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ABSTRACT

Abstract

Acute myocardial infarction (AMI) is one of the leading causes of death worldwide. During
AMI, Ischemia/Reperfusion (I/R) injury occurs: Ischemia, triggered by the complete artery
blockage causes death to cardiomyocytes (CMs) while reperfusion, although mandatory for
patient survival, further exacerbates the damage in the heart. Cell-based approaches are widely
used in disease models, including myocardial I/R injury. However, most in vitro models rely on
two-dimensional (2D) culture strategies and use murine cells, thus failing on the recapitulation of
human AMI pathophysiology. To better mimic the physiology of the human myocardium regarding
cell to cell contact as well as nutrient and gas gradients, a novel human in vitro model of CMs
aggregates derived from human induced pluripotent stem cells (hiPSC-CMs) was developed in
stirred-tank bioreactors (STBR). This strategy allowed the recapitulation of important features of
AMI, including CMs death, mitochondria and sarcomere ultrastructural damage and increased

release of pro-angiogenic, pro-migratory and pro-inflammatory cytokines.

Cell therapies using human Cardiac Stem/Progenitor Cells (hCSCs) in AMI context are now
being explored. These heart-resident cells are usually quiescent and become activated after AMI,
leading to improved cardiac function mainly due to paracrine signalling. Although CSCs have
regenerative properties, their mechanisms of action are still not fully resolved. To further unveil
the mechanism of action of hCSCs in AMI context, hCSCs were incubated with conditioned media
of hiPSC-CMs subjected to the previously described I/R setup. Quantitative proteomics showed
an activation of pathways and functions related to proliferation, migration, paracrine signalling and
stress response in hCSCs exposed to I/R hiPSC-CMs conditioned media vs CTL conditioned
media, which are features already described to be hallmarks of hCSC activation in AMI context.
This work provides a novel human-based I/R injury model as well as new insights regarding
hCSCs response to AMI.

Key words: I/R, hiPSC-CMs, hCSC, guantitative proteomics, bioreactor
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RESUMO

Resumo

O enfarte agudo do miocardio (EAM) é uma das principais causas de morte. Durante o EAM,
segue-se uma leséo designada por Isquemia/Reperfusdo (I/R): A isquemia, provocada pelo
blogueio de uma artéria, provoca a morte dos cardiomiécitos (CMs), enquanto que a reperfuséo,
embora obrigatéria para a sobrevivéncia, aumenta os danos no coracdo. Os ensaios in vitro séo
amplamente utilizados como modelos de doencas, incluindo na lesdo do miocardio causada por
I/R. No entanto, a sua maioria baseia-se em cultura celular planar com células de ratinho,
falhando assim na recapitulagdo da fisiopatologia humana. Para simular melhor a fisiologia do
miocérdio humano em termos do contato célula-célula, bem como dos gradientes de nutrientes
e gases, desenvolveu-se um novo modelo in vitro utilizando agregados de CMs derivados de
células estaminais pluripotentes humanas induzidas (hiPSC-CMs) em biorreactores de tanque
agitado. Nesta estratégia recapitularam-se aspectos do EAM, incluindo morte dos CMs, danos
ultraestruturais nas mitocondrias e sarcémeros e aumento da secrecdo de citocinas pro-

angiogénicas, pré-migratérias e pré-inflamatérias.

As terapias celulares baseadas em células humanas estaminais cardiacas (hCSCs) séo
actualmente muito exploradas no contexto do EAM. Estas células residem no coragéo e
encontram-se quiescentes. Ao serem activadas apdés o EAM, melhoram a funcéo cardiaca,
principalmente devido a comunicagdo paracrina. Embora as hCSCs tenham propriedades
regenerativas, os mecanismos de ac¢do ainda ndo sdo totalmente conhecidos. Para conhecer
melhor o mecanismo de acc¢do das hCSCs no contexto do EAM, incubaram-se hCSCs com o0s
meios condicionados de hiPSC-CMs submetidos ao ensaio de I/R. Através de protedmica
quantitativa, demonstrou-se que esta incubacdo activa nas hCSCs vias relacionadas com
proliferac@o, migragéo, sinalizac@o paracrina e resposta ao stress. Neste trabalho desenvolveu-
se um novo modelo I/R com células humanas, que foi explorado para se compreender melhor os
mecanismos de resposta das hCSC ao EAM.

Palavras-chave: I/R, hiPSC-CMs, hCSC, analise proteémica quantitativa, biorreactor

*Este Resumo nao foi escrito ao abrigo do Acordo Ortografico.
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INTRODUCTION

1.Introduction

1.1. Acute Myocardial Infarction

Cardiovascular diseases (CVD), a group of disorders of the heart and blood vessels, are
currently the main cause of death worldwide, accounting for 17.3 million deaths per year (Figure
1.1) [1]. By the year 2030, this number is estimated to grow to more than 23.6 million deaths [1].
Within CVD, ischemic heart disease (IHD) is the largest contributor of mortality and includes
diseases such as stable and unstable angina, sudden cardiac death and acute myocardial
infarction (AMI) [2].

B Cardiovascular diseases
30.40%

4.35% '

4.36%

32.26%
Cancers

Respiratory diseases
Diabetes

® Dementia

B Lower respiratory infections

m Other causes of death

16.32%

5.83%
6.48%

Figure 1.1 Share of deaths by cause in 2016. (adapted from Institute for Health Metrics and
Evaluation, Global Burden of Disease, https://ourworldindata.org/causes-of-death, accessed on July 05"
2018)

AMI, commonly known as a heart attack, consists in the sudden decrease or cessation of
blood flow to a part of the heart muscle, causing local ischemia. The most common cause of AMI
is the complete blockage of a coronary artery triggered by the rupture of an atherosclerotic plaque
(i.e. buildups of fatty deposits) with the formation of a vascular blood clot (i.e. a thrombus) [3].
This leads to changes in the balance between oxygen and nutrient supply of the affected
myocardium causing death to the heart muscle cells - the cardiomyocytes (CMs) - and

consequently myocardial tissue damage [4].

In order to help diagnose AMI correctly, a different number of tests can be performed,
including coronary angiography to identify intra-coronary thrombus, blood tests to track specific
markers in the serum such as cardiac troponins and/or creatine kinase MB and
electrocardiograms (ECGs) [5]. Regarding the heart’s electrical activity visualized by ECG, an
AMI can be generally classified in two different types [6]: a ST elevation Myocardial Infarction
(STEMI) usually caused by a fully blocked artery and a non-ST segment elevation myocardial

infarction (NSTEMI) which normally results from a partially clogged one [7].

After an AMI, rapid transportation to the hospital followed by initial assessment and treatment
are crucial since the increasing extension of cell death (e.g. necrosis) and prehospital cardiac

arrest play major roles in the patient’s prognostics. The initial management of acute cardiac


https://en.wikipedia.org/wiki/Unstable_angina
https://en.wikipedia.org/wiki/Sudden_cardiac_death
https://en.wikipedia.org/wiki/Myocardial_infarction
https://en.wikipedia.org/wiki/Myocardial_infarction

Unveiling human Cardiac Stem Cells role in myocardial ischemia-reperfusion injury

disorders comprises bed rest, patient’'s monitoring by ECG and early administration of

antithrombotic agents [8].

1.1.1. Ischemia/Reperfusion Injury

During AMI, the deficient blood flow is responsible for the ischemic condition. Therefore, the
treatment of choice (later discussed in section 1.1.2.) is the restoration of coronary blood flow
through reperfusion. However, reperfusion strategies, although needed, exacerbate the damage

even further, thus the overall damage is usually referred as Ischemia/Reperfusion (I/R) injury.

Myocardial I/R injury was first observed in 1960 by Jennings et al. in canine hearts after
observing that reperfusion enhanced the degree of necrosis [9]. The consequences of an I/R
injury evolve in a time-dependent manner, starting with exacerbated oxidative stress, overload of
intracellular Ca?*, inflammation and then quickly reaching to irreversible cell death by mechanisms

such as necrosis and apoptosis [10, 11].

1.1.1.1. The Ischemic phase

Ischemia is a condition that is characterized by the decrease or restriction of the blood flow
(and therefore of oxygen) in the tissues. Regarding cardiac ischemia, the deficiency in oxygen

causes irreversible cell death (e.g. in CMs) within minutes of the ischemic event [12].

The deprivation of nutrients and oxygen supply leads to severe changes in terms of CMs
metabolism and biochemical pathways within the myocardial tissue. Since no oxygen is available,
CMs metabolism shifts from oxidative phosphorylation to anaerobic glycolysis, leading to energy
depletion by the reduction of ATP (via degradation and defective synthesis), to the depolarization
of the mitochondrial membrane and the inhibition of myocardial contractile function. The
prevalence of anaerobic metabolism is also responsible for the reduction of intracellular pH
caused by the production and accumulation of lactate, NAD* and protons [12, 13]. The
subsequently decrease in ATP deranges the activity and function of ion transporters (Na*-H* and
2Na*-Ca?* exchangers) within the cell, that overall result in an overload of intracellular CaZ* which

can contribute to cell death following I/R (Figure 1.2) [14].

1.1.1.2. The Reperfusion phase

Current reperfusion strategies, although crucial to improve the AMI patients’ health condition,
are considered a “mixed blessing” [15]. Even though the reperfusion intervention restores the
nutrients and oxygen required for the generation of ATP through aerobic metabolism and also
normalizes the extracellular pH by washing out the accumulated protons, it comes with severe
consequences [13]. During this phase, several mediators contribute to cell death, including
oxidative stress, the overload of intracellular Ca?*, the opening of the mitochondrial permeability

transition pore (mPTP) and inflammation [12] (Figure 1.2).
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Oxidative stress, i.e. the imbalance of antioxidant and oxidant species, is caused by the burst
production of reactive oxygen species (ROS) mainly by the CMs’ mitochondria with the activation
of the electron transport chain [12] and the decrease in the ability of ROS scavenging leading to
cellular damage in CMs [16]. This oxidative stress (either caused by ROS or reactive nitrogen
species) leads to damage in DNA, lipids and proteins [17]. These compounds can also increase
proteolysis of proteins involved in the cardiac excitation-contraction coupling [10, 17]. Oxidative
stress during reperfusion can also decrease the bioavailability of nitric oxide, an intracellular
signalling molecule, that has an important role in ROS inactivation (e.g. superoxide radicals) and

in the improvement of coronary blood flow [18].

The intracellular Ca?* accumulation that was initiated during the ischemic period is
aggravated after reperfusion due to mitochondrial reenergization, plasma membrane disruption
and oxidative stress damage induced to the sarcoplasmic reticulum [12]. The consequential Ca?*
accumulation in the mitochondrion’s matrix, together with the sudden return to the physiological
pH and the generated ROS, leads to the opening of the mPTP, a nonselective channel localized
in the inner mitochondrial membrane [19, 20]. While the mPTP remains closed during ischemia
due to acidic conditions (pH<7) [21], during reperfusion, its opening causes the depolarization of
the mitochondrial membrane, CM’s hypercontracture [22] and the uncoupling of oxidative
phosphorylation inhibits the production of ATP, ultimately leading to cell death [23, 24]. The pore
opening also leads to the entry of water and solutes which contribute to the swelling of the
mitochondrial matrix. Even though the inner mitochondrial membrane can outstand the increase
of volume, the outer membrane is ruptured and all the content inside the intramembranous space,
including apoptogenic signals (e.g. apoptosis-inducing factor and cytochrome c) are released into
the cytosol where apoptosis is initiated by the activation of specific apoptogenic proteases (e.g.
caspases) [19]. Overall, the mitochondria can act as “fate decider” within the cell: if the damage
is severe, the cell may undergo necrosis due to failure in energy production; if the damage is

moderate, the cell may die by apoptosis; and if the damage is minimal the cell may recover [25].

Inflammation also plays a role in myocardial I/R injury and, since it is induced in the absence
of microorganism invasion, it is usually referred to as sterile inflammation. Besides promoting
apoptotic cell death, ROS also increase the expression of adhesion molecules, activating the
complement system (a biochemical cascade of the innate immune system) and acting as a
chemoattractant for neutrophils [26]. Neutrophils are also activated through the release of
endogenous molecules from necrotic and injured cells within the myocardium, including CMs and
endothelial cells [27]. The inflammatory environment created by the activity of these immune
system mediators contributes to further cell death and myocardial injury by prolonging the pro-

inflammatory response [28].
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Figure 1.2 Overall key mediators responsible for myocardial ischemia/reperfusion (I/R) injury. Key
mediators include oxidative stress, Ca?* overload, opening of the mitochondrial permeability transition pore
(mPTP) and inflammation. Briefly, the anaerobic respiration caused by the ischemic event leads to an acidic
intracellular pH. This contributes to the derangement of ion transporters function leading to Ca?* overload.
The mPTP remains closed and cardiomyocyte contracture is inhibited due to the decrease in pH.
Reperfusion allows the mitochondrion reenergization, creating reactive oxygen species (ROS) that induce
oxidative stress and act as chemoattractant for neutrophils. During reperfusion, the pH is also re-established,
inducing the opening of the mPTP and cardiomyocyte hypercontracture (reproduced from [12]).

The inflammatory response also takes part in the wound healing and scar formation process.
For the healing of the damaged myocardial tissue and scar formation upon AMI, a three-phased
cellular response occurs: (1) an inflammatory phase with a quick influx of immune cells to help
remove damaged tissue; (2) a reparative phase where myofibroblasts start proliferating and
secreting collagen to replace dead tissue; (3) and a maturation phase marked by the apoptosis

of immune cells, crosslinking of collagen fibers and scar maturation (reviewed in [29]).

During the reparative phase of inflammation, the process of fibrosis occurs. This process
consists in the excess formation and deposition of extracellular matrix (ECM) components (e.g.
collagen) that promote tissue hardening and scarring [30]. It can be divided in two types: i)
replacement fibrosis and ii) reactive fibrosis, both mediated by myofibroblasts. Replacement
fibrosis is the mechanism that replaces necrotic CMs by fibrotic tissue. On the other hand, reactive
fibrosis is characterized by the abnormal deposition of ECM in the heart’s interstitium in areas
remote to the infarction, induced by paracrine and hormonal mediators together with the
mechanical stress caused by the AMI. While replacement fibrosis is essential to prevent cardiac
rupture, an exaggerated fibrotic response and reactive fibrosis in the adjacent zone of the injured
areas contribute to impairment of the heart function [31]. The newly formed fibrotic scar tissue
increases the stiffness of the heart, impairs the oxygen diffusion and its lesser conductive nature
leads to electrophysiological remodelling. These factors also contribute to the diminishing of
ventricular function, the increase of CMs’ workload and arrhythmias [32] leading to chronic Heart

Failure (HF) [33]. Regarding chronic HF patients, heart transplantation is the only viable treatment
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to restore function which comes with logistic, economic and biological limitations derived from its
high costs, the need for constant immunosuppressive agents and the shortage of organ donors
[34].

1.1.2. Strategies in AMI treatment
1.1.2.1. Current therapeutic strategies

For patients with a clinical diagnose of a STEMI, restoration of coronary blood flow and
myocardial reperfusion should be done as soon as possible. This reperfusion is either done
mechanically by percutaneous coronary intervention (PCI) or pharmacologically by intravenous
fibrinolytic therapy. Primary PCI (angioplasty and stenting), an urgent catheter intervention PCI
without previous administration of fibrinolytic agents, is the chosen strategy for reperfusion in
patients with STEMI [8, 35]. If the patient is medically suggested as unsuitable for PCI, a Coronary
Artery Bypass Grafting surgery may be indicated [35]. In this procedure, a healthy vein or artery

is used to bypass the blocked portion of the coronary artery.

Regarding the NSTEMI diagnoses where residual perfusion still exists, the patients can
either follow the same invasive treatment strategies that are used in STEMI or undergo an
ischemia-guided strategy. The latter approach seeks to avoid the routinely early use of coronary
angiography and revascularization by the possible stabilization of the patient’s condition.
However, if the patient’s condition fails to stabilize and severe ischemia is detected they are

promptly redirected to undergo the mentioned invasive treatments [36].

1.1.2.2. Emerging strategies

Reperfusion treatments are continuously being improved with the advances in PCI
technology, with earlier reperfusion and the use of more efficient antithrombotic and antiplatelet
drugs. Emerging strategies on preventing I/R injury outcome are being tested in randomized

clinical trials as well as in proof of concept studies (reviewed in [12]).

Ischemic postconditioning, in contrast to uninterrupted reperfusion, has been reported to
attenuate the reperfusion injury and to reduce the infarction size by 40% to 50% [37]. This
technique is a modified form of reperfusion created in the 1980s that has been demonstrated to

be a beneficial form of gradual reperfusion [38, 39].

Preconditioning, i.e. repetitive angioplasty balloon inflations and deflations, although with
known effectiveness, is not favourable for clinical translation since this therapy must be done prior

to the known ischemic event [40].

Primary PCI and ischemic postconditioning are both invasive interventions that are directly
applied to the heart. An alternative strategy called remote ischemic conditioning, consists on brief
and transient cycles of ischemia and reperfusion to another organ or location (e.g. upper arm),

protecting the heart from distance against an I/R injury [41, 42].
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The practice of hypothermia (low temperature) [43] and hyperoxemia (increased arterial Oz
partial pressure) [44] as therapeutic interventions have also shown beneficial effects on reducing

reperfusion injury in animal studies [12].

Several pharmacological drugs are also being investigated against I/R injury. Such agents
include atorvastatin, atrial natriuretic peptide, erythropoietin or glucagon-like peptide 1 and act by
activating the RISK (Reperfusion Injury Salvage Kinase) pathway (reviewed in [45])). This
pathway comprises a group of pro-survival protein kinases that are activated during myocardial

reperfusion and confer cardiac protection [46].

Unfortunately, these novel cardioprotective therapeutics that target the individual I/R injury
key players (e.g. calcium overload, pH correction, inflammation and oxidative stress) have
resulted in disappointing clinical translation [47]. Nowadays, advanced strategies of treatment
based in regenerating myocardial tissue, such as cell therapy, are being studied. Stem cell
therapy can provide new treatment alternatives focused not only in the replacement of affected
cells but also on the release of autocrine and paracrine factors that ultimately lead to cell survival,

tissue remodelling and angiogenesis [48].

1.2. Stem Cells

Stem cells are undifferentiated and unspecialized cells that play a crucial role in both tissue
homeostasis and regeneration. They are able to self-renew into identical daughter cells
(clonogenic) by undergoing cell division and are also capable of differentiating into more mature
specialized cell types [49]. These cells can be divided into different categories depending on their
ability to differentiate (i.e. potency). For instance, totipotent stem cells that are able to develop a
complete organism (e.g. zygote and early stages of blastomere), pluripotent stem cells including
Embryonic Stem Cells (ESCs) or induced Pluripotent Stem cells (iPSCs) that are capable of
forming any cell type from the three primary cell germ layers (ectoderm, mesoderm, and
endoderm) and lastly, multipotent stem cells which are only capable of differentiating into cell

types from a specific cell lineage [50].

Due to their inherent paracrine properties and differentiation potential, a lot of research has
been developed in the possible transplantation of different types of stem cells and its derivatives
into AMI patients. Cell populations including skeletal myoblasts, the “first generation” of stem cells
such as bone marrow mesenchymal stem cells (BMSCs) and the “second generation” of stem
cells including derivatives of ESCs and iPSCs (e.g CMs) and Cardiac Progenitor/Stem Cells
(CSCs) are currently being explored [51].

Skeletal myoblasts, although not a type of stem cell, were the first cell type to be used for
the treatment of damaged myocardium. However, even though studies performed in animal
models such as the rabbit [52] or small sized studies in humans [53] showed promising results,
the potential use of these cells for cardiac repair is diminished given the associated risk of cardiac
arrhythmias [54].
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BMSCs are currently the most used cell type in clinical trials. The early data obtained from
clinical trials showed beneficial results, however, the long-term results remain inconclusive. For
instance, REPAIR-AMI trial (NCT00279175) showed an improvement in myocardial function
following the intracoronary delivery of autologous BMSCs while on the other hand, BOOST trial
(NCT00224536) showed little effect in the long run [54].

Regarding pluripotent stem cell derivatives, in vivo studies have been performed in rat
models using ESCs-derived progenitor cells embedded in a fibrin scaffold that resulted in
improved cardiac function [55]. There is also a clinical trial ongoing, ESCORT trial
(NCT02057900), that aims to use hESCs-derived cardiac progenitors in severe HF. While similar
studies for CVD using iPSCs-derivates are not being performed, they should be expected anytime
soon since differentiation protocols are effective in both type of cells. However, iPSCs-based
studies in humans should be performed with further caution due to the additional mutation risk

inherent to cell reprogramming [56].

1.2.1. Cardiac Stem Cells

The mammalian heart was previously thought to be a terminally differentiated post-mitotic
organ without any regenerative potential. In 2003, Beltrami and his colleagues first isolated and
expanded CSCs in the adult rat heart, which were able to differentiate into the myogenic cell
lineage (CMs, vascular smooth muscle cells and endothelial cells) both in vitro and in vivo and
improve cardiac dysfunction in the infarcted heart [57]. In the following year, Messina and his
group successfully identified a type of clonogenic cell in cardiospheres in both human and murine
heart which shared similar properties of adult CSCs and expressed stem cell antigens [58].
Cardiospheres (later defined in section 1.2.1.2.) are a multicellular cluster that contain not only

CSCs, but also supporting cells and partially differentiated progenitor cells [59].

The discovery of this multipotent cell population in the human heart with regenerative
potential led to a paradigm shift in cardiovascular biology. Since the myocardium harbours CSCs
that can be isolated and expanded in vitro, new therapies that exploit such endogenous
regenerative potential could emerge with the goal of recovering or replacing damaged cardiac

muscle [60].

1.2.1.1. Cardiac Stem Cells in transplantation

Given the characteristics of CSCs, researchers have undertaken much effort in the past
years to evaluate their potential in cardiac repair and regeneration and also its effectiveness,
safety and feasibility in cell transplantation therapies. For instance, Dawn et al. reported a
decrease of 29% in myocardial infarction size after the transplantation of CSCs into a rat model
after reperfusion, concluding that these cells could both limit infarct size and induce myocardial
regeneration [61]. Other studies in larger animal models, such as the pig (with greater similarity

in terms of tissue physiology and organ size to the human), reported similar results. Johnston and
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his colleagues revealed that treatment using cardiosphere-derived CSCs (CDCs) by intracoronary
infusion in infarcted pigs also limited infarct size, reduced adverse cardiac remodelling, formed

new myocardial tissue and improved the hemodynamics [62].

Since these studies have shown that CSCs transplantation could enhance cardiac
regeneration, the next logical step was to perform clinical trials using allogenic (i.e. donor derived)
and autologous (i.e. self-derived) CSCs. These trials include SCIPIO (NCT00474461) using
autologous c-kit* CSCs, CADUCEUS (NCT00893360)) with autologous CDCs, ALCADIA
(NCT00981006) also using autologous CDCs together with the controlled release of basic
fibroblast growth factor (bFGF), ALLSTAR (NCT01458405) using allogenic CDCs’ therapy and
more recently CAREMI trial testing allogenic c-kit* CSCs (NCT02439398).

Although these clinical trials promoted growing evidence that the use of CSCs exert some
effects in improving myocardial function on infarcted patients, the transplantation of these cells
showed somewhat disappointing results. Only a few percentage of the transplanted CSCs could
be successfully engrafted in the affected myocardium. This low retention rate is mainly due the
harsh microenvironment created by the infarction itself where the necrotic myocardium together
with the inflammatory response, restrict the growth, survival and homing of the infused cells, thus
affecting their capability of regenerating the heart [63].

To overcome this limitation, research has been focused on strategies to enhance the survival
and/or improve of the engraftment rate of CSCs upon transplantation, including the use of
biomaterials (e.g. cell sheets), hydrogels and porous scaffolds [64]. Alternative cell-free
approaches bring advantages over transplantation therapies: (1) it would be more affordable
regarding manufacturing costs, (2) it would be easier to apply and implement in the clinics like the
widespread use of PCIl and (3) its therapeutic agents would be “off the shelf” available, thus

reducing treatment initiation time [65].

1.2.1.2. Endogenous Cardiac Stem Cells Populations

CSCs are located in hypoxic areas within the myocardium [66], usually clustered in niches
with other types of early differentiated heart cells and adult CMs. It's estimated that the adult
mammalian heart harbours around one CSC per 8000 to 20000 CMs [67]. By comprising only
0.005 to 2% of the adult cardiac cells, these cells are considered rare in vivo, making challenging

to study and understand their physiological roles [68].

Several CSCs populations have been identified and characterized according to their
phenotypic properties and surface molecular markers (Table 1.1). These different subpopulations
include c-kit* CSCs, CDCs, Sca-1* CSCs, side population CSCs (SP CSCs) and Islet-1* CSCs
[60].
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C-kitt CSCs:

These cells were the first to be described as CSCs [57]. C-kit* CSCs appear in small clusters
within the interstitium of the ventricular and atrial myocardium with highest density in the atria and
the ventricular apex [69]. C-kitt CSCs are negative for blood lineage markers and are
characterized by the absence of CD45 and CD34 and expression of the stemness marker c-Kkit.
Additionally, they express transcription factors associated with early cardiac development such
as GATA-4, MEF2C and Nkx2.5 [68].

Sca-1* CSCs:

This type of CSC is characterized by the expression of the endothelial marker stem cell
antigen-1 (Scal) and the absence of c-kit and blood lineage markers. These cells express cardiac
transcription factors such as GATA4, MEF2c and TEF1 but lack other cardiac lineage markers
like NkX2.5, hematopoietic markers CD45 and CD34, and mature endothelial markers such as
CD31 [70].

Islet-1* CSCs:

CSCs within this subpopulation are characterized by the expression of cardiac transcription
factors GATA4 and Nkx2.5 but do not express c-kit, CD31 and Scal markers [71]. This
subpopulation can only be found in neonatal and fetal tissues, existing in low or non-existing

amounts in the adult mature hearts, which limits their potential use in clinical applications [70].

Cardiosphere-derived CSCs:

Cardiospheres are self-assembling multicellular spheroids originated from the cellular
outgrowth (i.e. cells in culture growing out of an explant) from cardiac tissue explants cultured in
suspension [72]. The core of this spheroids contains proliferating cells, including c-kit* cells whilst
the outer layer is composed of mesenchymal cells and differentiating cells that express cardiac,

stromal and endothelial cell markers [69, 72].

Side Population CSCs:

SP CSCs have an immature phenotype representing around 1% of all cells in the human
heart. They are identified using flow cytometry based on their ability to efflux DNA binding dyes
(e.g. hoechst dye) through an ATP-binding cassette transporter [68]. This population overlaps
with Sca-1*, sharing the expression of the cardiac transcription factors like GATA4 and Nkx2.5
with no myofilament or hemopoietic markers expression [68]. Consequently, SP CSCs can be
subdivided into two different populations according to their phenotype, namely, CD31-/Sca-1*SP
CSCs and CD31*/Sca-1* SP CSCs. However, only CD31/Sca-1*SP CSCs show considerable

cardiomyogenic potential [60].

CSCs can also be obtained using other strategies, for instance, by the differentiation of ESCs
[73] and iPSCs [74].
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Table 1.1 CSCs subtypes, molecular markers and transcription factors. (reviewed in [75]).

CSCs Molecular markers and Transcription factors:
subtype
c-kit* | c-kit", CD34-, CD45-, Sca-1*, Abcg2*, CD105*, CD166*, GATA4*, Nkx2.5'"", MEF2C*
Sca-1* | Scal*, CD34-, CD45, FLK1-, c-kit°ow, GATA4*, Nkx2.5'"%, MEF2C*
SP | CD34*, CD45*, Abcg2*, Scal*, c-kit*, Nkx2.5", GATA4
CDCs | CD105*, CD34*, CD45*, Abcg2*, Scal*, c-kitlow
Islet* | Islet*, CD31:, Scal, c-kit, GATA4*, Nkx2.5*

1.2.1.3. Endogenous Cardiac Stem Cells in cardiac regeneration

Normally, the endogenous CSCs residing in the adult heart are in a quiescent state and only
a few are active to maintain tissue homeostasis by replacing cardiac cells such as CMs and
vascular cells damaged by wear and tear. However, a fraction of endogenous CSCs can quickly
become activated upon environmental stimuli (e.g. ischemic injury [76], stress, hypoxia, exercise
and work overload) thus contributing to cardiac regeneration by paracrine action and by
proliferating and differentiating towards new cardiac muscle and coronary vessels [77-79].

Regarding whether CSCs actually differentiate or not into new cardiac cells remains controversial.

The controversy started when Orlic et al. [80] reported back in 2001 that c-Kit* cells (in this
case, bone marrow-derived cells) had the capability of regenerating infarcted myocardium. Three
years later, Murry et al. reported otherwise using the same cell type [81]. The heat of the
controversy seemed to have settled down with the narrower definition of CSCs, being it only c-
kit* cells that resided in the heart (excluding the circulating c-kit* cells). However, in 2012, Jesty
and his colleagues [82] reported that c-kit+ CSCs did not contribute to new CMs and a year later
Ellison et al. [83] demonstrated that CSCs could differentiate into different cardiac cells and were
the main source of regeneration in both human and mouse hearts, thus, reigniting the controversy
(reviewed in [84]). More recently, using genetic lineage tracing, it has been demonstrated that c-
kit CSCs minimally contribute to new CMs formation either in post-injury regeneration or in

normal conditions [85].

1.2.1.3.1. Mechanisms of action of Cardiac Stem Cells

Cardiac differentiation was thought to be the key event in the success of an eventual therapy
based on CSCs. Today, it's widely accepted that the production and secretion of paracrine
modulators (e.g. cytokines, growth factors and exosomes) induced by paracrine cross-talk are
the main factors responsible for the reported beneficial effects of CSCs’ transplantation studies
[86]. In fact, as mentioned above, while it’s still controversial whether CSCs can differentiate and
generate new CMs upon injury [85], the potential towards cardiac regeneration via paracrine
communication was already well recognized in many animal and in vitro studies. For example,
Park et al. reported that mouse Sca-1*/CD31- CSCs secreted factors such as MCP-1, EGF, TGF-
B1, IGF-1 (Insulin-like growth factor I), IGF-2, HGF-R and IL-6 that protected CMs from hypoxia

after incubating them with conditioned media [87]. More recently, Sebastido et al. reported in an
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in vitro human myocardial I/R injury model, an increased secretion of the angiogenic chemokine
CXCLE6 [88] by CSCs. In this study, a co-culture of human cardiac stem cells (hCSCs) and CMs
derived from human induced pluripotent stem cells (hiPSCS-CMs) was used to show CXCL6

relevance in the CSCs paracrine-mediated cardioprotection [Sebastido et al. submitted].

By taking advantage of paracrine communication between endogenous CSCs and injured
cardiac cells, novel cell-free therapies that stimulate the heart’'s endogenous regeneration
mechanisms based on the use of paracrine modulators have been explored. Ellison et al. tested
a cocktail of growth factors, combining IGF-1 and hepatocyte growth factor (HGF) injected
intracoronarily during reperfusion in pig models of AMI. The authors reported a regenerative
response from c-kit"* CSCs leading to the regeneration of the damaged myocardial tissue,
reduction of fibrosis and increased CMs survival rate. Both HGF and IGF-1 activated the
endogenous CSCs, contributing to their proliferation, migration and differentiation into CMs,
smooth muscle cells and endothelial cells [89]. In fact, IGF-1 had been previously reported to be
released by CMs in stress (e.g. infarction) [90]. Similar improved cardiac function was reported
by Koudstaal and his colleagues using the same molecules administered trans-endocardial in a

hydrogel carrier [91].

Exosomes (membrane vesicles ranging from 40 to 100 nm in size), are also vehicles of
paracrine signals produced by CSCs. CDCs were reported to produce exosomes that may induce
angiogenesis and also proliferation of CMs and apoptosis inhibition. These vesicles can hold
micro RNAs (miR), such as miR-146a, that have been shown to induce some cardioprotective
effects in murine myocardial models of AMI [92]. Other examples of miRs that boost cardiac repair
are miR-17 and miR-19a that belong to the miR-17-92 cluster. The overexpression of this cluster
has been shown to reduce the injury of a myocardial infarction in adult CMs. The joint use of miR-
590 and miR-199a (in lipid formulations) reduced infarct size and improved overall cardiac
function in mouse after myocardial infarctions (reviewed in [93]). More recently, Gallet et al.
reported a decrease in scarring and in adverse cardiac remodelling in pigs after intramyocardial
injection of human CDCs exosomes after reperfusion [94], making exosomes another conceptual

attractive cell-free therapeutic agent.

To further understand the mechanism of action of CSCs upon AMI, there is a clear need for
the development of relevant and predictable I/R models and robust analytical tools for detailed

cell characterization.

1.3. I/R models

The development of disease models plays a critical role in biomedical research. Disease
models aim to understand the molecular basis of human diseases in order to improve and develop
new forms of diagnosis and novel therapeutics. The currently available myocardial I/R injury
models include in vivo (animal models), ex vivo (e.g. Langendorff model) and in vitro (e.g. cell-

based assays) approaches.
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Over the past century, myocardial injury has been studied by the development of numerous
animal models [95]. Large animal models include the pig and dog, whereas small animal models
include rabbits and rats [96]. However, animal experimentation comes with high costs, ethical
issues and, although in animal models biochemical interactions and mechanisms are present,
they often differ from the human disease phenotype [97]. This inability to completely mimic human
disease, is likely the reason why many drugs fail to translate the efficacy and safety when
advancing from animal studies to human clinical trials [98]. Thus, the magnitude of the studies
are beginning to rely on the use of cultured human cells, including primary cells, cell lines and
derivatives of PSCs [99]. However, while primary human CMs would be the ideal cell source for
an in vitro model, their short availability, low to no proliferation capacity and poor consistency limit
their use. Given this, other cell types, including CMs derived from ESC and iPSCs are more

prevalent in vitro models [100, 101].

I/R in vitro models induce artificial conditions to simulate the environmental features of both
ischemia and reperfusion phases by exposing cells to hypoxia and reoxygenation. Strategies
used in I/R models include the culturing of cells in hypoxic sealed chambers (to simulate ischemia)
or incubators (to mimic both ischemia and reperfusion depending on the oxygen content). For
instance, Li et al. performed this strategy using neonatal rat CMs, applying a three-hour period of
both ischemia (5% CO2 and 95% N2) and reperfusion (5% CO2 and 95% O3) [102]. Kang et al.
also followed the same strategy using adult rat primary CMs, applying a six-hour period of
ischemia followed by reoxygenation [103]. For further oxygen scavenging, hypoxic chambers can
also contain deoxygenation reagents that lead to the O2 consumption and production of CO: (e.g.
Pack-Anaero) [104] and culture media can feature enzymatic oxygen scavengers (e.g. EC-
Oxyrase®) which act by reducing molecular oxygen to water [105]. Other I/R in vitro strategies
include the removal of media components (e.g. nutrients) and the removal of oxygen from the
culture media through bubbling with nitrogen. Xu et al. followed this approach using H9c2 (a rat
heart myoblast cell line) cell line by removing both glucose and fetal bovine serum (FBS) from the
media during ischemia and then culturing cells under normoxic conditions in nutrient rich media
during reperfusion phase [106] while Li et al. followed the same setup with the addition of a serum
deprivation step prior to the I/R experiments [107]. Other approaches include the culturing of cells
in ischemic mimetic solutions (IMS) which induce acidosis, lactate accumulation, glucose
deficiency and hyperosmosis, thus better mimicking the pathophysiological state of ischemia.
Zhao et al. used IMS to simulate ischemia in H9c2 cell line [108] and more recently, Sebastido et
al. applied the same formulation in an heterotypic cell-based human model of hiPSC-CMS and
hCSCs [Sebastido et al. submitted]. Other human cell types have also been subjected to I/R,
including CMs derived from ESCs [109].

However, despite the attempt to correctly mimic in vivo features of AMI, most I/R models are
2D (planar) disease models which fail to recapitulate the complexity of tissue architecture, that is
of major importance in disease pathophysiology, and are mostly based on a single cell type.
Therefore, there is a need to create and improve more relevant human cell-based experimental

in vitro settings that better recapitulate tissue physiology.
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1.4. Bioreactor technology and 3D cell culture

1.4.1. 3D cell culture strategies

To produce a robust in vitro disease model, the combination of physiological relevant cell
source together with a culture system that allows the recapitulation of in vivo architecture is
needed.

Most of cell-based assays and screenings are performed in two-dimensional (2D) systems.
2D cell cultures rely on the cultivation of a monolayer of cells adherent to a flat and rigid surface
(e.g. glass petri dish, polystyrene plates) [110]. However, in 2D cell culture, only a portion of cells
are interacting with their neighbour cells and the ECM, which can lead to incorrect cell polarization

affecting phenotypic cell fate and pathway signalling (reviewed in [111]).

On the other hand, 3D cell culture systems are able to establish the physiological cell-cell
and cell-ECM interactions [112] which mimic the 3D communication network that is responsible
for the homeostasis and specificity of the in vivo tissues [113]. Furthermore, 3D cultures
recapitulate more closely the tissue microenvironment by influencing intracellular signalling that

contributes to phenotypic cell fate by changing both gene and protein expression [114].

There are many methods to culture anchorage-dependent cells in 3D suspensions, including
cell adhesion on microcarriers, cell encapsulation in hydrogels and self-aggregated spheroids.
Microcarriers are small spherical particles that allow the growth of adherent cells while cell
encapsulation comprises the entrapment of cells in a semi-permeable membrane. Lastly, self-
aggregated spheroids are a scaffold-free strategy that induce cell-cell interaction by promoting
cell self-organization into 3D structures, known as spheroids or aggregates (reviewed in [115]).
Some examples are already reported for 3D cardiac in vitro cell models. For instance, using the
hanging-drop method, where self-aggregation is induced by gravity, cardiac models were
developed using a triculture of CMs, endothelial cells and fibroblasts to study the heart
microenvironment [116] and cardiac fibrosis [117]. In terms of myocardial I/R 3D models, a 3D
paper-based culture system was developed using primary CMs and fibroblasts cultured in stacked
layers of paper to study fibroblasts’ migratory response caused by CMs under ischemic stress
[118]. Other example, was the development of engineered heart tissue where CMs were cultured

in a ring-shaped scaffold to study cardiac function under hypoxic conditions [119].

In order to move from 2D culture systems to 3D, a change from static culture conditions to a
dynamic system is needed. Dynamic culture systems include shaking erlenmeyer's and
bioreactors, where the latter, allows the managing of cell culture environment that is required for
the development of disease models. In this context, bioreactors have emerged as the optimal
setting for reproducible and scalable 3D cell culture, having already been reported to improve cell

survival, differentiation efficiency and proliferation rates over 2D systems [120, 121].
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1.4.2. Bioreactors for culture of advanced cell models

Bioreactors are defined as devices that enable the tight control and monitoring of
environmental parameters required for cell culture (e.g., pH, oxygen, pressure, temperature,
nutrient supply and metabolite removal) [122]. There are several types of bioreactors, including
rotating wall vessels, stirred-tank bioreactors (STBR), airlift bioreactors, hollow fiber bioreactors
and wave bioreactors [123, 124] (Figure 1.3).

Figure 1.3 Examples of different bioreactor systems used in cell culture: a) rotating wall vessel; b)
stirred-tank bioreactor (STBR); c) airflow bioreactor (adapted from [125]); d) hollow fiber bioreactor (adapted
from [122]) and e) wave bioreactor (adapted from [126]).

Rotating wall vessels are a rotatory cell culture system providing a low shear stress culture
with high rates of mass transfer. By having two cartridges, one outer cartridge that’s fixed and an
inner one that rotates around the central axis, the cultures are suspended by the creation of the
microgravity environment of space. STBR feature a vessel, valves, pipes and a motor. The stirring
of the culture is provided by an impeller powered by the motor and in the top of the vessel, several
sensors and probes can be attached (e.g. temperature sensors, pH and dissolved oxygen probes,
metabolite measuring devices). Airlift bioreactors are a type of culture system that produce lower
shear stress when comparing to stirred-tank bioreactors since both the oxygenation and culture
mixing is performed by a stream of air. The hollow fiber bioreactors are made of semi-permeable
membranes arranged in parallel arrays allowing diffusion of nutrients and oxygen between the
intra-capillary space within the hollow fibers and the extra-capillary space. The wave bioreactor
comprises a disposable plastic bag and a platform responsible for a wave-like motion that

promotes the mixing in the culture medium (reviewed in [115, 123]).
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Even though there is a lack of reported myocardial I/R modelling based on bioreactors, the
feasibility of their use on disease models has already been proven using cells from other tissues.
For instance, Allen et al. developed a perfusion bioreactor system that allowed the study of the
effect of oxygen gradients in primary rat hepatocytes [127] while Santos et al. exposed a brain
model of 3D neural aggregates to hypoxia in STBR [128]. Hypoxia has also been combined with
STBR and wave bioreactors by Correia et al. but in this case, for the yield improvement in the
differentiation of murine iPSC into CMs [129].

Another main advantage of some bioreactor types (e.g. STBR) is the ability of withdrawing
samples in a non-destructive way [115]. With this, several assays can be performed including
metabolite analysis, live/dead assays, estimation of cell concentration and -omics analysis of cell

phenotype and conditioned medium, such as proteomic profiling methods.

1.5. Proteomics

Since its known that cardiac regeneration can be mediated via paracrine signalling
(discussed above on section 1.2.1.3.), the use of proteomic tools (both whole proteomics and
secretome, i.e proteins secreted by cells) is crucial to understand the molecular basis regarding

stem cell response to disease [130], including AMI.

Proteomics can be defined as the study of proteins [131], including protein-protein
interaction, protein modifications, function and localization. Since proteins are the main effectors
of a given cell phenotype, the proteome (i.e. the set of proteins expressed under specific
conditions at a given time) reflects a response to the environment, allowing the elucidation of
mechanisms of disease, protein signalling and both identification and characterization of
therapeutic targets and biomarkers [132]. There are many methods to study proteomes, including
2-dimensional separation followed by protein staining, binding of fluorescently-labelled antibodies
(e.g. ELISAS) or high-throughput techniques, such as microarrays or mass spectrometry (MS)
[133].

Protein microarrays allow the isolation and subsequent study of proteins, being considered
one of the most powerful proteomic tools. A typical protein microarray consists in a support (e.g.
piece of glass or plastic) coated with capture agents (e.g. antibodies) that recognize specific
proteins [134].

On the other hand, MS-based proteomics take advantage of the availability of the annotated
genomes and protein sequence databases. Combined with the technological advances, MS has
become the approach of choice in the field of proteomics. MS consists in the ionization and
gasification of molecules by an ion source, which are then separated according to their mass-to-
charge (m/z) ratio by a mass analyser. Then a detector registers the number of ions at each m/z

value, resulting in a spectrum of m/z and intensity pairs [135].
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There are two main approaches for the identification of proteins using MS. Top-down
proteomics which analyses intact proteins without the need of proteolytic digestion of the sample,
while its counterpart, bottom-up proteomics, requires protein cleavage into short peptides prior to
MS analysis. One of the most applied methods for the identification and quantification of
proteomes is Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) [136]
(Figure 1.4).
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Figure 1.4 Generic workflow schematization of a mass spectrometry (MS) proteomics experiment:
(1) Sample fractioning, starting with isolation of proteins to be analysed from cell lysates and a final step of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for further separation of proteins of
interest; (2) proteolytic digestion (e.g. trypsin digestion); (3) Peptide separation (e.g. high pressure liquid
chromatography-HPLC) and ionization using ion sources such as electrospray ionization (ESI) or matrix-
assisted laser desorption/ionization (MALDI); (4) Acquisition of mass spectra; (5) Additional round of MS (i.e.
tandem MS) [123].

Following bottom-up proteomics, LC-MS/MS starts with the proteolytic cleavage of the
sample into short peptides which are then separated by liquid chromatography (Figure 1.4). LC-
MS/MS can be operated using two different strategies: discovery/shotgun proteomics and
targeted proteomics. In discovery proteomics, the MS is performed in information-dependent
acquisition mode (IDA), where a subset of precursor ions (commonly the more abundant) formed
at a first stage of MS (MS1) are selected and fragmented by collision resulting in fragment ions
(MS2). The resulting MS/MS spectra are then analysed by sequence database search. Targeted
proteomics is operated in selected reaction monitoring (SRM) where a limited number of
predetermined ions of a specific mass are selected in the first stage of the MS1 and are
fragmented in a second MS for detection. To overcome the limitations of IDA and SRM, such as
low sensitivity to less abundant proteins and the limited number of target proteins per run,
respectively, a data-independent acquisition (DIA) strategy has been emerging in this field

(reviewed in [137]). In the DIA strategy, every ion (and not just a subset) in the chosen m/z range
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is fragmented and analysed in the second MS stage. An example of DIA method is Sequential
Windowed Acquisition of All Theoretical Fragment lon Mass Spectra (SWATH-MS) which is a

recent developed MS-based proteomic tool to identify and quantify proteins [138].

1.5.1. SWATH-MS

There are several MS-based methods used in the quantification of proteomes, including
chemical tagging methods such as isobaric tags for relative and absolute quantification (iTRAQ),
isobaric labelling with tandem mass tags (TMT) and isotope-coded affinity tags (ICAT) and

metabolic labelling, namely stable isotope labelling with amino acids (SILAC) (reviewed in [139]).

In contrast, SWATH-MS is a novel approach of MS-based quantification of peptide ions in a
sample that doesn’t require labelling [140]. First introduced by Gillet et. al., SWATH-MS appeared
to combine the high throughput advantages of shotgun proteomics with the consistency and
reproducibility of SRM. Its high-resolution MS data is obtained using a mass analyzer combination
of a quadrupole and TOF (time-of-flight) instruments (Q-TOF) through repeated analysis of
sequential windows (called swaths) throughout the chromatographic elution range [138]. The
procedures of the tagging methods usually contribute to loss of protein which is avoided in
SWATH-MS [141]. Being label-free, also removes the errors in quantification caused by

incomplete labelling [142].

Proteomic tools have already been applied in studies regarding stem cells, including CSCs.
For example, in the unveiling of hCSCs’ receptome [143] (i.e. plasma membrane receptors) or in
the phenotypic characterization upon scale-up production and expansion of hCSCs [144]. More
recently, using label-free quantitative proteomic tools (in this case, MaxLFQ), the human heart
proteome has been mapped for the first time, making it easier to identify differences between

diseased and healthy hearts in the future [145].
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AIM OF THE THESIS

2.Aim of the thesis

This thesis was divided in two major parts. The first goal was to develop and characterize a
novel human cell-based myocardial in vitro I/R injury model by combining both 3D culture of
hiPSC-CMs and stirred tank bioreactor technology. This approach aimed at filling the gap
between in vitro and in vivo research tools by better mimicking human CM AMI pathophysiology.

The second aim of the thesis was to investigate the mechanism of action of hCSCs upon
contact with paracrine factors from hiPSC-CMs subjected to I/R injury. Since it is known that
paracrine cross-talk plays a key role on the activation of these cells, it is important to understand
how hCSCs respond to the secretome of CMs in AMI context, aiding in the development of novel

therapies based on the activation of the endogenous heart regeneration capacity.

The rational of the thesis is demonstrated in the figure below (Figure 2.1):
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Figure 2.1 Thesis rational. Outlined strategy and major readouts. hiPSCs-CMs: human induced

pluripotent stem cell derived cardiomyocytes; hCSCs: human cardiac stem cells.
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3. Materials and Methods

3.1. hiPSCs culture

3.1.1. hiPSCs cell source and maintenance

hiPSCs (DF19-9-11T.H, WiCell) were cultured in Matrigel® (Corning) coated plates in
MTESR1 medium (STEMCELL Technologies) at 37°C in humidified incubators (5% CO2, 21%

0O32) and subcultured when about 80-90% confluent using Versene (Gibco) for 7 min at 37°C.

3.1.2. Differentiation, aggregation and maturation of hiPSCs-CMs

Differentiation into CMs was initiated when cell culture confluence reached about 90%, as
described elsewhere [146]. At day 7 (when a high proportion of beating zones was observed),
cells were dissociated by incubation with TrypLE Select (ThermoFisher Scientific) for 5 min at
37°C and replated in AggreWell™400Ex plates (Stem cell technologies) at a density of 1500
cell/microwell, as previously described for aggregation of hPSC-CMs [147]: cells were centrifuged
at 100 xg during 3 min, and cultured in RPMI Medium supplemented with B27 (without insulin) at
37°C in humidified incubators (5% CO2, 21% O3). After 48 h, hiPSCS-CM aggregates were
transferred to erlenmeyers and were kept in suspension in orbital shakers at an agitation rate of
70 rpm. Medium (RPMI supplemented with B27 without insulin) was replaced every two days until
day 15 of differentiation, where aggregates composed of >90% of cTnT positive cells (confirmed
by flow cytometry) were obtained [148]. To further improve the maturation state of this cell
population, hiPSC-CMs were cultured for additional 10 days in a commercial triiodothyronine (T3)
hormone rich medium (Pluricyte Medium, NCardia) in humidified incubators (5% CO2, 21% O3) at

37°C, as described in elsewhere [149]. Medium was exchanged every two days.

3.2. I/R setup in bioreactors

After day 10 of hiPSCs-CM maturation, aggregates were harvested and inoculated at a
concentration of 1.3x10° CMs/mL (200 aggregates/mL) in computer-controlled stirred tank
bioreactors (DASGIP® cellferm-pre bioreactor system Eppendorf AG), equipped with trapezoidal-
shaped impellers (working volume of 230 ml). hiPSCs-CMs aggregates were kept for at least 15
h in culture prior the I/R experiments in CM001-R media composed by DMEM:F12: Neurobasal
medium (1:1), supplemented with 1% penicillin streptomycin, 3% fetal bovine serum (FBS)
embryonic stem cell-qualified, N2 supplement (1X), B27 supplement (1X), 0.9 mM I-glutamine,
50 uM B-mercaptoethanol (Sigma) (all percentages in v/v). Data acquisition and process control
were performed using DASGIP® Control Software 4.0 (Eppendorf AG). Dissolved oxygen (pOz),
pH and temperature were monitored with pH and oxygen electrodes (Mettler-Toledo) and a
temperature sensor, respectively. Electrodes and temperature sensor were calibrated as
described by the manufacturer. Cells were cultivated under defined and controlled culture

conditions: 37°C, surface aeration rate of 0.1 volume of air per volume of medium per minute

21



Unveiling human Cardiac Stem Cells role in myocardial ischemia-reperfusion injury

(vwm), pO2 of 15% in air saturation (that corresponds to pO:z of 3% in Oz2), corresponding to

myocardial physiologic normoxia [150]. Stirring rate was set to 70 rpm.

I/R injury experimental setup (an insult) is depicted in figure 3.1. Ischemia was mimicked by
replacing CM001-R medium with Ischemic Mimetic Solution (IMS; in mM: NaCl, 135; KCI, 8;
MgCI2, 0.5; NaH2PO4, 0.33; HEPES, 5.0; CaClz, 1.8; Na*-lactate, 20; pH 6.8) [108], and by
decreasing pO2 to values below 0.4% in Oz. After 5 h of ischemia, reperfusion was induced by re-
establishing control culture conditions (CM001-R without FBS at a pO2 of 3% in oxygen) for an
additional 16 h. A bioreactor was maintained in parallel, following the same medium exchange

intervals (hereafter designated as CTL bioreactor).

I/R Injury
Before Insult (BI) 15 hours Ischemia (1) 5 hours Reperfusion (R) 16 hours
hiPSC-CMs aggregates in Medium changed to IMS " .
CMOO1R 3% FBS; " (zhao et al 2013); Medium changed to CM001-R 0% FBS;
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Figure 3.1 Schematic representation of Ischemia/Reperfusion injury (I/R) bioreactor-based
experimental setup. A two-phased I/R insult was performed on aggregates of hiPSC-CMs using stirred
tank bioreactors. During an ischemic phase of 5 hours, CM001-R medium with 3% FBS was replaced with
an Ischemic Mimetic Solution (IMS) and cell culture is performed in N2 atmosphere. After ischemia,
reperfusion phase was mimicked by re-establishing normoxic culture conditions (16 hours): IMS is changed
to CM001-R and oxygen is set back to 3% of pO2zin oxygen. The impact of the I/R setup was evaluated in
terms of hiPSC-CMs viability, hiPSC-CMs structure and ultrastructure, hiPSC-CMs aggregate size, hiPSC-
CMs secretory profile and angiogenic potential of conditioned (Cond.) media throughout several timepoints:
Bl-Before insult; Post I-Post Ischemia; Post R-Post Reperfusion. Control cultures were maintained in parallel
in normoxic conditions.

3.2.1. Generation of hiPSC-CM I/R Conditioned Media

Conditioned media of both CTL and insult bioreactors were collected at the end of
reperfusion phase (16 h), centrifuged (1,000 xg for 5 min) to remove dead cells and debris, and

stored at -20°C until further use.
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3.3. hCSCs culture

3.3.1. hCSCs source and maintenance

hCSCs from three different donors were obtained and isolated from the human right atria
appendage myocardial tissue, as described elsewhere [151]. hCSC from three donors were used:
hCPC1 (57 years old, male), hCPCO03 (78 years old, male) and hCPCO04 (17 years old, female).
Cells were cultured in humidified atmosphere of 5% CO2 and 3% O: at 37°C in CM001-R medium
(with 10% FBS, Insulin Transferrin Selenium (0.5X), 10 ng/mL bFGF, 20 ng/mL EGF-I and 30
ng/mL IGF-II (Prepotech)). A medium exchange of 50% was performed 24 h after thawing and
every 3 days afterwards. After reaching a confluency of about 80%, cells were subcultured by
trypsinization using Tryple™ Select Enzyme for 5 min at 37°C. Cells were used between

passages 7-8.

3.3.2. Incubation of hCSCs with I/R Conditioned Media

hCSCs were plated at 1.5x10* cells/cm? in complete CM001-R medium. After 24 h, medium
was exchanged by hiPSC-CMs conditioned media of reperfusion phases of both CTL and insult
bioreactors. After 3 days in culture, the impact of hiPSC-CMs conditioned media was evaluated

regarding hCSC migration, proliferation, growth factor secretion and whole proteomic profile.

3.4. Cytokine/Chemokine quantification

3.4.1. Cytokine array

Cytokine detection of conditioned media from ischemic and reperfusion phases of both CTL
and insult bioreactors was performed according to manufacturer's instructions (Ab133997,
Abcam) and included the screening for the following 42 targets: ENA-78, GCSF, GM-CSF, GRO,
GRO-q, I-309, IL-1q, IL-18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 p40/p70, IL-13, IL-
15, IFN-y, MCP-1, MCP-2, MCP-3, MCSF, MDC, CXCL9, MIP-15, CCL5, SCF, SDF-1, CCL17,
TGF-B1, TNF-a, TNF-B, EGF, IGF-I, Angiogenin, Oncostatin M, Thrombopoietin, VEGF-A, PDGF
BB and Leptin. The intensity of chemiluminescent signal is proportional to the amount of cytokine
bound and was determined using the Image LabTM software version 5.0 (Bio-Rad). Spot
densities were normalized according to the manufacturer instructions. Mean signal density of
each spot was also subtracted with the mean spot densities of basal medium alone (CM001-R
medium). IMS-based conditioned medium dismissed similar normalization, since IMS is a DPBS-
based medium, with no protein content as confirmed by Microplate BCA Protein Assay Kit

(Thermo Scientific).

3.4.2. Growth factor quantification by ELISA

ELISA kits (Quantikine, R&D Systems) were used according to the manufacturer's

instructions to address the concentration of the following cytokines in hiPSC-CMs and hCSCs
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conditioned media: CXCL6, HGF and IGF-1. Absorbance was then measured using a plate
fluorescent reader (TECAN Infinite 200 Pro NanoQuant).

3.5. Scratch wound migration assay

hCSCs were cultured to reach full confluency in 24-well plates and starved in serum-free
media (CM001-R w/o FBS) for 24 h. Each well containing a monolayer culture of hCSCs was
vertically and uniformly scratched using a 200 pl pipette tip. Cells were then incubated in hiPSC-
CMs conditioned media obtained from the I/R assays (Section 3.2.1). Phase-contrast
photographs were taken using a fluorescence inverted microscope (DMI6000, Leica) immediately
after scratching (0 h) and then after 5 and 7 h. The acquired images and the migration rates were
accessed using ImageJ software (Rasband, WS, ImageJ, U.S. National Institutes of Health,
Bethesda, MD, USA, http://imagej.nih.gov/ij/, 1997-2012).

3.6. HUVECs and tube formation assay

Human umbilical vein endothelial cells (HUVECS) (catalog No. 2517A, Lonza) were cultured
in previously coated t-flasks with 0.1 % gelatin in Endothelial Cell Growth medium 2 (ECGM2)
(PromoCell) and kept at 37°C in a humidified atmosphere of 5% CO.. Medium was exchanged
every 3 days. HUVECSs subculturing was performed before reaching ~90% confluence and were
trypsinized using 0.5 % Trypsin-EDTA (Ethylenediamine tetraacetic acid, Life Technologies) for
7 min at 37°C.

Tube formation assay was performed according to Pedroso et al. [152]. Ice-cold undiluted
Matrigel (Growth factor Reduced, BD Biosciences) (1.97 mg/cm?) was used to coat 96-well plates
and incubated for 40 min at 37°C to allow the Matrigel to solidify HUVECs were seeded at a
density of 5.5x10* cell/lcm? and incubated with the conditioned media from I/R experiments and
from hCSC culture after incubation with hiPSC-CMs conditioned media. ECGM2 and DMEM
media were used as positive and negative controls for tube formation, respectively. Only
HUVECSs’ cultures with low passage number (3-4) were used. At least four independent images
were acquired per condition after 4 h of incubation and the morphological aspects of the tube
network were quantified using the ImageJ angiogenesis analyser, including total master segment
length (sum of the length of the detected master segments in the analysed area), total segment
length (sum of the length of the segments) total branching length (sum of length of the trees
composed from segments and branches), number of nodes and number of junctions [153]. All cell

culture reagents were purchased from Gibco, Life Technologies unless stated otherwise.

3.7. Determination of cell viability and concentration

3.7.1. Trypan blue viability assay

Single cell suspensions were diluted in 0.1 % (v/v) trypan blue dye (Invitrogen) in PBS (Life

Technologies). Non-viable cells with damaged membranes stain blue by incorporating this
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impermeable dye. To determine both cell viability and concentration, cell counting was performed

using a Fuchs-Rosenthal haemocytometer (Marienfeld Superior).

3.7.2. Nuclei count

Cell suspensions were incubated in lysis buffer (1% Triton X-100 in 0.1M citric acid) for a
minimum period of 48 h at 37°C. The obtained nuclei were stained using crystal violet dye 0.1 %
(v/v) in lysis buffer. A Fuchs-Rosenthal haemocytometer (Marienfeld Superior) was used to

address total nuclei.

3.7.3. Fluorescent-based viability assay (FDA/Pi and NucView
Staining)

Cell viability of 3D aggregates of hiPSCs-CMs was evaluated by the incubation of two
fluorescent probes diluted in DPBS for up to 5 min: Propidium iodide (PI) diluted 1:1000 (10pg/mL)
and fluorescein diacetate (FDA) 1:1000 (20ug/mL). Samples were then visualized using
fluorescence microscopy (DMI6000, Leica). FDA enters freely within all the cells and its converted
to fluorescent fluorescein (green coloured fluorophore) by intracellular esterases in viable cells.
Since fluorescein is highly polar, it gets trapped in cells free of membrane damage (otherwise it
diffuses out of the cell). Pl is a fluorescent polar and intercalating compound that can only access
intracellular space of cells lacking membrane integrity, allowing the identification of non-viable

cells by colouring them red after DNA intercalation [154].

Cell apoptosis of 3D hiPSC-CM cultures was further assessed using NucView® 488
caspase-3 substrate (Biotium), according to the manufacturer's recommendations. Briefly, live
aggregates were incubated for 1 h at 37°C with culture medium containing NucView® 488 reagent
(1:200). Samples were then observed under a fluorescence microscope (DMI6000, Leica) and

representative images were taken.

3.7.4. Aggregate size determination

Aggregates were imaged in a fluorescence microscope (DMI6000, Leica) and Ferret

diameter was measured using ImageJ software.

3.7.5. Immunofluorescence microscopy

hiPSC-CMs aggregates were washed with DPBS, fixed in 4% (w/v) paraformaldehyde (PFA)
and 4% (w/v) sucrose in DPBS for 20 min, and dehydrated in 30% (w/v) sucrose overnight.
Samples were then embedded in Tissue-Tek® O.C.T. (Sakura) and frozen at —-80°C for
cryosectioning. Frozen samples were sliced with a thickness of 10 ym in a cryostat (Cryostat CM
3050 S, Leica). Afterwards, sections were permeabilized for 10 min in 0.1% (v/v) Triton X-100 in
DPBS and blocked with 0.2% (v/v) Fish Skin Gelatin (FSG) in DPBS for 30 min, at room

temperature (RT, 18-20°C). Sections were then incubated with primary antibodies diluted in
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0.125% (v/v) FSG, 0.1% (v/v) Triton X-100 for 2 h at RT. Cells were washed with DPBS and
incubated with secondary antibodies diluted in the same solution for 1 h at RT in the dark. The
following primary antibodies were used: a-sarcomeric actinin (1:200, Sigma) and troponin T
(2:100, Millipore). Alexa Fluor 488 phalloidin was used to stain F-actin (1:100, Invitrogen). Alexa
Fluor 594 (1:500, Life Technologies) was used as secondary antibody. Samples were then

observed using a fluorescence microscope (DMI6G000, Leica).

3.7.6. Transmission electron microscopy

hiPSC-CMs aggregates were washed with DPBS and fixed in 4% (w/v) paraformaldehyde
(PFA) and 4% (w/v) sucrose in DPBS for 20 min. Samples were stored in DPBS at 4°C until
further processing. Aggregates were fixed in a mixture 2% PFA and 2% glutaraldehyde in 0.1 M
Phosphate Buffer for 1 h on ice. Subsequently, samples were washed 3 times with 0.1 M
Phosphate Buffer and embedded in 2% low melting point agarose. Agarose was allowed to
solidify on ice prior to post-fixation with osmium tetroxide (1% v/v in 0.1 M Phosphate Buffer, 30
min on ice protected from light). After several washes in distilled water, the samples were
contrasted in 1% Tannic Acid for 20 min on ice, washed several times in distilled water,
dehydrated in a graded series of ethanol and infiltrated in epon resin (epon: ethanol mixtures: 1:3,
1:1, 3:1, 1 h and 30 min each, pure epon overnight) and embedded in flat embedding molds.
Ultrathin sections were cut in a Reichert Ultramicrotome using a diamond knife. Samples were
visualized in a H-7650 Transmission Electron Microscope (Hitachi) and representative images

were taken.

3.8. Mass Spectrometry

3.8.1. Quantitative whole proteome analysis

After 3 days in culture, the effect of hiPSC-CMs conditioned media was evaluated regarding
hCSC whole proteome quantitative analysis. The experimental design and quantitative

proteomics workflow are illustrated in Figure 3.2.

26



MATERIAL AND METHODS

hCscCincubated
with hiPSC-CMconditioned
media

I/R injury CTL

,

hCSCincubated
with basal medium

hiPSC-CM
aggregates

conditioned
= & media

oo es 72 h Incubation,;
3 different hCSC donors

[ hCSC harvesting ]
v
[ Protein extraction & quantitation; Trypsin digestion
v
IDA acquisition
v
[ Library generation ]
v

—/

SWATH-MS ]
\

[ Statistical and functional analysis ]

Figure 3.2 Experimental design and proteomic workflow. Conditioned media of Human induced
pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) (pool of 2 biological replicates) from
Ischemia/Reperfusion (I/R) injury and control (CTL) bioreactor setup were incubated with human cardiac
stem cells (hCSCs)

hCSCs were harvested and washed twice with DPBS by centrifugation. Cell pellets were
placed at -80°C until further proteomic analysis. Proteins were extracted, quantified and
processed from cell pellets as described elsewhere [155]. Briefly, cell pellets were resuspended
in lysis buffer [50 mM Tris (pH 7.8); 250 mM Sucrose; 2 mM EDTA] with protease inhibitors and
incubated on ice for 10 min. Cells were lysed with 30 passes through the 301/2 Gauge needle at
4 °C. Cell debris and unbroken nuclei were removed by centrifugation at 1,000 x g for 10 min at
4 °C and total protein concentration was quantified using a Microplate BCA Protein Assay Kit
(Thermo Scientific). Samples were prepared with 1X NuPAGE LDS sample buffer (Novex) and
1X NuPAGE sample reducing agent (Novex), followed by denaturation at 70°C for 10 min.
Samples were subjected to electrophoresis on pre-casted gels NuPAGE 4-12% Bis-Tris
(ThermoFischer Scientific) while using 1X NUPAGE MES Running buffer (Novex). The molecular
marker used was SeeBlue®Plus 2 prestained standard (ThermoFischer Scientific).
Electrophoresis was performed at 200 V for 5 min. Gels were stained either with Coomassie Blue
(InstantBlue, Expedeon) for 1 h under gentle agitation. Proteins were digested in gel as described
elsewhere [156]. Briefly, protein gel pieces were distained with 50% (v/V) acetonitrile, reduced
with 10 mM DTT, alkylated with iodoacetamide 55 mM, and digested at 37°C with 6.7 pyg/mL
trypsin.
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3.8.1.1. Generation of the spectral reference library

MS analysis was performed at the Mass Spectrometry Facility of iBET/ITQB-NOVA with the
assistance of an expert technician. Each sample (2.5 pg) was used for information-dependent
acquisition (IDA) analysis by NanoLC-MS using TripleTOF 6600 (ABSciex). A reversed phase
nanoLC with a trap and elution configuration, using a Nano cHIPLC Trap column
(200 um x 0.5 mm ChromXP C18-CL 3 ym 120A) and nano column (75 um x 15 cm ChromXP
C18-CL 3 um 120 A) was performed. Water with 0.1% (v/v) formic acid (solvent A) and acetonitrile
with 0.1% (v/v) formic acid (solvent B) were used. Sample was loaded in the trap column at a flow
rate of 2 yL/min for 10 min using 100% (v/v) solvent A. Peptide separation was performed in the
nano column at a flow rate of 300 yL/min applying a 90 min linear gradient of 5% to 30% (v/v) of
solvent B. IDA scanning full spectra (400—2000 m/z) for 250 ms. The top 40 ions were selected
for subsequent MS/MS scans (150-1800 m/z for 50 ms each) using a total cycle time of 2.3 s.
The selection criteria for parent ions included a charge state between +2 and +5, and counts
above a minimum threshold of 125 counts per second. lons were excluded from further MS/MS
analysis for 12 s. Fragmentation was performed using rolling collision energy with a collision
energy spread of 5. The spectral library was created by combining all IDA raw files using
ProteinPilot™ software (v5.0 ABSciex) with the Paragon algorithm and with the following search
parameters: search against Homo sapiens from Uniprot/SwissProt database; trypsin digestion;
iodoacetamide cysteine alkylation; through identification efforts. After a false discovery rate (FDR)
analysis, only FDR<1% were considered. The output of these searches, in the form of a group

file was used as the reference spectral library.

3.8.1.2. SWATH-MS analysis and targeted data extraction

For quantitative analysis, 2.5 ug of each sample were subjected to three SWATH runs.
Similar chromatographic conditions to the previously described IDA run were used. The mass
spectrometer was operated in a cyclic product ion data independent acquisition (DIA). A variable
windows calculator (SWATH Variable Window Calculator_ V1.0, AB SCIEX) and SWATH
acquisition method editor (AB SCIEX) were used to setup the SWATH acquisition. A set of 32
overlapping windows (containing 1 m/z for the window overlap) was constructed, covering the
precursor mass range of 400 — 1200 m/z. A 50 ms survey scan was acquired at the beginning of
each cycle, and SWATH MS/MS spectra were collected for 96 ms resulting in a cycle time of
3.172 s. Rolling collision energy with a collision energy spread of 15 was used. The spectral
alignment and targeted data extraction of DIA samples were performed using PeakView v.2.1 (AB
SCIEX; Framingham, US) with the reference spectral library. For data extraction the following
parameters were used: six peptides/protein, six transitions/peptide, peptide confidence level of
>99%, FDR threshold of 1%, excluded shared peptides, and extracted ion chromatogram (XIC)
window of 10 min and width set at 20 ppm. A total of 714 proteins were quantified under these
conditions. The full list of quantified proteins can be accessed in supporting information file 4.1,
at https://www.dropbox.com/sh/3kemuejjxovOmar/AADZG8V1BgO0tAEeoekCNO5_ Za?dI=0.

28



MATERIAL AND METHODS

3.8.1.3. Proteomic data analysis

To identify differentially expressed proteins, student’s T test analysis was performed using
GraphPad Prism6 (GraphPad Software Inc., California, USA). Resulting p-values and fold
changes were used to define up- and down- regulated proteins. Differentially expressed proteins
were defined as those which showed a fold change greater than 1.5 (up-regulated) or lower than
0.67 (down-regulated) and p-values lower or equal to 0.05. Hierarchical clustering heat map
analysis was performed using Perseus software environment [157]. Pathway analysis was
performed using Ingenuity Pathway Analysis (IPA, Quiagen, Germany) by up-loading the protein
list of interest (only proteins with p-value<0.05) and the respective fold change. Statistically
significant representation of biological functions and canonical pathways was identified based on
IPA p-value, displayed as —log(p-value). This probability score is calculated taking into account
the total number of proteins known to be associated with a given function or pathway, and their
representation in the experimental dataset. Prediction of inhibition and activation of biological
functions and canonical pathways was based on IPA z-score, a statistical measure of the match
between expected relationship direction and observed protein expression resulting in activation

(z=2) or inhibition (z< 2) of the respective pathway.

3.9. Statistical analysis

Statistical analysis and data processing were performed with GraphPad Prism6 and
Microsoft Excel 2016 (Microsoft® Office). All data are shown as mean with standard deviation.
Data were analysed by One Way ANOVA Tukey test or student t-test (tube formation analysis,
cytokine, nuclei counts, ELISA and proteomic results). P-values below 0.05 were considered
significant. 2 biological replicates of the bioreactor experiments were performed. For the assays,

at least 2 technical replicates of 2 biological replicates were performed.
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4. Results and Discussion

4.1. Bioreactor I/R injury in 3D hiPSC-CMs aggregates
4.1.1. Bioreactor I/R injury setup

The two-phased in vitro I/R injury setup was developed using hiPSC-CMs aggregates
cultured in STBR. The first phase, which aimed to mimic the ischemic period of the injury, had a
duration of five hours and combined oxygen and nutrient deprivation with hyperosomosis and
acidosis. The following phase, the reperfusion phase, had a period duration of sixteen hours and
featured the culturing of hiPSC-CMs in nutrient-rich medium and the reestablishment of normoxic
conditions to the myocardial physiological pOz of 3% in Oz [150]. pO2 and pH profiles were
monitored throughout the I/R assay (Figure 4.1).
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Figure 4.1 pO2 and pH time-profiles throughout the I/R assay in bioreactors. (B) pH values in the culture
medium and (B) pO2 percentage over time. t=0 corresponds to the time of cell inoculation in the bioreactors.
Ischemia phase is depicted in grey.

During the ischemic phase, a drop in pH (~6.7) was achieved by the replacement of the
culture medium with IMS (Figure 4.1A). In myocardial ischemia, the extracellular pH has been
reported to drop to values lower than 6 [158]. Regarding the oxygen content in the culture, pO:
was readily dropped to below 0.4% in approximately 1 hour (Figure 4.1B). In the reperfusion
phase, the oxygen content was set back to the myocardial physiological pO2 of 3% in O2 [150]
and the pH values were increased to around 7.4 (Figure 4.1A), which is considered the
physiological pH of mammalian arterial blood [159]. These results show that I/R features (drop in

pH and O2) were successfully mimicked using this setup.

4.1.2. Effect of I/R injury on hiPSC-CMs
4.1.2.1. Effect of I/R injury on hiPSC-CMs aggregates’ viability

The effect of the I/R injury setup in hiPSC-CMs aggregates viability was accessed by
live/dead and caspase-3 staining at several timepoints, namely before insult, post ischemia, 1-
hour post reperfusion and 16 hours post reperfusion (Figure 4.2).
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Figure 4.2 Viability of hiPSC-CMs aggregates subjected to the I/R injury. The viability of hiPSC-CM
aggregates viability was assessed by NucView Caspase-3 Staining (green) (A) and by double cell staining
with FDA (live cells, green) and PI (dead cells, red) (B) at several time points: Before Insult, Post Ischemia,
and at 1 hour and 16 hours Post Reperfusion. Scale bars: 200 um.

A clear decrease in hiPSC-CMs viability was observed when comparing the insult condition
with the CTL condition. Throughout the I/R experiment, CTL hiPSC-CMs remained viable with a
low number of apoptotic cells (Figure 4.2A) and dead cells (Figure 4.2B). Regarding caspase-3
activity levels, an early marker of apoptosis, hiPSC-CMs showed an increase of apoptotic cells in
the insult condition after the ischemia phase when comparing to the CTL condition (Figure 4.2A).
However, the abruptly increased caspase-3 activity levels after ischemia, are probably due to the
1-hour caspase-3 immunostaining incubation in fresh medium in reperfusion conditions (3% O:
in CM001-R). Regarding PI staining, a greater number of dead cells in hiPSC-CMs were present
in insult condition when compared to the CTL condition (Figure 4.2B). This increase in CMs death
is more noticeable shortly after reperfusion (i.e. 1h post reperfusion) which is consistent with in
vivo pathophysiology of AMI. In the first minutes of reperfusion, a burst of oxidative stress is
induced by several mechanisms, including ROS. Moreover, other mediators also contribute to
myocardial injury and CMs death, including intracellular calcium overload and the opening of the
mPTP [12].
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Other I/R injury studies, using different CMs sources, reported similar results regarding CMs
loss of viability. Apoptosis has been also reported to increase significantly in primary cultures of
neonatal rat CMs subjected to I/R [160]. In H9c2 cell line subjected to I/R experiments, lower CMs
viability and higher expression of apoptosis-related proteins have been detected [161]. The same
drop in viability in monocultures of hiPSC-CMs subjected to I/R injury has been reported, also
triggered after the first hour of reperfusion [Sebastido et al. submitted]. Freshly isolated adult rat
CMs also showed a decrease in cell viability regardless different durations of hypoxia and
reperfusion when comparing to normoxic conditions [162]. Moreover, previous studies also stated
decreased cell viability in hESC-CMs cultures subjected to in vitro I/R injury [163].

The average hiPSC-CMs aggregate diameter was accessed before the I/R injury and at the

experimental endpoint for the CTL and insult conditions (Figure 4.3).
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Figure 4.3 hiPSC-CMs aggregate size before and after I/R. Average aggregate diameters (A) were
calculated before and after I/R bioreactor setup experiments for both control (CTL) and insult conditions
(experimental endpoint, corresponding to 16 h after reperfusion).

Regardless of the advantages of bioreactors (including STBR) (as stated before in section
1.4), cell culture in STBR also presents limitations, including hydrodynamic shear stress, which
can be potentially harmful to cell cultures [115]. Comparing the diameters of hiPSC-CMs before
the I/R assay (260.8 + 33.1 um) with the CTL and insult conditions (262.9 + 32.6 and 255.0 + 30.6
pum, respectively), no significant changes were detected in diameter during bioreactor culture,
pointing the absence of cell shedding from the hiPSC-CMs aggregates (Figure 4.3). This also
indicates that the combination of impeller geometry and positioning inside the STBR, together
with the correct agitation rate applied in this in vitro I/R model, did not affect hiPSC-CMs integrity.

4.1.2.2. Effect of I/R injury on hiPSC-CMs aggregates’ phenotype and ultrastructure

In order to access whether the I/R injury setup affected the phenotype and structure of the
hiPSC-CMs, immunocytochemistry tools were used to analyse the expression of CMs specific

molecular markers (Figure 4.4).
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Figure 4.4 Characterization of cryosections of hiPSC-CMs aggregates. Specific molecular markers
were accessed at 16 hours post reperfusion (insult) and in control (CTL) conditions. Cardiomyocyte
molecular markers (i.e. a-sarcomeric actinin and troponin T) are present in both control (CTL) and insult
conditions. hiPSC-CMs aggregates presented hollow lacunae in their core structure upon injury. Scale bars:
100 pm.

hiPSC-CMs aggregates from both CTL and insult conditions stained positive for cardiac-
specific molecular markers (a-sarcomeric actinin and troponin T) (Figure 4.4). Interestingly,
hiPSC-CMs of the insult condition presented hollow lacunae in the core of the aggregates. These
hollow lacunae are likely to be due to the space left behind CMs death. Hollow cores are not

present in the CTL hiPSC-CMs, meaning that no necrotic cores due to hypoxia appeared.

It has been previously reported in hESC aggregate cultures, that aggregates with diameters
inferior to 300 pum in stirred suspension do not suffer from diffusional mass or gaseous transfer
limitations [164]. In fact, the appearance of hollow lacunae in hiPSC-CMs subjected to I/R and
their absence in the CTL conditions may be explained by the highly efficient Oz diffusion in

agitation-based systems (such as STBR used in this model) [115].
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Insult

CTL

Figure 4.5 Ultrastructural characterization of hiPSC-CM aggregates. Transmission electron microscopy
(TEM) images of hiPSC-CMs aggregates in control (CTL) and at 16 hours Post Reperfusion (Insult)
conditions. Z-bands (|), nuclei (N), mitochondria with visible cristae (#) and mitochondria with disorganized
cristae structure (*) are highlighted. Scale bars: 500 nm.

To access the ultrastructure and further characterize the impact of the I/R injury setup on
hiPSC-CMs, TEM analysis was performed (Figure 4.5). When comparing CTL and insult
conditions, typical ultrastructural changes of in vivo I/R injury are visible. Cells exposed to the I/R
injury revealed: (1) disruption of sarcomeric myofilaments and disorganized Z-bands and; (2)
membrane rupture of mitochondria and disorganized cristae (Figure 4.5). Previous studies using
cardiac tissue derived from rat models subjected to I/R also reported ultrastructural changes,
including changes in mitochondrial morphology, such as extensive loss of cristae and double
membrane and mitochondria swelling and loss of cristae. Other changes included the disruption
of Z-band architecture and myofilament disruption, absence of sarcomeres and appearance of
vacuoles within the cell (autophagy) [165-169].

4.1.2.2. Effect of I/R injury on hiPSC-CMs aggregates’ secretome profile

To further evaluate the impact of the I/R injury in bioreactors on hiPSC-CMs, conditioned
media was collected after the ischemic and reperfusion phases (of the injury setup) and evaluated
in terms of cytokine and growth factors content. The cytokine array was chosen among others,
based on which cytokines and growth factors had already been reported to be present in I/R
context. Several differentially expressed cytokines were detected between CTL and hiPSC-CMs
ischemic conditioned media (Figure 4.6) and between CTL and reperfusion conditioned media
(Figure 4.7). Overall, the cytokine and growth factor profile between the ischemic and reperfusion
conditioned media is different, with a more acute response during the ischemic period, highlighting

the distinct pathophysiology of myocardial I/R injury phases (Figure 4.6 and 4.7).
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Figure 4.6 Secreted growth factors and cytokines by hiPSC-CMs aggregates during ischemia phase
of I/R injury setup. Conditioned media of hiPSC-CMs aggregates from control (CTL) and insult condition of
ischemic phase was profiled using a cytokine array. Colour scale from 0 (blue) to 4.5 (red) (arbitrary units in
mean normalized spot density) (A). Validation of IGF-1 release was accessed by ELISA assay (B). *P<0.05;
**P<0.01; ***P<0.001; ****P<0.0001 (Student t-test).

During ischemia, hiPSC-CMs aggregates showed significant increased secretion of 30
molecules with key roles in inflammation (MCSF, MDC, Oncostatin-M, GRO, GRO-a, IL-18, IL-4,
IL-5, IL-8, IL-12 p40/p70, IL-15, CCL5, CCL17, CXCL9, TNF-B, VEGF, MCP-1, MCP-2, MCP-3,
MIP-1 and ENA-78), migration (GRO, GRO-aq, IL-8, SDF-1, IGF-1, VEGF, MCP-1, MCP-2, ENA-
78 and SCF) and angiogenesis (Thrombopoietin, PDGF-BB, GM-CSF and ENA-78) (Figure
4.6A).

Several of the detected cytokines have already been reported to be involved in AMI context.
IL-1B, IL-8, IL-15 and MCP-1 were detected in AMI-diagnosed human cardiac tissue, where MCP-
1 and IL-15 were the most present cytokines in the early onset of ischemia [170]. SCF, GM-CSF,
SDF-1, IL-8 and VEGF are cytokines that are involved in migration and mobilization of immune
and stem cells (e.g. CSCs and BMSC) upon AMI [171]. Furthermore, IL-8, VEGF, SCF and EGF

have also been associated with angiogenesis and pro-survival effects in CMs upon AMI [171,
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172]. Thrombopoietin was previously detected as upregulated in AMI patients [173] while ENA-
78 and GRO-a have shown to be secreted in cardiac tissues of HF patients and to be involved in
migration of c-kit* CSCs [174]. Moreover, ischemia has been shown to induce the expression of
MCSF [175] and Oncostatin-M [176] which are associated with inflammation and may contribute

to tissue healing after AMI.

In particular, IGF-1 was validated by ELISA quantification (Figure 4.6B), confirming the
increased release of this growth factor by hiPSC-CMs aggregates subjected to ischemia when
compared to CTL conditions. IGF-1 has been associated with improved cardiac repair after AMI
due to its role in the activation of endogenous CSCs [91] and has been previously reported to be
released by CMs upon AMI [90, Sebastido et al. submitted].
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Figure 4.7 Secreted growth factors and cytokines by hiPSC-CMs aggregates during reperfusion
phase of I/R injury setup. Conditioned media of hiPSC-CMs aggregates from control (CTL) and insult
condition of reperfusion phase was profiled using a cytokine array. Colour scale from 0 (blue) to 0.32 (red)
(arbitrary units in mean normalized spot density) (A). HGF concentration was accessed by ELISA assay (B).
*P<0.05; **P<0.01; ***P<0.001 (Student t-test).



Unveiling human Cardiac Stem Cells role in myocardial ischemia-reperfusion injury

Throughout the reperfusion phase of I/R injury, hiPSC-CMs also released some pro-
inflammatory cytokines which showed increased levels in insult conditions (1-309, CCL5, TNF-a)

as well as pro-angiogenic molecules (I-309, Angiogenin and GCSF) (Figure 4.7A).

These molecules have been also previously reported to be relevant in AMI context. I-309, an
inflammatory mediator, has been shown to act as a monocyte chemoattractant [177]. In addition
to pro-inflammatory functions, 1-309 was also described to have a role in the activation of
endothelial cell functions and angiogenesis in vivo [178]. CCL5 is also related to inflammatory
processes, including the activation and recruitment of immune cells [179]. For instance, this
chemokine has been shown to play a critical role in neutrophil and macrophage activation during
AMI [179]. Similarly, TNF-a is expressed after AMI, being also involved in the following

inflammatory response [171].

HGF, although not present in the chosen cytokine array, was also quantified and detected
through ELISA only in the reperfusion phase of the I/R assay (Figure 4.7B). HGF has been
reported to play a cardioprotective role in I/R rat models by reducing CM death [180]. Moreover,
HGF has been shown to promote resident CSC activation, migration and proliferation [181, 182].
GCSF also promotes angiogenesis [183] and can additionally act as a cardioprotective agent by
preventing cardiac remodelling after AMI through the promoting of bone marrow stem cell

migration to the injured sites [184].

To further validate the angiogenic potential of the hiPSC-CMs conditioned media obtained
after the I/R injury, angiogenesis tube formation assay using HUVECs was performed using

conditioned media collected after the reperfusion phase (Figure 4.8).
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Figure 4.8 Assessment of angiogenic potential of I/R bioreactors conditioned medium. Conditioned
media (Cond. Media) of hiPSC-CMs aggregates in control (CTL, grey bars) and at 16 hours Post Reperfusion
(Insult, black and white dotted bars) conditions were tested for angiogenic potential by HUVECS tube
formation assay. (A) Total master segment length, (B) total segment length, (C) total branching length, (D)
number of nodes and (E) number of junctions were quantified by angiogenesis analyser plugin of ImageJ.
*P<0.05; **P<0.01 (Student t-test). ECGM2 and DMEM were used as positive (black bars) and negative
(white bars) controls for tube formation, respectively.
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The results obtained from the incubation of HUVECs in hiPSC-CMs conditioned media,
confirmed an increased angiogenic potential of hiPSC-CMs conditioned medium subjected to I/R
injury when compared to the CTL (Figure 4.8). This angiogenic potential is unlikely to be solely
derived from the release of cytokines and growth factors. Recently, it has been shown that CMs
(from H9c2 cell line and primary rat CMs) that were subjected to ischemia, promote heart
angiogenesis through the release of miR-containing exosomes [185] and even though equivalent
studies in CMs subjected to reperfusion have not been performed, a similar behaviour can be
hypothesized.

Overall, several hallmarks regarding CMs response to AMI have been successfully
reproduced, including increased cell death, ultrastructural modifications and the release of key
molecular factors (i.e. cytokines and growth factors) with pro-inflammatory, -migratory and -
angiogenic properties. All these features were mimicked in the novel human I/R injury in vitro
model established in this work, using 3D culture of hiPSC-CMs aggregates and STBRs.

4.2. Human Cardiac Stem Cells’ response to hiPSC-CMs
conditioned media

After successfully mimicking myocardial I/R injury using hiPSC-CMs 3D aggregates in STBR,
the following step was to study the effect of the hiPSC-CMs secretome in hCSCs, in terms of i)
migration, ii) proliferation, iii) factor secretion, iv) angiogenic response and v) protein expression

profile.

4.2.1. Effect on hCSCs migration

Firstly, the effect of the hiPSC-CMs conditioned medium (from reperfusion phase) on the

migration of hCSCs was accessed by scratch wound healing assay (Figure 4.9).
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Figure 4.9 hiPSC-CMs conditioned media effect on hCSCs migration. Conditioned media of hiPSC-CMs
aggregates in control (Reperfusion CTL) and at 16 hours Post Reperfusion (Reperfusion Insult) was used
to incubate hCPC1, hCPC03 and hCPC04 (hCSCs from different donors) to access its effect on cell
migration. (A) Rate (%) of wound closure of hCSCs after 7 hours of incubation by quantification of the “wound
gap” distance between the front lines of migrating cells. (B) Phase-contrast photographs after wound
generation (0Oh) and after 5 and 7 hours of incubation with basal media (CM001-R 0% FBS). The acquired
images and the migration rates were accessed using ImageJ software. Scale bars: 200 um

The secretion of factors detected on insult hiPSC-CMs conditioned medium (Figure 4.7A)
including, SDF-1, SCF and HGF (Figure 4.7B) have been previously reported to be upregulated
upon AMI [172]. These cytokines were described to play a role on stem cell migration and homing
to injury [186]: SDF-1 and HGF are suggested to be involved in BMSCs migration [187] while SCF
can mediate CSCs motility [188]. However, regarding the effect of the secreted factors during I/R
by hiPSC-CMs on hCSCs migration, in all donors, no differences were detected when comparing
the CTL with the insult conditions (Figure 4.9A). Additionally, no differences were also observed
when comparing the migration rate of both conditions with the basal medium (CM001-R without
FBS) (Figure 4.9A). This similarity can indicate that, even though the basal media (CM001-R
without FBS) had no serum, it was still a nutrient and factor rich medium (e.g. N2 and B27
supplement), potentiating migration by itself. Given this, this method was not appropriate to
address the migration potential of this particular media.

Moreover, the scratch wound healing assay showed that different donors have different rates
of closure, suggesting that the rate of migration is donor-dependent (Figure 4.9). It has been
reported that aged CSCs have impaired functionality due to the accumulation of ROS that induce
modifications in guidance protein receptors (i.e. EphA2), ultimately leading to impaired CSC
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migration within the heart [189]. The obtained results suggest that other factors other than age
are also related to impaired migration capabilities, since HCPCO04 (age 17), the younger donor,
migrates at a slower rate than the other two older donors (ages 57 and 78). In fact, a more recent
study in CDCs subjected to a scratch wound healing assay, suggested that even though CDCs
derived from older donors expressed more senescence-associated markers, their migratory
abilities were not age-dependent [190].

4.2.2. Effect on hCSCs proliferation

The impact of the reperfusion conditioned media from hiPSC-CMs subjected to I/R on hCSCs
proliferation was also studied (Figure 4.10). In terms of total cell number, no differences were
observed between the CTL and insult conditions after incubation with hiPSC-CMs conditioned
media from reperfusion phase. Low to no proliferation was also observed in FBS-free media
(hiPSC-CMs conditioned media and CM001-R 0% FBS). These results might indicate that FBS
supplementation in the media is critical and potentiates hCSCs growth, since high proliferation
was registered with FBS-containing medium (Figure 4.10).
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Figure 4.10 Effect of hiPSC-CMs conditioned mediain hCSCs proliferation. Three hCSCs from different
donors (HCPC1, HCPCO03 and HCPCO04) were incubated with hiPSC-CMs conditioned media for 3 days.
Total cell number was accessed through nuclei counts and fold change was calculated by normalizing
proliferation results with cell inoculum. CM001-R 10% and 0% FBS were also tested as quality controls.

It is known that I/R injury is able to promote CSCs proliferation. For instance, it has been
reported that inducing I/R in hCSCs in co-culture with hiPSC-CMs induces hCSCs proliferation
[Sebastidao et al. submitted] and that CDCs subjected to hypoxia and reperfusion also respond
with an increased proliferation rate [191]. It has also been shown that after AMI, CSCs increase
in number both in humans [192] and adult mice [193, 194]. However, no differences in proliferation
were obtained after the incubation of hCSCs with hiPSC-CMs conditioned media (Figure 4.10).
Besides FBS absence, another hypothesis could be that hCSCs need to be subjected to the I/R
injury (including lack of oxygen and nutrients) and that hiPSC-CMs conditioned media itself is not
a sufficient stimulus (similar concentration of growth factors after 16h of reperfusion vs CTL -
Figure 4.7A) to activate and enhance hCSCs proliferation.
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4.2.3. Effect on hCSCs’ secretion of IGF-1, HGF and CXCL6

After the end of the incubation of hCSCs with the hiPSC-CMs conditioned media, hCSCs
supernatant was collected and further analysed regarding the secretion of three molecules that
have known cardiac regenerative properties: IGF-1, HGF and CXCL6 (Figure 4.11).
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Figure 4.11 Secretion rate of IGF-1, HGF and CXCL6 factors by hCSCs after incubation with hiPSC-
CMs conditioned media. Three donors of hCSCs (HCPC1, HCPC03 and HCPCO04) were incubated with
hiPSC-CMs conditioned media the release of the following factors was accessed through ELISA assay: (A)
IGF-1, (B) HGF and (C) CXCL6. Specific growth factor secretion rates were obtained by normalizing growth
factor concentration per cell number and incubation time (72 hours). *P<0.05; **P<0.01; ****P<0.0001
(ANOVA Tukey test).

No differences in the secretion rates in any of the donors of hCSCs for the tested molecules
were observed after the incubation with hiPSC-CMs conditioned media of CTL and insult
conditions (Figure 14.1). Regarding donor variability in factor secretion, IGF-1 is secreted at
higher rates by hCPC1 (Figure 4.11A) (e.g. CTL values for hCPC1 3.89x10° + 5.22x101, for
hCPCO03 2.02x10° + 6.64x101° and for hCPC04 2.40x10° + 2.81x10-1%) while HCPCO03 secreted
higher amounts of HGF (e.g. CTL 1.58x10*+ 1.10x10%), followed by HCPC1 (e.g. CTL 2.46x10"
5+ 3.80x10%) and HCPCO04 (e.g. CTL 3.48x10%¢+ 1.30x10) (Figure 4.11B). CXCL6 is secreted
at a higher rate by HCPCO03 (e.g. CTL 2.48x10° + 2.10x10), followed by HCPCO04 (e.g. CTL
5.26x104+ 1.47x10%), with HCPC1 (e.g. CTL 2.44x105+ 5.95x10), secreting at the lowest rate
(Figure 4.11C).

Even though IGF-1 secretion rate is lower for the younger donor (hCPCO04) (Figure 4.11A),
it is reported that both the expression of IGF-1R (receptor activated by IGF-1) and the synthesis
of IGF-1 is attenuated in older CSCs [195]. Further investigation is needed to validate this
tendency. Apart from age, other factors, including genetic background and co-morbidities may

also contribute to donor variability.

4.2.4. Effect on hCSC’s angiogenic potential

hCSC'’s angiogenic potential was also evaluated in the collected supernatants by HUVECs
tube formation assay. Overall, supernatants from HCPC1 and HCPCO04 donors showed an
increased angiogenic potential after being exposed to hiPSC-CMs conditioned media from the
insult condition of the I/R assay (Figure 4.12). This result indicates that these two hCSCs donors

produced more pro-angiogenic factors in response to the paracrine factors secreted by hiPSC-
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CMs during I/R. While no similar or equivalent assays were found in the literature regarding
hCSCs pro-angiogenic potential following incubation with I/R conditioned media, it has been

reported that CSCs (in this case, CDCs) characteristically possess high angiogenic potential and

tube formation capacity [196], which can be enhanced in an injury context.
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Figure 4.12 Assessment of angiogenic potential of hCSC supernatant after hiPSC-CMs conditioned
mediaincubation. hCSC supernatant of three donors (HCPC1, HCPCO03 and HCPCO04) was harvested after
a 3-day incubation period with hiPSC-CMs conditioned media of control (CTL, dark-grey bars) and at 16
hours Post Reperfusion (Insult, light-grey bars) conditions. Supernatants were tested for angiogenic potential
by HUVECS tube formation assay. (A) Number of nodes, (B) number of segments, (C) number of branches,
(D) total length and (E) total branching length were quantified by angiogenesis analyser plugin of Image.
*P<0.05; **P<0.01; ***P<0.001 (Student t-test). ECGM2 and DMEM were used as positive (black bars) and
negative (outlined bars) controls, respectively.

Regarding donor variability, it has been reported that aged BMSC show reduced pro-
angiogenic potential [197], however, such relation for hCSCs is not sustained by the obtained
results, as the two older donors (hCPC1 and hCPCO03) appear to have similar angiogenic

measurements when comparing to the younger one (hCPCO04) (Figure 4.12).

Most assays performed on hCSCs for migration, proliferation and key factor secretion
showed no differences between the CTL and insult conditions since hiPSC-CMs conditioned
media was nutrient rich (thus not allowing to detect possible differences). Due to this, a more
sensitive technique was employed to further characterize hCSCs mechanism of action upon
incubation with conditioned media from hiPSC-CMs subjected to I/R: SWATH-MS.

4.2.5. SWATH-MS of hCSCs after hiPSC-CM CondM incubation

hCSCs were incubated for 3 days in hiPSC-CMs conditioned media (CTL and insult) and

were harvested for further characterization by label-free quantitative proteomics by SWATH-MS.
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A total of 714 proteins were quantified in the samples, in which the biological canonical pathways

and functions were analysed using IPA software.

A
wi

s 8§ &
—

hCPC1

hCPC03+hCPC04

W hePC1
hCPeo3

W hePCo4

BasalMm|[ ",
= CondM CTL

CondM Insult

hCPC1

hCPCO3

W hCPCO4

o w0 s 5% 0 20 0 g EZ £ £ 3
PC1 Seaee

Figure 4.13 Principal Component Analysis (PCA) biplot of hCSC samples, including technical and
biological replicates. (PCA settings: Unsupervised; Weighting — None; Scaling — Pareto). Scores for PC1
(39.4%) versus PC2 (18.8%) are displayed. (A) Samples grouped according to donor. Blue: hCPC1 and
Light green: hCPC03+hCPCO04; (B) Samples grouped according to experimental conditions. Light Blue
hCSCs incubated with basal medium (BasalM); Dark Blue: hCSCs incubated with control hiPSC-CMs
conditioned medium (CondM CTL); Red: hCSCs incubated with I/R injury hiPSC-CMs conditioned medium,
(CondM Insult).

In order to interpret the relationship between the different biological replicates of hCSCs, a
Principal Component Analysis (PCA) biplot was used (Figure 4.13). While hCPC03 and hCPC04
donors are relatively close together in the biplot, the hCPC1 donor is completely separated from
the other 2 donors (Figure 4.13A). hCPC1 data did not cluster together with the other donors by
condition (Figure 4.13B), suggesting that this hCSC donor presented a different protein
expression profile. Consequently, hCPC1l was excluded from the subsequent functional

proteomic analysis.

4.2.5.1. Proteome profile of hCSCs incubated with hiPSC-CMs control conditioned
media

The effect of the hiPSC-CMs CTL secretome in hCSCs was accessed in terms of protein
expression profile by comparison with hCSCs incubated with basal media (Figure 4.14). A total
of 714 proteins were quantified in which 46 (6.44 %) proteins were found to be differently
expressed (Figure 4.14A). Fifteen proteins were found to be up-regulated (fold change=1.5, p-
value<0.05) while 31 were classified as down-regulated (fold change<0.67, p-value<0.05) in
hCSCs incubated with hiPSC-CMs CTL conditioned media (Figure 4.14B).
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Figure 4.14 Quantitative proteomic analysis and comparison between hCSCs incubated with basal
medium and with hiPSC-CMs control conditioned medium. (A) Volcano plot representing the results of
differentially expressed proteins quantified by SWATH-MS (Up-regulated:red; Down-regulated:green; No
change/non-significant:grey). 714 proteins were identified and quantified, including differentially expressed
proteins (p-value<0.05): 31 down-regulated (log2(FC)<-0.58, green) and 15 up-regulated (logz(FC)=0.58,
red) in hCSCs incubated with hiPSC-CMs CTL conditioned medium. (B) list of down- and up-regulated
proteins. (C) Activation (z-score 2 2, red) and inhibition (z-score< -2, green) scores of canonical pathways
and functions. Only pathways and functions with p-value<0.05 (log p-value =1.3) were considered. FC: fold
change.

Functional analysis using IPA software (Figure 4.14C) revealed an overall inhibition of
canonical pathways and functions involved in cellular migration (only 1 found to be activated) in
hCSCs incubated with hiPSC-CMs CTL conditioned media. Other inhibited pathways included
EIF2 signalling, an important stress signalling pathway which is associated with endoplasmic
reticulum stress response [198]. Regarding cell metabolism, only 1 canonical function associated
with protein catabolism was identified as activated. The activation of protein catabolism and
inhibition of pathways and functions related to motility may act as a mechanism to preserve
hCSCs stemness and quiescence. Adult stem cell migration is important to maintain tissue
homeostasis, however, it is only activated under the appropriate stimuli. Factors such as secreted
molecules, cell niches (e.g. cell population interaction) [66] and mechanical forces are involved in
regulation of stem cell functions, including quiescence, self-renewal, proliferation, differentiation
and migration [199]. Since beforehand no differences were expected in the comparison of these

controls, the observed differences are likely caused by hiPSC-CMs secreted factors.

In order to address the main focus of this work, a further functional comparison between

hCSCs incubated with conditioned media of the CTL and Insult conditions was performed.
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4.2.5.2. Proteome profile of hCSCs incubated with hiPSC-CMs I/R injury paracrine
factors

To understand if the different hCSCs donors responded similarly to the secretome of the
hiPSC-CMs, a hierarchical clustering of the proteomic data was produced (Figure 4.15A). As
previously stated, the hierarchical clustering also demonstrated that the 2 hCSCs donors used as
biological replicates (hCPCO03 and hCPCO04) clustered together by condition (i.e. CTL and Insult).
This result indicates that the experimental conditions had a greater influence in the hCSC
proteome than the biological variability among the 2 donors. In terms of the obtained hCSCs
proteome, a total of 714 proteins were identified in which 86 (12.04 %) were found to be differently
expressed (Figure 4.15B). Sixty-three were found to be up-regulated (fold change=1.5, p-
value<0.05) while 23 proteins were classified as down-regulated (fold change<0.67, p-
value<0.05) in hCSCs incubated with the Insult hiPSC-CMs conditioned media (Figure 4.15C).
Almost the double of proteins was differently expressed when comparing to the previous analysis

(basal medium vs CTL medium), which points out a greater difference between insult and CTL

conditions.
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Figure 4.15 Quantitative proteomic analysis between hCSCs incubated with Ischemia/Reperfusion
injury (insult) and hiPSC-CMs control (CTL) conditioned media. (A) Heatmap and hierarchical clustering
(Eucledian distance) of logarithmized intensities of proteins (n=714) obtained from Perseus. Z-score values
were coloured from green to red, representing down-regulation and up-regulation, respectively. Heat map
analysis was performed using 2 biological (hCPC03 and hCPC04) and 3 technical (A, B, C) replicates.
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Columns represent the technical replicates of the different biological replicates, while each row represents
one protein. (B) Volcano plot representing the results of differentially expressed proteins quantified by
SWATH-MS (Up-regulated:red; Down-regulated:green; No change/non-significant:grey). 714 proteins were
identified and quantified, including differentially expressed proteins (p-value<0.05) between control and
Insult conditions: 23 down-regulated (log2(FC)=-0.58, green) and 63 up-regulated (log2(FC)=0.58, red). (C)
List of down- and up-regulated proteins. FC: fold change.

Further functional analysis was conducted using IPA software, indicating that several
canonical pathways and functions associated with cell migration, cell proliferation, paracrine

signalling and stress response were activated (z-score=2) (Table 4.1).

Table 4.1 Activated and inhibited canonical pathway and functions in hCSCs incubated with hiPSC-
CMs Insult conditioned medium. Activated (z-scorez2, red) and inhibited z-scores-2, green) canonical
pathways and functions of hCSCs incubated with Ischemia/Reperfusion injury and hiPSC-CMs control
conditioned media. Only functions and pathways with -log(p-value)=1.3 are shown.

-log (p-value) z-score

[Cell migration  [RhoGDI Signaling 521 | _.

Actin Cytoskeleton Signaling 6.96
Cell migration Migration of cells 5.66
Cell movement oftumor cell lines 5.34
Cell movement 6.20
Migration of tumor cell lines 4.60
Ephrin Receptor Signaling 445
Rac Signaling 5.13
Regulation of Actin-based Motility by Rho 6.53
CXCR4 Signaling 152
Thrombin Signaling 1.60
Cell proliferation | Cdc42 Signaling 412
PAK Signaling 246
p70S6K Signaling 5.50
Chemcokine Signaling 245
Paracrine PAK signaling 246
signaling Neuregulin Signaling 355
VEGEF signaling 2.46
EIF2 Signaling 34.00

Stress response | Apoptosis 776 E
NRF2- mediated oxidative stress 4.74

Regarding cell migration, several functions and pathways were found to be activated in
hCSCs incubated with hiPSC-CMs Insult conditioned medium (Table 4.1). CXCR4 signalling was
identified as activated, where CXCR4 acts as a protein receptor of SDF-1. SDF-1/CXCR4
pathway is thought to play a role in stem cell migration in ischemia-related tissue repair, such as
during AMI, since this pathway can be mediated by HIF-1 (hypoxia-inducible factor-1) signalling
[200]. Moreover, 3 proteins (GTR1, HSP90A, and LDHA) associated with HIF-1 signalling were
also identified as up-regulated from the subset of the differentially expressed proteins (Figure
4.15C). Regarding the Ephrin Receptor signalling, EphA2, a type of ephrin receptor, was also
found to be up-regulated in renal I/R injury [201]. Only 1 pathway, RhoGDI signalling, was
classified as inhibited (z-score<-2). However, RhoGDI signalling has been showed to supress
human tumour metastasis and invasion in human cancer (bladder) [202], two processes

influenced by cell migration capabilities. Overall, the obtained results suggest that every pathway
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and function detected as differentially activated or inhibited might be contributing to an increase

in cell migration (Figure 4.16).
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Figure 4.16 hCSCs activate pro-migratory and proliferation associated pathways. Proteomic analysis
revealed that Cdc42, Rac, PAK, Rho, CXCR4, and Ephrin Receptor pathways are activated in hCSCs
exposed to hiPSC-CM I/R injury conditioned medium, while RhoDGI signalling is inhibited. Proteins are
depicted as green (negative fold change), red (positive fold change) and grey (not quantified in our analysis/
p-value=0.05) circle. Only proteins with p-value<0.05 were used in the analysis.

In terms of cellular proliferation, 4 pathways (thrombin, Cdc42, p70S6K and PAK signalling)
were identified as activated (Table 4.1). For instance, p70S6K has been shown to promote cell
growth (and also migration), having an important protective role in intestinal I/R injury in mice
[203]. Other pathways including Cdc42 and PAK signalling are also related to increased cell

proliferation (in cancer cells) [204, 205].

Paracrine signalling pathways were also found to be activated (Table 4.1). In fact, it is widely
accepted that the secretion of paracrine modulators (e.g. cytokines, growth factors and
exosomes) induced by cross-talk between cardiac populations are involved in the reported
beneficial effects of CSCs in the improvement of cardiac function upon injury [87, 89, 91, 92, 94,
Sebastido et. al, submitted]. Neuregulin signalling was one of the pathways found to be activated.
It has been previously reported that Neuregulin-1 is up-regulated in in vivo rat models after AMI
and that is able to provide cardioprotection against myocardial I/R by preconditioning [206]. VEGF
signalling, also found as activated, is described to improve angiogenesis of hCSCs and to play a
protective role in CMs upon AMI [171, 172]. Additionally, several proteins associated with clathrin-
mediated endocytosis were also identified as upregulated (Figure 4.15C), which may indicate that
hCSCs use this pathway to internalize paracrine signals when exposed to I/R injury milieu (Figure
4.17).
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Figure 4.17 hCSCs secrete factors that activate clathrin-mediated endocytosis mechanisms. Proteins
are depicted as red (positive fold change) and grey (not quantified in our analysis/p-value=0.05) circles. Only
proteins with p-value<0.05 were used in the analysis.

Regarding stress signalling (Figure 4.18), 3 pathways and functions were identified as
activated, including the EIF2 Signalling pathway (Table 4.1). An increase of EIF2 and EIF2B
(involved in eukaryotic translation) phosphorylation has been previously suggested to control
mMRNA translation thus determining protein expression following myocardial I/R injury [207]. Since
EIF2 phosphorylation is associated with stress response, the paracrine factors in the hiPSC-CMs
secretome may be hypothesized to promote alterations in gene expression in hCSCs related to
stress coping mechanisms at the translation level. NRF-2-mediated oxidative stress was also
activated, which could be due to the presence of ROS in the hiPSC-CMs conditioned media from
the reperfusion phase. Moreover, HSP90, a heat shock protein related to stress-response that
acts as a regulator of HIF-1 signalling (activated in stem cells in response to hypoxia [200]) was

also found to be upregulated (Figure 4.15C).

49



Unveiling human Cardiac Stem Cells role in myocardial ischemia-reperfusion injury

cytokines

X X X
O BO©

intracellular space

HS90A 1.93 <— P13K —>Ras 149 —> "ffzk 128
v v v
ErK

) <« (

H|F1 a MAPK 12

i v

. i TN hnRNPAT 139
Gene regulation /

EIF4 0.86

—> PP1c —> EIF2 144

PRDX11.10 TRXR11.42 BPIB 171 FTH1 130 AKRO084 |~
USP141.46 GSR 128 VCP 084 $OD 0.52

v
I Stress Response I

Figure 4.18 hCSCs activate stress response and proliferation-associated pathways. Proteomic
analysis revealed that HIF1-a, EIF2 and NFR2 pathways are activated in hCSCs incubated with hiPSC-CMs
I/R injury conditioned media. Proteins are depicted as green (negative fold change), red (positive fold
change) and grey (not quantified in our analysis/p-value=0.05) circles. Only proteins with p-value<0.05 were
used in the analysis.

Overall, when hCSCs were exposed to hiPSC-CMs CTL conditioned media, stress-related
pathways (i.e. EIF2 signalling) and several migratory-related pathways and functions were
inhibited, suggesting that hCSCs were not activated, thus being kept under quiescence to
maintain cell stemness and homeostasis. In contrast, when hCSCs were incubated with insult
hiPSC-CMs conditioned media, proliferation, migration and stress response mechanisms were
activated, suggesting that hiPSC-CMs secretome activates these cellular functions through

paracrine signalling.
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5. Conclusion

In this work, a novel human cell-based in vitro myocardial I/R injury model was developed.
The combination of 3D cell culture of hiPSC-CMs with bioreactor technology allowed a more
accurate definition of the extracellular cues and physicochemical parameters of both phases of
the I/R injury. In this setup, both phases of I/R were correctly mimicked in terms of nutrients,
oxygen content and pH. Additionally, sampling during I/R did not compromise the culture
conditions in any of the I/R phases, not disturbing the injury model. Moreover, the model was able
to successfully recapitulate several CM AMI hallmarks, including increased CMs death,
ultrastructural modifications of mitochondria and sarcomeres, and the secretion of key molecules

(i.e. cytokines and growth factors) with pro-inflammatory, migratory and angiogenic properties.

Furthermore, the response of hCSCs to the secretome of hiPSC-CMs was evaluated. In
terms of functional assays, migration, proliferation and factor secretion (IGF-1, HGF and CXCLS6),
hCSCs presented no differences between incubation with CTL or I/R injury hiPSC-CMs
conditioned media. Regarding tube formation assay, the supernatant derived from hCSCs
incubated with I/R hiPSC-CMs conditioned media held greater angiogenic potential when
compared to CTL hiPSC-CMs. Furthermore, quantitative whole-proteomic analysis of hCSCs by
SWATH-MS was employed as a more sensitive approach to study the response of hCSCs to
hiPSC-CMs secretome. A total of 714 quantified proteins, 86 were differentially expressed,
including 63 upregulated and 23 downregulated proteins in hCSCs exposed to I/R hiPSC-CMs
conditioned medium vs CTL hiPSC-CMs conditioned medium. The obtained results indicated an
upregulation of several proteins associated with pathways and functions involved in proliferation,
migration and endocytosis in hCSCs, which is concordant with the literature regarding hCSCs
response to AMI. An opposite trend was observed when comparing CTL hiPSC-CMs conditioned
medium vs hCSCs incubated with basal medium. An inhibition of functions related with migration
and pathways related with stress, together with the increase activation of protein catabolism

suggested that CMs released factors to maintain hCSCs quiescence and stemness.

As future work, a more complex in vitro model could be achieved by the introduction of
different cell populations of the myocardium, including cardiac fibroblasts, smooth muscle cells,
endothelial cells and/or immune system cells. The secretome could be further characterized in
terms of other paracrine cues such as exosomes or microvesicles. Regarding hCSCs response,
a validation of the several activated pathways could be performed to confirm the SWATH-MS
results. Since the tested hCSCs donors presented different characteristics, further in-depth

studies should also be performed to study donor variability.

Expectantly, this new developed in vitro myocardial I/R model, together with the knowledge
obtained on how CSCs act upon an AMI context, will aid in the development and research of
novel therapies focused on the endogenous heart regeneration capacity. This work also
demonstrates that more sensitive and robust tools are needed to characterize cells and their

mechanisms of action.
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