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Resumo

Doenças cardiovasculares são a causa dominante de mortalidade mundial, sendo

que as terapias atualmente empregues não abordam os mecanismos fundamentais

de regeneração do tecido cardı́aco. Estratégias baseadas no transplante de células

não conseguiram ainda demonstrar resultados clinicamente significativos, apresen-

tando nı́veis de eficácia modestos e inconsistentes. Estudos recentes sugerem que os

efeitos terapêuticos das células transplantadas são mediados pelos seus fatores sec-

retados e que as vesı́culas extracelulares (EVs) desempenham um papel importante

na estimulação da reparação cardı́aca endógena.

Neste trabalho, EVs de células estaminais pluripotentes induzidas humanas (hiP-

SCs) e seus derivados cardı́acos foram isoladas do respetivo meio de cultura por

centrifugação diferencial e ultracentrifugação em gradiente de densidade. A caracterização

das partı́culas confirmou uma adequada recuperação e purificação de EVs. Ensaios

de bioatividade in vitro e análise do conteúdo de microRNA foram utilizados para

avaliar as propriedades angiogénicas das amostras de EVs.

As EVs derivadas de hiPSCs (hiPSC-EVs) demonstraram uma indução mais signi-

ficativa de capacidade migratória em comparação com os restantes grupos cardı́acos,

assim como a estimulação da formação de estruturas capilares quando utilizadas

como tratamento em células endoteliais, sugerindo assim um papel para estas EVs

na promoção de angiogénese no coração. A análise dos perfis de expressão de mi-

croRNA indicou especificidade no conteúdo das EVs, apoiada pelo enriquecimento

dos grupos de EVs de derivados cardı́acos em microRNAs envolvidos no desenvolvi-

mento do músculo cardı́aco. Adicionalmente, hiPSC-EVs exibiram uma forte sinalização

celular de vias relacionadas com pro-sobrevivência e pro-angiogénese. Estudos adi-

cionais serão fundamentais para compreender e validar a bioatividade das EVs cardı́acas

e desvendar o papel cardioprotetor de hiPSC-EVs.

Palavras-chave: vesı́culas extracelulares, células estaminais pluripotentes in-

duzidas humanas, diferenciação cardı́aca, angiogénese, medicina regenerativa car-

diovascular
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Abstract

Cardiovascular disease is the dominant cause of morbidity and mortality worldwide,

with current therapies still failing to address the fundamental mechanisms of cardiac

tissue regeneration. Cell transplantation strategies have failed to demonstrate clinically

meaningful results, showing inconsistent and modest efficacy. Mounting evidence sug-

gests that the therapeutic effects of transplanted cells are mediated by secreted factors

and that extracellular vesicles (EVs) play a major role in the stimulation of endogenous

cardiac repair.

In this work, EVs from human induced pluripotent stem cells (hiPSCs) and hiPSC-

derived cardiac cell populations were isolated from conditioned culture medium by

differential centrifugation and density gradient ultracentrifugation. Particle character-

ization confirmed the successful recovery and purification of EVs. In vitro bioactivity

assays were used to assess wound healing and angiogenic properties of EV samples.

hiPSC-EVs demonstrated more significant wound healing capacity than cardiac-

derived groups, and the ability to stimulate the formation of capillary-like structures

when used as treatment in endothelial cells, suggesting a role in the promotion of an-

giogenesis in the heart. MicroRNA expression profiles obtained by RNA-seq indicated

specificity of EV cargo, substantiated by the enrichment of cardiac-derived EVs in mi-

croRNAs involved in cardiac muscle development. Furthermore, hiPSC-EVs displayed

increased targeting of pro-survival and angiogenesis-related pathways. Additional work

will be paramount to validate and enhance the bioactivity of cardiac EVs and to further

unveil the role of hiPSC-EVs in cardioprotection.

Keywords: extracellular vesicles, human induced pluripotent stem cells, car-

diomyocyte differentiation, angiogenesis, cardiac regenerative medicine
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Chapter 1

Introduction

1.1 Cardiovascular Disease and Therapeutic Strategies

The global burden of cardiovascular disease (CVD) is a daunting and pressing issue.

CVD covers a range of diseases related with the circulatory system, including coronary

heart disease, stroke, heart failure, arrhythmias, congenital diseases, among other

conditions. CVD has been the number one cause of mortality worldwide for several

decades [1], and is one of the leading causes of total years of life lost [2]. Current ther-

apeutic strategies consist in management of symptoms through a lifetime of medication

or surgical intervention. For patients with an irreversibly damaged heart, the remaining

option is heart transplantation, contingent on the scarce availability of organ donation

[3] and possible postoperative complications [4]. The search for alternative therapeutic

modalities is deemed urgent and extensive work has been developed in this research

field, including the employment of Regenerative Medicine approaches.

The human heart holds many particular traits, one of them being its limited regen-

erative capacity. The growth of the human heart during prenatal development results

from an increase in cardiomyocyte (CM) number, mediated by the differentiation of pro-

genitor cells and proliferation of immature cardiomyocytes [5]. However, once past the

perinatal period, the main mechanism responsible for heart growth in healthy individu-

als is the increase in cardiomyocyte size rather than number [6], with a 3-fold increase

in cell diameter from infancy to adulthood. Although the heart is not an entirely post-

mitotic organ and cardiomyocyte renewal does occur, the turnover of cardiac muscle

cells is thought to be of around 1% in adults [7]. Such flat renewal rate is insufficient

to counteract the damage caused by cardiac injury. It is estimated that around 1 bil-
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lion cardiomyocytes are lost following myocardial infarction [8], making it completely

inconceivable to recover heart function after such event.

Different strategies have been studied to rehabilitate injured tissue and restore car-

diac function, centered around the regeneration of endogenous cardiomyocytes along

with the repair through exogenous cell sources.

1.1.1 Cell-based therapies and tissue engineering: a quest for clinical signifi-

cance

The first suggestion of cell transplantation as a way to regenerate injured hearts emerged

from the findings that transplanted cardiomyocytes could merge with the hearts of

healthy mice to form coherent tissue. These pioneering studies were conducted by

Loren Field and his team using fetal cardiomyocyte grafts [9]. Once this approach was

brought to light, it was a question of finding the ideal cell type for transplantation. Con-

ceptually, the optimal cells should present a set of key characteristics that make them

the most fitting type of cell for this purpose: they should be safe for clinical use, includ-

ing a secure minimally-invasive cell delivery, without any possibility of immunological

rejection or harmful adverse effects for the patients; they should bring a clear benefit to

the patient and enhancement of cardiac function, through a smooth integration into the

native heart; they should fill basic requirements in terms of source availability, ethical

principles and appropriate conduct in the manipulation of the cells [10].

The launch of cell-based therapy

The initial attempts used skeletal myoblasts (SKMs), derived from skeletal muscle

progenitor cells, as substitutes for cardiomyocytes. SKMs possess many interesting

features, such as a contractile phenotype and proliferative response upon tissue dam-

age, while also presenting autologous availability. Furthermore, experimental animal

studies showed promising results towards their potential clinical application [11, 12].

However, a randomized, placebo-controlled, double-blind Phase II trial to assess My-

oblast Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) reported no signifi-

cant improvement in heart function, along with occurrence of arrhythmic events [13].

These outcomes strongly diverted the attention from SKM-based therapy, nonetheless

paving way for new approaches.

Alongside the experiments using SKMs, other cell types of noncardiac origin have

been tested for transplantation, notably bone marrow mononuclear cells (BMMNCs)
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and mesenchymal stem/stromal cells (MSCs). Both therapies have been deemed fea-

sible and safe [14, 15], although more encouraging and predominantly positive results

have been reported for bone marrow- and adipose tissue-derived autologous MSCs

[16, 17]. More recently, peripheral blood mononuclear cells (PBMCs) [18] and en-

dothelial progenitor cells (EPCs) from bone marrow and peripheral blood origin [19]

have also been considered as a possible source of cells for transplantation.

Heart-derived cells

Once it was established that cardiomyocyte turnover occurs in the heart, the concept

of enhanced endogenous renewal as a way of reconstituting cardiac tissue was brought

to attention. Cardiac stem cells (CSCs) can be distinguished and isolated through

characteristic surface markers such as Sca-1 and c-kit, or can be cultured as explants

and give rise to cardiospheres (CSs) and cardiosphere-derived cells (CDCs). These

three cell types have been studied as potential candidates after showing encouraging

results in pre-clinical studies [20–23] and have been taken into clinical trials [24, 25],

albeit with modest results .

Pluripotent stem cells

In addition to the aforementioned cell types of cardiac and non-cardiac origin, stem

cells have also been investigated as potential sources for cell transplantation in the

heart. Stem cells are a category of cells that exist in all multicellular organisms,

with unique proliferation, self-renewal and differentiation properties. For the past two

decades, their potential has been continuously explored and unveiled, with an ever-

increasing amount of funding and publication count dedicated to this subject [26, 27].

In particular, pluripotent stem cells can generate cells of all three germ layers formed

in early embryonic development (ectoderm, mesoderm and endoderm), essentially all

cells except those of extra-embryonic tissues [28].

The first-time isolation of human embryonic stem cells (hESCs) in 1998 [29] would

start an era of Regenerative Medicine and Tissue Engineering as conceivable thera-

peutic approaches for clinical practice. However, hESC pluripotency was soon consid-

ered a deceptive advantage, with promising potential but also an associated risk for

use in medical applications. Indeed, in vivo transplantation of undifferentiated ESCs

may lead to tumor-like formations [30, 31] and faulty control of differentiation into the

desired tissue [32]. Amidst this debate, there was a continuous search for the under-

lying mechanisms of pluripotency in hESCs, and in 2007, Shinya Yamanaka and his
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team discovered a way to obtain embryonic-like human stem cells without requiring

an embryo, by reprogramming adult cells into a state of pluripotency [33]. This can

be achieved through the ectopic expression of key transcription factors Oct3/4, Sox2,

Klf4 and c-Myc in somatic cells, usually fibroblasts, blood cells, keratinocytes or urine

derived-epithelial cells [34]. The discovery of human induced pluripotent stem cells

(hiPSCs) held a tremendous promise to the cell-therapy industry, in the sense that it

still allowed the manipulation of pluripotent stem cells without facing ethical issues, fur-

thermore avoiding problems of immune rejection in the case of transplantation, seeing

that hiPSCs can be derived from the patients themselves. Nonetheless, hiPSCs still

faced the same issue of teratogenic potential [35].

Conceptually, both hESCs and hiPSCs can be converted into any type of cell, by

manipulating their differentiation along the desired pathways. The differentiation pro-

cess is carried out in calculated steps following signal transduction pathways of interest,

defined by specific agonist/antagonists. This process of in vitro differentiation of SCs

simulates orderly and defined phases of embryonic development. To obtain cardiomy-

ocytes from the starting point of a hiPSC, it is necessary to guide the differentiation

process into the mesodermal lineage. The main regulators of early-stage cardiogen-

esis are growth factors belonging to the nodal signalling/bone morphogenetic protein

(BMP), wingless/INT protein (WNT) and fibroblast growth factor (FGF) families [36],

therefore controlled expression of key growth factors is used in specific temporal con-

texts to induce mesoderm differentiation.

The differentiation of hiPSCs to CMs can be executed in 2D monolayers or 3D

spheroid culture systems. Both present advantages and disadvantages, although cell

aggregates can be cultured in suspension using large dynamic bioreactors, easing its

scalability to an industrial level and facilitating future clinical applications [36]. Addition-

ally, it is intuitively understood that aggregate-based methods more closely resemble

the heart environment, which translates into an enhanced maturation of CMs [37]. This

is an important point in favor of 3D culture systems, seeing that lack of CM maturation

has been a major issue of in vitro development of cardiac tissue since its first reports.

Multiple efforts to induce cardiac maturation have been made, although researchers

are still to find a method that achieves full cardiac maturation, defined by an adult-like

phenotype of cells at all molecular, structural and functional levels.

The panorama of stem cell applications is vast and expanding, including uses in
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disease modelling and drug screening, as depicted in Figure 1.1. Upon their estab-

lishment within the scientific community, the potential of employing cardiac-committed

cells derived from ESCs and iPSCs in cell-based therapy emerged. Both approaches

have been widely explored in pre-clinical studies using animal models [38, 39] and, in

the case of hESCs, in clinical trials [40, 41], though still requiring further analysis to

validate real benefits. Cardiac therapy using hiPSCs is also making its way into the

clinical trial domain, with an ongoing study from Yoshiki Sawa’s group working on the

transplantation of patient-specific hiPSC-derived cardiac muscle cells on degradable

sheets [42].

Patient - specific
hiPSCs

Channelopathies

Cardiomyopathies

Cardiometabolic disorders Genotype

Functional and transcriptional
characterization

Drug screening and cardiotoxicity

Disease modelling

Molecular mechanisms
of disease

Phenotype

dose

response

Figure 1.1: Applications of hiPSC technology in disease modelling and drug screening. Somatic

cells from diseased patients can be reprogrammed into hiPSCs and used to create in vitro models of

cardiovascular diseases for studies of their molecular mechanisms. These can also be used in high-

throughput compound screening for cardiotoxicity studies, avoiding the need to use unethical animal

experiments, and for the discovery of new drugs.

Shortfall in clinical translation

The question to pose now is why is cell therapy still not the norm in medical prac-

tice. Unfortunately, in spite of the numerous attempts of bringing cell therapy to clinical

application through transplantation of the previously described types of cells, a number

of issues have stood in the way of achieving this scientific goal (Figure 1.2). The first

concern to be weighed in is the cardiogenic potential of the cells in use, which has

been a cause of controversy in some cases, such as bone marrow-derived cells [10].

Another primary consideration is the safety of the patients, which once again has been
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questioned in several experiments, including the risks of tumor formation, arrhythmias

and violent immune reactions.

Skeletal
muscle

Bone
marrow

Umbilical
cord

Cardiac
tissue

Blastocyst

Somatic
cells

SKMs

MSCs

BMMNCs

EPCs

CSCs

CDCs

PSCs

Barriers

Low retention

Tumorigenicity Immunogenicity

Off-target effects

Strategies

Pre-conditioning

Injectable systems Cardiac patches

Gene enhancement

Injured heart

Cell-based Therapy 
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Figure 1.2: Cell-based therapies for heart failure, barriers for clinical translation and possible

solutions. Isolation, expansion and transplantation of cells from various biological sources as a means

to restore cardiac function, by regenerating damaged tissue and activating endogenous mechanisms of

cardiac repair. Many hurdles remain in the way of clinical application of such strategies, such as low

retention and tumorigenicity. Issues of poor cell engraftment and retention in the heart can be tackled

by the use of engineered delivery systems. Cell pre-conditioning works to boost reparative signals and

enhance therapeutic effects. Such cues are mediated directly by the transplanted cells and equally

by their secretome. The paracrine potential of cells can be explored to advance on cell-free therapy

approaches.
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Still, a substantial number of studies and trials have succeeded in dealing with these

two fundamental issues. However, they have come to face other problems associated

with the overall efficiency of the treatment. There are several factors to be consid-

ered when overlooking the root of this question, the first being the administration route

and subsequent biodistribution within the myocardium, which play a crucial role in the

experimental outcome. The most commonly practiced methods are intramyocardial in-

jection, intracoronary delivery and intravenous infusion, although the latter has shown

significant off-target homing of the cells and thus is not ideal [43]. Secondly, cell re-

tention and long-term survival of cells are major issues in cell therapy when employing

injectable delivery systems, given the hostile ischemic conditions of the injured heart.

Survival rates as low as 2% [44] fall short of expectations and are unsatisfactory for

any hope of clinical significance. Lastly, appropriate maturation and integration of the

cells into the myocardial tissue and successful cell engraftment are serious concerns

for researchers.

A number of strategies have been developed to tackle many of these problems and

improve the efficacy of cell-based therapy. One of the most common approaches fo-

cuses on enhancing the therapeutic potential of the cells with some form of treatment

previous to transplantation. Multiple variants of pre-conditioning can be employed, aim-

ing to boost homing and engraftment capacities of cells, making use of small molecules

and growth factors to promote these functions [45, 46]. Similarly, pretreatments can

also be applied to the host heart tissue in order to optimize cardiac repair. Another

successful approach is the use of Tissue Engineering to improve the delivery of the

cells to the target tissue, while helping to recapitulate the characteristics and environ-

ment of the human heart. Biomaterials can be used to support the transplanted cells

and guarantee their proper integration. Injectable vector-like systems have shown to

improve attachment, retention, survival and maturation of cells in pre-clinical studies.

Furthermore, such biomaterials, of both natural [40, 47] and synthetic [48] origin, can

also be used as a platform for delivery of certain factors with ability to trigger bioactive

signals and cues to promote therapeutic action. Ultimately, these Tissue Engineering

strategies ensure the establishment of a more physiological and favorable environment

for the transplanted cells and play a contributing role in overcoming some of the hurdles

blocking the way of the clinical application of cell therapy.

One final consideration to be mindful of is the importance of instituting good man-
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ufacturing practices (GMP) in the production process of the elements that comprise

cell-based therapies, so that its commercialization can become a reality [49]. When

it comes to the use of stem cells in clinical applications, regulatory agencies have im-

posed rigorous standards to ensure the quality and safety of all approved medicinal

products, such that previous definition of clinical specifications, product requirements

and cost structure are well advised, along with the implications of scalability and repro-

ducibility of the product [50]. All of these factors contribute to the prosperous imple-

mentation and commercialization of a cell-based therapy.

1.1.2 The promise of cell-free therapy

In the face of the limited and mostly moderate benefits observed in cell-based attempts

at regenerating the heart, noticeable evidence hinted at the contribution of paracrine

effects to the positive experimental outcomes [51]. These observations sparked a new

interest in the secretome of cells and its possible impact in tissue repair and recovery

from injury. This proposition, designated ”the paracrine hypothesis”, expresses the

favorable effect of certain factors, such as cytokines and growth factors (GFs), and

more recently, microRNAs (miRNAs) and extracellular vesicles (EVs), which can match

the level of direct action from the transplanted cells [52].

The paracrine potential of cytokines and growth factors has been deeply studied

in preclinical work on animal models, with encouraging results [53–55]. The use of

growth factors in cardiac repair has also been tested in clinical trials [56, 57], although

studies employing these proteins as single factors in therapy revealed very modest

to no significant improvement. However, these outcomes may be closely related to a

non-optimized duration of GF expression and mistargeting of intended cells. These

issues can be tackled with Tissue Engineering strategies in order to facilitate systemic

delivery of the GFs [58], as well as Genetic Engineering approaches to overexpress

these factors and extend their limited half-life [59].

MicroRNAs have shown potential as therapeutic targets for cell-free therapy due to

their regulatory role in paracrine activity [60]. These small RNAs can be manipulated

either by downregulation through their inhibition or upregulation through the delivery of

miRNA mimics. Studies focusing on the miR-15 family have revealed promising results

[61].

Extracellular vesicles have been increasingly drawing the attention of researchers
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due to their extensive therapeutic potential. As the focus of this work, EVs will be

deeply explored and discussed further along. These vesicles are abundantly secreted

from many of the aforementioned cell types adopted for cell therapy, and play a critical

role in the regulation of regenerative processes in wounded tissues by mediating cell-

cell communication. Numerous pre-clinical studies and, more recently, clinical trials

have indicated the involvement and importance of EVs in biological events, although

this research field still requires thorough investigation and extensive groundwork to fully

validate its applicability.

1.2 Extracellular Vesicles

The intricate processes of cellular communication are essential for survival, and their

mediating agents are the orchestrators of cellular coordination and regulation in all

organisms. The secretion of membrane vesicles is an evolutionarily conserved bio-

logical phenomenon observed in organisms of all three phylogenetic domains of life,

archae, bacteria and eukarya [62]. Extracellular vesicles (EVs) are nanosized particles

delimited by a lipid bilayer and without a functional nucleus that transport a cargo of

biomolecules between cells, acting as facilitators in intercellular communication.

The first evidence of the existence of these vesicles was found in 1946 in human

platelet-derived microparticles with procoagulant activity, obtained from high-speed

centrifugation of blood plasma [63]. However, at this time researchers were still un-

aware of the significance and potential of their breakthroughs. The true discovery

of EVs was initiated by Christian de Duve, who acknowledged the existence of the

lysosome and fueled the research interest on endocytosis and membrane trafficking.

Among these studies were two papers released simultaneously in 1983, focused on the

pathways of receptor-mediated endocytosis [64, 65] - more specifically, the transferrin

receptor recycling pathway during the maturation of reticulocytes. By monitoring retic-

ulocyte transferrin receptor turnover with colloidal gold-conjugated transferrin (AuTf),

Harding found that the gold particles were internalized by receptors but were not found

within lysosomes. Instead, they were mainly found within small vesicles inside multi-

vesicular bodies (MVBs), which then seemed to fuse with the plasma membrane and

release the AuTf-labeled vesicles to the outside of the cell [65]. These unfamiliar vesi-

cles are now known to be EVs, and these pioneering studies uncovered a new mecha-

nism of exocytosis that would give way to the complex research field of EVs. EVs were
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initially seen as ”garbage cans”, and their excretion was thought to be a mechanism of

eliminating unwanted material, as an alternative to degradation [66]. This belief was

broken by the findings of Graça Raposo and her team in 1996 [67], showing a much

deeper functionality for EVs when they demonstrated that exosomes secreted from

MVBs of B lymphoblastoid cells can activate T cell responses, suggesting that EVs are

involved in antigen presentation.

Since then, this new research field has bloomed with an exponential number of

dedicated publications and an ever-increasing interest from researchers worldwide,

especially given the recent focus and enthusiasm for the secretome.

1.2.1 Biogenesis, cargo and uptake of EVs

The vast domain of extracellular vesicles encompasses a number of subpopulations.

There are three main subtypes of EVs - exosomes, microvesicles/ectosomes and

apoptotic bodies. They are distinguished essentially by their size and morphology,

intracellular origin and cargo composition. However, due to overlapping of many in-

trinsic characteristics and absence of clear subtypic markers, these subtypes are still

poorly characterized and discriminated [68]. Furthermore, there is still some confu-

sion regarding EV nomenclature, given the initial mention of ”exosomes” as referring

to the ensemble of vesicles found in pioneering studies. This terminology is inaccu-

rate, seeing that exosomes and ectosomes are hardly distinguishable through isolation

procedures, justifying the designation of EVs as a combination of vesicle subtypes [69].

Biogenesis

One of the main differences between each EV subtype is their intracellular origin

(Figure 1.3). Exosomes derive from an internal compartmentalization process within

the cell, whereas microvesicles stem from the plasma membrane, and apoptotic bod-

ies, as the name suggests, are an end result of apoptosis. These processes will be

further reviewed throughout this section, with particular emphasis on exosomes and

microvesicles due to their potential use in therapeutic applications.

Exosomes Exosomes range between 50 and 150 nanometers in size, and are en-

riched in Alix, TSG101 and tetraspanin (CD63, CD81, CD9) proteins [70]. Their bio-

genesis stems from endosomal compartments [64].
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Figure 1.3: Biogenesis and overall composition of extracellular vesicles. EV subtypes are de-

fined according to their distinct cellular origins, either from intraluminal vesicles formed within endoso-

mal compartments, direct budding of the plasma membrane or the process of apoptotic cell disassem-

bly. EV cargo contains numerous molecules, including proteins, lipids and nucleic acids, which varies

greatly with vesicle subtype, cell source and intended target. Exosomes and microvesicles show a set

of subtype-specific molecules, some of which are used as markers for isolation, but still share a number

of common features within their composition, including important tetraspanins and lipids that compose

their membrane. Adapted from [72].

The endosomal pathway involves the complex and dynamic cellular processes met

by various active membrane compartments, involved in the internalization of molecules
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and extracellular components and their degradation and/or recycling to the plasma

membrane. The route of endocytosis follows the maturation of early endosomes into

late endosomes, through which inward budding of the endosomal membrane creates

intraluminal vesicles (ILVs) inside of the endosome lumen. These structures are named

multivesicular bodies (MVBs) [71]. During this process, cytosolic proteins, lipids and

RNAs are sorted to the endosomal membrane, and then engulfed by the ILVs. The

MVBs embrace one of two fates: the degradative pathway, which is the primary destina-

tion for MVBs, by fusing with the lysosomes for degradation; or the secretory pathway,

joining with the plasma membrane and releasing the exosomes. There is evidence that

MVB subpopulations within both pathways exist concurrently in cells, given that mark-

ers of both early and late endosomes can be found in different MVBs with exocytic fate

[72].

The mechanisms that rule IVL formation are closely related to the process of cargo

recruitment to the MVB membrane [73], and can be dependent or independent on the

endosomal sorting complex required for transport (ESCRT). The ESCRT machinery,

composed of four protein complexes, was the first to give insights into the process of ILV

formation. ESCRT-0 clusters the ubiquitinated transmembrane proteins on the endo-

somal delimiting membrane, ESCRT-I and -II facilitate membrane budding and recruit

ESCRT-III, responsible for the fission that creates the IVLs [74]. ESCRT-independent

mechanisms for IVL formation in MVBs also take place, suggested by the findings that

MVB formation also occurs when proteins of all four ESCRT complexes are inacti-

vated [75]. One of these mechanisms is the hydrolysis of sphingomyelin to ceramide

by the neutral type II sphingomyelinase enzyme [76], which allows ceramide to gener-

ate microdomains with a negative curvature in the MVB membrane. Another ESCRT-

independent mechanism involves the participation of CD63 and other tetraspanins in

the formation of microdomains, by creating structures with other proteins on the endo-

somal membrane [77].

Overall, exosome biogenesis is a complex and still not entirely understood sub-

ject, given that its mechanisms are influenced by a number of factors such as cargo

composition, external signals, physiological conditions or even cell type and stage of

maturation. Further studies are needed to understand the interconnection of all these

factors.

Microvesicles Microvesicles or ectosomes are larger in size when compared to exo-
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somes, ranging between 100 nm and 1000 nm. The processes that drive their biogen-

esis are broadly different from the ones seen for exosomes. Microvesicles derive from

an outward budding of the plasma membrane and subsequent shedding of the vesi-

cles, as the interaction between the cytoskeletal proteins and the plasma membrane

is gradually lost [78]. The budding of the membrane is induced by the generation of

subdomains with altered lipid and protein composition, controlled by the levels of in-

tracellular Ca2+. Calcium-dependent activity of enzymes such as proteolytic enzyme

calpain, which promotes the dismantling of the cytoskeleton, and phospolipid trans-

porters flippase, floppase and scramblase, that induce changes in the lipid bilayer,

leads to a reorganization of the membrane that promotes protrusion and microvesicle

release [79].

The molecular composition of microvesicles is still not consensual and largely un-

known. It is also dependent on the cell type to a great extent. Some suggested ectoso-

mal enriched proteins are matrix metalloproteinases (MMPs), integrins, selectins and

glycoproteins GPIb and GPIIb/IIIa [80].

Apoptotic bodies Apoptosis is the process of programmed cell death and the pri-

mary destruction mechanism for both normal and cancerous cells. Apoptotic cell death

follows a cascade of complex biochemical processes, initiated by caspase-mediated

apoptosis induction [81]. Once triggered, these molecular pathways unfold, resulting

in membrane blebbing and transfer of the cellular content and organelles of the frag-

mented cell into membrane-bound vesicles. Because of their specific nature, these

vesicles are named apoptotic bodies, and are usually between 500 nm and 5 µm in

size, allowing their separation from exosomes and microvesicles.

To some extent, apoptotic bodies are secondary research subjects comparing to

other EV subtypes with more prominent biological activities. However, they are con-

sidered more than mere debris of cellular destruction, and their potential value is still

under study.

Taken together the distinction of EV subtypes and different biogenesis mechanisms

described in this section, it is important to consider the substantial heterogeneity within

each category, not only regarding origin but many other aspects. The lack of general

agreement also extends to nomenclature, with a number of EV subpopulations being

described by different research groups, each to his own designation. The scarcity of
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scientific consent within this field is a major issue and one of the main priorities cur-

rently being tackled by leading organizations of EV research [82], given its consistent

presence throughout the numerous topics covered by EV research. As was previously

mentioned, ”exosome” is still wrongly used as a generic title for EVs, as is ”microvesi-

cle”. Another greatly debated case in point is the term ”oncosome”, which has been

discordantly used in various articles [83]. It is evident that restricting the description

of EV biogenesis to three defined subtypes is insufficient to cover all mechanisms en-

gaged in the origin of extracellular vesicles. Given the scope of this work, such mech-

anisms are only briefly described, with extensive descriptions available in dedicated

literature reviews [84].

Cargo

Just as the biogenesis and loading mechanisms of EVs change according to the

physiological conditions and stimuli experienced by the cell, so does the composition

of its cargo. EVs carry an assortment of proteins, lipids and nucleic acids, depicted in

Figure 1.3, that vary from cell to cell and vesicle to vesicle. Extensive research has

been conducted to isolate, purify and analyse EV contents, in attempts to understand

its intended function and also to find suitable and consistent markers for each EV sub-

type.

Proteins The evolution of proteomic analysis tools from lowthroughput immuno-based

techniques to highthroughput proteome-scale approaches has led the way for ad-

vances in the non-biased detection and identification of the protein content of EVs.

Still, given the proteomic variability between different-sized vesicles and cell types, as

well as unevenness in isolation procedures, the inferences made in this domain are not

fully conclusive [72].

Because of the specificity of vesicle formation mechanisms, many of the commonly

found proteins are those associated with the biogenesis process, generally proteins

from the endosomal pathway (in relation to exosomes), plasma membrane and cy-

tosol, rather than those from the endoplasmic reticulum, Golgi complex and nucleus.

Thus, the proteomic profiles described for exosomes are partly distinct from the ones

found for microvesicles, hinting at the separate systems involved in their formation pro-

cess [70]. For exosomes, some familiar proteins include tetraspanins (CD63, CD81,

CD9), proteins involved in the ESCRT machinery (Alix, TSG101), proteins of ESCRT-
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independent pathways of vesicle formation (RAB GTPases, Flotillins) and other pro-

teins with various functions, such as transmembrane, signal transduction, adhesion

and lipid raft-associated molecules [85]. Proteins with cell-specific functions are also

found in EVs, such as antigen presentation MHC-I/MHC-II molecules.

Lipids The lipid content of EVs plays a crucial role in numerous processes, not only

providing stability for the accommodated cargo, but also acting in biogenesis, release,

uptake and several biological functions of the vesicles. The lipid composition of EV

membranes presents a number of similarities to the plasma membrane of cells, and

additionally shares some of these characteristics with the donor cell.

Some lipids found in EVs include sphingomyelin, phosphatidylserine and choles-

terol, particularly enriched in exosomes [86], and also phosphatidylethanolamine, ce-

ramide and gangliosides. Phosphatidylcholine is also found in EVs, albeit in lower

ratios when compared to the cells of origin [87]. The lipid composition of microvesi-

cles varies from exosomes, more closely resembling that of the plasma membrane of

cells and further hinting at the influence of biogenesis mechanisms on the selectivity

of cargo content. Additionally, exosomes present a higher lipid packing density when

compared to larger vesicles, suggesting the existence of lipid rafts in their membranes,

detergent-resistant subdomains rich in cholesterol and sphingolipids. This is supported

by the presence of these lipids and also lipid raft-associated proteins in EVs [88].

Nucleic Acids One of the most important breakthroughs in EV research was the

discovery of nucleic acids in exosomes. The findings of Ratajczak and colleagues in

2006 [89] and Lötvall in 2007 [90] showed that messenger RNA (mRNA) and microRNA

molecules entrapped within the vesicles were delivered to neighbouring cells, further

endorsing the idea of a functional role for EVs mediated by horizontal transfer of cargo.

Since these observations, many studies have focused on the genetic material of EVs.

EVs present a diverse frame of genetic material, including both DNA and RNA,

but are mostly enriched in small RNAs with less than 200 nucleotides. Multiple RNA

species have been identified in EVs, such as mRNA and miRNA, and also rRNA, tRNA,

long non-coding RNA, piwi-interacting RNA and small nucleolar RNA. Furthermore, be-

cause the RNA molecules are contained within the lipid bilayer membrane of EVs, they

are resistant to RNase digestion once released from the cell. This protective feature

has led many researchers to analyse the viability of exosomal miRNAs as biomarkers

for diagnosis [91]. Indeed, the genetic content of EVs has been shown to depend on

15



and reflect the physiological state of the cells it originated from, albeit with a fairly dif-

ferent transcriptomic profile [92].

Uptake

Once released into the extracellular space, EVs move towards adjacent or distant

cells and transfer their cargo to trigger functional responses and physiological changes,

mediating intercellular communication. During this process, vesicles are internalized

by recipient cells. Currently, it is believed that EV uptake is an active energy-dependent

process that can occur in two ways, by endocytosis or fusion with the plasma mem-

brane of the cell [93, 94], although a growing body of evidence suggests endocytosis as

the main mechanism of vesicle internalization [95]. There are different types of endo-

cytic pathways, namely clathrin-mediated endocytosis (CME) and caveolin-dependent

endocytosis (CDE), macropinocytosis, phagocytosis and lipid raft-mediated endocyto-

sis (Figure 1.4).

CME is activated through ligand binding to transmembrane receptors on the cell

surface, that set in motion the progressive recruitment of clathrin triskelions and adap-

tor proteins to the inner surface of the membrane. These protein complexes gradually

flex the membrane inwards creating invaginations, and eventually form clathrin-coated

pits, that are excised at the neck by conformational changes in GTPase Dynamin 2

[96]. The endocytic vesicle is then uncoated and fuses with the endosome, where its

contents are released. CME is thought to be involved in EV uptake, supported by stud-

ies that show reduced vesicle internalization upon the use of CME inhibitors, such as

chlorpromazine [97] and dynasore [98].

CDE is a clathrin-independent mechanism that is also believed to be implicated in

EV uptake. As the name suggests, it is mediated by caveolae, small caves or invagi-

nations in the plasma membrane characterized sub-domains of glycolipid rafts rich in

cholesterol, sphingolipids and caveolins. Caveolins contain oligomerization domains

that allow them to oligomerize and create caveolin-rich raft-like microdomains. When

these scaffolding domains attach to the plasma membrane and levels of cholesterol

increase, caveolar invaginations expand and form endocytic vesicles [99]. Similarly to

CME, Dynamin 2 mediates the parting of the vesicle from the plasma membrane. Still,

CDE is not as extensively studied and some of its underlying mechanisms are not yet

fully understood. Particularly, caveolin-1 is thought to be an important protein for this
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endocytic process, seeing that it is necessary for caveolae formation [100], and that

CAV1 knockdown leads to reduced EV uptake [101]. However, studies showing that

knockdown of caveolin-1 increased the uptake of glioblastoma-derived EVs by mouse

embryonic fibroblasts reveal opposing observations [102], suggesting that caveolin-1

may not be required for this process.
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Figure 1.4: Uptake of extracellular vesicles by recipient cells. EVs circulate within the body until

reaching their target cells and binding to the cell surface. Adhesion of EVs to recipient cells is mediated

by exosomal surface proteins and cell membrane receptors. EVs can be internalized by membrane

fusion or through different endocytic routes, after which vesicle contents are delivered to the endosomal

pathway, and are then sent for lysosomal degradation or recycled to the plasma membrane. Adapted

from [77].

Macropinocytosis involves the actin-dependent formation of protrusions in the plasma

membrane, termed lamellipodia, that sample the extracellular environment. Activation

of GTPase Rac1 promotes actin polymerization and subsequent lamellipodia forma-

tion. These membrane ruffles bend to form pocket-like structures, engulfing the ex-

tracellular fluid and material. Once closed and pinched off the plasma membrane,

the macropinosome vesicles mature and eventually fuse with the lysosome. Studies

17



suggest macropinocytosis as a minor pathway in EV uptake [101], although some evi-

dence points to a rather cell-specific mechanism of internalization, as seen in microglia

[103]. Phagocytosis is a receptor-mediated mechanism, generally opsonins, that calls

for membrane invaginations. Contrarily to macropinocytosis, it involves direct contact

with the internalized particle and does not require the membrane to extend around

it. Phagocytosis is usually characteristic of specialized cell types, such as dendritic

cells, macrophages and other white blood cells. Despite being generally employed to

internalize larger particles, phagocytosis is thought to be involved in EV uptake [104].

Lipid rafts are also believed to mediate EV internalization, given their role in the up-

take of other particles. Moreover, these structures are rich in cholesterol molecules,

which largely contribute to clathrin-independent endocytic pathways. This proposition

has been further substantiated by studies showing reduced EV uptake following struc-

tural perturbation of the raft, through treatment with cholesterol-reducing agents [102].

The understanding of the mechanisms involved in vesicle uptake is critical to narrow

the bridge between fundamental studies and clinical translation, and ultimately use

EVs as therapeutic agents. The first step in this direction is to monitor EV internal-

ization. This can easily be achieved using fluorescent labelling of either the vesicle

membrane, with lipophilic dyes such as PKH26, or the internal EV content using flu-

orescent proteins. Importantly, some studies have used adequate controls to exclude

the possibility of wrongly detecting fluorescence signals from leaching of the dye, rather

than actual EV uptake [105], and also to guarantee that the vesicles were internalized

and not merely positioned on the cell surface. Recently, modern imaging techniques

have been brought into this field of research, allowing EV tracking in vivo (reviewed

elsewhere [106]).

Endocytic mechanisms for vesicle internalization have been greatly unravelled in

recent years, in spite of the multifold components still to uncover. Even so, many

of the key players have been identified and studied and we now know, as previously

mentioned, that multiple proteins and lipids are crucial for uptake. One question that

remains unanswered is the circumstances under which each pathway is pursued. Mul-

tiple factors play a role in this, namely the recipient cell and its physiological state,

which raises the question if the mechanisms for EV uptake present clear targeting and

tissue specificity. Given the vast heterogeneity of EVs and difficulty in isolating each

specific subtype, this issue remains difficult to tackle and reinforces the need for better
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defined markers. The use of pharmacological inhibitors may assist with this purpose,

although it is still unclear whether such compounds display full specificity to unique

endocytic pathways.

1.2.2 The physiological and pathological role of EVs in the heart

As we have seen, extracellular vesicles carry specific information that changes ac-

cording to the intrinsic and extrinsic conditions experienced by the cells of origin [107].

Their cargo is strongly modulated by the biological and functional state of the parent

cell. Cellular crosstalk mediated by EVs control a range of different physiological and

pathological events, such as immune responses, metabolic changes, inflammation,

infection and tumorigenesis. The mutable character of EV content and its reflection

on biological processes once released into the extracellular space has been intensely

studied in recent years, with compelling evidence of its physio- and pathological role in

countless in vitro experiments, and increasingly so in a number of in vivo studies.

Since the pioneering discovery of Graça Raposo and colleagues of EV-mediated

activation of T cell responses [67], a large focus has been directed towards the role of

EVs in immune regulation. Vesicles secreted from different cell types exert both acti-

vating and inhibiting effects on various immune cells [108]. Furthermore, concerning

tumorigenesis, EVs largely participate in cancer pathology, including cell proliferation,

migration and metastasis, and have been proposed as biomarkers for tumor develop-

ment [109].

The role of extracellular vesicles in cardiac physiology and pathology has emerged in

recent years, with extensive evidence alluding to the biological activity of EVs derived

from heart cells. The heart contains a variety of cells in addition to cardiomyocytes

(CMs), such as endothelial cells (ECs), fibroblasts (Fbs), smooth muscle cells (SMCs)

and cardiac progenitor cells (CPCs), which require an intricate balance of cell-cell com-

munication in response to physiological stimuli. To maintain this balance, proteins,

growth factors, RNAs and other molecules are exchanged in the form of vesicle secre-

tion, contrarily to outdated beliefs appointing cardiomyocytes as non-secretory cells.

Indeed, cardiomyocytes have been shown to secrete EVs [110] and to modulate their

cargo depending on a healthy or compromised state. Furthermore, EVs are capable of

exerting both cardioprotective and cardiopathogenic effects in distinct conditions.

Cardiac repair and rehabilitation following myocardial infarction (MI) requires a com-
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bination of restorative actions from cardiac cells. Cell-cell communication is crucial in

this process, seeing that it requires a substantial reorganization of the heart structure.

Fibrosis acts to maintain cardiac integrity, but can be detrimental when excessively

stimulated. Vesicle-mediated crosstalk between CMs and Fbs in injured hearts has

been evidenced by studying co-cultures of the two cell types [111], revealing the car-

dioprotective action of Fb-EVs through transfer of exosomal miR-423-3p [112]. How-

ever, EV-induced pro-fibrotic action can also lead to compromised cardiac function, due

to extreme cardiac hypertrophy and excessive fibroblast proliferation upon heart injury

[113].

Angiogenesis, the growth of the vascular network, is also essential for cardiac regen-

eration and healing [114]. Numerous studies suggest CPC-EVs as critical modulators

of this process, involved in the promotion of proliferation, migration and remodelling of

ECs in the heart. Importantly, CPC-EVs have shown pro-angiogenic activity in vitro

using human umbilical vein endothelial cells (HUVECs), and anti-apoptotic properties

when used as treatment in serum-deprived CMs [115]. Equally positive results have

been obtained in vivo. Furthermore, mesenchymal stem/stromal cells (MSCs) have

been found to secrete exosomes enriched in pro-angiogenic factors under ischemic

conditions, and to promote angiogenesis in vivo after MI [116].

Indeed, research efforts to uncover the role of EVs in the heart environment and its

therapeutical translation have leaned towards the use of primary CPCs and MSCs as

cell sources [115–118]. Still, the complex reparative mechanisms mediated by EV-

induced cell communication comprise many other cardiac cells, with an increasing

number of studies now focusing on cardiomyocytes. In animal models, CM-derived

exosomes were found to reduce cardiac fibrosis in diabetic mice hearts through the

delivery of exosomal miR-29b and miR-455 during physical exercise [119]. Oppos-

ingly, inhibition of angiogenic effects was detected upon exosomal transfer of miR-320

from diabetic rat CM-EVs to ECs, further affirming the dual action of EVs. Several

CM-derived exosomal microRNAs are involved in cardiac remodelling following stress

conditions, namely miR-30a released by hypoxic CM-EVs regulating autophagic re-

sponse [120].

Numerous of the above-mentioned studies have identified regulatory roles for an ex-

tensive collection of microRNAs, in both healthy and diseased cardiac environments,

delivered to cells via vesicular transport. Given this dynamic modulation of EV cargo,
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namely on a transcriptomic level, studies have also began to explore the use of exo-

somal miRNAs as biomarkers for cardiovascular disease. Research has shown that

protein and RNA content of EVs is not only reflective of the cell of origin, but also of

the cellular stress conditions experienced during heart failure [121, 122], further em-

phasizing the possible applications of these studies in cardiovascular diagnostics.

Altogether, these findings reinforce the heterogeneity of functions performed by EVs

within the heart environment, and further emphasize the impact of both resident phys-

iological conditions and extrinsic stressors on the subsequent paracrine responses.

1.2.3 Therapeutic potential and translation into clinical trials

Many research teams are now focusing on deepening our understanding of the exact

physiological functions of EVs. Although this is still largely undeciphered, the notion of

EVs as transport vehicles for biological messages is certainly well established. In this

regard, the experimental significance witnessed to date suggests their potential to act

as therapeutic agents against disease or as representative biomarkers.

Indeed, the shift from a cell-based to a cell-free approach and acceptance of EV-

based therapeutics as an attainable reality offers a number of advantages. EVs are

significantly more stable than cells, capable of enduring high speed centrifugation for

long time periods and multiple freeze-thaw cycles [123]. Regarding biocompatibility,

EVs do not induce obvious nor severe adverse effects. Moreover, recent studies have

shown that CPC-derived EVs are not only safe for intramyocardial delivery by not in-

ducing allogenic immune responses, but also trigger an anti-inflammatory effect in im-

munocompetent mouse models of MI [124]. These findings suggests that future EV ad-

ministration to humans may not require previous immunosuppression. Seeing that EVs

are naturally less dynamic than cells, they should also present advantages concern-

ing reproducibility and batch-to-batch variation, facilitating quality control procedures

[125]. Combined efforts have been made to tackle standardization in this field, through

multiple publications of guidelines, minimal requirements and position papers by the

International Society for Extracellular Vesicles (ISEV) [126], and the launching of the

EV-TRACK database. Additionally, EVs serve as both transport vehicles and actua-

tors, containing the ability to cross physical barriers within the body and to protect their

contents from degradative enzymes. The characteristics of vesicle composition and

encapsulation, together with the possibility of adjusting membrane and cargo through
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engineering techniques to target specific functions, make EVs excellent candidates for

therapy. Furthermore, their inherently longer shelf-life represents a major advantage to

the alternative use of cells [127]. Therefore, despite the inability of cellular secretions

to replace the loss of CMs and remuscularize the heart post-injury, EV-based therapy

can contribute to attenuate this loss, reduce the extent of tissue damage and improve

cardiac function by promoting angiogenesis, cell survival and endogenous stem cell

activation.

Standing in the way of clinical translation is the need for standardization within the

field, through the development of isolation, purification and characterization technolo-

gies for EVs uniformly used by research groups. Such reproducibility will be key to

establishing GMP standards in future hopes of clinical applications, making the issues

of scalability and production efficiency important to address. Furthermore, mecha-

nisms for optimal delivery and targeted internalization of EVs are still being developed

and are crucial for the reality of EV therapeutics in the cardiovascular field. In this re-

gard, bioengineering strategies to potentiate cardioprotective action of EVs, increase

retention and stability within the targeted tissues and control their release and cellular

uptake are determinant for clinical translation [128, 129]. An extensive review of current

developed approaches can be found elsewhere [106].

Preliminary pharmaceutical development strongly relies on the significance of re-

sults from pre-clinical and clinical studies. The therapeutic potential of EVs has been

disclosed in many pre-clinical studies, which has led to its progression into clinical trials

(Table 1, pp. 25-26), moving a step closer in the direction of their commercialization as

Advanced Therapy Medicinal Products [130].

Pre-clinical studies applying dendritic cell-derived EVs (DC-EVs) pulsed with tu-

mor cell peptides to murine tumors showed growth suppression, suggesting a role

for EVs in cancer immunotherapy [131]. These findings supported the initiation of two

Phase I trials in this domain, both operating in conformity with GMP requirements, em-

ploying DC-EVs pulsed with melanoma-associated antigen (MAGE) peptides to treat

melanoma [132] and non-small cell lung cancer patients [133]. These studies con-

cluded the feasibility and safety of this therapeutic approach, opening way to a Phase

II clinical trial (NCT01159288) targeting non-small cell lung cancer patients that used

tumor antigen-loaded DC-EVs to activate the immune system, with prior administration

of cyclophosphamide to inhibit Treg activity and further induce T and NK cell effector
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functions [134]. Results showed that administered EVs enhanced NK cell functions but

did not induce antigen-specific T cell responses.

Pre-clinical work indicating tumor-derived vesicles as a source of tumor-rejection

antigens [135] has led to a Phase I clinical trial performed in China that used EVs

from the ascites fluid of colorectal cancer patients in combination with an immune-

stimulatory adjuvant to trigger anti-tumor immunity [136]. This therapeutic approach

was deemed safe and feasible and showed promising results. MSC secretions have

also been considered for their immunomodulatory role. Treatment attempts using MSC-

derived EVs have been made for graft-versus-host disease (GvHD) [137], diabetes

mellitus, chronic kidney disease (CKD) [138] and acute ischemic stroke. Furthermore,

an increasing number of clinical trials using MSC-derived EVs have been initiated re-

cently, as seen in Table 1, albeit still in very early stages.

In addition to their utility as potential agents for regenerative therapy, EVs serve as

great candidates for drug delivery, given their ability to carry cargo inside their char-

acteristic lipid bilayer. A Phase II clinical trial (NCT01854866) proposed the delivery

of chemotherapeutic drugs through EV-mediated transport as a treatment for cancer.

The same rationale has been applied in a Phase I trial (NCT01294072), using curcumin

from the anti-inflammatory spice turmeric to regress colon cancer growth in newly di-

agnosed patients.

EVs are now more than ever considered an added benefit to therapeutic strategies

against a variety of health conditions. An increasing number of clinical trials continue

to be registered to test this potential, namely for diseases related to the cardiovascu-

lar system, still in preliminary stages. The use of EVs in the treatment of MI is being

investigated in two studies, one interventional clinical trial using drug-loaded EVs and

another observational study to investigate the microRNA expression profile of periph-

eral blood-derived EVs following MI. Another clinical study aims to compare epicardial

fat-derived EVs from patients with atrial fibrillation to those of healthy donors, in order

to uncover a role for these EVs as biomarkers for arrhythmia.

Regarding cellular secretions from ESCs/iPSCs and derived cells, clinical trials are

yet to advance in the direction of using this source of EVs for cell-free therapy. Notwith-

standing, an escalation of pre-clinical work demonstrates that this strategy might be

of significant clinical interest to tackle loss of cardiac function and heart failure [139–

141]. Moreover, the use of hiPSCs as sources of EVs hold the valuable advantage of
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providing greater cell availability for large-scale EV production. An increasing amount

of research is being developed in this department, working towards the possibility of a

future clinical application of this novel approach.
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Motivation and Aim of Studies

The adult human heart holds limited regenerative capacity, with a renewal rate of

around 1% that is insufficient to counteract the damage caused by cardiac injury. Con-

sidering the global burden of cardiovascular disease and the limitations of current phar-

macological/medical interventions, alternative strategies have been studied to restore

cardiac function. Despite efforts to translate stem cell research to the clinical setting,

the hypothesis of myocardium remuscularization through stem cell transplantation has

been gradually replaced by evidence that a larger therapeutic action is mediated by

paracrine mechanisms, including that of EVs.

Concerning cardiac regenerative medicine, there is a growing interest in using EVs

as cell-mimetic therapeutics for their expected superiority, along with their advantages

over cell transplantation, namely the absence of oncologic risk, low immunogenicity

and possibility of robust large-scale production. Research efforts have leaned towards

the use of adult cells with limited self-renewal capacity, namely CPCs and MSCs, as

cellular sources of EVs. Still, the therapeutic potential of EVs from hiPSCs and its

derivatives remains largely understudied.

This work focuses on the isolation and characterization of EVs along the hiPSC-CM

differentiation and maturation timeline, aiming to identify a potential cell candidate to

generate EVs with clinically relevant yields and promising therapeutic potential in the

cardiovascular context. Through the implementation of a robust workflow for EV sepa-

ration from conditioned culture media of hiPSCs, hiPSC-CPCs, immature and mature

hiPSC-CMs, along with the extensive characterization of the isolated EV populations

regarding particle descriptors, cargo composition and functional potential, we have

striven to advance the knowledge on promising EV-producing cells. With this, we aim

to deepen the understanding of EV isolation/purification and functionality, in the hope

of contributing to the translation of EV research into clinical applications and vindication

of EVs as cell-free therapeutics.
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Chapter 2

Materials and Methods

2.1 hiPSC culture

2.1.1 hiPSC expansion

The hiPSC line IMR(90)-4 (WiCell) was used for this purpose. hiPSCs were cultured

and routinely expanded on Matrigel coated plates (Matrigel R© hESC-Qualified Matrix,

Corning R©) in serum-free mTeSRTM1 medium (StemCell Technologies) at 37◦C in a

humidified atmosphere of 5% CO2. The same expansion procedure was followed

for hiPSCs to be used for EV isolation (day 0 sample), using feeder-free and animal

component-free TeSR-E8TM medium (StemCell Technologies) to ensure complete EV

depletion from external sources. Cells tested negative for mycoplasma contamination.

2.1.2 hiPSC differentiation into cardiomyocytes

Differentiation of hiPSCs into CMs was initiated once cells reached 80-90% conflu-

ence and performed following a previously described protocol [142], by temporal mod-

ulation of the Wnt/β-catenin signalling. Briefly, at day 0 of differentiation, expansion

medium was replaced by RPMI 1640 medium (Thermo Fisher Scientific) supplemented

with B27 without insulin (Thermo Fisher Scientific)(RPMI+B27-I), and 80 ng/ml Ac-

tivin A (PeproTech), 12 µM CHIR99021 (Tocris Bioscience) and 50 µg/ml Ascorbic

acid (Sigma-Aldrich). At day 1, approximately 24h after differentiation induction, the

medium was replaced by RPMI+B27-I supplemented with 5 µM IWR-1 (Selleckchem)

and 50 µg/ml Ascorbic acid (Sigma-Aldrich). At day 3, the medium was replaced

by RPMI+B27-I supplemented with 5 µM IWR-1. At day 6, the medium was ex-

changed for RPMI medium supplemented with B27 with insulin (Thermo Fisher Sci-
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entific) (RPMI+B27).

Upon reaching 80% of beating cells in monolayer (between days 7 and 8 of differ-

entiation), cells were dissociated by incubation with TrypLE Select (ThermoFisher Sci-

entific) for 8 min and aggregated using AggreWellTM400 (STEMCELL Technologies) at

a seeding density of 1.500 cell/microwell, according to a previously described protocol

[37]. Approximately 48h after aggregation, CM aggregates were harvested and trans-

ferred to an orbital suspension culture system, at an agitation rate of 90 rpm. Medium

(RPMI+B27) was replaced every two days thereafter.

At day 15 of culture RPMI+B27 medium was replaced by maturation media, com-

posed of RPMI 1640 without glucose (MP biomedicals, ThermoFisher Scientific) sup-

plemented with B27, 1 mM of glutamine, 10 mM of galactose, 100 µM of oleic acid and

50 µM of palmitic acid, to promote CM metabolic maturation [142]. Maturation medium

was changed every other day thereafter. CM aggregates were cultured in these condi-

tions for an additional 20 days, reaching a total of 35 days of culture.

Cells were characterized along the differentiation and maturation timeline as de-

scribed in Section 3.2. Conditioned culture medium (CCMed) was collected at days 0,

6, 15 and 35 of culture and processed according to Section 3.3.

2.2 Cell characterization

2.2.1 Cell viability

Qualitative cell viability was assessed through cell membrane integrity analysis by in-

cubation of cell samples with enzyme substrate fluorescein diacetate (FDA, Sigma-

Aldrich) and DNA-binding dye propidium iodide (PI, Sigma-Aldrich) in DPBS (Gibco R©,

Thermo Fisher Scientific). Phase contrast and fluorescence images were acquired us-

ing an inverted fluorescence microscope (DMI6000, Leica Microsystems GmbH) and

analysed with ImageJ open source software. Quantitative cell viability was assessed

by trypan blue exclusion assay.

2.2.2 Flow cytometry

hiPSC and CM phenotypes were confirmed by flow cytometry (FC), through the anal-

ysis of pluripotent stem cell markers (TRA-1-60 and SSEA4) and early differentiation

marker (SSEA1) for cells at day 0 and cardiomyocyte markers SIRPα/β, VCAM and
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cardiac Troponin T (cTnT) at days 7, 15 and 35 of differentiation. For this, cells were dis-

sociated using Versene (Gibco R©, ThermoFisher Scientific) or TrypLE Select (Gibco R©,

ThermoFisher Scientific), respectively hiPSCs or CMs and washed twice with FACS

buffer composed of 5% (v/v) fetal bovine serum (FBS) in DPBS. For the detection of

intracellular epitopes (cTnT), cells were fixed and permeabilized using a commercial

kit (BD Cytofix/Cytoperm, BD Biosciences). Cells were resuspended in the respective

primary antibody or isotype control (Table 2.1) and incubated for 1h at 4◦C. Additional

incubation with secondary antibody was performed for samples where primary uncon-

jugated antibodies were used. Samples were analysed on a BD FACS Celesta (BD

Biosciences), with a minimum of 20.000 events recorded per sample. Data was ac-

quired using the BD FACS DIVA software and analysed with FlowJo software (Becton,

Dickinson & Company).

Table 2.1: List of antibodies used in flow cytometry.

Antibody Dilution Reference

Primary Conjugated

Anti-SSEA4, FITC (IgG3) 1:10 560126 (BD Biosciences)
Isotype control IgG3, FITC 4:10 355578 (BD Biosciences)
Anti-SSEA1, FITC (IgM) 1:10 sc-21702 (Santa Cruz Biotechnology)
Isotype control IgM, FITC 1:400 553474 (BD Biosciences)
Anti-SIRPα/β, PE (IgGκ1) 1:5 323806 (BioLegend)
Anti-VCAM, PE (IgGκ1) 1:5 555647 (BD Biosciences)
Isotype control IgGκ1, PE 1:5 sc-2878 (Santa Cruz Biotechnology)

Primary Unconjugated

Anti-TRA-1-60 (IgM) 1:10 sc-21705 (Santa Cruz Biotechnology)
Isotype control IgM 1:10 sc-3881 (Santa Cruz Biotechnology)
Anti-Cardiac Troponin T (IgG1) 1:200 MS-295-PI (Thermo Fisher Scientific)
Isotype control IgG1 4:10 sc-3877 (Santa Cruz Biotechnology)

Secondary

Alexa Fluor 488 anti-mouse IgM 1:200 A21042 (Thermo Fisher Scientific)
AlexaFluor 488 anti-mouse IgG 1:200 A11001 (Thermo Fisher Scientific)

2.2.3 Gene expression

mRNA was extracted from cell pellets using a High Pure RNA isolation Kit (Roche) ac-

cording to the manufacturer’s instructions and quantified with Nanodrop 2000c (Thermo

Fisher Scientific). cDNA synthesis was performed on 50 µg of RNA using the Tran-

scriptor High Fidelity cDNA Synthesis Kit (Roche). Real time quantitative polymerase

chain reaction (RT-qPCR) was performed using the LightCycler 480 Instrument II 384-
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well block (Roche) in the following cycles: incubation at 95◦C for 10 min; 45 cycles of

amplification with denaturation at 95◦C for 15 sec, and annealing at 60◦C for 1 min;

extension at 72◦C for 5 min. The primers/probes used for this purpose are available in

Table 2.2. The Cycle threshold (Ct) was determined using the LightCycler 480 software

(Roche). Gene expression data was normalized to housekeeping genes RPLP0 and

GADPH and relative changes were analysed using the 2∆∆Ct method (D6 vs. D0, D35

vs. D15). Only data obtained for ISL1, GATA4, TNNI1, TNNI3, MYH6 and MYH7 genes

was used for this work.

Table 2.2: List of primers/probes used in RT-qPCR.

Gene Reference Gene Reference

GAPDH Hs99999905 TNNI3 Hs00165957
RPLP0 Hs99999902 MYH6 Hs01101425
NKX2.5 Hs00231763 MYH7 Hs01110632
GATA4 Hs00171403 SCN5A Hs00165693
ISL1 Hs00158126 CACNA1C Hs00167681

NANOG Hs02387400 GJA1 Hs0748445
POU1F5 Hs00999632 KCND3 Hs05056365
TNNT2 Hs00165960 ATP2A2 Hs0054487
TNNI1 Hs00913333

2.3 EV isolation and purification

2.3.1 Conditioned culture medium harvest

Conditioned culture medium (CCMed) was harvested at days 0, 6, 15 and 35 of culture,

respectively of hiPSCs, CPCs, immature CMs (CMi) and mature CMs (CMm). For

each harvest, total cell number and cell viability were estimated by cell counting using

trypan blue exclusion dye. The same volume of medium (180 mL) was collected and

processed at each time point.

2.3.2 EV separation from conditioned culture medium

EVs were isolated from CCMed using the gold standard combination of differential

centrifugation and density gradient ultracentrifugation, which have been shown to out-

perform other regularly used isolation methods [68, 143].

Briefly, the collected CCMed was processed to ensure depletion from major contam-
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inants. For this, two low-speed centrifugation steps (rotor A-4-81, 5810 R centrifuge,

Eppendorf) were performed at 4◦C immediately after harvest, 1x 300 g for 10 min to

remove remaining cells and 1x 2000 g for 10 min to remove dead cells, followed by

a 0.45 µM filtration of the resulting supernatant (NalgeneTM Rapid-FlowTM, Thermo

Fisher Scientific) to deplete the sample of all other debris. The cleared CCMed was

then ultracentrifuged in 30 mL conical open-top polyallomer tubes (Beckman Coulter) at

110.000 gmax for 2h45 using a XL-100 ultracentrifuge (SW 28 rotor, Beckman-Coulter)

to produce an EV pellet, designated as the 100K pellet.

For the density gradient ultracentrifugation, an OptiPrepTM density gradient (ODG,

Axis Xield Diagnostics) was prepared as previously described in the literature [143],

with minor modifications. An iodixanol working solution (50% (w/v) iodixanol) was made

by adding a working solution buffer (60 mM Tris-HCl, 6 mM EDTA, 0.25 M sucrose (pH

7.4)) to a stock solution of OptiPrepTM (60% (w/v) aqueous iodixanol solution). Appro-

priate amounts of the iodixanol working solution and a homogenization buffer (10 mM

Tris-HCl (Tromethamine - Hydrochloric acid), 1 mM EDTA (Ethylenediaminetetraacetic

acid) and 0.25 M sucrose (pH 7.4)) were combined in order to prepare 5%, 10%, and

20% (w/v) iodixanol solutions. The 100K pellet was combined with the 50% iodixanol

working solution, to create a 40% (w/v) iodixanol EV-containing solution. The discon-

tinuous bottom-up ODG was prepared by loading 4 mL of 40% solution (containing the

EV sample) on the bottom of a 16.8 mL open-top polyallomer tube (Beckman Coulter),

followed by consecutive layering of 4 mL of 20%, 4 mL of 10%, 3.5 mL of 5% solutions

and 1 mL of DPBS. The gradient was centrifuged at 4 ◦C for 18 h at 110.000 gmax using

an XL-100 ultracentrifuge (SW 28 rotor, Beckman-Coulter). During centrifugation, EVs

migrate upwards by flotation and settle upon reaching their buoyant density (1.08-1.19

g/mL) [144]. After centrifugation, 16 fractions of 1 mL were collected from top (fraction

1) to bottom (fraction 16). Density fractions 8-9, which have been found to contain

most of the EV sample of interest [143], were pooled and concentrated to 300 µL using

Amicon R© Ultra-2 mL 10 KDa filter units (Merck Millipore). Negative and positive con-

trol gradients were prepared with blank DPBS and Fetal Bovine Serum (FBS qualified,

EU-approved, Gibco R©, Thermo Fisher Scientific), respectively.
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2.4 EV characterization

2.4.1 Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed using the NanoSight NS300 (Malvern

Instruments Ltd., Malvern, UK) equipment, with a 488 nm laser (< 55 mW maximum

power) and an automatic syringe pump system. NTA was used to measure size, size

distribution and concentration of particles from the pooled OptiprepTM density gradient

EV-rich fractions 8-9. Three videos of 60 s were recorded for each individual sample

and considered using detection threshold 3, camera level 14 and a syringe pump infu-

sion speed of 40. All videos were analysed by NTA software version 3.3. To achieve

optimal measurements, samples were diluted with DPBS to obtain a particle concen-

tration within the ideal range for the NTA software (3x108 – 1x109 particle/mL). All size

distributions determined with NTA correspond to the hydrodynamic diameters of the

particles in suspension, as calculated by the Stokes-Einstein equation.

2.4.2 Transmission Electron Microscopy

Transmission Electron Miscroscopy (TEM) was performed on EV-rich fractions 8-9. A

drop (5 µL) of sample was deposited on a precoated formvar/carbon 150 mesh Veco

copper grid for 2 min. Grids were fixed with 4% (w/v) PFA for 20 min, washed with ster-

ile water, stained with 2% (w/v) uranyl acetate for 2 min and dried at room temperature

(20-22◦C). Grids were examined using electron microscopy (Hitachi H-7650, 120 KV

electron microscope, Hitachi High-Technologies Corporation).

2.4.3 Refractive Index and EV density

A digital refractometer AR200 (Leica Microsystems GmbH) was used to measure the

refractive index of EV-rich fractions 8-9. The refractive index was converted to density

based on a standard linear regression curve ranging from 10% to 30% (w/v) iodixanol

(Supplementary information Figure 4.1). To compute this curve, iodixanol solutions

were prepared with concentrations varying from 10% to 30% in working solution buffer,

in incremental steps of 2%. Density-equivalent values for each iodixanol solution were

provided by the manufacturer. Refractive indexes were measured for each solution and

computed into a linear regression curve using GraphPad Prism 7 (GraphPad Software).

34



2.4.4 Western Blotting

Western blot was performed on EV-rich fractions 8-9 and whole cell lysates for all cell

types for EV specific transmembrane protein CD63 and cytosolic protein Flotillin-2 [82],

and for non-EV common contaminant AGO2 [148]. EV samples were normalized by

volume (20 µL of sample per lane) and whole cell lysates were normalized by protein

amount (10 µg of protein was applied per lane). Protein concentrations were deter-

mined by BCA (ThermoFisher Scientific).

Samples were diluted in lysis buffer (NuPAGE R© LDS sample buffer 4x, Novex R©,

Life Technologies Europe B.V.) in reducing (Flotillin-2, AGO2) or non-reducing condi-

tions (CD63) and boiled for 5 min at 95 ◦C. Protein samples were separated by SDS

polyacrylamide gel electrophoresis in MES running buffer (Novex R©, Life Technologies

Europe B.V.) for 50 min and transferred to a nitrocellulose membrane (iBlot R© Transfer

Stack, nitrocellulose, mini, Novex R©, Life Technologies Europe B.V.). Membranes were

stained with Ponceau S solution (Sigma Aldrich) immediately after transfer for acquisi-

tion of pictures to confirm the success of the transfer, and then washed with distilled

water, de-stained with 1 M NaOH solution, and again washed extensively with distilled

water. Membranes were blocked with 5% (w/v) skim milk in Tris-Buffered Saline + 0.1%

(v/v) Tween 20 (TBST) for 1h at room temperature and then incubated overnight at 4
◦C in primary antibodies diluted in 5% skim milk prepared in TBST: CD63 (1:1.000,

ab59479, Abcam), Flotillin-2 (1:1.000, 610383, BD) and AGO2 (1:1.000, ab32381, Ab-

cam). The following day, membranes were washed with TBST, incubated with the

respective secondary antibody for 1h at room temperature (anti-rabbit HRP, 1:20.000,

System Biosciences; anti-mouse ECL, 1:5.000/ 1:10.000, NA931V, GE Lifesciences)

and then washed again. For the revelation step, chemiluminescent substrate (Western-

Bright Sirius, Advansta) was added to the membranes according to the manufacturer’s

instructions and imaging was performed using a ChemiDoc imaging system (Bio-Rad

Laboratories, Hercules).

2.5 Functional assays

2.5.1 HUVEC culture

HUVECs (catalog No. C2517A, Lonza) were cultured according to the manufacturer’s

specifications. Briefly, cells were maintained in Endothelial Cell Growth Medium 2
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(ECGM-2, Promocell), containing 2% (v/v) of Fetal Calf Serum (FCS, Promocell), in

a humidified atmosphere at 37◦C in 5% CO2. Medium was changed every 48h. Cells

were subcultured upon reaching 70-85% confluence. HUVECs were only maintained

and used for experiments up to passage 5, including.

2.5.2 EV uptake assays

EV labelling was performed using the PKH26 Red Fluorescent Cell Linker Mini Kit

for General Cell Membrane Labelling (Sigma-Aldrich) according to the manufacturer’s

instructions. Briefly, the EV 100K pellet was resuspended in 20 µL of 0.2% (w/v) bovine

serum albumin (BSA, Gibco R©, Thermo Fisher Scientific) and diluted in 80 µL of diluent

C. For every sample, 1.5 µL of PKH26 were diluted in 100 µL of diluent C and EVs

were transferred to the diluted PKH26. The mixture was incubated for 3 min at room

temperature and the labelling reaction was stopped by adding 100 µL of 0.1% BSA. A

negative control was prepared with PBS following the same protocol. Stained vesicles

(PKH26-EVs) and the corresponding control (PKH26-PBS) were loaded on the bottom

of a density gradient, and ultracentrifuged as previously described, to separate labelled

particles from unbound dye.

HUVECs were seeded in 8-well chamber Ibidi R© slides (Ibidi GmH) at a density of

8.000 cells/cm2 or in 12-well plates at a density of 18.000 cells/cm2, to be used for

immunofluorescence and flow cytometry respectively, and treated with PKH26-EVs or

PKH26-PBS appropriately diluted in ECGM-2 at a dose of 3.000 particles per cell.

For each sample, 1 well was prepared with the addition of dynamin inhibitor Dynasore

(Sigma Aldrich) in a concentration of 50 µM, to prevent EV uptake. HUVECs were

incubated for 2h30 in a humidified environment (37 ◦C, 5% CO2). Cells to be used

for flow cytometry were dissociated using Versene (Gibco R©, ThermoFisher Scientific),

washed twice with FACS buffer and then analysed using a BD FACS CelestaTM cy-

tometer (BD Biosciences). Cells to be used for immunofluorescence were fixed with

4% (w/v) PFA for 20 min at room temperature, and then stained for CD31 marker. For

this, fixed cells were washed twice with DPBS, blocked with 0.2% (w/v) FSG for 30 min

at room temperature and incubated overnight with primary anti-CD31 antibody diluted

in 0.2% FSG (1:50; clone JCF0A, M0823, DAKO Omnis, Agilent Technologies), or the

corresponding mouse IgG isotype control (1:50, sc-3877, Santa Cruz Biotechnology)

at 4◦C. The following day, cells were washed with DPBS and incubated with secondary
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antibody diluted in 0.2% FSG (1:200, Alexa 647, donkey anti-mouse IgG, 31571, Ther-

moFisher Scientific) for 1h at room temperature. Nuclei were counterstained with DAPI

(ThermoFisher Scientific) in a 1:1.000 dilution in DPBS. Fluorescence images were

acquired using an inverted fluorescence microscope (DMI6000, Leica Microsystems

GmbH) and signal intensity was quantified using ImageJ software.

2.5.3 Wound healing assay

HUVECs were seeded at 35.000 cells per well onto 48-well plates coated with 0.1%

(w/v) gelatin (Sigma-Aldrich). A sterile 200 µL pipette tip was used to create a scratch in

the cell monolayer, after which cells were washed twice with DPBS. EV samples were

diluted in appropriate amounts of reduced-supplementation media (with 0.5% (v/v) FCS

and without growth factors) and blank gradient. Positive (fully supplemented ECGM-2),

untreated negative (Endothelial Cell Basal Medium-2 (ECBM-2, consisting of ECGM-

2 without any added supplements) + 0.5% FCS) and FBS-EVs (isolated through the

same process as CCMed) controls were prepared. Vehicle controls, consisting of the

8-9 fractions of a blank gradient in volumes consistent with each EV sample, were

also prepared for each day 0, 6, 15 and 35. The same procedure was conducted with

the addition of Dynasore in concentration of 50 µM (Sigma-Aldrich), which inhibits the

uptake of EVs by HUVECs and demonstrates that the wound healing effect observed in

the assay is indeed mediated by EVs. 500 µL of corresponding treatment was added

per well, normalized to a dose of 3.000 particles per cell. Cells were placed in a

humidified environment (37 ◦C, 5% CO2) and images were acquired at time-points 0h,

8h and 24h post-scratch using an inverted microscope (DMI6000, Leica Microsystems

GmbH). Wound width was analysed with MRI Wound Healing tool of ImageJ software,

by calculating the percentage of wound closure relative to time-point 0h.

2.5.4 Cell proliferation assay

Following the wound healing assay, 1 µM of EdU (5-ethynyl-2’-deoxyuridine) was added

to each well. HUVECs were incubated for 24h in a humidified incubator (37 ◦C, 5%

CO2) and then fixed with 4% (w/v) PFA for 20 min at room temperature. The Click-iT R©

EdU (ThermoFisher Scientific) reaction kit was used according to the manufacturer’s

instructions. HUVEC nuclei were counterstained with DAPI reagent and HUVECs were

further stained for CD31 marker, as previously described. Fluorescence images were
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acquired using an inverted fluorescence microscope (DMI6000, Leica Microsystems

GmbH). Edu- and DAPI-positive nuclei count was performed using ImageJ software.

A minimum of 1.000 DAPI-positive nuclei were considered for each condition. EdU-

positive nuclei were measured as a percentage of total DAPI-positive nuclei.

2.5.5 Tube formation assay

HUVECs were seeded at 12.000 cells per well onto 48-well plates coated with 40 µL

of basement membrane extract (Matrigel R© Growth Factor Reduced (GFR) Basement

Membrane Matrix, Phenol Red-Free, Corning R©). HUVECs were resuspended in the

corresponding EV sample appropriately diluted in ECBM-2, at a dose of 3.000 particles

per cell. Positive (ECGM-2), untreated negative (ECBM-2), FBS, PBS and vehicle

controls were prepared. For each sample, the same procedure was conducted with

the addition of Dynasore in concentration of 50 µM. To validate the efficacy of this

assay, Suramin Sodium Salt (TargetMol), an inhibitor of endothelial cell proliferation

and migration, was added to positive control cells in concentrations of 5 µM and 10 µM

diluted in ECGM-2. The plate was placed in a humidified environment (37 ◦C, 5% CO2)

for 8 h. Cells were then stained with a 1:500 solution of FDA (Sigma-Aldrich) in DPBS.

Fluorescence images were acquired at 5x magnification using an inverted fluorescence

microscope (DMI6000, Leica Microsystems GmbH). Pictures were analysed using the

Angiogenesis Analyzer plugin of ImageJ software.

2.5.6 microRNA analysis

Total RNA was isolated from EV samples (N=3 replicates for each sample) using Nor-

gen Biotek Exosomal RNA Isolation Kit (Cat.58000). microRNA library preparation was

performed by PCR amplification using Norgen Biotek Small RNA Library Prep Kit (Cat.

63600) and library quality control was achieved using Bioanalyzer to estimate library

size and concentration. Libraries were denatured and diluted to the required concentra-

tion and then applied onto the suitable flowcell and sequenced using Illumina NextSeq

500 sequencing platforms. Data analysis was carried out using an advanced pipeline

for processing of raw reads and mapping to the genome and annotated transcriptome.

Data was filtered and normalized using the trimmed mean of M-values (TMM) normal-

ization method for differential expression (DE) analysis. DE analysis between each two

groups was performed using the EdgeR statistical software package and false discov-
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ery rate was adjusted through the Benjamini-Hochberg procedure. For the comparison

of hiPSC-EVs with the designated CPC/CMi/CMm-EVs group (the remaining groups

considered as a whole), replicates of each biological group were considered as indi-

vidual replicates of the CPC/CMi/CMm-EVs group. DE was considered significant for

log fold change ≥ 1 or ≤ -1 at p-value and FDR ≤ 0.05. Results were further trimmed

by considering only miRNAs with log fold change ≥ 2 or ≤ -2. Putative targets of up-

and down-regulated miRNAs between hiPSC-EVs and CPC/CMi/CMm-EVs were pre-

dicted, along with KEGG pathways and GO-terms analysis from the selected targets,

using the DIANA-miRPath v3 software, considering only results with p-value ≤ 0.05.

2.6 Statistical analysis

Statistical analysis was entirely performed using GraphPad Prism 7 (GraphPad Soft-

ware). Significance was tested using either Student’s T test or one-way ANOVA. Sta-

tistical significance was considered for p-values < 0.05. All experimental outcomes

correspond to a minimum of 3 biological replicates, with the exception of CMm-EVs,

with 2 biological replicates and technical duplicates for one of the replicates.
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Chapter 3

Results and Discussion

3.1 Cell differentiation and cardiomyocyte maturation

In this work, EVs from four hiPSC derivatives were isolated and characterized. To en-

sure phenotypic and genotypic identity of cell populations and their validity as the des-

ignated EV sources, key cell characterization methodologies were performed through-

out the differentiation and maturation timeline. Briefly, hiPSCs were cultured in 2D

monolayer and differentiated towards the cardiac lineage [142]. Upon reaching the car-

diac progenitor contractile stage, cells were harvested and aggregated in AggreWellTM

plates for 48h, after which spheroids were transferred to orbital suspension cultures

and maintained until day 35.

Live/Dead staining was performed at all stages and confirmed cell viability through-

out the culture timeline, with CPCs showing increased cell death as a result of cells

that did not commit to the cardiac lineage (Figure 3.1 a).

Immunophenotyping was performed for hiPSCs and CMs by flow cytometry. Anal-

ysis of pluripotency markers SSEA-4 and TRA-1-60 and early differentiation marker

SSEA-1 revealed a population of 99% SSEA-4 and 94% TRA-1-60 positive cells, and

over 99.9% of cells negative for SSEA-1. CMi and CMm populations were analysed for

CM-specific markers SIRPα/β, VCAM-1 and cardiac troponin T, with purity of over 80%

for CMi and 75% and CMm populations (Figure 3.1 b).

Maturation of cardiac cells was assessed from changes in gene expression indica-

tive of an adult-like signature. CMs at day 35 of culture showed increased ratios of adult

to fetal isoforms of sarcomeric genes when compared to day 15, including MYH7/MYH6

and TNNI3/TNNI1, encoding adult/fetal myosin heavy chain and cardiac/slow skeletal
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muscle troponin I, respectively. CPC identity was confirmed by increased expression

of genes implicated in cardiac commitment and promotion of cardiogenesis, GATA4

and ISL1 [145, 146]. These results confirm a distinct maturation profile for CMi and

CMm cell groups and cardiac progenitor genotype for CPCs, and further demonstrate

an enhancement in hiPSC-CM maturation provided by a 3D culture environment [37].

Figure 3.1: Characterization of cell samples. a) Fluorescence images of all cell types (hiPSC, CPC,

CMi and CMm) throughout the differentiation timeline. Cells were stained with fluorescein diacetate

(FDA) and propidium iodide (PI), respectively live (green) and dead (red) cells. Scale bar: 200 µm. b)

Flow cytometry analysis for validation of 1. pluripotency and 2. cardiomyocyte phenotypes, expressed

as percentage of positive cells. Results shown as mean ± SD (1. n=2 and 2. n=1). c) Gene expression

data of CPC and CMm for characteristic markers of progenitor and mature phenotypes, respectively.

Gene expression is presented in fold change relative to 1. hiPSC data and 2. CMi data.

3.2 Establishment of an effective EV isolation and purification method

and EV characterization

The need for highly effective and consistent methods for the isolation of extracellu-

lar vesicles from culture supernatant and a diversity of other sample populations is

pressing, if there is ever a hope for EV-based medicinal products to meet standard-

ization levels required by the pharmaceutical market. In this thesis, the isolation of

EVs from CCMed of the previously described cell populations was performed follow-

ing an ISEV-approved density-based method (see Section 3.3) that complies with the
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recommended specifications on EV recovery and purity [82].

Numerous protocols for EV isolation are currently employed across the scientific

community, most of which based on specific particle attributes such as size, density

and protein affinity. The choice of isolation method is a critical parameter known to

significantly impact size, yield and purity of EV samples [147]. OptiPrepTM density

gradient, the adopted method for this work, has been shown to outperform other com-

monly used approaches in terms of enrichment in exosomal markers and absence of

contaminants by several independent studies [68, 143].

Standard particle characterization was conducted for fractions 8-9 of each EV group.

For this, NTA was performed on EV samples to assess size distribution and particle

concentration, a technique that relies on the relation between the brownian motion of

spherical particles and their hydrodynamic radius as derived by the Stokes–Einstein

equation. Results indicated a typical NTA profile for the size distribution of all samples,

ranging between 50 and 500 nm. More specifically, particle concentration peaks occur

for particle sizes of 134.5 and 176.5 nm for hiPSC-EVs, 138.5 nm for CPC-EVs, 105.5

nm and 139.5 nm for CMi-EVs and 127.5 nm for CMm-EVs (Figure 3.2), which stand

within the reported range for EV size [77]. hiPSC-EVs and CPC-EVs showed the high-

est particle concentration values, 1.54×108 and 1.59×108 particle/mL, respectively. On

the other hand, CMi-EVs and CMm-EVs showed the lowest concentrations of 9.46×107

and 7.74×107 particle/mL. The yield of EVs was estimated, defined as the number of

isolated particles secreted per million viable cells per day of production. As shown in

Figure 3.2 b)-1, EV yield analysis indicates a distinct profile regarding EV production

capacity to that which might be interpreted following NTA results. When considering

the variable of cell number, EV yield is higher for CMm cells (6.50×107 particle.106

cell-1.day-1) than would be expected from NTA results, given that the number of CMm

cells in culture was significantly lower than the remaining cell types. Still, this value

could be overestimated, since cell viability significantly decreased towards the end of

the cell culture timeline, creating a large disparity in cell number from CMm to the other

cell populations. Contrary to previous findings that reported limited EV release by CMs

relative to CPCs [139], when normalization to the number of EV-producing cells is per-

formed, CPCs seem to give the lowest EV yield (8.50×106 particle.106 cell-1.day-1) out

of the four considered cell populations, in spite of showing the greatest particle con-

centration by NTA. Furthermore, EV yield is highly influenced by the choice of isolation
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method [144]. Given that the present methodology contains an exhaustive series of

centrifugation steps, it may compromise yield to a similar extent in all samples.

Figure 3.2: Characterization of EV samples. a) Size distribution profile of EV samples as analysed

by Nanoparticle Tracking Analysis, expressed in particles per mL of sample (n=4). b) 1. EV yield,

measured as total number of isolated particles per million viable cells per day. 2. Density of isolated

EVs in the pooled 8-9 fractions. Results shown as mean ± SD (n ≥ 3). *p < 0.1, ns non-significant.

c) Representative negative staining close-field transmission electron microscopy (TEM) images of EV

samples. Scale bar: 200 µm. d) Western blot analysis of characteristic EV markers (transmembrane

protein CD63 and cytosolic protein Flotillin-2) and co-isolated contaminant (Argonaute 2) of EV samples

and respective cell lysate. WCL – whole cell lysate.

Visualization of particles by Transmission Electron Microscopy confirmed typical EV

morphology and absence of similar-sized contaminant particles such as low-density
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lipoproteins (LDLs) (Figure 3.2 c). To further substantiate the identity of isolated EV

samples, Western Blotting was performed for detection of specific markers (Figure 3.2

d). According to the most recently published minimal information for studies of EVs

[82], the demonstration of purity in EV preparations through protein-based character-

ization requires the presence of one transmembrane and one cytosolic protein com-

monly found in EVs and one non-EV co-isolated protein. In effect, tetraspanin CD63

was detected in all EV samples, especially enriched in hiPSC-EVs, and cytosolic lipid-

binding protein Flotillin-2 was found to be present in EV samples and corresponding

producing cells, although very faintly in CMm-EVs (Figure 3.2 d). Non-EV contami-

nant Argonaute 2 was present in cell lysates and absent in EV samples, serving as a

negative marker and indicator for the degree of purity of isolated EV populations [148].

3.3 Functional analysis of EV biological activity

EV labelling, cellular internalization and uptake blockage

Labelling of extracellular vesicles is a long-standing technique for the visualization of

such small-sized particles. This can be achieved by numerous methods, most com-

monly making use of fluorescence-based recombinant proteins (e.g. GFP) or organic

dyes, such as lipophilic carbocyanines (PKH26, PKH67, DiI, DiR, DiD) and other sub-

stances (CFDA-SE, Calcein AM) [149]. In this thesis, PKH26 was used to label lipid-

rich EV membranes and detect their internalization by HUVECs.

PKH26 has been reported to increase EV size, with a detectable shift in the size dis-

tribution of labelled particles obtained by NTA [150], possibly affecting cellular uptake.

Furthermore, studies suggest that non-EV nano-sized structures may be formed from

fluorescent dye and be confused for EVs [151]. However, for the purposes of this work,

PKH26 was used solely for visualization and analysis of EV internalization and up-

take blockage, and not for the validation of functional bioactivity, seeing that functional

assays were carried out using non-labelled particles. Additionally, to discard the pos-

sibility of non-EV nanoparticle formation from fluorescent dye, a PKH26-labelled PBS

control was prepared and subjected to the same isolation process as the EV samples

of interest. As seen in Figure 3.3 a), fluorescent signal can be detected in fractions

8 and 9 for all EV samples, given that labelled EVs have migrated to their buoyant

density-equivalent fractions, whereas no detectable band is present for the PBS con-
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Figure 3.3: Uptake of PKH26-labelled EVs by HUVECs. a) Isolation of PKH26-labelled EVs from

D0 (hiPSC), D6 (CPC), D15 (CMi) and D35 (CMm) cells by density gradient centrifugation. EV-bound

lipophilic dye PKH26 is visible in EV-rich fractions after centrifugation, while unbound dye remains at

the bottom of the gradient. b) Representative immunofluorescence images of EV uptake and uptake

blockage. HUVECs incorporated PKH26-labelled EVs, as seen by the red dots present inside the cells.

EV uptake was blocked by the presence of Dynasore (DYN). HUVECs were stained for transmembrane

protein CD31 (green) and nuclei were counterstained with DAPI (blue). Scale bar: 100 µm. c) Per-

centage of PKH26-positive cells quantified by flow cytometry. Results shown as mean ± SD. **** p <

0.0001.
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trol, indicating the absence of non-EV fluorescent structures.

HUVECs were incubated with labelled EVs to analyse cellular uptake. From the re-

sulting immunofluorescence images of cells treated with hiPSC, CPC, CMi and CMm-

EV samples (Figure 3.3 b), EVs can be detected in the cell cytoplasm by the visible red

fluorescent signal. Uptake blockage was performed with the use of Dynasore, a GT-

Pase inhibitor which acts on Dynamin 2 to prevent detachment of the endocytic vesicle

from the cell membrane during CDE/CME and therefore inhibit EV internalization by

recipient cells. The results obtained from the addition of Dynasore (Figure 3.3 b); DYN)

show a clear reduction in red signal intensity in all conditions, indicating that EVs may

be taken up by HUVECs via dynamin-dependent processes.

For a more quantitative analysis of EV internalization, flow cytometry was perfomed

to assess the percentage of PKH26-positive cells after treatment with labelled vesicles.

Results show no major differences between the number of cells with fluorescent signal,

which equates to a near total cell population for all EV samples (Figure 3.3 c). Still, it is

worth noting that the present analysis does not provide information on whether a similar

number of EVs is being internalized per cell nor if the cargo is being delivered uniformly

within each cell population. Interestingly, in the presence of Dynasore, the percentage

of PKH26-positive cells is lower but not null compared to the non-DYN counterparts.

This indicates that, while most EVs are uptaken by HUVECs via dynamin-dependent

processes, a subpopulation of labelled EVs continues to be internalized through alter-

native dynamin-independent pathways upon dynamin inhibition.

Migration potential and the wound healing assay

Angiogenesis is the intricate process by which new blood vessels are formed from

pre-existing ones, consisting in a fundamental step for cardiac tissue rehabilitation

following assault [114]. Angiogenesis is mediated by migration, proliferation and re-

modelling of endothelial cells following complex molecular signalling mechanisms and

cellular crosstalk [152]. To study the involvement of EVs in the collective migratory

capacity of endothelial cells, the wound healing assay was performed on HUVECs.

Reduced-supplementation media was used to ensure that observed effects were not a

consequence of growth factor-activated cell migration nor stimulated by other interfer-

ing mechanisms, namely cell proliferation.

Results demonstrate that all EV samples exhibit significant capacities to promote
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HUVEC migration (Figure 3.4 a-b). This migratory stimulation is observed to a similar

extent for all groups, with enhanced significance for hiPSC-EVs. Furthermore, this

effect is suppressed with the addition of Dynasore (Figure3.4 c), suggesting that the

observed outcome is impacted by EV activity. The following experimental outcome

goes in accordance with previously reported studies on EC migration that verify the

wound healing effects of CPC- and CM-EVs, possibly due to the matrix degradation

and remodelling action of MMPs found in secreted vesicles [153, 154]. In addition, the

inability of FBS-EVs to close the wound could advocate for specificity in EV activity,

given that this treatment shows a non-significant effect in cell migratory potential.

Figure 3.4: Effect of EVs from hiPSCs and hiPSC-cardiac derivatives on HUVEC migration, quanti-

fied by the wound healing assay. a) Representative images of cell migration at timepoints 0h and 24h

post-scratch, in absence or presence of Dynasore. Scale bar: 100 µm. Percentage of wound closure at

24h relative to wound area at 0h, with the respective comparison to b) negative or vehicle control, and c)

treatment in the presence of Dynasore. All data shown as mean ± SD (n=3). **p < 0.01, ***p < 0.001,

****p < 0.0001, ns non-significant.
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Control of cell proliferation is needed to ensure that the wound healing effects can

be attributed mainly to cell migration [155]. Proliferation can be recorded by the incor-

poration of a nucleoside analog, namely EdU (5-ethynyl-2’-deoxyuridine), during DNA

synthesis in proliferating cells. From this method, images were obtained and quanti-

fied (Supplementary information Figure 4.4), from which no significant changes in cell

proliferation upon different treatments were detected. Such findings indicate that EV-

stimulated HUVEC migration observed in Figure 3.4 is not subject to a confounding

effect of cell proliferation.

Angiogenic potential and the tube formation assay

EVs from multiple cell sources have been reported to impact the angiogenic potential

of endothelial cells [115, 116, 154]. The tube formation assay is a common method

for assessment of angiogenesis, determined by the cell capacity to form capillary-like

structures on a Matrigel support, quantified by specific measurements of the resulting

network [156]. In this assay, total tube length (sum of all segments) and number of

nodes (pixels with 3 neighbors, i.e. intersections of 3 segments) were assessed to

determine the tube formation capacity of HUVECs upon EV treatments, with results

shown in percentage relative to the negative control, the latter equating to 100% of each

given measurement. Additionally, suramin sodium salt, a compound that suppresses

endothelial cell migration, proliferation and angiogenesis via growth factor blocking,

was used as an inhibitor control to confirm robustness and sensitivity of the assay.

Our results demonstrate that only hiPSC-EVs displayed significant angiogenic po-

tential (Figure 3.5). The remaining EV samples showed no angiogenic properties from

both analysed measurements when compared to their vehicle controls, and in simi-

lar degree to that of FBS-EVs. Such observations go in line with the highest signifi-

cance score in migration potential obtained previously for hiPSC-EVs, suggesting an

increased capacity for therapeutic stimulation of ECs from this EV sample.

These findings oppose those reported in the literature by several independent groups,

that indicate pro-angiogenic activity for EVs from CPCs [115, 117] and CMs [154, 157],

along with the established therapeutic properties found for iPSC-EVs [158, 159]. Fur-

thermore, it would be expected that cardiac-derived EVs would be equally or more

effective at stimulating cardiac repair mechanisms, namely wound healing and angio-

genesis, than EVs from unrelated cell sources [160]. Still, the functional assays chosen
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for this work to assess the therapeutic properties of EVs are purely observational, lack-

ing specificity and the ability to quantitatively evaluate EV-directed cues. Additionally,

other factors may play a role in the observed effects. Despite normalization to par-

ticle number, it is not certain that the same number of particles is being uptaken by

HUVECs for each different sample, nor that their cargo is being internalized uniformly,

which could be determinant for the experimental outcome.

Figure 3.5: Effect of EVs from hiPSCs and hiPSC-cardiac derivatives on HUVEC angiogenesis,

quantified by the tube formation assay. a) Representative images of tube formation at timepoint 8h

post-seeding. Scale bar: 100 µm. Quantification of tube formation as percentage of b) tube length and

c) number of nodes, relative to untreated control (CTR-) corresponding to 100%. All data shown as

mean ± SD (n=3). *p < 0.1, **p < 0.01, ****p < 0.0001, ns non-significant.
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3.4 MicroRNA profile of EV cargo

EVs are established mediators of cell-cell communication, acting within the cardiovas-

cular system to regulate biological processes through transfer of their cargo to recipient

cells. EV content has been shown to be target-specific and variable according to the

recipient cell and respective physiological stimulus [72, 107]. To better interpret the

results obtained from functional assays, which show a stronger effect from hiPSC-EVs

treatment, and gain insight into the specific signals directed to the cells, transcriptomic

analysis of EV cargo was performed.

Next Generation Sequencing (NGS) of EV samples was performed by Norgen Biotek

Corporation. Differential Expression (DE) data for each group comparison (Figure 3.6

a) 1 and 2), with significance for |log fold change|>2, indicates distinct microRNA ex-

pression profiles for EVs from different cell groups. Interestingly, the further apart these

cell sources stand in the differentiation and maturation timeline, the more their respec-

tive EV microRNA profiles diverge, seen by the increasing number of DE miRNAs from

hiPSC-EVs when compared to CPC, CMi and CMm-EVs.

This suggests specificity of EV cargo and specialized stimuli for each destined tar-

get according to its cell source. Furthermore, DE data is distinctly observed through

the Volcano plot displayed in Figure 3.6 b), which shows the relationship between fold

change (X-axis) and statistical significance (Y-axis). To obtain this plot, miRNA ex-

pression data of cardiac derivative samples (CPC/CMi/CMm-EVs) was compared as a

whole to that of hiPSC-EVs, given that results from functional assays advocate for a

greater therapeutic value for the latter group. Such comparison method upholds for the

remaining analyses performed with transcriptomic data.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a series of integrated

databases on gene functions and regulatory pathways, widely used for modulation of

biological networks from genomic information. Figure 3.7 a) shows the results obtained

for KEGG pathway analysis of miRNA targets. For every KEGG class, each containing

a set of related pathways, the number of targeted genes is shown for CPC/CMi/CMm-

EVs (purple) and hiPSC-EVs (orange) miRNA data. Results show a number of relevant

pathways in Signal Transduction enriched in both samples. Among these are MAPK,

Wnt, TGF-β and PI3K/AKT signalling pathways, that regulate vital biological events

such as cell differentiation, proliferation, migration, growth and apoptosis, and therefore

are involved in cardioprotective activity mediated by pro-survival mechanisms.
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Figure 3.6: Differentially expressed microRNAs in EV samples derived from hiPSCs and hiPSC-

cardiac derivatives. a) Number of differentially expressed microRNAs 1. within EV groups and 2.

between hiPSC-EVs and the remaining samples. Differential expression considered for log fold change

(FC) ≥ 2 or ≤ -2 and p-value ≤ 0.05. b) Volcano plot displaying statistical significance of microRNA

differential expression (DE) between hiPSC-EVs and CPC/CMi/CMm-EVs. Y-axis shows –log10 of the

false discovery rate (FDR) and X-axis the log2FC between compared groups. Statistical significance

increases with Y; Up and down regulated microRNAs in CPC/CMi/CMm-EVs compared to hiPSC-EVs

are shown in green and red, respectively. DE data obtained considering CPC, CMi and CMm-EVs

samples as replicates of the same group. c) Principal Component Analysis (PCA) plot obtained with the

50 microRNAs with highest coefficient of variation (%CV). Cluster groups are plotted against the two

highest components of variation (PC1 and PC2).
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Importantly, Cellular Processes implicated in wound healing and angiogenesis are

significantly enriched in hiPSC-EVs (Figure 3.7 a). These include cell motility and com-

munity processes, such as regulation of the actin cytoskeleton, junctional proteins and

focal adhesion, all key activities for vascular angiogenic response [161]. Additionally,

hiPSC-EVs show increased targeting of signalling pathways regulating pluripotency of

stem cells, further advocating for EV specificity.

Gene Ontology (GO) enrichment analysis yielded an extensive array of biological

processes associated with targeted genes. Figure 3.7 b) shows biological processes

contained within the categories of circulatory system development, response to wound-

ing and cellular component organization, identified for hiPSC-EVs and CPC/CMi/CMm-

EVs groups, more specifically GO terms related to wound healing and angiogenesis.

Results suggest enrichment of relevant biological functions, such as blood coagulation,

platelet activation, GF signalling and cytoskeleton and ECM organization in hiPSC-

EVs. Platelets are important modulators of angiogenesis and their activation is vital

for subsequent release of effector molecules [162], including FGF and other bioactive

factors. FGF signalling has been shown to play a central role for the maintenance of

junctional proteins and overall vessel integrity [163]. Furthermore, overexpression of

reported pro-angiogenic miRNAs was detected in hiPSC-EVs, including miR-18a, miR-

20a and miR-17-5 of the miR-17-92 cluster. Taken together, such findings, although

not conclusive, could attest to the more pronounced angiogenic effects observed for

hiPSC-EVs. However, from this first set of results, no evident trace stands out to firmly

substantiate the outcome of functional assays, and a more in-depth analysis, along

with experimental confirmation through overexpression or inhibition of identified miR-

NAs, would be required to reach any conclusions.

In addition to the wound healing/angiogenesis GO-term analysis, specific differ-

entially expressed miRNAs involved in cardiac muscle development and maturation

were identified (Figure 3.7 c). Importantly, some of the most well-known and rele-

vant muscle-specific miRNAs, also entitled myomiRs, were found to be highly overex-

pressed in CPC/CMi/CMm-EVs. These include miR-1, miR-133, miR-208 and miR-

499a [164, 165], all showing fold changes of over 100 when compared to hiPSC-EVs.

Additionally, several other DE miRNAs involved in cardiac commitment and develop-

ment were detected, including miR-199a, miR-145 and miRs from the let-7 family.
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Figure 3.7: KEGG pathways and GO biological processes analyses. a) KEGG pathway classifica-

tion associated with microRNAs upregulated in hiPSC-EVs and CPC/CMi/CMm-EVs. Data shown as

the number of targeted genes in each KEGG class for each group. Associated pathways considered

significant for p-value < 0.05. b) GO classification and term of relevant biological processes associated

with microRNAs upregulated in hiPSC-EVs and CPC/CMi/CMm-EVs, presented in a bubble plot. Size of

bubbles varies with the number of targeted genes for each biological process, indicated inside or above

each bubble; color varies with p-value according to the presented color scale. KEGG and GO data ob-

tained using the DIANA-miRPath v3 web-based analysis software. c) Heatmap of RNA-Seq expression

Z-scores computed for relevant cardiac muscle-miRNAs differentially expressed between hiPSC-EVs

and CPC/CMi/CMm-EVs groups.

These findings suggest specificity of CPC/CMi/CMm-EVs miRNA content towards car-

diac muscle development and are further supported by results from the Principal Com-

ponent Analysis (PCA) displayed in Figure 3.6 c), which show two major clusters for

EVs from hiPSCs (blue) and cardiac-derivative cells (red) along Principal Component 1

(PC1). Taking this pronounced distribution in miRNA content of EVs from cardiac and

non-cardiac committed cells, DE data between these groups could provide insight into

novel cardiac-specific exosomal miRNAs.

It is important to highlight that all of the described in silico results regarding KEGG

pathway and Gene Ontology analysis were obtained using a widely used web-based

tool, miRPath v3, which infers biological pathways and processes from an implemented

miRNA target prediction algorithm and predicted/validated miRNA-gene interaction

datasets. Such tools, however well conceived, are known to yield questionably reliable

results, given that many of the considered interactions lack experimental validation and

also because of intrinsic bias in the constructed algorithm [166]. This bias has been

known to lead to a systematic detection of a given group of biological functions, such

as cancer biology and related pathways. Thus, there is limited dependability of the

obtained results and respective interpretations.

Furthermore, experimental validation would be required to confirm these prelimi-

nary conclusions. As an example, overexpression or inhibition of the most promising

identified miRNAs could elucidate their role in angiogenesis. Such approach has been

followed to determine the anti-angiogenic action of exosomal miR-320 from CMs of di-

abetic mice, an upregulated miRNA in comparison to healthy CMs, by noticing reduced

migration and tube formation capacity of ECs under miR-320 overexpression, as well

as restored function upon miR-320 inhibition [167]. Similarly, the pro-angiogenic effects
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of miR-143 and miR-222 from ischemic CM-derived EVs were inferred by EC stimula-

tion with these miRNAs [154]. Furthermore, stress stimuli such as ischemia, hypoxia

or glucose deprivation may trigger an acute reparative response in cells and thus lead

to more specific EV cargo with greater angiogenic potential [168, 169]. Taken that un-

supervised clustering of exosomal miRNAs from hypoxic and normoxic CPCs by PCA

indicate distinct populations depending on treatment condition [122], the application

of such stimuli to our cell sources could change the landscape of results and show

therapeutic properties not only for hiPSC-EVs but also for cardiac derivatives.
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Chapter 4

Conclusions

4.1 Thesis Achievements

In this thesis, the therapeutic potential of EVs from cardiac and non-cardiac cell sources

in the cardiovascular context has been elucidated. Growing evidence suggests a rele-

vant role for paracrine signalling in the cardioprotective effects observed in cell-based

therapies [52, 158], which has recently led to a shift in clinical focus from cell-based

to cell-free approaches. EVs are considered important messengers in the process of

tissue rehabilitation, and numerous studies have tried to unravel their intrinsic mech-

anisms and mode of action in endogenous cardiac repair. EVs from various hiPSC-

derived cell sources [139, 157, 159, 160], primary human cardiac cells [115, 153] and

animal cell lines [154, 168] have been experimentally tested for their therapeutic po-

tential in the cardiovascular context. The use of hiPSC-derivatives as cell sources for

EV production presents advantages over alternative adult cells given their self-renewal

and proliferation properties, however few comparative studies have been conducted to

define the most promising cell candidates within hiPSC-derivatives.

EVs were isolated from CCMed of four well-defined cell populations: hiPSCs, hiPSC-

CPCs, immature and mature hiPSC-CMs, as confirmed by flow cytometry and gene ex-

pression analysis. The isolation procedure was conducted according to ISEV-defined

standards [82], through a combination of differential centrifugation and iodixanol-based

density gradient ultracentrifugation, a technique that has shown great capacity to re-

cover EVs with high purity levels [143]. Indeed, TEM and Western blot results indicated

an adequate isolation of EV populations and absence of contaminants. Furthermore,

particle descriptor analysis provided information regarding EV production capacity for
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each cell source, revealing a higher EV yield for CM-derived EVs, contrary to literature

reports which favor hiPSC-CPC production [139].

The therapeutic potential of EV populations was assessed by means of functionality

assays, to test their wound healing and tube formation abilities. EVs from hiPSCs and

derived CPCs and CMs have been found to sustain angiogenic properties in vitro and

in vivo [139, 157]. Indeed, all four EV samples showed wound healing ability, with more

significant effect observed for hiPSC-EVs. However, no tube formation capacity was

detected for cardiac-derived groups, with only hiPSC-EVs showing significant, albeit

modest, angiogenic properties.

EVs have been found to exert their cardioprotective action through the transfer of

microRNAs involved in the pro-angiogenic response [154, 167]. Thus, transcriptomic

analysis of EV cargo was conducted and analysed for the detection of gene targets

implicated in angiogenesis. Differential expression data and unsupervised clustering

analysis advocated for specificity of EV miRNA contents according to cell source, sim-

ilarly to multiple literature reports [107]. Furthermore, KEGG pathway and Gene On-

tology analysis hinted at the increased targeting of pro-angiogenic pathways in hiPSC-

EVs.

These results suggest hiPSC-EVs as a suitable candidate for therapeutic use in

cardiac repair, although with no pronounced beneficial effects in comparison with the

remaining cardiac-derived EV groups. Multiple studies have reported the use of stress

stimuli to potentiate EV bioactivity [168, 169]. An interesting approach that could lead

to an increase in angiogenic potential of cardiac-derived EVs would be to expose the

cells to hypoxic conditions prior to CCMed collection. Additionally, enrichment of EVs

with specific pro-angiogenic miRNAs could further enhance cardioprotective effects,

using miRNAs identified from a deeper analysis of RNA-seq data.

4.2 Limitations and future work

In spite of the proven beneficial effects of EVs in the context of cardiovascular repair

seen in this study and in a number of literature reports, there are many limitations

hindering the translation of this work into clinical applications. Firstly, the choice of

functional assays adopted for this work may not represent the most suitable models for

the study of the therapeutic potential of EVs, therefore limiting the observed effects of

EV treatment and leading to moderate results.
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Secondly, the isolation process adopted for this work is both time and labour con-

suming, and although effective at obtaining a pure EV population, it lacks the neces-

sary efficiency for a clinical setting. This does not pose a problem for this particular

project, given that its focus lies solely on uncovering the therapeutic value of EVs, but

makes it impractical for large-scale production in later stages of medical application.

In this regard, multiple studies are underway to defining GMP-compliant optimized cell

culture platforms and high-yield isolation procedures for the scalable production and

purification of EVs for cardiovascular therapeutics [170, 171].

Furthermore, strategies involving cell preconditioning for the modulation of EV sig-

nalling towards a more specific pro-angiogenic and cardioprotective response have

been employed in numerous studies [154, 168, 169] and reveal promising results for

boosting the effects of EV treatment. Such strategies will be essential to validate the

therapeutic potential of EVs from hiPSC-cell derivatives and demonstrate their advan-

tages over more well-established sources, such as adult MSCs and CPCs.

Lastly, combined bioengineering approaches must be explored to bridge the gap

of clinical translation regarding EV delivery and retention. Several groups have made

progress in this domain by developing efficient systems for the sustained delivery of

EV treatments [128, 129], leading to enhanced cardiac repair. Many other intrinsic

and extrinsic strategies are being explored [106], such as the promotion of specific cell

targeting and improved biodistribution by means of EV modifications.
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Supplementary information

Materials and Methods

Figure 4.1: Linear regression curve relating refractive index values to density of iodixanol solutions.

Figure 4.2: Settings used for MRI Wound Healing tool of Fiji software to determine percentage of wound

closure.
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Figure 4.3: Settings used for Angiogenesis Analyzer plugin of Fiji software to determine tube formation

parameters.
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Figure 4.4: Effect of EVs from hiPSCs and hiPSC-cardiac derivatives on HUVEC proliferation,

quantified by EdU staining. a) Immunofluorescence images of EV and control samples from the

24h timepoint of the wound healing assay, after incubation with EdU reagent. HUVECs were stained

for transmembrane protein CD31 (green) and nuclei were counterstained with DAPI (blue). Merged

images show HUVEC proliferation in cells with pink nuclei. Scale bar: 100 µm. b) Percentage of EdU-

positive nuclei, quantified from a minimum of 1.000 DAPI-stained nuclei per condition, with the respective

comparison to negative or vehicle control. All data shown as mean ± SD (n=1). ns non-significant.

Figure 4.5: Heat map of differential microRNA expression of EV samples. Heat map was generated

from the 50 microRNAs with highest %CV between hiPSC-EVs (samples 1-3) and CPC/CMi/CMm-EVs

(4-12). Color scale indicates microRNA expression level relative to the mean, where green and red

indicate higher or lower expression, respectively.
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