex which includes Beclin-1378; while ER response to regulate unfolded
protein requires the upregulation of GRP-78%7°, Analysis of the expression of these
two proteins after I/R-induced injury and ischemic preconditioning with candidate
nanoconjugates was assayed. With this purpose, cells were seeded in 24 multi well
plates at a density of 500.000 cs/cm? and protein extracts were obtained as
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described in Section 3.6. Beclin-1 and GRP-78 protein expression levels were
measured by Western Blot normalizing the obtained signals with Tub protein
expression level in each sample.

3.13.5.2.  Acidic organelle tracking

Lysosomes are acidic organelles which degrade molecules taken by endocytosis,
phagocytosis and autophagy. In order to measure the number of acidic vesicles in
live cells, Lysotracker® Red probes (Thermo Fisher Scientific) were used. This
fluorescent acidotropic probes consist of a fluorophore (Ex/Em: 577/590 nm) linked
to a weak basic amine which are permeant to cell membrane, selectively
accumulate in cellular compartments with low internal pH and can be used to
investigate the biosynthesis and pathogenesis of lysosomes. Cells were seeded in
96 multi well plates at a density of 100.000 cells/cm? and submitted to the
correspondent experimental conditions. After that, they were stained with
Lysotracker® Red probe (0.02 pg/mL) and Hoesch33342 (1 pg/mL; Ex/Em: 361/497
nm) at 37 °C for 30 min, washed with PBS and pictures were taken in the INCell
Analyzer 1000 Workstation (GE Healthcare) using a 40X magnification objective.
Results were represented as the number of red fluorescent particles per cell in each
sample.

3.13.6. Mitochondria integrity tests
Mitochondria play a critical role in maintaining cellular function by ATP production.
They are also a source of ROS and proapoptotic factors. Since mitochondrial
disfunction has been described as one of the hallmarks of I/R-induced injury?® 119,
changes in mitochondrial membrane potential (MMP) and morphology in response
to stressing-conditions and different treatments were assessed in this work.

3.13.6.1.  Mitochondrial membrane potential measurement
A distinctive feature of the early stages of programmed cell death is the disruption
of active mitochondria due to the opening of mPTP, which induces changes in the
MMP and alterations in the oxidation-reduction potential. The membrane-
permeant JC-1 dye (Thermo Fisher Scientific) is widely used to monitor
mitochondrial health. JC-1 dye exhibits potential-dependent accumulation on
mitochondria, indicated by a fluorescent emission shift from green (Ex/Em:
488/529 nm) to red (Ex/Em: 535/590 nm). In order to measure MMP, cells were
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seeded in glass bottom 96 square well plates (GE Healthcare) at a density of 50.000
cells/cm?. The use of glass bottom plates allowed to analyze live cells in a confocal
microscope with high-resolution. After the appropriate experimental procedures,
cells were stained with JC-1 dye (0.3 pg/mL) and incubated at 37 °C for 20 min.
Next, cells were washed twice with PBS and images were captured immediately in
a defined atmosphere (37 °C, 5% CO2) using a multicolor confocal TCS-SP2-AOBS
microscope (Leica) and a N PLAN 50X NA 0.75 oil immersion objective. Data were
calculated as the relative ratio of red to green florescence intensity by Imagel,
where mitochondrial depolarization is indicated by an increase in the green/red
fluorescence ratio.

3.13.6.2.  Mitochondria morphology

Defective mitochondria play an important role in the activation of death signaling
pathways. In this study, mitochondrial morphology and structure changes after
induced-stressed conditions and administration of different molecules was
explored by TEM as described in Section 3.8.5.1. Mitochondria phenotype was
evaluated considering the following features: tubular/regular versus irregular
shape, inner and outer membrane definition and cristae grade of definition,
presence or lack of swelling and dilatation.

3.13.7. Migration and proliferation assays

3.13.7.1.  Migration assay
Cells were seeded in 24 well plate transfer inserts (pore size: 8 um, BD Falcon) in
basal culture medium (low/high-glucose DMEM + 0.5% FBS TTC free + 1% P/S) at a
density of 10.000 cells/cm?. After cells stabilization, lower chamber medium was
replaced for basal culture medium supplemented with IL-1B (25 ng/mL). Basal
medium was used as migration negative control and complete low/high glucose
DMEM (10% FBS TTC free + 1% P/S) was used as migration positive control. After 8
h, non-migrated cells were removed from the upper side of the transwell inserts
with cotton swabs and cells in the lower part of the transwell insert were fixed with
ice-cold 70% EtOH for 10 min at 4 °C. After that, membranes were washed with
PBS, stained with 1pug/mL DAPI, cut and transferred to microscope slides (Menzel
Glaser, Afora). Mounting medium was added and samples were sealed with nail
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polish. Pictures were taken in an upright fluorescence microscope (Model
DMG6000B, Leica) and number of nucleus on each sample were counted.

3.13.7.2. Bromodeoxyuridine cell proliferation assay
Bromodeoxyuridine (BrdU) is a pyrimidine-analogue synthetic nucleotide which can
be used to label nascent DNA in viable cells. During the process of DNA replication,
BrdU can replace thymidine and incorporate into the synthesized DNA of actively
dividing cells.

Firstly, cells were seeded in 18 mm coverslips in 24 multi-well plates in low-glucose
DMEM supplemented with 10% FBS TTC free, 1% P/S at a density of 50.000
cells/cm?. Next day, BrdU reagent (10 pg/mL, Life Technologies) was diluted in cell
culture medium containing the correspondent treatments and incubated for 8 h.
After this time, cells were washed 3 times with PBS and fixed with ice-cold 70%
EtOH at 4 °C for 10 min. Coverslips were washed 3 more times with PBS and
incubated with 1N hydrochloric acid (HCl) at 37 °C for 30 min. HCl was used to
unmask BrdU incorporated in newly synthetized DNA. For acid neutralization,
borate buffer (nM: 100 boric acid, 75 sodium chloride, 25 sodium tetra-borate in
distilled water; pH adjusted to 8.3) was added and samples were incubated at RT
for 10 min. Then, the standard protocol for immunocytochemistry described in
Section 3.7 was followed.

Pictures of random fields were taken using an upright fluorescence microscope
(Model DM6000B, Leica) and a total of 100 nucleus were counted in each sample.
Proliferation rate was calculated as the ratio of double stained DAPI and BrdU
number of cells (replicative cells) and single stained DAPI cells (non-replicative
cells).

3.13.7.3.  Cell counting Kit -8 (CCK-8) assay

Cells were seeded in 96 well plates at a density of 1000 cells/cm?. Next day,
treatments were added and maintained for 48 h. Thereafter, CCK-8 (Sigma) reagent
was used following manufacturer’s instructions and absorbance at 490 nm was
read in a 96-well plate reader 3 h after reagent addition. This colorimetric method
determines the number of viable cells in a sample. Samples where a higher signal is
found will be expected to correlate with a higher number of cells and,
consequently, with samples that had a higher proliferation rate. Results were
presented as the rate of proliferative cells in a sample compared to control cells.
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3.13.7.4.  Scratch assay in vitro

Cells were seeded in 48 or 96 multi well plates at a density of 25000 cells/cm? and
distributed in a proper monolayer. Two days after seeding, 10 uL tips were used to
make a line across each well in order to simulate a scratch. Cells were washed with
PBS and the correspondent cell culture medium and treatments for each sample
were added. Scratch healing was monitored using an automatized time lapse
microscope (DMI6000, Leica) or Incucyte® System (Essen BioScience). Healing area
was measured with Imagel software and expressed as the closed area percentage
in each sample.

3.13.8. Fibrosis stimulation

NHCF-V were seeded in 6, 48 or 96 multi well plates at a density of 25000 cells/cm?
and were allowed to attach for 24 h. Therefore, culture media was replaced for
starvation media (high glucose DMEM, 0.5% EV-depleted FBS, 1% non-essential
amino acids and 1% P/S). After 16 h, fibroblasts were stimulated with 100 uM L-
ascorbic acid 2-phosphate (Sigma-Aldrich), 3.16 ng/mL ng/mL recombinant TGFB-1
(R&D Systems) and 3.16 pg/mL dextran sulphate (Sigma-Aldrich) as previously
described®®. Compounds tested for their potential antifibrotic activity were added
at the same time than stimulation media. Unstimulated cells (cells starved but not
stimulated) and untreated cells (neither starved nor stimulated) were used as
control conditions (ctrl). After 48 h, RNA was isolated for gene expression analysis
(detailed in Section 3.5), cells were lysed and protein samples were isolated for
protein expression analysis as described in Section 3.6, or cells were fixed with 4%
PFA and analyzed by immunofluorescence as previously explained in Section 3.7.

3.14. In vivo studies
Animal handling was done according to the stipulated requirements by the Royal
Decree 53/2013 on the protection of animals used for experimentation and other
scientific purposes, and in compliance with all the ruler and recommendations of
the Animal Ethics Committee (AEC) and Animals Welfare Committee (AWC) of La Fe
Hospital Research Institute.
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3.14.1. Ischemia/Reperfusion in vivo models
In this work, Wistar rats (Charles River Laboratories Inc.) and Large White swine (“El
Pampo” farm) were used for ischemia-reperfusion-induced injury in vivo model.

3.14.1.1.  Ischemia/Reperfusion in vivo rat model: occlusion by left

anterior coronary artery ligation
First, preparation of the operating area was necessary to ensure asepsis during
surgical procedure. All surgical instruments were cleaned with hydrogen peroxide
before and after each individual surgery. For this work, adult male Wistar rats
weighing 400+12 g were used. Anesthesia and analgesia were induced in order to
facilitate animal handling, reduce animal suffering and minimize physiologic
negative consequences derived from surgical intervention. Table 3.11 summarizes
the anesthesia and analgesia protocols used before, during and after surgical
intervention.

Table 3.11. Anesthesia and analgesia protocols for AMI induction in Wistar rats.

Anesthesia Analgesia
Stage” x Dose 0, content x Dose
Product Adm Product Adm
(mg/kg) (L) (mg/kg)
Pre-
€S  cevorane  INH 6% 0.6 Fentanyl P 0.05
and Al
AM Sevorane INH 2.5% 0.3 - - -
Post-S - - - - Buprenorphine IP 0.05

*S: Surgery; Al: Anesthesia induction; AM: Anesthesia maintenance; “*Sevorane (Sevoflurane, Abbott); Fentanyl
(Fentanest, Kern Pharma); Burprenorphine (Buprex, Schering-Plough); ***Adm: Administration; INH: Inhalation; IP:
intraperitoneal.

Prior to experiments, animals were randomized into experimental groups, with
each group composed of four rats, and body weight was recorded. A dosage of
fentanyl was administered to each animal before anesthesia. Then, rats were
introduced in a chamber and anesthetized with sevorane, placed in supine position
and endotracheal intubation was performed with a 18G catheter (diameter: 1.3
mm; length: 5 cm) exposing the neck to white light to enhance trachea visualization.
Endotracheal intubation is critical to connect animals breathe to the small animal
ventilator (Model 683, Harvard Apparatus). Tidal volume of 2 mL and respiratory
rate of 100 breaths per minute as well as anesthetic supply were maintained during
all the procedure.
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Neck and chest areas were shaved and disinfected with povidone-iodine (Betadine,
Viatris Manufacturing) and ethanol 70% and animals were placed on a
homeothermic blanket system in order to maintain body temperature. Once
breathing is stabilized, the chest is opened at the fourth intercostal space using
round end scissors to avoid additional tissues or organs damage, and a chest
retractor was positioned to spread the ribs and expose heart. After that,
pericardium was carefully open and left anterior descending (LAD) artery was
identified and transiently ligated using a 6-0 prolene suture (Premilene, Braun) for
a 30-minute ischemic period. LAD artery occlusion causes a colour change in the
heart tissue which depends on this artery irrigation and confirms AMI induction.
Treatments were intra-myocardial injected 15 minutes after AMI induction. Two
injections of 15 uL, one on each side of occlusion, were performed with a Hamilton
syringe (Teknokroma). Treatments used for each group are detailed in Table 3.12.
Two different diDHA doses were tested: 27.1 ug diDHAeq/kg (Dose 1) and 271 pg
diDHAeq/kg (Dose 2). The correspondent amount of PGA in each dose of PGA-
diDHAg 4 was used: 65.4 ug PGA/kg (Dose 1) and 672.5 pug PGA/kg (Dose 2). After 30
minutes, suture was removed to induce blood flux restoration (reperfusion), chest
retractor was removed and ribs were drawn together using a 3-0 prolene suture
(Monosyn, Braun). Animals were carefully recovered from anaesthesia; wound was
healed with povidone-iodine and one dose of buprenorphine was administrated to
reduce pain after surgical procedure. PBS (30 plL) was injected in control rats
(I/R+PBS). For the positive control group, Esmolol at 0.5 mg/kg was injected. SHAM-
operated rats were submitted to the same surgical procedure, except LAD artery
was not ligated. Animals were sacrificed 24 h after reperfusion.

Table 3.12. Groups, treatments and doses injected in I/R rat in vivo model.

Group diDHA (ug) PGA (ug) Compound (uL) PBS (uL)
I/R+PGA 0 124
\/R+PGA- 10 117 9.3 20.7
Dose 1 diDHA2,
I/R+PGA-
diDHAG 10 124 2.5 27.5
I/R+diDHA 10 - 2 28
I/R+PGA 0 229
I/R+PGA-
Dose 2 diDHAc4 100 229 22.8 7.2
I/R+diDHA 100 - 20 10
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3.14.1.2.  Ischemia/Reperfusion in vivo swine model: mid-left

anterior descending artery occlusion with coronary balloon

catheter
Before surgical procedure, surgical area was prepared and surgical material was
washed and sterilized with sterile PBS and chlorhexidine (Sandoz, Germany) to
ensure antiseptic conditions. The study population was composed by Large White
female domestic pigs weighing 39.1+4.4 kg. Animals were randomized into 4
groups: I/R (n=12), I/R+PGA (n=4), |/R+PGA-diDHAs 4 (n=8), and I/R+Esmolol (n=8).
Doses of the different treatments were extrapolated from the in vivo rat model:
27.1 ug diDHA eqg/kg of PGA-diDHAg 4sand 0.5 mg/kg Esmolol. PGA dose: 72.9 ug/kg.
All molecules were dissolved in a final PBS volume of 4 mL for coronary infusion.
PBS alone was infused in the I/R group.

The anti-platelet aggregation drug Clopidogrel (125 mg, Chiesi Inc.) was
administrated 24 h before the surgical procedure to prevent platelet aggregation
during surgery. To perform the experiment, animals were pre-anesthetized with
intramuscular ketamine (Ketolar, 15ml, 50 mg/ml, Pfizer) prior to tracheal
intubation. To induce anesthesia, 200 mg of the sedative Propofol (Sandoz) were
administrated intravenously. In order to ensure animals wellbeing during surgical
process, additional medication in physiological saline was administrated at 150
ml/h using a medicine dropper. Each 500 mL of PBS contained the following
compounds: 150 mg amiodarone (Trangorex, antiarrhythmic agent, Sanofi); 10 mg
Metasedin (analgesic, Esteve); 15 mg Midazolam (sedative, Hameln Pharma Ltd.).
Additionally, 1 g of Amoxicillin (antibiotic, Sundent Pharmaceutical Co., Ltd.) was
intravenously injected to prevent infections. Animals were maintained in a surgical
plane of anesthesia with inhaled Sevoflurane (2% to 3%) through a volume-
controlled ventilator (tidal volume 10 to 15 ml/kg and ventilation rate 8 to 15
breaths/min). Tidal volume, respiration rate, and aspirated oxygen percentage
(FiO,) were adjusted to maintain normocapnia: end-tidal carbon dioxide (EtCO,)
and arterial carbon dioxide (PaCO,) 35 to 45 mm Hg, as measured by a capnometer
(NPB-75, Nellcor-Puritan-Bennett, Boulder) placed on the intubation tube.
Electrocardiography (ECG), EtCO,, rectal and esophageal temperatures, and blood
pressures (aortic and central venous) were monitored and recorded throughout the
procedure using a multichannel data acquisition system (AD Instruments, Colorado
Springs). One bolus of 1% heparin (5000 Ul/5 ml, Sagent Pharmaceuticals) was
administrated at the onset of instrumentation.

Occlusion ischemia was induced using a coronary balloon catheter (LVD Biotech
Medical Devices) advanced to a mid-left anterior descending artery location
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typically proximal to the first diagonal branch and inflated to 3 to 6 atmospheres
for 90 min. Vessel occlusion and ischemia were confirmed with gadolinium contrast
medium injection by cardiac magnetic resonance (CMR) and STEMI check on ECG
as illustrated in Figure 3.4 A and B. A second bolus of 0.5% heparin (2500 Ul/2.5 ml)
was injected one hour after the first administration. PBS, PGA, PGA-diDHAg4 or
Esmolol were infused 10 min before balloon deflation (reperfusion). One week after
the surgical procedure, pigs were anesthetized to perform cardiac magnetic
resonance and euthanized as will be explained in Section 3.16. Blood samples were
collected at baseline, after reperfusion, and seven days after AMI to measure
cardiac troponin | (cTnl) serum levels by ELISA assay following manufacturers’
instructions (Life Diagnostics Inc., West Chester, PA, USA).

A) B)

|
N
I
N

After occlusion

Figure 3.4. Vessel occlusion confirmation. (A) Example of gadolinium contrast medium
images taken during surgical procedure. Coronary balloon catheter was inflated to induce
myocardial ischemia. (B) Physiological (before occlusion) and elevated (after occlusion) ST

segment. Electric waves show the pattern recorded during ECG monitoring. Panel B Adapted
from Vogel B et al, 2019.

3.14.2. Cardiac magnetic resonance
One week after AMI induction in pigs, CMR examinations were conducted with RM
Philips 3-Tesla Achieva Tx (Philips). The imaging protocol included a standard
segmented cine steady-state free precession sequence to provide high quality
anatomic references and assessment of left ventricular mass, wall thickness, and
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LVEF; a T2-wheighted short-tau inversion recovery (T2wSTIR) sequence to assess
the extent of edema and intramyocardial hemorrhage; a T2- gradient-spin-echo
mapping sequence to provide precise myocardial relaxation time properties; and a
T1-weighted inversion recovery turbo field echo sequence acquired 10 min after
the administration of gadolinium contrast (late gadolinium enhancement) to assess
the area at risk (AAR) and microvascular occlusion. CMR images were analyzed
using dedicated software (MR Extended Work Space 2.6; QMassMR 7.6; Medis) by
two observers experienced in CMR analysis and blinded to group allocation.

3.15. Histological Techniques
Histology refers to the study of the cellular organization of biological tissues and
organs. In this section, the whole process developed between animals’ euthanasia
and the final sample production for analysis. Different techniques of euthanasia
were used depending on the requirements of subsequent staining procedures.

3.15.1. Tissue collection and staining
Fixed or fresh tissue are required for histology procedures depending on the later
experimental protocols. On the one hand, samples fixation allows the interruption
of degradation processes after cell death, ensuring a cellular and tissue
ultrastructure’s good conservation. On the other hand, fresh tissue collection
allows the study of metabolic processes or enzymatic activities.

3.15.1.1.  Fresh tissue collection

An overdose of 50 mg/kg sodium thiopental (Braun) and 0.05 mg/kg fentanyl was
administered IP to sacrifice rats. Animal decease was confirmed using toe pinch-
response method and checking eyeball color. In order to euthanize pigs, an
overdose of thiopental and potassium chloride was injected and asystole was
confirmed in the ECG panel. Then, hearts were removed surgically by thoracotomy,
rinsed twice with physiological saline buffer immediately and processed for further
analysis.

3.15.1.2.  2,3,5-Triphenyltetrazolium chloride staining
Biological material has not enough contrast to appreciate its structure, integrity and
composition. However, tissues can incorporate and fix several dyes or coloring
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compounds, and this incorporation will be different depending on the physiological
conditions. Staining techniques allowed measurement of heart healthy and
damaged area and observe differences between experimental conditions.

2,3,5-Triphenyltetrazolium staining chloride (TTC) staining is a common metabolic
dye used for infarct size calculation in brain or heart fresh, unpreserved tissues. TTC
is a redox indicator which can differentiate between metabolically active and
inactive tissues. Specifically, this dye allows to distinguish viable tissue (stained in
red) from non-viable tissue (infarcted zone, in white).

Collected hearts from rats or pigs were cut carefully in 2 mm or 1.5 c¢cm slices using
a rodent guillotine or a surgical knife, respectively. Thereafter, resultant slices were
immersed in 1% TTC staining solution (1% TTC in isotonic PB, pH 7.4) at 37 °C for 20
min in absence of light. After that time, heart slices were imaged, and regions of
infarcted tissue were traced using Imagel software (NIH). Area at risk was
calculated measuring the damaged area on each slice and expressed as the volume
of infarcted tissue related to the total heart volume.

3.16. Statistics

All results are expressed as average + standard error of the mean (SEM). Data were
analyzed using Graphpad Prism 5 and 8 software (La Jolla). Shapiro-Wilk test was
applied to check data normal distribution. T-test for paired samples was applied to
compare results between two experimental groups, while Mann-Whitney U-test
was used to compare non-parametric samples. ANOVA analysis followed by
Dunnett’s or Tukey’s post hoc tests was employed when it was required to compare
data from more than two independent experimental groups. Statistically significant
differences between experimental groups were considered when p value was
inferior to 0.05 (p<0.05) in all cases.
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4. Results
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4. Results

Two new strategies for cardiac damage prevention during AMI have been proposed
in this work. One of them is directed to the treatment of ischemia/reperfusion
injury and is based on the ischemic area pre-conditioning before blood flux
restoration (reperfusion) using one type of nanoparticles (NP), with therapeutic
potential. The other is focused on the use of Oncostatin-M-enriched small
extracellular vesicles (SEV) form genetically modified mesenchymal stem cells
(MSC) to mitigate cardiac fibrosis after ischemic insult or cardiac overload.

Results are organized in two sections:

Section A: PGA-diDHA-based nanoconjugates role in cardiomyocytes pre-
conditioning during ischemia-reperfusion induced injury.

Section B: OncostatinM-enriched SEV isolated from genetically modified MSC as
potential anti-fibrotic agent.
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Section A: PGA-diDHA-based nanoconjugates role in
cardiomyocytes pre-conditioning during ischemia-
reperfusion induced injury.

4.1. Human coronary microvascular endothelial cells, Neonatal Rat
Cardiomyocytes and Neonatal Rat Cardiac fibroblasts

characterization

NRVM and cFib isolation protocol from cardiac tissue obtained from 1-3 days-old
rats is based on the enhanced ability of fibroblasts to adhere to plastic surfaces over
cardiomyocytes, as previously mentioned in Section 3.1.2.33%. However, primary
cultures obtained after cardiac tissue disaggregation can be contaminated by other
types of cells, including those with endothelial origin. To test the purity of obtained
cell cultures, a morphological inspection along with characterization by
immunofluorescence assay was performed in three cell isolation processes.
HMVEC-C line was used as positive control of endothelial cells. Additionally, since
the administration of nanoconjugates into cardiac tissue in vivo should be
intracoronary, it was also tested if nanoconjugates could be internalized by this cell
line. Bright field images of HMVEC-C, NRVM and cFib are showed in Figure 4.1 A.
CD31 expression, a marker of endothelial cells, was detected in coronary
microvascular endothelial cells, but not in NRVM or cFib cultures after
immunostaining. Additionally, cardiac troponin T (TnTc) was detected in NRVM,
confirming the nature of each type of cell. Finally, Vimentin was detected in cFib,
which is mainly indicative of a cell with vascular smooth muscle cell or fibroblast
origin. Beat rate was also measured in NRVM counting the number of beats per
minute (bpm) after three different NRVM isolation processes (Figure 4.1 B).
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Figure 4.1. HMVEC-C, NRVM and cFib characterization. (A) Bright field images and specific markers
for endothelial, fibroblasts and myocyte cell linages staining by immunofluorescence. CD31 staining
is showed in red for the three cell types, while TnTc and Vimentin are shown in green in NRVM and
CFib, respectively. Nuclei are shown in blue (DAPI). Scale bar=100um. (B) Number of beats per minute
(bpm) of NRVM after isolation. Data represent mean + SEM of three different cell batches.

Cell morphology screening and protein markers expression studies consistently
showed that isolated NRVM and cFib populations were highly pure and
consequently suitable for use in further experiments.

4.2. Half maximal inhibitory concentration in HMVEC-C, NRVM and
cFib depends on nanoconjugates diDHA loading and
encapsulation

Cytotoxicity studies are key to test if candidate therapeutic molecules are
compatible with relevant cell models. Cytotoxicity of PGA-diDHA-based
nanoconjugates as well as PGA and free diDHA was assessed in target cells. With
this purpose, different amounts of diDHAeq (ug) for each PGA-diDHA
nanoconjugate and free diDHA (ug diDHAeq: 2, 5, 10, 20, 25 and 50), and the
correspondent dose of PGA for each nanoconjugate concentration tested was
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administered in HMVEC-C, NRVM and cFib for 72 h by MTS assay and LDH activity
measurement. Figure 4.2 A shows cell viability values obtained by MTS assay. Free
diDHA had the highest cytotoxic effect in all cell types, showing cell viability values
below 50% when more than 10 ug diDHAeq were administered (LCso in HMVEC-C,
NRVM and cFib: 14.30, 16.10 and 11.08 ug diDHAeq). Non-significant decreases in
cell viability were obtained when PGA and PGA-diDHA nanoconjugates were added
at different concentrations in NRVM and cFib. HMVEC-C were more sensitive to
treatments than cardiomyocytes and cardiac fibroblasts. Nevertheless, cell viability
was not inferior to 50% at the higher dose tested when PGA or PGA-diDHA
nanoconjugates were administered in any cell type, and LCsp could not be
calculated.

LDH activity was measured in cell culture media 72h after nanoconjugates or free
diDHA treatment (Figure 4.2 B). Concretely, LDH activity in both HMVEC-C and cFib
was very similar after exposure to nanoconjugates and free diDHA, and only an
increase of LDH activity was only detected in NRVM when treated with 25 ug of
diDHAeq of all PGA-diDHA-based nanoconjugates tested and free diDHA. However,
no major differences were observed on the rest of experimental conditions.
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Figure 4.2. PGA, PGA-diDHA-based nanoconjugates and free diDHA cytotoxic effect in HMVEC-C,
NRVM and cFib viability. Cells were treated with increased diDHA doses (ug diDHAeq: 1, 2, 5, 10, 25,
50) for 72 and (A) cell viability by MTS assay and (B) LDH activity were measured. Read out was
performed by spectrophotometry (absorbance at 490 nm) in both cases. Data presented were
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obtained from to three independent experiments, and results were normalized to values obtained
from untreated cells and are represented as mean + SEM.

These data suggest that diDHA encapsulation can be useful to increase
administration dose while not affecting cell viability, and use of PGA-diDHA-based
nanoconjugates could less cytotoxic than free diDHA.

4.3. PGA-diDHA-based nanoconjugates uptake evaluation in

HMVEC-C, NRVM and cFib

The ability of nanoconjugates uptake by CM, HMVEC-C and cFib was evaluated after
adding three different nanoconjugates concentrations. Nanoconjugates labelled
with Oregon Green 488 dye (0OG), were used for tracking purposes in these
experiments. In order to find a balance between cell viability and biological effect
and based on previous results showed in Figure 4.2 A, three diDHA dose (5, 10 and
20 pg diDHAeq) were chosen and PGA-OG was added at the correspondent dose.
Based on previous studies, nanoconjugates uptake was measured as percentage of
OG positive cells after 30 min of exposure3®!, Results are shown in Figure 4.3 A-C.
PGA-OG, PGA-OG-diDHA;,, PGA-OG-diDHA64and PGA-OG-diDHAg 1 at the selected
doses were significantly uptaken by HMVEC-C, NRVM and cFib in comparison to
untreated cells (ctrl), except for the lower dose of PGA-diDHAs 4 (5 pg diDHAeq) in
HMVEC-C and NRVM.
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Figure 4.3. PGA and PGA-diDHA OG-labeled nanoconjugates uptake by HMVEC-C, NRVM and cFib
is dose-dependent. Compounds were added at three different concentrations (5, 10 and 20 ug
diDHAeq) for 30 min and percentage of OG positive cells were measured in (A) HMVEC-C (B) NRVM
and (C) cFib by flow cytometry (ex./em.: 488/535 nm). Data were analyzed by ANOVA and Tukey’s
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post-hoc test and are shown as mean * SEM from three independent experiments (ns: non-
statistically significant differences; **p<0.01; **p<0.001).

These data demonstrated that the candidate nanoconjugates, as well as PGA-OG,
can be internalized by coronary microvascular endothelial cells, ventricular
myocytes and cardiac fibroblasts in vitro, making possible to asses a functional
effect on target cells.

4.4. Oxygen and glucose deprivation and reperfusion protocol in

vitro

To mimic I/R-induced injury conditions in vitro, an oxygen and glucose deprivation
and reperfusion protocol was set up in NRVM as detailed in Section 3.11.
Experimental outline is showed in Figure 4.4 A. Cell culture medium was replaced
for non-glucose DMEM and cells were placed in a hypoxia chamber adjusted to 1%
0,and 37 °Cfor 6 h (ischemia, I). Treatments were added after 5 h 30 min of |. Next,
culture medium was replaced for complete high-Glucose DMEM and plates were
placed in an incubator with 21% 0, at 37 °C for 1 h (I/R). Cells in normoxia (Nx, 21%
0, at 37 °C) were used as control. Hypoxia induction was corroborated by an
increase in HIF1-a protein expression measured by Western Blot in NRVM in basal
conditions (Nx), after | and after I/R. As shown in Figure 4.4 B and C, statistically
significant increase of HIF1-a was observed in ischemic conditions compared to Nx
condition (p<0.001), and no-statistically significant differences were observed
when Nx and I/R protein samples were compared. This protocol served as a starting
point to measure functional parameters of interest in cardiac cells.
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Figure 4.4. OGD-R in vitro model set up to mimic I/R-induced injury. (A) I/R protocol scheme. Cell
culture media was replaced by Non-Glucose DMEM and cells were transferred to a hypoxic chamber
for 6h. Compounds were added after 5h 30 min. Next, culture media was replaced by High-Glucose
DMEM and placed in a standard incubator. Finally, functional parameters of interest were analyzed.
(B) Ischemia induction confirmation by HIF1-a expression in NRVM under Nx, | and I/R conditions by

Western Blot. a-Tubulin expression was measured as housekeeping gene. Protein expression levels

were measured by densitometry using Imagel software (C) HIF1-a signal quantification normalized

to a-Tubulin expression signal. Data are represented as mean + SEM. ANOVA and Tukey’s post-hoc
test were applied for statistical analysis using Nx as reference condition (ns: non-statistically
significant differences; ***p<0.001).

4.4.1. PGA-diDHA-based nanoconjugates reduce Caspase
3/7 activity after I/R-induced injury
After verifying that PGA and PGA-diDHA-based nanoconjugates were not cytotoxic
and could be internalized by target cells, the optimal dose of PGA, PGA-diDHA
nanoconjugates and free diDHA was set up based on those previous experiments
and the ability of nanoconjugates to reduce cell apoptosis in NRVM when added
shortly before reperfusion.

Three concentrations of each nanoconjugate were tested (5, 10 and 20 pug diDHAeq)
in order to decide which was the most effective for I/R in vitro experiments, and
PGA and free diDHA were added at the equivalent concentration. A significantly
lower proportion of apoptotic NVRMs cultured under Nx (p<0.001) and | (p<0.01)
compared to I/R condition, demonstrating that we could mimic I/R-induced injury
in vitro under the optimized experimental conditions (Figure 4.5). Non-significant
differences were observed when PGA was administrated in any tested dose
compared to I/R condition, pointing that encapsulating polymer alone does not
have a functional effect against apoptosis in our experimental model. Pre-
conditioning of ischemic cardiomyocytes with the three doses of PGA-diDHA,,,
PGA-diDHAs 4 and PGA-diDHAg ; resulted in a significant decrease of apoptotic cells
after reperfusion. However, free diDHA treatment only was proven to significantly
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reduce Caspase 3/7 activity when added at 10 pg diDHAeq, suggesting an increase
in the functional effect of encapsulated diDHA against reperfusion-induced
apoptosis compared with free diDHA.

157 ug diDHAeq:
ns
2 H m 5
2
g = Lol ns =4 10
& 2~ 20
-;.:__ s‘n *% *k *k ok ns
@ .E boxx e ok
v ok 3k 3k
> 0.54 l_l T*
g - *
w
[
0.0 T T
R s > > \g
) oy Oy &
& & 0 A

Figure 4.5. Caspase-3/7 activity screening after I/R and NRVM preconditioning. Caspase3/7 activity
was measured in NRMVs in Nx, I, I/R and I/R after adding PGA, PGA-diDHA,.,, PGA-diDHAs.4 and PGA-
diDHAg.; and free PGA at 5, 10 and 20 ug of diDHA eq by luminescence. Cell lysates were obtained
and data were normalized to the total protein content on each sample. Results are presented as
mean * SEM from three independent experiments. Values obtained from I/R condition was used as
reference and data were analyzed with ANOVA and Tukey’s post-hoc test (ns: non-statistically
significant differences; **p<0.01; ***p<0.001;).

In summary, results obtained from uptake experiments (Figure 4.3) showed that
percentage of OG positive cells was increased when higher concentrations of NP
were added to HMMVEC-C, NRVM and cFib. A statistically-significant decrease in
Caspase3/7 activity was obtained when NP were added at a concentration of 20 pg
diDHAeq. Contrarily, this effect was not observed when free diDHA was used.
Furthermore, cell viability assay revealed that use of 20 ug diDHAeq of free diDHA
had important cytotoxic effect on target cells. Alternatively, the use of the NP at a
concentration of 5 and 10 ug diDHAeq did not have major cytotoxic effects in any
of the cell models included and an acceptable percentage of OG positive cells after
NP treatment was obtained (Figure 4.2). Finally, an enhanced decrease of
Caspase3/7 activity was found when 10 pg diDHAeq of NP were added to
preconditionate NRVM before reperfusion compared to values obtained when 5 ug
diDHAeq were used in case of PGA-diDHA;; and free diDHA (Figure 4.5). After
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interpretation of the obtained data, we selected 10 pug diDHA eq as working
concentration for further experiments.

4.4.2. PGA-diDHA nanoconjugates uptake depends on the

physiological conditions of HMVEC-C and NRVM
Conjugates uptake by HMVEC-Cs and NRVM was assessed in normoxia and
stressing conditions in order to test if there were differences in NP uptake after I/R.
HMVEC-C and NRVM were cultured under physiological (Nx) and I/R conditions and
NP uptake was measured after 30 min of exposure. As shown in Figure 4.6 A and B
(HMVEC-C and NRVM, respectively), a higher percentage of OG positive cells was
obtained when nanoconjugates were added to HMVEC-C and NRVM in Nx and I/R
compared to control conditions (untreated cells in Nx or I/R), except from PGA and
PGA-diDHAs4, where non-statistic significant differences were observed.
Interestingly, it was found a significant increase in intracellular accumulation of
PGA-OG-diDHA,.,, PGA-OG-diDHAs.4 and PGA-OG-diDHA. 1 (p<0.001), but not PGA-
OG, in both cell types under I/R when compared to the addition of the same dose
of the compounds under Nx condition. Representative histograms of these data are
displayed in Figure 4.6 C.
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Figure 4.6. PGA-diDHA-based nanoconjugates uptake is increased in HMVEC-C and NRVM under
ischemic conditions. OG positive (A) HMVEC-C and (B) NRMV after Nx and I/R-induced injury. (C)
Representative histograms showing OG positive cells. Data are represented as mean + SEM of three
independent experiments and analyzed by ANOVA and Tukey’s post-hoc test (ns: non-statistic
significant differences; *p<0.05; **p<0.01; ***p<0.001).

Overall, these data suggest an enhanced PGA-diDHA-based nanoconjugates uptake
by HMVEC-C and NRVM under I/R, favoring the internalization of our drug
candidates in order to trigger a potential therapeutic effect in target cells.
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4.4.3. NRVM uptake PGA-diDHA-based nanoconjugates
from HMVEC-C more efficiently under I/R conditions

Given that the preferred route of administration in the clinical setting of
nanoconjugates is intracoronary, a transcytosis assay from HMVEC-C to NRVM was
designed in order to assess if microvascular endothelial cells would be able to
transfer nanoconjugates to cardiomyocytes under Nx and I/R conditions as
described in Section 3.13.2.2. HMVEC-C were seeded and treated with PGA-OG or
PGA-OG-diDHA nanoconjugates in transwell inserts for 30 min. After that, cells
were washed and culture media was refreshed. Next, inserts were transferred to a
plate where NRVM under Nx or I/R conditions had been previously seeded to
evaluate the ability of nanoconjugates to transverse endothelial cells and reach
cardiomyocytes. Data were measured as percentage of OG positive NRVM. As
shown in Figure 4.7 A, an increased transfer of nanoconjugates was observed when
PGA, PGA-diDHA;; and PGA-diDHAs 1 were added to HMVEC-C and placed above
NRVM in Nx compared to ctrl data, but not when PGA-diDHAs 4 was used. This effect
was more striking when NRVM were under I/R, where a statistically significant
increase on NP uptake was observed in all cases. Importantly, a higher number of
NRVM carrying OG fluorescent signal was observed under I/R conditions for PGA-
0G, PGA-OG-diDHA;;, and PGA-OG-diDHAg 4 (p<0.05 in all cases) but not PGA-OG-
diDHAg,, compared to Nx, suggesting a selective uptake from HMVEC-C of
nanoconjugates upon differential drug loading. This difference could be attributed
to the different 3D conformation adopted by each conjugate in solution, since
higher diDHA loading generate more compact and smaller nanosystems (data
provided by Therapeutic Polymers laboratory in Principe Felipe Research Institute),
probably hindering diDHA-cell membrane interactions. The increase in
nanoconjugate uptake by stressed NRVM from HMVEC-C could be explained by cell
communication via paracrine signaling by myocytes and endothelial cells, which is
always active and variable depending on the environment and cellular physiological
state?!. Representative histograms of these results are shown in Figure 4.7 B.

To confirm the internalization of PGA-OG-diDHA nanoconjugates by NRVM, cells
derived from the transcytosis assay were fixed and analyzed by confocal
microscopy. Intracellular location of nanoconjugates in NRVM after transcytosis
assay can be observed in Figure 4.7 C. Figure 4.7 D shows OG fluorescence intensity
signal per cell quantification in NRVM under Nx and I/R conditions after transcytosis
assay. Additionally, a significant increase in uptake of all administered compounds
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under both Nx and I/R conditions compared to control was observed. Finally, a
significantly higher level of compounds uptake under I/R when compared to Nx
condition was also noticed.
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Figure 4.7. Nanoconjugates are able to traverse HVMEC-C and reach NRVM under I/R more
efficiently than in physiologic conditions. (A) OG positive NRVM percentage measured after 24 h by
flow cytometry and (B) representative histograms from data obtained. (C) Representative pictures
and nanoconjugates 3D location (Z stacks) in NRVM after transcytosis assay and (D) OG fluorescent
intensity (Fl) signal obtained per number of cells under all experimental conditions. Pictures were
taken using 40X objective. Scale bar=50um. Data are represented as mean + SEM of three
independent experiments and analyzed by ANOVA and Tukey’s post-hoc test (ns: non-statistic
significant differences; *p<0.05; **p<0.01; ***p<0.001).

Altogether, these data provide evidence for the enhanced uptake of PGA-OG-
diDHA;, and PGA-OG-diDHAs4 from HMVEC-C by NRVM under stress-inducing
conditions. When PGA-diDHAq 1 was added to HMVEC-C, counteracting results using
both experimental approaches were obtained, and flow cytometry data were
unstable between experiments probably because of NP physicochemical
characteristics mentioned above. Consequently, no clear conclusions about
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differences between NRVM uptake in Nx or I/R could be settled for this particular
nanoconjugate.

4.4.4., PGA-diDHA6.4 limits I/R-induced injury by reducing
apoptosis in NRVM
To corroborate the possible enhanced performance of some PGA-diDHA
nanoconjugates as effective players to reduce I/R-induced injury of NRVM in vitro,
additional apoptosis assays were performed. Therefore, apoptosis was measured
through Annexin V/7-AAD staining by flow cytometry and the Bcl-2/Bax protein
expression ratio by Western Blot. Esmolol, a cardioprotective drug commonly used
for clinical practice, was included as positive control in these experiments.

Figure 4.8 A demonstrates a significantly lower proportion of total apoptotic cells
when cultured under Nx (5.59%0.46 %, p<0.01) and | (7.00+1.44 %, p<0.05)
conditions and compared to I/R condition (13.40+£1.87 %), as expected after the
obtained results in the previous experiments where Caspase 3/7 activity was
measured after following the same OGD-R protocol. Detailed analysis revealed that
9.54+1.40 % of cells under I/R conditions were in late-apoptosis (Annexin V*/7-
AAD*, in black) and 3.86+0.60 % were in early-apoptosis (Annexin V*/7-AAD’, in
blue) compared to 3.57+0.34 % and 2.01+£0.15 % in NRVM under Nx conditions,
respectively.

Encouragingly, a significant decrease in the proportion of apoptotic cells following
treatment with PGA-diDHAs4 (8.95+£0.61 %, p<0.05) under I/R conditions was
observed. Additionally, a significant reduction of cells in late apoptosis (4.61+0.40
%, p<0.05) when NRVM were preconditioned with PGA-diDHAs 4 before reperfusion
compared with I/R condition (9.54+1.40 %) was obtained. Of particular note, PGA-
diDHAs 4 pretreatment also leaded to a highly significant decrease in total and late-
apoptotic NRVM after I/R-induced injury when compared to pretreatment with free
diDHA (Figure 4.8 A). However, a significant decrease in NRVM apoptosis following
treatment with PGA (17.41+1.87 %), PGA-diDHA,, (11.22+1.61 %), PGA-
diDHA.1(10.57£1.31 %), diDHA (16.911+0.36 %), or Esmolol (20.75+0.46 %)
compared to I/R conditions was not detected. Although no significant differences
in total apoptotic number of cells was obtained when NRVM were treated with
PGA-diDHA,,, percentage of early apoptotic cells was significantly increased
compared with retrievable cells found after I/R, indicating a possible beneficial
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effect of this nanoconjugate avoiding massive cardiomyocytes death after
reperfusion. Representative histograms for these data are shown in Figure 4.8 B.
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Figure 4.8. PGA-diDHAs.4 protects NRVM against I/R induced injury by reducing late apoptosis. (A)
Total apoptotic cells measured by flow cytometry is shown in left panel, while early apoptotic cells
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(Annexin V CFBLUE PB450-A positive and 7-AAD PerCP-A negative events) and late-apoptotic cells
(Annexin V CFBLUE PB450-A and 7-AAD PerCP-A double positive events) are shown in blue and black,
respectively. (B) Representative histograms of each experimental condition. Results were obtained
from three independent experiments and showed as mean + SEM and analyzed with ANOVA and
Tukey’s post-hoc test using values from I/R as reference condition (ns: non-significant statistic
differences; *p<0.05; p<0.01; ***p<0.001).

Proper balance of anti- and pro-apoptotic proteins of the Bcl-2 family also plays a
significant role in regulating cell survival following I/R insult. While Bcl-2 inhibits
apoptosis triggering, Bax expression provides a pro-apoptotic signal. Figure 4.9
(representative Western blot and graph) demonstrates a significant increase in the
Bcl-2/Bax expression ratio (suggesting an increase in anti-apoptotic signaling) in
NRVM under Nx and those treated with PGA-diDHAss+ and Esmolol before
reperfusion when compared to Bcl-2/Bax ratio in NRVM after I/R procedure. Again,
we observed a trend on higher expression of anti-apoptotic signaling when PGA-
diDHAs4 was added compared to NRVM preconditioned with free diDHA before

reperfusion.
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Figure 4.9. PGA-diDHAg¢.4 preconditioning before reperfusion resulted in activation of anti-
apoptotic signaling pathways in NRVM. Anti-apoptotic (Bcl-2) and pro-apoptotic (Bax) protein levels
were measured by Western Blot assay and quantified by densitometry using ImageJ software. Data
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in graph are expressed as protein expression ratio (Bcl-2/Bax) normalized to Tubulin a-1A (Tub)
signal for each condition. Results were obtained from three independent experiments, and are shown
as mean + SEM and were analyzed with ANOVA and Tukey’s post-hoc test using values from I/R as
reference condition (ns: non-significant statistic differences; **p<0.01; ***p<0.001).

Overall, these data suggest that pre-conditioning of primary cardiomyocytes with
PGA-diDHAGs 4 before reperfusion inhibits the activation of pro-apoptotic signaling
pathways, leading to increased cell survival after I/R insult above the rest of
nanoconjugates and compounds tested. Furthermore, comparison of free diDHA
and PGA-diDHAg¢ 4 data highlight how an optimized PGA-conjugation approach can
significantly increase the therapeutic potential of diDHA in the context of I/R-
induced injury to cardiomyocytes.

4.4.5. PGA-diDHA nanoconjugates treatment attenuates
autophagy activity in NRVM after I/R-induced injury
Once it was established that I/R conditions prompted apoptosis of NRVM in vitro
and that that PGA-diDHA nanoconjugates afforded protection against apoptosis
signaling pathways activation, their therapeutic potential was further explored.
Myocardial I/R-injury associates with an increased abundance of structurally and
functionally defective proteins; in response, the activation of the autophagic
machinery leads to the sequestration of these defective proteins into a double-
membranes structure known as the autophagosome, which then fuses with acidic
vesicles known as lysosomes for degradation and recycling 3#2. The activation of
autophagy requires Beclin-1, and physical interaction between Bcl-2 and Beclin-1
has been described. Following a cell insult (such as I/R), Bcl-2 releases Beclin-1 to

activate the autophagic pathway, which can cause severely detrimental effects 3
383

Analysis of this pathway, as shown in Figure 4.10 A, revealed significantly lower
levels of Beclin-1 expression under Nx conditions when compared to I/R conditions
in NRVM, suggesting higher autophagic activity in NRVM under I/R conditions.
Pretreatment of NRVM under I/R conditions with all three PGA-diDHA
nanoconjugates and Esmolol, but not PGA or and free diDHA, led to a significant
reduction in Beclin-1 expression when compared to I/R condition, suggesting the
attenuation of autophagy machinery activity. In this case, PGA-diDHAg 4 failed to
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provide for a significant reduction in Beclin-1 expression levels when compared to
free diDHA under I/R. Overall, these data suggest that PGA-diDHA nanoconjugates
may provide some marginal advantage with regards to the inhibition of massive
autophagy activity.

In addition, number of lysosomes using Lysotracker® Deep Red staining in NRVM
(Figure 4.10 B and C) was measured. Reduction in the number of acidic vesicles per
cell under Nx conditions when compared to cells after I/R process was observed,
suggesting higher lysosomal activity under I/R conditions. Significant reduction in
the number of acidic vesicles per cell following PGA-diDHA,,, PGA-diDHAs 4, and
diDHA pre-treatment of NRVM when compared to I/R conditions was observed.
However, no statistically significant differences between NRVM pre-conditioned
with PGA-diDHA6 4 or free diDHA were obtained.

140



UNIVERSITAT POLITECNICA DE VALENCIA

A) B)
MW (kDa)

Beclin-1 =~ == ®M&S == ==« =« 60 1/R

Tub = = = -
1.5+
Lo I/R+PGA-
I/R+PGA diDHA, ,
0.5 *
0.0- Ij—. '—l - -
%V'

I/R+PGA-

diDHA ,

Beclin-1/Tub

I/R+PGA-

<t \\Qh v.b v.o? diDHA, , 1/R+diDHA 1/R+Esmolol
\\““b\ & 1
o e“ AN N\
SRR
& &R
AT WA
DAPI
C)
CRLE
o
=
% £ 150
2%
® o
100-
£t
ol
Q
Z 2 5o
Fi
S oA

Q\*. \\<z~ (,Y‘ v.b v.q ‘2‘ \
& &\(’%&&@& «°
oy o’ & N

N \\‘*‘

Figure 4.10. PGA-diDHA-based nanoconjugates protect NRVM against I/R-induced injury by
reducing massive autophagy machinery activation and acidic vesicles accumulation. (A) Beclin-1
protein expression under experimental conditions. Tubulin a-1A (Tub) protein expression was used to
normalize Beclin-1 signal obtained from each sample. Results were quantified by densitometry using
Imagel software. (B) Representative pictures showing acidic vesicles screening in NRVM after
LysoTracker Deep Red © staining. Images captures at 400X magnification and captures by IN CELL
analyzer 1000. Scale bar = 10 um. (C) Number of acidic vesicles per number of nuclei ratio. Results
were obtained from three independent experiments comparing the distinct groups with cells under
I/R. Asterisks indicate statistically significant differences after ANOVA analysis followed by Tukey’s
post hoc test, and mean + SEM is shown (ns: non-statistical significance; *p<0.05; *p<0.01;
*p<0.001).
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These data suggested that the activation of the cellular degradation machinery
after I/R insult, leading to the formation of a greater number of acidic vesicles and
increased apoptosis. Pre-conditioning with PGA-diDHA nanoconjugates can reduce
cell damage, with PGA-diDHAg 4 providing the best results with regards to the
amelioration of I/R-induced injury in terms of reduced apoptosis and mitigated
autophagy.

4.4.6. PGA-diDHA-based nanoconjugates reduce reactive
oxygen species generation and restore the I/R-induced loss
of mitochondrial membrane potential in NRVM

As part of the characterization of cardioprotective processes activated by NP their
role in preservation of mitochondria integrity when used for preconditioning in I/R
assays was analyzed. It has been already described that additional protein quality
control pathways driven by the endoplasmic reticulum (ER) become activated in
response to I/R-induced stress. The ER stress response involves the upregulated
expression of specific chaperones (e.g., GRP-78, GRP-94, or XBP1) that sense
increased levels of unfolded proteins®°. Reduced levels of GRP-78 expression were
encountered in NRVM under Nx conditions when compared to I/R conditions
(p<0.01), thereby suggesting higher levels of ER stress during I/R (Figure 4.11).
However, no statistically significant differences were observed when data from |
and I/R conditions were compared. Encouragingly, NRVM treated with PGA-
diDHAg4 and free diDHA slightly inhibited the increase in I/R-induced GRP-78
expression by a similar degree (p<0.05), suggesting that both compounds can
reduce ER-stress under these experimental conditions, but not significant
differences were observed between both treatments. No significant differences
were observed in NRVM under I/R following treatment with PGA, PGA-diDHA;,,
PGA-diDHAg 1, or Esmolol (Figure 4.11) when compared to I/R condition.
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Figure 4.11. PGA-diDHAg.4 and diDHA preconditioning before reperfusion resulted in a reduction of
GRP-78 protein expression in NRVM. GRP-78 protein expression was measured by Western Blot
assay and quantified by densitometry in ImageJ software. Data were normalized by Tubulin a-1A

(Tub) protein expression for each condition. Results were obtained from three independent
experiments, and were analyzed with ANOVA and Tukey’s post-hoc test using values from I/R as
reference condition and represented as mean + SEM (ns: non-significant statistic differences;
*#p<0.01; ***p<0.001).

Given the known physical and functional links between the ER and mitochondria,
studies have now provided evidence that GRP-78 regulates mitochondrial energy

balance3”®

. Moreover, the generation of ROS and mitochondrial function are
connected to the autophagic machinery and ER stress, and this connection may
represent a crucial component regulating cardioprotection under adverse
conditions®®4. Additionally, most apoptotic stimuli (including oxidative stress,
hypoxia, and nutrient deprivation) converge at the mitochondria, with mPTP
(mitochondrial permeability transition pore) dysfunction leading to the formation

of the “apoptosome” complex, which results in Caspase-3 activation3®,

In light of this potentially important role of mitochondrial function, alterations to
mitochondrial membrane potential (MMP) in NRVM under | or I/R conditions using
the JC-1 potential-sensitive fluorescent dye (Figure 4.12 A and B) were tested.
Control NRVM (Nx) showed a granular cytosolic pattern of red fluorescence
(corresponding to JC-1 aggregates), indicating the presence of mitochondria with
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polarized mitochondrial membranes and a proper membrane potential. However,
NRVM exhibited a loss of MMP and mitochondrial depolarization following | and
I/R as indicated by increased JC-1 monomer (green fluorescence) accumulation.
Significantly, pre-conditioning NRVM with PGA, PGA-diDHA,,, PGA-diDHAs 4, PGA-
diDHAg1, and Esmolol prevented the loss of MMP (p<0.001). On the contrary,
diDHA failed to prevent the loss of MMP. Furthermore, PGA-diDHAs 4 treatment
provided the highest significant decrease in MMP in NRVM when compared to
diDHA treatment before reperfusion (p<0.001). An additional analysis of
mitochondria morphology by TEM showed differences between mitochondria
structures in different conditions (Figure 4.12 C). Inner and outer membrane
interspace as well as mitochondrial matrix seemed dilated, as showed by loss of
contrast and packaging, after | and I/R-induced injury compared to control cell
mitochondria (Nx). Similar effects than the ones reported for | and I/R conditions
were observed after PGA and diDHA treatment, but not when NRVM were pre-
conditioned with PGA-diDHA-based nanoconjugates or Esmolol. These
observations support that mitochondria damage caused by I/R-induced stress could
be reduced by the tested nanoconjugates.
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Figure 4.12. PGA-diDHA- based nanoconjugates maintain mitochondrial membrane potential
(MMP) and mitochondria ultrastructure after reperfusion. (A) Representative images for MMP
destabilization measurement in the different experimental groups. Red fluorescence indicates normal
MMP. Green fluorescence indicates monomer formation of JC-1 dye, and, subsequently, MMP
depolarization. Images captures with confocal microscopy at 40X magnification, scale bar=25 um.
(B) Green to red fluorescence ratio quantification for MMP measurement by JC-1 dye staining assay.
(C) Electron microscopy images focused on mitochondria ultrastructure under experimental
conditions. Scale bar=500 nm. Three independent experiments were performed. Asterisks indicate
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statistically significant differences after ANOVA analysis followed by Tukey’s post hoc test comparing
to I/R data, and are shown as mean * SEM (ns: non-significative; **p<0.01; ***<p<0.001).

Finally, ROS content was measured using the CellROX® orange fluorescent probe
(Figures 4.13 A and B). Significantly reduced levels of ROS generation in NRVM in
Nx and | compared to I/R condition were observed. Moreover, PGA and PGA-
diDHA, ; pretreatment showed marginal effects on NRVM reduced ROS generation
following I/R (p<0.05), while preconditioning with PGA-diDHAs s and PGA-diDHAs 1
led to a highly significant decrease in ROS generation in NRVM following exposure
to I/R conditions (p<0.001). Esmolol pretreatment failed to significantly modulate
ROS levels in NRVM following exposure to I/R conditions. Interestingly,
pretreatment with free diDHA seemed to increase ROS production in NRVM
following exposure to I/R conditions, therefore providing a highly significant
difference when compared to PGA-diDHAg 4 pretreatment (p<0.001).

A) B)

Nx 1 I/R
I/R+PGA  |/R+PGA-diDHA,, I/R+PGA-diDHAG,

I/R+PGA-diDHA,,  I/R+diDHA 1/R+Esmolol
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Figure 4.13. PGA-diDHA-based nanoconjugates reduced reactive oxygen species (ROS) generation
after reperfusion. (A) Representative pictures for ROS signal under Nx, I, I/R and I/R after NRVM pre-
conditioning measures as Cell ROX® orange fluorescence intensity using 40X magnification lens, scale
bar =10 um. (B) CellROX® orange fluorescence intensity signal per number of nuclei quantification
for each experimental condition. Three independent experiments were performed. Asterisks indicate
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statistically significant differences after ANOVA analysis followed by Tukey’s post hoc test comparing
to I/R data, and are shown as mean + SEM (ns: non-significative; *p<0.05; ***<p<0.001).

4.5. PGA-diDHA-based nanoconjugates do not promote cFib

migration in vitro

In response to tissue mass loss and limited regeneration rate in adult mammal
hearts, cardiac fibroblasts are activated, resulting in enhanced migration and
proliferation in the damaged area, which provokes that previous functional cardiac
tissue is replaced for non-contractile tissue. For this reason, the main goals of
cardiac therapies are to avoid massive cardiomyocytes loss or replace fibrotic scar
for functional tissue to improve cardiac function. In this sense, a scratch assay was
performed to evaluate the effect that PGA-diDHA-based nanoconjugates could
have on cardiac fibroblasts wound healing capabilities. Representative pictures and
obtained results are obtained in Figure 4.14 A and B, respectively. Data showed a
completely wound healing (95.46+2.35 %) in untreated cFib, while the addition of
PGA (49+9.53 %, p<0.01), PGA-diDHA,, (34t7.36 %, p<0.001), PGA-diDHAs.4
(39+6.72 %, p<0.001) and PGA-diDHA.1 (27£6.47 %, p<0.001) diminished the closed
area percentage compared to control cells, and a total wound healing was not
observed in any of the conditions after 48 h. Importantly, exposure to diDHA
resulted in high number of cFib death after 12 h of treatment, correlating with
previous cytotoxicity in vitro results (Figure 4.2), so no further measures were
possible.
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Figure 4.14. PGA-diDHA-based nanoconjugates do not enhance primary cardiac fibroblasts
proliferation and migration capabilities. (A) Representative pictures of scratch assay at 0, 12, 24
and 48 h after treatments. Yellow dashed lines indicate cell progression during selected time points.
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(B) Wound healing area quantification over time. Area covered by cells after PGA, PGA-diDHA
nanoconjugates and diDHA treatments was measured for 48 h. Control cells treated with PBS were
used as control (ctrl). Three independent experiments were performed. Asterisks indicate statistically
significant differences after ANOVA analysis followed by Tukey’s post hoc test comparing to ctrl data,
and are shown as mean * SEM (**p<0.01; ***<p<0.001).

Obtained results provided preliminary data indicating a possible functional effect
of PGA-diDHA-based nanoconjugates in an ischemic context in terms of fibroblasts
migration and proliferation modulation. Nevertheless, further studies, such as
proliferation tests or gene expression analysis, would be necessary for validation.

Collectively, all PGA-diDHA nanoconjugates displayed some levels of
cardioprotective activity, although their efficacy appeared to depend on diDHA
loading. When considering the in vitro data as a whole, PGA-diDHAs s was chosen as
the leading candidate for subsequent in vitro studies in cardiomyocytes from
human origin and in vivo studies given the enhanced outcomes compared to PGA-
diDHA,, and PGA-diDHAq:. Additionally, pre-conditioning with PGA-diDHAg4
provided enhanced results with regards to the attenuation of I/R-induced injury
when compared to free diDHA.

4.6. PGA-diDHA6.4 exerts a cardioprotective effect in human iPSC-

derived CM
Several potential cardioprotective compounds fail when they are tested in human
in vitro and in vivo studies. Because of this, the availability of in vitro cellular models
with human origin for disease modeling and drug testing is highly important. In this
context, human induced pluripotent stem cells (iPSC) are of special interest since
they can be easily obtained from patients and healthy donors’ peripheral blood
mononuclear cells and can be differentiated into multiple cell types in vitro, as
cardiomyocytes. In order to see if PGA-diDHAs4 maintained the cardioprotective
potential against I/R-induced injury when tested in cardiomyocytes with human
origin, a human iPSC line from a healthy donor was used. Human iPSC were
differentiated to cardiomyocytes (iPSC-CM) and differentiation efficiency was
confirmed by three different gene and protein expression analysis. First, increased
expression TNNT2 and NKX2-5 together with OCT4 lower gene expression was
obtained by RT qPCR 15 days after the induction of cell differentiation as showed
in Figure 4.15 A. TNNT2 and NKX2-5 are expressed by cardiomyocytes, whereas
OCT4 is expressed in undifferentiated or stem cells. Next, immunofluorescence
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analysis for cTnT and Oct4 protein expression in cardiomyocytes after 30 days of
differentiation revealed a huge enrichment of cTnT expression while a low
expression of Oct4 (Figure 4.15 B). Furthermore, ~87% double positive cells for
cTnT and MyHCa protein expression, which would represent CM population, were
obtained as measured by flow cytometry (Figure 4.15 C, Q2). Finally, beating rate
was measured obtaining an average of 77+4 bpm (Figure 4.15 D).
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Figure 4.15. iPSC-CM quality control and characterization. (A) OCT4, NKX2-5 and TNNT2 gene
expression quantification in samples collected at day 0, 5, 9 and 15 during iPSC differentiation to CM.
Fold change in gene expression compared to values obtained at day O are represented (arbitrary
units, A.U.). (B) Representative pictures of Oct4 and cTnT staining in iPSC-CM at day 30 of
differentiation. Scale bar = 100um. (C) Representative histogram showing cTnl-APC-A and MyHCa-
PE-A expression in iPSC-CM at day 30 of differentiation (Q1: cTnl-APC-A*, MyHCa-PE-A-; Q2: cTnl-
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APC-A+, MyHCa-PE-A*; Q3: cTnl'APC-A-, MyHCa-PE-A-; cTnl-APC-A-, MyHCa-PE-A*. (D) Number of
beats per minute (bpm) of iPSC-CM counted at day 30 of differentiation. Results obtained from three
iPSC to CM differentiation processes. Asterisks indicate statistically significant differences after
ANOVA analysis followed by Tukey’s post hoc test comparing to data obtained at day 0 of
differentiation, and are shown as mean * SEM (ns: non-significative; **p<0.01; ***<p<0.001).

After optimization of cardiomyocytes differentiation from iPSC, the effect of PGA-
diDHAg 4 on iPSC-CM compared to PGA and free diDHA was assayed to test if the
previous results obtained in NRVM were reproducible in CM from human origin. As
showed in Figure 4.16 A and Table 4.1, cytotoxicity assay and calculated LCso values
revealed an increased cell death rate when iPSC-CM were treated with lower
amounts of PGA compared to results in NRVM. The addition of both PGA-diDHAg 4
and free diDHA to iPSC-CM in a higher concentration than 20 ug diDHAeq also
resulted in decreased percentage of viable cells, although this effect was less
pronounced in iPSC-CM treated with PGA- diDHAg 4, supporting the hypothesis that
encapsulation of diDHA may be important to get a therapeutic effect in
cardiomyocytes.

Next, two experiments previously performed in NRVM were repeated in an I/R-
induced injury in vitro model of iPSC-CM. It was decided to measure apoptosis by
Caspase 3/7 activity and ROS production after PGA, PGA-diDHAg 4 or free diDHA pre-
conditioning before reperfusion. As represented in Figure 4.16 B and C, iPSC-CM in
Nx showed lower Caspase 3/7 activity and decreased ROS presence compared to
cells after I/R protocol (p<0.001), confirming that I/R protocol could be applied to
this cell model. Importantly, treatment of iPSC-CM with PGA-diDHAs4 before
reperfusion resulted in a decrease of Caspase3/7 signal compared to untreated
cells (I/R) and cells treated with PGA and free diDHA (p<0.05 in all cases). In addition
to this, iPSC-CM preconditioning with both PGA-diDHA and free diDHA resulted in
a decrease of ROS generation after reperfusion compared to I/R and I/R+PGA
conditions (p<0.001).
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Figure 4.16. PGA-diDHAg.4 preconditioning reduced iPSC-CM apoptosis and ROS generation after
I/R in vitro. (A) PGA, PGA-diDHAs.4 and diDHA cytotoxic effect was determined by MTS assay and
measured by spectrophotometry (absorbance at 490 nm) in iPSC-CM after 72 h of exposure to
increasing diDHA doses (ug diDHAeq: 1.56, 3.12, 6, 12.5, 25, 50). Results are shown as cell viability
percentage in comparison to non-treated cells and represented as mean + SEM from three
independent experiments. (B) Caspase3/7 activity measured in iPSC-CM in Nx, I, I/R and I/R after
adding PGA, PGA-diDHAg.4 and free PGA at 10 ug of diDHA eq by luminescence. Cell lysates were
obtained and data were normalized to the total protein content (TPC) of each sample. (C) ROS
generation measured as CellROX® orange fluorescence intensity (Fl) signal per TPC of each sample.
Results are presented as mean + SEM from two independent experiments, each one by triplicate.
Values obtained from I/R condition was used as reference and data were analyzed with ANOVA and
Tukey’s post-hoc test (ns: non-statistically significant differences; *p<0.05; ***p<0.001;).
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Table 4.1. LCsq values for PGA, PGA-diDHAg 4 and free diDHA in NRVM.

LCso (ug diDHA eq)

PGA 1.06
PGA-diDHAg 4 24.05
diDHA 23.70

In summary, data presented in this section suggested that iPSC-CM pre-
conditioning during ischemia with both PGA-diDHAs 4 and free diDHA prevented a
massive ROS generation upon reperfusion compared to untreated cells or PGA-
treated cells. Moreover, a decrease on cell apoptosis was observed when ischemic
iPSC-CM were treated with PGA-diDHAs4 nanoconjugate, and not with free diDHA
at the same dose, as measured by Caspase3/7 activity, indicating that results
showed on NRVM were reproduced in cardiomyocytes from human origin.

4.7. PGA-diDHA6.4 ameliorated myocardial injury in a small animal
model if I/R-induced injury

To ascertain whether PGA-diDHAg 4 could protect cardiac tissue from I/R-induced
injury, an in vivo rat model was set up. Rats were randomly distributed into the
following groups: Sham (not infarcted), PBS (vehicle control), PGA, PGA-diDHAg 4,
free diDHA or Esmolol (dose: 0.5 mg/kg). PGA-diDHAs4 and free diDHA were
administered at two different doses (dose 1: 27.1 pg diDHA eqg/kg; dose 2: 271 pg
diDHA eg/kg), and the amount PGA present on dose 1 or 2 of PGA-diDHAs4 was
injected in each case. AMI was induced by left descendant anterior descending
coronary aorta occlusion for 30 min and treatment modalities were
intramyocardially administered 15 min before reperfusion. Hearts were collected
24 h after the surgical process and stained with TTC staining as explained in Sections
3.14.1 and 3.15.1 in order to measure the total amount of metabolically inactive
tissue after AMI, which represents area at risk (AAR).

Figure 4.17 A and B depict representative pictures of heart slices stained with TTC
and AAR calculations, respectively. An AAR of 29.9614.62 % following I/R induction
and PBS administration was obtained, and no significant decrease in infarct size was
observed following either dose of PGA alone (22.40+4.28 % and 18.69+3.23 %,
respectively). However, treatment with dose 1 (11.9943.75 %) and 2 (12.02+2.00
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%) of PGA-diDHAG4 prompted a significant decrease in the AAR following AMI and
I/R injury (p<0.01 in both groups compared to I/R group). No significant alterations
following treatment with free diDHA at dose 1 (30.43x4.466 %), but were
apparently found when dose 2 (9.566%6.77 %, p<0.05) was administered. A
remarkable high viscosity and low solubility of free diDHA was observed when free
diDHA was administered at dose 2, making manipulation and administration
extremely difficult and producing an increased level of variation between animals
in the same experimental group. Consequently, results were not considered as
representative. Of important note, AAR was not statistically significant reduced
when animals were treated with Esmolol (17.37+2.93 %). Finally, a significant AAR
decrease in rats treated with dose 1 of PGA-diDHAg.4 was observed when data were
compared to the group treated with the same dose of free diDHA (p<0.05), but not
when dose 2 was injected (Figure 4.17 B).
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Figure 4.17. PGA-diDHAG.4 pre-conditioning decreases myocardial area at risk in I/R rat in vivo
model. (A) Representative images of TTC staining in rat heart slices. PGA, PGA-diDHA¢.4 and free
diDHA were administrated at two different doses (dose 1: 27.1 ug diDHA eq/kg; dose 2: 271 ug
diDHA eq/kg) and Esmolol was injected at 0.5 mg/kg. PBS was injected in control group (I/R). SHAM
animals were submitted to the same experimental procedure but no artery occlusion was performed.
(B) Graphic representation of myocardial area at risk (AAR, %) for each experimental group,
measured as percentage of tissue volume damaged related to total heart volume for each animal.
Samples were collected 24h after surgical procedure. All values are compared to I/R condition and
represented as mean + SEM. Asterisks indicate statistically significant differences after ANOVA
analysis followed by Tukey's post hoc tests (ns: non-significant; *p<0.05; **p<0.01; ***p<0.001).

Overall, these data suggest that conjugation of diDHA to PGA at an optimized ratio
has significant beneficial effects in a small animal model of I/R-induced injury when
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compared to free diDHA treatment, allowing for greater efficiency when
eadministered at a lower dose.

4.8.Ischemic zone pre-conditioning with PGA-diDHA6.4 before
reperfusion reduces area at risk after AMI in a large animal of
I/R-induced injury
To corroborate our findings in a more preclinically relevant setting, PGA-diDHAg 4
cardioprotective potential was evaluated in a swine model of I/R-induced injury.
AMI was induced and occlusion was maintained for 90 min, and PBS (I/R group,
n=12), PGA (I/R+PGA, n=4), PGA-diDHA¢4 (I/R+PGA-diDHAs4, n=8), or Esmolol
(I/R+Esmolol, n=8) were infused intracoronary shortly before reperfusion. To
ensure that AMI was induced, cardiac troponin | (cTnl) was measured in peripheral
blood samples collected before AMI, after AMI and one week after surgical
intervention (Figure 4.18). As expected, a transitory but significant increase in the
release of cTnl for all experimental groups after AMI was observed when compared
to basal cTnl levels in serum (p<0.05).
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Figure 4.18. Cardiac Troponin | (cTnl) detection in blood serum samples before, after and 7 days
post-AMI induction. cTnl release (ng/mL) was measured in order to confirm AMI induction in swine
in vivo model by ELISA test. Asterisks indicate statistically significant differences after ANOVA
analysis followed by Tukey’s post hoc test comparing to data obtained before AMI induction (basal
samples), and are shown as mean + SEM (ns: non-significative; *p<0.05).
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One week after AMI induction, CMR was performed to determine the AAR in the
myocardium as an indicator of the damaged myocardial area that has yet to
progress into necrosis after AMI. The representative images and measurements
depicted in Figure 4.19 A and B, respectively, demonstrate that PGA-diDHA¢4
infusion before reperfusion significantly reduced the AAR compared to I/R group
(18.77+1.87 % and 38.68+5.272 %, respectively, p<0.01). However, treatment with
PGA (61.65+36.75 %) or Esmolol (37.63+6.28 %) failed to prompt any significant
alterations when compared to the I/R untreated group.

Additionally, we observed a significant reduction in AAR (as measured by TTC
staining one week after surgical intervention) in pigs receiving a PGA-diDHAs4
infusion before reperfusion compared to control condition (15.82+1.26 % and
19.80+0.93%, respectively, p<0.05), but not following PGA (15.51+4.91 %) or
Esmolol (17.37£3.24 %) pretreatment (Figures 4.19 C and D). Importantly, the
infusion of PGA alone caused significant malignant arrhythmias and ventricular
extra-systole during the intervention, resulting in the death of three animals during
PGA administration or shortly after surgical procedure. While no deaths of animals
associated with PBS or PGA-diDHAg 4 treatments were observed, mild ventricular
extra-systole during the intervention derived from AMI induction were found in
most cases; however, no malignant arrhythmias after reperfusion occurred in those
cases.
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Figure 4.19. PGA-diDHAG¢.4 pre-conditioning decreases myocardial area at risk in I/R swine in vivo
model. (A) Representative images from swine heart tissue that underwent 90 min ischemia followed
by reperfusion and administration of PBS (I/R), PGA (65.4 ug/kg), PGA-diDHA6.4(27.1 ug diDHA
eq/kg) or Esmolol (0.5 mg/kg); where serial CMR T2W-STIR examinations were made seven days
after surgical intervention. (B) Myocardial area at risk (AAR) quantification (%) in left ventricle (C)
Representative images of TTC staining in swine heart slices and (D) quantification of AAR (%) by
morphometry analysis, measured as percentage of myocardial damaged area with respect to total
heart area for each individual. Animals included in each experimental group: I/R, n=12; I/R + PGA,
n=4; I/R + PGA-diDHA6.4, n=8 and I/R + Esmolol n=8. All values are compared to I/R condition and
represented as mean + SEM. Asterisks indicate statistically significant differences after ANOVA
analyses followed by Tukey's post hoc tests (ns: non-significant; *p<0.05; **p<0.01).

Altogether, data presented in Section A suggest that the intracoronary infusion of
rationally-designed and optimized PGA-diDHA conjugate in a large animal I/R model
prevented and diminished associated cardiac injury when compared to free diDHA
and Esmolol, showed by a modest reduction on AAR.
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Section B: Oncostatin-M-enriched SEV isolated from
genetically modified MSC as potential anti-fibrotic agent.

4.9. OSM receptors LIFR, GP130 and OSMR gene expression is

changed upon cardiac ventricular fibroblasts stimulation
Two recent studies have demonstrated a role of OSM counteracting TGFB-1 pro-
fibrotic effect and therefore attenuating fibrosis in cardiac injury models33® 338,
Based on this idea, the specific loading of OSM in SEV derived from MSC
conditioned media has been proposed in order to potentiate the beneficial effects
of MSC-SEV as a new therapeutic strategy tool to reduce cardiac ventricular
fibroblasts activation and uncontrolled proliferation during myocardial insult.

First, the expression OSM receptors (LIFR, GP130 and OSMR) was evaluated in
target cells (normal human cardiac ventricular fibroblasts, NHCF-V) at different
time points after starvation and in vitro stimulation through the use of a pro-fibrotic
cocktail composed by L-ascorbic acid 2-phosphate, dextran sulphate and
recombinant TGFB-1 as described in Section 3.13.8 by gqPCR. As shown in Figure
4.20, upregulation of LIFR after starvation and after 0.5, 1, 4, 24 and 48 h of
stimulation was observed (p<0.001), while no significant upregulation of this gene
was found 2 h after stimulation when data were compared to trl condition. GP130
gene expression was significantly upregulated 0.5 and 4 h after stimulation
compared to ctrl condition (p<0.001). Non-statistically significant differences on
gene expression were observed on additional time points included. Analysis of
OSMR gene expression in NHCF-V revealed a significant increase on gene
expression that was only significant after 48 h of stimulation (p<0.01).
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Figure 4.20. OSM receptors expression in NHCF-V at different timepoints after in vitro stimulation
with L-ascorbic acid 2-phosphate, dextran sulphate and TGFB-1. GP130, OSMR and LIFR gene
expression was measured on target cells after starvation (unstimulated) or starvation and

160



UNIVERSITAT POLITECNICA DE VALENCIA

stimulation (stimulated) at different time points in vitro by qPCR. Neither stimulated nor starved cells
(ctrl) were used as a reference data for fold change calculation (arbitrary units, A.U.). Three
independent experiments were performed. ANOVA followed by Tukey’s post-hoc test were used to
compare means between groups. Asterisks indicate statistically significant differences between
groups, using ctrl condition as reference (ns: non-significant; *p<0.05; **p<0.01; ***p<0.001).
Results are shown as mean + SEM.

After that, protein levels of OSM receptors were also measured under the same
experimental conditions. Representative Western Blot and densitometry
guantifications are showed in Figure 4.21 A-D. LIFR gene is translated to LIF-R, and
this protein levels were increased after starvation and after starvation and 0.5 h of
stimulation compared to ctrl condition (p<0.001 and p<0.01, respectively), and
were maintained during the first two hours after fibroblasts stimulation (p<0.01).
However, LIF-R was not detected in protein samples taken from unstimulated cells
or after 1, 2, 4, 24 and 48 h of NHCF-V stimulation (Figure 4.21 A and B). GP130
gene expression leads to IL-31RA receptor. Protein levels of this receptor were
similar between ctrl and unstimulated cells, but were significantly increased from
0.5 to 4 h after NHCF-V stimulation, pointing to a quick production of this protein
under these experimental conditions (p<0.001 after 0.5 and 4 h of stimulation;
p<0.01 after 1 and 2h of stimulation). Contrarily, a reduction on IL-31RA protein
levels was found in samples taken 24 and 48 h after stimulation compared to values
obtained in basal conditions (p<0.001 in both cases). Data are represented in Figure
4.21 A and C. Lastly, IL-31RB protein levels, whose translation is the result of OSMR
gene expression, were measured under the same experimental conditions. As
shown in Figure 4.21 A and D, increased IL-31RB signal was observed in ctrl and
unstimulated cells compared to stimulated NHCF-V at different time points
(p<0.001 in all cases but after 1 h of stimulation where p<0.01).
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Figure 4.21. OSM receptors LIF-R and IL-31RA protein levels are increased after NHCF-V
stimulation. (A) Representative Western Blot for LIF-R, IL-31RA and IL-31RB and Tubulin a-1A (Tub)
protein expression measured in basal conditions (ctrl), after starvation (unstimulated) and after
starvation and different times of NHCF-V stimulation (0.5, 1, 2, 4, 24 and 48 h). (B) LIF-R protein
expression quantification. (C) IL-31RA protein expression quantification (D) IL-31RB protein
expression quantification. Protein expression levels were measured by densitometry in Imagel
software using Tub as loading control for each condition. Results were obtained from two
independent experiments, and were analyzed with ANOVA and Tukey’s post-hoc test using values
from ctrl cells as reference condition and represented as mean + SEM (ns: non-significant statistic
differences; **p<0.01; ***p<0.001).

These results indicated that two out of three receptors involved in OSM signaling
pathways activation were upregulated in starving ventricular cardiac fibroblasts
and at early time points after in vitro stimulation. Consequently, loading of OSM in
SEV isolated from MSC cell culture supernatant could lead to functional effects on
NHCF-V response modulation upon activation through its canonical pathway.
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4.10. OSM reduced human cardiac ventricular fibroblasts

proliferation and activation upon fibrosis stimulation in vitro
Once it was demonstrated that the expression of OSM receptors were upregulated
in stimulated NHCF-V, it was decided to analyze the effect of recombinant human
OSM (rhOSM) on NHCF-V proliferation through Ki-67 expression analysis.
Additionally, mature triple helix form of collagen type | (telo-Collagenlal), which is
the main component of the ECM secreted into the extracellular space, was
analyzed.

First, a study of the effect of rhOSM on cell viability was performed by treating
NHCF-V with increasing doses of this molecule. As shown in Figure 4.22, rhOSM did
impact on NHCF-V viability negatively after 48 h of treatment at any of the tested
doses compared to untreated cells, so functional effects of rhOSM on NHCF-V
proliferation and fibrotic properties in vitro were assessed.
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Figure 4.22. Effect of rhOSM in NHCF-V viability. rhOSM cytotoxic effect when added at increasing
doses (ng/ml: 3.12, 6.25, 12.5, 25, 50 and 100) was determined by MTS assay and measured by
spectrophotometry (absorbance at 490 nm) in NHCF-V. Results are shown as cell viability percentage
and normalized to non-treated cells values. Data are represented as mean + SEM and were obtained
from three independent experiments.

Thereafter, proliferation of NHCF-V after 24 h of starvation and in the presence of
rhOSM was measured through Ki-67 expression, whose presence in the nuclei
indicates cells in division. As shown in Figure 4.23 A, a reduction in the percentage
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of proliferative cells was observed after rhOSM treatment at 5 ng/mL (48+2.91%;
p<0.01), 10 ng/mL (26.25+4.07; p<0.001), 20 ng/mL (25.15%3.70; p<0.001) and 50
ng/mL (38.51+3.33; p<0.01) compared to control condition (71.3211.64).
Representative pictures are included Figure 4.23 B.
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Figure 4.23. rhOSM treatment reduces NHCF-V proliferation in vitro under starving conditions. (A)
Cells in proliferation after rhOSM treatment (ng/mL: 5, 10, 20 and 50). Percentage proliferative cells
(Ki-67 positive nuclei) cells was calculated as number of Ki-67 positive nuclei per number of nuclei
(stained with DAPI) in each screened field. (B) Representative pictures of NHCF-V after rhOSM
treatment and both Ki-67 and DAPI staining. Pictures were taken using 20X objective in ImageXpress
FLIPR Penta High-Throughput Cellular Screening System (Molecular Devices). Scale bar=100um. Cells
under starvation and treated with PBS were used as reference (ctrl). Three independent experiments
were performed. Asterisks indicate statistically significant differences after one-way ANOVA analysis
and are shown as mean * SEM (**p<0.01; ***<p<0.001).

Finally, it was evaluated if rhOSM could interfere with fibroblasts activation after in
vitro stimulation in terms of fibrosis related protein expression telo-Collal. Results
are shown in Figure 4.24. Telo-Collal protein was only detected on a small
population of basal NHCF-V (ctrl), and its presence seemed to be increased after
starvation. Of important note, telo-Collal signal was mostly detected in the
extracellular space upon fibroblasts stimulation, suggesting protein secretion for
ECM formation under this condition, as expected during fibrotic process. Different
patterns of telo-Collal fluorescent signal were observed in NHCF-V when rhOSM
was added together with stimulating factors. While rhOSM added at 5, 10 and 20
ng/mL seemed to decrease telo-Collal deposit in the extracellular space, addition
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of 50 ng/mL resulted in a location change, with higher extracellular presence of this
protein compared to non-treated fibroblasts (stimulated).

Ctrl Unstimulated Stimulated

Stimulated + rhOSM (ng/mL)

10 20 50

Telo-Collal DAPI

Figure 4.24. The presence of rhOSM modifies NHCF-V telo-Collal expression and distribution upon
stimulation. Representative pictures of NHCF-V in basal conditions (ctrl), after 24 h of starvation
(unstimulated) and after 48h of stimulation with or without the addition of rhOSM (ng/mL: 5, 10, 20
and 50). Pictures were taken using 20X objective in CellVoyager CV8000 screening system
(Yokogawa). Scale bar=100um.

These data suggested a dose-dependent functional effect of rhOSM in NHCF-V
under stressing conditions, leading to a decrease in cell proliferation and partially
counteracting ECM deposition process in vitro in terms of telo-Collal pattern
expression and distribution.

4.11. rhOSM interferes with proliferation and migration

capabilities of MSC from dental pulp origin
Our main goal with this project was to maintain MSC-SEV characteristics and
achieve an improvement of their native therapeutic potential through the
incorporation of OSM on SEV-surface. After the effects seen in NHCF-V in response
to rhOSM, where a reduction of cell proliferation was found, it was questioned if
we would have the same effects in MSC after OSM overexpression and that could
interfere with MSC culture and expansion after cell engineering. Consequently,
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rhOSM was added to MSC at different doses and cell viability, proliferation and
migration were measured. Results are shown in Figure 4.25.

As represented in Figure 4.25 A, MSC viability was not significantly affected when
rhOSM was added at increasing concentrations (ng/mL: 3.12, 6.25, 12.5, 25, 50 and
100) compared to control condition. After corroborating that rhOSM did not have
cytotoxic effects in MSC, it was decided to continue using rhOSM at a working dose
of 10 ng/mL for further experiments. The choice of 10 ng/mL of rhOSM instead of
20 ng/mL was based on the results showed in Figures 4.23 and 4.24, were doubling
rhOSM dose did not lead to a major decrease of cell proliferation or telo-Collal
secretion compared to cells treated with 10 ng/mL of rhOSM. However, the use of
rhOSM in a higher concentration (50 ng/mL) caused the opposite unwanted effect.

After that, proliferation rate in primary MSC was assessed after exposure to rhOSM
for 48 h. Data of Figure 4.25 B showed significant reduction of proliferative cells
(p<0.01) when MSC were exposed to rhOSM (3.5+1.323 %) compared to non-
treated MSC (28.31+3.394 %). One important feature of MSC is their homing ability
to ischemic environments. Consequently, they can migrate into injured sites and
secrete cytokines, growth factors and chemokines to favour tissue regeneration 38
388 |n order to assess if treatment with rhOSM could reduce migrative capabilities
of MSC, a transwell assay using IL-1B as migration inductor was designed (Detailed
in Section 3.13.7.1). Results are summarized in Figure 4.25 C, where it can be
appreciated a significant reduction (p<0.05) in the number of migrated cells when
they were treated with rhOSM (47+5.657) compared to untreated cells (MSC,
92+11.31).
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Figure 4.25. rhOSM did not show cytotoxicity effects, but reduced proliferation and migration
capabilities in dental pulp derived MSC. (A) Dose-response curve of MSC after 48 h of rhOSM
exposure (ng/mL: 3.12, 6.25, 12.5, 25, 50 and 100) measured by MTS assay (absorbance read at 490
nm). (B) Percentage of proliferative cells untreated (MSC) or treated with rhOSM (MSC+rhOSM, dose:
10 ng/mL) after BrdU assay. (C) Number of migrated cells in basal conditions (MSC) and after rhOSM
treatment (MSC+rhOSM, dose: 10 ng/mL) measured by transwell assay. Two independent
experiments were included. ANOVA was used to compare means between more than two
experimental groups, while unpaired t-test was used to compared means between two groups of
data. Asterisks represent statistically significant differences (*p<0.05; **p<0.001). Mean+SEM for
each data set is represented.

Altogether, these data suggested that reduction of MSC proliferation and migration
was influenced by the presence of rhOSM at non-toxic doses. Based on these
results, it was decided to design the corresponding plasmids for OSM
overexpression in primary MSC from dental pulp origin including an inducible
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promotor (TetOn). This strategy would allow cell expansion and the induction of
OSM overexpression, which would probably have a negative impact on cell
proliferation, when doxycycline was added to cell culture media.

4.12. OSM native sequence fusion to lactadherin for specific
anchoring in MSC derived SEV fails to load the protein of

interest

Based on the previous results, which supported the rhOSM anti-proliferative effect
on NHCF-V under stress conditions and reduced telo-Collal deposition in human
cardiac fibroblasts upon starvation and in vitro stimulation, lentiviral plasmids were
designed for the specific loading of OSM into MSC derived SEV through its fusion to
lactadherin, a protein which is naturally bound in a non-covalent manner to
phosphatidylserine present in SEV membrane. As previously commented, an
inducible promotor was included in the plasmids to control fusion protein
expression. Additionally, a second promotor (EF1) was included for GFP constitutive
expression, as explained in Section 3.3.

4.12.1. Engineered MSC lines characterization

Primary MSC from dental pulp origin were genetically modified by transduction of
two lentiviral plasmids, one of them carrying only part of lactadherin sequence
(XSTP) and a second one carrying OSM full sequence fused to the same lactadherin
sequence (OSM-XSTP). First, lentiviral particles generated were titrated for highly
efficient MSC infection, and GFP positive percentage of cells was measured by flow
cytometry (Figure 4.26 A-C). Percentage of GFP positive cells obtained was above
90% and was maintained over cell passages in both cell lines (Figure 4.26 D).
Consequently, no further selection was performed. New cell lines generated were
named MSC-XSTP and MSC-OSM-XSTP, respectively.
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Figure 4.26. Engineered MSC screening through GFP fluorescent intensity. Histograms derived from
flow cytometry analysis showing GFP negative and postive cells populations for samples
corresponding to (A) native MSCS, (B) MSC-XSTP and (C) MSC-OSM-XSTP. (D) Percentage of cells
positive for GFP expression at different cell passages.

According to the Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cellular Therapy, cells are required to have specific characteristics, as a
profile of expression or absence of certain markers and a fibroblasts-like spindle
shape to be considered as MSC (as detailed in Section 1.1.5). Furthermore, analysis
of protein expression and morphology in MSC-XSTP and MSC-OSM-XSTP generated
in comparison to native MSC was performed to ensure that those properties were
maintained. As it can be appreciated in Figure 4.27 A, presence of CD90 and CD105
was maintained in both MSC-XSTP and MSC-OSM-XSTP, and CD34, CD45 and CD14
absence was also hold after cell engineering, showing similar levels of all proteins
assayed in the three cell lines. Attending to cell morphology, it was also confirmed
that fibroblasts-like spindle shape was preserved on engineered cell lines compared
to native MSC (Figure 4.27 B).
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Figure 4.27. MISC characteristic markers profile and morphology are maintained after cell
engineering. (A) Expression of CD90, CD105, CD34, CD45 and CD14 was measured by flow cytometry
in MSC, MSC-XSTP and MSC-OSM-XSTP. GFP positive cells were gated for tracking purposes and
fluorescent channels compensation. Only one experiment was performed, so no mean and bar erros
or statistic analysis are available. (B) Representative bright field images of MSC, MSC-XSTP and MSC-
OSM-XSTP showing cell morphology. Scale bar=400um.

Results obtained in the present section were useful to set up working conditions
with the new cell lines generated in order to set up doxycycline dose necessary for
constructs expression induction, stablish a doxycycline working concentration and
characterize SEV isolated from engineered-MSC conditioned culture media.

4.12.2. Doxycycline addition to engineered MSC affects cell
viability and proliferation rate
Due to the fact that doxycycline addition to cell culture media was necessary to
induce lactadherin and OSM fused to lactadherin expression on genetically
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modified MSC and it was previously seen that OSM presence could affect MSC
division negatively, dose-response curves to measure cell viability and proliferation
of MSC, MSC-XSTP and MSC-OSM-XSTP after 48h of exposure to doxycycline were
performed. Results are shown in Figure 4.28.

Cytotoxicity assays (by MTS) suggested different responses of each cell line to
doxycycline (Figure 4.28 A). Treatment with both 100 pg/mL and 50 pg/mL of
doxycycline resulted in a significant reduction of cell viability in MSC (p<0.01), MSC-
XSTP (p<0.01) and MSC-OSM-XSTP (p<0.001) compared to the same cells when they
were not exposed to doxycycline. Importantly, doxycycline also reduced MSC-XSTP
and MSC-OSM-XSTP viability (p<0.05 and p<0.01, respectively) when added at 25
ug/mL, while non-significant differences were observed in native MSC treated with
the same concentration of doxycycline compared to untreated cells. Cell viability
was unaffected when MSC, MSC-XSTP or MSC-OSM-XSTP were treated with
doxycycline at 1.56, 3.12, 6.26 or 12.5 pug/mL compared to values obtained for
untreated cells. When comparing the effect on cell viability of the same doxycycline
dose in genetically modified MSC and native MSC, it was observed a higher
susceptibility of MSC-OSM-XSTP to doxycycline when it was added at 1.56, 3.12,
6.26, 12.5, 25 and 100 pg/mL compared to both MSC and MSC-XSTP (p<0.01 or
p<0.05). Although there is a trend of reduced cell viability, non-statistically
significant differences between MSC and MSC-OSM-XSTP were observed when
doxycycline was added at 50 pg/mL. Contrarily, differential susceptibility to the
same doxycycline dose between MSC-XSTP and MSC-OSM-XSTP was observed
(p<0.05), probably because increased data variability in MSC. Finally, non-
statistically significant differences in cell viability were observed when doxycycline
was added at each concentration when MSC and MSC-XSTP data were compared.

As it can be appreciated in Figure 4.28 B, cell proliferation analysis (by CCK-8 assay)
also showed distinct behaviours of native and engineered MSC lines in the presence
of doxycycline. On the one hand, native MSC proliferation rate was significantly
reduced when doxycycline was added at 25, 50 pug/mL (p<0.05 in both cases) or 100
ug/mL (p<0.01), but no significant change was observed when lower concentrations
were used. This decrease in cell proliferation could be associated to augmented
cytotoxic effect showed in Figure 4.28 A when doxycycline was added at higher
doses than 12.5 pug/mL. On the other hand, a significant drop on cell proliferation
rate was observed in both engineered cell lines when doxycycline was added at 6.25
ug/mL (p<0.01), 12.5, 25, 50 and 100 pg/mL (p<0.001). The decreased proliferation
rate observed when doxycycline was added at 25, 50 and 100 pg/mL could be also
related to cell viability changes showed in Figure 4.28 A. Additionally, doxycycline
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did not result in cell viability reduction used at 6.25 and 12.5 ug/mL but in a change
in cell proliferation in both MSC-XSTP and MSC-OSM-XSTP (p<0.01 and p<0.001,
respectively).
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Figure 4.28. Dose-response curve of MSC, MSC-XSTP and MSC-OSM-XSTP after doxycycline
treatment. (A) Percentage of viable and (B) proliferative cells after 48 h of exposure to increasing
doses of doxycycline (ug/mL: 1.56, 3.12, 6.25, 12.5, 25, 50 and 100). MTS assay was used for cell
viability assays, while CCK-8 assay was used to measure cell proliferation. Absorbance was measured
at 490 nm in a multi-well plate reader. Three independent experiments were included. ANOVA and
Dunnett’s post-hoc test were used to compare means between groups, using values obtained for
MSC at each dose as reference to compare the effect of doxycycline tested doses in the same cell line
or to compare the same dose of doxycycline in different cell lines. Asterisks represent statistically
significant differences between groups belonging to the same cell line treated with increasing
doxycycline concentrations, using untreated cells (0 ug/mL doxycycline) as reference values (*p<0.05;
**p<0.01; ***p<0.001), while triangles and crosses show statistically significant differences between
cell lines when treated with the same dose of doxycycline to compare native MSC to MSC-XSTP or
MSC-OSM-XSTP and MSC-XSTP to MSC-OSM-XSTP experimental groups, respectively (*/p<0.05;
20/Mp<0.01). Data are represented as mean+SEM.

Although it was expected to find a decrease in proliferation MSC-OSM-XSTP line
after doxycycline treatment because doxycycline presence should trigger OSM
overexpression, the decrease of cell proliferation in MSC-XSTP after doxycycline
exposure (doses: 12.5, 25, 50 and 100 pg/mL; p<0.05 or 0.01) was surprising.
Results showed that proliferation of engineered MSC could be altered just by the
fact of being genetically modified with lentiviral vectors, but basal proliferation of
untreated MSC-XSTP cells did not change significantly compared to native MSC.
However, when data resulting from the addition of the same dose of doxycycline in
MSC, MSC-XSTP and MSC-OSM-XSTP were contrasted, it was evidenced that basal
proliferation rate was significantly lower in MSC-OSM-XSTP compared to native
MSC and MSC-XSTP (p<0.01), and the same results were obtained when 1.56 pg/mL
of doxycycline were added to MSC-OSM-XSTP. Decrease in MSC-OSM-XSTP
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proliferation rate was also statistically significant when doxycycline was added at
12.5 and 25 pg/mL compared to MSC-XSTP treated with the same doxycycline doses
(p<0.01). Consequently, it was thought that differences on basal proliferation rate
between MSC-XSTP and MSC-OSM-XSTP could be explained by the fact that TetOn
inducible promotor was not completely working or residual amounts of doxycycline
could be present on cell culture, but it could not be discerned if the antiproliferative
effects were a consequence of OSM overexpression.

4.12.3. SEV isolated from engineered MSC conditioned media
maintain characteristic EV markers content, expected
morphology and same size distribution

SEV were isolated from MSC, MSC-XSTP and MSC-OSM-XSTP conditioned culture
media by serial ultracentrifugation steps and ultrafiltration as detailed in Section
3.4, and obtained SEV fractions were analysed by Western Blot, TEM and NTA.

Since exosomes are vesicles formed within MVB and the endolysosomal pathway,
and are released to the extracellular space after MVB fusion with plasma
membrane, they are supposed to present proteins related to their biogenesis, such
as Alix or TSG101, as well as specific tetraspanins, such as CD63 or CD9. Due to the
fact that the protocol used during the present project for SEV fractions isolation
counts with an intermediate ultrafiltration step, where the majority of particles
with a size higher than 200 nm are discarded, it was expected to find those markers
expressed on obtained vesicles from conditioned culture media. Protein expression
pattern of the previously mentioned markers (Alix, CD63, CD9 and TSG101)
together with B-Actin and Calnexin in both SEV and protein samples obtained from
lysates of MSC, MSC-XSTP and MSC-OSM-XSTP are shown in Figure 4.29 A.
Presence of Alix, CD63, CD9 and TSG101 was detected on the three SEV fractions.
However, although Alix, CD63 and TSG101 were found on protein samples, CD9 was
not detected. Of important note, Alix and TSG101 signal was more intense in SEV
samples isolated from MSC-OSM-XSTP conditioned culture media than in cell
lysates. Homogeneous bands corresponding to B-Actin protein expression found in
cell lysates samples confirmed similar protein amounts loaded on acrylamide gel.
Lastly, absence of calnexin in SEV preparations together with its presence in
samples from cell lysates was used for quality control, since the expression of this
protein is indicative of ER-membrane related content.

Thereafter, the morphology of SEV isolates was analysed using TEM.
Representative pictures and augmented sections of MSC, MSC-XSTP and MSC-OSM-
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XSTP SEV samples are displayed in Figure 4.29 B. Analysis of SEV samples from
native and engineered MSC lines showed a predominant presence of particles with
the typical shape expected for exosomes preparations, described as nearly
spherical shape with concave cavity structure3®®, whose size was inferior to 200 nm.
Size distribution by NTA showed that the particles mean size was 142136.8,
127+28.3 and 13538 nm for MSC, MSC-SXTP and MSC-OSM-XSTP SEV, confirming
that samples had the range of sizes previously described for a SEV preparations
enriched on exosomes (Figure 4.29 C).
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Figure 4.29. SEV isolated from MSC-XSTP and MSC-OSM-XSTP conditioned culture media maintain
SEV characteristic markers expression, size distribution and morphology compared to SEV
obtained from native MSC conditioned media. (A) Expression of Alix, CD63, TSG101, CDS, Calnexin,
and B-Actin in SEV isolated from MSC, MSC-XSTP and MSC-OSM-XSTP conditioned culture media and
protein samples from each cell line (Cell Lysates) measured by Western Blot assay. (B) Representative
pictures of SEV samples from native MSC and engineered MSC obtained by transmission electronic
microscopy. White arrows indicate augmented field in each picture, showed in the right part on the
picture. Scale bar=200 nm. (C) Nanoparticle tracking analysis showing size distribution of SEV
obtained from MSC, MSC-XSTP and MSC-OSM-XSTP conditioned media. Concentration of SEV
obtained, represented as particles per mL is shown in Y axis, while nanoparticles size (nm) is shown in
X axis.

4.12.4. OSM is not detected in SEV isolated from engineered
MSC conditioned culture media after constructs expression
induction with doxycycline
After SEV samples were characterized, it was necessary to confirm the enrichment
on lactadherin in SEV and cell lysates obtained from MSC-XSTP and the presence of
OSM fused to lactadherin in SEV and cell lysates samples of MSC-OSM-XSTP after
gene expression induction with doxycycline.

First, a quick screening was performed to assess which concentration of doxycycline
was necessary for lactadherin overexpression induction in MSC-OSM-XSTP cell
lysates, where doxycycline was added at non-cytotoxic concentrations (ug/mL: 1, 5
and 10) based on the results shown in Figure 4.28 A. Lactadherin protein expression
obtained was compared to native MSC and MSC-XSTP cell lysates samples. Figure
4.30 represents protein expression levels obtained and densitometric
guantification. Minor changes in lactadherin protein levels were observed between
protein samples from MSC-OSM-XSTP treated or untreated with doxycycline, native
MSC and MSC-XSTP. Nevertheless, significant changes in lactadherin expression
could have be masked on this experimental design, since total protein cellular
content was measured instead of lactadherin protein content in SEV isolates.
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Figure 4.30. Lactadherin protein expression levels are maintained after doxycycline treatment in
MSC-OSM-XSTP protein samples. Lactadherin protein levels were measured in native MSC, MSC-
XSTP and MSC-OSM-XSTP by Western Blot assay and quantified by densitometry in ImageJ software.
Doxycycline was added to MSC-OSM-XSTP at 1, 5 and 10 ug/mL for 48 h prior to samples collection.
B-Actin protein expression level in all samples was measured as house-keeping gene for data
normalization. Two independent experiments were included, and data are showed as mean+SEM.
ANOVA and Tukey’s post-hoc test were used for statistical analysis to compare data from each
experimental condition, using native MSC group data as reference values (ns: non-significant).

Based on this hypothesis, it was decided to run an additional experiment to
compare OSM and lactadherin expression in SEV and cell lysates samples from
native and engineered MSC after doxycycline induction, using a concentration of
10 pg/mL. Results are shown in Figure 4.31. Although slightly increased levels of
lactadherin were observed in cell lysates from MSC-XSTP and MSC-OSM-XSTP
compared to native MSC samples and in SEV derived from MSC-OSM-XSTP culture
conditioned media, no differences between lactadherin protein levels in MSC and
MSC-XSTP were noticed. When OSM presence was assayed, no signal was obtained
from any of the SEV samples included. Regarding to cell lysates samples, OSM signal
did not appear in native MSC, but it appeared in MSC-XSTP and MSC-OSM-XSTP at
a molecular weight around 25 kDa, which is the molecular weight expected for OSM
on its free conformation, but not the molecular weight expected for the OSM fused
to lactadherin (around 75 kDa). In addition to this, a band of OSM was seen in MSC-
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XSTP and not in MSC, which could suggest that the fact of MSC genetic modification
could induce the expression of a different pattern of cytokines.

SEV Cell Lysates SEV Cell Lysates

MSC-XSTP
MSC-OSM-XSTP
MSC-XSTP
MSC-OSM-XSTP
MSC-XSTP
MSC-OSM-XSTP
MSC-XSTP
MSC-OSM-XSTP

Q
a
=

MSC

Q
A
=
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MW (kDa

osMm Lactadherin

Figure 4.31. OSM and lactadherin protein expression analysis in SEV samples isolated from native
and engineered MSC conditioned culture media and protein samples from cell lysates.
Representative Wstern Blot results showing an OSM-labelled membrane is shown on the left side of
the figure, while lactadherin-labelled membrane is shown in the right side.

Altogether, data obtained showed that the desired fusion protein was not being
loaded in SEV, and modifications should be done to achieve the initial goal
proposed.

4.13. OSM sequence modification is necessary in order to
anchor it to SEV surface proteins

4.13.1. OSM is loaded in Expi293F derived SEV after cell
transduction with modified sequences of the protein
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After the failing strategy using OSM-XTP lentiviral vector to achieve the effective
load of OSM in SEV, different approaches to ensure the anchoring of OSM to the
SEV membrane, where constructs with different fusion proteins and also variations
inthe OSM sequence were designed. Expi293F cell line was used in order to validate
different constructs of OSM because of their enhanced growing and EV secretion
rate compared to MSC.

Firstly, OSM sequence was studied in order to modify the sequence included in the
study. A schematic view of the protein domains is represented in Figure 4.32. OSM
is initially produced intracellularly as a protein with three domains: signal peptide
(SP), chain and propeptide (PP). The excision of both SP and PP is required to
secrete the mature form of the cytokine to the extracellular space and accomplish
its function. In consequence, MSC machinery could have been cutting the main
chain from the PP intracellularly after overexpression of the fusion protein, which
could explain the fact that OSM was seen at the expected molecular weight of its
free form (around 25 kDa) and not on the expected molecular weight of the OSM
fused to lactadherin (around 70 kDa), as showed in Figure 4.31.

Thus, it was decided to include two variants of OSM in the plasmids’ designs. First,
the full sequence of OSM was included in the construct, but introducing a point
mutation in the cleavage site between the main chain and PP domains
(mutantOSM) in order to avoid enzymatic digestion. Second, since it was unknown
if PP presence was necessary to maintain OSM functionality, it was also included
another variant of the protein, where only the signal peptide plus the main chain
from OSM (matureOSM) was included. A schematic representation of OSM variants
is presented in Figure 4.32.

OsM

matureOSM

i
mutantOSM
-

- | L1

S

SP ﬂ Chain HPP

Cleavage site Cleavage site
->RG

Figure 4.32. OSM secondary structure. OSM is composed by three domains: signal peptide (SP),
main chain (Chain) and propeptide (PP). Two cleavage sites, one between SP and Chain and another
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between Chain and PP are present in order to control OSM secretion to extracellular space.
OSM=0SM native sequence, matureOSM=SP and Chain domains and mutantOSM=0SM full
sequence with a punctual mutation in cleavage site between Chain and PP, changing the restriction
site formed by two arginine amino acids (RR, showed in green) for an arginine and a glycine (RG,
showed in red). Green/Red squares represent if native or mutated sequence is included.

Additionally, two more SEV anchoring proteins naturally present on SEV membrane
were included in the following experiments: CD81 and TSPAN14. Of important note,
the domains of lactadherin included in the study were also changed. Lactadherin is
a protein formed by four domains: SP, EGF-like, F5/8 type C1 and F5/8 type C2. F5/8
type C2 domain is responsible for the anchoring of the protein to
phosphatidylserine rich membranes, as it is characteristic of SEV. Thus, SBI vectors
include half of the F5/8 type C1 domain and the complete sequence of F5/8 type
C2 domain. However, it was decided to include the full sequence of both domains
(type C1 and F5/8 type C2, clc2) for the next tests in order to avoid major
modifications on the protein structure.

Therefore, new fusion proteins were designed to include two conformations of
OSM (matureOSM and mutant OSM) and three anchoring proteins (lactadherin
c1c2 domains, CD81 and TSPAN14) in order to find the best constructs for future
experiments. The present screening was performed in Expi293F cells due to their
enhanced ability to proliferate and higher EV secretion rate compared to MSC. SEV
derived from cell supernatant and cell lysates samples were obtained 48 h after
transfection and both anchoring proteins and OSM presence was tested by WB
assay. Results are presented in Figure 4.33.

CD81 protein signal was not detected in samples from neither transfected nor
control Expi293F cell lysates, but bands for native CD81, expected around 25 kDa,
can be seen in Ctrl, matureOSM-CD81, mutantOSM-CD81 and CD81 SEV samples
isolated from control and transfected Expi293F cells supernatant (Figure 4.33 A). In
addition to this, a clear additional band around 40 kDa was observed in
mutantOSM-CD81, which would correlate with the expected molecular weight of
OSM fused to CD81. Although a clear CD81 signal was not detected at 40 kDa in SEV
samples from cells transfected with vectors for matureOSM-CD81 overexpression,
OSM detection in the same samples showed an enrichment of matureOSM-CD81
presence in both SEV and cell lysates from cells transfected with this plasmid
compared to cells transfected for CD81 overexpression and ctrl samples (Figure
4.33 D).
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As shown in Figure 4.33 B, lactadherin c1c2 domains were detected in SEV samples
from both Expi293F transfected and control cells, although a higher signal was
obtained in SEV from cells transfected with the plasmid for clc2 domains
overexpression compared to control SEV (ctrl). A band corresponding to 70 kDa,
where fusion protein signal for matureOSM-clc2 and mutantOSM-clc2 was
expected, was observed in SEV isolated from cell culture supernatant of transfected
Expi293F cells with plasmids for matureOSM-clc2 and mutantOSM-clc2
overexpression, suggesting that modified OSM was attached to SEV surface. The
same expression pattern was observed in cell lysates, where any signal of
lactadherin was detected in ctrl cells. Conversely, one band around 50 kDa, which
would correspond to lactadherin free form, was observed in cells transfected with
a vector to overexpress clc2 domains of lactadherin. Finally, one band around 70
kDa was detected in both cells transfected with plasmids for matureOSM-c1c2 and
mutantOSM-c1c2 overexpression. Figure 4.33 D shows the signal obtained for OSM
protein in SEV and cell lysates from the same experimental conditions, confirming
the presence of OSM in the expected molecular weight for the fusion protein.

Lastly, Figure 4.33 C shows that fusion proteins matureOSM-TSPAN14 and
mutantOSM-TSPAN14 were also detected in both SEV and cell lysates samples from
transfected Expi293F cells compared with SEV and cell lysates samples obtained
from both non-transfected cells (ctrl) and cells transfected for TSPAN14
overexpression at the expected molecular weight (around 50 kDa). This finding was
also confirmed in OSM-labelled membranes (Figure 4.33 D).
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Figure 4.33. MutantOSM and matureOSM are detected fused to CD81, lactadherine c1c2 domains

(c1c2) and TSPAN14 anchoring proteins in SEV and cell lysates protein samples from Expi293F cells.

Expi293F were transfected with lentiviral vectors carrying nine different inserts: matureOSM-CD81,
mutantOSM-CD81, CD81, matureOSM-c1c2, mutantOSM-c1c2, c1c2, matureOSM-TSPAN14,
mutantOSM-TSPAN14 and TSPAN. SEV were isolated from cell supernatant of each type of cells 48 h
after transfection and doxycyclyne gene expression induction (10 ug/mL), and protein samples from
cell lysates were also obtained. SEV and protein samples from non-transfected Expi293F cells were
used as control (Ctrl). Fusion of one protein with another is represented with a dash (-).
Representative Western Blot membranes for each experimental condition is shown.

Overall, these data indicated that it was possible to load OSM in SEV surface when
modifications on OSM native sequence were introduced. Additionally, the three
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anchoring proteins included in the designed fusion proteins succeeded on the
modified OSM loading in SEV membrane.

4.13.2. Mutant and Mature OSM showed functional activity
in human cardiac ventricular fibroblasts

In order to decide which anchoring protein was the best choice to continue with
our study and generate new MSC lines, it was also important to test if OSM was
functional after sequence modification and protein fusion, and if anchoring
proteins could interfere with its functional properties. Consequently, proliferation
and fibrosis stimulation using the same experimental conditions than in the
previous sections were repeated using SEV derived from control and transfected
Expi293F cells in order to assess if OSM loaded in SEV membrane could counteract
fibroblasts proliferation and/or activation in vitro.

4.13.2.1.  Alternative OSM conformations loaded in SEV membrane

points to functional antiproliferative effects in NHCF-V after

stimulation
First, proliferation rate was measured after 24 h of starvation in NHCF-V. SEV
isolated from cell culture media of native and transfected Expi293F cells were
added at the beginning of the experiment at three different concentrations: 15, 30
and 45 pg of SEV protein/mL. As represented in Figure 4.34 A and B, non-
statistically significant differences were observed in cell proliferation when NHCF-
V were treated with any dose of ctrl SEV (which were isolated from native Expi293F
supernatant) compared to untreated cells (ctrl).
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Figure 4.34. Effect of SEV isolated from native Expi293F cell culture supernatant on NHCF-V
proliferation under starving conditions. (A) Cells in proliferation after ctrl SEV exposure (ug/mL of
SEV protein: 15, 30 and 45) obtained from native Expi293F supernatant. Percentage proliferative
cells (Ki-67 positive nuclei) cells was calculated as number of Ki-67 positive nuclei per number of
nuclei (stained with DAPI) in each screened field. (B) Representative pictures of NHCF-V after ctrl SEV
treatment and both Ki-67 and DAPI staining. Pictures were taken using 20X objective in ImageXpress
FLIPR Penta High-Throughput Cellular Screening System (Molecular Devices). Scale bar=100um.
Starved were used as reference (ctrl). Three independent experiments were performed. Asterisks
indicate statistically significant differences after ANOVA and Tukey’s post-hoc analysis and are
shown as mean * SEM (ns: non-statistically significative).

After treatment with SEV isolated from Expi293F transfected with plasmids for
CD81, matureOSM-CD81 and mutantOSM-CD81 overexpression, no differences in
cell proliferation were observed when NHCF-V were treated with CD81 enriched
SEV at any of the tested concentrations compared to ctrl condition. Contrarily, a
statistically-significant decrease in cell proliferation rate was observed when NHCF-
V were treated with 45 pg/mL matureOSM-CD81-SEV (p<0.01) and mutantOSM-
CD81-SEV (p<0.05) SEV protein compared to NHCF-V exposed to the same
concentration of CD81-SEV and ctrl condition (Figure 3.35 A and B), indicating a

potential influence of the presence of OSM loaded on SEV membrane on the
fibroblasts proliferation rate decrease.
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Figure 4.35. Effect of SEV isolated from Expi293F cell culture supernatant transfected with
plasmids for CD81, matureOSM-CD81 and mutant-OSM-CD81 overexpression on NHCF-V
proliferation under starving conditions. (A) Cells in proliferation after ctrl SEV exposure (ug/mL of
SEV protein: 15, 30 and 45) obtained from transfected Expi293F cell culture media. Percentage
proliferative cells (Ki-67 positive nuclei) cells was calculated as number of Ki-67 positive nuclei per
number of nuclei (stained with DAPI) in each screened field. (B) Representative pictures of NHCF-V
after SEV treatment and both Ki-67 and DAPI staining. Pictures were taken using 20X objective in
ImageXpress FLIPR Penta High-Throughput Cellular Screening System (Molecular Devices). Scale
bar=100um. Statistic comparisons between mean values obtained from different SEV doses and ctrl
values as well as between values coming from the same dose of each SEV type were performed.
Asterisks indicate statistically significant differences after ANOVA and Tukey’s post-hoc analysis and
are shown as mean * SEM (ns: non-statistically significative; *p<0.05; **p<0.01).

After the addition of SEV overexpressing clc2 lactadherin domains, matureOSM-
c1lc2 or mutantOSM-c1c2 fusion proteins, only statistically significant differences
were observed when NHCF-V were treated with 45 pg/mL of matureOSM-c1c2-SEV
protein compared to data obtained for untreated cells (ctrl), showed in Figure 4.34
A and B. However, no differences were found when NHCF-V were treated with 45
pg/mL of matureOSM-c1c2-SEV compared to NHCF-V treated with 45 pg/mL of
¢1c2-SEV nor in. The additional conditions tested did not show a significant effect
on cell proliferation decrease. Quantifications and representative pictures for these
data are presented in Figure 4.36 A and B, respectively.
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Figure 4.36. Effect of SEV isolated from Expi293F cell culture supernatant transfected with
plasmids for c1c2 lactadherin domains, matureOSM-c1c2 and mutant-OSM-c1c2 overexpression on
NHCF-V proliferation under starving conditions. (A) Cells in proliferation after ctrl SEV exposure
(ug/mL of SEV protein: 15, 30 and 45) obtained from transfected Expi293F cell culture media.
Percentage proliferative cells (Ki-67 positive nuclei) cells was calculated as number of Ki-67 positive
nuclei per number of nuclei (stained with DAPI) in each screened field. (B) Representative pictures of
NHCF-V after SEV treatment and both Ki-67 and DAPI staining. Pictures were taken using 20X
objective in ImageXpress FLIPR Penta High-Throughput Cellular Screening System (Molecular
Devices). Scale bar=100um. Statistic comparisons between mean values obtained from different SEV
doses and ctrl values as well as between values coming from the same dose of each SEV type were
performed. Asterisks indicate statistically significant differences after ANOVA and Tukey’s post-hoc
analysis and are shown as mean + SEM (ns: non-statistically significative; *p<0.05; **p<0.01).
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Finally, the effect of SEV loaded with TSPAN14, matureOSM-TSPAN14 and
mutantOSM-TSPAN14 on NHCF-V proliferation rate was evaluated. Data and
representative pictures are showed in Figure 4.37 A and B, respectively. Non-
statistically significant differences were obtained when primary fibroblasts were
treated neither with TSPAN14-SEV at any of the tested concentrations nor with
matureOSM-TSPAN14-SEV  and mutantOSM-TSPAN14-SEV  added at a
concentration of 15 or 30 pg/mL SEV protein, when compared to untreated cells
(ctrl, data showed in Figure 4.34). Nevertheless, a decrease in NHCF-V cell
proliferation rate was observed with matureOSM-TSPAN14-SEV and mutantOSM-
TSPAN14-SEV at a concentration of 45 pug/mL SEV protein compared to untreated
cells (p<0.05). Importantly, a reduction in cell proliferation was also observed when
NHCF-V were treated with 45 pug/mL SEV protein of matureOSM-TSPAN14-SEV
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compared to the same dose of TSPAN14-SEV, indicating a possible influence of
matureOSM loaded in SEV surface on the decrease of fibroblasts proliferation rate.
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Figure 4.37. Effect of SEV isolated from Expi293F cell culture supernatant transfected with
plasmids for TSPAN14, matureOSM-TSPAN14 and mutant-OSM-TSPAN14 overexpression on NHCF-
V proliferation under starving conditions. (A) Cells in proliferation after Ctrl SEV exposure (ug/mL of

SEV protein: 15, 30 and 45) obtained from transfected Expi293F cell culture media. Percentage
proliferative cells (Ki-67 positive nuclei) was calculated as number of Ki-67 positive nuclei per number
of nuclei (stained with DAPI) in each screened field. (B) Representative pictures of NHCF-V after SEV
treatment and both Ki-67 and DAPI staining. Pictures were taken using 20X objective in ImageXpress
FLIPR Penta High-Throughput Cellular Screening System (Molecular Devices). Scale bar=100um.
Statistic comparisons between mean values obtained from different SEV doses and ctrl values as well
as between values coming from the same dose of each SEV type were performed. Asterisks indicate
statistically significant differences after ANOVA and Tukey’s post-hoc analysis and are shown as
mean + SEM (ns: non-statistically significative; *p<0.05).

Altogether, these data brought evidences on the functional role of OSM loaded in
SEV surface as a potential tool to reduce cardiac fibroblasts proliferation under
stressing conditions.
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4.13.2.2.  Ventricular cardiac fibroblasts activation is partially
counteracted when treated with alternative OSM conformations
loaded in SEV membrane
Fibrosis activation induction experiment was performed again in order to evaluate
if OSM loading on SEV surface from Expi293F cells could affect telo-Collal protein
presence and distribution, and if this effect was dependent on the anchoring
protein in each case.

First, a similar pattern of telo-Collal protein labelling was observed in basal and
starving NHCF-V (ctrl and unstimulated, respectively), where telo-Collal presence
was mostly intracellular and was only found in a small population of NHCF-V. NHCF-
V stimulation was confirmed in terms of enhanced telo-Collal secretion and
droplets deposition in the extracellular space compared to control and
unstimulated conditions. When three different concentrations of ctrl SEV (ug of SEV
protein: 15, 30 and 45) isolated from non-transfected Expi293F cells supernatant
were added, a similar telo-Collal labelling pattern, compared to stimulated NHCF-
V, was observed. These data are presented in Figure 4.38.

Ctrl Unstimulated Stimulated

Stimulated + Ctrl SEV

15 pg /mL SEV protein 30 pg /mL SEV protein 45 pg /mL SEV protein

Telo-Collal DAPI

Figure 4.38. SEV isolated from non-transfected Expi293F cell culture media supernatant does not
modify NHCF-V telo-Collal and a-SMA expression upon stimulation. Representative pictures of
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NHCF-V in basal conditions (ctrl), after 48h starvation (Unstimulated) and after 48h of stimulation
with or without the addition of ctrl SEV (ug /mL SEV protein: 15, 30 and 45), where Telo-Collal is
shown in green and nuclei staining (DAPI) in blue. Pictures were taken using 20X objective in
CellVoyager CV8000 screening system (Yokogawa). Scale bar=100um.

In addition, the effect of matureOSM-CD81-SEV and mutantOSM-CD81-SEV on telo-
Collal location was compared to CD81-SEV 48 h added at the same time than
stimulation factors after 48h of treatment. Results are shown in Figure 4.39. Similar
pattern of telo-Collal fluorescent signal was observed when CD81-SEV addition at
15, 30 and 45 pg/mL of SEV protein compared to stimulated cells and NHCF-V
stimulated and treated with ctrl SEV (Figure 4.38). Nevertheless, reduced telo-
Collal extracellular deposition was noticed when matureOSM-CD81-SEV and
mutantOSM-CD81-SEV at the three tested SEV protein concentrations (15, 30 and
45 ug/mL).

Stimulated + SEV

CD81 matureOSM-CD81 mutantOSM-CD81

Figure 4.39. SEV lsolated from transfected Expi293F cell culture media supernatant for CD81,
matureOSM-CD81 and mutantOSM-CD81 fusion proteins overexpression modify NHCF-V telo-

15

pg/mL SEV protein
30
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Colla1l expression upon stimulation. Representative pictures of NHCF-V after 48h of stimulation and
the addition of SEV loaded with CD81, matureOSM-CD81 and mutantOSM-CD81 fusion proteins at
three different concentrations (ug/mL SEV protein: 15, 30 and 45). Pictures were taken using 20X
objective in CellVoyager CV8000 screening system (Yokogawa). Scale bar=100um.

Similar results were observed when NHCF-V were treated with 15, 30 and 45 pg/mL
of SEV protein from c1c2-SEV, matureOSM-c1c2-SEV and mutantOSM-c1c2-SEV. As
represented in Figure 4.40, NHCF-V treated with c1c2-SEV presented a similar
pattern on telo-Collal location than stimulated cells and stimulated cells treated
with ctrl SEV, where protein deposits on the extracellular space were also found.
However, treatment with matureOSM-c1c2-SEV and mutantOSM-c1c2 SEV partially
avoided telo-Collal secretion at different levels comparing pictures obtained from
NHCF-V stimulated and treated with the same dose of c1c2-SEV and matureOSM-
c1c2-SEV or mutantOSM-c1c2-SEV.
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Figure 4.40. SEV isolated from transfected Expi293F cell culture media supernatant for cic2
lactadherin domains, matureOSM-c1c2 and mutantOSM-c1c2 fusion proteins overexpression
modify NHCF-V telo-Collal expression upon stimulation. Representative pictures of NHCF-V after
48h of stimulation and the addition of SEV loaded with c1c2 domains, matureOSM-c1c2 and
mutantOSM-c1c2 fusion proteins at three different concentrations (ug/mL SEV protein: 15, 30 and
45). Pictures were taken using 20X objective in CellVoyager CV8000 screening system (Yokogawa).
Scale bar=100um.

Lastly, effect of TSPAN-SEV, matureOSM-TSPAN14-SEV and mutantOSM-TSPAN14-
SEV on stimulated NHCF-V was evaluated. Results are shown in Figure 4.41. Telo-
Collal location pattern was similar in NHCF-V treated with TSPAN14-SEV and
mutantOSM-TSPAN14-SEV, and was comparable to the signal obtained on
stimulated fibroblasts and stimulated fibroblasts treated with ctrl SEV, CD81-SEV
and c1c2-SEV (Figures 4.38, 4.39 and 4.40). However, a reduction of telo-Collal
deposits was found when matureOSM-TSPAN14-SEV were added at the three
different concentrations (15, 30 and 45 pg/mL SEV protein) to cardiac fibroblasts.
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Figure 4.41. SEV isolated from transfected Expi293F cell culture media supernatant for TSPAN14,
matureOSM-TSPAN14 and mutantOSM-TSPAN14 fusion proteins overexpression modify NHCF-V
telo-Collal and a-SMA expression upon stimulation. Representative pictures of NHCF-V after 48h
of stimulation and the addition of SEV loaded with TSPAN14, matureOSM-TSPAN14 and mutantOSM-
TSPAN14 fusion proteins at three different concentrations (ug/mL SEV protein: 15, 30 and 45).
Pictures were taken using 20X objective in CellVoyager CV8000 screening system (Yokogawa). Scale
bar=100um.

In summary, an interesting shift on telo-Collal fluorescent signal location from
extracellular to intracellular space was found when SEV loaded with OSM were
added together with stimulating factors to NHCF-V in the majority of conditions
tested. Of important note, the mentioned qualitative change on telo-Collal
location was not observed where ctrl SEV, CD81-SEV, c1c2-SEV and TSPAN14-SEV
were used, and a similar pattern of dotted extracellular labelling than in stimulated
NHCF-V was observed.
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4.14. Mutant and Mature OSM variants loaded in SEV isolated
from Engineered Immortalized MSC suggest an enhanced

therapeutic potential effect against fibrosis

Based on the results obtained in both proliferation and fibroblast activation studies,
it was decided to continue with CD81 as anchor protein for OSM loading on SEV
surface. Furthermore, an immortalized MSC line from dental pulp origin generated
in our research team (iMSC) was used to overcome difficulties regarding to
proliferative senescence reached after 10 cell passages. These cells were genetically
modified in order to express telomerase reverse transcriptase. Previous data from
our laboratory have validated that iMSC have a sustained doubling population rate
after more than 20 cell passages, maintain MSC-characteristic markers profile and
retain similar SEV features compared to native MSC. TetOn promoter was
maintained in order to generate iMSC lines that could overexpress fusion proteins
of interest in an inducible manner which would be dependent on the presence of
doxycycline in cell culture media.

4.14.1. Immortalized MSC genetic modification for CD81,
matureOSM-CD81 and mutantOSM-CD81 fusion proteins
specific loading in SEV surface

Immortalized MSC from dental pulp origin were genetically modified through the
insertion of three lentiviral plasmids: one of them carrying CD81 DNA sequence, a
second one carrying matureOSM sequence followed by CD81 sequence
(matureOSM-CD81), and a third one containing mutantOSM sequence and CD81
sequence (mutantOSM-CD81). iMSC without further genetic modifications were
used as reference. First, lentiviral particles generated were titrated for highly
efficient iMSC infection, and GFP positive percentage of cells was measured by flow
cytometry (Figure 4.42). Percentage of GFP positive cells obtained was above 85%
and was maintained over cell passages in the three cell lines generated (Figure 4.43
A). Consequently, no further selection was performed. New cell lines generated
were named iMSC-CD81, iMSC-matureOSM-CD81 and iMSC-mutantOSM-CD81.

In order to ensure that MSC characteristics were maintained after genetic
engineering, the expression profile of markers stablished by Mesenchymal and
Tissue Stem Cell Committee of the International Society for Cellular Therapy was
analyzed. As represented in Figure 4.43 B, more than 90% of cells were positive for
CD90, CD105 and CD73 and percentage of positive cells for CD14, CD34 and CD45
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was under 5% in all cell lines, and fibroblasts-like spindle shape was also conserved

(Figure 4.43 C).
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Figure 4.42. Engineered iMSC screening through GFP fluorescent intensity. Histograms obtained
from flow cytometry analysis showing GFP negative and postive cells populations for samples
corresponding to iMSCS, iMSC-CD81, iMSC-matureOSM-CD81 and iMSC-mutantOSM-CD81.
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Figure 4.43. Engineered iMSC maintain GFP expression over cell passages, characteristic markers
of MSC and expected spindle morphology. (A) Percentage of cells positive for GFP expression at
different cell passages in iMSC, iMSC-CD81, iMSC-matureOSM-CD81 and iMSC-mutantOSM-CD81
measures by flow cytometry. (B) Expression of CD90, CD105, CD73, CD34, CD45 and CD14 was
measured by flow cytometry in iMSC, iMSC-CD81 and iMSC-matureOSM-CD81 and iMSC-
mutantOSM-CD81. GFP positive cells were gated for tracking purposes and fluorescent channels
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compensation. Results are presented as mean+SEM. Cell membrane markers on each cell type were
measured after two different transfection batches. (C) Representative images of iMSC, iMSC-CD81
and iMSC-matureOSM-CD81 and iMSC-mutantOSM-CD81 showing cell morphology. Scale
bar=400um. ANOVA and Tukey’s post-hc test were used in order to compare mean between groups.
Data are presented as mean+SEM.

Altogether, these data pointed that iMSC generated maintained the expected
characteristics expected for a MSC, and were therefore suitable for further
experiments.

4.14.2. matureOSM-CD81 and mutantOSM-CD81 fusion
proteins are detected on SEV
First, cell viability after 48 h of exposure to increasing doses of doxycycline was
measured in iMSC and engineered iMSC for CD81, matureOSM-CD81 and
mutantOSM-CD81 expression. As represented in Figure 4.44, doxycycline presence
did not significantly interfere with iMSC, iMSC-CD81, iMSC-matureOSM-CD81 and
iMSC-mutantOSM-CD81 cell viability at any of the concentrations included in the
study (ug/mL: 1.56, 3.12, 6.25, 12.5, 25, 50 and 100), since percentage of viable
cells was maintained between 90 and 100 % in all the experimental conditions.
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Figure 4.44. Doxycycline does not have cytotoxic effects on iMSC and genetically modified iMSC.

Percentage of cell viability after 48 h of exposure to increasing doses of doxycycline (ug/mL: 1.56,

3.12,6.25, 12.5, 25, 50 and 100) was measured in iMSC, iMSC-CD81, iMSC-matureOSM-CD81 and
iIMSC-mutantOSM-CD81 by MTS assay and measured by spectrophotometry (absorbance at 490 nm),
using data from each type of untreated cells (0 ug/mL of doxycycline) as reference values. Data were
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obtained from three independent experiments, each one performed by triplicate, and are presented
as mean+SEM.

Second, a screening of OSM and CD81 proteins presence was performed in both
cell lysates protein samples and SEV from iMSC, iMSC-CD81, iMSC-matureOSM-
CD81 and iMSC-mutantOSM-CD81 by Western Blot assay. Results are shown in
Figure 4.45, where an enrichment on OSM at the expected molecular weight when
it is fused to CD81 (around 40 kDa) is observed in iMSC-matureOSM-CD81 and
iMSC-mutantOSM-CD81 cell lysates samples compared to iMSC and iMSC-CD81
samples. Importantly, OSM was only detected in matureOSM-CD81-SEV and
mutantOSM-CD81-SEV samples, and not in Ctrl-SEV and CD81-SEV. CD81 was
observed in cell lysates and SEV samples at the expected molecular weight for the
protein native form (around 25 kDa). However, fusion protein was mostly detected
in matureOSM-CD81-SEV and mutantOSM-CD81-SEV samples compared to CD81-
SEV and ctrl-SEV, and it was not observed in cell lysates samples. As expected, tub
was detected in cell lysates, but not in SEV samples.
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Figure 4.45. MatureOSM and mutantOSM variants fused to CD81 are detected in SEV protein

samples. Content of OSM, CD81 and tub proteins in cell lysates and SEV derived from iMSC (ctrl),

iMSC-CD81, iMSC-matureOSM-CD81 and iMSC-mutantOSM-CD81. Representative Western Blot
membrane is shown.
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The presented data confirmed that OSM sequence modification was crucial in order
to load the protein on SEV surface. Nevertheless further experiments were
necessary in order to assess if OSM present on SEV was able to trigger functional
effects on target cells, and if this modification on native SEV could enhance their
therapeutic potential.

4.14.3. OSM loaded on SEV affects NHCF-V proliferation
under starving conditions and telo-Collal protein location
after stimulation

After results obtained in the previous section, where it was seen that matureOSM-
CD81 and mutantOSM-CD81 SEV were enriched in OSM, proliferation and
fibroblasts activation experiments were repeated. Based on the results obtained in
Figures 4.23, 4.24, 4.34 -4.41, a concentration of 45 pug/mL of SEV protein and 10
ng/mL rhOSM were used for these experiments.

First, Ki-67 immunostaining was performed in NHCF-V after starvation in order to
measure the percentage of cells in proliferation. Results are presented in Figure
4.46 A and B. Untreated cells and cells treated with ctrl and CD81-SEV showed
similar proliferation rates (27.49+3.06 %, 31.80+2.61 % and 32.1810.28 %,
respectively), and no significant differences were observed between them.
Treatment with matureOSM-CD81-SEV resulted in a slight decrease on NHCF-V
proliferation rate (23.95+3.37 %), although no statistically significant differences
were obtained when data were compared to untreated condition. Encouragingly,
treatment with mutantOSM-CD81-SEV and rhOSM significantly reduced NHCF-V
proliferation rate (17.35+0.78 and 19.57+2.97 %, respectively) compared to
untreated cells (p<0.05 in both cases). When data from ctrl-SEV and CD81-SEV
treatments were compared to results obtained for cells treated with matureOSM-
CD81-SEV and mutantOSM-CD81-SEV, non-statistically differences were observed
between ctrl-SEV, CD81-SEV and matureOSM-CD81-SEV. However, a significant
decrease on cell proliferation rate was obtained when NHCF-V were treated with
mutantOSM-CD81-SEV (p<0.01) compared to results obtained after ctrl-SEV and
CD81-SEV treatments.
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A)
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Figure 4.46. Treatment with mutantOSM-CD81 SEV reduced NHCF-V proliferation rate in vitro.
NHCF-V were submitted to starving conditions and treated with 45 ug/mL SEV protein of ctrl-SEV,
CD81-SEV, matureOSM-CD81-SEV and mutantOSM-CD81-SEV or 10 ng/mL rhOSM. Starved but
untreated cells were used as control. Ki-67 staining is shown in green, while DAPI staining is shown in
blue. Pictures were taken using 10X objective in a Leica fluorescence microscope. Scale bar=200um.
Data were obtained from two independent experiments. ANOVA statistical analysis to analyze group
means difference was used. Results are presented as mean+SEM.

These preliminary data pointed that OSM-enriched SEV could interfere with NHCF-

V proliferation, although further independent experiments should be performed to
confirm these results.

Second, telo-Collal protein expression and distribution was assessed in NHCF-V
after 48 h of stimulation, with or without SEV and rhOSM treatments. Results are
displayed in Figure 4.47. As it can be appreciated, telo-Collal was not detected on
the most majority of ctrl cells (non-starved and non-stimulated) and unstimulated
cells (starved but not stimulated), although a stronger presence of this protein was
observed in unstimulated cells compared to basal condition (ctrl). Nonetheless, a
pronounced dotted net of telo-Collal was found when NHCF-V were stimulated
with L-ascorbic acid 2-phosphate, dextran sulphate and recombinant TGFB-1,
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indicating ECM matrix synthesis by cardiac fibroblasts in response to stimulation
with the pro-fibrotic cocktail. Similar patterns of telo-Collal labelling were found
when ctrl-SEV and CD81-SEV were added to NHCF-V. On the contrary, treatment of
NHCF-V with matureOSM-CD81-SEV and mutantOSM-CD81-SEV leaded to a
significant reduction on telo-Collal expression and secretion to the extracellular
space compared to stimulated cells and stimulated cells treated with ctrl-SEV and
CD81-SEV. Additionally, treatment with rhOSM also resulted in similar effects on
telo-Collal expression pattern as the addition of matureOSM-CD81-SEV and
mutantOSM-CD81 SEV.

Ctrl Unstimulated Stimulated

Stimulated+SEV

CD81 MatureOSM-CD81

v~

MutantOSM-CD81 Stimulated + rhOSM

Telo-Collal DAPI

Figure 4.47. MatureOSM-CD81-SEV and MutantOSM-CD81-SEV treatment reduced telo-Colla1
extracellular deposition upon NHCF-V stimulation. Representative pictures of NHCF-V after 48 h of
stimulation and the addition of 45 ug/mL SEV protein from ctrl SEV and SEV loaded with CD81,
matureOSM-CD81 and mutantOSM-CD81 fusion or 10 ng/mL rhOSM. Non-starved and non-
stimulated cells (ctrl) and starved but unstimulated cells (unstimulated) were used as control
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conditions. Telo-Collal staining is shown in green, while DAPI staining is shown in blue. Pictures
were taken using 10X objective using Leica fluorescence microscopy. Scale bar=200um. Data were
obtained from two independent experiments.

These data provided evidences about a functional effect of OSM-enriched SEV over
ctrl-SEV and CD81-SEV, reducing telo-Collal expression and avoiding its deposition
on the extracellular space in an in vitro model of fibroblasts activation.
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5. Discussion

202



UNIVERSITAT POLITECNICA DE VALENCIA

203



UNIVERSITAT POLITECNICA DE VALENCIA

5. Discussion

Coronary angioplasty represents an effective intervention following AMI.
Nevertheless, the sudden blood flux restoration triggered by the reperfusion of the
occluded vessel is related to increased cardiomyocytes apoptosis and ROS
generation, mitochondrial dysfunction, intracellular calcium overload and
autophagic imbalance!® 3%, In addition to this, pathological cardiac remodeling
after AMI, where necrotic myocardial tissue is replaced by a non-functional scar,
leads to a significant loss of contractile function and electrical coupling®” 119,
Although several therapeutic approaches have been attempted to attenuate I/R-
induced injury, their limited clinical outcome makes still necessary the
development of more effective strategies.

During the last years, cell-free therapies involving the customized design of
nanoparticles as vehicles for potential therapeutic agents’ delivery have gained
attention as an alternative to mitigate inflammation, oxidative stress and tissue
apoptosis during /R,

In this work, two different strategies in order to ameliorate clinical outcome after
AMI have been proposed. First, nanoconjugates based on the covalent union of a
FFA (diDHA) to a polymeric carrier (PGA) have been synthetized in order to increase
its stability and potentiate its potential cardioprotective propertied. Second, the
genetic modification of MSC in order to load a protein of interest (OSM) on MSC-
SEV surface, with the hypothesis that OSM-enriched SEV could improve therapeutic
potential of native SEV in the context of cardiac remodeling after AMI.
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Section A: PGA-diDHA-based nanoconjugates role in cardiomyocytes
preconditioning during ischemia-reperfusion induced injury.

During the present dissertation, it has been displayed the effect of ischemia and
reperfusion processes on cardiomyocytes, which include changes in metabolism
leading to quick changes in intracellular pH and mitochondrial dysfunction. Under
these conditions, cardiomyocytes make a switch on their metabolism, and obtain
ATP from glycolytic pathway instead of Krebs’ cycle. Since FA are mammal adult
cardiomyocytes main source of energy and a poor availability of them is found
during ischemia, the additional administration of FA before reperfusion in order to
avoid massive cardiomyocytes death and improve clinical outcome after
reperfusion has been proposed.

Previous studies have considered the use of different PUFA combinations in order
to reduce cardiac damage after AM|8L 189191 However, the most majority of those
studies have been focused on the dietary or injected PUFA administration before
cardiac event induction®® 184 Given that the preferred route of nanoconjugates
administration in the clinical setting is intracoronary, and that the objective of this
work was to evaluate the effect of our nanoconjugates on ischemic area
preconditioning, our experimental approach consisted on the local nanoparticles’
administration before reperfusion, both in in vitro and in vivo models. Only one
previous publication has used this preconditioning experimental approach using
PUFA as potential bioactive agent, where a combination of EPA and DHA (6:1) was
administrated via an intravenous bolus before reperfusion in an I/R in vivo rat
model'®3, However, it was impossible to distinguish if beneficial effects observed
were derived from EPA, DHA or a combination of both PUFA, and the amount of
them that reached cardiac tissue could not be determined.

Additional studies have exposed that FFA are highly unstable and are sequestrated
by albumins in the blood, and PUFA have a high susceptibility to be peroxidized,
resulting in free radicals’ generation and, eventually, to aldehydes and ketones,
stimulating inflammation?®® 7. Consequently, we proposed the stabilization of a
PUFA, such as diDHA, through its binding to a synthetic polypeptide carrier (PGA).
A rational design of conjugates with different physico-chemical properties by
including varying amounts of diDHA molecules attached to PGA backbone was
performed by Polymer Therapeutics laboratory in Principe Felipe Research
Institute, which gave place to three candidates: PGA-diDHA;;, PGA-diDHAs.1 and
PGA-diDHAGg 1.
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Uptake experiments showed a higher nanoparticles internalization by HMVEC-C
and NRVM under I/R conditions compared to Nx and the use of PGA alone (Figure
4.6), suggesting that diDHA presence could favor nanoconjugates internalization
under I/R conditions and could trigger functional effects on target cells. In addition
to this, transcytosis assay showed that HMVEC-C were able to transfer
nanoconjugates to NRVM, and this effect was enhanced when NRVM were under
stressing conditions compared to normoxia in case of PGA, PGA-diDHA;,, PGA-
diDHA6 4 treatments. This increase in nanoconjugates uptake by NRVM under
stressing conditions could be explained by cell communication mechanisms
between HMVEC-C and NRVM, since it has been previously demonstrated that
paracrine factors secreted by CM can modulate cellular responses in EC. As an
example, it has been seen that CM can secrete cardiokines (such as VEGF, FGF or
angiopoietin 1) that are able to induce tube formation by EC* 3!, However, we
failed to see an increased number of cardiomyocytes labelled with OG when PGA-
diDHAs ; was administered to HMVEC-C. We hypothesize that this difference could
be a consequence of a different 3D conformation of the nanoconjugate, since
higher diDHA loading leaded to smaller and more compact particles (data provided
by Therapeutic Polymers laboratory), probably hindering diDHA interaction with
cell membrane.

In order to evaluate nanoconjugates’ ability as NRVM preconditioning molecules
before reperfusion and avoid further cell damage in vitro, several cellular
parameters associated with I/R, including cell apoptosis, oxidative stress and
mitochondrial function, were measured. Esmolol, a B-blocker commonly used in
clinical practice for cardiac tissue protection against AMI, was included as positive
control for these experiments. Apoptosis studies revealed diverse effects
depending on the cellular parameter measured. Overall, data showed a decrease
on apoptosis in NRVM preconditioned with three increasing doses of PGA-diDHA-
based nanoconjugates. On the contrary, treatment with free diDHA only resulted
in a significant reduction of Caspase3/7 activity when used at 10 pg of diDHAeq
(Figure 4.5). Only samples from NRVM preconditioned with PGA-diDHA 4+ showed
a consistent cell protection attending to the measurement of total apoptotic cells
and Bcl-2/Bax protein expression ratio, although minor protective effects were also
observed when cells were treated with PGA-diDHA;; and PGA-diDHAs 1, but not
when NRVM were preconditioned with free diDHA, supporting the idea that diDHA
encapsulation would be necessary in order to protect NRVM from I/R-induced
injury (Figures 4.8 and 4.9). After seeing these data, we wanted to elucidate the
adjacent causes of the observed cell apoptosis, and how PGA-diDHA-based
nanoconjugates were contributing to cell damage attenuation. I/R-induced injury is
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commonly associated with an increased amount of functionally and structurally
defective proteins. As a consequence, protein folding system, which includes
chaperones like GRP-78, is collapsed, and autophagy machinery is activated,
leading to non-functional proteins sequestration in double-membraned structures
(autophagosomes), which are fused with acidic vesicles (lysosomes) for proteins
degradation and recycling®®?. Autophagy activation requires Beclin-1 functional
effect, and previous studies have described a physical interaction between Bcl-2
and Beclin-1, which avoids Beclin-1 mediated autophagy. However, Bcl-2 releases
Beclin-1 following a myocardial insult, which can trigger severely detrimental
effects’3!. Data showed in Figure 4.10 and 4.11 suggested a contribution of
nanoconjugates avoiding massive autophagy activation after reperfusion in terms
of Beclin-1 protein levels and the number of acidic vesicles present in NRVM. In
addition to this, GRP-78 reduced levels after PGA-diDHAss and free diDHA
treatment pointed to a reduction in ER-related stress compared to non-treated cells

(I/R).

Most apoptotic stimuli (such as oxidative stress, hypoxia or nutrient depravation)
converge at the mitochondria, leading to mPTP dysfunction and “apoptosome”
complex formation, which results in Caspase-3 activation3>. Results obtained in this
work supported the idea that PGA-diDHA-based nanoconjugates could maintain
mitochondrial membrane potential, preserving mitochondria ultrastructure and
function, and avoiding an excessive ROS generation (Figures 4.12 and 4.13).
Although these are preliminary data, it is important to remark that any of the
nanoconjugates promoted fibroblasts wound healing under stressing conditions
compared to control cFib, and long-term exposure to free diDHA, and not to
nanoconjugates, confirmed diDHA toxicity on primary neonatal rat cardiac
fibroblasts (Figure 4.14).

Overall, all PGA-diDHA conjugates displayed cardioprotective abilities in vitro, and
these effects seemed to be dependent on the levels of diDHA loading. When
considering the in vitro data as a whole, PGA-diDHAs 4 provided the best results
regarding to apoptosis reduction, ROS generation, autophagy machinery activation
and mitochondrial function. Importantly, PGA-diDHAs4 treatment resulted in a
reduction on late-apoptotic cells and avoided loss of MMP compared to treatment
with free diDHA in NRVM, suggesting an improvement on functionality when diDHA
is conjugated to PGA. When the study of the effect of these two candidates was
extrapolated to a I/R in vitro model in human cardiac myocytes derived from iPSC,
data showed a similar pattern than the obtained on NRVM, confirming the anti-
apoptotic effect of PGA-diDHAs 4 compared to free diDHA after I/R. However, both
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PGA-diDHA¢ 4 and free diDHA reduced ROS generation in vitro (Figure 4.16), which
was contradicting with the results obtained in Figure 4.13. We believe that
fluorescent signal obtained from NRVM treated with free diDHA could be derived
from an unspecific union of CellROX probe to diDHA oil drops remaining in cell
membranes, since labelling pattern is very different from the observed for the rest
of experimental conditions.

One important limitation of our study was the election of Esmolol as positive
control in our experimental models. Previous studies have demonstrated an anti-
apoptotic of Esmolol potential in I/R in vivo models*** 3%, However, we failed to
reproduce this effect in our in vitro model of I/R using NRVM when total number of
early and late apoptotic cells were measured, and did not reduce ROS generation
under stressing conditions (Figure 4.8 and 4.13). However, NRVM treatment with
Esmolol 30 min before reperfusion resulted in marginal improvement of Bcl-2/Bax
protein levels ratio, lower levels of Beclin-1 and prevented cells from mitochondrial
membrane depolarization (Figures 4.9, 4.10 and 4.12). Furthermore, Esmolol did
not ameliorate AAR neither in in vivo I/R models of rat nor pig when it was locally
administered few minutes before reperfusion (Figures 4.17 and 4.18). Garcia-Ruiz
JM at al showed that intravenous administration of metoprolol, another B-blocker
commonly used in clinical practice, was more effective reducing infarct size and
preserving LVEF using swine I/R in vivo model and STEMI patients after longer
infusion intervals (25 min) compared to shorter infusion intervals (5 min)3%,
Although Esmolol was administered intracoronary in a large animal I/R in vivo
models, it could be possible that the mechanism of action of this type of drug
requires a longer time of administration, and potential protective effects cannot be
detected when drug was administered right before ligation removing or balloon
disinflation.

Cardiac tissue preconditioning with PGA-diDHAs 4 in a I/R in vivo rat model resulted
in a similar reduction on AAR when both dose of the nanoconjugate were
administered, and dose 1 (27.1 pg diDHA eq/kg) resulted in a significant drop on
AAR when diDHA was added conjugated compared to the same dose of free diDHA.
Notably, although dose 2 (271 pg diDHA eq/kg) of free diDHA resulted in an
apparent reduction of AAR, free diDHA physical properties lead to a high viscous
preparation with low solubility, difficulty manipulation and administration. As a
consequence, actual amount of free diDHA injected could not be determined and a
high variability between animals from the same experimental group was obtained,
making data unreliable (Figure 4.17). Of important note, when the same pg of
diDHA eq were contained in PGA-diDHAg4, solubility was not a problem, and
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nanoconjugate was perfectly dissolved in PBS and easy to handle for
administration. In order to evaluate the potential cardioprotective effect of PGA-
diDHAg 4 nanoconjugate in a more clinically relevant scenario, a swine I/R in vivo
model using an angioplasty catheter that allowed local infusion of drugs before
occluded artery opening was set up. Our results suggested that candidate
nanoconjugate may represent an interesting option to induce cardioprotection
during reopening of the artery by coronary angioplasty through percutaneous
intervention (PCI), since AAR 7 days after surgical intervention was reduced when
nanoconjugate was infused compared to data obtained from I/R and I/R+PGA
experimental groups (Figure 4.19). Nevertheless, relatively minor benefits
observed and the low number of animals included in each experimental group
suggest the need for additional experiments to fully define the extent of the
therapeutic effect.
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Section B: Oncostatin-M-enriched SEV isolated from genetically
modified MSC as potential anti-fibrotic agent.

Cardiac fibrosis causes detrimental effects in electrical coupling and heart function,
leading to HF. Several studies have proposed anti-fibrotic therapies in the context
of AMI in both animal and human trials, such as the use of connective tissue growth
factors antagonist, galectin-3 inhibitors, anti-miRNAs, renin-angiotensin-
aldosterone system inhibitors, TGFB or endothelin inhibitors, matricellular protein
antagonists, relaxin, loop diuretics and anti-inflammatory drugs®°. Nevertheless,
patients with HF on medical therapy including previously mentioned candidates
resulted in poor outcomes concerning to fibrosis reduction, including detrimental
side effects probably derived from systemic drug administration. Consequently,
additional work is needed to specifically direct bioactive compounds to target cells
and improve cardiac function after AMI.

MSC have been widely proposed as a therapeutic option to ameliorate clinical
outcome after AMI 20> 229 397 Moreover, recent studies have pointed that
therapeutic properties of MSC could be mediated by paracrine factors, and
specifically by SEV or exosomes secreted by these cells. SEV are stable in vivo and
are able to modulate biological responses in target cells by transferring lipids,
proteins or nucleic acids. Moreover, they can act as mediators of antigen
presentation3%® 3%, Consequently, SEV-based therapies have emerged as novel cell-
free carrier for therapeutic purposes. In this context, previous works have already
observed modest anti-fibrotic effects of EV derived from ESC, umbilical cord MSC,
adipose tissue-derived MSC and cardiosphere-derived cells in preclinical stroke in
vivo models*®-4%3, Data published in our laboratory showed that human dental pulp
mesenchymal stromal cells reduced infarcted area and promoted angiogenesis in a
myocardial infarction in vivo model in rats3*’. Accordingly, additional studies have
also shown evidence on the effect of dental pulp MSC-SEV reproducing parent cells
therapeutic potential®®* %%, Based on this, we have proposed the possibility to
potentiate MSC-SEV therapeutic potential by adding a protein of interest on SEV
membrane, which could add anti-fibrotic potential to native SEV.

Previous studies have pointed to a potential anti-fibrotic role of OSM by
counteracting TGFB1 function and fibroblasts activation3” 33, These scientific
evidences led us to propose OSM as therapeutic cargo on SEV, and to evaluate if
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we could successfully load a functional protein into MSC-SEV surface that could
improve native-SEV therapeutic potential in AMI context.

In order to initiate a response in receptor cells by a canonical pathway, OSM
interacts with either receptor type | or Il on target cells membrane, which are
heterodimer formed either by LIF-R and IL-31RA or LIF-R and IL-31RB. Here,
expression of OSM receptors evaluation in human cardiac ventricular fibroblasts
showed an enrichment of LIF-R and IL31-RA receptors after starvation and in vitro
activation through the addition of a pro-fibrotic cocktail composed by ascorbic-L-
acid sulphate, a-dextran and TGFB-1. Although IL-31RB was downregulated after
starvation and fibroblasts activation, its presence was also detected (Figure 4.21).
Despite additional experimental work needs to be done in order to confirm if
receptors are located on cardiac fibroblasts plasma membrane, these results
indicated that OSM incorporated into SEV surface could act in target cells by direct
binding with its receptors through the canonical signaling pathway, and trigger
cellular responses. Treatment of ventricular cardiac fibroblasts with rhOSM after
starvation or after starvation and stimulation showed that this cytokine had a
functional antiproliferative effect on starving fibroblasts and a role interfering with
telo-Collal secretion to the extracellular space after NHCF-V stimulation in a dose-
dependent manner (Figure 4.23 and 4.24). These results supported our hypothesis,
where it was proposed that OSM loaded in SEV could trigger a physiological
response in starved and activated cardiac fibroblasts in vitro.

Given the pleiotropic effects described for OSM depending on cellular target and
physiologic conditions, we wanted to study the response of MSC to OSM presence
before genetic modification. Results showed a reduction on MSC proliferation and
migration rate after rhOSM (Figure 4.25). Thus, an inducible promotor (TetOn) was
included in order to control OSM expression. Taking all this information into
account, our strategy consisted on native OSM anchoring to MSC-SEV surface
through its fusion to lactadherin, a protein that is found associated to
phosphatidylserine in SEV membrane. However, we failed to detect OSM fused to
lactadherin in MSC-OSM-XSTP cell lysates and SEV protein samples (expected
molecular weight ~70 kDa, Figures 4.30 and 4.31).

The study of OSM structure and biogenesis revealed the possibility that OSM
propeptide (PP) domain could be enzymatically cut by MSC before OSM secretion,
thereby breaking fusion protein and avoiding OSM anchoring to SEV. New OSM
variants, including a mutation that could prevent PP enzymatic excision together
with two additional anchoring proteins that would allow covalent union of OSM-
fusion proteins to SEV surface were included in the study. Fusion proteins screening
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on cell lysates and SEV samples from native and transfected Expi293F cells showed
that cleavage site point mutation was necessary in order to avoid OSM excision
from SEV, and the three anchoring proteins tested (CD81, clc2 domains of
lactadherin and TSPAN14) were able to load mutantOSM or matureOSM in SEV
surface (Figure 4.33).

Although SEV from Expi293F origin will probably have different composition and
functionality than MSC-SEV, we decided to repeat proliferation and stimulation
experiments in order to see a possible functional effect of our engineered SEV
loaded with both matureOSM and mutantOSM fused to CD81, clc2 domains of
lactadherin or TSPAN14, which would help to choose one anchoring protein for new
engineered iMSC lines generation. Altogether, data pointed to CD81 as the most
effective anchoring protein, since a lower percentage of proliferative cells was
observed and telo-Collal extracellular deposition was reduced when 45 pg/mL SEV
protein of matureOSM-CD81-SEV and mutantOSM-CD81 were added to starved or
stimulated NHCF-V compared to the treatment with the same protein
concentration of CD81-SEV (Figures 4.34-4.41). Furthermore, CD81 is linked to SEV
membranes covalently, possibly providing a more stable fusion protein than
lactadherin, whose association with SEV membranes’ is driven by affinity to
phosphatidylserine.

The initial goal of the present project was to potentiate native MSC-SEV beneficial
therapeutic features against pathological cardiac remodeling. However, primary
MSC have limited proliferative potential, and undergo a limited number of
population doublings before becoming senescent’®. In order to overcome this
limitation, it was decided to generate an immortalized MSC line from dental pulp
origin (iMSC) in our laboratory. Starting with iMSC as our native cell type, and after
we had decided that constructs based on matureOSM and mutantOSM fusion to
CD81 were the most suitable to be introduced in MSC, new iMSC cell lines were
generated and characterized (Figures 4.42 and 4.43).

Encouragingly, a lower percentage of proliferative ventricular cardiac fibroblasts
was observed after cell starvation and treatment with mutantOSM-CD81-SEV and
rhOSM. Although a reduction on the mean of proliferative cells was observed after
matureOSM-CD81-SEV treatment, we failed to obtain statistically significant
differences when data were compared to untreated cells. These data were
according to the results obtained for telo-Collal expression after fibroblasts
stimulation, where treatment with matureOSM-CD81-SEV, mutantOSM-CD81 SEV
and rhOSM reduced telo-Collal extracellular deposition compared to stimulated
cells and stimulated cells treated with ctrl-SEV and CD81-SEV. These data suggested
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that OSM-enriched SEV could be modulating fibroblasts activation in vitro.
Importantly, OSM content on SEV generated should be also measured in the future
in order to be able to compare data obtained from rhOSM-treated NHCF-V and data
obtained with OSM-enriched SEV, since it is unknown the amount of OSM that it
has been added with the SEV samples in the performed experiments at this point.
The specific knowledge of the OSM amount loaded on each SEV isolate would also
help in order to decide which would be the most efficient OSM conformation for
further experiments. Consequently, further experimental validation would be
necessary in order to elucidate if one construct is better than the other in terms of
loading efficiency and functionality.

In spite of the encouraging results obtained when NHCF-V under stressing
conditions were treated with matureOSM-CD81-SEV and mutantOSM-CD81-SEV,
only preliminary results are showed in this work. Further studies will be needed in
order to evaluate the effect of engineered SEV on NHCF-V activation on OSM-target
genes expression (e.g.: CKCL12, CXCL1, CXCL2 and CXCL5) and additional ECM
proteins related to fibrotic process levels and location patterns, such as a-SMA,
Collagen lll or fibronectin®32, In addition to the study of matureOSM-CD81-SEV and
mutantOSM-CD81-SEV impact on cardiac fibroblasts, it would be also important to
include additional experiments using other relevant cellular models, such as
HMVEC-C and macrophages. Empoweringly, Wijelath ES at al. and Vasse M. and
collaborators demonstrated a stronger role of OSM favouring HMVEC-C
proliferation, chemotaxis and tube formation compared to classical angiogenic
factors, such as VEGF and FGF-23%% 362 Additional studies have shown that
infiltrating neutrophils and macrophages can trigger a positive feedback loop in
which secreted OSM could play a role in myocardial healing 33847,

Furthermore, we also consider that OSM-enriched SEV functional effect validation
in a transverse aortic constriction or I/R-induced injury in vivo models would be
necessary in order to elucidate if OSM loaded in SEV from iMSC could modulate
cardiac pathological remodelling after cardiac insult and, if so, evaluate if
differences on fibroblasts activation, tube formation, cardiomyocytes apoptosis
and immune response modulation between ctrl SEV, matureOSM-CD81-SEV and
mutantOSM-CD81-SEV are found.

In this section, we have been able to efficiently load OSM on SEV surface through
its fusion with different anchoring proteins, and test its functional effect using a
single dose of OSM-loaded SEV. Previous studies have shown that OSM could have
detrimental effects after sustained exposure in other tissues. As an example, a
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study carried out by Hasegawa M and collaborators showed that OSM is
overexpressed in peripheral blood mononuclear cells from patients with systemic
sclerosis, an inflammatory disease in which pulmonary fibrosis is a dangerous side
effect’®, Additionally, other study pointed that OSM expression could protect rats
from hepatic fibrosis, but sustained delivery of the cytokine intravenously led to
liver fibrosis®®. This increasing scientific evidence point to the fact that punctual
and local administration of OSM into injured tissue could trigger beneficial effects
counteracting fibrosis, but it could have the opposite effect if it is continuous
delivered. Consequently, engineered SEV locally administration during acute
ischemic cardiac insult is proposed in this work. Using this approach, we expect to
enhance SEV native therapeutic potential in AMI context and to avoid further side
effects. Nevertheless, SEV tracking experiments in order to see OSM delivery in in
vivo models should be also performed in order to know which cells uptake OSM
present into SEV, and if those SEV are retained in the cardiac tissue or if they can
reach other organs even when administered locally.

Importantly, our data suggested a functional role of OSM loaded into SEV surface
after native sequence modification compared with ctrl SEV. Furthermore, OSM
loading into SEV surface would be able to trigger functional effects on target cells
and potentiate innate SEV therapeutic properties. In this case, we have focused on
the use of OSM-enriched SEV in CVD diseases. However, if future experimental data
confirm preliminary results obtained in this work, where OSM loaded in SEV could
be triggering an anti-fibrotic potential, the designed MSC-SEV in this work could be
used in additional disease models, such as lung or renal fibrosis. We believe that
this research project opens a high number of possibilities to test additional
potential proteins of interest with a possible cardioprotective effect, and make a
step forward to biological nanoparticles customizing in order to improve their
therapeutic potential in numerous research fields.
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6. Conclusions
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6. Conclusions

Regarding to the results obtained in Section A: PGA-diDHA-based nanoconjugates’
role in cardiomyocytes pre-conditioning during ischemia-reperfusion induced injury,
we conclude that:

Polymeric conjugation of diDHA to PGA increases diDHA stability and alows
further internalization in eukaryotic cells.

The use of an optimized conjugate, PGA-diDHAs4, displayed enhanced
cardioprotective activity in an I/R in vitro model in terms of reduced
apoptosis, ROS generation and mitochondrial function maintenance in
NRVM.

Locally administration of PGA-diDHAs 4 nanoconjugate before reperfusion
reduced myocardial area at risk in rat and swine I/R in vivo models.

Regarding to the results obtained in Section B: Oncostatin-M-enriched SEV isolated
from genetically modified MSC as potential anti-fibrotic agent, we conclude that:

OSM sequence modification is necessary in order to load the protein on
SEV surface. Otherwise, the use of CD81, lactadherin or TSPAN14 as
anchoring protein did not influence significantly the loading of OSM on SEV
surface.

The addition of OSM-enriched SEV isolated from engineered iMSC
supernatant to NHCF-V cultured under starving conditions resulted in a
reduced cell proliferation rate.

The addition of OSM-enriched SEV isolated from iMSC supernatant to
human ventricular cardiac fibroblasts after stimulation with TGFB-1, L-
ascorbic acid 2-phosphate and dextran sulphate modifies telo-Collal
protein secretion and location pattern, pointing towards a functional effect
of OSM-SEV in reducing human ventricular cardiac fibroblasts activation in
vitro.
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