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ABSTRACT

Human pluripotent stem cells (hPSCs) represent a unique source of any type of human cells and
for that reason hPSC-derivatives have been highly explored in different in vitro applications, such as
in disease modelling and drug screening settings, but also in regenerative medicine applications.
Particularly in the cardiac field, considerable improvements have been made not only regarding the
in vitro generation of the different cells that compose the human heart, but also in developing
advanced cardiac models, which have been already proved to be a promising tool to study cardiac
disorders in vitro and to be used in pre-clinical settings to assess the cardiotoxicity of new developed
drugs.

The main objective of this thesis is to contribute to this effort with the development of an improved
and physiologically more relevant multicellular tri-dimensional (3D) cardiac model that better mimics
the in vivo microenvironment of the human heart than previous models. To attain this purpose, it was
first developed a 3D cardiomyocyte (CM) differentiation platform that was further used as the starting
point to establish a more complex cardiac model. We took advantage of a forced aggregation platform
and the modulation of the Wnt signaling pathway to generate hPSC-CMs aggregates. Through a
factorial design approach, it was possible to find the optimal concentration of the small molecule used
for Wnt signaling activation during the first step of CM differentiation and hPSC-aggregate size at the
beginning of differentiation, culminating in a robust and highly efficient (>85% cTNT* cells) 3D CM
differentiation platform. Importantly, throughout the differentiation process, a side-by-side
transcriptomic analysis was performed between the 3D cardiac differentiation platform and a parallel
and equivalent 2D CM differentiation system. This analysis revealed that the 3D environment
promotes a faster progression of the CM differentiation process, resulting in the generation of CMs
with an improved maturation.

Moving on to the development of a more complex cardiac model, it was decided to explore the
use of proepicardial cells (PECs), which have a crucial role during embryonic heart development and
whose role is still poorly explored in the literature. Firstly, we developed for the first time a 3D PEC
differentiation protocol from hPSCs by adapting the previously established 3D CM differentiation
model, which generates £80% WT1* hPSC-PECs after 11 days of differentiation. In addition, we have
also contributed with novel insights on the main signaling cues that are involved in the generation of
those cells in vitro from mesoderm progenitor cells. Moreover, it was found that our 3D protocol of
hPSC commitment into cardiac mesoderm, generates a progenitor cell population composed of lateral
plate mesoderm and definitive endoderm progenitors, which, in the case of PECs differentiation
protocol, was responsible for the generation of a small population of CDX2* gut-like epithelial
structures in PECs aggregates. Aiming the elimination of this population, different strategies were

outlined, resulting in the observation that, through soluble factor manipulation during the first days of



hPSC commitment, it is possible to modulate the generation of endoderm progenitors, which can be
further explored to minimize the generation of gut tube-like cells in PEC aggregates.

After the establishment of the hPSC-PEC differentiation protocol, we moved on to the
development of a co-culture platform between CMs and PECs. The idea behind this strategy was to
explore a more in-vivo like strategy to establish a multicellular and structurally organized 3D cardiac
model. Through optimization of different parameters, specifically the time of PECs and CMs
differentiation stage and fusion, the ratio of each cell population to be combined, and the addition of
exogenous stimuli to promote interaction between both cell types, we succeeded in developing 3D
co-cultured aggregates (CCA), which comply with the definition of a cardiac organoid. Specifically,
we were able to generate 3D cardiac organoids that self-organized in a complex and well-defined
structure, which (1) present a continuous WT1* epicardial-like layer surrounding a CM core, (2) shows
a CM core with two distinct layers, an outer layer, contiguous to the epicardial layer, which is more
compact and contains CMs more aligned and proliferative, and an inner area where CMs present a
loose organization, (3) show an enriched staining for the gap junction Cx43 within the CM core,
particularly enhanced near the epicardial layer, (4) show an enrichment in fibroblast/ECM proteins
surrounding the organoids and within the CM core, (5) show an improved network of vascular cells,
and (6) present evidences of improved functional maturation.

Although further studies are still needed to analyze the full impact of this new model in cardiac
tissue functional and structural maturation, the preliminary results point to an improved/more realistic
response to known drugs, which could be a relevant achievement when considering the use of this

model for in vitro applications.
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RESUMO

As células estaminais pluripotentes humanas representam uma fonte Unica de diferentes tipos
de células com enorme potencial para aplicacao in vitro e in vivo. Em particular, estas células, bem
como os varios tipos de células derivadas, tém sido usadas em diversos estudos relacionados com
0 desenvolvimento embrionario humano, com a modulacdo de doencas, com o teste de novos
farmacos, e em medicina regenerativa. Especificamente na area cardiaca, os avancos tém sido
consideraveis, ndo s6 no que diz respeito ao desenvolvimento de protocolos que permitem gerar as
diferentes células que compde o coragdo humano adulto, como também no desenvolvimento de
modelos cardiacos mais complexos e que tentam recapitular a estrutura e fungéo observada no
coracdo humano. Com estes modelos ja se mostrou ser possivel recapitular e estudar diferentes
doencas cardiacas, bem como a possivel utilizacdo destes modelos durante a fase pré-clinica para
avaliar a cardio-toxicidade de novas drogas.

O principal objectivo desta tese é contribuir para o desenvolvimento de um modelo cardiaco
multicelular e tri-dimensional (3D) que seja mais fisiolégico e que mimetize de forma o mais fiel
possivel o microambiente do coragdo humano, em termos funcionais e estruturais, para que possa
vir a ser utilizado in vitro nas aplicag6es previamente mencionadas. Para alcancar este objectivo,
comegamos por desenvolver uma plataforma 3D para a diferenciacdo de cardiomidcitos (CMs) a
partir de células pluripotentes humanas. Através da utilizacdo de uma plataforma que permite fazer
agregacdo forcada e utilizando um protocolo simples baseado na modulagdo da via de sinaliza¢éo
Whnt, foi possivel gerar agregados de CMs ao fim de 15 dias de diferenciacé@o. Através da optimizacao
da concentragdo da molécula usada no primeiro passo da diferenciacéo para activar a via Wnt, e do
tamanho dos agregados de células pluripotentes no inicio da diferenciacéo, foi possivel desenvolver
uma plataforma robusta que permite gerar agregados de CMs com uma eficiéncia igual ou superior
a 85% (=85% células cTNT*). Com o objectivo de estudar o impacto associado a realizacdo da em
CMs em 3D, comparativamente com o sistema de diferenciacdo em monocamada (2D), realizou-se
uma analise de transcriptomica usando pontos sucessivos ao longo da diferenciagédo para ambas as
condi¢cdes. Esta andlise permitiu concluir que o processo de diferenciacdo em 3D induz uma
predisposicdo das células pluripotentes a diferenciarem na linhagem de mesendoderme, o que
culmina na progressao mais rapida do processo de diferenciagdo em 3D comparativamente com o
que se observa em 2D, traduzindo-se no desenvolvimento de CM mais maduros no final do processo
de diferenciacao.

Progredindo para o desenvolvimento de um modelo 3D cardiaco mais complexo, decidiu-se
explorar as células do pro-epicardio (CPE), tendo em conta a sua importancia no desenvolvimento,
maturacdo e funcdo do coragdo. O primeiro passo foi desenvolver uma plataforma 3D para obter
estas células a partir de células pluripotentes humanas. Adaptando o protocolo previamente

estabelecido para diferenciar CM em 3D foi possivel chegar a uma plataforma que permite gerar ao



fim de 11 dias de diferenciagdo CPE com uma eficiéncia de aproximadamente 80% (+80% de células
WT1%). Em adicdo ao desenvolvimento da plataforma, foram também obtidas novas informacdes
sobre as principais vias de sinalizacdo envolvidas na especificacdo destas células a partir de
progenitores de mesoderme. Através de uma analise mais pormenorizada da composi¢do dos
agregados de CPE, foi possivel detectar a presenca de estruturas epiteliais, que foram identificadas
como células de intestino (x16% CDX2*). Esta observacédo permitiu-nos perceber que na plataforma
base que estabelecemos para o desenvolvimento de diferenciacdo cardiaca em 3D, é gerada uma
populacao de progenitores composta nao sé por células da mesoderme como também por células
da endoderme, a partir das quais sdo geradas as células de intestino presentes nos agregados de
CPE. Com o objectivo de tentar eliminar esta populagéo de células de intestino, diferentes estratégias
foram delineadas, concluindo-se que através de pequenas mudang¢as na manipulagédo da via Wnt
nos primeiros dias da diferenciacdo cardiaca, é possivel eliminar os progenitores de endoderme e,
eventualmente, permitir minimizar o aparecimento de células do intestino nos agregados de CPE.
Depois de estabelecida a plataforma para gerar as CPE, o proximo passo foi o desenvolvimento
de uma modelo de co-cultura entre estas células e os CMs. Através da optimizagdo de diferentes
paramentos, como o0 momento da diferenciagdo de ambas as células que € mais apropriado para
proceder a juncdo, o racio em que ambas as células devem ser combinadas, bem como se seria ou
nao necessario activar exogenamente alguma via de sinalizacdo para promover a integracao e
interaccdo entre os dois tipos celulares, foi possivel desenvolver um modelo 3D cardiaca que
obedece a definicdo de organdide. Em particular, gerou-se um modelo cardiaco que se organiza de
forma autbnoma numa estrutura complexa que (1) apresenta uma camada continua de células do
epicardio que cobrem um ntcleo de CM, (2) apresenta um nucleo de CMs onde é possivel distinguir
duas zonas diferentes, uma camada mais exterior e em contacto directo com as células do epicardio,
que é mais compacta e os CMs apresentam-se mais alinhados e com actividade proliferativa; e uma
camada mais interna onde os CMs apresenta¢do uma menor organizacdo e encontram-se menos
compactos, (3) apresenta uma maior expressdo da “gap junction” CX43, que € extremamente
importante na comunicacdo entre CMs e no estabelecimento de um tecido coeso e funcional, em
toda a zona do nucleo de CM, mas com expressao mais evidente junto a camada externa de células
do epicéardio, (4) apresenta uma maior quantidade de deposicao de proteinas de matriz,, ndo s6 no
nucelo de CMs, como também a volta do organdide, o que € indicativo de uma maior presenca de
fibroblastos, (5) apresenta uma rede de vascularizacdo mais densa, e (6) apresenta indicios de uma
maior maturacdo funcional, revelada através da resposta a diferentes farmacos, tudo estes pontos
em comparacédo com agregados composto apenas por CM e com o mesmo tempo de cultura.
Apesar de ainda ser preciso analisar de forma mais robusta o impacto que este novo modelo 3D
cardiaco tem ao nivel de maturacdo estrutural e funcional dos CMs, estes resultados preliminares
apontam para o desenvolvimento de um modelo mais realistico, que permite recapitular alguns
principios estruturais e funcionais observados nos estadios de desenvolvimento embrionario do

coracdo humano.
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Figure II-7: Side by side comparison between 2D-D0 and 3D-DO cell populations. (A) Top
gene ontology (GO) biological processes terms identified (FDR < 0.05) for the differentially
upregulated genes (Log2 FC > 2 and adjusted p-value < 0.05) of 3D-DO0 versus 2D-DO0. (B) Graphical
representation highlighting a set of the upregulated genes in 3D-D0O versus 2D-D0 comparison,
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Figure 1I-8: Impact of 3D culture during the first days of hPSCs CM differentiation,
compared with 2D monolayer differentiation. (A) PCA of RNA-seq data in counts per million (CPM)
using a subset of 254 genes linked to cardiac differentiation progression, CM functional and structural
maturation, CM metabolism, Wnt, TGF-f and FGF signaling pathways and other cardiac cells.
Orange and blue arrows describe the pathway followed by 3D and 2D cardiac differentiation,
respectively, until day 20 of differentiation. (B) Top gene ontology (GO) terms for biological processes
identified (FDR < 0.05) of differentially upregulated genes (Logz FC > 1 and adjusted p-value < 0.05)
for 3D-D1 versus hiPSC seeding, and 2D-D1 versus hiPSC seeding. (C) Venn diagram representing
the number of transcription factors upregulated (Log2 FC > 1 and adjusted p-value < 0.05) in 3D-D1
and 2D-D1 versus 3D-DO0 and 2D-DO0, respectively, highlighting the ones that are only upregulated in
3D-D1 (bottom). (D) gRT-PCR analysis of the first 5 days of cardiac differentiation in both 3D and 2D,
for mesendoderm gene T, highlighting the statistically significant higher expression of T after CHIR
induction (day 1) in 3D aggregates compared with 2D monolayer. Values are normalized to GAPDH
and relative to DO. Data are represented as mean + SEM, n=4 independent experiments. Student’s
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+ SEM, n=3 independent experiments. (E) Venn diagram (top) representing the number of genes
(Log2 FC > 2 and adjusted p-value < 0.05) in 3D-D15 and 2D-D15 versus 3D-D0O and 2D-DO,
respectively, and GO analysis (bottom) with the upregulated genes that are only present in 3D-D15
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conditions. (A) Heat map highlighting the differentially expressed genes (Log2 FC < -1 and Logz2 FC
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(C) Replated CMs from dissociated 3D aggregates and 2D cardiac tissue at day 20 of differentiation,
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roundness (D) (data are represented as mean, n=3 (82 cells) independent experiments), and
binucleation (E) (data are represented as mean, n=3 (317 cells) independent experiments). (K)
Representative traces of action potential (AP) recordings of three different cardiomyocyte subtypes
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cells were identified as CD31*. Scale bars, 100 um. (B) Expression profile of CD31 gene from DO up
to D11 of differentiation in PECs and CMs differentiation conditions. Values are normalized to GAPDH
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n=3 independent experiments. (E) Expression profile of CDX2 gene from DO up to D11 of
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differentiation in PECs (green bars) and CMs (orange bars) differentiation conditions. Values are
normalized to GAPDH and to DO of differentiation. Data are represented as mean + SEM, of at least
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normalized to GAPDH and to DO of differentiation. Data are represented as mean + SEM, of n=1
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AIM OF THE STUDY AND THESIS OUTLINE

Human Pluripotent Stem Cells (hPSCs) have a huge potential to be used in different applications.
Particularly in the cardiac field, these cells have been used to study cardiogenesis in vitro and also
as a cell source to generate the different cardiac cells that compose the human heart. These hPSC-
derived cardiac cells are now being used to generate 3D cardiac models that try to recapitulate the
multicellular, structural and functional complexity of the human heart. Although major improvements
have been achieved in that particular field, and the promising applicability of those models in disease
modelling and cardiotoxicity screening have been proved, it is still not described in the literature a
model that resemble, at the different mentioned levels, the human heart. An extensive literature
revision focused on (1) the knowledge regarding human heart development, and how that served as
inspiration for the development of the current methods described in the literature to generate the
different cardiac cells present in human heart from hPSCs, as well as, (2) the already described 3D
cardiac models and the main achievements regarding in vitro applications with those models, is
described in Chapter 1.

The main objective of this thesis is to contribute to the effort of developing an improved and
physiologically more relevant multicellular tri-dimensional (3D) cardiac model that better mimics the
in vivo microenvironment of the heart, and that could be eventually integrated in a drug screening
setting to assess cardiotoxicity of new developed drugs. To attain this purpose, in Chapter I, it was
first established a simple, robust and efficient 3D cardiomyocyte (CM) differentiation process, based
on a forced aggregation platform and on the simple Wnt signaling modulation protocol. In this chapter
was also assessed the impact of performing the CM differentiation process in a 3D environment
compared with 2D monolayer culture system, using for that a bulk transcriptomic analysis of
sequential stages of both differentiations.

Moving towards the development of a more complex 3D cardiac model, pro-epicardial cells
(PECs) were considerable a valuable cell source, still poorly explored in the literature, that could bring
the structural and multicellular complexity to a 3D cardiac model. With that in mind, in Chapter I, it
was established a platform for PECs generation from hPSCs in a 3D environment and additional
studies were performed to elucidate the main signaling pathways involved in PECs specification from
mesoderm progenitor cells and how it is possible to modulate the generation of those progenitors
from hPSCs. In Chapter 1V, it was explored the establishment of a 3D co-culture model between CM
and PECs through combination of both cell types at a specific cell ratio. The final 3D cardiac model
was analyzed regarding the multicellular composition, structural organization and functional

maturation compared with age matched 3D CM aggregates.
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I.  INTRODUCTION

The content of this chapter was adapted from the publication:

Branco, M.A.; Cabral, J.M.S.; Diogo, M.M. From Human Pluripotent Stem Cells to 3D Cardiac

Microtissues:  Progress, Applications and Challenges. Bioengineering 2020, 7, 92,
doi:10.3390/bioengineering703009



.1 Human Heart Development

.1.1 Adult Human Heart

The adult heart is a four-chamber organ, comprising the left and right atria, and the left and right
ventricles, that is delimited by a heart wall composed of three different cell layers, the myocardium,
the epicardium and the endocardium. The endocardium is the inner endothelial layer of the heart and
the epicardium is the outer epithelial layer that covers the myocardium. The main function of the heart
is pumping blood to the entire body. Heart contraction is controlled by the cardiac conduction system,
which is responsible for the generation and propagation of the electrical stimuli to the working
myocardium. The cardiac conduction system of the heart consists of (1) sinoatrial node (SAN)
cardiomyocytes (CMs), also known as the pacemaker cells, which are responsible for the generation
of the electric impulse, (2) atrioventricular node (AVN) CMs, and (3) the impulse-propagating His-
Purkinje system, which is responsible for the conduction of the electric stimuli towards the working

myocardium (Figure I-1).

Endocardium
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Figure I-1: Schematic representation of the human adult heart. Highlighted is the cardiac condition system
composed by sinoatrial node (SAN), atrioventricular node (AVN), Left and Right Bundle Branches (LBB and
RBB); and heart wall, composed of three different cell layers, the myocardium, the epicardium and the

endocardium.

A recent study performed by Cui and co-workers, assessed the composition of human heart
during the different stages of embryonic development, namely, (1) from 5 to 7 weeks of gestation,
defined as early stage, (2) from 9 to 17 weeks, defined as mid-stage, and (3) from 20 to 25 weeks,
defined as late stage (Cui et al., 2019). They observed that the CM composition of the developing

heart starts at around 60% at early stages of development, and drastically decreases over time until



reaching a value of around 38%. This process occurs simultaneously with an increase of the non-CM
cell population (Figure I-2A), suggesting the progressive relevance of these additional cells during
fetal heart development. In the adult heart, CMs comprise the majority of the cardiac tissue volume,
around 75%, but they account for only around 30% in atrial myocardium, and 50% in ventricle
myocardium, of the total number of cells present in the adult heart (Figure 1-2B) (Brutsaert, 2003;
Camelliti et al., 2005; Pinto et al., 2016)(Litvifiukova et al., 2020). The majority of the remaining cells
are non-myocytes, predominantly cardiac fibroblasts (CFs), vascular endothelial cells (ECs) and
immune cells (Pinto et al., 2016)(Litvifiukova et al., 2020).

A EMBRYONIC HEART
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I 14.60% CFs I 26.63% CFs [ 25.20% CFs
Bl 16.10% ECs Bl 12.01% ECs B 10.80% ECs
B 2.80% Immune Cells Bl 861% Immune Cells B 2060% Immune Cells
Bl 6.40% Pro-Epicardial Cells Bl 0.60% Epicardial Cells Bl 0.10% Pro-Epicardial Cells

Il 4.90% Epicardial Cells

B ADULT HEART

Atrial Tissue Ventricular Tissue

[0 49.05% CMs

I 15.45% CFs

Bl 778% ECs

Bl 5.28% Immune Cells
Bl 21.14% Mural Cells
Bl 0.60% Neuronal Cells
[ 0.70% Adipocytes

@ 30.07% CMs

[ 24.28% CFs

Bl 12.19% ECs

Bl 10.32% Immune Cells

Bl 17.08% Mural Cells

Bl 2.30% Neuronal Cells

[ 3.10% Adipocytes

[ 0.860% Mesothelial Cells (Epicardial Cells)

Figure I-2: Human heart cellular composition. Percentage of cell types that composed the human heart at
different stages (early, middle and late) of human embryonic heart development (A) and in the adult heart (B).
Data obtained and adapted from (Cui et al., 2019)(Litvifiukova et al., 2020).

Regarding specifically the presence of different subtypes of CMs in the human heart, at early
stages of development, the emergence of two different types of myocardium, the compact and the
trabecular one, dictates the first segmentation within the CM population. Trabecular myocardium
faces endocardium and compact myocardium, which has a high mitotic activity, faces the epicardium.
Then, after chambers specification, CMs can be further partitioned into atrial and ventricular, and
segmented into left and right regions. Each one of these CM subtypes present a region-specific
expression signature in which regards to (1) ion channels and gap junction signature, which
conditions the automaticity of contraction and propagation of the electric signhal and consequently the

action potential (AP) profile, and (2) sarcomere structure (Cui et al., 2019)(Litvifiukova et al., 2020).



Concerning the vasculature of the heart, vascular cells include ECs and supporting mural cells,
also referred as pericytes and vascular smooth muscle cells (SMCs), which stabilize vessels and
have contractile function to regulate blood flow. Although sharing some common molecular markers,
pericytes are located in small blood vessels, whereas SMCs cover larger caliber arteries and veins
(Chen etal., 2016) (Litvinukova et al., 2020)(Zhang et al., 2018a). Cardiac ECs are present at different
levels in human heart, specifically in (1) endocardium (endocardial cells), (2) coronary vasculature,
(3) big blood vessels, including veins and arteries, and (4) valves (valvar cells). Each one of these
subpopulations of ECs present different expression marker signatures and arise at different stages
of development (Cui et al., 2019). In addition to vascular cells, CFs, through extracellular matrix
(ECM) production, play also a vital role in embryonic heart development since they provide structural
support for cardiac cells. CFs start as a highly proliferative cell population that gradually become more
mature and exhibit an increased expression of many ECM proteins (Cui et al., 2019). In the adult
heart, CFs are present within the myocardium (intrinsic fibroblasts) or at perivascular area, and arise
from different sources, namely, epicardium, which is described as the major source of CFs present
in myocardium (approximately 80%), endocardium, (perivascular fibroblasts), and neural crest
lineages, which represent a small fraction. Each of these subtypes of CFs have a different expression
profile signature and distinct functional properties (Litvifiukova et al., 2020). Additionally,
macrophages have also been identified as an intrinsic part to the working myocardium, accounting
for approximately 7% of the non-myocyte cell population (Pinto et al., 2016). Although the requirement
of macrophages for cardiac healing after injury is well reported, the specific function of cardiac
macrophages in normal conditions is still not fully understood. However, it has been suggested that

these cells may contribute for the normal conduction system of the heart (Hulsmans et al., 2017).

I.1.2 Early Steps of Embryonic Heart Development

[.1.2.1 Primitive Heart Tube Formation - Myocardium and Endocardium

Specification

Heart is the first organ to be formed and to function in the embryo and it is, almost in total, a
mesoderm-derived organ, with the exception of the cushions of the outflow tract, which have an
ectoderm-derived neural crest origin.

Mesoderm and endoderm layers emerge from a common transient structure known as primitive
streak (PS). Depending on the position within the developing embryo, PS is divided into three different
regions, posterior, mid and anterior, which, due to different signaling stimuli, show different gene
expression profiles and differentiation potential. Nodal and BMP signaling gradients along the PS are
the main stimuli responsible for distinguishing the different progenitor populations specified at this
time point of development. Anterior PS is exposed to high concentrations of Nodal, from where

definitive endoderm progenitors are specified, whereas lower levels of Nodal in combination with BMP



and Wnt signaling activity are critical for mesoderm precursor specification. Three different subtypes
of mesoderm derivatives can be specified including (1) the paraxial mesoderm, (2) the intermediate
mesoderm and (3) the lateral mesoderm. This last is divided into two different layers, the somatic
layer, which faces ectoderm, and the splanchnic layer, that faces endoderm. It is from this last-
mentioned layer, localized in the mid PS, that cardiac precursors of the heart arise.

The mesodermal precursors cells in the PS are characterized by the expression of T-box factor
Brachyury (T) and MIXL1 transcription factors. The primary cardiac mesoderm progenitor population
that migrates from PS is marked by the expression of MESP1. A subpopulation of MESP1* cells
migrates towards the anterior part of lateral plate mesoderm that will then split into two different
progenitor pools known as first and second heart fields, FHF and SHF, respectively (Lescroart et al.,
2014)(Devine et al., 2014). FHF progenitors migrate towards the anterior part of the embryo, forming
the ventral part of the cardiac crescent, which is the first cardiac compartment that is morphologically
identifiable during development and is formed by the fusion of the two symmetric lateral mesoderm
parts after folding of the embryo. The SHF progenitors are located posteriorly and medially to the
FHF pool, in the cardiac crescent. Due to the different location within the cardiac crescent, these two
pools of progenitor cells are exposed to different signals that will condition the fate of those cells. The
FHF progenitors are exclusively committed to a cardiogenic cell fate and develop into the primitive
heart tube that starts to contract in order to pump blood throughout the entire developing embryo.
The SHF progenitors are a proliferative cell population with delayed differentiation in comparison to
FHF progenitors (Hutson et al., 2010)(Tirosh-Finkel et al., 2010)(Tzahor, 2007)(Dyer and Kirby,
2009). SHF progenitors migrate towards the primitive and looping heart tube, being responsible for
its elongation at the inflow and outflow poles of the heart structure. Contrarily to FHF progenitors,
SHF progenitor cells are multipotent cells that differentiate not only into CMs, but also into
cardiovascular cells (Hutson et al., 2010). Both of these populations are characterized by a specific
pattern of gene expression profiles, and give rise to distinct compartments of the adult heart. FHF
was described as the cardiac progenitor population that gives rise to most of the left ventricle (LV)
CMs as well as parts of atrial chamber, whereas SHF gives rise to the outflow tract (OFT), right
ventricle (RV) CMs and the majority (two-third) of atrial myocardium (Cai et al., 2003).

Apart from the myocardium, primitive heart tube is also characterized by an inner layer of
specialized ECs, the endocardium. Although much attention has been paid to the origin and molecular
cues involved in myocardium development, endocardium specification is still not completely defined.
However, different studies have addressed the hypothesis that myocardium and endocardium share
a common cardiac progenitor cell population which is only segmented after lateral plate mesoderm
establishment, and that endocardium lies between myocardial cells and the anterior visceral
endoderm layer (Nakano et al., 2016) (Zhang et al., 2018a). Endocardium plays a crucial role in the
induction of the first functional layer of CMs, the trabecular myocardium (Mikryukov et al., 2021), and
it is an essential source of important cells that compose the heart (Nakano et al., 2016) (Zhang et al.,

2018a). Endocardium has been described as the major source of intramyocardial coronary
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endothelium during development and also to contribute to the majority of the mesenchymal cells that
are present in mature valves, through a process known as endothelial-to-mesenchymal transition
(EndoMT), which is a unique feature of the endocardial cells. The contribution of endocardial cells to
the population of mural cells present in the heart has also been recently reported in the literature
(Zhang et al., 2018a).

[.1.2.2 Pro-Epicardial Organ — Epicardium Origin and Establishment

The epicardium is the epithelial layer that covers the outer surface of the heart and plays an
essential role in normal heart development. Contrarily to the myocardium and the endocardium layers,
the epicardium originates outside the primitive heart tube in a transient structure, known as pro-
epicardial organ (PEO), which develops from lateral plate mesoderm, at the base of the venous inflow
tract of the heart tube, and in close proximity with the septum transversum (ST).

Following heart tube looping phase, pro-epicardial cells (PECs) migrate, attach and spread along
the outer surface of the developing myocardium, ultimately giving rise to an epithelial sheet, the
epicardium. Upon epicardium establishment, epicardial cells produce a layer of ECM between
epicardium and myocardium, commonly called the sub-epicardium space, which is mainly composed
by fibronectin, collagens |, IV, V and VI, laminin and vitronectin. Subsequently, a subset of epicardial
cells invade the myocardium, undergo epithelial-to-mesenchymal (EMT) transition, originating the so-
called epicardium derived-cells (EPDCs), which have a crucial role during embryonic heart
development.

Although knowledge regarding the epicardium origin, establishment and role played during
embryonic heart development have improved in the past years, a lot of information still remains to be

collected.

[.1.2.2.1 Proposed Mechanisms and Signals Involved in Recruitment and Migration

of PE Cells into the Developing Heart Tube

The first studies that focused on understanding the dynamics involved in PECs translocation into
the developing myocardium pointed out to a combination of different mechanisms, specifically (1) the
establishment of contact between the PEO and the myocardium through the development of cellular
projections, and (2) through the release of PEC clusters of cells into the pericardial cavity that

eventually reach the myocardium (Plavicki et al., 2014)(Nahirney et al., 2003)(Rodgers et al., 2008).

More recently, a study performed in mice revealed that PECs translocation to the myocardium is
divided into two stages (Li et al., 2017a). An early stage, where both villous protrusions and free-
floating cysts contribute to the translocation of PECs towards myocardium, and a later stage in which

PEO directly contacts the myocardium (Figure 1-3). In the first stage, it is also reported a third



mechanism in which PECs migrate directly along the surface of the inflow tract and onto the atrial

surface, which is independent of the formation of cysts and villous protrusions (Hirose et al., 2006).

Early Stage Later Stage
ES.5 ES.75 -10.5

1. Free Floating Cysts
2. Villous Projections Direct Contact
3. Migration along the inflow tract reaching atria surface

Cysts N
* Outflow Tract
N Ventral

. Dorsal
.
Yentricle
\\

.
/'
:\A
C%
L ©

I
1= vt L= [
i Apical 1:\_ R it 1. Cysts) 2.
I 1 1 .
! PEC Y'Y ' 2. Villous )
! Basal : S
Lo - S 3. Migration
S Inflow Tract
ad-integrin L )
= PAR-3B
— VCAM-1
Mouse Mode! Adapted from Hirose et al. 2006 and Li et al. 2017

Figure 1-3 PECs translocation and epicardium formation. Schematic representation of the proposed
mechanisms involved in PEC translocation to the developing myocardium during heart development in a mouse
model.

Several studies have tried to identify signals and cell adhesion molecules involved in the
translocation of PECs to the heart. BMP signaling has been identified has a regulator of PECs
translocation into the myocardium in chick embryos (Ishii et al., 2010). It was identified that BMP,
which act as a paracrine factor and is expressed in the atrioventricular channel (AVC) of the
developing heart tube, forces the attachment of PECs specifically at the AV junction. In addition,
FGF2 was also described to promote PECs proliferation and translocation to myocardium in mice (Li
etal., 2017a).

Genetic studies performed in mice suggested the importance of cell adhesion molecules in PECs
attachment to the myocardium. This interaction has been described to be controlled by the a4-integrin
in epicardial cells that binds to VCAM-1 ligand present in myocardium. The observation that a4- and
V-CAM1-deficient mouse embryos lack epicardium covering the developing myocardium (Kwee et
al., 1995; Yang et al., 1995) in addition to the observation that a4-integrins are expressed in the
epicardial layer (Sengbusch et al., 2002) and that V-CAM1 is expressed by the cells of the underlying
myocardial layer (Kwee et al., 1995), reinforce the idea that a4-integrin/VCAM-1 interaction plays a
critical role in epicardium establishment. Additionally, it has been also stated that in a4-integrin null

mice, not only the attachment of PECs to myocardium became compromised but the migration of PE



was also affected (Sengbusch et al., 2002). Other integrins, in addition to a4-integrin, have also been
described to be involved in PECs attachment and migration into the myocardium (Pae et al., 2008).
However, those integrins, although being important mediators, cannot support adhesion of PECs in
the absence of a4-integrin, reinforcing the idea that a4 can potentially modulate the function of other
integrins expressed in PECs. Additionally, the cell surface ligands, EphrinsB1 and EphrinsB2, and
EphB receptors, specifically EphB1, EphB2, and EphB3, were detected in PECs and in the developing
myocardium, respectively, and suggested to be also involved in PECs translocation to the developing
myocardium but not in cell adhesion (Wengerhoff et al., 2010). Other important factor whose lack has
been described to compromise PECs translocation to myocardium, specifically in cyst-mediated
process, is the PAR3 (Figure 1-3), a key polarity protein that is critical for the apical-cortical
organization of PECs in cysts formation (Hirose et al., 2006). Although, in PAR3-deficient mice, some
PECs were detected in embryos and the cells proliferate normally, cell cyst formation was
compromised, which suggested that the epicardium development is selectively affected in PARS3-
deficient embryos. In fact, the expression of VCAM-1 and o4-integrin were not affected in PAR3-
deficient mice which justifies that PECs that reach the myocardium can attach and migrate.
Interestingly, heart beat and heart beat-derived fluid flow force were observed as an important
stimuli to promote PECs migration and expansion on myocardium surface (Plavicki et al.,
2014)(Peralta et al., 2013). Although inhibition of heart beat did not affect the specification of PECs

or the development of PECs clusters, it prevented epicardium establishment (Plavicki et al., 2014).

[.1.2.2.2 Role of Epicardium and EPDCs in Heart Development

After epicardium establishment at the outer surface of the myocardium, a subset of epicardial
cells undergo EMT, which is described to be dependent on the orientation of the epicardial cells in
the basement membrane. It was demonstrated in mouse embryos (Wu et al., 2010) that epicardial
cells that have a parallel orientation, divide, and both daughter cells remain in the epicardium whereas
epicardial cells that have a perpendicular orientation, divide, and one of the daughter cells remains

in the epicardium and the other migrates towards the myocardium.

1.1.2.2.2.1  Cell Fate Potential of Epicardial Cells

The identification of the main cardiac cells that derive from epicardium has been challenging, and
contradictory results are described in literature. This is mainly due to the fact that the cell composition
of PEO and respective cell marker-signature are still not completely disclosed, resulting in conflicting
results and conclusions.

The most common markers used to identify PECs are WT1, TCF21, TBX18, SCX and SEMA3D
(Cano et al., 2016; Katz et al., 2012; Lupu et al., 2020a). However, none of these markers are specific

for PECs, which has been described as a possible reason for the contradictory results observed in



lineage tracing experiments to assess cell fate potential of PECs. The contribution of these cells to
CFs and vascular smooth muscle cells (SMCs) has been largely reported in the literature and is well
accepted (Carmona et al., 2002) (Guadix et al., 2006) (Dettman et al., 1998) (Vrancken Peeters et
al., 1999) (Wessels et al., 2012) (Cai et al., 2008) (Zhou et al., 2009)(Acharya et al., 2012) (Volz et
al., 2015). Regarding coronary endothelium (CE), although it is well accepted that the majority of CE
arises from the endocardium (ventricular and sinuous venous inflow tract (SV)) (Wu et al., 2012)(Red-
Horse et al., 2010), the contribution of PECs to CE is still controversial. In fact, the majority of the
studies that used the epicardial cell promotors TBX18, WT1 or TCF21 for lineage tracing assays,
observed a small or no contribution of PECs to the CE. However, a study performed by Kartz and
colleagues, suggested that PEO comprise different subpopulations of cells, each one of them with
different cell fate potential and marker signatures. They stated that SCX and SEMA3D positive cells,
which they mentioned to have a largely distinct expression domain from those of TBX18- and WT1-
expressing cells within the PEO, contribute for CE (Katz et al., 2012). Reinforcing also this idea, Cano
and colleagues reported that, although CE has mainly a ventricular endocardium origin, a
subpopulation of the ST/PEO (GATA4*), contributes also to around 20% of the CE (Cano et al., 2016).
They also demonstrated that the PE-derived ECs incorporate preferentially the intramyocardial
coronary blood vessels. Additionally, a different study reported for the first time the expression of
CCBEL, a extracellular matrix protein, in mouse epicardium and SV myocardium, and that this protein
is necessary for the proper development of coronary vasculature of the heart, which may also suggest
a link between PECs and CE establishment (Bonet et al., 2018)

A more recent work challenged the idea of the existence of subpopulations within the PEO with
already pre-committed cell fates (Lupu et al., 2020a). Using in situ hybridization technology, Lu and
co-workers showed that PECs that are translocated to the myocardium co-express the markers WT1,
TBX18, TCF21, SCX and SEMA3D and contribute only to CFs and mural cells (Figure 1-4). They
additionally stated that the differences observed compared with other studies that used lineage
tracing approaches were attributed to the fact that the Cre-driver genes used for cell tracing
experiments may be expressed also in other non-pro-epicardial structures, namely the ST, that does
not have a clear boundary with PEO. They opened the possibility that precursors of endothelial cells
expressing markers such as SCX and SEMA3D may exist in ST contributing to the vasculature of the

heart but via a non-epicardial route.

1.1.2.2.2.2 Relevance of Epicardium During Embryonic Heart Development

Epicardium has been also described to be involved in myocardium development and maturation.
Particularly, it has been identified to play a crucial role in the development of the compact
myocardium, since epicardium-deficient hearts showed thinning of the myocardial layer
(Gittenberger-de Groot et al., 2000; Kastner et al., 1994; Kwee et al., 1995; Sucov et al., 1994; Yang

etal., 1995). Although it is not completely clear yet which paracrine signals are secreted by epicardial



cells and the regulation behind the secretion of those factors, it is already proved that the epicardium
releases mitogenic signal(s) that are required for myocardium growth. Erythropoetin (EPO) and

retinoic acid (RA) seem to play a role in controlling the secretion of mitogens by the epicardium.
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Figure I-4 Schematic representation of the different steps involved in epicardium establishment and
respective contribution of EPDCs and epicardium to the developing myocardium. Information adapted

from Lupu et al. 2019; Brade et al. 2011 and Li et al. 2011.

RA has been described to be involved in myocardium compact zone formation, since mouse
embryos lacking retinoic acid receptor gene Rxra (Sucov et al., 1994)(Kastner et al., 1994) suffer
from an inability to proper form the compact zone. Additionally, EPO has been also implicated in
ventricular compact zone growth, as Epo”- and Epor’- embryos exhibit ventricular myocardial
thinning (Wu et al., 1999). Additionally, it has been also described that RA and EPO signals act in
myocardial expansion in an indirect way, being responsible for controlling the secretion of mitogenic
factors by the epicardium (Stuckmann et al., 2003). The origin of the RA and EPO, which are,

specifically, the mitogenic factors that are released from the epicardium, is still an area of debate.
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Although previous studies have suggested that RA signaling, specifically generated in the
epicardium, was the one responsible for controlling the process of myocardium thickening (Chen et
al., 2002)(Merki et al., 2005), more recent studies (Brade et al., 2011) challenged that idea and
suggested that the RA signal event that control this process has an hepatic origin. They proposed a
mechanism in which RA signaling generated by hepatic RALDH2 and RXRa positive cells, induces
hepatic Epo expression, which resulted in EPO signaling activation in epicardium, being consequently
responsible for the initiation of the mitogenic response in myocardium (Figure 1-4). Interestingly, there
were already evidences that expression of EPO in hepatic tissues is regulated by RA (Merki et al.,
2005).

The mitogenic factors that are secreted by epicardium, PDGFs (Kang et al., 2008), FGFs (Merki
et al., 2005)(Pennisi et al., 2003) (Lavine et al., 2005) and WNTs (Merki et al., 2005), have been
identified by different studies as important mediators of myocardium growth. However, more recent
studies identified IGF2 as the major mitogenic factor involved in myocardium compaction (Brade et
al., 2011) (Li et al., 2011) and that EPO signaling activation in epicardium was described to be
responsible for the induction of IGF2 secretion (Brade et al., 2011) (Figure I-4). Li and co-workers
also added that the dependency of IGF signaling on supporting the formation of the compact zone in
myocardium is restricted to a certain period of embryonic development (E10.5-14.5 period) and
afterword’s they suggested that other proliferative factors brought to the myocardium via the coronary

vasculature are responsible for influencing myocardium proliferation (Li et al., 2011).

[.2 Human Pluripotent Stem Cells

Since a long time ago, stem cells have been defined as undifferentiated cells capable of self-
renewal and production of specialized cells through differentiation. According to their differentiation
potential, stem cells can be categorized in different subclasses. Totipotency is a characteristic
attributed to stem cells that have the potential to originate an entire organism, including the capacity
to originate all embryonic and extra-embryonic cell types, which means that only zygote and early
blastomeres are included in this category. Pluripotent stem cells (PSCs) are capable of differentiating
into all the cells present in adult organisms that come from the three-germ layers, ectoderm,
mesoderm and endoderm, and into the germ cell lineage. Moving towards a decreased differentiation
potential, multipotent stem cells are restricted to the capacity to generate the mature cell types of its
tissue of origin and unipotent stem cells display limited developmental potential, giving rise to only a

single cell type.

[.2.1 Human Embryonic Stem Cells

PSCs have a great potential for in vitro applications since they theoretically have the potential to

be indefinitely expanded, while maintaining an undifferentiated state under the appropriate culture
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conditions, and have the capability to differentiate into all cells present in the adult organism. PSCs
can be isolated from the blastocyst, particularly from the inner cell mass (ICM) (Evans and Kaufman,
1981)(Martin, 1981). When cultured in vitro under conditions that allow indefinite self-renewal and
pluripotent state maintenance, these cells are called embryonic stem cells (ESCs).

Only in 1998, the first human ESC (hESC) line was derived from a human blastocyst (Thomson,
1998). These cells are characterized by a network of gene regulatory transcription factors that are
essential to maintain pluripotency, which includes the pluripotency transcription factors encoding
genes octamer-binding transcription factor 4 (OCT4), SRY-box 2 (SOX2) and NANOG. The
expression of these markers is normally used to assess pluripotency in vitro. In addition to the
molecular signature, different functional assays are normally used to confirm the pluripotency of these
cells, including the capacity for differentiation into the three-germ layers in vitro and teratoma

formation in vivo, which is one of the most important features of pluripotent stem cells.

[.2.2 Human Induced Pluripotent Stem Cells

Although hESCs represented and still represent a valuable tool to perform developmental
biology studies in vitro and are still the main cell source used to obtain progenitor/terminally
differentiated cells that are being applied in on-going clinical trials, these cells have associated to
them ethical concerns related with the destruction and manipulation of human embryos.

In 2006, a new age in the area of PSCs started. Takahashi and Yamanaka demonstrated for
the first time that a somatic cell could be reprogramed to an early stage of development (Takahashi
and Yamanaka, 2006). Using a cocktail of four transcription factors, Oct4, Sox2, KIf4 and c-Myc, they
induced mouse fibroblasts into pluripotent stem cells. These reprogrammed cells received the name
of induced pluripotent stem cells (iPSCs). One year later, the same group used the same
methodology to reprogram human somatic cells into PSCs (Takahashi et al., 2007). In the same year,
a different group demonstrated the generation hiPSCs using the same technology but using a
different cocktail of factors (Oct4, Sox2, Nanog and Lin28), in which the oncogene c-MYC was
replaced by the post-transcriptional regulator LIN28 (Yu et al., 2007). The hiPSCs share the same
properties of hESCs, in terms of cell morphology, proliferation and transcriptional features (Yu et al.,
2007) (Takahashi et al., 2007). However, despite the similarities, iPSCs can keep some epigenetic
memory associated with the somatic cell of origin, which in some cases can be responsible to the

fact that some iPSC lines are more prone to differentiate into a specific lineage (Kim et al., 2011).

.3 Cardiovascular Lineages Specification from hPSCs — Lessons From in

vivo Heart Development

The identification of the main steps that occur during the process of embryonic heart

development and the knowledge of how the different cell populations are specified, have provided
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the basis for the establishment of directed differentiation protocols to generate the entire repertoire
of cardiac cells from hPSCs. Through the step-wise indirect or direct manipulation of different
signaling pathways, it has been possible to guide the process of differentiation of hPSCs towards the
different cardiac cell fates in vitro. Below, are summarized some of the main lessons learned from the
in vivo heart development process that made possible and have been applied to develop in vitro

cardiac differentiation protocols from hPSCs.

[.3.1 Generation of Cardiomyocytes from hPSC

[.3.1.1 2D Cardiomyocyte Differentiation Platforms

Knowing the main signaling pathways that are involved in mesoderm induction and cardiac
specification in vivo, namely Wnt, BMP, Nodal/Activin A and FGF pathways, and in a step forward
towards the development of more robust CM differentiation protocols from hPSCs in vitro, directed
differentiation methods, using specific growth factors and small molecules in 2D monolayer culture
systems, were firstly developed. One of the first methodologies for directed CM differentiation under
2D conditions was described by Laflamme and co-workers. Through manipulation of Activin and BMP
signals, they achieved a yield of more than 30% CMs (B-myosin heavy chain — B-MHC*), which were
then enriched using a Percoll density gradient centrifugation (Laflamme et al., 2007). In 2010, Paige
and colleagues (Paige et al., 2010) demonstrated the relevance of Wnt/B-catenin signaling in cardiac
differentiation in vitro. They showed that, not only the inhibition of Wnt signaling at later stages of
differentiation is critical to induce cardiac fate, but also the canonical Wnt signaling activation during
the first stages of mesoderm commitment had a positive impact on CM differentiation, reinforcing the
idea that Wnt signaling has a dual stage effect on CM specification as has been observed in in vivo
models. They suggested that the combined manipulation of Wnt / Activin / BMP pathways should be
explored to improve cardiac differentiation. The combination of mesoderm commitment using Activin
A and BMP4, followed by canonical Wnt signaling inhibition, was further explored to improve CMs
differentiation outcome in different reported monolayer protocols (Hudson et al., 2012)(Uosaki et al.,
2011), however the efficiencies were still low and lacked reproducibility. In 2012, Lian and co-workers
(Lian et al., 2012a) reported an efficient growth factor-free monolayer protocol, which relied solely on
the temporal modulation of the Wnt signalling pathway by firstly activating that pathway for
mesendoderm induction, using the GSK3B inhibitor CHIR, followed by a step of Wnt inhibition for
cardiac lineage specification, using the small molecules IWP-2 or IWP-4. This protocol can generate
an almost pure population of cardiomyocytes (up to 98% of cardiac troponin T (CTNT) positive cells).
Since the establishment of this Wnt signalling-based protocol, several adaptations were reported in
the literature. Interestingly, and having in mind the development of a chemically-defined CM
differentiation method, that could be easily translated for clinical applications, Burridge and

colleagues (Burridge et al., 2014a) took advantage of this protocol and adapted the culture medium
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formulation to a chemically-defined version. In the Lian and colleague’s version of Wnt signalling
manipulation protocol, the basal medium used consisted in RPMI supplemented with B27. By titration
of each one of the 27 compounds, Burridge and co-workers concluded that the basal medium RPMI
supplemented only with ascorbic acid and BSA was sufficient to effectively induce CM differentiation.
Additionally, in an attempt to adapt the protocol to a xeno-free environment, they also showed the
possibility of replacing BSA with recombinant human albumin. Later on, Lian and co-workers, reported
a new variation of the Wnt signaling protocol in which cardiac differentiation could be performed in
RPMI basal medium supplemented with only three components, sodium selenite, progesterone and
putrescine (Lian et al., 2015). In this way, a differentiation protocol free of aloumin was developed. In
fact, they observed that through a reduction of CHIR concentration, the BSA could be removed from

the basal medium formulation without interfering with CM differentiation efficiency.

[.3.1.2 3D Cardiomyocyte Differentiation from hPSCs

The first attempts to perform CM differentiation from hPSCs in a 3D environment were based on
the embryoid body’s (EB) differentiation method. In this differentiation methodology, hPSCs are
cultured as small clumps in suspension culture, allowing them to grow and to enter into spontaneous
differentiation in basal medium containing serum (normally 20% of FBS) (Xu et al., 2002)(Zhang et
al., 2009)(Zwi et al., 2009)(Kehat et al., 2001)(Huber et al., 2007)(He et al., 2003). This approach,
due to the lack of defined cues to induce the cardiac differentiation, generates low percentages of
CMs, which are normally assessed by the percentage of contracting EBs (from 1% to 22% of
contracting EBs), in a non-reproducible way. However, this system allowed the acquisition of valuable
biological information that later on was taken into consideration for the development of more robust
and efficient 3D-based directed differentiation protocols.

1.3.1.2.1 Impact of hPSC-3D Aggregation on Cardiac Differentiation Potential

Taking advantage of micropatterned and forced aggregation platforms to generate size-
controlled 3D aggregates of hPSCs, different studies have been performed to evaluate the impact of
culturing hPSCs in a 3D environment in comparison with 2D culture. Several reports have shown that
EB differentiation was influenced by hPSC aggregate size at the beginning of the process (Bauwens
et al., 2008; Burridge et al., 2007; Mohr et al., 2010; Niebruegge et al., 2009). hPSC aggregate
diameters ranging 250-350 pm were described as the optimal size to maximize cardiac gene
expression and thus cardiac differentiation efficiency. Additionally, it was also stated that this
controlled method for aggregate generation increased hPSC aggregate homogeneity at the beginning
of differentiation, which resulted in a higher reproducibility and less variability between runs,

compared to standard enzymatic methods to form EBs (Mohr et al., 2010).
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Although the size of hPSCs aggregates had been shown to influence the differentiation outcome
to different lineages, the molecular factors behind that effect were not clear at the beginning. To
achieve a deeper understanding of these effects, different studies were performed (Azarin et al.,
2012; Bauwens et al., 2011; Hsiao et al., 2014; Hwang et al., 2009). Using the EBs differentiation
protocol, Azarin and co-workers (Azarin et al., 2012) suggested that cell-to-cell interactions
experienced by the hPSCs in the undifferentiated state in 3D environment, trough, for example, E-
cadherin interactions, could be responsible for the modulation of different signaling pathways that
could later impact the differentiation outcome. Particularly, they observed that upon EB differentiation,
hPSCs that had been previously cultured in micropatterned platforms (300x300pum) showed an
upregulation of the canonical Wnt signaling pathway during the first days of differentiation, when
compared with 2D cultured hPSCs, which resulted in a higher expression of genes associated with
primitive streak, mesoderm and cardiac lineage commitment. In another study from the same group
(Hsiao et al., 2014), it was suggested that hPSCs cultured in microwells showed an upregulation of
BMP signaling and less transcriptional activity of genes involved in Activin/Nodal pathway, which they
proposed to result in a priming of hPSCs towards differentiation, and consequently influenced the exit
from pluripotency and germ lineage specification upon the beginning of differentiation. Through the
analysis of important genes involved in cardiac differentiation, they observed that EB differentiation
using microwell cultured hPSCs showed a strong peak of expression of Brachyury, a transcription
factor that controls PS induction, which was not observed in EB differentiation performed with 2D
cultured hPSCs. Similarly, mesendoderm lineage and early cardiogenesis genes, such as ISL1 and
NKX2.5, were upregulated in EB differentiation using microwell cultured hPSCs. Moreover,
upregulation of the genes responsive to Wnt signaling, such as WNT3A, WNT8A and LEF1, Notch
pathway genes such as NOTCH1l and DELTAL, and representative genes from the TGFf
superfamily, such as BMP2, BMP7, NOGGIN and NODAL, were also upregulated in EBs obtained
from microwell cultured hPSCs.

The effect of 3D aggregate size towards CM differentiation from hPSCs was later on confirmed
by Bauwens and colleagues under serum-free conditions and using a directed CM differentiation
protocol based on the manipulation of BMP4, Activin A and FGF for mesoderm induction and a
second stage of DKK1 and VEGF media supplementation for cardiac mesoderm and CMs
specification (Bauwens et al., 2011). As the cellular mechanism, they suggested that the aggregate
size influences the extension of an endoderm layer during differentiation, being that the main reason
behind the impact of aggregate size on cardiac induction and differentiation efficiency (endoderm-
secreted factors). They additionally stated that the control of aggregate size at the beginning of
differentiation allows the achievement of consistent and efficient cardiac induction runs.

More recently, other groups have demonstrated the impact of hPSC-aggregate size on CMs
differentiation when using solely the temporal modulation of Wnt signaling by using a forced
aggregation platform (Branco et al., 2019; Dahlmann et al., 2013) or a dynamic system (Chen et al.,

2015a) for generation of hPSCs aggregates. In a recent study, a possible impact, at the transcriptional
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level, of forced aggregation of hPSCs when compared to 2D cultured hPSCs was revealed (Branco
et al., 2019). It was demonstrated that by culturing hPSCs under 3D conditions, in the presence of
hPSC expansion medium, for 3 days, in a microwell platform (approx. 300 um of diameter), these
cells exhibited a priming for mesendoderm commitment, which further resulted in a faster exit from
the pluripotency stage and primitive streak commitment upon cardiac differentiation induction,
culminating in a faster CM differentiation progression and maturation when compared with 2D
monolayer. It was suggested that these differences could be related not only with the higher degree
of cell-to-cell interactions observed in 3D aggregates, but also with the oxygen gradients inside the
spheroids, which, all together, culminated in a stabilization of TGF-B/Nodal pathway, upregulation of
MAPK/INK/ERK pathway and increased glycolysis metabolism, when compared with 2D-cultured
hPSCs.

[.3.1.2.2 3D Cardiomyocyte Differentiation Platforms

Different 3D culture platforms have been described to successfully generate CMs from hPSCs.
Depending on the purpose, the generation of the 3D aggregates of hPSCs for cardiac differentiation
may rely on the use of dynamic systems, including different bioreactor configurations (Chen et al.,
2015a; Fonoudi et al., 2015a; Halloin et al., 2019; Hemmi et al., 2014; Kempf et al., 2014a; Ting et
al., 2014), or static conditions, where forced aggregation platforms, including microwell plates (Branco
et al., 2019; Dahimann et al., 2013), U- and V- 96-well plates (Burridge et al., 2011a; Zhang et al.,
2015) and micropatterned surfaces (Ma et al., 2015) were used. Since the pre-differentiation stage
and the early differentiation phase have a substantial impact on CM differentiation outcomes, as
discussed before, the control of the initial population of 3D-hPSC aggregates in terms of aggregate
size and homogeneity synergistically combined with optimized concentrations of growth factors
and/or small molecules to induce the first commitment of hPSCs, are crucial for the success of the
differentiation process. The use of microwell plates allows the generation of size controlled and
homogenous populations of aggregates only through cell seeding density manipulation (number of
cells/aggregates) (Branco et al., 2019; Dahlmann et al., 2013). In the case of dynamic systems, the
size of aggregates and, depending on the platform, aggregates homogeneity, can be also controlled
by controlling the cell seeding density, agitation rate and time in culture (Chen et al., 2015a). However,
the variability in the size of the aggregates is generally higher in this type of dynamic systems when
compared with forced aggregation platforms, which can comprise the reproducibility between
biological runs. Both dynamic and microwell systems have been proven to generate highly pure
populations of CMs (> 80% of CMs) within 10/16 days of differentiation (Table 1-1). Although the
aforementioned parameters (pre-differentiation period and concentration of small molecules and/or
growth factors), highlighted in Table I-1, are critical for the success of the CM differentiation in the 3D
environment, they should be synergistically optimized for the specific platform that is being used. A

different hPSC-aggregate size at day 0 of differentiation or a different concentration of factors in
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different culture platforms may result in identical efficiencies. Since there are already robust and
efficient systems to generate CMs in 3D environment, the selection of the best protocol will depend
on the final aim. Dynamic systems should be preferred for large scale production of CMs for example
for regenerative medicine applications. On the other hand, to produce CMs or 3D cardiac MTs for in
vitro applications, protocols that rely on microwell plates may be advantageous, since these are
simpler and do not require sophisticated equipment nor specific expertise in bioprocessing and may

allow an easier integration with medium- to high- throughput screening platforms.

[.3.2 Universal Cardiomyocyte Differentiation Protocol —a possibility or an

llusion?

Although the specification of CMs from hPSCs in vitro has been achieved with different methods,
as it was described above, a common issue of the hPSC-derived CM differentiation protocols is
related with high inconsistencies in differentiation efficiencies across various hESCs and hiPSCs lines
(Tewary et al.,, 2018)(Kattman et al., 2011a)(Burridge et al., 2011b), which compromised the
development of an universal method for CM differentiation. This variability is likely related to genetic
and epigenetic differences between hPSC lines that directly impact their cardiac differentiation
capacity. In an attempt to have a deeper understanding of the complex process of cardiac
commitment, specifically regarding the first stages that include PS and mesoderm subtypes
specification, and to develop more controlled differentiation processes, different studies focused on
understanding the complex network of signals involved in cardiac commitment and to understand
how those signals could be controlled in vitro.

BMP4 and Activin A signaling are the main regulators of anterior-posterior patterning of PS, in
which BMP4 activation in the first stage of hPSCs commitment has a posteriorizing effect, whereas
Activin A was identified as an anteriorizing agent (Loh et al., 2014a) (Loh et al., 2016a). The most
anterior part of the PS is responsible for the generation of the definitive endoderm, whereas the

mid/posterior PS progenitor cell population originates the cardiac mesoderm progenitors.
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Table I-1. Summary of studies reporting CM differentiation from hPSCs under 3D conditions. The table highlights 3D-CM differentiation platforms using dynamic systems
(bioreactors and spinner flasks) and static conditions (microwell plates and ULA attachment plates). &, diameter; ULA, Ultra Low Attachment Plate.

Pre-Differentiation Differentiation
. . Aggregate @ . . _
Platform Time Media Platform Media Molecules Duration Efficiency
at DO
Halloin et Stirred CHIR  DO-D1 5 uM +1x10° CMs/mL
. 2 Days E8 + 125 ym Stirred Bioreactor (500 mL) cbm3*! o0Days
al. 2019 Bioreactor WP2 D1-D3  5uM 93+ 5% CMs
+1x10° CMs/mL
RPMI+B27- 0 c 0 6/12 L)
Chen et . StemPro hESC ) INS DO -D4 HIR bO-D1 pM*2 + 2 x 10° CMs/mL
Spinner Flask 2 Days 200 + 20 ym Spinner Flask (125 mL — 1L) 16 Days
al. 2015 SFM + FGF2
(500 mL)
RPMI+B27 D4 - D16 IWP4 D2 - D4 5uM >90 % CMs
CHIR DO -D1 12 yM 0.8 x 106 CMs/mL
Fonoudi Stirred 5D DMEM/F12+ 175+ 25 Stirred Bi tor (100 mL) RPMI + B27 D0 - D15 15D
. ays +25pum irred Bioreactor m + - ays
SB+Pur+IwW 5uM
et. 2015 Bioreactor FGF2 D2 - D4 H > 80 % CMs
P2 each
™ RPMI+B27- +20x 108
Branco et Aggrewell™g0 Aggrewell ™800 DO - D7 INS DO - D7 CHIR D0 - D1 11 uM CMsplate
L. 2019 o 3 Days mTeSR1 + 300 um 12 Days
al. -
ULA 6 well plate DO - D12 RPMI+ B27 D7 - D12 IWP4 D3 - D5 5uM > 85 % CMs
96-V ULA plat DO - D4 +04x10°
Burridge - plate -
9 - 6 RPMI DO - D10 5 10 Days CMs/plate
etal. 2011 U
96-U ULA plate D4 - D10 >80 % CMs
Agarose 4 RPMI + 6
Dahlman ) 1 Day 400-500 pm* DO - D7 CHIR DO - D1 8 uMm *
| Microwell plate Fom* ULA 6 well bl B27-INS 10D
netal. R well plate ays
ULA 6 well (220 um (O P Y
2013 | 3 Days 3)) RPMI + B27 D7 - D10 IWR1 D3 -D5 4 uM Up to 65 % CMs
plate

*1 RPMI 1640 (+2 mM Glutamine) + 495 pg/mL Recombinant Human Albumin + 213 pg/mL Ascorbic Acid; *? Depending on the cell line; ** DMEM/F12 + GlutaMAX + 20% (v/v) Knockout serum
replacement + 1% (v/v) non-essential amino acids + 0.1 mM B mercaptoethanol + 10 ng/mL FGF-2; ** Determined by bright field image analysis; ** D0-D2: BMP4 (25 ng/mL); FGF2 (5 ng/mL); PVA (4
mg/mL); h-Insulin (10 pg/mL); D2-D4: HAS (5 mg/mL); 280 uM L-ascorbic acid; D4 - forward: h-Insulin (10 pg/mL); *¢ Not specified*
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Although Wnt and FGF signaling were not considered key elements for the anterior-posterior
patterning of PS, the endogenous activity of both pathways was observed to be mandatory for PS
formation (Loh et al., 2014a) (Loh et al., 2016a). This information is consistent with different
protocols for cardiac differentiation that rely mainly on BMP4 manipulation alone, in the first step
of cardiac commitment, or combined with low levels of Activin A. Although high levels of Nodal
pathway activation during the first days of hPSCs commitment contribute to anterior PS
specification, a low/basal activity of this signaling pathway is also important for the success of
cardiac mesoderm induction (Rao et al., 2016). In fact, a study demonstrated that the basal level
of Nodal signaling in hPSCs can condition the predisposition of those cells to undergo PS
specification (higher levels of endogenous Nodal signaling) rather than neural commitment (lower
level of endogenous Nodal signaling)(Tewary et al., 2018). This information may justify the
observation that some reported CM differentiation protocols rely on the addition of Activin A for
just one day as the first stimuli for hPSCs commitment, possibly as a priming step. Although Wnt
signaling has been described not to be critical for anterior-posterior patterning of PS, this pathway
is critical for the commitment of mid/posterior PS into anterior mesoderm from which cardiac
progenitors arise. This is also in agreement with several protocols that exogenously activate Wnt
signalling, alone or in combination, with BMP4 to induce lateral mesoderm differentiation.

Although it is now clear the main signals that should be modulated for cardiac commitment
from hPSCs, protocols relying solely on the temporal modulation of Wnt signalling have been
deeply studied. One of the first observations made is the increased variability of this process
across biological runs and hPSC lines (Laco et al., 2018). This has been attributed to the fact that
the success of these type of differentiation is deeply dependent on (1) the endogenous/basal
activity of important signaling pathways in the pluripotency stage of each hPSC line, such as
BMP4 and Nodal signalling, and (2) how Wnt signaling manipulation can interfere with the level
of those signaling pathways throughout the differentiation process. This last factor is deeply
dependent not only on the level of Wnt signaling activation, controlled by the concentration of the
small molecules used, but also depends on other parameters such as cell confluence, which
condition the concentration of paracrine signals released to the culture medium (Burridge et al.,
2014a)(Zhao et al., 2019a) (Halloin et al., 2019) (Kempf et al., 2016a)(Burridge et al., 2011a). In
fact, Kempf and co-workers (Kempf et al., 2016a) proved that, when lacking extrinsic BMP4
activation, BMP4 pathway activity is indirectly ensured by Wnt signaling activation, and the level
of BMP4 signaling activity can be manipulated in vitro through small molecule CHIR concentration
but also cell density. Additionally, canonical Wnt signalling activation has been also described to
induce Nodal expression (Funa et al., 2015a), which, as described before, is an important
signaling pathway that should be active during the first stages of cardiac differentiation. The
importance of Wnt signaling activation duration and the timing for Wnt signaling inhibition was
also stated in different reports as important parameters that control the success of this type of CM
differentiation (Burridge et al., 2014a) (Halloin et al., 2019) (Zhao et al., 2019a) (Kempf et al.,
2016a). This complex network of stimuli that are slightly controlled with Wnt signaling
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manipulation, justifies that an optimized protocol can result in different outcomes depending on
the hPSC line.

Altogether, these studies proved that BMP and Wnt signaling converge in controlling cardiac
mesoderm specification, whereas FGF and Activin A signaling are additional important pathways
that should be active by exogenous stimulation or indirectly through Wnt and BMP4 modulation.
Additionally, these studies also reinforced the idea that the development of a simple and universal
platform to generate CMs is very challenging. Particularly in the case of protocols that rely only
on Wnt signaling manipulation, the process is more prone to variability since they deeply rely on
several parameters that condition the endogenous activity of other signaling pathways. An
interesting improvement to this kind of protocols may be the conditioning of the initial state of the
different hPSCs cell lines to a mesendoderm primed level, which could be an important tool to

overcome part of this problem.

1.3.3 Differentiation of hPSCs into Different Subtypes of Cardiomyocytes

Upon producing of CMs using the protocols mentioned in sections 1.3.1.1 and 1.3.1.2, two
main limitations have been identified, namely the fact that hPSC-CMs are often (1) relatively
immature compared with adult CMs, which will be further discussed in this chapter and (2) a mixed
population of different subtypes of CMs, although most of the times they showed ventricular-like
signature after prolonged time in culture (Burridge et al., 2014a; Lian et al., 2012a). Envisaging
the future applicability of these hPSC-derived CMs in clinical applications as well as in disease
modelling or drug screening studies, new protocols have emerged to specifically generate
different subtypes of CMs and also to identify cell surface markers that could help on the selection

and purification of those cells.

1.3.3.1 Atrial- versus Ventricular-like Cardiomyocytes

Cell lineage tracing experiments in animal models complemented with in vitro cardiogenic
differentiation studies using mouse and human PSCs have been valuable tools for the
identification of the developmental origin of the different subtypes of CMs present in the human
heart (Figure I-5).

As mentioned in section 1.1.2.1, FHF and SHF represent two distinct cardiac progenitor
populations that contribute to different subtypes of cardiac cells in vivo, in which FHF progenitor
cells differentiate early and have only cardiogenic potential, whereas SHF progeny have a period
of proliferation before differentiation and are multipotent cells, being able to differentiate not only

into CMs but also into vascular cells (Galdos et al., 2017).
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Figure I-5 In vitro modulation of hPSCs differentiation towards the different subtypes of CMs. FHF,
First Heart Field; SHF, Second Heart Field; ActA, Activin A signaling; WNT, Wnt signaling; WNTi, Wnt
signaling inhibition; RAc, retinoic acid signaling; aSHF, anterior SFH; pSHF, posterior SHF. Information
collected from in vitro hPSCs cardiac differentiation studies ( (Andersen et al., 2018; Cui et al., 2019; Lee et
al., 2017b; Protze et al., 2017; Zhang et al., 2019b)). The markers in lowercase were taken from mice model
studies.

Lineage tracing studies in mice embryos identified Hcn4 and Isll as two important markers
that allow the distinction between FHF/SHF progenitors. Spater and colleagues (Spéter et al.,
2013), reported a predominant FHF localization of Hcn4 in the early mouse embryo, being further
on detected within the left ventricle, and downregulated thereafter. The expression of Hcn4 in
FHF cell population overlaps with Thx5 expression, which has been also identified to be
predominantly expressed in the cardiac crescent (Bruneau et al., 1999). In the same study, the
authors confirmed these findings using differentiation of hPSCs into the cardiac lineage,
observing the presence of SHF and FHF progenitor cells after 6/7 days of differentiation. Through
the isolation of hPSC-derived HCN4*/FHF cells, they showed their preferential differentiation
potential towards a cardiomyogenic cell fate.

Isl1 was firstly identified as a marker preferentially expressed in SHF cardiac progenitor cells
(Cai et al., 2003). In a different study performed in mouse embryos, Isll was described as a
precardiac mesoderm marker that starts to be expressed prior to the FHF/SHF partitioning
(Meilhac et al., 2004), and it is then transiently expressed in FHF progenitor cells while having a
more prolonged expression in SHF. More recently, Andersen and colleagues, through Isl1 tracing
using a Isl1¢® mice model (Andersen et al., 2018), suggested also that Isll is a pan-cardiac
mesoderm marker. However, they also demonstrated, by using HCN4CFP (FHF) and TBX1¢re
(SHF)(Huynh et al., 2007) mouse embryos, that Isl1 expression is downregulated at embryonic
day 8.5 (E8.5) in GFP* cells, suggesting that Isl1 is transiently expressed in the FHF. Interestingly,
in the same study the authors identified CXCR4 as a cell surface marker that allowed to

distinguish between FHF and SHF progenitor populations in vivo and at early stages of cardiac
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differentiation from mESCs and hPSCs in vitro, at which time point both CXCR4* and CXCR4-
populations express ISL1. Additionally, they showed that CXCR4* progenitor cells were more
proliferative and multipotent, compared with the CXCR4- population, which mainly exhibited CM
differentiation potential. The same authors suggested that higher levels of BMP4 activation during
the mesoderm induction stage favors CXCR4- cell population, whereas Wnt signaling activation
favors CXCR4* progenitor cells.

Moving further in the identification of the origin of the different subpopulations of CMs, a more
recent work from Zhang and colleagues, using in vitro differentiation of hPSCs into cardiac
progenitor cells (Zhang et al., 2019b), showed that NKX2.5*/TBX5* cells represent a FHF-like
derived population, that predominantly differentiates into ventricular-like CMs that are genetically
and functionally similar to left ventricular CMs, expressing HAND1 and KCNJ2 markers (Zhang
etal., 2019b). They also identified CORIN as a specific cell surface marker for the NKX2.5*/TBX5*
subpopulation, enabling in this way the isolation of left ventricular CMs from a mixed population
of hPSC-derived CMs. Finally, they also showed that the NKX2.5*/TBX5- subpopulation
represents a SHF-derived population that differentiates mainly into CMs (£78% cTNT™). However,
since 90% of those CMs showed atrial-like profile, expressing, among other genes, PITX2 and
NR2F2, it was suggested that this represents a posteriorly derived SHF population. Indeed, early
studies in mice models, suggested the existence of sub-clusters of cells within the SHF progeny.
Anterior SHF (aSHF) has been suggested to not contribute to atrium, being responsible for the
development of OFT and right ventricle myocardium (Galli et al., 2008; Verzi et al., 2005). Verzi
and colleagues showed that aSHF represented a subpopulation within the SHF progeny positive
for Mef2c and Isl1 was identified as a pan-SHF marker (Verzi et al., 2005). Additionally, posterior
SHF (pSHF) was described to be responsible for the generation of atrial myocardium (Galli et al.,
2008). The left and right sides of the pSHF population contribute to the left and right atrium (LAT
and RAT), respectively, being Pitx2c an important mediator of this process, which is expressed
in left and not in right atrium (Galli et al., 2008).

RA signaling has been demonstrated to play a central role in several steps of in vivo
cardiovascular development, including atrial and sinus venosus specification (Ryckebusch et al.,
2008), and thus the activation of this pathway has been successfully used as the main driver for
atrial-like CMs differentiation from hPSCs (Devalla et al., 2015; Lee et al., 2017b; Lemme et al.,
2018; Pei et al., 2017; Zhang et al., 2011) (Figure 1-6). In fact, the anterior/posterior patterning in
SHF can result in part from RAc signalling activity. Moreover, Lee and colleagues (Lee et al.,
2017b) showed that atrial and ventricular CMs (left ventricular-like CMs), obtained from hPSC
differentiation, are generated from different mesoderm populations and identified RALDH2 and
CD235a as two markers that can be used to distinguish and specifically select mesodermal
progenitors that are more prone to differentiate into atrial CMs or left ventricular-like CMs,
respectively. These two mesodermal populations can be enriched through manipulation of BMP4
and Activin A concentrations during the first days of cardiac differentiation. Higher levels of Activin

A provide an enrichment of the CD235a* cells and lower levels of Activin A the enrichment of
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RALDH2* cell population. Interestingly, by activating RA in RALDH2* cells, atrial CMs were

generated, otherwise the progenitor population evolved towards right ventricular-like CMs.

Atrial- vs Ventricular-like CMs
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Figure 1-6 Current in vitro strategies to generate atrial-like CM from hPSCs. ATRA, all-trans-retinoic
acid.

Other relevant reports in this field have identified additional relevant markers to distinguish
different subpopulations of CM progenitors. Specifically, the Leukemia Inhibitory Factor Receptor
(LIFR) was identified as a cell surface marker that allow the identification of a cardiac mesoderm
cell population responsible for the generation of ventricular CMs (Foo et al.,, 2018), and
CD77*/CD200- cell-surface signature was described as a possible selective tool to specifically
identify already differentiated ventricle CMs (Veevers et al.,, 2018). However, none of these
studies mentioned if the generated ventricular CMs have a SHF or FHF mesoderm progenitor cell
population origin. Additionally, GFRA2 was identified as a marker that characterizes a cardiac
progenitor cell population that resides in both SHF and FHF (Ishida et al., 2016). Interestingly,
through hPSCs cardiac differentiation, the authors identified that the subpopulation
GFRA2*/KDR"““/PDGFRA*/KIT-, obtained after 4 days of differentiation, is a multipotent progenitor
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population, whereas the subpopulation GFRA2*/KDR/PDGFRA*/KIT-, present after 8 days of
differentiation, is unipotent, presenting only cardiomyogenic fate potential. Additionally, CD82 has
been also identified as a cardiac progenitor cell-surface marker, which represents cardiac
progenitor cells that almost exclusively differentiate into CMs (Takeda et al., 2018a).

A recent report, which performed a single-cell transcriptomic analysis of the different stages
of embryonic human heart development from 5 to 25 weeks of gestation, and studied individually
each chamber specification, has now opened the possibility to confirm the specificity of already
reported markers for each subtype of myocardium (Cui et al., 2019). Moreover, it can also reveal
new markers, which can be used in the future to help the development of more precise CM
subtype differentiation protocols and purification methodologies. Among the differentially
expressed genes in atrial vs ventricular myocardium and right vs left segmentation, at 5 weeks of
gestation, this study confirmed MYL2 as a ventricular CM marker, common in both left and right
ventricular CMs; NR2F1 and NR2F2 as atrial CM markers common to both left and right atrial
CMs; MYH7, HAND1 and KCNJ2 as LV markers; HEY2 as a RV marker; PITX2 and GJAS as a
LAT marker; and CAV1 and HCN4 as RAT markers. Interestingly, MYL7, also known as MLC2A,
which is a commonly used marker for atrial CMs in vitro, was not differentially expressed among
atrial and ventricular CMs, at least at this gestation stage. This could be in agreement with what
is observed in vitro when differentiating hPSC into CMs, in which early ventricle CMs also express
MYL?.

In summary, relevant information regarding specific markers and signaling pathways involved
in atrial and ventricular CMs segmentation is now available, which can be further used to
selectively produce a specific desired subpopulation of CMs. Overall, higher levels of Activin A in
the presence of BMP signaling pathway activation during the first stage of mesoderm specification
favor FHF cardiac progenitor cell generation and consequently LV-CMs specification. On the
other hand, lower levels of Activin A in the presence of Wnt and BMP signaling pathway activation
favor SHF progeny. These progenitor cells, after Wnt signaling inhibition, specify into ventricular
CMs similar to RV-CMs. The activation of RA pathway during or after Wnt signaling inhibition for
a short period of time is described as the main stimuli to favor atrial CMs specification from the

same cardiac progenitor cell population.

1.3.3.2 SAN Cardiomyocytes

Up to date, the most important progress regarding the generation of conduction system CMs
from hPSCs has been made for SAN pacemaker cells. SAN CMs are specified from the sinus
venosus, that arise from a TBX18*/NKX2.5~ progenitor population of cells (Mommersteeqg et al.,
2010), more specifically from the posterior SHF progenitor population, from where atrial CMs also
arise (Figure I-5). With the progression of development, a gene regulatory network involving
TBX3, which is responsible for the repression of atrial genes, and SHOX2, which is responsible
for the repression of NKX2.5, allows SAN lineage specification. SAN cells also express HCN4,

which confers the spontaneous electrical activity of these cells.
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Generation of SAN-like pacemaker cells from hPSCs has been achieved by mimicking the
developmental steps known to be involved in SAN specification in vivo. As already described
above, by using a standard CM differentiation protocol, Zhang and colleagues identified a
subpopulation of NKX2.5/TBX5* cells that further differentiated into functional SAN-like CMs,
expressing SHOX2, TBX3 and TBX18 (Zhang et al., 2019b), reinforcing the idea that SAN-like
CMs arise from a NKX2.5 population. Recently, Protze and colleagues (Protze et al., 2019)
reported a directed differentiation protocol for generation of SAN-like CMs from hPSCs (Figure I-
7). They first optimized the stage of mesoderm development, through manipulation of BMP4 and
Activin A signaling pathways, to promote differentiation into posterior SHF mesoderm, as it was
previously described (Lee et al., 2017b). Afterwards, they showed that RA and BMP4 favour the
generation of SAN-like CMs from posterior SHF progenitor cells, and FGF and TGF@ pathways
inhibition prevented generation of NKX2.5* CMs. This optimized protocol allows the generation of
30-36% CcTNT*/NKX2.5° SAN-like pacemaker cells, which were enriched to more than 80% by
FACS, using the combination of SIRPA*/CD90/NKX2.5-GFP- markers. A more recent work
demonstrated that the activation of canonical Wnt signaling in NKX2.5* cardiac progenitor cells
obtained after 5 days of differentiation, promotes the commitment of those cells into pacemaker-
like CMs (Ren et al., 2019), which express several known markers of SAN cardiac cells, including
SHOX2, TBX18, HCN4 and TBX3 and do not express NKX2.5. This protocol generates 54.2 %
CTNT* CMs, from which £ 80% are SHOX2* and £ 50% are NKX2.5". The remaining cTNT- cardiac
cells were mainly epicardial-like cells, which is in agreement with recent studies that also report

similar protocols to obtain epicardial cells from hPSCs, as it will be further explored in this chapter.
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Figure I-7 Current in vitro strategies to generate SAN pacemaker-like CMs from hPSCs.
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[.3.4 Generation of Non-CMs Cardiac Cells Present in Human Heart from
hPSCs

[.3.4.1 Vascular Cardiac Cells

The protocols that have been described to obtain vascular cells in vitro from hPSCs (Figure
I-8) are normally organized in three main steps, the first comprising cardiac mesoderm induction,
followed by vascular progenitor cell specification and proliferation, and finally by ECs or pericyte/
vascular SMCs commitment and expansion. Since the first attempts to generate cardiovascular
progenitor cells, and afterwards vascular cells, were not highly efficient, MACS or FACS-based

purification methods were normally integrated with the differentiation protocols.

1.3.4.1.1 Endothelial Cells (ECs)

When generating ECs from hPSCs, the progenitor stage of ECs (EPCs) is normally
controlled by CD34 and KDR expression and the most common used markers to assess mature
ECs in vitro are CD31 and CD144. The first stage of mesoderm commitment normally takes
two/three days and the most widely described approaches rely on the activation of the Wnt/(3-
catenin pathway, in some cases combined with the supplementation with BMP4 and Activin A
growth factors (Farkas et al., 2020; Harding et al., 2017; Nguyen et al., 2016; Palpant et al., 2017;
Patsch et al., 2015; Sahara et al., 2014; Sriram et al., 2015; Zhang et al., 2017). The inclusion of
BMP4 activation during this first stage of differentiation has been described to enhance
endothelial commitment by favoring the induction of KDR* precursor cells, which has been
correlated with a higher percentage of endothelial progenitor cells at later stages of differentiation
(Patsch et al., 2015; Sahara et al., 2014). Regarding the stage of vascular commitment, activation
of the VEGF pathway through exogenous stimulus is the most widely used strategy. However,
recent findings demonstrated that the addition of other cytokines or small molecules, such as (1)
the TGFp signalling inhibitor SB431542 (Orlova et al., 2014), (2) the inhibitor of Notch signaling
DAPT (Farkas et al., 2020; Sahara et al., 2014), (3) the cAMP and protein kinase A pathways
enhancer forskoline (Farkas et al., 2020; Patsch et al.,, 2015), and Tp4 (Rosa et al., 2019),
potentiate the effect of VEGF and promote EPCs proliferation and maintenance. The addition of
BMP4 during the stage of vascular commitment, in combination with only VEGF (Sriram et al.,
2015) or with VEGF/FGF2 (Harding et al., 2017; Palpant et al., 2015, 2017), VEGF/SB (Zhang et
al., 2017), or VEGF/FGF2/DAPT (Nguyen et al., 2016) has also been used to favor the
development of EPCs. The stepwise optimization of these two first stages to specify EPCs from
hPSCs, in combination with a progression to more defined and serum-free protocols (Farkas et
al., 2020; Harding et al., 2017; Rosa et al., 2019; Sriram et al., 2015; Zhang et al., 2017) improved
the efficiency and reproducibility of the differentiation methods. With these more recent optimized
protocols to generate EPCs, it is now possible to generate more than 80% CD34*/CD31* EPCs
within 5 days of differentiation without the need for any cell sorting strategy. After cell passage

and culture in EC-specific culture medium, generally supplemented with VEGF, and after
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successive passages in culture, these immature EPCs differentiate towards CD31*/CD144*

mature-like ECs.
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Figure 1-8 Current in vitro strategies to generate vascular progenitor cells and endothelial cells (ECs)
from hPSCs and respective molecular markers. VECs, Venous Endothelial Cells; AECs, Arterial
Endothelial Cells; P, Passage; AA, Ascorbic Acid; DMEM/F12+SP, DMEM/F12 + chemically defined lipid
concentrate + ITS + Glutamax + monothiol glycerol + AA; ECGM-MV2, Endothelial Cell Growth Medium
MV2, PromoCell; ESFM, Endothelial Serum-Free Medium, GIBCO; ECGM-2, Endothelial Cell Growth

Medium 2, PromocCell.
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The differentiation strategies described so far include the derivation of a population of
mesoderm-derived cardiovascular progenitors. However, in this case, the resulting population of
vascular cells normally represents a heterogeneous mixture of ECs subtypes, which although
sharing many features, also present functional and transcriptomic differences, depending on the
lineage trajectory used to obtain them. For this reason, the development and deeper
characterization of different sub-types of ECs is being now explored to improve the suitability of
these cells for downstream applications, such us regenerative medicine and tissue engineering.
Different groups are now optimizing protocols to generate in a more controlled and robust way
different sub-populations of ECs, namely (1) vessel-like arterial and venous ECs (Rosa et al.,
2019)(Sriram et al., 2015), (2) endocardial-like ECs, which were recently identified as
NKX2.5*/CD31* ECs and described to have the capacity to induce trabecular fate in CMs and the
ability to undergo EndoMT to give rise to mesenchymal cells that share expression features with
valvular interstitial cells (Misfeldt et al.,, 2009)(Mikryukov et al., 2021), and (3) hemogenic
mesoderm-derived ECs, which have blood-forming capacity (Palpant et al., 2017). A recent

protocol highlighted the generation of endocardial-like ECs from hPSCs (Mikryukov et al., 2021).

[.3.4.1.2 Vascular Smooth Muscle Cells (SMCs)

Different sources for SMCs progenitors have been identified in the heart, including
cardiovascular progenitors derived from a SHF cell population and PECs. Regarding the
development of SMCs from cardiovascular progenitors (Figure 1-9), Cheung and colleagues
(Cheung et al., 2014) reported an efficient protocol based on BMP4 and FGF2 supplementation
for lateral plate mesoderm induction from hPSCs, followed by a 12 days period of SMCs
specification using PDGF-BB and TGFB1 growth factors. After this period, more than 80% of the
cells were CNN1*/MYH11* with SMCs showing a spindle or stellate shaped morphology. In
addition, Patsch and co-workers (Patsch et al., 2015) showed that after mesoderm induction, the
addition of Activin A and PDGF-BB generated £90% CD140a* cells after 6 days of differentiation.
Orlova and colleagues (Orlova et al., 2014) also described a method to obtain pericytes after
vascular progenitor population specification, by culturing the CD31- fraction after sorting, in
endothelial cell basal medium followed by medium supplementation with TGF3 and PDGF-BB
for pericyte commitment. Regarding the generation of SMCs from PECs (Figure I-10), the majority
of the protocols is based on the use of a combination of TGFB1 and FGF2 (Bao et al., 2017; Witty
et al., 2014a; Zhao et al., 2017), or TGFB1 and PDGF-BB (lyer et al., 2015) to generate a highly
pure population of ACTA2*/CNN1*/TAGLN* SMCs.

Different methods have been described to assess vascular cell function. Regarding ECs, the
capacity of tube formation in Matrigel is one of the most widely used functional tests. The capacity
for acetylated low-density lipoprotein (Ac-LDL) uptake and response to pro-inflammatory
cytokines, seen by the upregulation of the intracellular adhesion molecule-1 (ICAM1) upon TNF-
a and IL-1pB treatment, is also an important functional test (Orlova et al., 2014). Regarding SMCs,
function can be evaluated in vitro by assessing the contractibility after stimulation with

vasoconstrictive drugs or cytokines (e.g. endothelinl and carbachol), and also by evaluating the
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deposition of extracellular fibronectin following treatment with increasing concentrations of TGF-

B1 and angiotensin Il (Cheung et al., 2014).

[.3.4.2 Cardiac Fibroblasts

CFs present a highly variable morphology in culture and are mostly sheet or spindle-like
shaped. Although there is not a specific marker for the identification of CFs, a combination of
cytoskeletal, cell membrane, nuclear and extracellular markers have been used to identify these
cells. Periostin (POSTN), fibronectin, and collagen types |, lll, V, and VI are the main structural
components produced by CFs present in cardiac tissue. Moreover, vimentin has been used as a
cytoskeletal marker, TCF21 as a nuclear marker and PDGFRa, DDR2 and CD90 as cell
membrane markers.

Cardiac Fibroblasts and Vascular Smooth Muscle Cells Commitment from Cardiac Mesoderm Progenitors
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Figure I-9 Current in vitro strategies to generate cardiac fibroblasts (CFs) and vascular smooth
muscle cells (SMCs) from cardiac mesoderm progenitors.

Cardiac fibroblasts are normally present as a minority among the overall cell population
generated from hPSC differentiation protocols optimized to maximize the production of CMs.
Thus, differentiation protocols have been developed to specifically derive CFs from hPSCs. In a

recent study from Zhang and colleagues (Zhang et al., 2019a), a protocol for the generation of
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CFs from SHF progenitors (ISL1*/CXCR4*) was reported. After generating mesoderm progenitor
cells (Bry*/CD90%) by Wnt signalling activation, this population was exposed to FGF2 for 18 days,
thus generating more than 70% of CFs (TE-7*) (Figure 1-9). Indirect differentiation protocols, that
comprise a pre-differentiation stage of hPSCs into epicardial cells followed by a stage of
differentiation into CFs, have been also explored to generate these type of cardiac cells (Bao et
al., 2017; lyer et al., 2015; Witty et al., 2014a; Zhao et al., 2017) (Figure 1-10). For this purpose,
the hPSC-derived epicardial cells (> 90% WT1*cells) are exposed to FGF2 for 6-14 days to
generate an almost pure population of POSTN* CF-like cells.

To assess CF function, the main evaluated parameter is the capacity of those cells for
producing ECM proteins, particularly fibronectin and collagen I. Additionally, the capacity of CFs
to convert into myofibroblasts (a-SMA* population with prominent fibers) upon injury can be

evaluated, which has been recreated in vitro through TGFB1 stimulation (Zhang et al., 2019a).

[.3.4.3 Epicardial Cells

As mentioned before, the most common markers used to identify PECs are WT1, TCF21,
TBX18, SCX and SEMA3D (Cano et al., 2016; Katz et al., 2012; Lupu et al., 2020a). Witty and
colleagues reported one of the first protocols for efficient differentiation of epicardial-like cells from
hPSC (Witty et al., 2014a). They demonstrated that the combined activation of BMP and Wnt
signaling in a KDR*/PDGFRA* mesoderm cardiac progenitor population promotes the generation
of more than 80% of WT1*/TBX18* epicardial like-cells (Figure 1-10). After several passages in
culture these cells showed characteristic properties of the in vivo epicardium, namely the
formation of epithelial-like sheets with tight junctions expressing ZO1 and expressing ALDH1A2,
which is correlated with aldehyde dehydrogenase activity, an indication of their ability to
synthesize RA. An alternative method to obtain epicardial like-cells was reported by Lyer et al
(lyer et al., 2015), that proposed the combination of Wnt, BMP and RA signaling activation in
lateral plate mesoderm progenitor cells (KDR*/ISL1*) towards the generation of more than 60%
of WT1* cells after 15 days of differentiation. These epicardial-like cells showed epithelial cell
morphology and expression of the epicardial markers, TBX18, WT1 and TCF21. At the same
time, Boa and colleges (Bao et al., 2017) showed that the temporal modulation of the canonical
WNT signaling via small molecules was sufficient for epicardial induction from hPSCs in
chemically defined, xeno-free conditions. The activation of Wnt signaling for 2 days in a
NKX2.5*/ISL1* cardiac progenitor population was sufficient to generate more than 90% of WT1*
epicardial-like cells. They also demonstrated that TGF-B-signaling-inhibition allows the long-term
maintenance of self-renewing epicardial cells. Zhao and colleagues (Zhao et al., 2017) reinforced
the idea that the sole combination of RA and Wnt signaling pathways activation in a ISL1*/KDR*
cardiac progenitor population of cells, was sufficient to generate more than 90% of WT1*-
epicardial-like cells.

One of the major features of PECs in vivo is their capacity for migration and spreading,

surrounding the myocardium of the developing heart. After the establishment of this layer, some
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cells undergo EMT to differentiate into SMCs and CFs. Thus, the potential of these cells to

undergo EMT has been the main functional test to identify their presence.
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Figure 1-10 Current in vitro strategies to generate cardiac fibroblasts (CFs) and vascular smooth
muscle cells (SMCs) from pro-epicardial-like cells and respective molecular markers. RA, Retinoic
Acid.

1.4 hPSC-derived CMs versus Adult CMs: Structural, Functional and
Metabolic Aspects

One of the most relevant limitations of the hPSC-derived CMs generated through the
methodologies described above, meaning without further maturation strategies, is the lack of

structural, functional and metabolic maturation compared with adult CMs (Table 1-2). This
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represents a barrier for the utilization of these cells in a reliable way in in vitro applications, such
as drug screening and disease modelling. Below are described the main differences observed in

hPSC-CMs compared with adult CMs, in terms of structural, functional and metabolic properties.

I.4.1 Cardiomyocyte Structure and Morphology

Fetal and adult CMs present significantly different morphological characteristics, which impact
cell functionality. Adult CMs show a rod shape with well-organized and aligned sarcomere
structure (Figure 1-11), which is the basal contractile unit of CMs. The sarcomeres are composed
by Z-discs/bands and M-bands, which are present at the lateral boundaries and central part the
contractile structure, respectively, and are aligned in parallel and connected by the intermediate
filaments. Directly linked to the Z-band are the F-actin filaments (thin filaments). The myosin-
based thick filaments do not directly interact with the Z-disc. The laminar arrangement of CMs
within the cardiac tissue and the well-organized contractile apparatus, facilitates the excitation-
contraction coupling, conduction velocity and generation of contractile force.

Troponin
Complex

" "

= . a———

Tropomyosin Titi

a-Actinin

H-Zone

-Band A-Band A-Band I-Band

Figure I-11 Schematic representation of the sarcomere structure of CMs.

hPSC-CMs resemble fetal CMs which have a more circular shape, are smaller, and
consequently, show a less organized contractile apparatus, which impacts CM function.
Specifically, although Z-discs are normally observed in hPSC-CMs, they normally lack clear M-
bands (Lundy et al., 2013). Additionally, It is known that during CM development, sarcomeric
structure becomes more organized, occupying (40-52)% of CM area, and sarcomeric length
increases to facilitate force-generation. In a relaxed adult human cardiac muscle cell, sarcomere
length is about 2.2 ym, whereas hPSC-CMs, without any maturation strategy, show a sarcomere
length that can go up to 1.65 pm (Lundy et al., 2013). The analysis of the alignment and density
of myofiber and the sarcomere length is normally used to assess hPSC-CMs maturity in vitro.

During development, several myofibrillar protein isoforms switch, which modulates the
contractile function of CMs and the maturity level. For example, the embryonic heart expresses
an isoform designated slow skeletal troponin | (TNNI1), whereas adult hearts express cardiac

troponin | (TNNI3). Also, the expression levels of 3- myosin heavy chain (MYH7) in adult CMs is
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normally much higher compared with the a-myosin heavy chain (MYH®6). Due to that, one way to
assess hPSC-CM maturity relies on monitoring expression of the TNNI3/TNNI1 and MYH7/MYH6
ratios.

Another important characteristic of adult CMs is the fact that they are 20-30% bi- or
multinucleated, while early hPSC-CMs are normally mononucleated or have a percentage of

multinucleation lower than 5% (Lundy et al., 2013).

[.4.2 Cardiomyocyte Functionality

Adult cardiomyocytes contraction occurs in response to an electrical stimulus, which begins
in pacemaker cells and propagate throughout the whole muscle in a synchronous manner. The
generation and propagation of AP is the result of the combined activity of several ion channels
present on the cell membrane, which determine the ionic flow inward and outward the cell, and
gap junctions, that allow the passage of ion flux throughout CMs (Figure 1-12). The expression
and function of these ion channels and gap junctions are crucial for the normal function of CMs
and their expression and function are developmentally regulated.

Regarding how the electric impulse is propagated, when stimulated by an adjacent CM,
the resting membrane potential rises to a threshold value that triggers the beginning of the
depolarization process (Figure [-12A). During this phase, fast Na* channels open and induce a
rapid influx of Na* ions to the interior of the cell, increasing in this way the membrane potential.
When the maximum of depolarization is reached, Na* channels close and K* channels open,
resulting in a small decrease in membrane potential, known as early repolarization. After this
phase, called the plateau phase, the potassium flux is balanced by calcium influx, keeping the
membrane potential relatively stable. As Ca?* channels close, K* flux predominates and
membrane potential returns to the resting value. This characterizes the action potential profile of
a mature ventricle CM. It is during the plateau phase that the contraction occurs. The influx of

calcium ions during that phase is not sufficient
Table I-2. Comparison between hPSC-derived and adult CMs. Summary of the main differences reported

in the literature regarding CM structural, electrophysiological, contractile and metabolic functional

parameters between early age hPSC-CMs and adult CMs.
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Immature hPSC-CMs

Adult CMs

Methods used to assess in

vitro
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Myosin Heavy Chain (MHC) B>a B>>a
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Titin N2BA N2B . . . )
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Sarcomere Units - TEM — bands and discs
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: - - Action potential profile
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Spontaneous automaticity Exhibit Absent

Gap Junctions

Circunferencial distributed
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Contractility

Contraction force
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40-80 mN/mm2 for muscle
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- Ca?* Transients
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cell
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to trigger sarcomere contraction, but it is responsible for triggering the release of calcium from the
sarcoplasmic reticulum (SR) to the cytoplasm. Specifically, the intracellular calcium binds to the
ryanodine receptors (RyR) located on the SR membrane and stimulate the secretion of Ca?* from
the SR, a process known as calcium-induced calcium release (Figure 1-12B). The increased
availability of calcium allows cross-bridge formation in the myofilaments and makes the cell
contraction possible. For the specific case of nodal CMs, it is described that the release of calcium
from the SR is the trigger and not the consequence of calcium ion influx through the cell
membrane (Kane and Terracciano, 2017). The presence of these ion channels and gap junctions
in hPSC-derived CMs are not as expressive as they are in adult CMs. That, together with
undeveloped cell-cell interactions and an immature sarcomere structure, confers hPSC-CMs

immature electrophysiological features that directly affect action potential profile and contraction

dynamics.
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Figure 1-12: Action potential profile of ventricle CMs and contraction event. (A) Schematic highlighting the
different phases (0-4) of action potential profile of ventricular CMs and the most relevant ion channels and ion
currents linked to each phase. Adapted from(Li et al., 2016) (B) Schematic of excitation-contraction coupling in
CMs. Adapted from (Karakikes et al., 2015).

Compared to adult CMs, differences in the expression level of important ion channel subunits,
particularly lower potassium repolarizing current IK1 and enhanced pacemaker current IF current,
result in a higher resting membrane potential (~—60 mV), compared with the value observed in
their mature counterparts (~—85/90 mV), and spontaneous contraction, which is not observed in
adult CMs (Gintant et al., 2020). Additionally, a lower expression level of Na* channels in
immature CMs leads to slower upstroke velocity, which in adult CMs is an extremely fast process
(rate of depolarization £ 300 V/s). Regarding CM contraction, the information available in the
literature is contradictory. In some studies, hPSC-CMs show evidences of supporting the
presence of a functional SR-dependent Ca?* handling. However, immature hPSC-CMs show
slower and smaller Ca?* transients due to very low or absent SR function, when compared with
adult CMs, being the trigger of contraction mainly linked to the calcium that comes from the ion

influx through cell membrane. Cell membrane in adult CMs display invaginations, named
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Transverse tubules (T-tubules), which are crucial for a normal contraction behavior since they are
involved in the process of triggering calcium release from SR. These structures, which fully
develop about 1 month after birth, represent a hallmark of CM maturity. hPSC-CMs and fetal CMs
generally lack T-tubules, which are also responsible for the slower excitation-contraction coupling
process.

Conduction velocity is another important parameter that is also normally used to determine
the maturity level of hPSC-CMs. In addition to the contribution of cell geometry, the distribution of
gap junctions is an important factor that regulates conduction velocity. The gap junction protein
connexin 43 and the N-cadherin adherent junctions are circumferentially distributed during fetal
life, and as the post-natal heart matures, these proteins become progressively concentrated into
intercalated disks at the ends of the cells. This sub cellular redistribution results in a much more
accelerated conduction velocity. In immature hPSC-CMs, connexin 43 and N-cadherin are

normally distributed circumferentially around all CM surface.

1.4.3 Cardiomyocyte Metabolism

During embryonic heart development, the metabolism of CMs changes from an almost
complete dependency from glucose substrate as source of energy through glycolysis, to a
predominantly fatty acid oxidative metabolism.

In immature CMs, mitochondria account only for a small fraction of the total volume of the
cell, being glycolysis the major source (80%) of energy, with oxidative metabolism accounting for
<15% of the total acetyl-CoA derived from energy substrates. As the development proceeds,
mitochondria occupancy increases to 20-40% of the adult myocyte volume, and are distributed
throughout the cell, aligned with myofibrillar proteins to facilitate energy production and excitation-
contraction coupling during myocardial contraction. With the increase of mitochondrial oxidative
capacity, fatty acid B-oxidation (80-90%) becomes the major source of energy in adult CMs.
Similarly, to what happens in fetal CMs, hPSC-CMs rely mainly in glycolysis as primarily energy
source. In fact, the majority of culture media used for CMs maintenance in vitro offer glucose as
the main energy source, with almost no lipids present in their composition, which can limit the
metabolic maturation of hPSC-CMs. Adding to that, in hPSC-CMs mitochondria normally are
shown in a lower number and are less developed compared to what is observed in adult CMs and

they are concentrated around the peri-nuclear area.

I.5 Engineering 3D Cardiac Microtissues to Better Mimic the Human

Heart Environment

In the in vivo cardiac microenvironment, CMs are organized in a 3D structure, the integrity
of which is maintained by ECM produced mainly by CFs, and are in close proximity with cardiac
vascular cells, which play a critical role not only during the first stages of embryonic heart

development but also in myocardium structural and functional maturation.
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One of the main limitations that started to stand out in hPSC-CMs was the lack of structural
and functional maturation compared with adult CMs as explored before in this chapter. Among
different strategies that have been implemented in vitro to improve hPSC-CMs maturation, co-
culture strategies of hPSC-CMs with other relevant cell types, as well as, 3D culture, have been
explored. Regarding co-culture systems, simple models where hPSC-CMs are co-cultured with
ECs and/or CFs has been extensively described in the literature. Co-culture of CMs with ECs
(Lee et al., 2015) (Pasquier et al., 2017) (Abecasis et al., 2019) (Dunn et al., 2019) or CFs (Li et
al., 2017b)(Kevin Range, 2012)(Beauchamp et al., 2020; Rupert et al., 2020) has been described
to improve CMs structural and functional maturation. Particularly in the case of co-culture with
CFs, although different studies had pointed out the electric coupling between CMs and CFs
(Klesen et al., 2018), and how that affects the electric signal propagation in the heart, the majority
of CMs-fibroblast co-culture systems demonstrated that paracrine signals secretion by fibroblasts
and fibroblast-derived ECM are the main drivers of CM maturation (Li et al., 2017b) (Kevin Range,
2012). As a next level approach to promote not only hPSC-CM maturation but also as an attempt
to develop more reliable cardiac models, the combination of multicellularity and 3D culture, has
emerged as an interesting alternative to better mimic the complexity and dynamic network of
interactions and signals that are present in the human heart tissue (Ma et al., 2015; Warmflash
et al., 2014).

Different approaches to generate 3D cardiac MTs have been explored and reported in the
literature. The two most promising approaches for in vitro applications are (1) hydrogel-based
engineered heart tissues (EHT), and (2) cardiac spheroids obtained through self-assembly of cells
in a scaffold-free environment (3D multicellular MTs). In both models, different cardiac cells,
including ECs and CFs, which can be hPSC-derived or primary cultured cells, are combined with
hPSC-derived CMs at a specific ratio. In the case of the EHT models, the composition of the
hydrogel and the concentration of the ECM used are also important parameters to ensure tissue

structure and functionality (Thavandiran et al., 2019).

I.5.1 3D Hydrogel-based Engineered Heart Tissues (EHT)

The development of EHT models has been described as a strategy to improve hPSC-CMs
structural and functional maturation (Table I-3). The EHT models described in the literature are
composed by hPSC-derived CMs alone (Goldfracht et al., 2019; Lemoine et al., 2017; Lu et al.,
2017; Mannhardt et al., 2016) or in combination with primary fibroblast/stromal cells (Feric et al.,
2019; Ronaldson-Bouchard et al., 2018a; Tiburcy et al., 2017) and endothelial cells (HUVECS)
(Huang et al., 2020) normally embedded in an hydrogel-based matrix that is then shaped
according to a specific format. One of the models that has been described is the ring-shaped
EHT, in which the mixture is pipetted into circular casting molds, where the tissue condenses, and
is then placed around passive-flexible holders (Thavandiran et al., 2019; Tiburcy et al., 2017;
Voges et al., 2017). A different strategy relies on the development of elliptic shaped or strip-like
cardiac tissues, which are anchored and stretched between two flexible pillars (Huang et al., 2020;
Lemoine et al., 2017; Mannhardt et al., 2016; Mills et al., 2017a; Ronaldson-Bouchard et al.,

37



2018a; Schaaf et al., 2011). In this type of constructs, cells are exposed to mechanical load, an
intrinsic attribute of these systems, through post deflection, which results in auxotonic contractile
work. In addition to the mechanical load, these models have been also combined with other
stimuli, such as electric impulses (Feric et al., 2019; Ronaldson-Bouchard et al., 2018a; Ruan et
al., 2016) and/or different culture media (see Table 13-A) (Huang et al., 2020; Mills et al., 2017a;
Tiburcy et al., 2017).

One of the main improvements regarding cardiac tissue maturation provided by these EHT
constructs is the anisotropic arrangement of CMs in an elongated and well aligned manner, along
the longitudinal axis of the tissue (Goldfracht et al., 2019; Mannhardt et al., 2016). In contrast to
what is observed in parallel 2D monolayer culture systems, this type of EHT showed a better
alignment of sarcomeres with clearly distinguishable Z-lines and |-, A- and H- zones (Huang et
al., 2020; Mannhardt et al., 2016; Mills et al., 2017a; Ronaldson-Bouchard et al., 2018a). The
observation of M-bands and T-tubules, which are normally absent in monolayer derived hPSC-
CMs and are hallmarks of structural and functional maturation, have been observed in hPSC-
CMs cultured in an electrically stimulated EHT model (Ronaldson-Bouchard et al., 2018a).
Additionally, in these type of models it has been observed the presence of hPSC-CMs with
sarcomere length around 2 um (Huang et al., 2020; Mills et al., 2017a; Ronaldson-Bouchard et
al., 2018a) which is close to the value observed in vivo. Myofibril protein switch to more mature
isoforms was also reported in these EHT-systems, being observed increased ratios of
MYH7/MYH6, MYL2/MYL7 and TNNI3/TNNI1 which is considered an indication of CMs
maturation (Mannhardt et al., 2016; Mills et al., 2017a; Tiburcy et al., 2017). Moreover, through a
transcriptomic analysis comparing 6 week-old EHT and 60 days-old 2D cultured CMs, Tiburcy
and colleagues (Tiburcy et al., 2017) showed an increased expression level for adult-like CMs
genes (genes that were preferential upregulated in adult heart sample), including TNNI3, TTN,

PLN, and genes involved in “ventricular cardiac muscle tissue morphogenesis” in ETH.

Table I-3. Summary of studies reporting the generation of EHT models for in vitro applications. (A)
Current strategies for the generation of EHT models, highlighting the main features of the constructs. (B)
EHT models adapted to medium- to high- through screening setups and commercially available EHT

platforms. HS, Horse Serum; FBS, Fetal Bovine Serum.
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Cell density

A Cell Composition (Cardiac Hydrogel Mechanical Electrical Medium Model
Cells/EHT) Load Stimulation
Goldfracht et al hPSC-CMs (2 80%
v CTNT¥) 2x 108 Porcine cardiac ECM  Passive stretcher device No IMDM + 20% FBS Ring-shape
2019
(D14-D20)
hPSC-CMs (73+3% Collagen Type | Static Stress 2 Hz. 5 ms pulse
Ruan et al. 2016 CTNT") 2x10° a Zg m /r):ﬁ_) (constructs at a fixed (‘l week’; RPMI+B27 Ring-shape
(D14-D21) ) 9 static length)
Mannhardt et al.,
2016 hPSC-CMs 5 Bovine fibrinogen DMEM + 10% HS + 10 T
Lemoine et al., 2017 (D14) 1x10 (5 mg/ml) Yes No mg/ml insulin strip-like
Ulmer et al., 2018
hPSC-CMs (> 90%
Lu et al., 2017 CTNT+) 1.3 x108 - No No RPMI+B27 Rectangular tissue holder
(D12)
IMDM + 4% B27-INS +
hESC-CMs (70%) + Bovine Collagen 100 ng/ml IGF1 + 10
Tiburcy et al., 2017 Human Foreskin 1.5x 10° (0.8m /mL% Yes No ng/ml FGF2 + 5 ng/ml Ring-shape
Fibroblasts (30%) -°mg VEGF + 5 ng/ml
TGFB1
Ronald hiPSC-CMs (75%) (D12) lnlcretn}entt .reg:mtfs of
onaldson- _ electric stimulation
Bouchard et al., Human Dermal - H”T;é‘;:gm‘l’)ge” Yes (0.33 Hz per day from RPMI+B27 strip-like
2018 Fibroblasts (25%) 2Hzto 6 H2)
(4 weeks)
B Medium- to High-throughput EHT models
Zhao et al., 2019 y . Biowire™ II Strip-like
_ hPSC Cl'\(’)'_51+ hCFs 1.1x 105 Rat tail Clo"ige” @ Yes Yes (TARA Rectangular Chips
Feric et al., 2019 (1o:1) mg/mL) Biosystems) (5mmx1mmx0.3mm)
Elliptic-shape
Mills et al., 2017 g " Collagen | low glucose, ) Two elastomeric posts in
. hPSC-CMs 5x 10* (2.6 mg/mL) Yes No high palmitate, Heart-Dyno each well (1 mm from
Mills et al., 2019 (D15) ] h platform
no insulin each other)
(96-Well plate)
. . Ring-shape
Thavandiran et al., hPSC-CMs + hCFs " Collagen | _Card|§1c Two elastomeric posts in
) 7x10 Yes No MicroRings
2019 (10:1) (2 mg/mL) (CaMiRi) each well
(96-Well plate)
Strip-like
hPSC-CMs (D14-16) + )
Turnbull et al., 2014 human Foreskin . Bovine Collagen I (2 . Rectan_gular casting
) 2x10 Yes No Novoheart molds with two flexible
Lee et al., 2017 Fibroblasts mg/mL) PDMS pil 1
1) pillars (10 mm
) from each other)
Elliptic-shape
hiPSC -CMs (75%) (D20- Human fibrinogen Two elastomeric posts in
22) + HUVECs (10%) + 5 each microwell (interpillar
Huang et al., 2020 : 2.5x 10 (0.75 mg/mL) + rat RPMI+B27 :
9 Human adult ventricular cells/em2 tail type | collagen Yes No +T3+IGE -1 + Dex UTUG arrays spacing of 500 pm)

CFs (15%)

(2.25 mg/mL)

(42 microwells of
dimensions 400 ym x 800
pum x 200 ym)
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Regarding electrophysiology and Ca?* handling properties, EHT-CMs have been also described
to show a higher expression of important ion channels and gap junctions involved in AP propagation
and CMs contraction. Due to this improved functional and structural maturation, hPSC-CMs cultured
in EHT models, showed also a higher sensitivity and predictivity for the effect of different classes of
drugs when compared with the 2D cultured hPSC-CMs (Feric et al., 2019; Huebsch et al., 2016;
Lemoine et al., 2017; Lu et al., 2017; Mannhardt et al., 2016; Ronaldson-Bouchard et al., 2018a;
Saleem et al., 2020). This includes proarrhythmic and positive/negative inotropic drugs with a broad
range of modes of action including modulation of ion channels, intracellular Ca?* transients, myosin
filaments function and 1- and p2-adrenoceptors, yielding results that were in good agreement with
clinical observations. Additionally, EHT CMs were observed to present a higher resistance to drug
toxicity (Lu et al., 2017) thus eliminating false positives detected in standard 2D culture systems (Mills
et al., 2019).

It has been also described that EHT-CMs exhibit larger and a higher number of mitochondria,
which show a more mature structure with well-developed cristae (Ulmer et al., 2018), and in some
cases are located closed to sarcomeres (Huang et al., 2020; Mills et al., 2017a; Ronaldson-Bouchard
etal., 2018a). A higher level of mitochondria content is linked with the improved metabolic maturation
of hPSC-CMs, since adult CMs rely primarily on ATP production through oxidative phosphorylation
of fatty acids. In fact, Ulmer and co-workers demonstrated that culturing hiPSC-CMs in a 3D-EHT
format improves metabolic maturation through a switch from glycolysis to oxidative metabolism of
glucose, lactate, and fatty acids, generating 2.3-fold more ATP by oxidation than 2D cultured hiPSC-
CMs (Ulmer et al., 2018).

I.5.2 3D Scaffold-free Multicellular Cardiac Microtissues (MTSs)

Scaffold-free 3D aggregation has also been explored as a strategy to develop 3D multicellular
cardiac MTs through the combination of hPSC-CMs with hPSC-ECs/early vascular cells (EVCs) or
primary ECs, and/or hPSC-CFs or primary CFs, at different proportions (Table I-4). Only recently it
has been described a 3D multicellular MT that does not use primary ECs and CFs, and instead
combines CMs/ECs/CFs derived from the same hPSC-derived mesoderm population (Giacomelli et
al., 2020).

The introduction of CFs in 3D multicellular MTs has been described to facilitate aggregation and
to generate more compact 3D cardiac spheroids (Giacomelli et al., 2020)(Beauchamp et al., 2020;
Rupert et al., 2020)(Filippo Buono et al., 2020), likely through enhanced cell-cell adhesion.
Additionally, the presence of CFs in these 3D MTs has been also described to contribute for ECM
deposition, particularly collagen |, resulting in a stable collagen fibril structure, which was not
observed in spheroids composed by hiPSC-CMs only (Richards et al., 2017). Additionally, and
specifically in the cases where primary CFs are used for co-culture, the proportion of CFs and the

level of activity of those cells have been also described as critical parameters to avoid pro-fibrotic
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effects and arrhythmic behavior. It has been demonstrated that CFs are very sensitive to stiffness,
which may be responsible for myofibroblast phenotype (Beauchamp et al., 2020; Rupert et al., 2020),
and consequently be responsible for the generation of fibrotic environment. Interestingly, it has been
also described that the origin of CFs has impact on the developed cardiac 3D co-culture model. In
fact, Rupert and co-workers demonstrated that the use of dermal fibroblasts instead of CFs of heart
origin compromise the generation of functional 3D cardiac models (Rupert et al., 2020).

The type and the percentage of ECs have been shown to impact the capacity of micro-
vascularization network establishment inside the 3D multicellular MTs. It was previously observed
that human umbilical vein endothelial cells (HUVECSs) added to 3D cardiac spheroids did not spread
inside the tissue (Richards et al., 2017). However, the addition of human adipose-derived stem cells
(hADSCs) overcame that problem, contributing to the formation of a network of ECs, which was
attributed to the pericyte-like function and pro-angiogenic properties of hADSCs. Interestingly, a
different study performed by Pitaktong and colleagues showed that EVCs derived from hPSCs, a type
of progenitor cells that can differentiate into both endothelial cells and pericytes, improved micro-
vascularization inside 3D cardiac spheroids (Pitaktong et al., 2020). They observed that the
integration of early vascular cells influences the morphology of the microvascular structure and
distribution, and the overall cardiac function of the 3D cardiac tissue. In fact, when compared with
the use of HUVECS, cardiac spheroids containing hPSC-EVCs presented a faster contraction, which
they suggested to be related with the fact that EVCs secrete a great amount of angiogenic growth
factors. They also concluded that the establishment of an appropriate balance between EVCs and
CMs should be considered to obtain an optimal micro-vascularization while not compromising the
cardiac function. In particular, they observed that the addition of 15% of EVCs in combination with
70% CMs and 15% CFs corresponded to the optimal 3D cardiac MT, since the contraction of the 3D
MTs was not negatively affected and it allowed the formation of micro-vasculature inside the 3D
structure. The same proportions have been also recently described for the generation of 3D tri-cellular
cardiac MTs derived from hiPSCs (Giacomelli et al., 2020).

In addition to the impact of macrostructure arrangement and cell composition in the overall
function of 3D cardiac multicellular MTs, the impact towards other aspects linked with hPSC-CMs
maturation has also been studied in these models. Richard and colleagues observed an improved
sarcomere organization, an increased adult cardiac troponin | and MYL2 expression, all hallmarks of
CM maturation, in 3D multicellular MTs when compared with spheroids composed only by hPSC-
CMs (Richards et al., 2017). In addition, Ravenscroft and co-workers (Ravenscroft et al., 2016),
observed that the culture of hPSC-CMs in 3D multicellular MTs induced a significant increase in the
expression of important genes related with cardiovascular function, nitric oxide production and
microtubule and sarcomere assembly, highlighting the Ca?* binding protein S100A1, which they

suggested to play an important role in the contractile maturity of the multicellular cardiac MTs.
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Table I-4. Summary of studies reporting the generation of 3D multicellular cardiac MTs. The table
highlights 3D cardiac MT composition regarding the type and proportion of the different cell types, and the
culture format used for MT generation. c¢Tnl, Cardiac Troponin I; HUVECs, Human Umbilical Vein
Endothelial Cells; EVCs, Early Vascular Cells; hACFs, human Adult Cardiac Fibroblasts; hSFs, human Skin
Fibroblasts.
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Cardiac Microtissue Composition

Control

Cell Seeding

Culture Platform

Density
hPSC-CMs (50%) — a-SA Custom-made agarose
Human Ventricular CFs (29%) — Vimentin 1.5x10° molds containing 35
Richards et al., 2017 hiPSC-CMs Spheroids cells/mold microwells
HUVECs (14%) — CD31 (+4300 cells/well) (800 um diameter, 800
pum deep)

Human Adipose-derived Stem Cells (7%)

hPSC-CMs/hESC-CMs (57%) — a-actinin, ACTN2

U-bottom ultra-low

Ravenscroft et al., 2016 Human CFs (29%) - collagen I, COL1A1 hPSC-CMs Spheroids 500 cells/well .

adhesion 96-well plate
Human Cardiac Microvascular ECs (14%) — CD31
hPSC-CMs (50%) — cTNT
Polonchuk et al., 2017 Human Coronary Artery ECs (25%) — CD31 1x10%drop 96-well E;?S;ng Drop
hiPSC-CFs (25%) — Vimentin
hPSC-CMs (57%) — a-actinin and cTnl

Primary Human Cardiac Microvascular ECs (29%) — CD31 hPSC-CMs Monolayer 500 cells/well Ultra-low attachment

Archer et al., 2018

Primary Human CFs (14%) — Vimentin and Collagen |

384-well plate

Giacomelli et al., 2017

hPSC-CMs (85%) — cTNI

hPSC-ECs (15%) — CD31

hPSC-CMs Spheroids

hPSC-CMs
monolayer

5000 cells/well

V-bottom ultra-low
adhesion 96-well plate

Giacomelli et al., 2020

hPSC-CMs (70%) — cTNI

hPSC-CMs (85%) +
hPSC-ECs (15%)

hPSC-CMs (70%) +
hPSC-ECs (15%) +
hACFs (15%

hPSC-ECs (15%) — CD31

hPSC-CFs (15%) — COL1A1

hPSC-CMs (85%) +
hPSC-CFs (15%)

hPSC-CMs (85%) +
hPSC-ECs + hPSC-
hSFs (15%)

5000 cells/well

V-bottom ultra-low
adhesion 96-well plate

Pitaktong et al., 2020

hPSC-CMs (70%) — cTNT

Human Adult Ventricular CFs (15%) — Vimentin

hiPSC-EVCs* (15%) — Pericytes (NG2); ECs (CD31)

hiPSC-CMs (70%) +
CFs (15%) + HUVECs
(15%)

hiPSC-CMs (40%) +
CFs (15%) + hPSC-
EVCs (45%)

3.3x10* cells/well

U-bottom ultra-low
adhesion 96-well plate

* mixed population containing iPSC-ECs with iPSC-pericyte-like cells and other non-endothelial stromal-like cells

Buono et al., 2020

hPSC-CMs (30%) — cTNT

Human Cardiac Microvascular ECs (HCMECSs) (50%) — VE-cadherin

Healthy hiPSC-
CMs

Cardiomyopathy
hiPSC-CMs

1x10°/drop

60-well Hanging Drop
Plates (Greiner HLA
Terasaki)
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Human CFs (20%) — Vimentin

Beauchamp et al.,
2020

hPSC-CMs (80%) — Myosin Heavy Chain

Human Fetal Cardiac Fibroblasts (20%) — Vimentin

hPSC-CMs

Spheroids

hPSC-CMs monolayer

5000 cells/drop drop system

GravityPlusTM hanging-

Abecasis et al., 2020

hPSC-CMs (33%) — cTNT and a-actinin

hPSC-ECs + ECs (25-30%) — CD31 and VE-cadherin

MCs (66%)  \cs: CFs — Vimentin + SMCs (25 — 45%) - a-SMA

hPSC-CMs Spheroids

Cell suspension microencapsulation
using an electrostatic bead generator
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Aiming to reveal the individual and synergetic effect that each cardiac cell added to the
multicellular MTs has on hPSC-CMs maturation, two different studies from the same group standout.
In a study where hPSC-CMs and hPSC-ECs were co-cultured as 3D spheroids (Giacomelli et al.,
2017), it was demonstrated that the inclusion of ECs and prolonged time in culture induced
considerable changes in the expression of important structural and functional genes, including ion
channels and calcium handling genes related with a higher degree of CM maturation when compared
with 3D spheroids composed by CMs only and 2D cultured CMs. More recently, the addition of hPSC-
CFs to the previous 3D cardiac MTs highlighted the additional improvements of that extra stimuli on
CM structural, functional and metabolic maturation when compared with 3D-hPSC-CMs and 3D-
hPSC-CMs+ECs (Giacomelli et al., 2020). Specifically, they observed a more mature ultrastructure,
with higher sarcomere length and organization, regular Z-lines, I-bands, H-zones, M-lines, T-tubule-
like structures and elongated mitochondria adjacent to sarcomeres. Regarding CM function, they
demonstrated an improved mechanical contraction system and more mature Ca2* handling
properties. Moreover, the AP profiles showed a more mature behaviour, exhibiting a hyperpolarized
resting membrane potential (RMP), higher upstroke velocity and fast transient repolarization after the
AP peak (AP notch). Additionally, mitochondrial respiration capacity was also increased in these 3D
multicellular MTs. Importantly, they showed that the improvements observed in hPSC-CM maturation
resulted from the presence of both hPSC-ECs and hPSC-CFs, suggesting that the tri-cellular
interaction is essential for the observed outcomes in terms of hPSC-CM maturation, and that hPSC-
CFs outperformed the use of primary skin fibroblasts. Importantly, when studying the mechanistic
network underlying the enhanced maturation observed in 3D co-cultured hPSC-CMs, the authors
showed an upregulation of intracellular cAMP levels in hPSC-CMs which positively enhanced the
Cx43 gap junction formation, promoting coupling between hPSC-CMs with hPSCs-CFs.

All of the aforementioned improvements regarding structural and functional maturation observed
in 3D multicellular cardiac MTs were also reflected in an improved pharmacological response
(Ravenscroft et al., 2016)(Abecasis et al., 2020). Ravenscroft and co-workers (Ravenscroft et al.,
2016) observed an enhanced predictivity of the effect of positive and negative inotropic compounds
in these MTs, when compared with hPSC-CM spheroids alone, in which, for some tested drugs, no
effect was observed or the effect was not the expected one. These results demonstrated the superior
relevance of 3D tri-cellular MTs compared to CM spheroids in which regards to the pharmacological
correlation and relevance compared with in vivo known outcomes. It was also demonstrated that the
improvement in pharmacological response requires both endothelial and fibroblast cells of cardiac
origin. Additionally, these 3D tri-cellular MTs have been also proved to be a valuable tool to identify
synergies between the cell types present in the cardiac spheroids in response to a specific compound
by using different combinations of those three different cell types (Archer et al., 2018; Polonchuk et
al., 2017).
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I.6 Invitro Applications of hPSC-derived 3D Cardiac Microtissues (MTs)

The improvements achieved in the field of hPSC-derived cardiac MTs have increased the interest
of applying those models in different in vitro applications, such as modelling of cardiac disorders,
cardiotoxicity tests and for studying the therapeutic effects of developing drugs in the context of
diseased phenotypes. Importantly, to increase the applicability of the hPSC-derived cardiac models,
namely by the pharmaceutical industry, the integration of those models in medium- to high-throughput
screening settings coupled with high content analytical setups, has also been the focus of attention.
The miniaturization of 3D cardiac MTs is particularly relevant in cardiotoxicity and drug screening
applications since, normally, large libraries of new compounds are tested at different concentrations
and times of exposure, and, in this way, it is possible to maximize the amount of information collected

with smaller and more cost-effective set ups.

[.6.1 In vitro Modelling of Cardiac Disorders — Challenges and Perspectives

A broad range of cardiovascular disorders, mainly cardiomyopathies and arrhythmic diseases
has recently been modelled using hPSC-CMs (reviewed in (Brandao et al., 2017)). However, the
majority of these studies still rely on hiPSC-CMs cultured in 2D monolayers. Although these models
have been able to recapitulate some features of the pathologic phenotype and reveal important
molecular insights about the disease mechanisms (Li et al., 2018), the in vitro recreation of the
complete phenotype of the disease is still challenging mainly due to the functional immaturity of
hPSC-CMs, which in part can hide some important features of the disorder being analysed, resulting
in controversial findings. Additionally, the majority of the reported cardiac disease modelling studies
uses a mixed population of CMs subtypes which can also interfere with the outcomes of the study. In
this way, the use of hPSC-CMs of a specific subtype, atrial, ventricular and nodal, and also with left
or right chamber specification, can level up the applicability of these models. Although, so far, the
most studied cardiac diseases using hiPSC-CMs are ventricular disorders, the use of subtype-specific
hiPSC-CMs can help the study of other disorders that affect a specific subtype of CM, such as atrial
fibrillation, that has been already modelled in vitro using atrial-like hiPSC-CMs (Laksman et al., 2017).
Additionally, inherited arrhythmias and cardiomyopathies that are chamber-specific, as it is the case
of arrhythmogenic cardiomyopathy (ACM) (Corrado et al., 2020; Miles et al., 2019) and Brugada
syndrome, can also benefit from the use of hPSC-CMs that recapitulate left or right ventricular
chamber differences.

Another important limitation of this type of disease modeling studies is related with the fact that
2D monoculture of hPSC-CMs lacks the structural and multicellular complexity observed in vivo. In
fact, although electrophysiological cardiac disorders affect specifically CMs, the introduction and use
of 3D multicellular cardiac MTs can help on modelling other cardiac diseased phenotypes that have

a non-CM component and study the eventual synergetic/indirect effect of that disorder on CMs. The
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application of 3D tri-cellular MTs for cardiac disease modelling has been recently addressed in the
literature. By using hiPSCs generated from a patient with ACM carrying a PKP2 mutation, 3D tri-
cellular MTs containing ACM-hPSC-CFs were generated (Giacomelli et al., 2020). In this study, the
authors proved the role of CFs in ACM pathogenesis and clearly demonstrated the utility of using
multicellular MTs for modelling this and potentially other cardiac diseases. Specifically, they showed
that ACM-CFs possess a higher tendency to assume a myofibroblast-like identity and ACM-MTs
showed a reduced Cx43 expression, which can impact the electrical conduction of CMs, being
responsible for the induction of the arrhythmic behaviour observed in CMs. The use of 3D cardiac
models per se has also been proved to benefit cardiac disease modelling studies. EHT constructs
(Cashman et al., 2016; Goldfracht et al., 2019; Prondzynski et al., 2019; Zhao et al., 2019b) and 3D
cultured hPSC-CMs (Shah et al., 2020) have been successfully used to recapitulate cardiac disease
phenotypes showing in some cases that the use of more complex cardiac models can benefit and
improve the liability of the outcomes taken from the disease modelling studies. Specifically, Goldfracht
and colleagues, that studied catecholaminergic polymorphic ventricular tachycardia type 2 (CPVT2)
and long QT syndrome type 2 (LQTS2) disorders using patient derived hPSC-CMs in a EHT model,
showed that the arrhythmogenic potential of the generated CPVT2 and LQTS2 tissues was reduced
in EHT constructs, compared to the same cells within single-cell models (Goldfracht et al., 2019),
being more similar to what occurs in vivo. By using hiPSC-derived from a hypertrophic
cardiomyopathy (HCM) patient carrying the a-actinin 2 (ACTN2) mutation, Prondzynski and
colleagues also demonstrated the advantages of a 3D-EHT model over 2D cultured hPSC-CMs in
recapitulating disease features (Prondzynski et al., 2019). In the EHT-HCM model it was possible to
recapitulate several hallmarks of the disease including prolonged AP duration, increased contractility
and hypertrophy. Also, upon modelling of LQTS2 cardiac disorder, Shah and co-workers revealed
that clinical phenotypic differences observed in patients with this disease were also observed in
hiPSC-CMs cultures as 3D aggregates but were not seen in homogenous cultures of hPSC-CMs,
reinforcing the utility and necessity for more complex cardiac models in this field (Shah et al., 2020).

Apart from the benefits of using 3D models to study cardiac diseases with a genetic background,
hPSC-derived 3D MTs have been also shown to be interesting models to recreate acute cardiac
disorders, such as myocardium infarction (MI). By using a 3D multicellular MT (Richards et al., 2017)
and by taking advantage of nutrient diffusion gradients inside the 3D model, Richards and colleagues
were able to recreate different regions inside the aggregates with different oxygen levels,
recapitulating this way the different areas observed in the post-MI heart. With this model, they also
recreated major hallmarks of the acute post-MI cardiac environment, including fibrosis-like tissue
phenotypes and the presence of unsynchronized calcium transients, and proved the applicability of
these models for screening of drugs that can reverse/improve the heart damages after Ml (Richards
et al., 2020).
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[.6.2 Cardiotoxicity Tests and Drug screening

Cardiovascular toxicity, along with hepatotoxicity, is still one of the primary reasons for candidate
drugs to be discarded during the pre-clinical and clinical stages of the drug development pipeline
(Onakpoya et al., 2016)(Van Norman, 2019), and it has been also one of the main causes for drugs
withdrawal from the market (17% of drug withdrawal) (Siramshetty et al., 2016). Such events made
clear that the standard methods that are being used to assess cardiac safety in pre-clinical stage, are
not sufficiently accurate to predict how the human heart would respond to a putative compound nor
informative enough regarding the mechanism of action of the tested drug. Therefore, current standard
pre-clinical approaches need to be improved to better mimic the complexity of human heart, providing
in this way more accurate and relevant results, and saving both time and money in the development
process of a new drug. In fact, from all the new drugs that enter the drug development pipeline, less
than 1% reaches the market. Moreover, a report from 2017 highlighted that the research-based
pharmaceutical industry spends over $149.8 billion on R&D per year, and pre-clinical stage is the
second most expensive phase regarding R&D costs, preceded by Phase Il clinical Trials (IFPMA,
2017).

[.6.2.1 Pre-clinical Stage and Cardiotoxicity Assessment — Gold Standard Tests

The first step in a drug development pipeline is the pre-clinical phase, during which drug
candidates undergo in vitro and animal in vivo testing. During the past years, animal models have
been the gold standard to perform preliminary cardiotoxicity prediction studies. Nevertheless, since
millions of animals are needed during the pre-clinical phase, animal tests represent a considerable
cost, which, in 2015, was estimated to account for a total value of $11.3 billion (de Korte et al., 2020).
Moreover, studies using animal models raise challenging ethical issues. Importantly, although tests
performed in animals have been and will continue to be a valuable and indispensable tool in this
context, the conclusions taken from these models must be interpreted with caution due to interspecies
differences in which regards the frequency of contraction, expression of ion channels involved in AP
profile and myofilament proteins involved in the contraction process (Milani-Nejad and Janssen, 2014;
Nerbonne, 2004; Salama and London, 2007). However, in vivo animal models will be always
necessary to provide valuable information regarding the effect at the whole organism level.

In addition to animal models, other simplified in vitro assays have been also applied during the
pre-clinical stage. Long QT has been defined by FDA as the major cardiotoxicity issue (Braam et al.,
2010) and it is commonly linked with interferences with Kv11.1 ion channel (encoded by the human
ether-a-go-go-related gene (hERG)). This ion channel is a common target of a large spectrum of
drugs, affecting the flux of K* ions by reducing the lx current (Perry et al., 2006) (Sala et al., 2017).
This ion channel is negligible in mice, which has been responsible for misdetection of abnormalities

in the behaviour of this channel in the past. Due to that, one of the assays that has been used in pre-
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clinical in vitro tests to assess interaction with Kv11.1 channel is the hERG blockage assay. In this
assay, immortalized cell lines are genetically manipulated to express hERG ion channel. Although
these models have improved the prediction of cardiotoxicity, being a good indicative of
arrhythmogenicity, they do not recapitulate the complex ion channel interactions that are presence in
CMs, reducing the predictive value of this assay. Additionally, this assay it is commonly responsible
for a high rate of false-positive/negative cardiotoxic compounds detection and therefore, for
unnecessary drug discard at the pre-clinical stage. This problem highlights the need for the
development of models that allow an integrated assessment of drug effect at multiple ion channels,
pumps and exchangers.

Primary human CMs occupy also a place in pre-clinical phase in cardiotoxicity prediction studies.
However, the availability and the maintenance in culture of those cells are very challenging since
these are already post-mitotic cells and/or due to their almost immediate dedifferentiation in culture,
which difficult their applicability (Sharma et al., 2017, 2018).

[.6.2.2 hPSC-derived Cardiac Models to Assess Cardiotoxicity in vitro

Due to the limitations that are still observed in the current assays used during the pre-clinical
stage of drug development, hPSC-derived cardiac models are gaining attention as a potentially
effective tool to be used as a complementary approach to the ones described above to increase the
potential to predict the safety of newly developed drugs during early pre-clinical trials, in a diseased
or healthy context. In fact, hPSC-CMs have the advantage of having a human origin, reflecting in this
way specific species characteristics. Moreover, by using hiPSCs it is possible to generate patient-
specific cardiac models, which is also a really important feature.

Although hPSCs-CMs are still described to present some immature functional features, namely
differences in the expression profile of important ion channels, which can compromise the accuracy
of drug effect prediction, the use of more complex and multicellular cardiac models has gain attention
not only because these allow further maturation of hPSCs-CMs but also because they recapitulate
better the heterogeneity in terms of cell composition of the human heart.

Since in drug screening applications normally a large number of compounds needs to be tested,
the adaptation of already developed EHT models and 3D multicellular cardiac MTs to medium- to
high-throughput screening (HTS) platforms is an important aspect that should be taken into
consideration. 3D multicellular cardiac MTs can be easily generated in microscale platforms such as
hanging drop microplates (Polonchuk et al., 2017), ultra-low attachment 96/384-well plates (Archer
et al., 2018; Pitaktong et al., 2020; Ravenscroft et al., 2016) and micropatterned molds (Richards et
al., 2017). As a major advantage of these platforms, the number of cardiac cells needed per each 3D
MT is very small, with, in some cases, only 500 cardiac cells being used per each MT. Additionally,
the 3D arrangement can provide superior predictions of the clinical outcome of a newly developed

drug due to the inclusion of an extra variable to the system, the gradients of soluble molecules, which
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better recreates what happens in vivo. In the case of EHT, the adaptation to a HTS format has been
more challenging, mainly due to the size of the construct that should be compatible with a multi-well
platform, to maximize the throughput of the system, and also due to the number of hPSC-derived
cardiac cells needed for each cardiac MT. To overcome those limitations, small size EHT platforms
have been described in the literature, including the Heart-Dyno platform (Mills et al., 2017a, 2019),
the Cardiac MicroRings (CaMiRi) (Thavandiran et al., 2019) and the uTUG arrays (Huang et al.,
2020). Some platforms are now commercially available, such as the case of the Biowire™ |l platform
(TARA Biosystems) (Feric et al., 2019; Zhao et al., 2019b) and the cardiac tissue strip model
(Novoheart™) (Lee et al., 2017a; Turnbull et al., 2014) (see Table 1-3B).

The incorporation of 3D cardiac MTs in HTS systems with automated assessment of relevant
cellular readouts has also been focused. The definition of the main set of parameters that should be
analysed in a specific cardiotoxicity screening assay is as critical as the selection of the best cardiac
tissue model. Cardiotoxicity can result in two main outcomes, namely (1) physical damage, including
morphological damage and loss of cell viability due to increased oxidative stress and DNA and
mitochondrial damage; and/or (2) altered CM function, through electric conduction system disruption
and/or interference with the contraction process (Sala et al., 2017). This former problem is normally
caused by an interference with the flux of important ions, through blockage of ion channels, being
responsible for arrythmias, QT prolongation (delayed ventricular repolarization) and decrease of
contractile performance. Depending on the selected readouts, the type of information regarding the
effect of the drug in CM function and structure will be different, which means that the readouts from
the HTS platforms should be selected according to the biological question to be answered.

Cellular viability can be detected using different commercially available fluorescence or
luminescence kits based on ATP depletion that are now also adapted to 3D models. The information
obtained from cell viability tests is normally used to generate a dose-response cell viability curve after
drug treatment at different concentrations, and from that curve it is possible to determine the LD50
value, which indicates the drug concentration at which there is a 50% loss in the number of viable
hiPSC-CM. In addition, different fluorescence dyes have been used to assess cell membrane
permeability, endoplasmic reticulum integrity and mitochondrial membrane potential. In this case, it
is possible to quantify cell damage through a quantitative measurement of the average fluorescence
intensity combined with a HTS imaging platform (Archer et al., 2018; Pointon et al., 2013).

In what concerns to CM function, the effect of drugs on electrophysiological behavior of CMs can
be assessed directly using AP measurements or indirectly through evaluation of downstream effects
that may be modulated by electrophysiological activity, specifically intracellular calcium transients or
contraction behavior (Gintant et al.,, 2020) (Table I-5). Both of them have been considered
physiologically relevant functional outputs to be used in pre-clinical safety evaluation of new drugs
(Saleem et al., 2020)(Lu et al., 2019).
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Different platforms and assays have been described in the literature to assess the functional
behavior of hPSC-CM/cardiac models. Multielectrode arrays technology (MEA), which measures the
extracellular voltage and/or electrical impedance to obtain information about CM contractibility and
electrophysiology properties, is a commonly used platform (Zhang et al., 2016). However, these
devices are generally not compatible with 3D cardiac tissues, since cells need to be in direct contact
with the electrodes. Additionally, optical systems that rely on image-based contractile motion (bright
field or fluorescent high-resolution videos) are also widely used systems to assess CM function and
are compatible with 3D cardiac tissues (Table I-6). Voltage sensitive dyes coupled with a high-speed
frame acquisition system, have been used to obtain, in an automated way, information regarding CM
electrophysiological properties, including AP duration and conduction velocity parameters (Feric et
al., 2019; Mckeithan et al., 2017; Turnbull et al., 2014). Brightfield videos of spontaneously beating
cardiac tissues can be acquired and then be converted to beating profiles by means of different
available softwares (Devarasetty et al., 2017; Lu et al., 2015; Ravenscroft et al., 2016; Richards et
al., 2017; Sala et al., 2018), allowing the analysis of different contractility parameters such as beating

frequency, amplitude and time of contraction, and relaxation time.

Table I-5. Direct and indirect methods used to assess electrophysiological behavior of CMs in vitro.

Method Approach Advantages Disadvantages

DIRECT METHODS

Transmembrane Action Microelectrodes or whole-cell Quantitative evaluation of the Low-throughput and
Potential (Intracellular) patch technique action potential profile Substantial technical expertise

Not possible to have
information regarding RMP

Fluorescent dyes or protein-

based technology (genetic Compatible with high-

Voltage sensitive optical

probes modified cell lines) throughput screening settings and Upstroke Velocity
Extracellular field potential Multi-electrode Array (MEA) Label free and non-invasive Low sensitivity
INDIRECT METHODS
Dye can interfere with
Calcium Transients Fluorescent dyes User-friendly and high- cytosolic free calc!um levels
throughput and consequently impact the

calcium transient parameters

Optical measures of
sarcomeres or cardiomyocytes
length changes using:

Contractility and motion 1) Image-based analysis User-friendly and high- Reduced redoubts
platforms throughput
2) simpler image motion
packages

3) force microscopy
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The improvement of the analysis of the contractile profiles generated from the video acquisition
system has been also focused, envisaging to maximize the number of possible outcomes/parameters
that can be extracted from the video records in an automated way (Hoang et al., 2018; Sala et al.,
2018). Fluorescence-based methods have been used to collect calcium transient profiles through
the use of calcium fluorescent dyes, such as Fura-2 (Ravenscroft et al., 2016) or Fluo-4 (Lu et al.,
2015; Richards et al., 2017). From these profiles, it is possible to obtain parameters, such as
amplitude, time to peak and time to calcium decay. In a more recent study, a triple transient
measurement (TTM) system was described, which allows the simultaneous detection of contractility,
cytosolic Ca?* flux, and electrophysiology in hiPSC-CMs labeled with three different fluorescent dyes
(van Meer et al., 2019). In the cases where the cardiac MT is anchored between two flexible
structures, as it is the case of EHT models, analysis of the force of contraction can be provided by
capturing in situ the post deflection or wire movements through acquisition of high-frame-rate bright
field videos (Mills et al., 2019; Turnbull et al., 2014; Zhao et al., 2019b), or by using a fluorescent dye
(Feric et al., 2019). This system is the only that allows the measurement of absolute force of
contraction in a continuous way.

Before applying any new developed cardiac models in screening settings to test new
compounds, it is is important to first validate these models using standard drugs with known effects
on CM functional behavior. Due to that, for a set of selected drugs, it is necessary to assess the effect
of different drug concentrations, different times of exposure and test also single vs multiple dosages
effects on CM function, selecting one or more readouts to be analyzed for each tested parameter.
Those results should then be compared with known effects registered in clinical observations, in order
to assess the utility and accuracy of the developed model.

The development of scoring systems to help quantifying the effect of cardioactive compounds on
hPSC-CMs has also been explored in these last years. For easy assessment of the cardiotoxicity
risk, normally a color-coded scorecard is elaborated. For the establishment of the hazard scoring
system, a set of known drugs is normally used as a pharmacological reference set. Additionally,
depending on the selected parameters, different information such as CM function (contraction
behavior, AP profile and Ca?* handling) and/or CM morphology, can be taken from the readouts and
the score matrix will be linked to those specific readouts. The selected parameters should reflect
relevant changes related to the pharmacological effects and preferentially allow the discrimination of
different levels of toxicity severity and different types of toxic effects (Kopljar et al., 2018; Sharma et
al., 2018). In addition to the development and selection of the best methodologies to capture and
quantify the effects of cardioactive compounds on hPSC-CMs, the development of strategies that
help on the identification and interpretation of the readouts in order to define which type of
cardiotoxicity is associated to a specific compound and elucidate the mechanism of action, is also a

relevant topic that should be taken into consideration (Lee et al., 2017a).
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Table I-6. Summary of the main experimental setups used to assess functional and morphological parameters in 2D cultured hPSC-CMs, 3D cardiac MTs and EHT models.
fps, frames per second; bpm, beats per minute.

Functional/Morphological analysis

Culture
Format DG q ]
Optical Recording /Software Analyzed parameters
Simultaneous combination of
. >300 fps
2D and 3D three fluorescence dyes: 1. Action potential (Amplitude, tapp, tise)
van Meer et al., 2019 . 1. ANNINE- 6 plus . - .
spheroids 2 Rhod-3 MuscleMotion 2. Calcium flux (Amplitte, tpeax, tdecay)
3. Ce||Mask Deep Red (Sala et al-v 2018) 3. Contraction (Amp“tUde, tcomractionq trelaxation)
Post deflection - Force of contraction (mN) - peak
) (100 fps) - Contraction parameters (time to peak, time to 90% relaxation,
Turnbull et al., 2014 maximum rate of force increase and maxium rate of force
Lee et al., 2017 ERT LabView software decrease)
Voltage-sensitive dye: . I . . .
di-4-ANEPPS Video aquisition Action Potential Duration (ms)
. Voltage sensitive dye: 1C200 KIC instrument - Beat rate
Mckeithan et al., 2017 2b Fluor 2.1. Cl CyteSeer - Action potential profile (APD25, APD50, APD75, and APD90)
Post deflection - Force of Contraction (uN) (peak)
Mills et al., 2019 EHT - (10 s time-lapse capture) - Contraction parameters (rate (bpm), 50% activation (s); 50%
Vision.PointTracker relaxation (s))
FluoSpheres polystyrene . - Contraction speed (um/s)
Luetal., 2017 EHT microspheres Imaris software - Contraction rate (bpm)
Post deflection
Zhao et al., 2019 L FIUO".‘. (500 fps) 1. Force of contraction and Ca?* transient profile
EHT 2. voltage-sensitive dye 2. Conduction velocity (cm/s)
Feric et al., 2019 di-4-ANEPPS : : ty
Image J SpotTracker plugin
1. TMRE Quantitative measurements of average 1. Mitochondrial membrane potential
Archer et al., 2018 3D > ER-Tracker blue fluorescence intensity (Columbus Image Data ) ) ) .
: Analysis System, Perkin Elmer Inc.) 2. Endoplasmic reticulum integrity
1. TMRE 1. Mitochondrial membrane potential
Pointon et al., 2013 2D 2. ER-Tracker blue metaXpress 2. Endoplasmic reticulum integrity
3.TOTO-3 3. Membrane permeability
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Richards et al., 2017

Videos of the calcium transient of whole spheroids

Fluo-4 dye with a capture rate of 20 fps

ImageJ software.

- Calcium transient profile (Normalized peak of calcium
fluorescence, time to peak calcium (sec) and time to 50%
calcium decay (sec))

Videos of spontaneously beating spheroids from

ImageJ Software

- Beating profile (rate of contraction (bpm) and contraction
amplitude)
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1.1 ABSTRACT

Human PSCs represent an almost limitless source of cells, and, in the past years, different
protocols have been described in the literature to generate hPSC-derived CMs with high specificity,
both in 2D and 3D conditions. In this chapter it was established a novel 3D platform for CM production
from hPSC, solely through temporal modulation of the Wnt signalling pathway and using a microwell
platform to generate size controlled aggregates. The platform includes a pre-differentiation stage
were hPSCs are allowed to form and proliferate as 3D aggregates for 3 days before the beginning of
the differentiation process. In order to find the best condition that maximizes the generation of CMs
in this platform, the aggregate size at the begging of differentiation and the concentration of the small
molecule used in the step of Wnt signalling activation, was optimized. From that, an efficient protocol
was establishment, which generates more than 85% cTNT"* cells after 15 days of differentiation,
corresponding to 20-25 million CMs per microwell plate. Additionally, and equally important when
envisaging the applicability of the platform, low variability between biological runs was observed,
making this platform a simple and robust process to generate CMs from hPSCs. The impact of
performing the differentiation process in a 3D environment in comparison with 2D culture system, was
characterized by transcriptomic analysis, using data collected from sequential stages of 2D and 3D
CM differentiation. This analysis demonstrated that performing the initial period of hPSC aggregation
before cardiac differentiation primed hPSCs towards an earlier mesendoderm stage, via TGF-/Nodal
signal stabilization, which was suggested to be responsible for a faster cardiac commitment of hPSCs
and to an earlier CM structural and functional maturation when compared with CMs obtained from
the monolayer culture. The generated hPSC-CMs can be used in different applications, namely
disease modeling, drug screening and cardiotoxicity assays, and/or be integrated in more complex in

vitro cardiac models.
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1.2 INTRODUCTION

Human ESCs and hiPSCs offer an almost limitless source of cells for clinical translation
applications. Particularly, CMs obtained from in vitro differentiation of hiPSCs have been considered
an attractive tool for disease modelling and drug screening applications (Takeda et al., 2018b; Yang
and Papoian, 2018).

The identification of key signaling pathways and the transcriptional network linked to embryonic
heart development, guided the establishment of a number of in vitro models for cardiac differentiation
from hPSCs. Through the sequential addition of growth factors and/or small molecules, the critical
stages of cardiac specification have been recapitulated to some extent using 2D in vitro models
(Birket et al., 2015; Kattman et al., 2011b; Lian et al., 2012b; Rao et al., 2016). However, human heart
development is a complex process in which spatial gradients of molecules and biophysical stimuli,
that occur due to the 3D configuration of the embryo, are crucial to determine the final heart tissue
structure and function (Ma et al., 2015; Warmflash et al., 2014). Therefore, these processes are not
well recapitulated in the commonly used 2D differentiation platforms.

Aiming at better mimicking the microenvironment of in vivo heart development, 3D platforms for
in vitro cardiac differentiation and maturation have emerged in the past few years. However, and
despite the existence of different reported protocols for hPSC differentiation into CMs as 3D
aggregates (Chen et al., 2015b; Fonoudi et al., 2015b; Kempf et al., 2014b; Zhang et al., 2015), the
development of an efficient, controlled and reproducible process of 3D-CM differentiation has been
challenging.

3D culture of hiPSCs has been shown to favor transcriptional changes that improve
differentiation into specific lineages (Azarin et al., 2012; Hsiao et al., 2014; Husain et al., 2008; Mohr
et al.,, 2010), but the mechanisms behind this effect have not yet been completely understood.
Additionally, the sole impact that 3D culture exerts throughout the process of hiPSC-CM
differentiation, from the moment 3D aggregates are generated until the stage of CM maturation
remains also poorly understood. In fact, as an example of the relevance of the culture format in this
process, a recent study that performed 3D aggregation of cardiac progenitor cells obtained in 2D
culture system, showed the benefits of 3D culture at early stages of cardiac differentiation regarding
structural and metabolic maturation of the final hPSC-CMs (Correia et al., 2018). Thus, overall, the
development of a platform that takes advantage of the knowledge regarding 3D culture of hiPSCs to
establish a robust and straightforward cardiac differentiation protocol has not yet been reported.

In this context, in this chapter a study was performed to acquire a more profound understanding
of the impact of 3D culture on pluripotency maintenance and priming of hPSC, using for that a forced
aggregation platform as previously described (Dahlmann et al., 2013), and that knowledge was further
used to develop a simple, efficient and robust 3D platform for hiPSC differentiation towards CMs,
using the temporal modulation of the Wnt signalling pathway. RNA sequencing (RNA-seq) was then

used to generate global gene expression profiles for sequential stages of cardiac differentiation of
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both 3D aggregates and parallel monolayer 2D culture conditions. Expression profiling data analyses
revealed that the initial period of hiPSC 3D aggregation before cardiac differentiation induces
significant transcriptional changes that favor the cardiac differentiation process by priming hiPSCs to
mesendoderm lineages. Also, the generated data suggests that the CMs obtained in this 3D
microenvironment mature earlier when compared with the ones obtained in 2D conditions, as a

cardiac monolayer.

1.3 MATERIALS AND METHODS

1.3.1 hiPSC Maintenance

In this work, the experiments for optimization of the 3D CM differentiation platform were
performed using the hiPSC line iPS-DF6-9-9T.B, provided by WiCell Bank. This cell line was
reprogramed from foreskin fibroblasts with a karyotype 46, XY that were collected from healthy donors
using defined factors in the Laboratory of Dr. James Thomson, at University of Wisconsin. For the
validation of the 3D differentiation platform, two additional hiPSC lines were used, the hiPSC line
F002.1A.13, derived from a healthy female donor using a standard protocol (Takahashi et al., 2007)
and provided by TCLab (Tecnologias Celulares para Aplicacdo Médica, Unipessoal, Lda.) and the
Gibco® Human Episomal iPSC line (iPSC6.2) (Burridge et al., 2011b). The hiPSCs were maintained
in mTeSR™1 (StemCell Technologies) in six-well plates coated with Matrigel™ (Corning). Medium
was changed daily. Cells were routinely passaged every three to four days using 0.5mM EDTA

solution (Thermo Fisher Scientific).

[1.3.2 hiPSC Cardiomyocyte differentiation in 2D and 3D culture conditions

Pre-differentiation period. For 2D monolayer culture, cells were seeded onto Matrigel-coated
12-well tissue culture plates at a cell density of 4x10° cells/well. Culture medium was changed daily
until a confluence of around 90-95%. For 3D aggregates formation, cells were incubated with ROCK
inhibitor (ROCKIi, Y-27632, 10uM, StemCell Technologies) at 37°C for 1 h and then treated with
accutase (Sigma) for 7 min at 37°C. After dissociation, cells were quickly re-aggregated using
microwell plates (AggreWell™800, StemCell Technologies) according to the manufacturer's
instructions. Cells were plated at different densities in 1.5 mL/well of mMTeSR™1 supplemented with
10uM ROCKI. 24 hours later, the total volume of medium was replaced and cells were maintained in
mTeSR™1 without ROCKIi for an additional two days.

hiPSCs differentiation. For hiPSCs differentiation into CMs, in both 2D and 3D culture
conditions, an adapted GiWi protocol was used (Lian et al., 2013). RPMI 1640 medium (Thermo
Fisher Scientific) was used as basal medium. From day 0 to day 7, cells were cultured in RPMI

supplemented with 2%(v/v) B-27 minus insulin (Thermo Fisher Scientific), and from day 7 until the
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end of differentiation, cells were cultured in RPMI supplemented with 2%(v/v) B-27 (Thermo Fisher
Scientific). At day 0 of differentiation, the Wnt signaling pathway was activated using the GSKS3
inhibitor CHIR99021 (Stemgent) at a final concentration of 6 pM in 2D and 11 pM in 3D culture
conditions. After 24 hours, medium was changed. At day 3, cells were cultured in basal medium
supplemented with Wnt inhibitor IWP-4 (Stemgent) at a final concentration of 5 uM, for two days. At
day 7, medium was changed and in the case of the 3D culture, aggregates were flushed from the
AggreWell™800 plate and transferred to 6-Well Ultra-Low Attachment plates. Thereafter, medium

was changed every 3 days until cell harvest.

Aggregate size monitoring. To monitor aggregate size throughout time in culture, several
images were acquired at different time points using a Leica DMI 3000B microscope with a Nikon DXM

1200F digital camera. Aggregates were measured using ImageJ Software.

11.3.3 Expression profiling with RNA sequencing

Sample collection and RNA extraction. Cell samples from 2D monolayer and 3D aggregate
culture at different stages of cardiac differentiation were singularized with 0.25% trypsin-EDTA at
37°C for 7-15 min. For enzymatic digestion neutralization, RPMI+10% FBS was added. After
centrifugation and washing cells with PBS, the cell pellet was frozen at -80°C. Total RNA from the
samples was extracted using High Pure RNA Isolation Kit (Roche, Cat. 11828665001), according to

manufacturer’s instructions.

RNA-seq sample preparation and sequencing. RNA libraries were prepared for sequencing
using Lexogen QuantSeq 3'mRNA-Seq Library Prep Kit FWD for lllumina, using standard protocols.
Briefly, 500 ng of total RNA were primed with the oligo dT primer containing lllumina-compatible linker
sequences. After first strand synthesis, the RNA was removed and the second strand synthesized
with lllumina-compatible random primers. After magnetic bead-based purification, the libraries were
PCR amplified introducing the sequences required for cluster generation. Sequencing was performed
using HiSeq (50 cycles protocol) or NextSeq (75 cycles protocol) platforms. Sequencer Software
HiSeq Control Software 2.2.58 was used for base calling of samples processed on Illumina HiSeq
2000. Base calling of samples processed in NextSeq Sequencer was performed with the Real-Time
Analysis (RTA) v2.

RNA-seq Data Analysis. Sample read quality, reads mapping and counting were performed by

a standard protocol from BlueBee Genomics Platform (http://www.bluebee.com/).

Differential Gene Expression Analysis. The DESeq?2 (version 1.16.1) package of R was used
to perform RNA-Seq read counts matrix data normalization and differentially expressed genes (DEG)
analysis. Information about DESeq2 package is available online at

https://bioconductor.org/packages/release/bioc/html/DESeq2.html.
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Gene Ontology analysis and data representation. Gene ontology (GO) terms were identified
using the PANTHER (protein annotation through evolutionary relationship) classification system
(version 13.1) (Mi et al., 2013). GO terms were identified by analyzing differentially expressed genes
using the following settings: GO Biological Process, test type FISHER, reference list Homo Sapiens
and FDR<0.05. Heat maps and PCA using a selection of enriched genes were generated in the web
tool ClustVis (Metsalu and Vilo, 2015) and in R.

All the supplementary tables (Table Sx) referred throughout the Results section are available on-
line at https://www.nature.com/articles/s41598-019-45047-9

1.3.4 Flow Cytometry Analysis

Sample collection. For flow cytometry analysis, cells were washed with PBS and then incubated
with accutase in the case of hiPSC, or singularized with 0.25% trypsin-EDTA, in the case of
differentiating hiPSC, at 37°C for (7-15) min. For enzymatic digestion neutralization, FBS-containing
medium was added. After centrifugation and washing the cell pellet, cells were fixed with 2%

paraformaldehyde (PFA) reagent for 20 minutes at room temperature (RT) or stored at 4°C.

hiPSC Staining (Intracellular and Surface markers). For intracellular staining, samples were
centrifuged at 1000 rpm for 5 minutes and washed twice with 1% normal goat serum (NGS) solution
in PBS. Then, cells were incubated in 1:1 of 3% NGS and 1% saponin (Sigma) in PBS, at RT for 15
min, for cell membrane permeabilization. After washing 3 times with 1% NGS, primary antibody was
diluted in 3% NGS, and cells incubated at RT for 90 min. After incubation, cells were then washed
with 1% NGS, and after centrifugation, cell pellet was resuspended and incubated with secondary
antibody diluted in 1% NGS, at RT for 45 min in the dark. Cells were washed twice with 1% NGS,
centrifuged and resuspended in PBS for a final volume of 300 uL/FACS tube. For staining cell surface
markers, cells were washed twice with PBS and re-suspended in primary antibody (Table 1I-1) diluted
in FACS buffer, at approximately 500,000 cells per condition, and incubated for 30 min at RT.
Afterwards, cells were washed with PBS and re-suspended in secondary antibody diluted in FACS
buffer for another 15 min, at RT in the dark. In the case of conjugated antibodies, a single incubation
period of 20 minutes at RT in the dark was performed. Finally, cells were washed twice with PBS for
a final volume of 300 uL/FACS tube.

hiPSC-derived cells. Samples previously stored in 2% PFA were centrifuged at 1000 rpm for 3
minutes and then incubated with 90% (v/v) cold methanol at 4°C for 15 min. Cells were then washed
3 times with flow cytometry buffer 1 (FB1), constituted by 0.5% bovine serum albumin (BSA) solution
in PBS. Cell pellet was resuspended and incubated with the primary antibody diluted in FB2,
constituted by 0.1% Triton X-100 in FB1, at room temperature for 1 h. After incubation, cells were

washed with FB2 and cell pellet was resuspended and incubated in the secondary antibody diluted
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in FB2, at room temperature for 30 min in the dark. Cells were washed twice with FB2. Cell pellet was
resuspended in FB1 for a final volume of 300 uL/FACS tube.

Data acquisition and analysis. Flow cytometry was performed using a FACSCalibur™ flow

cytometer (by Becton Dickinson) and data analysis was performed using the Flowing Software 2.0.

I1.3.5 Immunostaining Analysis

Sample preparation. In the case of immunostaining for replated cells, 3D aggregates or 2D
monolayer cultures were singularized with 0.25% trypsin-EDTA at 37°C for (7-15) min. For enzymatic
digestion neutralization, FBS-containing medium was added. After centrifugation and washing the
cell pellet, cells were resuspended in RPMI+B27 with ROCK inhibitor (10uM) and replated on
Matrigel-coated coverslips. Replated samples or 3D aggregates were fixed in 4% PFA at 4°C for 30
min. After PFA removal, cells were stored in PBS at 4°C for further analysis. 3D aggregates were
incubated in 15% (m/v) sucrose in PBS, at 4°C overnight and afterwards embedded in 7.5%/15%
gelatin/sucrose and frozen in isopenthane at -80°C. Aggregates with twelve-um sections were cut on
a cryostat-microtome (Leica CM3050S, Leica Microsystems), collected on Superfrost™ Microscope
Slides (Thermo Scientific) and stored at -20°C. Sections were de-gelatinized for 45 min in PBS at

37°C before immunostaining.

Staining. 3D aggregate sections and replated cells in coverslips were incubated in 0.1 M Glycine
(Millipore) for 10 min at room temperature to remove PFA residues, permeabilized with 0.1% Triton
X-100 (Sigma) at room temperature for 10 min and blocked with 10% fetal goat serum (FGS, Gibco)
in TBST (20 mM Tris-HCI pH 8.0, 150 mM NaCl and 0.05% Tween-20, Sigma), at room temperature
for 30 min. Cells were then incubated with the primary antibody diluted in blocking solution (Table II-
1) at 4°C overnight. Secondary antibodies were added for 30 min and nuclear counterstaining was
performed using 4’,6-diamidino-2-phenylindole (DAPI, 1.5pg/mL, Sigma), at room temperature for 5

min. After brief drying, sections were mounted in Mowiol (Sigma).

Image acquisition and analysis Immunofluorescence staining images were acquired with a
LSM 710 Confocal Laser Point-Scanning Microscope (by Zeiss) for 3D aggregate sections and for
replated cells from 2D cultures. Data analysis was performed using ZEN Imaging Software (by Zeiss)

and ImageJ Software.

Table II-1: List of antibodies used in Flow Cytometry and Immunostaining analysis

Antibody Source Reference Isotype Dilution
CcD31 Dako M0823 Mouse IgG 1:100 (IS) 1:40 (FC)
CTNT Thermo Fisher MA5-12960 Mouse IgG 1:200 (IS) 1:800 (FC)
a-SMA Sigma-Aldrish 161208D Rabbit IgG 1:200 (IS/FC)
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CD90-PE Biolegend 328110 Mouse IgG 1:6 (FC)

CX43 Sigma-Aldrish C6219 Rabbit IgG 1:400 (IS)
OCT4 Millipore 288465 Mouse IgG 1:200 (IS/FC)
Calponin Abcam ab700 Mouse IgG1 1:200 (FC)
Ki-67 Abcam ab833 Rabbit IgG 1:50 (IS)
TRA-1-60 - PE Miltenyi Biotec 130-100-347 Human IgG 1:11 (FC)
SSEA-4 - PE Miltenyi Biotec 130-098-369 Human IgG 1:11 (FC)

11.3.6 Live/Dead assay

Cells were washed with PBS and then incubated with accutase, in the case of hiPSC, or
singularized with 0.25% trypsin-EDTA, in the case of differentiating hiPSC, at 37°C for (7-15) min.
For enzymatic digestion neutralization, FBS-containing medium was added. After centrifugation and
washing the cell pellet, cells were incubated with LIVE/DEAD™ Fixable Dead Cell Stain Kit
(Invitrogen) for 15 min. After that period, cells were washed with PBS, resuspended in PBS for a final

volume of 300 uL/FACS tube and run in flow cytometer for cell viability data acquisition.

[1.3.7 Total protein extraction and Immunoblotting

hiPSCs were collected and lysed using ice-cold lysis buffer (10 mM Tris-HCI, pH 7.6, 5 mM
MgCl2, 1.5 mM potassium acetate, 1% Nonidet P-40, 2 mM DTT) and 1X Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Inc.) for 30 min at 4 °C. Samples were then
sonicated for 30 sec in ultrasound and then centrifuged for 10 min at 10,000g and 4°C, saving the
supernatant. Total protein content was measured using the BioRad protein assay kit (Bio-Rad
Laboratories, Hercules, CA, USA), according to the manufacturer’s specifications. Protein extracts
were then denatured with 6x loading buffer. Equivalent amounts of protein (100 pug) were separated
in 8% SDS-PAGE gel electrophoresis and then transferred onto a nitrocellulose membrane. The
membranes were further blocked with 5% milk in TBS (25 mM Tris-HCI, 150 mM NacCl, pH 7.6), during
1 h at room temperature and further incubated overnight at 4°C, with gentle agitation, with the primary
antibody HIFla (ReD Systems, MAB1536) prepared in 5% milk in 1xXTBS. Membranes were
incubated with anti-mouse 1gG secondary antibody conjugated with horseradish peroxidase (1:5000,
Bio-Rad Laboratories) for 2h at RT. Membranes were processed for protein detection using
SuperSignal substrate (Pierce, Thermo Fisher Scientific). Finally, the relative intensities of protein
bands were analyzed using ImagelLab Version 5.1 densitometric analysis program (Bio-Rad
Laboratories). In order to normalize the amount of protein per lane, Ponceau staining was used.
Protein Ladder, 10 to 250 kDa (catalog number, 26619), was used as protein molecular weight

control.
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[1.3.8 Glucose consumption and Lactate production rate analysis

To determine glucose consumption rate and lactate production rate, mTeSR1 exhausted medium
from day O hiPSC cultures under 2D and 3D conditions was collected. Glucose and lactate
concentrations from cell-free supernatants were analyzed using an YSI 2700 Select™ Biochemistry
Analyzer (YSI Incorporated Life Sciences, USA). Fresh mTeSR™1 was used to determine the
concentration of glucose initially present in the culture media. The yield of lactate production from
glucose consumption was calculated for each day as ALac/AGIc, where AlLac is the production of

lactate during that day and AGiIc is the consumption of glucose during the same period.

11.3.9 Quantitative real time (QRT)-PCR

Total RNA from cell samples of sequential stages of CMs differentiation was extracted using High
Pure RNA Isolation Kit (Roche) according to manufacturer’s instructions, and converted into cDNA
with High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). PCR reactions were
performed with Tagman™ Gene Expression Assays (Thermo Fisher Scientific) or SYBR Green
Master Mix (Nzytech) (Table 11-2). Reactions were run in triplicate in ViiA7 Real-Time PCR Systems
(Applied BioSystems). For each analysed time point, gene expression was normalized against the
expression of the housekeeping gene glyceraldehyde-3-phosohate dehydrogenase (GAPDH) and
results analyzed with QuantStudio™ RT-PCR Software.

Table 11-2 List of primers used in gRT-PCR analysis

TAQMAN
Gene Assay ID
GAPDH Hs02758991 g1
OCT4 Hs00999634_gH
T Hs00610080_m1
ISL1 Hs01099687_m1
NKX2-5 Hs00231763_m1
TNNT2 Hs00165960_m1
TNNI3 Hs00165957_m1
SYBERGREEN
GENE PRIMER (5">3")

FW - GGGAGCGGTGAAGATGGA
RV - TCATGTTGCTCACGGAGGAGTA

FOXA2
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FW - GAAGTGTTCGAGGGTACCAGG

LEFTY1
RV - AAAACTGAGCAAGGGCTCTCC
NODAL FW — CCCAAGCAGTACAACGCCTA
RV — TGCATGGTTGGTCGGATGAA
FW - TTCTCAGGGGGTCATCTTGC
CERL RV - ATGAACAGACCCGCATTTCC
FW - TTCTATGACGATGCCCTCAACGC
JUN RV - GCTCTGTTTCAGGATCTTGGGGTTAC
FW - GCATCTGCAGCGAGCATCTGAGAA
FoS RV — AGAGCTGGGTAGGAGCACGGTCACT
FW - CAAGAAGTATGCTGAGGCTGTCA
PeKd RV - CAAATACCCCCACAGGACCAT
FW - CAGGGCTCCTGGGTAGAACT
BNIPS RV - CTCCGTCCAGACTCATGCTG
GDF3 FW - CATGCCGTTGACCCAGAGAT

RV - ACCCACACCCACATTCATCG

[1.3.10 Patch-clamp recordings

Whole cell patch-clamp recordings were obtained for CMs dissociated from 3D aggregates at day
30 of differentiation using an upright microscope (Zeiss Axioskop 2FS) equipped with differential
interference contrast optics using a Zeiss AxioCam MRm camera and a x40 IR-Achroplan objective.
Spontaneous AP from CMs dissociated from 3D aggregates were recorded in the current-clamp mode
using a Axopatch 200B (Axon Instruments) amplifier. The patch pipette (4- to 7-M resistance) was
filled with an internal solution containing (in mM) 125 K-gluconate, 11 KCI, 0.1 CaCl2, 2 MgCI2, 1
EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP, and 10 phosphocreatine, pH 7.3, adjusted with 1 M NaOH,
280-290 mosM. The bath recording solution consisted of (in mM) 124 NaCl, 3 KCI, 1.25 NaH2POu,
26 NaHCOs, 1 MgSOs4, 2 CaClz, and 10 glucose, gassed with 95% 02-5% CO2, pH 7.4. The
recordings were performed at 37 °C and the offset potentials were nulled before gigaseal formation.
APs were recorded right after establishing whole-cell configuration. Acquired signals were filtered
using an in-built, 2-kHz, 3-pole Bessel filter, and data were digitized at 5 or 10 kHz under control of
the pCLAMP 10 (Molecular Devices) software program. AP duration (APD) was analyzed at 50% and
90% repolarization (APDso and APDoo, respectively). Parameters from 5 consecutive APs were

averaged.
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1.4 RESULTS

I1.4.1 Forced aggregation of hPSCs on microwells promotes an efficient generation

of cardiomyocytes

To develop a platform for 3D cardiac differentiation of hiPSCs, it was used the temporal
modulation of the Wnt signaling pathway (Lian et al., 2012c) as the differentiation protocol and a
factorial design approach (Barbosa et al., 2012) to optimize the differentiation process. According to
this differentiation method, mesoderm induction is performed by activation of canonical Wnt signaling
using, among others, the small molecule CHIR that will allow the stabilization and consequent
translocation of B-catenin into the nucleus, followed by Wnt signaling inhibition using for example
IWP4 or IWP2 small molecules that will block Wnt protein secretion and activity (Chen et al., 2009).
In order to generate size-controlled aggregates, forced aggregation of singularized hiPSCs in the
commercially available Aggrewell™ 800 plates was performed. Aggregate size was controlled using
different cell seeding densities, and hiPSC aggregates were maintained during 48 hours in mTeSR1,
before starting the differentiation process (DO0) (Figure II-1A and B). For CM differentiation, the period
of Wnt signaling activation, using the small molecule CHIR, occurred from DO to D1 followed by a

step of Wnt signaling inhibition between D3 and D5, using the small molecule IWP4.
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Figure 1l-1: Forced aggregation of hiPSCs in a microwell plate promotes an efficient generation of CMs.
(A) Schematic representation of CM differentiation protocol from hiPSC in a 3D culture system, using the
temporal modulation of Wnt signaling. AggreWell™800 plates were used to obtain size-controlled aggregates.
ULA — Ultra Low Attachment plates. (B) Correspondence between cell seeding densities at day -2 (D-2) used in
the factorial design and aggregate diameters at day 0 (DO0). (C) Percentage of cTNT positive cells after 15 days
of differentiation for the experimental runs of the factorial design. CHIR concentration ranges from 4 pM to 18
UM (centered in 11 uM), and aggregate diameter between 220 um and 360 um (centered in 300 um). Each of
the tested combinations was performed once, excluding the centered point of the factorial design in which n=4
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independent experiments were performed. (D) Percentage of cTNT* cells at D15 of cardiac differentiation for the
centered point of the factorial design (aggregate diameter of 300um and CHIR concentration of 11 uM). Data

are represented as mean + SEM, n=4 independent experiments.

The cardiac differentiation process was optimized by testing the combined effect of the small
molecule CHIR concentration, ranging from 4 uM to 18 uM, and aggregates diameter at day 0, ranging
from 220 um to 360 um, with the model centred in the culture condition corresponding to 11uM CHIR
and 300 um, respectively. The concentration of the Wnt signaling inhibitor IWP4, used for inhibition
of Wnt signaling, was fixed for all the experiments at a concentration of 5 uM. CMs differentiation
efficiency was evaluated as the percentage of cells expressing the CM marker cTNT at day 15 of
differentiation. The experimental results obtained for the different tested conditions are represented
in Figure 1I-1C. The centered condition (11uM CHIR, 300 um) was the one that yielded the highest
percentage of cTNT* cells after 15 days of differentiation, resulting in an average of 64 + 4% cTNT*
cells (Figure 11-1D). From the quadratic model generated from the experimental results (Figure 11-2A
and B), only the quadratic term of CHIR concentration and aggregate diameter had statistical
significance (Figure 11-2C), which resulted in a maximum value for the considered output of the model
(CTNT* cells at day 15) for a specific aggregate diameter and CHIR concentration. The optimal
condition that allowed reaching a percentage of cTNT* cells between 50-66% was obtained when
initiating the integrated process with an aggregate diameter of 289 + 12 um and a CHIR concentration
of 10.8 £ 0.5 uM, which is in fact close to the centered point used in the factorial design.

The optimized cardiac differentiation platform was validated using the DF6-9-9T.B cell line,
the one used for the factorial design optimization process, and two additional hiPSC cell lines,
iPSC6.2 and F002.1A.13, proving the reproducibility and robustness of the platform (Figure 11-3B).
Additionally, a time-course analysis of cardiac differentiation markers until day 20 was performed,
confirming the normal progression of cardiac differentiation (Figure 11-3A). In addition to the
parameters that were optimized through the factorial design, it was verified that by decreasing to 24
hours (D-1) the culture period before initiating the differentiation, the efficiency of CMs differentiation
drastically dropped (Figure 11-3C), reinforcing the importance of the step of expansion of 3D hiPSC
aggregates. It was also confirmed that by extending the optimal aggregate diameter to the range of

280 - 310 um, the CMs differentiation efficiency was not compromised.
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Figure II-2: Determination of the optimal initial aggregate diameter and small molecule CHIR
concentration that maximizes CM differentiation efficiency. (A) 3D representation of the quadratic model
relating initial aggregate diameter and small molecule CHIR concentration with the percentage of cTNT* CMs
after 15 days of differentiation. (B) Parameters of the quadratic model generated from the factorial design, which
correlate the percentage of cTNT positive cells after 15 days of differentiation with CHIR concentration and
aggregate diameter at DO. R?=0.84. (C) Evaluation of the statistically significant contribution of each factor of the
quadratic model. Only the quadratic terms of CHIR and aggregate diameter were statistically significant (p-

values<0.05).

Also, although not directly optimized in this work, the cell density (cells/mL), and consequently
the volume of culture medium used per well, mainly in the first steps of differentiation, can impact the
concentration of important soluble factors in our platform (Kempf et al., 2016a). In fact, since only
the Wnt signaling pathway is being directly manipulated, the combination of this extrinsic manipulation
with the endogenous activity of TGF-B/Nodal/Activin and BMP ligands is crucial for determining the
outcome of the differentiation process (Kempf et al., 2016b)(Kattman et al., 2011c; Lian et al., 2012c;

Rao et al., 2016), and should be taken into consideration.
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Figure II-3: Gene expression analysis and validation of the developed 3D CM differentiation platform. (A)
Expression profile of key genes during the time-course of 3D cardiac differentiation at the indicated time points,
between day 0 and day 20, for a selected set of genes: pluripotency (OCT4), primitive streak (T), cardiac
mesoderm (ISL1 and NKX2-5) and cardiomyocyte (TNNT2 and MYH7) markers. Values are normalized to
GAPDH and relative to DO. Data are represented as mean = SEM, n=4 independent experiments. (B) Validation
of the optimal conditions (aggregate size: 290 puM; CHIR concentration: 11uM) with the DF6.9.9T.B cell line and
two other hiPSC cell lines (F002.1A.13 and iPSC6.2). Data are represented as mean + SEM, n=3 independent
experiments for F002.1A.13 and iPSC6.2 lines and n=6 independent experiments for DF6.9.9T.B cell line. n.s.
— no statistically significant (p-value > 0.05). (C) Percentage of cTNT* cells after 15 days of differentiation for
both culture conditions for 1 day (D-1) and 2 days (D-2) of pre-differentiation period. Data are represented as

mean + SEM, n=6 independent experiments in the D-2 condition and n=3 independent experiments in the D-1
condition.

[1.4.2 3D culture of hiPSCs under pluripotency maintenance medium primes hiPSC
towards mesendoderm lineage

In order to reveal the main impact of 3D culture towards cardiac differentiation, a transcriptomic
analysis of sequential stages of the 3D differentiation protocol was performed (Table S1), using 2D
cardiac differentiation, based also on the temporal modulation of the Wnt signaling, as control (Dias
et al., 2018; Lian et al., 2012b).
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The first stage of hiPSC culture before cardiac induction involves a short period of hiPSCs
expansion for both 2D and 3D culture conditions (Figure II-4A), which from now on will be designated
as the pre-differentiation period. At DO of the 2D platform, cells are 90-95% confluent while in the 3D
culture, aggregates have + 300 um of diameter, as previously optimized. As confirmed by principal
component analysis (PCA) (Figure 11-4B), gene expression of DO hiPSC population for both 2D (“2D-
D0”) and 3D (“3D-D0”) differentiation culture formats, showed considerable differences when
compared with the “hiPSC seeding” population (initial hiPSCs seeded in 2D and 3D platforms), mainly
discriminated by PC2 (16% of total variance), which is presumably related with the degree of cell
confluence and/or cell to cell communication. Differences at the gene expression level between “3D-
D0” and “2D-D0Q” are also evident, and were mainly discriminated by PC1 (58% of total variance),
which explains the majority of the observed differences in the analyzed dataset and seems to be

linked with the culture format (2D versus 3D) (Figure 11-4B and C).
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Figure 1l-4: Characterization of the hPSC cardiac pre-differentiation period. (A) Schematic representation
of hPSC culture, before cardiac differentiation, in both 2D and 3D culture strategies. In 2D monolayer, hiPSC
were seeded at a density of 0.4x108 cells/mL, reaching 90-95% confluence after 3 days of culture. In the 3D
culture platform, hiPSC were seeded at a density of 1x10° cells/mL, reaching at DO of differentiation a diameter
ranging from 280-310 um. (B) PCA based on whole RNA-seq data from three different conditions: hiPSCs used
for seeding (hiPSC seeding, common for both culture strategies) (n=2, independent experiments), 3D day 0 (3D-
D0) and 2D day 0 (2D-DO0) (n=3, independent experiments). (C) Correlation coefficients for 2D-D0 vs hiPSC
seeding, 3D-DO0 vs hiPSC seeding and 3D-DO0 vs 2D-D0 show that gene expression for DO of both culture
strategies is significantly correlated with hiPSC seeding population, as expected. However, in the 3D system
there are already some genes that appear far from the linear correlation. Values used for the graph are Log2
(CPM) for all RNA-seq data.
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To understand those differences, a comparative analysis between “3D-D0” and “hiPSC
seeding” expression profile was performed (Table S2 “DE gene list”). Gene ontology (GO) analysis
using the upregulated genes shows that the most enriched biological process in the 3D culture format
was related with response to hypoxia (Figure II-5A and Table S2 “GO - 3D DO vs hiPSC seeding -
up”). Since 3D hiPSC aggregates had already +300 um of diameter at DO, it is not surprising the
activation of genes involved in hypoxic response as a result of oxygen diffusion limitations throughout
the entire aggregate (Gatenby and Gillies, 2004). To demonstrate the existence of an hypoxic
environment inside the 3D aggregates, the expression level of the HIF1a protein, which is the master
transcriptional regulator of hypoxic response (Keith and Simon, 2007), was quantified in both “2D-
D0” and “3D-D0” cell populations. The results revealed a significant increase in HIF1a protein
expression levels in 3D aggregates as compared to the 2D monolayer (Figure 11-5B). Since gradients
of oxygen and nutrients inside the 3D aggregates could potentially compromise cell viability, we
quantified the percentage of viable cells in 3D-D0 aggregates and compared with the “2D-D0”
population, confirming that the viability of the cells was not affected by 3D culture (Figure II-5C).
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Figure 1I-5: Effect of hypoxia on 3D cultured hPSCs. (A) Top gene ontology (GO) terms for biological
processes identified (FDR < 0.05) of differentially upregulated genes (Log2 FC > 2 and adjusted p-value < 0.05)
for 3D-DO versus hiPSC seeding. (B) Western blot (left) and quantification (right) of HIF1a protein expression in
2D-D0 and 3D-DO0 conditions. Data are represented as mean + SEM, n=3 independent experiments. (C) Bright
field and live/dead staining of aggregates at DO of differentiation, showing high cell viability and no evidences of
necrotic areas. Scale bar, 100 ym (left). Flow Cytometry analysis of viable cells at DO of differentiation in both
2D and 3D culture conditions, proving that 3D culture does not compromise cell viability (right). Data are

represented as mean + SEM, n=3 independent experiments.

100



To highlight the genes that were upregulated in the “3D-D0” cell population vs the “hiPSCs
seeding” population, a volcano plot was generated (Figure 11-6D). Among the upregulated genes,
PGK1, LDHA, BNIP3 and JUN stood out, within the group of genes that show a higher and more
significant upregulation. The higher expression level of those genes in 3D-DO aggregates, when
compared not only to “hiPSC seeding” cells but also to 2D-D0 monolayer cells, was confirmed by
gRT-PCR, (Figure 1I-6E). In agreement with the hypothesis of an hypoxic response inside the 3D
aggregates, the aforementioned genes are known direct or indirect targets of HIF1a activation
network. Specifically, PGK1 and LDHA are genes involved in glycolysis, which suggests that in the
3D environment the rate of glycolysis is higher compared with both “2D-D0” and “hiPSCs seeding”
conditions. GO analysis of the downregulated genes in “3D-D0” and “2D-D0” environments compared
to “hiPSCs seeding” population, revealed that some of the downregulated genes in the 3D-DO
population are related with the oxidative phosphorylation and mitochondrial respiratory chain (Figure
II-6F and G), reinforcing the proposal of a higher rate of glycolysis in 3D-DO aggregates. Finally,
glucose consumption and lactate production rates were analyzed in both “2D-D0” and “3D-D0”
conditions. The results revealed an equivalent specific glucose consumption rate in 2D-D0 and 3D-
DO conditions, however a statistically significant higher specific lactate production rate in hiPSCs
present in the 3D-D0 aggregates was observed when compared with the cells in 2D monolayer. This
results on a higher yield of lactate production/glucose consumption which is indicative of a higher
level of glycolysis in 3D-D0 aggregates (Figure II-6H). In fact, hypoxia is a known trigger of metabolic
changes in hPSCs and it is also described to be involved in pluripotency maintenance by promoting
glycolysis and preventing mitochondrial respiration (Arthur et al., 2019; Varum et al., 2010).

The activation of MAPK/JNK/ERK signaling is also evident in “3D-D0” aggregates when
compared with “hiPSC seeding” and “2D-D0”, with the upregulation of JUN, FOSB, FOS and EGR1
gene expression. The possible activation of this pathway, which is involved in the transcription of a
wide range of cell proliferation and apoptotic genes (Dhanasekaran and Reddy, 2008), can be also a
consequence of reduced oxygen levels, specifically due to an increased concentration of ROS inside
the cells (Moriyama et al., 2017). Additionally, JINK/ERK signaling pathway can be indirectly activated
as a result of the increased cytosolic concentration of Ca?* triggered by ROS (Desireddi et al., 2010),
since Ca?* has been described to be involved in MAPK JNK/ERK signaling activation (Chiquet and
Flick, 2001). In fact, the calcium voltage channel Cavl.2 encoded by CACNALC, is upregulated in
3D-D0 aggregates, as well as CXCR4, which is described to be involved in the regulation of Ca?*
mobilization and activation of MAPK signaling (Doring et al., 2014). MAPK/JINK pathway had been
reported to be involved in the maintenance of stemness of hPSCs but activation of this pathway has

also been reported to be linked with the initiation of hPSCs differentiation (Kensah et al., 2018).

101



JUN BNIP3
PGK1 LDHA Jenes
o —_— —_—
3D-DO0 vs hiPSC Seeding g [m—— e i L e
60 E T § 0.8 .% 0,008, - ‘% 0,08
@ a w @
PGKI g 0z £ os g 0.006 T g 0.06
% 20 " FARIEA g ; 04 I; 0.004 ; 0,04
é’. LDHA - BNIP3 2 2o = g o g o _
3 ABSE 0 e 00 O 0.000 i 0.00 r
k- ™ W O Wy Y O PV L W e
2 ° <« «~ «
A S C GO - Downregulated Genes 8 8
Log,FoldChange  ™~._ (3D-D0 vs hiPSC seeding / 2D-DC vs hiPSC seeding) o Q
20 R.AEEE
e oxidative phosphorylation (G0:0006119) @@
g5 ooxF ez m respiratory electron transport chain (G0:0022904) .
§ v e RO
B . ’;-F’f_";4HQLRRDEE mitochondrial respiratory chain complex | assembly (G0:0032981) .
h-] . " -ROBOZ
o - . o -
|- KDM&EjSHC.ZBTGZ mitochondrial ATP synthesis coupled electron transport (GO:0042775) .
] mitochondrial respiratory chain complex assembly (GO:0033108) . .
o4
g LosFoldChanae E regulation of MAPK cascade (G0:0043408) - (@
2
5 2 Logz Fold Change < -1 vs hiPSC
-log2(FDR)
E
c
- 5
= = - o
20103 * bl
2 1.0.10%, a £ 25
= = w
3 E E
3 8.0.10%4 3 1.5x10% S 04
E E h=
t=3 o 8¢ 15
T 6.0:10°% = SE ™
= S 1.0.104 &2
E s S SE 1.0
E 4.0.10% E sf "
£ S 5.0.10% 5
8 20410 e 5 0.5
S . ° . 2 004
5 3D-D0 2D-D0 - 3D-D0 2D-DO § 3D-D0 2D-DO
)

D

Glycalytic precess and regulation
@ TCA cycle
. Mitochondrial electron transpert

Figure 11-6 Effect of 3D culture on hPSCs pluripotency stage. (A) Volcano Plot highlighting the most
significant upregulated genes for 3D-DO0 versus hiPSC seeding populations (LogzFoldChange > 1 and Adjusted
p-value > 0.05). (B) Expression profile of PGK1, LDHA, BNIP3 and JUN genes for the three different populations:
3D-D0, 2D-DO0 and hiPSCs seeding. Values are normalized to GAPDH. Data are represented as mean + SEM,
of at least n=3 independent experiments. Student’s t-test (two-tailed) statistics, * p<0.05, ** p<0.005, ***
p<0.0005. (C) Gene ontology (GO) biological processes terms related with oxidative phosphorylation and
mitochondrial respiratory chain identified (FDR < 0.05) for the differentially downregulated genes (Log2 FC < -1
and adjusted p-value < 0.05) of 3D-DO versus hiPSC seeding and 2D-DO0 versus hiPSC seeding. (D) Heat map
highlighting differentially expressed genes in 3D-D0 versus hiPSC seeding populations (Log2 FC > 1 and
adjusted p-value < 0.05) related with glycolysis metabolism and TCA cycle. Average CPM values of 3 replicates
were used for each condition. (E) Glucose consumption rate (pmol/cell/24hours), lactate production rate
(pmol/cell/24hours) and yield of lactate produced/glucose consumed, at DO of differentiation for both 3D
aggregates and 2D monolayer. Data are represented as mean + SEM, n=3 independent experiments. Student’s
t-test (two-tailed) statistics, * p<0.05, ** p<0.005, n.s., no statistically significant (p-value > 0.05).
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Additionally, a differential gene expression analysis between “3D-D0” and “2D-D0” was
performed (Table S2 “DE gene list”). From the GO analysis focused on the most significantly
upregulated genes, the main differences were related with regulation of Nodal signaling, SMAD
protein signal transduction and the induction of PS (Figure 1I-7A and Table S2 “GO - 3D-DO vs 2D-
DO - up”). Within the upregulated genes, ligands of Nodal signaling, including NODAL and GDF3, as
well as their direct targets, LEFTY1, LEFTY2 and CERL1, that act in a negative feedback loop (Schier,
2009), stood out (Figure 11-7B). The upregulation of some of these genes, namely GDF3, CER1,
LEFTY1 and NODAL, was confirmed by qRT-PCR, corroborating the RNA-seq data (Figure 1I-7C).
Interestingly, Nodal signaling is not upregulated in “3D-D0” vs “hiPSC seeding” and instead it is down-
regulated in “2D-D0” vs “hiPSCs seeding”, meaning that 3D culture of hiPSC potentially induced the
stabilization of Nodal signal.

Although Activin/Nodal signaling is described to be involved in pluripotency maintenance of
hPSCs, it is also described to be responsible for driving early cell fate decisions along the
mesendodermal lineages (Schier, 2009). The upregulation of FOXA2 in “3D-D0” aggregates
compared with “2D-DO0” (Figure 1I-7C), which is also expressed in early/anterior PS (Pei et al., 2010),
combined with TGF-B/Nodal signaling activity, strengthens the hypothesis of hiPSC priming to
mesendoderm lineages in 3D conditions.

In summary, our results suggest that culture of hiPSCs as 3D aggregates, in a forced
aggregation platform, results in oxygen gradients inside the aggregates, which are responsible for (1)
stabilization of TGF-/ Nodal pathway, (2) upregulation of MAPK/ JNK/ ERK pathway and (3) increase
in glycolysis metabolism, culminating in a balance between pluripotency maintenance and hiPSCs

priming towards differentiation, particularly into the mesendoderm lineage (Figure 1I-7D).

11.4.3 3D cardiac differentiation allows a faster structural and functional maturation

of hiPSC-CMs when compared with 2D culture

To understand the impact of 3D culture during the progress of cardiac differentiation, it was
analyzed the differentially expressed genes in 3D aggregates throughout the differentiation process,
when compared with the 2D monolayer differentiation. Using a set of known genes involved in
cardiogenesis and cardiomyocyte maturation, a PCA analysis (Table S3 “PCA 3D and 2D (D0-D20)")
was performed, which highlighted differences regarding the progression of cardiac differentiation
when comparing both culture systems (Figure 11-8A).

During the first 7 days of cardiac differentiation, 3D aggregates remain inside the microwell
platform, which seems to be responsible for a prolonged oxidative stress and activation of hypoxic
response. In fact, the transcriptional activation of metallothionein protein-coding genes during the first
days of 3D cardiac differentiation, including MT1G, MT1H, MT1E, MT2A, MT1F, MT1X, which prevent
cells from apoptosis (Ruttkay-Nedecky et al., 2013), reinforce the hypothesis of an oxidative stress

response.
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Figure 1I-7: Side by side comparison between 2D-D0 and 3D-DO cell populations. (A) Top gene ontology
(GO) biological processes terms identified (FDR < 0.05) for the differentially upregulated genes (Log2 FC > 2
and adjusted p-value < 0.05) of 3D-DO versus 2D-D0. (B) Graphical representation highlighting a set of the
upregulated genes in 3D-DO versus 2D-DO comparison, related with the enriched biological processes
“Embryonic development / Primitive streak formation / Heart development” and “Nodal/TGF-3, BMP/SMAD and
MAPK Signaling Pathways”, which stands out from the GO analysis (LogzFoldChange > 1 and adjusted p-value
> 0.05). (C) Expression profile of FOXA2, GDF3, CER1, NODAL and LEFTY1 genes in 3D-DO and 2D-D0
populations. Values are normalized to GAPDH. Data are represented as mean + SEM, of at least n=3
independent experiments. Student’s t-test (two-tailed) statistics, * p<0.05, ** p<0.005, *** p<0.0005. (D)
Schematic representation of the proposed signaling network involved in hiPSCs culture as 3D aggregates in a
forced aggregation platform. Oxygen gradients inside the spheroids trigger a hypoxic stimuli which is responsible
for (1) stabilization of TGF-B/ Nodal pathway, (2) upregulation of MAPK/ JNK/ ERK pathway and (3) increase in
glycolysis metabolism, culminating in a balance between pluripotency maintenance and hiPSCs priming towards

differentiation, particularly into mesendoderm lineage.

At day 1 of differentiation, a GO analysis was performed focusing on the most significantly
upregulated genes in 3D-D1 aggregates and 2D-D1 monolayer when compared to “3D-D0” and “2D-
DO” populations, respectively (Figure 11-8B). This analysis revealed that the most upregulated genes
in “3D-D1” were statistically more related with “tissue development process” and “cardiac tissue
specification” biological processes, and in “2D-D1” they were more related with “gastrulation”,

“primitive streak formation” and “anterior/posterior pattern specification” biological processes. This
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corroborates the idea that 3D aggregates at day 0 of differentiation are more primed for mesendoderm
differentiation and, consequently, cardiac differentiation progresses faster. Focusing our analysis only
on transcription factors (TFs), RNA-seq data indicates that TFs known to be related with cardiac
differentiation, such as MESP1, GATA4, TBX3, MSX2, were already upregulated at D1 of
differentiation in 3D aggregates (Figure 11-8C). Additionally, a higher expression of the gene T, which
is one of the most important genes involved in mesendoderm specification, in 3D-D1 aggregates
when compared with 2D-D1 monolayer, was further confirmed by gRT-PCR analysis (Figure 11-8D).
Also, the Wnt/B-catenin target genes, AXIN2 and DKK1, were statistically significantly upregulated in
the 3D aggregates when compared with 2D monolayer, at day 1 of differentiation, suggesting a higher

degree of canonical Wnt signaling activation (Table S3 “DE gene list”).
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Figure 11-8: Impact of 3D culture during the first days of hPSCs CM differentiation, compared with 2D
monolayer differentiation. (A) PCA of RNA-seq data in counts per million (CPM) using a subset of 254 genes
linked to cardiac differentiation progression, CM functional and structural maturation, CM metabolism, Wnt, TGF-
B and FGF signaling pathways and other cardiac cells. Orange and blue arrows describe the pathway followed
by 3D and 2D cardiac differentiation, respectively, until day 20 of differentiation. (B) Top gene ontology (GO)
terms for biological processes identified (FDR < 0.05) of differentially upregulated genes (Log2 FC > 1 and
adjusted p-value < 0.05) for 3D-D1 versus hiPSC seeding, and 2D-D1 versus hiPSC seeding. (C) Venn diagram
representing the number of transcription factors upregulated (Log2 FC > 1 and adjusted p-value < 0.05) in 3D-
D1 and 2D-D1 versus 3D-DO0 and 2D-DO, respectively, highlighting the ones that are only upregulated in 3D-D1
(bottom). (D) qRT-PCR analysis of the first 5 days of cardiac differentiation in both 3D and 2D, for mesendoderm
gene T, highlighting the statistically significant higher expression of T after CHIR induction (day 1) in 3D
aggregates compared with 2D monolayer. Values are normalized to GAPDH and relative to DO. Data are
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represented as mean + SEM, n=4 independent experiments. Student’s t-test (two-tailed) statistics, ****
p<0.00005.

Moving along the cardiac differentiation process, at day 5 of differentiation it was verified that
a set of genes related with the cardiac development and sarcomere structure and function were
upregulated in the 3D aggregates (Table S3 “DE gene list”), including MEF2C, MYH6, ACTC1,
ATP1A2, CACNALD, RYR2, TNNT2 and TNNI1 (Figure [1-9A).
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Figure 11-9: Impact of 3D culture on later stages of CM differentiation, compared with 2D monolayer
differentiation. (A-B) Heat map highlighting the differentially expressed genes (Logz FC > 1 and adjusted p-
value < 0.05) related with the most significant GO terms for (A) 3D-D5 vs 2D-D5 and (B) 3D-D9 vs 2D-D9. See
Table S3 for full DE gene list. (C) Schematic representation highlighting the moment of begging of contraction in
both 3D aggregates and 2D monolayer. (D) Expression profile of cardiac progenitor genes ISL1 and NKX2-5
throughout the entire process of cardiac differentiation. Values are normalized to GAPDH and relative to day 0.

Data are represented as mean + SEM, n=3 independent experiments. (E) Venn diagram (top) representing the
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number of genes (Log2 FC > 2 and adjusted p-value < 0.05) in 3D-D15 and 2D-D15 versus 3D-D0 and 2D-DO,
respectively, and GO analysis (bottom) with the upregulated genes that are only present in 3D-D15 or 2D-D15.

At day 9 of differentiation, the differential expression analysis between 3D and 2D cardiac
differentiation conditions (Table S3 “DE gene list”), revealed an enrichment in 3D aggregates of GO
terms related with cardiac conduction system and nodal/atrial muscle communication. Specifically,
the protein-coding genes CACNALC, GJA5, CACNAL1G, SCN3B, KCNA5 and ANK2 were
upregulated (Figure 11-9B). In fact, most of these genes are described to be present in atrial CMs or
in the nodal/conduction system myocytes. GJA5 gene, that encodes for the Cx40 gap junction, and
KCNAS5, that encodes for the ion channel Kv1.5, are described as cell markers for atrial CMs
(Cyganek et al., 2018; Lee et al., 2017c), being almost absent in the ventricular working myocardium.
Additionally, GJAS is largely expressed in the conduction system myocytes, which includes the HIS
bundles, the left and right bundle branches (LBB and RBB) and purkinje fibers, enabling a fast
conduction of the impulse between the AVN and ventricular working myocytes (van Weerd and
Christoffels, 2016). The calcium channel Cav3.1, encoded by CACNALG, is preferentially expressed
in nodal/pacemaker myocytes although it is also abundantly expressed in atrial CMs and purkinje
cells (Garg et al., 2018; Liu et al., 2016). Interestingly, it is at day 8/9 of differentiation that 3D
aggregates start to contract, in contrast with 2D monolayer culture, in which the beginning of
contraction only starts at day 11/12 of differentiation (Figure [I-9C). Despite this apparent earlier
expression of structural and functional CM genes in 3D aggregates, RNA-seq data did not show a
delay in the expression of cardiac progenitor markers, namely ISL1 and NKX2-5, in 2D monolayer vs
3D aggregates, a result further confirmed by gRT-PCR analysis (Figure 11-9D).

At day 15 of differentiation, from a GO analysis of genes that were only upregulated in 3D
aggregates or 2D monolayer, it was possible to observe that, in the case of 3D aggregates, regulation
of heart contraction and cardiovascular system development appear as upregulated biological
process, whereas in the case of 2D monolayer those terms were not represented and instead terms
related with extracellular matrix organization and structure were highlighted (Figure 11-9E).

A differential expression analysis comparing both cardiac tissues at day 20 of differentiation
(Table S3 “DE gene list”, “GO - 3D-D20 vs 2D-D20 - up”) revealed an upregulation of genes related
with endothelial differentiation/endothelium formation, such as KDR, CDH5, PECAM1, CD34 and
GJA4 (Figure 1I-10A) in the 3D aggregates. The presence of CD31* endothelial cells in 3D aggregates
was further validated by immunostaining of aggregate sections (Figure 11-10B). In addition, genes
involved in heart contraction, action potential and signal conduction, such as KCNJ11, GJA5,
CACNA2D2, CACNALG, ATP1A2, MYOM1 and MB, were also upregulated in the 3D aggregates,
suggesting a higher degree of functional maturation. In the 2D monolayer cardiac tissue, different
protein-coding genes of ECM were upregulated, including different collagens (COL1A1, COL4A1,
COL5A1, COL9A1) lumican (LUM), laminin (LAMADS), fibronectin (FN1) and vitronectin (VTN). The

upregulation of ECM protein-coding genes throughout the process of cardiac differentiation was
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already reported for 2D monolayer cardiac differentiation (Wolling et al., 2018), as well as the
upregulation in 2D monolayer compared with 3D aggregates (Correia et al., 2018). The increased
expression of these genes can be related with a higher content of fibroblast-like cells in the 2D
monolayer since they are the main producers of ECM (Fan et al., 2012). In addition to this, in 2D
cardiac tissue, expression profiling results suggested also the upregulation of protein-coding genes
for skeletal muscle myocytes, namely TNNT1, and the upregulation of ACTN1 and TAGLNZ2, which
suggests higher content of smooth muscle cells compared with the 3D cardiac aggregates. In fact,
immunostaining of replated 3D aggregates and 2D monolayer suggests a higher prevalence of
smooth muscle cells in the 2D culture system (Figure 11-10C), which was further confirmed by CALP*

cell quantification (Figure 11-12A).
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Figure II-10: Characterization of D20 hiPSC-derived cardiac population in both 2D and 3D conditions. (A)
Heat map highlighting the differentially expressed genes (Logz FC < -1 and Logz FC > 1) and adjusted p-value <
0.05) related with the most significant GO terms for 3D-D20 vs 2D-D20 differential expression analysis. See
Table S3 for full DE gene list. (B) Representative section of 3D aggregates on day 20 of differentiation,
highlighting the presence of CD31* cells. Scale bars, 20 um. (C) Replated CMs from dissociated 3D aggregates
and 2D cardiac tissue at day 20 of differentiation, highlighting the prevalence of SMA* cells in the 2D culture

when compared to 3D conditions. Scale bars, 50 pm and 20 um in 2D and 3D conditions, respectively.

I1.4.4 3D cardiac differentiation impacts the cellular composition of cardiac

aggregates and the maturity of cardiomyocytes

Taking into consideration the results obtained from the RNA-seq data regarding the
transcriptional effect of 3D culture of hiPSC prior to cardiac differentiation, it was tested the effect of

increasing the pre-differentiation period from 2 to 3 days, while maintaining the optimized DO
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aggregate size (Figure II-11A). This increment resulted in a significant increase of CM differentiation
efficiency from £ 70% to > 90% cTNT* (92 = 1%) cells after 15 days of differentiation (Figure 11-11B),
without compromising the expression of pluripotency markers OCT4, SSEA4 and TRA-1-60, at DO
(Figure 11-11C). Also, increasing the pre-differentiation period improved the reproducibility among
biological runs, which is still a common bottleneck in different reported studies of 2D cardiac

differentiation, mainly the ones based on the Wnt signaling modulation (Laco et al., 2018).
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Figure II-11: Optimization of pre-differentiation period improves 3D CM differentiation efficiency. (A)
Schematic representation highlighting the optimized 3D cardiac differentiation platform, in which hiPSC
aggregates remain for 3 days in pluripotency maintenance medium before starting the differentiation process.
The aggregate diameter at DO was the same obtained with the previous version of the 3D platform (pre-
differentiation period of 2 days) since the initial cell seeding density was decreased. (B) Cardiomyocyte
differentiation efficiency in terms of cTNT* cells after 15 days of differentiation in both conditions, pre-
differentiation period of 2 days (D-2) or 3 days (D-3). Data are represented as mean + SEM, n=6 independent
experiments. (C) Flow cytometry analysis of hiPSCs 3D aggregates at DO of differentiation, after 3 days in
pluripotency maintenance media, for the pluripotent transcription factor OCT4, and surface markers TRA-1-60

and SSEAA4. Data are represented as mean + SEM, n=3 independent experiments.

The 3D cardiac spheroids obtained with this improved 3D cardiac differentiation platform
were then further characterized in terms of cell composition and compared to 2D monolayer. In 3D
aggregates, apart from CMs, a small population of non-cardimyocyte cells were detected at D15,
comprising mainly CD90* stromal cells (3.3 + 0.1 % CD90* cells) (Figure 11-12A). Additionally,
immunostaining of different sections of cardiac aggregates shows the presence of different areas
staining positively for the endothelial marker CD31 (Figure 11-12B), demonstrating the existence of
few endothelial cells inside the aggregates. At day 30, 3D aggregates show a decreased percentage
of cTNT™* cells, which can be attributed to the increased number of proliferative cells, particularly
CD90" fibroblast-like cells, which percentage increased to + 6% at D30 (Figure 11-12A). However, it
can also be attributed to the observed decrease in total cell number (x20% of cell loss) from D15 to
D30 of differentiation, which potentially results from aggregate agglomeration. After 4 weeks in
culture, CMs from 3D cardiac aggregates show positive staining for connexin 43 between neighbor

CMs, which is an important gap junction present in the working myocardium (Figure 11-12C).
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Figure 11-12: Assessment of 3D CM aggregate and 2D CM monolayer composition at D15 and D30 of
differentiation. (A) Quantification of the percentage of different cardiac cell types present in 2D monolayer and
3D aggregates at D15 and D30 of differentiation (cTNT* - CMs; CD90* - Fibroblast-like cells; CALP* - Smooth
Muscle cells). Data are represented as mean = SEM, at least n=3 independent experiments. Student’s t-test
(two-tailed) statistics, ** p<0.005, **** p<0.00005, n.s., no statistically significant (p-value > 0.05). (B) Sections
of 3D aggregates on day 15 of differentiation. Scale bars, 50 um. (C) Sections of 3D aggregates on D30 of
differentiation and D40 replated CMs. Scale bars, 50 um, for sections, and 20 um in replated CMs.

When compared with the 3D culture format, the efficiency of 2D cardiac differentiation was
lower (55£5% cTNT* cells) at D15 and a higher variability between biological runs was observed
(Figure 11-12A). In agreement with what was detected in RNA-seq data, a higher prevalence of
fibroblast-like cells (16:2% CD90* cells) and smooth muscle cells (23+2% CALP* cells) was also
observed in the 2D cardiac differentiation platform. Additionally, 2D cardiac monolayer differentiation
led to the detachment of contracting areas from the surface of culture matrix after approximately 20
days of culture, resulting in a considerable cell loss (+ 50%) and consequently a reduced cell yield
and increased variability between biological runs.

In order to further characterize the 3D protocol of differentiation in comparison with the 2D
monolayer, we made a double staining using cTNT to specifically label CMs and Ki67 as a marker of
cell proliferation. We demonstrated the decrease in proliferating CMs-KI67* cells in both culture
formats from D15 to D30. However, 3D aggregates show a significantly lower percentage of CMs
staining positively for Ki67 at both analyzed time points, decreasing from 11.9 + 0.6% at D15t0 2.9 +
0.7% at D30, whereas in 2D it decreases from 19.7 + 1.2% at D15 to 10.0 + 1% at D30 (Figure II-
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13A). This progressive exit from the cell cycle during maturation in 3D conditions suggests a more
mature phenotype compared to the one obtained in the 2D monolayer. Importantly, the expression of
TNN13, which represents the more mature isoform of cardiac troponin TNNI (Bedada et al., 2014), is
higher in 3D aggregates compared to 2D monolayer at D15 of differentiation (Figure 11-14B),
reinforcing the idea of a higher degree of CM maturation in 3D cardiac aggregates at this time point.

Additionally, CMs replated from D30 aggregates show an average area of £1,456 um2 and a
roundness of £ 0.45, with 20.6+1.6% of binucleated CMs (Figure 11-13C-E), which is in agreement
with previous reports of CM in 3D culture (Correia et al., 2017; Ronaldson-Bouchard et al., 2018b).
Finally, using the patch clamp technique, it was also possible to demonstrate the electrophysiological
activity of CMs dissociated from aggregates at day 30 of differentiation (Figure 11-13F). According to
previously described criteria (Burridge et al., 2014b), we detected the presence of three different
subtypes of CMs, including ventricular-like (APDoo/APDso = 1.2 £ 0.1), atrial-like (APDgo/APDso = 2.2
* 0.2) and nodal-like (APDgo/APDso = 1.6 = 0.1) CMs (Fig. 4K). The electrophysiology study is in line
with the RNA-seq data since it was identified the presence of ventricular, atrial and nodal like CMs,
with ventricular-like CMs showing a APDgo/APDso ratio of around 1.2, which is similar to the values

observed for mature ventricular CMs (Foo et al., 2018).
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Figure 11-13: Structural and functional characterization of CMs obtained from 3D culture system. (A)
Percentage of CMs-ki67* cells in 3D aggregates and 2D monolayer at D15 and D30 of differentiation. Data are
represented as mean + SEM, n=3 independent experiments. Student’s t-test (two-tailed) statistics, ** p<0.005.
(B) Relative gene expression of cardiac troponin TNNI3 at D15 of differentiation in both culture conditions (2D
and 3D). Values are normalized to GAPDH and TNNT2. Data are represented as mean + SEM, n=3 independent
experiments. Student’s t-test (two-tailed) statistics, ** p<0.005. (C-E) Characterization of D30 replated CMs in

terms of CMs area (C) and roundness (D) (data are represented as mean, n=3 (82 cells) independent
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experiments), and binucleation (E) (data are represented as mean, n=3 (317 cells) independent experiments).
(K) Representative traces of action potential (AP) recordings of three different cardiomyocyte subtypes present
in day 30-35 of replated 3D aggregates of CMs, using whole cell patch clamp. CMs subtypes were categorized
as atrial-, nodal-, or ventricular-like according to (Burridge et al., 2014b). n=3 independent experiments.

Since for different applications it may be important to maintain the developed hPSC-CMs for
long periods of time in culture, in order to avoid the phenomenon of aggregate agglomeration, two
different modifications to the initial method were evaluated including i) single-cell dissociation of the
3D aggregates at D10 of differentiation followed by re-aggregation in 96 well plates or ii) direct transfer
of the 3D aggregates to 96-well plates (Figure 11-14A). Both approaches allowed the maintenance of

3D aggregates with high viability until D30 of cardiac differentiation (Figure 11-14B and C).
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Figure 11-14 Improvement of the 3D CM differentiation platform to allow longer periods of culture. (A)
Schematic representation of alternative methodologies for the long term maintenance in culture of 3D cardiac
aggregates using 96-well plates. (B) live/dead staining of aggregates at D15 (top) and D30 (bottom) of
differentiation, showing high cell viability. (C) Flow cytometry quantification of cell viability at D15 and D30 of
differentiation for both culture conditions (2D and 3D). Data are represented as mean + SEM, n=3 independent

experiments.

1.5 DISCUSSION

When compared to 2D culture systems, 3D differentiation of hPSCs has proved to better mimic
the process of embryogenesis in vivo, by recreating important spatial gradients of different signals
that are essential for normal embryonic development, particularly for cardiogenesis (Mohr et al.,
2010). Previous studies in the literature have mainly explored the implication of the 3D environment

in cardiac tissue maturation, starting with a population of cardiac progenitor cells (Correia et al., 2018)
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or CMs previously differentiated in 2D monolayer culture systems (Mills et al., 2017b; Ronaldson-
Bouchard et al., 2018b; Shadrin et al., 2017). In a complementary approach to these studies, here it
was revealed important implications involved in transitioning the Wnt signaling-based 2D culture
system to a novel integrated 3D culture platform, starting with forced and size-controlled aggregation
of hiPSCs followed by their expansion, cardiac differentiation and maturation, in a 3D environment.

Oxygen gradients have been described as a fundamental physiological cue during
organogenesis in the developing embryo (Al-Mehdi et al., 2012). In fact, due to oxygen diffusional
limitations and also due to a non-established circulatory system, the development of the embryo in
the early stages of embryogenesis occurs in a relatively oxygen-poor environment (Mohyeldin et al.,
2010). In the 3D culture platform herein developed, aggregates at day 0 of differentiation have already
around 300 um of diameter, which can result in oxygen gradients since oxygen diffusion distance is
estimated to be approximately 150 um (Gatenby and Gillies, 2004).

In this work it was demonstrated that 3D culture of hiPSC before cardiac differentiation induced
important regulatory changes that influenced the efficiency and robustness of cardiac differentiation.
It was attributed the 3D culture format itself and the consequent hypoxic response generated inside
the aggregates as the major triggers for the transcriptional changes that were observed, namely (1)
the stabilization of TGF-B/ Nodal pathway, (2) the upregulation of MAPK/ JNK/ ERK pathway and (3)
the increase in glycolysis energy metabolism, which culminates in a balance between pluripotency
maintenance and hiPSCs priming towards mesendoderm lineage differentiation. In fact, in the
literature there are already evidences that suggest the priming of hPSCs towards mesoderm when
these cells are cultured as 3D aggregates (Azarin et al., 2012; Hsiao et al., 2014). Also, HIF1a has
been described to indirectly induce NODAL transcription via Notch signal stabilization (Gustafsson et
al., 2005; Quiail et al., 2011), which can explain TGF-B/Nodal pathway stabilization in our 3D hiPSC
aggregates. The induction of mesoderm, during heart development, begins with high concentrations
of NODAL in the proximal epiblast on mouse embryos (Burridge et al., 2012). Additionally, in vitro
studies revealed that canonical Wnt and TGF-/Nodal signaling work together in the regulation of PS
formation and suppression of NODAL prevents B-catenin mediated PS induction by CHIR addition
(Funa et al., 2015b), reinforcing the importance of the Nodal signaling during the early stages of
cardiac differentiation. Here it was demonstrated that the initial stage of hiPSC culture as 3D hiPSC
aggregates, before cardiac induction, influences the progression of differentiation, culminating in a
faster and more efficient commitment of hPSC towards cardiac mesoderm and consequently towards
CMs. We attribute this faster progression of cardiac differentiation in 3D aggregates, compared with
2D monolayer, not only to the differences in the initial cell population but also to the continuous
hypoxic stimuli that may still be present throughout the differentiation process and the 3D structure
itself, with increased cell-to-cell interactions.

Kinney and colleagues (Kinney et al., 2013) referred in their work that forced aggregation allows
a more homogeneous control of intercellular adhesion dynamics which may impact the differentiation

capacity of ESCs. Particularly, they explored the relationship between E-cadherin, linked to cell-cell
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interaction, and -catenin, involved in canonical Wnt signaling, which may be responsible for an
enhanced cardiogenic differentiation capacity in 3D-EB-like aggregates. This fact can explain our
RNA-seq data suggesting a higher degree of Wnt signaling activation in 3D aggregates at early
stages of cardiac differentiation and also the upregulation of important targets of the Wnt/3-catenin
pathway, such as MESP1 and MEF2C. Additionally, previous studies suggest that hypoxia enhances
the expression of mesodermal genes, acting as a mesoderm-inductive signal (Niebruegge et al.,
2009), and also promote the activation of Wnt/B-catenin signaling pathway (Mazumdar et al., 2010).
Additionally, hypoxia, through HIF1a stabilization, has been suggested to have, as direct targets,
important cardiac transcriptional factors, such as MEF2C (Krishnan et al., 2008), which was
upregulated in our 3D aggregates, and be also involved in the process of myofibrillogenesis (Krishnan
et al., 2008). In fact, different genes involved in CMs structural and contraction apparatus, and also
cardiac communication, including different gap junctions and ion channels genes, were upregulated
at early stages of differentiation in 3D aggregates. This can potentially explain the earlier beginning
of contraction in the 3D culture system when compared with 2D monolayer.

Zhang and colleagues(Zhang et al., 2015), which also studied in parallel 2D and 3D hiPSC
cardiac differentiation systems, concluded that no major differences in the kinetics of cardiac
differentiation became apparent between the 2D and 3D formats, suggesting a synchronized
differentiation of the cells in both conditions. In that particularly study, aggregates were induced at
the same day that differentiation starts, contrarily to what happens in the present platform, where a
pre-differentiation period is integrated with the differentiation platform and, as discussed before, has
significant impact on the progression of differentiation. Also, Kerscher and colleagues (Kerscher et
al., 2016), which compared the differentiation into CMs from hPSCs encapsulated in a 3D hydrogel
structure with a 2D monolayer culture system, reported that CM yield and gene expression level of
cardiac markers were analogous to the ones observed in 2D monolayer for the same analyzed time
points. This reinforces the relevance and novelty of the integrated 3D cardiac differentiation platform
herein developed.

Interestingly, some of the upregulated genes during the progression of differentiation and in the
final 3D cardiac spheroids, compared with the 2D culture system, are involved in cardiac cell
communication, and some of them are described to be preferentially expressed in atrial, nodal and
conduction system CMs. This suggests that different and/or more functional CMs of different subtypes
might be present in the 3D aggregates compared with the 2D monolayer. Since different subtypes of
CMs are described to be originated from different subtypes of cardiac progenitor populations (Lee et
al.,, 2017c), it was suggested that the 3D environment is more prone to the development of a
heterogeneous cardiac differentiation environment as a result of spatial gradients of molecules and
oxygen inside the aggregates. In 2D monolayer culture systems cells are more homogenously
exposed to the different stimuli, which can result in a more homogeneous differentiation towards a
specific subtype of CMs. Taking into consideration the RNA-seq data, it cannot be claimed the

existence of a different proportion or an enrichment in a specific CM subtype in each culture condition.
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However, a recently identified surface marker for ventricular-like CM progenitor cells, LIFR (Foo et
al., 2018), was upregulated (FC £ 2.7) in the 2D culture at day 7 of differentiation compared to 3D
aggregates. In fact, the 2D differentiation protocol based solely on the temporal modulation of Wnt
signaling, has already been described to bias the CMs differentiation towards ventricular-like CMs
(Lian et al.,, 2012a). A single-cell RNA-seq approach could enable the identification and
characterization of the different cardiac progenitor populations that are potentially developed at the

early stages of differentiation and of the different subtypes of CMs present in the final 3D aggregates.

1.6 CONCLUSIONS

In conclusion, in this work it was developed a simple, highly efficient and robust 3D cardiac
differentiation platform, using only the temporal modulation of Wnt signhaling. This 3D integrated
hiPSC expansion and differentiation platform contributes to a faster cardiac commitment of hiPSCs
and to an earlier CM structural and functional maturation when compared with CMs obtained from
monolayer culture. 2D differentiation of hiPSC into CMs using the Wnt signaling modulation, despite
being a simple protocol, is a process that has a very high intrinsic variability (Laco et al., 2018) ending
up to be a poorly reliable process when the aim is to obtain CMs in a consistent manner for further
applications. CMs produced with the 3D platform can be easily used for the development of in vitro
EHT models, which in the majority of the reported cases uses hPSC-CMs previously differentiated in
2D culture platforms. With the 3D differentiation platform, hiPSC-CMs can be obtained in a faster,
more efficient and reproducible way, and additionally CMs show already a higher degree of
maturation compared to the ones obtained from age-matched CMs in 2D culture. The 3D platform
allows the achievement of 20-25 million CMs at D10-D15 of cardiac differentiation per Aggrewell

plate, and overall, this number can be easily increased by scaling out the integrated process.
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.  UNRAVELING THE PATH FOR EPICARDIAL CELL
SPECIFICATION FROM HUMAN PLURIPOTENT STEM CELLS IN
3D CONDITION
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.1 ABSTRACT

Knowing the relevance that epicardium has on normal embryonic human heart development,
in vitro protocols to generate epicardial cells from hPSCs in 2D monolayer culture systems have been
described in the literature. In this chapter, previously reported 2D hPSC-PECs differentiation
protocols were transposed and adapted to a 3D environment by taking advantage of the initial steps
of the 3D CMs differentiation platform previously developed in chapter Il. Starting from a progenitor
cell population that is common to the CM differentiation protocol, it was possible to develop for the
first time a methodology to derive PECs from hPSCs in a 3D environment that allows the robust
generation of £80% WT1* cells after 11 days of differentiation, representing a yield of 4x10% PECs
per each initial hPSC. The generated hPSC-PECs present an epithelial-like structure after replating
and have the capacity to undergo EMT and differentiate into CF and SMCs. Additionally, it was also
demonstrated that D11 PEC aggregates include endodermal-derived gut-epithelial like structures,
revealing that at early stages of the 3D CM differentiation platform, definite endoderm and lateral
plate mesoderm progenitors are simultaneously generated. In an attempt to eliminate the gut-like
structures in PEC aggregates, two strategies were explored, including (1) the modulation of the PEC
induction period through BMP and Wnt signaling pathways manipulation, and (2) the manipulation of
the Wnt signaling pathway during the first days of hPSCs differentiation, envisaging minimize the
generation of endoderm progenitor cells. From these studies it was possible to retrieve important
insights regarding the role of Wnt and BMP4 signals in PECs induction from mesoderm progenitors
and also to highlight how slight differences in Wnt signaling manipulation during the first days of hPSC
differentiation impact mesendoderm progenitor cells specification, namely into definitive endoderm,
lateral plate mesoderm and paraxial mesoderm. Additional studies are now being performed to
improve the 3D PECs differentiation process by controlling the generation of endoderm progenitor
cells. Knowing the potential use of hPSC-PECs in the context of a cell therapy for regenerative
medicine applications, the developed protocol can be easily improved towards the production of a
pure population of PECs. Additionally, these cells can be further explored in more complex

multicellular cardiac models to be used in in vitro applications, as it will be explored in the next chapter.
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1.2 INTRODUCTION

The epicardium is the epithelial layer that covers the outer surface of the heart, playing an
essential role in normal heart development. Contrarily to the myocardium and endocardium layers,
the epicardium originates outside the primitive heart tube in a transient structure, known as PEO,
which develops from the posterior SHF mesoderm progenitors. These cells are normally identified by
the expression of WT1, TBX18, TCF21, SEMA3D and SCX markers (Cano et al., 2016; Katz et al.,
2012; Lupu et al., 2020a). The full composition of PEO is still controversial. Some reports suggest the
existence of different subclusters of cells within the PEO (Katz et al., 2012)(Cano et al., 2016), which
are characterized by different sets of markers and have different differentiating fates. A more recent
study, however, refutes that idea stating that all the cells present in PEO present the same phenotype
and cell fate (Lupu et al., 2020a).

The role of epicardium during embryonic heart development is well described in the literature.
After epicardium establishment, during early embryonic heart formation, part of the epicardial cells
present in the epicardial layer give rise to coronary smooth muscle cells, critical for coronary
vasculature development, and myocardial fibroblasts, that give the support and contribute to the
formation of a functional connective tissue in the myocardium. Although the contribution of epicardial
cells to coronary endothelium is still debatable, mainly due to contradictory results from lineage
tracing studies in animal models, some reports support that idea (Katz et al., 2012)(Cano et al., 2016).
Moreover, epicardium, apart from serving as a progenitor cell source of cardiac cells, it is also
described to release paracrine signals that are essential to induce proliferation, compaction and
maturation of the developing myocardium.

Knowing the relevance of those cells in cardiac development in vivo, different groups have tried
to establish in vitro protocols to generate epicardial cells from hPSCs. These already reported
protocols were well succeeded in developing hPSC-PECs in 2D systems, through BMP4, Wnt and
RA signaling manipulation after the generation of lateral plate mesoderm (LPM) progenitor cells (Witty
et al., 2014b)(lyer et al., 2015)(Bao et al., 2016)(Zhao et al., 2017). The functionality of hPSC-PECs
has been proved in vitro by assessing the capacity of those cells to undergo EMT and differentiate
into fibroblasts and functional vascular smooth muscle cells. These hPSC-PECs are now starting to
be explored in co-culture systems with hPSC-CMs to evaluate the impact on CM functional and
structural maturation and also to develop more complex 3D cardiac models. Additionally, it has been
also highlighted in the literature the potential of using hPSCs-derived epicardial cells resembling the
fetal stage of embryonic epicardium, in regenerative medicine applications (Bargehr et al., 2019). In
fact, contrarily to what is observed in other species, in which quiescent epicardium is activated and
contributes for myocardial regeneration following injury, human heart displays inadequate epicardial

activation and fails to regenerate myocardium post-injury. Thus, the development of in vitro platforms
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that allow large scale generation of hPSC-PECs can be also considered a valuable tool for
regenerative medicine applications.

In this work, the 3D CM differentiation protocol reported in chapter Il was adapted and optimized
to obtain WT1* PECs from hPSCs. The developed platform allows the generation of £80% WT1* cells
after 11 days of differentiation, which represents a yield of 4x10% PECs per each initial hiPSC. The
generated hPSC-PECs present an epithelial-like structure after replating and maintain the phenotype
after several passages in culture. Additionally, the capacity of those cells to undergo EMT and
differentiate into fibroblasts and vascular smooth muscle cells was demonstrated. Apart from WT1*
PECs, it was also identified the presence of endodermal-derived CDX2* gut-like cells in D11
aggregates generated with this protocol. To explore the possibility of reducing this non epicardial cell
population, additional adaptions to the developed hPSC-derived PECs differentiation platform were
explored. The preliminary results obtained demonstrated that this reduction may be possible by
decreasing the generation of the endoderm progenitor cell population, which is co-derived with the

cardiac mesoderm progenitors in the 3D differentiation platform.

1.3 MATERIALS AND METHODS

[11.3.1 Cell Maintenance

hiPSCs (cell line iPS-DF6-9-9T.B) were maintained in mTeSR™1 (StemCell Technologies) in six-
well plates coated with Matrigel™ (Corning). Medium was changed daily. Cells were routinely
passaged every three to four days using 0.5mM EDTA solution (Thermo Fisher Scientific).

[11.3.2 Cardiomyocyte and Pro-Epicardial Cell Differentiation

hiPSCs were harvested with accutase (Sigma) for 7 min at 37°C. After dissociation, cells were
quickly re-aggregated using microwell plates (AggreWell™800, StemCell Technologies) according to
the manufacturer’s instructions. Cells were plated at a cell density of 1.2x108 cells/well in mMTeSR™1
supplemented with 10uM ROCKI. 24 hours later, the total volume of medium was replaced and cells
were maintained in mTeSR™1 without ROCK:i for an additional two days. For cardiac progenitor
differentiation, an adapted GiWi protocol was used (Lian et al., 2013). RPMI 1640 medium (Thermo
Fisher Scientific) was used as basal medium. From day O to day 5, cells were cultured in RPMI
supplemented with 2%(v/v) B-27 minus insulin (Thermo Fisher Scientific). At day 0 of differentiation,
the Wnt signaling pathway was activated using the GSKS3 inhibitor CHIR99021 (Stemgent) at a final
concentration of 11 uM. After 24 hours, medium was changed. At day 3, cells were cultured in basal
medium supplemented with Wnt inhibitor IWP-4 (Stemgent) at a final concentration of 5 uM, for two
days. At day 5, in the case of CMs differentiation, the medium was changed to basal medium
(RPMI+B27-INS), and in the case of pro-epicardium differentiation, CHIR (0-5uM), BMP4 (0-100
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ng/mL) and RA (4 uM) was added from D5-D7, using DMEM/F12+Glutamax+Ascorbic acid as basal
medium. At day 7 (D7), aggregates were flushed from the AggreWell™800 plate and transferred to
6-Well Ultra-Low Attachment plates. Thereafter, medium was changed every 2 days until cell harvest.
In VEGF epicardial differentiation protocol, VEGF at 100 ng/mL concentration was added between
D7 and D9, and VEGF at a concentration of 50 ng/mL was added between D9 and D11. PECs were
further differentiated in SMCs and CFs, and maintained as PECs. For that D11-PEC aggregates were
dissociated are replated in gelatin-coated 12-well plates at a density of 7 x 104 cells/well, and cultured
in DMEM/F12 Glutamax+Ascorbic acid with 10 ng/mL of FGF, 5 ng/mL of TGF-B1 and 0.5 yM A83,

in the case of CFs and SMCs commitment or PECs maintenance, respectively.

[11.3.3 Flow Cytometry Analysis

For flow cytometry analysis, 3D cell aggregates were washed with PBS and then singularized
with 0.25% trypsin-EDTA or with TrypLE 1X, in the case of surface marker analysis, at 37°C for 7
min. For enzymatic digestion neutralization, FBS-containing medium was added. After centrifugation
and washing the cell pellet, cells were fixed with 2% PFA reagent for 20 minutes at RT or stored at
4°C. For cell surface marker analysis, cells were washed twice with PBS and re-suspended in primary
antibody (Table 11I-1) diluted in PBS+2% (v/v) BSA, at approximately 500,000 cells per condition, and
incubated for 30 min at RT. Afterwards, cells were washed with PBS and re-suspended in secondary
antibody diluted in FACS buffer for another 15 min, at RT, in the dark. In the case of the conjugated
antibodies (Table 1lI-1), a single incubation period of 30 minutes at RT in the dark was performed.
Finally, cells were washed twice with PBS for a final volume of 300 uL/FACS tube. For intracellular
marker analysis, cells were first incubated with 90% (v/v) cold methanol at 4°C for 15 min. Cells were
then washed 3 times with a solution constituted by 0.5% BSA solution in PBS. Cell pellet was
resuspended and incubated with the primary antibody diluted in 0.1% Triton X-100 and 0.5% BSA in
PBS, at RT for 1 h. After incubation, cells were washed twice and cell pellet was resuspended and

incubated in the secondary antibody at RT for 30 min in the dark.

I1.3.4 Immunostaining Analysis

Sample collection. 2D replated cardiac cells were fixed in 4% PFA for 20 min at RT. 3D
aggregates were fixed in 4% PFA at 4°C for 30 min in an agitation platform. After PFA removal, cells
were stored in PBS at 4°C for further analysis. 3D aggregates were incubated in 15% (m/v) sucrose
in PBS, at 4°C overnight and afterwards embedded in 7.5%/15% gelatin/sucrose and frozen in
isopenthane at -80°C. Aggregates with ten/twelve-um sections were cut on a cryostat-microtome
(Leica CM3050S, Leica Microsystems), collected on Superfrost™ Microscope Slides (Thermo

Scientific) and stored at -20°C. Sections were then de-gelatinized for 45 min in PBS at 37°C.
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Staining. 3D aggregate sections and replated cells in coverslips were incubated in 0.1 M Glycine
(Millipore) for 10 min at RT, permeabilized with 0.1% Triton X-100 (Sigma), at RT for 10 min and
blocked with 10% fetal goat serum (FGS, Gibco) in TBST (20 mM Tris-HCI pH 8.0, 150 mM NaCl and
0.05% Tween-20, Sigma), at RT for 30 min. Cells were then incubated with the primary antibody
diluted in 10% FBS in TBST solution (Table 1lI-1) at 4°C overnight. Secondary antibodies were added
for 30 min and nuclear counterstaining was performed using 4’,6-diamidino-2-phenylindole (DAPI,

1.5ug/mL, Sigma), at room temperature for 5 min.

Table IlI-1: List of antibodies used in Flow Cytometry and Immunostaining analysis.

Antibody Source Reference Isotype Dilution
CD31 Dako M0823 Mouse IgG 1:50 (FCIIS)
CTNT Thermo Fisher MA5-12960 Mouse IgG 1:800 (FC)

a-SMA Sigma-Aldrish 161208D Rabbit IgG 1:200 (IS/FC)

Calponin Abcam ab700 Mouse IgG1 1:200 (FC/IS)

CXCR4 Santa Cruz Sc-12764 Mouse IgG2a 1:20 (FC)
KDR-PE ReD Systems FAB357P Mouse IgG1 1:10 (FC)
C-KIT-PE Biolegend 313204 Mouse IgG1 1:10 (FC)

CD140a-APC BD Pharmingen 562777 Rat IgG2a 1:25 (FC)
ISL1 Abcam Ab178400 Rabbit IgG 1:200 (FC)
WT1 Abcam ab89901 Rabbit IgG 1:100 (IS/FC)
ALDH1A2 Abcam ab96060 Rabbit IgG 1:100 (IS)
Collagen | Abcam ab34710 Rabbit IgG 1:300 (IS)
Collagen IV Abcam ab6311 Mouse IgG1 1:300 (1S)
Periostin Abcam ab14041 Rabbit IgG 1:100 (IS)
E-Cadherin Cell Signaling Technology 24E10 Rabbit IgG 1:200 (IS)
CDX2 Abcam ab76541 Rabbit IgG 1:200 (IS/FC)

[11.3.5 Quantitative real time (QRT)-PCR

Total RNA from 3D cardiac aggregates was extracted using High Pure RNA Isolation Kit (Roche)
according to manufacturer’s instructions, and converted into cDNA with High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). PCR reactions were performed with Green Master Mix
(nzytech) (Table 111-2). Reactions were run in triplicate in ViiA7 Real-Time PCR Systems (Applied
BioSystems). For each analyzed time point, gene expression was normalized against the expression
of the housekeeping gene glyceraldehyde-3-phosohate dehydrogenase (GAPDH) and results
analyzed with the QuantStudio™ RT-PCR Software.
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Table 1lI-2: List of primers used in qRT-PCR analysis.

SYBERGREEN

Gene

PRIMER (5">3")

GAPDH

FW: GAGTCAACGGATTTGGTCGT
RV: TTGATTTTGGAGGGATCTCG

ISL1

FW: GCGGAGTGTAATCAGTATTTGGA
RV: GCATTTGATCCCGTACAACCT

NKX2.5

FW: CCAAGGACCCTAGAGCCGAA
RV: GTCCGCCTCTGTCTTCTCCA

TBX5

FW: GAGGTGGGATAGTTGGAGAGC
RV: GAATCGCAGGGCAGGTCTTT

TNNT2

FW: GTCCAAACCAAAGCCCAGGT
RV: CCACTCTCTCTCCATCGGGG

FW: CAGCTTGAATGCATGACCTG
RV: TATTCTGTATTGGGCTCCGC

TBX18

FW: CCCAGGACTCCCTCCTATGT
RV: TAGGAACCCTGATGGGTCTG

ALDH1A2

FW: TCGCATCTTCGTGGAGGAGT
RV: TGCTCAGTGGTGGGGTCAAA

SEMA3D

FW: GGAAAGTGCAGACCATCGTT
RV: CATCACAGAGTGCCGCTTTA

TCF21

FW: ACCCTCTTCCTCGCTTTCTC
RV: TGCTCTCGTTGGAAGTCACA

PDGFRA

FW: ATCGGAGGAGAAGTTTCCCAGAG
RV: GGTACTGCCAGCTCACTTCA

ACTA2

FW: CACTGTCAGGAATCCTGTGA
RV: CAAAGCCGGCCTTACAGA

CNN1

FW: GTCCACCCTCCTGGCTTT
RV: AAACTTGTTGGTGCCCATCT

CD31

FW: GCTGACCCTTCTGCTCTGTT
RV: TGAGAGGTGGTGCTGACATC

MYH11

FW: GGTCACGGTTGGGAAAGATGA
RV: GGGCAGGTGTTTATAGGGGTT

CDX2

FW: GGGCTCTCTGAGAGGCAGGT
RV: CCTTTGCTCTGCGGTTCTG

SOX17

FW: CTCCGGTGTGAATCTCCCC
RV: CACGTCAGGATAGTTGCAGTAAT

GATA4

FW: CTGAAGCTCTCCCCACAAGG
RV: GCTGTTCCAAGAGTCCTGCT
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[11.3.6 RNA In situ hybridization

The first step of this protocol comprised the preparation of the probes used for in situ
hybridization. For that, a cDNA template for SEMA3D gene was amplified by PCR. Afterwards, the in
situ probes were synthesized using that cDNA template and the following primers, SEM3D-Fw —
ATTCACTCGATCCCTTGGGC and SEMA3D-RV(+T7) -
TAATACGACTCACTATAGGGACGATGGTCTGCACTTTCCT. The PCR products were gel- purified
using the NZYGelpure kit (NZYTech) and used for reverse transcription with T7 polymerase (Agilent
Technologies), DIG-dNTPs (Sigma), and RNase inhibitor. The RNA was precipitated with EtOH and
NaOAC3 at 20°C overnight, centrifuged 30min at 13.000g, and then washed with 70% EtOH, dried,
and resuspended in nuclease-free H20 with 10mM of EDTA situ (stored at 20°C until use).

Aggregates were fixed in 4% PFA during 30 min at RT. Fresh sections (12um) were incubated
with the probes, overnight, at 65°C in hybridization buffer, containing 1x salts, 10% dextran sulphate,
1 mg/mL rRNA, 1x Denhardt's and 50% of deionized formamide (Sigma). After hybridization, the
slices were washed twice, for 30 min at 65 °C, using a washing buffer (50% formamide (Sigma) and
50% 0.3 M NaCl/0.03 M Sodium Citrate dihydrate solution) and then washed twice at RT with TBST
(NaCl 150 mM, KCI 10 mM, Tris pH 7.5 50 mM, Tween-20 0.1% in H20. The slices were then blocked
using TBST with 2% blocking reagent (Roche) and 20% heat inactivated sheep serum (Sigma) for 1h
at RT. For staining step, the slices were incubated with antibody anti-DIG (Abcam) diluted into TBST,
2% blocking reagent, 1% sheep serum and left overnight, at 4°C. After incubation, slices were washed
four times with TBST. Afterwards, slices were incubated twice during 10min in 0.4M NacCl, Tris 0.1M
(pH 8). For staining revelation, the slices were finally incubated with Fast-red tablets substrate
(Sigma) diluted in 0.4M NacCl, Tris 0.1M (pH8) for 1-3h in the dark until the staining became visible.
When that occurred reaction was stopped with PTW (PBS+0.1%Tween-20). Immunofluorescence
staining was then performed after. The cell images were acquired using Zeiss LSM 710 Confocal

Laser Point-Scanning Microscopes and were processed in ZEN 2.3 blue edition software (Zeiss).

.4 RESULTS

[11.4.1 Establishment of a novel 3D platform to generate PECs from hPSCs

Since, in vivo, PECs develop from LPM progenitor cells, we adapted the previously described
3D CM differentiation protocol (Chapter Il) to specify PECs from hPSCs. Briefly, hPSCs were firstly
differentiated to LPM cells through the temporal modulation of Wnt signalling, using CHIR from day O
(DO) to D1 of differentiation and IWP4 from D3 until D5 (Figure IlI-1A). The generation of a LPM
progenitor cell population was confirmed at D5 of differentiation by the expression of the mesoderm
markers PDGFRA (CD140a) (+80% positive cells) and KDR (CD309) (£72% positive cells) (Figure

I11-1B). Additionally, the percentage of cells expressing the SHF cardiac progenitor marker ISL1, at
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this time point of differentiation, was also determined to be +68%. These three markers have been
used in previously described PEC differentiation protocols to confirm the identity of the desired
mesoderm progenitor cell population before PECs induction (Witty et al., 2014a) (lyer et al., 2015)
(Bao et al., 2017).

To direct LPM progenitors to an epicardial lineage, different 2D differentiation protocols have
been reported in the literature. According to those studies, BMP signaling is required for PEC
specification and, although the endogenous Wnt signaling has been demonstrated to be sufficient to
allow for PEC derivation, further activation of this pathway improves epicardial cell specification (lyer
et al., 2015) (Witty et al., 2014a). Additionally, the activation of RA signalling pathway has also been
reported to be critical to generate epicardial cells in vitro (lyer et al., 2015)(Zhao et al., 2017). At the
opposite side, Bao and co-workers demonstrated that the activation alone of Wnt signaling, in low
density replated cardiac progenitor cells, was enough to generate PECs from cardiac progenitors
(Bao et al., 2017). Therefore, two different protocols were tested in this work, Protocol A, in which
only Wnt signalling was activated, and Protocol B, in which a combination of Wnt, BMP4 and RA
signals modulation was used to induce PECs (Figure IlI-1A). In Protocol A, the small molecule CHIR
was used for Wnt signalling activation at a concentration of 3 pM (Bao et al., 2017), and in protocol
B, CHIR (3uM), BMP4 at 50 ng/mL and RA at 4uM were used as described by lyer and colleagues
(lyer et al., 2015). The percentage of WT1* cells after 11 days of differentiation was used as the main
readout to compare both protocols, having as control the 3D CM differentiation protocol (Control).
PECs induction with Protocol B showed the best results in terms of efficiency and reproducibility, with
+ 80% WT1* cells being obtained at D11 of culture, reason why this was the condition selected for
further studies (Figure 111-1C). We additionally tested Protocol A with two other CHIR concentrations,
specifically 6uM and 11uM, which resulted in less efficient outcomes, and tested the PECs induction
period starting at D6 or D7, resulting also in a lower percentage of WT1* cells at the end of
differentiation period. Importantly, in the CM differentiation protocol, no WT1* cells were detected by
flow cytometry analysis after 11 days of differentiation (Figure 111-1C).

The dynamic changes in gene expression of important markers involved in CM and PECs
specification in both CM and PEC differentiation protocols, was analysed (Figure 111-1D). The results
showed a reduction of the CM progenitor markers NKX2.5 and ISL1 expression right after PECs
induction, and a clear upregulation of the PECs markers WT1, TBX18, ALDH1A2 and TCF21. TBX5,
although being a known transcription factor essential for proper cardiogenic lineage specification, has
been also reported to have an important role in PECs development (Hatcher et al., 2004). In fact, the
expression of this marker showed a significant increase after the PECs induction period, maintaining
the level of expression until D11. GATA4 has been also described to be expressed in LPM at the
earliest stages of cardiac differentiation and subsequently maintained in cardiac lineage throughout
development (Watt et al., 2004).
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Figure 1ll-1 Establishment of the protocol to generate PECs from hPSCs in a 3D environment. (A)
Schematic representation of PECs differentiation from hPSC in a 3D culture system. Two different protocols
were tested (Protocol A and B) for PECs generation. 3D CMs differentiation platform was used as control. (B)
Average percentage of ISL1, CD309 (KDR) and CD140a (PDGFRA) positive cells at D5 of differentiation. Data
are represented as mean + SEM, n=4 independent experiments for ISL1 and CD309, and n=2 independent
experiment for CD140a. (C) Percentage of WT1 positive cells after 11 days of PECs differentiation for the two
tested protocols (Protocol A and B) and for the CM differentiation protocol. Data are represented as mean +
SEM, n=3 independent experiments. (D) Expression profile of ISL1, NKX2.5, TBX5, GATA4, TNNT2, WT1,
TCF21, ALDH1A2 and TBX18 genes from DO up to D11 of differentiation for Protocol B and Control conditions.
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CMs, orange bars, represent the Control differentiation protocol; EPI, green bars, represent the Protocol B
differentiation; Common, blacks bars, represent the first days of hPSC differentiation which are common to both
protocols. Values are normalized to GAPDH and to DO of differentiation. Data are represented as mean + SEM,
of at least n=3 independent experiments.

Also, it has been described to be expressed and involved in PECs establishment (Watt et al., 2004).
In agreement with this knowledge, the expression of GATA4 in our model increased during the first
days of differentiation, maintained the expression level in the case of CM differentiation process, and
in the case of PECs differentiation, increased until D11. Regarding the CM marker TNNT2, no
significant changes in the expression of these gene were observed after PECs induction, when
compared to a considerable expected increase in expression in the control condition.

In conclusion, it was successfully established a 3D differentiation protocol that allows the
generation of + 80% WTL1* cells after 11 days of differentiation, which represents a yield of 5
PECs/hPSC, using, as a starting point, a progenitor cell population that is common to the previously

established CM differentiation platform.

[11.4.2 3D differentiated hPSC-PECs undergo EMT

An important feature of PECs is the capacity to undergo EMT and differentiate into SMCs and
CFs. To test the capacity of the generated PECs to differentiate into those cells, we selected two
different protocols based on the supplementation of largely reported regulators of EMT. The selected
regulators, which were applied at D11 PECs and were maintained over 8 days of treatment, were (i)
TGFB1 for SMCs differentiation; and (i) FGF2 for CFs generation (Bao et al., 2017)(Witty et al.,
2014b). As control, it was used a culture condition where PECs were replated and maintained with
the TGFp signaling inhibitor A83 to prevent EMT (Bao et al., 2017). At the end of the differentiation
period, samples from the different three protocols were collected and analyzed by gRT-PCR and
immunostaining. Comparing the three conditions at D19 of differentiation, the A83-treated PECs
showed a significantly higher expression of the epicardial markers, WT1, TBX18, ALDH1A2 and
TCF21 (Figure 111-2A). It is interesting to highlight that, although at a lower expression level, TCF21
and TBX18 are also expressed in PECs-derived CFs and SMCs, respectively, as previously reported
in the literature (Lupu et al., 2020a). Dissociation and replating of PECs, at low cell density, revealed
that these cells adopted a cobblestone-like organization, typical of cultured primary epicardium, and
expressed the pan-cadherin marker (Guadix et al., 2017), confirming the epithelial nature of these
cells (Figure 111-2B). Additionally, it was confirmed by immunostaining that epicardial cells were also
ALDH1AZ2*. This is a marker for aldehyde dehydrogenase enzyme, responsible for the conversation
of retinol in RA, being an indicative of epicardial cells activity. On the other hand, when using the
SMCs protocol, it was possible to observe an increased expression of the SMCs markers MYH11,
CNN1 and ACTA2 compared with the two other tested protocols (Figure IlI-2A) and at D19 of

differentiation, by immunostaining, the expression of a-SMA and CNN21 was confirmed in PECs-
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derived SMCs (Figure 111-2B). The expression of the fibroblast marker PDGFRA was enriched in the
CF protocol (Figure 111-2A) and at D19 of differentiation, high-density cultures of fibroblasts positively
stained for ECM proteins fibronectin and collagen I, which were evenly distributed throughout the
monolayer cultured cells, and for the fibroblast cytoskeletal protein vimentin (VIM) (Figure 111-2B).

All together, these results indicate that hPSC-PECs generated in the 3D environment were
capable of undergoing EMT and to differentiate into SMCs and CFs.
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Figure IlI-2: PECs obtained from hiPSCs with the established 3D differentiation platform undergo EMT
and differentiate into SMCs and CFs. (A) Expression profile of the epicardial cell markers WT1, TCF21,
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ALDH1A2 and TBX18, SMCs markers MYH11, ACTA2 and CNN1, and CFs marker PDGFRA, after 8 days of
EMT differentiation protocols. A83 column represents the protocol used to maintain undifferentiated PECs in
culture; TGFB1 column represents the protocol used to differentiate PECs into SMCs; and FGF column
represents the protocol used to differentiate PECs into CFs. Values are normalized to GAPDH. Data are
represented as mean + SEM, of n=3 independent experiments, for A83 and TGFB1 protocols, and n=2 for FGF

protocol. (B) Immunofluorescence analysis of replated D19 PECs, SMCs and CFs. Scale bars, 100 um.

I11.4.3 PEC aggregates show vascularization and co-emergent gut-like structures

In order to understand in more detail the cellular composition and the presence of any structural
organization inside the D11 PEC aggregates, sections of the aggregates were analyzed by
immunostaining. Two different regions were clearly distinguished including (1) an epithelial-like
structure that stained positive for E-cadherin but was WT1 negative, surrounded by organized CD31*
endothelial-like cells (Figure 111-3A a, b and ¢), and (2) a surrounding area that comprises the WT1*
cell population. It was confirmed by qRT-PCR that CD31 expression increases overtime in PECs
differentiation protocol and, at D11, the expression of this endothelial marker is statistically
significantly higher in D11 PEC aggregates compared with age matched CM aggregates (Figure IlI-
3B). Additionally, it was also possible to confirm the positive staining for ALDH1A2 (Figure [11-3A d)
and for ECM proteins, specifically collagen IV, restricted to the area surrounding the epithelial

structures, and collagen I, throughout the entire D11 PEC aggregate (Figure 111-3A e).

Collagen |

<

CMs

Relative Expression

Days

Figure 1I-3 Identification of different subpopulations of cells within PEC aggregates. (A)
Immunofluorescence analysis of D11 PEC aggregate sections. Epithelial-like structures were identified with E-
CAD expression, PECs were identified by expression of WT1, and endothelial-like cells were identified as CD31*.
Scale bars, 100 um. (B) Expression profile of CD31 gene from DO up to D11 of differentiation in PECs and CMs
differentiation conditions. Values are normalized to GAPDH and to DO of differentiation. Data are represented

as mean = SEM, of at least n=3 independent experiments. Student’s t-test (two-tailed) statistics, * p<0.05.

136



In order to study the possibility of improving the vascularization and to disclose the identity of the
epithelial structures present within the PEC aggregates, two additional set of experiments were

performed.

I11.4.3.1 VEGF signaling activation improves the vascularization within the PEC

aggregates

To understand if D11 PEC aggregates could be enriched in the CD31 positive cell population, it
was evaluated the addition of VEGF, a known growth factor involved in vascular cells specification
and maintenance, from D7 until D11 of differentiation (Figure IlI-4A). The addition of this factor
increased the expression level of CD31 throughout the differentiation process (Figure I11-4B), which
was reflected in an increment in the percentage of CD31* cells from 2 to 13% at D11 of differentiation
(Figure 111-4D), meaning that the progenitor cells present at D7 are still responsive to VEGF signaling.
Addition of VEGF at D9 or even at D11 of PEC differentiation, had little or no effect, respectively, in
the percentage of CD31 positive cells (data not shown). The incorporation of VEGF during the step
of PECs induction (from D5 to D7) may also has an extra positive effect on the enrichment of
endothelial-like cells, which will be further tested in future experiments. The increased expression of
CD31 in PEC aggregates was also confirmed by immunostaining, in which an improved structural
organization of CD31* cells was observed, with the establishment of micro vessels and lumens
(Figure 1lI-4E). Interestingly, the percentage of WT1 positive cells was not significantly affected by
the addition of VEGF (Figure IlI-4C), suggesting that the progenitor population from where CD31
positive cells were derived is not the same as the one from where WT1 positive cells are generated.
Interesting, Witty and colleagues, showed that the addition of VEGF had no impact on epicardial cell
specification from hPSCs nor a contribution for CD31 positive cells generation in 2D monolayer
culture (Witty et al., 2014c). However, it is important to take into consideration that the 3D environment
of our model may favor the generation of different sub-populations of progenitor cells that can further

contribute to the different cell populations observed inside the PEC aggregates.
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Figure lll-4 VEGF treatment after the PECs induction period promotes enrichment of endothelial-like cells
within the PEC aggregates. (A) Schematic representation of PECs differentiation protocol including the addition
of VEGF from D7 to D11. w/iwo VEGF means with or without VEGF addition. (B) Expression profile of the
epicardial cell marker WT1 and the endothelial cell marker CD31 throughout the differentiation into PECs and
CMs. Values are normalized to GAPDH and to DO of differentiation. Data are represented as mean + SEM, of at
least n=3 independent experiments. (C-D) Percentage of WT1 (C) and CD31 (D) positive cells after 9 and 11
days of PECs differentiation for the two tested protocols, with and without VEGF addition. Data are represented
as mean * SEM, n=3 independent experiments. Student’s t-test (two-tailed) statistics, ** p<0.005, *** p<0.0005,
n.s., no statistically significant (p-value > 0.05). (E) Immunofluorescence analysis of replated D11 sections of
PECs aggregates. Scale bar, 100 um, in a and b; 50 um, in c.

[11.4.3.2 The epithelial structures present in D11 PEC aggregates represent gut-like

tube structures

In order to identify the ECAD*/WT1- cell population present in D11 PEC aggregates, two different
hypotheses were tested including (1) the possibility that ECAD*/WT1- cells represent a subpopulation
of PECs inside the aggregates that may express other PEC markers, or (2) the possibility that the
epithelial-like structure observed in D11 PEC aggregates has an endodermal origin.

Regarding the first hypothesis, some reports have described that PE is composed by different
populations, one of them being identified by the expression of SEMA3D and SCX (Katz et al., 2012).
Thus, it was decided to assess the expression of SEMA3D marker in PEC aggregates. Using in situ
hybridization, it was possible to observe the staining of SEMA3D specifically in the epithelial structure
(Figure 111-5A), and by gRT-PCR it was confirmed a statistically significant higher expression of this
marker in D11 PEC aggregates compared with D11 CM aggregates (Figure IlI-5B). Interestingly,

SEMAZ3D positive cells have been described to influence the migration and organization of endothelial
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cells in zebrafish (Hamm et al., 2016), which could justify the proximity between these two cell
populations.

However, since there is no reported information regarding the existence of an epithelial-like
structure within the PEO in vivo, it was assessed also the alternative hypothesis of an endodermal
origin for the epithelial-like structure. To do so, the cell population at D5 of differentiation was further
analyzed by flow cytometry. Using double staining for CXCR4, a mesendodermal marker, and C-KIT,
which is expressed in endoderm and vascular progenitor cells but not in mesoderm progenitors,
combined with additional expression analysis for the mesoderm markers KDR and PDGFRA, allowed
the identification of different subpopulations in D5 aggregates. It was concluded that +25% of the D5
cell population was CXCR4*/C-KIT*/KDR-/PDGFRA- (Figure 11I-5C), meaning that, at this time point
of differentiation, definitive endoderm progenitors are present in the aggregates (Zhang et al.,
2018b)(Loh et al., 2014b)(Loh et al., 2016b). Additionally, +5% of the analyzed cell population
correspond to CXCR4/C-KIT*/KDR*g"/PDGFRA* vascular progenitor cells (Yang et al.,
2008)(Kattman et al., 2011c). The remaining cells, which were CXCR4+/C-KIT/KDR*¥/PDGFRA",
represent the mesoderm cell population (Bauwens et al., 2011) and account for +62% of the total cell
population. Taking into consideration the different types of cells that could be derived from endoderm
progenitors, the expression of the kidney marker PAX2 and the gut progenitor cell marker CDX2 were
analysed by immunostaining and gRT-PCR. By qRT-PCR analysis, it was possible to confirm that,
specifically for the PEC differentiation protocol, there was a significantly higher expression of the
endodermal marker SOX17 at D7 of differentiation, right after the PEC induction period (Figure IlI-
5D), and the expression of the gut progenitor marker CDX2 started also to peak at D7 of PEC
differentiation (Figure I1I-5E).
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Figure 1lI-5 PEC aggregates present CDX2* gut-like structures. (A) Immunofluorescence / in situ
hybridization analysis of D11 PE aggregates sections, highlighting the hybridization of Sema3d probe in the
epithelial structure of PEC aggregates. Scale bars, 100 um in DAPI staining and 20 pm in Sema3d/DAPI staining.
(B) Expression profile of SEMA3D gene from DO up to D11 of differentiation in PEC and CMs differentiation
protocols. Values are normalized to GAPDH and to DO of differentiation. CMs, orange bars, represent the CM
differentiation protocol; EPI, green bars, represent the PEC differentiation protocol; Common, blacks bars,
represent the first days of hPSC differentiation which are common to both protocols. Data are represented as
mean + SEM, of at least n=3 independent experiments. Student’s t-test (two-tailed) statistics, * p<0.05. (C-left)
Schematic representation of the markers used to identify vascular (V), definitive endoderm (DE) and lateral plate
mesoderm (LPM) progenitor cell populations. CXCR4*/C-KIT*/KDR- population identifies DE; CXCR4/C-
KIT*/KDR*Me" population identifies vascular progenitors, and CXCR4*/C-KIT/KDR*°" population identifies
mesoderm progenitors. DE progenitors are PDGFRA™ and V and LPM are PDGFRA*. Green bars represent
positive expression; white bars represent negative expression. (C-right) Percentage of CXCR4/C-KIT, KDR and
PDGFRa populations at D5 of differentiation. Data from at least n=3 experiments. (D) Expression profile of
SOX17 from DO up to D11 of differentiation in PEC (green bars) and CMs (orange bars) differentiation conditions.
Data from hepatocyte differentiation protocol was used as positive control for endoderm differentiation (HTCs,
grey bars) and obtained from the results of the PhD student Jo&o Cotovio. Common (black bars) refers to the

first days of hPSC differentiation which are common to CM and PEC differentiation protocols. Values are
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normalized to GAPDH and to DO of differentiation. Data are represented as mean + SEM, of at least n=3
independent experiments. (E) Expression profile of CDX2 gene from DO up to D11 of differentiation in PECs
(green bars) and CMs (orange bars) differentiation conditions. Values are normalized to GAPDH and to DO of
differentiation. Data are represented as mean * SEM, of at least n=3 independent experiments. (F)
Immunofluorescence analysis of D11 PEC aggregate sections showing the staining of CDX2 in the epithelial
structure. Scale bars, 50 um. (G) Percentage of WT1, CD31 and CDX2 positive cells at D11 PEC aggregates.
Data are represented as mean + SEM, n=4 independent experiments for WT1 and CD31, and n=3 experiment
for CDX2. (H) Expression profile of SEMA3D gene from DO up to D3 of differentiation in the 3D cardiac
differentiation protocol (CMs, orange bars) compared with 2D hepatocyte differentiation protocol (HTCs, grey
bars). Values are normalized to GAPDH and to DO of differentiation. Data are represented as mean + SEM, of

n=1 independent experiment.

By immunofluorescence it was also possible to confirm the CDX2 staining within the epithelial
structure (Figure 111-5F), and by flow cytometry the percentage of cells expressing CDX2 at D11 was
determined to be +16% (Figure IlI-5G). Interestingly, in a recent work from Rossi and co-workers it
was observed the generation of very similar epithelial structures in mouse ES-derived gastruloids
focused on cardiogenesis. The authors identified these structures as primitive gut tube-like structures
(tube-shaped E-CAD positive epithelial tissue) and these were surrounded by a CD31-positive,
putative endocardial-like layer, and were in proximity with the heart-like tube structure (Rossi et al.,
2021). Although we did not analyse in detail the origin and characteristics of the ECs present in D11
PEC aggregates, it is possible that these cells represent also an endocardial-like population that
generates from the vascular progenitor cells identified at D5 of differentiation.

Collectively, these results showed that, PEC aggregates contain CDX2* gut progenitor cells.
Although it still needs further confirmation, one possible explanation to merge both hypothesis and
justify also the expression of SEMA3D in the epithelial structure may be related with the involvement
of this gene in endoderm specification as it has been indirectly suggested by Fisher and colleagues
(Fisher et al., 2017). To test this hypothesis in our model, a preliminary experiment comparing the
expression of SEMA3D in an endoderm differentiation protocol and in our 3D mesoderm
differentiation model was performed, indicating a tendency for an overexpression of this gene in the

endoderm protocol (Figure IlI-5H).

l11.4.4 Towards the modulation of endoderm derived structures development in PEC

aggregates

Aiming at mastering the modulation of the CDX2 positive population content present in PEC
aggregates, two different strategies were analyzed including (1) the modulation of the PEC induction
period through BMP and Wnt signaling pathways manipulation envisaging the elimination of the gut-
like epithelial structure and (2) the manipulation of the Wnt signaling during the first days of hPSCs

differentiation in order to try to minimize the generation of endoderm progenitor cells.
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l11.4.4.1 BMP and Wnt signaling manipulation during PEC induction phase influence

PEC aggregate composition

In order to minimize the percentage of CDX2 positive cells within the PEC aggregates, it was first
attempted the manipulation of the PEC induction step by testing different BMP4 and CHIR
concentrations and combinations, as summarized in Figure IlI-6A. From the different tested
conditions, it was possible to conclude that the reduction of CHIR concentration, for the same BMP4
dosage (50 ng/mL), potentiate the development of the CDX2* population and reduces the percentage
of WT1* cells. Additionally, in the absence of Wnt signaling activation, increasing concentrations of
BMP4 reduce also the WT1* cell population and potentiate the generation of cTNT* CMs, as it was
also reported by Bao and colleagues (Bao et al., 2017). For the same concentration of CHIR,
decreasing the BMP4 concentration from 50 ng/mL to 5 ng/mL doesn’t seem to have impact on the
WT1* cell population. Additionally, higher CHIR concentrations seem to reduce also de WT1* cell
population. In conclusion, the protocol used in this study from the beginning, without further
optimization, seems to be the one that maximizes the percentage of PECs present in the aggregates
and that minimizes the CDX2* cell population. Additionally, it was possible to observe that the
activation of the Wnt signaling at a specific concentration is the critical stimuli to induce PEC
differentiation in the 3D platform.

Since some PECs differentiation protocols reported in the literature start the PEC induction with
a mesoderm progenitor cell population that is not exposed to a Wnt signaling inhibition period (lyer
et al., 2015) (Witty et al., 2014a), it was decided also to test the induction of PECs differentiation at
D3 instead of D5 of differentiation (Figure 111-6B). Analysis of D3 progenitor cell population
demonstrated also the existence of the three previously identified subpopulations, namely mesoderm
(x58% CXCR4*/C-KIT"), endoderm (x36% CXCRA4*/C-KIT*), and vascular progenitor cells (3%
CXCR4-/C-KIT*) (Figure 111-6C). Interesting, starting the PECs induction at D3 allowed the generation
of PEC aggregates with a percentage of +78% of WT1* cells after 11 days of differentiation (Figure
111-6D), which is similar to the value obtained at D11 for PECs induction at D5. However, with this new
protocol, PEC aggregates still present the epithelial gut-like structure (Figure 111-6E). From this result,
it is possible to conclude that it is not mandatory to perform the step of Wnt signalling inhibition before
PEC cells induction in our 3D PECs differentiation platform, opening the possibility of exploring this
new protocol for further experiments.

In conclusion, these results demonstrate that it is not possible to completely eliminate the CDX2*
cell population through manipulation of the PEC induction period nor by starting the PEC induction

step earlier, at D3 of differentiation.
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Figure 111-6 Effect of BMP4 and Wnt signhaling manipulation during the period of PECs induction on D11
PEC aggregate cell composition. (A) Effect of BMP concentration manipulation from 0 — 100 ng/mL and CHIR
concentration from 0 — 5 pM on the percentage of WT1, CDX2 and cTNT positive cells at D11 of PEC aggregates,
when starting the induction period at D5. The values correspond to percentages obtained by flow cytometry
analysis from n=1 experiment for all the tested conditions, except for the one used as the starting point in this
work (BMP4 50 ng/mL and CHIR 3uM), which represents the mean of n=11 independent experiments. RA
concentration was fixed at 4uM for all the tested conditions. (B) Schematic representation of PECs differentiation
protocol starting the PEC induction period at D3. (C) Percentage of CXCR4*/C-KIT- (Mesoderm), CXCR4*/C-
KIT* (Endoderm), and CXCR4/C-KIT* (Vascular progenitors) cells in D3 population. Data are represented as
mean + SEM, n=4 independent experiments. (D) Percentage of WT1 positive cells at D9 and D11 in PEC
aggregates, when starting PEC induction at D3. Data are represented as mean + SEM, of n=3 and n=2
independent experiments in D9 and D11, respectively. (E) Immunofluorescence staining of D9 PEC aggregate
sections when starting PEC induction at D3, highlighting the presence of epithelial CDX2*-gut like structures.
Scale bars, 100 um.

[11.4.4.2 Manipulation of Wnt signaling during the first stages of hPSC differentiation

controls mesendoderm progenitor commitment

Continuing with the attempt to reduce the percentage of CDX2* cells in PEC aggregates, a
different strategy was tested, based on the elimination of the endoderm progenitor population
generated in the first days of hPSCs differentiation. In fact, it has been thoroughly described in the
literature that the duration and timing of Wnt signalling activation and inhibition during the first days

of hPSCs cardiac differentiation has a critical impact on hPSC fate determination (Kempf et al.,
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2016a). Due to that, two different protocols, which reflect different Wnt signalling manipulation
conditions, were tested (Figure IlI-7A and B). To evaluate the impact of the different tested protocols
the percentage of (1) CXCR4, a mesendoderm marker, (2) PDGFRA, which is expressed in
mesoderm progenitors, (3) KDR, which is expressed in LPM progenitor, and (3) C-KIT, which is
expressed in endoderm progenitors, was assessed by flow cytometry. In both tested protocols, Wnt
signalling inhibition had the duration of 2 days, equal to our 3D differentiation protocol. However, in
the newly tested protocols this step was contiguous to the Wnt signalling activation period. The
duration of Wnt signalling activation marked the difference between the two protocols, having been
tested one day of activation (Figure IlI-7A) and two days of activation (Figure 11-7B). Both protocols
were effective on eliminating the C-KIT* endoderm progenitor population, however in the protocol
with two days of Wnt signalling activation the percentage of cells expressing the mesoderm marker
PDGFRA was also compromised (Figure IlI-7A). On the other hand, when applying only one day of
Wnt signalling activation, this strategy allowed the generation of £90% of mesoderm progenitor cells
at D5 of differentiation. However, only +30% of the cells present at D5 of differentiation were positive
for the LPM marker KDR, which reflected on the low efficiency of PECs generation from this progenitor
cell population (x40% WT1* cells) (Figure IlI-7C). The remaining mesodermal cells present at this
time point of differentiation were identified as paraxial mesoderm progenitors, since the assessment
of the expression profile of the paraxial mesoderm genes TBX6 and MSGN1 revealed an upregulation
of these markers in the new developed protocol compared to the pre-established CM differentiation
one (Figure I11-7D).

In conclusion, further optimization of this early stage of hPSC differentiation is need to minimize

the endoderm progenitor cells generation and maximize the LPM progenitor cell population.

1.5 DISCUSSION

In the past years, the optimization of protocols to obtain additional relevant cardiac cells apart
from CMs have been reported in the literature. Epicardial cells have gain attention in the recent years
and the generation of 2D-based PECs differentiation protocols from hPSCs have been recently
described. The main objective of the present work was the adaptation of previously established 2D
PEC differentiation protocols to a 3D format providing a more in vivo like environment that could bring
functional advantages to the final obtained PECs, when compared to the ones obtained in 2D
monolayer culture systems. Adding to that, since CMs and PECs developed from the same LPM
progenitors, it was possible to take advantage of the previously described 3D CMs differentiation
protocol by adapting it to generate PECs.

In this work, it was possible to obtain for the first time hPSC-derived PECs in a 3D environment
in a robust way, starting from a progenitor cell population that is common to the CM differentiation
protocol. The established platform generates +80% of WT1* cells after 11 days of differentiation,

representing a yield of 4x108 PECs/hPSC. The generated PECs show cobblestone-like organization,
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typical of cultured primary epicardium, after replating, and undergo EMT and differentiate into CFs
and SMCs. In spite of the high efficiency of PEC generation, +16% of the cells present in the final
PEC aggregates correspond to gut-like epithelial cells (CDX2*). Through a deeper analysis of the first
stages of differentiation, it was revealed that D5 aggregates comprise a mixed population of LPM,
definitive endoderm and vascular progenitor cells, which was responsible for the generation of the

endoderm-derived gut-like structures present in D11 PEC aggregates.
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Figure 1lI-7 Manipulation of Wnt signaling, during the first stages of hPSC differentiation, controls
mesendoderm progenitor’s commitment. (A) Percentage of CXCR4, PDGFRA and C-KIT positive cells at D4
of differentiation, using a period of Wnt signaling activation from DO to D2 and Wnt signaling inhibition from D2
to D4. Data from n=1 independent experiment. (B-C) Percentage of CXCR4, PDGFRA, C-KIT and KDR positive
cells at D5 of differentiation and WT1 positive cells at D11 of differentiation, using a period of Wnt signaling
activation from DO to D1 and Wnt signaling inhibition from D1 to D3. Data from n=1 independent experiment.
Arrows in the scheme represent the collected time points for flow cytometry analysis. (D) Expression profile of
T, MIXL1, EOMES, SOX17, NKX2.5, ISL1, TBX6 and MSGN1 genes from DO up to D5 of differentiation for two
different protocols: orange bars present the protocol that uses Wnt signaling activation from DO to D1 and Wnt

signaling inhibition from D3 to D5, and green bars represent the protocol that uses Wnt signaling activation from
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DO to D1 and Whnt signaling inhibition from D1 to D3. Black bars, represent the first day of hPSC differentiation
which is common to both protocols. Values are normalized to GAPDH and to DO of differentiation. Data are

represented as mean + SEM, of at least n=1 independent experiment.

During embryonic development, precardiac mesoderm is in close proximity with the endoderm
layer, which has been shown to play a crucial role in inducing embryonic cardiogenesis (Sugi and
Lough, 1994)(Bauwens et al., 2011). Specifically, it is described that endodermal cells migrate along
the outer surface of the LPM, ending up forming a bi-layered sheet of endoderm and mesoderm
progenitors. The LPM further splits into an outer somatic mesoderm layer next to the ectoderm which
gives rise to the limbs and body wall, and an inner splanchnic mesoderm layer, from where cardiac
progenitors arise, which surrounds the epithelial gut tube (Han et al., 2020). It is clear that all of these
events are tightly controlled by morphogenic events and spatial gradients of several signalling
molecules. Since the present differentiation protocol occurs in a 3D environment, spatial gradients of
molecules, oxygen and nutrients are naturally formed inside the aggregates, which are certainly
involved in promoting the establishment of the different subpopulations of progenitor cells that were
observed inside the 3D cardiac aggregates. In fact, the presence of three different subpopulations in
D5 aggregates proves that the 3D environment potentiates a more in vivo-like environment that
contributes for the co-emergence of endoderm and mesoderm populations, which, as described
above, interact and are in close proximity in vivo. Although not assessed in this work, it will be now
interesting to evaluate if these two populations have a specific spatial organization inside the
aggregates, and how they evolve throughout the differentiation. The generation of co-emerged
mesoderm and endoderm progenitor cell populations in a 3D cardiac differentiation protocol has been
previously reported by Bauwens and colleagues (Bauwens et al., 2011). They proved that, even in
the presence of a defined medium that contains factors that specify for cardiac commitment,
aggregate size controlled cardiac differentiation efficiency. The effect of aggregate size on controlling
CMs differentiation outcome was related with the development of an endoderm population in the 3D
aggregates. Although in their model a different endoderm population was generated, they suggested
that definitive endoderm progenitors could have also an impact on CM differentiation, specifically in
SHF progenitor-like cells. In the present 3D cardiac differentiation protocol, where it was generated
simultaneously LPM and definitive endoderm progenitor cells, the presence of this endoderm
population at early stages of differentiation did not affect the final efficiency of CM production, as
confirmed in the previous and also in the present chapter. In fact, the endoderm population may be
involved in the faster and improved commitment of cardiac cells in the 3D model, compared with the
2D differentiation process, as observed in chapter Il. This new data regarding our 3D CM
differentiation platform motivates future studies to deeply understand the effect of endoderm-secreted
factors on cardiogenesis.

The presence of endoderm progenitor cells before the PEC induction period potentiated the

generation of gut-tube-like structures (CDX2%). In an attempt to reduce the CDX2 population inside
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the PEC aggregates, a series of different experiments were performed and two different strategies
were tested including (1) the manipulation of Wnt and BMP signalling during the PEC induction period,
to evaluate if the CDX2 population is affected, and (2) the manipulation of Wnt signaling, including
duration and timing of Wnt signaling activation and inhibition, during the first stages of hPSCs
differentiation to eliminate the endoderm progenitors at D5 population.

From the first tested hypothesis it was possible to take some interesting conclusions namely that
(1) activation of Wnt signaling at a specific concentration is the critical stimuli to induce PEC cells
differentiation in our 3D platform, (2) BMP4 signaling activation at low concentration (<50 ng/mL)
increases the efficiency of differentiation, although the elimination of the activation of this pathway
also allows the generation of epicardial-like cells at high efficiencies (>70% WT1%), (3) the elimination
of Wnt activation during the PEC induction and increasing BMP concentration promote the generation
of CMs, and (4) the step of Wnt signaling inhibition is not mandatory before PEC induction. However,
none of the tested conditions allowed the reduction of the percentage of CDX2 positive cells in the
final PEC aggregates. Interestingly, Wnt signaling has been described to play an important role in
intestine specification from endoderm, specifically it has been described that Wnt signaling activates
CDX2 expression in both mouse and human ES-derived anterior endoderm cells (Sherwood et al.,
2011). The activation of Wnt signalling in DE progenitor cells in the presence of the inhibitor Notch
signalling DAPT (Ogaki et al., 2015)(Takayama et al., 2019) or FGF4 (Spence et al., 2011) has been
also described to induce the generation of CDX2* hindgut progenitor cells. Additionally, a recent
protocol that generates intestinal organoids, uses a combination of Wnt, BMP and RA activation to
induce the specification of endodermal cells into intestinal epithelial lineage (Mithal et al., 2020).
Taking into consideration that the stimuli necessary to induce intestinal progenitor cells from DE and
the ones that are needed to induce LPM cells to differentiate into PECs are similar, this may justify
the fact that it is not possible to completely abolish the CDX2 positive cells presentin PEC aggregates.

From the second tested hypothesis it was possible to conclude that the continuous manipulation
of Wnt signalling at the first stages of hPSCs differentiation, meaning Wnt signalling activation from
DO to D1 and Whnt signalling inhibition from D1 to D3, resulted in the generation of a D5 progenitor
cell population in which endoderm progenitor cells were not detected and, although it was possible
to potentiate the mesoderm population, only 30% of that population represented LPM, being the
remaining cells presumably paraxial mesoderm progenitors. These results confirmed the impact that
slight differences in Wnt signalling have on mesendoderm commitment form hPSCs, as already
deeply reported in the literature. A recent report showed that after Wnt signaling activation for one
day, the continuous activation of this pathway, at a lower level, until the Wnt signaling inhibition step,
potentiates mesoderm specification and limits the induction of endoderm progenitors (Zhao et al.,
2019a). Additionally, it has been also described that BMP plays a crucial role in controlling the
patterning of PS progenitors into paraxial or lateral mesoderm progenitors. Specifically, the
exogenous activation of BMP signaling using BMP4 after one day of CHIR treatment has been
described to potentiate the PDGFRA/KDR LPM population (Tan et al., 2013) (Loh et al., 2016b).
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Based on this information, further experiments will be explored to find the condition that will allow the
maximization of LPM progenitor specification in our 3D platform and consequently the elimination of
gut-like progenitor cells in PEC aggregates.

Regarding the vascularization observed in PEC aggregates, although the origin of the ECs was
not analysed in detail, it is possible that these cells represent an endocardial-like population that
arises from the vascular progenitor cells identified at D5 of differentiation. Since in D11 CM
aggregates the presence of CD31 positive cells was not as evident as in D11 PEC aggregates, and
both protocols initiate from the same D5 progenitor population, it is possible that the PEC induction
period favours the expansion of the vascular progenitor cell population identified. Alternatively, it could
be also suggested that the CD31 positive cells originate from the WT1* cells. However, the addition
of VEGF after the PEC induction period promoted the enrichment of CD31 positive cells on PEC
aggregates without compromising the percentage of WTL1 positive cells, which strengths the
hypothesis of the ECs being originated from a mesoderm vascular progenitor cell population rather

than from the epicardial cell population.

1.6 CONCLUSIONS

Overall, in this chapter it was developed an efficient platform to generate hPSC-PECs in vitro in
a 3D environment which allowed to enrich the knowledge regarding the main signalling cues involved
in PECs specification from hPSCs and how they can be manipulated to potentiate hPSC-PECs
generation. It was also demonstrated that slight differences in Wnt signalling manipulation can deeply
impact the trajectory of hPSCs commitment, as already deeply reported in the literature. This
knowledge can now be used to improve the 3D PECs differentiation model by controlling the
generation of endoderm progenitor cells. Knowing the potential use of hPSC-PECs in the context of
a cell therapy for regenerative medicine applications, the developed protocol can be easily improved
towards the production of a pure population of PECs. Finally, these cells can be added to more
complex multicellular cardiac models to be used in in vitro applications, as it will be explored in the

next chapter.
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IV. INTEGRATION OF EPICARDIAL CELLS IN 3D CARDIAC
ORGANOIDS IMPACTS CARDIOMYOCYTE STRUCTURAL AND
FUNCTIONAL MATURATION
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IV.1 ABSTRACT

The development of in vitro 3D cardiac models that better recapitulate the human heart in terms
of cell diversity and structural complexity is being the focus of a great attention in the past years. In
this chapter, hPSC-derived PECs were explored towards the development of a more complex 3D
cardiac model. To do so, a 3D co-culture platform between hPSC-CMs and hPSC-PECs was
developed allowing the successful recapitulation of important aspects of the early embryonic heart
development and the generation of 3D cardiac organoids exhibiting multicellular composition,
structural organization and functional maturation compared with age matched 3D CM aggregates.
Particularly, these co-cultured aggregates were shown to present (1) a continuous WT1* epicardial-
like layer surrounding a cTNT* CM core, (2) a CM core with two distinct areas; an outer layer,
contiguous to the epicardial cells, more compact and containing more aligned and proliferative CMs,
and an inner area where CMs present a loose organization, (3) an enriched staining for the gap
junction Cx43 within the CM core, particularly enhanced near the epicardial layer, (4) an enrichment
in fibroblast/ECM proteins surrounding the organoid and within the CM core, and (5) an improved
network of vascular cells,. Although further improvements of the 3D cardiac model are still being
addressed and CM functional assessment and further maturation are still being pursued, this platform
constitutes the initial point towards the use of this 3D cardiac organoid model in different contexts,

namely in disease modelling of cardiomyopathies, and in cardiotoxicity and drug screening settings.
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IV.2 INTRODUCTION

The development of complex cardiac MTs in vitro, combining different cardiac cells in a 3D
environment, has emerged as an interesting alternative to 2D monolayer culture models and even
3D CM aggregates, to better mimic the complexity and dynamic network of interactions and signals
that are present in the human heart tissue (Ma et al., 2015; Warmflash et al., 2014), and consequently
a more reliable cardiac model for different applications. In fact, cardiac models in which only CMs are
present, do not recapitulate the in vivo environment of the heart, where CFs and vascular cells interact
with and strongly impact CMs behaviour. CFs are critical for ECM production, allowing the
maintenance of the 3D structure of the heart, and modulate and interfere with the electrical behaviour
of CMs (Klesen et al., 2018). On the other hand, cardiac vascular cells play a critical role not only
during the first stages of embryonic heart development but also in myocardium structural and
functional maturation and survival.

Knowing the relevance that non-cardiomyocyte cardiac cells represent in the heart
microenvironment and myocardium function, different studies have explored the effect of co-culturing
hPSC-derived CMs with different cardiac cells, namely CFs, vascular cells, including ECs and mural
cells, and epicardial cells, on CM structural and functional maturation in 2D and 3D models, including
3D spheroids and EHTs. To do so, the majority of these models are normally obtained through the
combination of (1) terminally differentiated hPSC-derived CMs, (2) primary cultured ECs and
fibroblasts, which in some cases do not have a cardiac origin, and (3) ECM proteins, at different
proportions to recapitulate the composition of the human heart. Only recently it has been described
a 3D multicellular spheroid that does not use primary ECs and CFs, and instead combines
CMs/ECs/CFs derived from the same hPSC-derived mesoderm population (Giacomelli et al., 2020).

These 3D cardiac models present a degree of complexity and maturation greater than 2D-
cultured CMs or even greater than 3D aggregates composed only of CMs, but they still lack structural
organization and, in some cases, lack functional interaction between the different cardiac cells. A
different strategy, still poorly explored in the literature, may consist in the generation of hPSC-derived
organoids where cardiac cells emerge from the same initial hPSC culture and self-organize in a
controlled, functional and 3D in vivo-like manner, mimicking aspects of the architecture, cellular
composition, and function of the cardiac tissue. The 3D cardiac model that better complies with the
definition of a cardiac organoid was recently described in the literature (Hofbauer et al., 2020).
Through manipulation of different signaling pathways involved in cardiogenesis, the authors were
able to control the self-organization and morphogenesis inside the 3D cardiac aggregates, having
been possible to recreate chamber-like cavity structures and also myocardium and endocardium
layers.

In this work, it was decided to explore the use of epicardial cells to develop a multicellular 3D

cardiac model. Knowing the relevance of PECs in human heart development, as highlighted in
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chapter 1ll, the main objective herein was to combine the findings of chapter Il and Ill and recreate
the development of an epicardial layer in our previously described 3D CM aggregates. The main
expected outcomes behind this strategy were (1) to promote the enrichment of the 3D cardiac model
in fibroblasts and vascular cells, by taking advantage of the capacity that PEC cells have to undergo
EMT, and also (2) to improve the cardiac MT function and structural maturation. To do so, PEC
aggregates generated in the context of chapter Ill and CM aggregates described in chapter Il were
used to establish a co-culture system. With this model, it was possible to generate 3D cardiac
organoids that self-organized in a complex and well-defined structure, which (1) present a continuous
WT1* epicardial-like layer surrounding a CM core, (2) show a CM core with two distinct layers, an
outer layer, contiguous to the epicardial layer, which is more compact and contains more aligned and
proliferative CMs, and an inner area where CMs present a loose organization, (3) show an enriched
staining for the gap junction Cx43 within the CM core, particularly enhanced near the epicardial layer,
(4) show an enrichment in fibroblast/ECM proteins surrounding the organoids and within the CM core,
(5) show an improved network of vascular cells, and (6) present evidences of improved functional

maturation in comparison with 3D CM aggregates.

IV.3 MATERIALS AND METHODS

IV.3.1 Establishment of a co-culture system between hPSC-CMs and hPSC-PECs

To establish the co-culture system, D11 CMs and D11 PECs aggregates were singularized using
0.25% Trypsin-EDTA for 7 min at 37°C. After cell counting, both cell types were combined at a
proportion of 85%CMs:15%PECs and re-aggregated using microwell plates (AggreWell™800,
StemCell Technologies). Cells were plated at a cell density of 3.3x10% cells/well in
DMEM/F12+Glutamax+Ascorbic acid supplemented with 10uM ROCK:i. For control, CMs aggregates
alone were also re-aggregated using the same method. After 24 hours, the aggregates were removed
from the aggrewell plate, seeded in 6-well ULA plates for 6 days, and the medium was supplemented
with 5 ng/mL FGF2 and 50 ng/mL VEGF in the mentioned experiments. After that time, each 3D
cardiac aggregate was transferred and maintained in a well of a 24-well ULA plate, for the remaining

time of co-culture, without medium supplementation.

IV.3.2 Flow Cytometry Analysis

For flow cytometry analysis, 3D aggregates were washed with PBS and then singularized with
0.25% trypsin-EDTA or with TrypLE 1X, in the case of surface markers analysis, at 37°C for 7 min.
For enzymatic digestion neutralization, FBS-containing medium was added. After centrifugation and
washing the cell pellet, cells were fixed with 2% PFA reagent for 20 minutes at RT or stored at 4°C.

For cell surface marker analysis, cells were washed twice with PBS and re-suspended in primary
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antibody (Table 1V-1) diluted in PBS + 2%(v/v) BSA, at approximately 500,000 cells per condition,
and incubated for 30 min at RT. Afterwards, cells were washed with PBS and re-suspended in
secondary antibody diluted in FACS buffer for another 15 min, at RT in the dark. In the case of
conjugated antibodies, a single incubation period of 30 minutes at RT and in the dark was performed.
Finally, cells were washed twice with PBS for a final volume of 300 uyL/FACS tube. For intracellular
marker analysis, cells were first incubated with 90% (v/v) cold methanol at 4°C for 15 min. Cells were
then washed 3 times with a solution constituted by 0.5% BSA solution in PBS. Cell pellet was
resuspended and incubated with the primary antibody diluted in 0.1% Triton X-100 and 0.5% BSA in
PBS, at RT for 1 h. After incubation, cells were washed twice and cell pellet was resuspended and

incubated in the secondary antibody at RT for 30 min in the dark.

IV.3.3 Immunostaining Analysis

Sample collection. 2D replated cardiac cells were fixed in 4% PFA for 20 min at RT. 3D
aggregates were fixed in 4% PFA at 4°C for 30 min in an agitation platform. After PFA removal, cells
were stored in PBS at 4°C for further analysis. 3D aggregates were incubated in 15% (m/v) sucrose
in PBS, at 4°C overnight and afterwards embedded in 7.5%/15% gelatin/sucrose and frozen in
isopenthane at -80°C. Aggregates with ten/twelve-um sections were cut on a cryostat-microtome
(Leica CM3050S, Leica Microsystems), collected on Superfrost™ Microscope Slides (Thermo

Scientific) and stored at -20°C. Sections were then de-gelatinized for 45 min in PBS at 37°C.

Staining. 3D aggregate sections and replated cells in coverslips were incubated in 0.1 M Glycine
(Millipore) for 10 min at RT, permeabilized with 0.1% Triton X-100 (Sigma), at RT for 10 min and
blocked with 10% FGS in TBST (20 mM Tris-HCI pH 8.0, 150 mM NaCl and 0.05% Tween-20, Sigma),
at RT for 30 min. Cells were then incubated with the primary antibody diluted in 10% FBS in TBST
solution (Table IV-1) at 4°C overnight. Secondary antibodies were added for 30 min and nuclear
counterstaining was performed using 4’,6-diamidino-2-phenylindole (DAPI, 1.5ug/mL, Sigma), at

room temperature for 5 min.

Table IV-1: List of antibodies used in Flow Cytometry and Immunostaining

Antibody Source Reference Isotype Dilution
CD31 Dako M0823 Mouse IgG 1:50 (FC/IS)
VCAM - PE Biolegend 305806 Mouse IgG 1:10 (FC)
CTNT Thermo Fisher MA5-12960 Mouse IgG 1:200 (IS) 1:800 (FC)
CD90-PE Biolegend 328110 Mouse IgG 1:10 (FC)
CX43 Sigma-Aldrish C6219 Rabbit IgG 1:400 (1S)
MLC2A Synaptic Systems 311011 Mouse IgG 1:200 (IS)
MLC2V Proteintech 10906-1-AP Rabbit IgG 1:200 (1S)
Vimentin Sigma V6630 Mouse 1gG1 1:300 (IS)
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WT1 Abcam ab89901 Rabbit 1gG 1:100 (IS/FC)
Collagen | Abcam ab34710 Rabbit 1IgG 1:300 (IS)
Fibronectin Abcam ab253288 Mouse IgG1 1:300 (IS)
CcTNI Abcam ab47003 Rabbit IgG 1:200 (1S)
CDX2 Abcam ab76541 Rabbit IgG 1:200 (IS/FC)
Ki-67 Abcam ab833 Rabbit IgG 1:50 (IS)

IV.3.4 Quantitative real time (QRT)-PCR

Total RNA from 3D cardiac aggregates was extracted using High Pure RNA Isolation Kit (Roche)

according to manufacturer’s instructions, and converted into cDNA with High Capacity cDNA Reverse

Transcription Kit (Thermo Fisher Scientific). PCR reactions were performed with Tagman™ Gene

Expression Assays (Thermo Fisher Scientific) or SYBR Green Master Mix (hzytech) (Table IV-2).

Reactions were run in triplicate in ViiA7 Real-Time PCR Systems (Applied BioSystems). For each

analyzed time point, gene expression was normalized against the expression of the housekeeping

gene glyceraldehyde-3-phosohate dehydrogenase (GAPDH) and
QuantStudio™ RT-PCR Software.

Table IV-2: List of primers used in gRT-PCR analysis

TAQMAN
Gene Assay ID
TNNT2 Hs00165960_m1
TNNI3 Hs00165957_m1
MYL2 Hs00166405_m1
MYL7 Hs01085598 g1
MYH6 Hs00411887_m1
MYH7 Hs01110632_m1
GAPDH Hs02786624_g1
SYBERGREEN
Gene PRIMER (5">3")
FW: GAGTCAACGGATTTGGTCGT
GAPDH
RV: TTGATTTTGGAGGGATCTCG
WTL FW: CAGCTTGAATGCATGACCTG
RV: TATTCTGTATTGGGCTCCGC
FW: TCGCATCTTCGTGGAGGAGT
ALDH1A2

RV: TGCTCAGTGGTGGGGTCAAA

results analyzed with
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FW: GTATGGTACACAATGCCAATGCC

ITGA4
RV: GCTCTGTTGGGAATGCTGTGT
FW: GACACACCCGTGAGGAAGTT
POSTN
RV: TTGTGCTGATGTTTCAGTTCCTG
DDR2 FW: TTCTTTTTGGGTTGGGGAAACG
RV: TGGGTCCTGGGAGGCATATCA
cD31 FW: GCTGACCCTTCTGCTCTGTT
RV: TGAGAGGTGGTGCTGACATC
VIM FW: ACTACGTCCACCCGCACCTA

RV: AGCGAGAAGTCCACCGAGTC

IV.3.5 Calcium Transients Analysis

To perform calcium transient analysis, 3D co-cultured aggregates and 3D CM aggregates were
collected and seeded individually in each well of a p-slide 8-well ibidi chamber. Then, the culture
medium was removed and Fluo-4 solution (2 uM) was added to each well and incubated for 30
minutes at 37°C. After that time, Fluo-4 solution was removed, the aggregates were washed 2 times
with PBS and incubated again in culture medium. The aggregates were left at 37°C for an additional
30 minutes before confocal imaging acquisition. Fluo-4 excitation was performed using a 488 nm line
with an Argon ion laser and fluorescence emission collected (500-650 nm) using a Leica HyD hybrid
detector. The images were acquired with a dry objective, 10.0x magnification (numerical aperture of
0.40), at a frame interval of 97 mili-seconds and at a resolution of 128 x 128 pixels, with a scan speed
of 700 Hz.

Image acquisition was performed for a period of 30 seconds. Calcium transients for both 3D co-
cultured aggregates and aged matched 3D CM aggregates, were taken before and after 45 minutes
of incubation with four different drugs, Verapamil, E-4031, Isoproterenol and Carbachol. The
concentrations of each drug used in this study were 100 and 150 nM for isoproterenol, 10 pM for
carbachol, 50 and 100 nM for E-4031, and 25, 50 and 100 nM for verapamil.

To obtain the calcium transient profiles, the confocal microscope manufacturer software was
used to select three/four regions of interest on the aggregate being analysed. From that, the raw data
that describes the variation in fluorescence intensity on those areas was extracted and a calcium
transient profile generated. This profile was then used to obtain the functional parameters beats per

minute, decay time and time between peaks.

IV.4 RESULTS

IV.4.1 Establishment of a co-culture platform between CMs and PECs

With the aim of develop a more complex and in vivo-like cardiac model than 3D aggregates of

CM alone (chapter II), a novel 3D cardiac MT model was established by combining PECs and CMs
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(Figure IV-1A). Different parameters were optimized to establish the co-culture platform, specifically
the optimal time of PECs and CMs differentiation stage and the most appropriate ratio of each cell
population to be combined.

Regarding the time point for co-culture, genetic studies performed in mouse suggested the
importance of cell adhesion molecules in the process of PEC attachment to the myocardium. This
interaction has been described to be controlled by the a4-integrin (ITGA4) in epicardial cells that binds
to VCAM-1 ligand present in myocardium (Sengbusch et al., 2002)(Kwee et al., 1995). Additionally,
it is described in the literature that PECs migrate towards the developing myocardium when this cell
layer is already contracting (Plavicki et al., 2014). Taking into consideration this information from the
literature, the expression level of ITGA4 was assessed throughout the differentiation process. The
higher expression level for this marker was registered at D11 of PECs differentiation and thus this
time point was selected as the optimal one to initiate the co-culture (Figure 1V-1B). Regarding CMs,
since at D11 of differentiation, 3D aggregates are already beating and expressing the surface marker
VCAM-1, this time point was also the selected one to establish the co-culture model, suggesting
compatibility in terms of differentiation timing for both cell types. D11 CM aggregates have more than
85% of cTNT™ cells, being more that 60% of the cells positive for VCAM-1. Moreover, this population
is deprived form WT1* cells, and includes a small percentage of CD31* cells (£2%) and CD90* cells
(x10%) (Figure 1V-1C). To generate the 3D cardiac co-culture aggregates (CCA), it was envisioned
to explore the intrinsic self-organization of both cell types, and to do so, D11 PECs and CMs
aggregates were dissociated and combined at a specific ratio inside an Aggrewell plate. Regarding
the proportion of both cell types, a recent report demonstrated that epicardial and epicardium-derived
cells correspond to 12%, in terms of cells number, of the total number of cells that compose the heart
(Lupu et al., 2020b). Additional, studies reported in the literature that performed co-culture between
hPSC-CMs and hPSC-PECs used a percentage of the last mentioned cell type of approximately 7%
(Bargehr et al., 2019) and 9% (Thavandiran et al., 2019). Taking that into consideration, it was
decided to fix the optimal CMs:PECs ratio in 85%:15%, respectively. 24 hours after seeding the cells
in the Aggrewell plates, (1) CCA were transferred to a 6-well ultra-low attachment plate, were CCA
are maintained in a confluent environment (approx. 150 CCA/well), or (2) each CCA was directly
transferred to 1 well of a 24-well ultra-low attachment plate. Although at D1 of co-culture both cell
types were indistinguishable within the CCA (Figure IV-2D a), in both conditions, at D3, it was possible
to observe that PECs and CMs segregate from each other and PECs tend to accumulate in one side

of the aggregate, proving that they are able to self-organize (Figure IV-2D b and c).
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Figure IV-1 Establishment of a 3D cardiac model by co-culturing PECs and CMs. (A) Schematic
representation of the established co-culture platform of PECs and CMs. D11 PECs and D11 CMs aggregates
were dissociated into single cells and combined at a ratio of 85% CM:15% PEC in Aggrewell plates. After 24
hours, co-cultured aggregates were transferred to ultra-low attachment 6-well plate and after 6 days, each
cardiac aggregate was transferred to one well of a ULA 24-well plate. MC, Medium Change, 1/2MC, Half Medium
Change. (B) Expression profile of ITGA4 gene from DO up to D14 of PEC differentiation. Values are normalized
to GAPDH and to DO of differentiation. Data are represented as mean + SEM, of at least n=3 independent
experiments. (C) Percentage of VCAM, cTNT, CD90 and CD31 positive cells in D11 CM aggregates. Data are
represented as mean + SEM from at least n=3 independent experiments. (D) Bright field images of co-cultured
aggregates over 15 days of culture (a-f) and age matched aggregates composed only by CMs (g-i). GE, Gut
Epithelium.

To asses if the endogenous expression of important signalling factors is sufficient to stimulate the
interaction between PECs and CMs, no soluble factors were added to the basal culture medium.
Although in the conditions where CCA were maintained in a confluent environment in the 6-well plate
(Figure IV-1D b, d and d’) it was possible to observe migration and arrangement of the PECs around
the CMs over time, on the opposite side, CCA cultured individually since the early stage of co-culture

showed compromised PECs migration and interaction with CMs (Figure IV-1D c). This seems to
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indicate that the accumulation of endogenous factors secreted by the CCA potentiate migration of
PECs. Due to that observation, it was established that during the first 6 days of co-culture, CCA were
maintained in 6-well ULA plates. From D6 onward, CCA were transferred, each one for 1 well of a
24-well ULA plate. In fact, at this time point the process of PECs migration and arrangement
surrounding the CMs core is completed (Figure 1V-1D d and d’) and the CCA tend to merge in the 6-
well plate due to static culture conditions that were used. Although we have shown that, without
medium supplementation with additional signaling modulators, the migration and establishment of a
PEC layer surrounding the CMs was achieved, the addition of VEGF and FGF2 during the first 6 days
of co-culture period has been also observed to favor the development of a more complex
vascularization inside the cardiac organoid and potentiate the migration and the arrangement of the
PECs surrounding the CMs, respectively, as it will be showed later in this chapter. Contrarily to age
matched CMs aggregates (the control condition) (Figure IV-1D g-i), CCA showed a considerable
increase in size over time in culture, which can result from increased CMs proliferation and/or CFs
growth within the CCA, which will be further confirmed and quantified in future experiments. Also, in
the epicardial layer that surrounds the contracting area of the CCA, it was possible to observe the
appearance of epithelial-like structures (Figure IV-1D e’ and f), which were presumably generated
from the CDX2* population of cells present in D11 PEC aggregates used for the establishment of the
co-culture system (Chapter I11).

In conclusion, it was possible to successfully establish a culture platform for the generation of a
3D cardiac microtissue that is able to self-organize, forming a continuous epithelial-layer covering a

CM core.

IV.4.2 The 3D co-cultured MTs emulate aspects of embryonic heart development and
show a superior strucutral organization than 3D CM aggregates

To analyze in more detail the composition and structural organization inside the developed 3D
cardiac MT, immunofluorescence staining of CCA slices and gRT-PCR analysis were performed after
15 days of co-culture, using as control age-matched 3D CMs aggregates. Immunostaining results
reveled that CCA show the presence of a layer of WT1* epicardial-like cells surrounding a cTNT* CM
core (Figure IV-2A a, a’ and a”), which was not possible to observe in CM aggregates (Figure IV-4 a
and b). The epicardial cells that surround each CCA, depending on the area, were arranged as a
single (Figure IV-2A a’, *1) or multi (Figure IV-2A a’, *1) cell layers. Although most of the reported
studies describe the epicardium as an uniform single layer of epithelium covering the myocardium, a
recent study that characterized the human epicardium during embryonic heart development (Risebro
et al.,, 2015) found differences between atrial and ventricular epicardium and showed that the
ventricular epicardium contains regions of multiple cell layers, near blood vessels. However, it is also
important to take into consideration that the CCA were analyzed after only 15 days of co-culture, and

thus it will be interesting to evaluate if the organization of the epicardial layer after longer periods of
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time suffers changes. It could be also interesting to test the effect of decreasing the percentage of
PECs used to establish the co-culture model to 5/10% to evaluate how that alteration impacts the

formation of the epicardial layer.

CO-CULTURED AGGREGATES

Compact

(Collagen |

Figure IV-2: Co-cultured cardiac MT aggregates show structural organization and improved
vascularization. (A) Immunofluorescence analysis of D15 co-cultured aggregates with VEGF and FGF addition
between D1 and D6 of co-culture, exceptin 2A g, where no growth factors were added. (a) Dashed lines delineate
the compact zone in CM core. (&) *1 and *2 in white arrows highlight the presence of both single and multi-cell
epicardial layer in the same organoid, respectively. (g) White arrow identifies the layer of CD31* cells that
surrounds the cardiac organoids in the condition were VEGF was used during the first 6 days of co-culture (h)
White arrows highlight the presence of WT1*/CD31* ECs. Scale bars, 100 pm. Ox identifies the organoid.

Specifically regarding CMs, although still not quantified in this work, it was possible to observe
that the cTNT* core in the cardiac MT was more compact and aligned, following the curvature of the
CCA, near the epicardial layer, while CMs towards the center showed a more random and loose
organization (Figure IV-2A a and a). In fact, in the human heart, myocardium is divided into an outer,
highly mitotic compact zone and an inner zone with lower mitotic activity known as trabecular zone,
and epicardium has been described to play a crucial role in the development of the compact
myocardium (Gittenberger-de Groot et al., 2000; Kastner et al., 1994; Kwee et al., 1995; Sucov et al.,
1994; Yang et al., 1995), which may explain the mentioned observation in CCA. Interesting, using Ki-

67 marker to identify proliferative CMs, it was possible to observed that the compact CM area
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contiguous to the WT1*-epicardial layer was enriched in proliferative CMs (cTNT*/Ki-67%),
corroborating the observation that PECs in CCA induce a compact and mitotic CM layer (Figure V-
3A).

100 pm

CX43+/

Figure IV-3 Epicardial cells promote CM proliferation and CX43 expression in co-cultured aggregates.
(A) Immunofluorescence analysis of D15 co-cultured aggregates showing the staining of Ki-67 predominantly in
CTNT" cells near the epicardial layer. (a) White arrows identify cTNT*/Ki-67* CMs. (a’ and b) White arrows identify
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the WT1* cells. Staining a and a’ correspond to the same slice and staining b corresponds to a different slice
from the same CCA. (B) Immunofluorescence analysis of D15 co-cultured aggregates showing Cx43 staining in
the CM core, which is enriched near the epicardial layer. (a’) White arrows identify an enriched area for
CTNT*/Cx43* staining near the WT1* layer. Staining a and b correspond to the same CCA but are from different

sections. Staining ¢ highlight the same results in a different CCA.

The developed 3D cardiac model showed also the presence of a layer of ECM deposition
surrounding the CM core and co-localized with the epicardial cell layer, which stains for fibronectin,
laminin, collagen I and VIM (Figure IV-2A b, ¢ and d). Additionally, ECM deposition was also observed
within the CM core, mainly fibronectin and laminin, which maybe related with the enrichment of
fibroblasts derived from PECs in CCA. In CM aggregates, it was also possible to observe collagen |
deposition, although almost no staining for fibronectin was observed (Figure IV-4 e). Other interesting
observation, although this needs further confirmation, is related with the fact that the epicardial cells
seem to induce ventricular maturation of CMs, with cTNT™* cells near the epicardial layer staining for
the ventricular marker MLC2V (Figure 1V-2A f). Interestingly, it was also possible to observe the
staining for the ventricular gap junction Cx43 throughout the CM core of CCA, although more
pronounced in the contact area between CMs and the epicardial layer Figure IV-3B). This observation
is in agreement with a recent study that highlighted the improved Cx43 expression in hPSC-CMs co-
cultured with PECs (Bargehr et al., 2019). Moreover, the CDX2* epithelial structure (Figure 1V-2A e),
seems to benefit the maturation of CMs into the atrial subtype since it was possible to observe that
CMs near the epithelial structure present a predominant staining for the atrial marker MLC2A (Figure
IV-2A e and f). This observation is in agreement with another report recently described in the literature
(Silva et al., 2020). In CM aggregates it was also possible to observe the presence of both MLC2A
and MLC2V positive CMs, although without a specific organization/localization or proportion (Figure
IV-4 c).
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CM AGGREGATES

Collagen |

Figure IV-4 CM aggregates lack vascularization and structural organization. Immunofluorescence analysis
of CM aggregates with the same time in culture of the day 15 CCA. Highlight for the lack of vascularization
(CD31), low ECM deposition (collagen | and fibronectin), no structural organization (WT1), and prevalence of
the atrial/immature CM marker MLC2A. Scale bars, 100 um. Ax identifies the aggregate.

Interestingly, in contrast to the absence of vascular cells in CM aggregates (Figure 1V-4 a), a
vascular-like network of spindle-shaped cells that stained positive for the endothelial marker CD31
was observed within the CM core in CCA but it was also observed a layer of CD31 positive cells
surrounding the entire MT (Figure IV-2A g, g’ and h). In order to see if the improved vascularization,
compared with age matched 3D CM aggregates, was dependent on the addition of VEGF during the
first 6 days of co-culture, a parallel experiment without the addition of VEGF was performed. As it is
possible to observe in Figure IV-2A g, the addition of VEGF promotes the development of the
organized layer of CD31 positive cells surrounding the MTs, which is not visible in the culture condition
without VEGF (Figure IV-2A h). However, in both conditions, improved vascularization within the CM
nuclei is observed. It is important to highlight that D11 PEC aggregates have already a small
percentage of endothelial-cells, which were hypothesised as not having an epicardial origin, and,
since all the cells present in PECs aggregates are used to generate CCA, these cells are also added
to the co-culture system. Adding to that, although the contribution of epicardial cells to the vasculature
of the heart is currently debatable, interestingly, in CCA, it was possible to confirm the presence of
CD31* endothelial cells that co-expressed WT1* (Figure 1V-2A h), which may prove that at least part

of the ECs presents in this novel cardiac model derived from the WT1* epicardial cells.
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The improved cell diversity present in CCA compared with CM aggregates, namely regarding
the presence of epicardial and epicardial-derived cells, ECs and CFs, was confirmed by gRT-PCR
analysis for WT1 and ALDH1A2, CD31, and VIM, POSTN and DDRS, respectively (Figure IV-5A). It
is evident that, in the case of CM aggregates, there is also an increased expression, with time in
culture, of fibroblast markers, which can be explained by the expansion of the CD90* cells present in
CM aggregates used to establish the co-culture system.
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Figure IV-5 Evolution of the different cardiac cell populations within 3D CCA and assessment of CMs
maturation. (A) Expression profile of epicardial markers WT1 and ALDH1A2; endothelial marker CD31; and
fibroblast markers VIM, POSTN and DDR2 at D11 CM aggregates and at D15 of co-culture cardiac aggregates
(CCA) and CM aggregates (CMA). Values are normalized to GAPDH. Data are represented as mean + SEM, of
n=3 independent experiments, for D11 CMs and n=2 for CMA and CCO conditions. (B) Expression profile of CM
structural markers MYH6, MYH7, MYL2, MYL7 and TNNI3 at D11 CM aggregates and at D15 CCA. Values are

normalized to GAPDH and TNNT2. Data are represented as mean + SEM, of n=2 independent experiments.

Additionally, it was also possible to confirm by gRT-PCR analysis that the expression of the
mature myosin isoform MYH7 and the mature troponin isoform TNNI3, increased after 15 days of co-
culture in CCA (Figure IV-5B). Interestingly, the expression level of the ventricular CM marker MYL2
was also upregulated in CCA compared to the level observed in CMs used to establish the co-culture
system. However, the expression level of the atrial marker MYL7 remained unchanged. Both results
seem to be in agreement with the immunostaining observations in which CMs present in CCA seem
to have a ventricular-like phenotype (MLC2V expression) but the presence of gut-like epithelial
structure favors also the presence of atrial CMs which may explain the levels of expression of MYL7.

It will be now necessary to perform the same analysis in age matched CM aggregates to evaluate if
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these improvements are due to increased time in culture or are directly related with the impact of the
co-culture system.

In conclusion, it was possible to establish a 3D cardiac MT that shows structural organization
accomplished by self-arrangement of the co-cultured CMs and PECs. The developed 3D cardiac
model recapitulates important features of embryonic heart development and presents a well-defined
continuous epicardial layer, improved vascularization and ECM deposition compared with 3D CM

aggregates.

IV.4.3 Functional characterization of co-cultured cardiac MT aggregates

CMs function is deeply dependent on the presence and function of important ion channels and
the resulting ion currents. As a first test to assess the CM functionally, the response of the 3D co-
cultured aggregates to known drugs, using calcium transients as readout, was performed. Four
different drugs were used to test the response of the 3D cardiac MTs, namely (1) isoproterenol, which
is a selective 1-adrenergic agonist calcium channel activator, (2) carbachol, which is an agonist of
muscarinic acetylcholine receptors and has been described to affect Ca?* transient in CMs, (3) E-
4031, which is a potassium hERG blocker and, as it has been described in the literature, is essential
to demonstrate the sensitivity of the developed cardiac model to this drug (Gintant et al., 2020), and
(4) Verapamil, which is L-type calcium channel blocker that also has an effect on hERG channel.
Calcium transients for both CCA after 15 days of co-culture and age matched 3D CM aggregates,
were taken before and after 45 minutes of incubation with the respective drug (Figure IV-6 and 7).
Calcium transients were also taken in CCA after 65 days of co-culture (Figure IV-8). The tested
concentrations for each drug used in this study were 100 and 150 nM for isoproterenol, 10 pM for
carbachol, 50 and 100 nM for E-4031 and 25, 50 and 100 nM for verapamil. Additionally, it is important
to refer that for all the tested conditions, the 3D models restored their basal calcium transient profile
after a washout step.

E-4031, being a Ik blocker, has been described to prolong the action potential duration, by
slowing the phase 3 repolarization stage of the action potential profile, which translates into an
increase in the Ca2* peak interval and consequently decreasing the frequency of contraction (Takeda
et al., 2018c)(Spencer et al., 2014)(Prajapati et al., 2018). Additionally, E-4031 has also been
described to induce arrhythmic behavior in CMs, specifically, early after depolarizations (EADS)
events (Spencer et al., 2014)(Prajapati et al., 2018). Regarding the observed effect of E-4031 on Ca?*
transients, for a concentration of 50 nM and in the case of CCA, it was detected an increment of
around 20% in the time between peaks compared to the respective control without drug (Figure 1V-
6C). Contrarily to this observation, in CM aggregates and using the same concentration of drug, in
some aggregates it was not detected any effect on Ca?* transient profiles (Figure 1V-6A) compared
to the one observed before drug exposure, and in other CM aggregates it was observed an increased

frequency of contraction (Figure IV-6B). By increasing the concentration of E-4031 up to 100 nM, it
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was possible to observe an arrhythmic behavior in CM aggregates (Figure 1V-6D), and an increased
frequency of contraction in CCA with, although not so pronounced, arrhythmic events (Figure IV-6E).
Since the expected effect at lower concentrations of E-4031 was not observed in CM aggregates, this
may suggest that CMs lack or present a lower expression level of hERG channels, which may indicate
a lower functional maturation compared with CCA. Additionally, since it was not observed EADs
events for the tested concentrations of the drug, further experiments with higher concentrations of E-

4031 will be performed.
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Figure IV-6 Effect of E-4031 drug on Ca?* transient profile in CM aggregates and CCA after 15 days of co-
culture. Ca?* transient profiles after E-4031 drug exposure at a concentration of 50 nM in CM aggregates (A
and B) and CCA (C). Ca?* transient profiles after E-4031 drug exposure at a concentration of 100 nM in CM
aggregates (D) and CCA (E), highlighting the arrhythmic events. The present Ca?* transient profiles were
obtained after 45 minutes of drug incubation. DT, Decay Time; TBP, Time Between Peaks; BPM, Beats Per

Minute. Values were normalized to baseline Ca?* profiles before drug exposure.

The majority of the studies reported in the literature using hPSC-derived CMs, shows that the
addition of carbachol decreases the frequency of CM contraction (Hamad et al., 2019) (Sheng et al.,
2012)(Navarrete et al., 2013). This is in agreement with the results herein obtained, showing an
increased decay time and time between peaks interval for CM aggregates and day 15 CCA (Figure
IV-7A). The same behavior was observed in day 65 CCA, which showed also lower frequency of
contraction after carbachol exposure (Figure IV-8A). In the case of Isoproterenol, being a calcium
channel activator, the obtained results in both models reflected that response by increasing the
frequency of contraction in 34% in the case of CCA and 43% in the case of CM aggregates, which is
in agreement with previously reported studies (Goldfracht et al., 2019)(Takeda et al., 2018b). This
effect may be potentiated by increasing the isoproterenol concentration, as suggested in CCA after

65 of co-culture, where a small increase in isoproterenol concentration from 100 to 150 nM, induced
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a slightly higher increment of the beat frequency (Figure 1V-8B). Higher concentrations of this drug

may potentiate the differences between the two models.
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Figure IV-7 Effect of Carbachol, Isoproterenol and Verapamil drugs on Ca?* transient profile in CM
aggregates and CCA after 15 days of co-culture. Ca?* transient profiles after Carbachol (10 pM) (A),
Isoproterenol (100 nM) (B) and Verapamil (50 nM) (C) exposure in CM aggregates and CCA. The present Ca?*
transient profiles were obtained after 45 minutes of drug incubation. DT, Decay Time; TBP, Time Between Peaks;

BPM, Beats Per Minute. Values were normalized to baseline Ca?* profiles before drug exposure.

Contrarily to E-4031 drug, Verapamil, being a L-type calcium channel blocker, has been
described to decrease the action potential duration by shortening the AP plateau phase, which
translates in a less prolonged Ca?* transient profile, and an increasing concentration of this drug
culminates in CM ceasing contraction. The results that we obtained when exposing both models to
this drug were dependent on the concentration of verapamil. For a concentration of 100 nM, CMs
from both 3D models cease beating but this is recovered after a washout step, meaning that the
viability of the cells was not affected. With concentrations of 25 and 50 nM, it was possible to observe
a decrease in the decay time of Ca?* transients in both models as expected (Maddah et al., 2015),

but this effect was much more evident in the case of CCA from both day 15 and day 65 co-culture
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conditions (Figure 1V-7C and 8C), which may indicate a higher expression level of calcium channels

in CCA, being in this way responsible for the more pronounced effect observed in the 3D co-culture

model.
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Figure IV-8 Effect of Carbachol, Isoproterenol and Verapamil drugs on Ca?* transient profile in CM
aggregates and CCA after 65 days of co-culture. Ca?* transient profiles after Carbachol (10 uM) (A),
Isoproterenol (100 nM) (B) and Verapamil (50 nM) (C) exposure in CM aggregates and CCA. The present Ca®*
transient profiles were obtained after 45 minutes of drug incubation. DT, Decay Time; TBP, Time Between Peaks;

BPM, Beats Per Minute. Values were normalized to baseline Ca?* profiles before drug exposure.

In conclusion, although further experiments are needed to confirm these results, the preliminary
outcomes obtained from this study allowed already to highlight interesting differences between CM
aggregates and CCA, which may indicate differences in CM functional maturation. These results also
revealed important information regarding the effects of the tested drug concentrations and how this
can be explored in the future to potentiate the assessment of the level of functional maturation in the

developed cardiac model.

IV.5 DISCUSSION

The development of cardiac microtissues in vitro that reflect the structural and multicellular

complexity observed in human heart has been described in the literature in the past few years. The
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relevance of combining CMs with other cardiac cells present in the human heart in a 3D environment
has been deeply explored and the effect on CMs and cardiac tissue functional and structural
maturation have been highlighted. However, the majority of the recently developed 3D cardiac models
combine already differentiated hPSC-derived or primary cardiac cells apart from CMs, including
fibroblasts and ECs, at ratios that envision to mimic the proportions observed in the human heart.
The main objective of the work described in this chapter was the establish a multicellular 3D cardiac
model using a more in vivo-like strategy. Since the primary source of fibroblasts in the human heart
is the epicardium, and since contribution of epicardium to endothelial cells, although debatable, has
been described, it was envisioned to promote structural and multicellular improvement of the 3D CM
aggregates developed in chapter Il through the incorporation of PECs in the cardiac model. Through
the establishment of a co-culture system between PECs and CMs, it was possible to generate 3D
cardiac organoids that (1) present a continuous WT1* epicardial-like layer surrounding a CM core,
(2) show a CM core with two distinct layers; an outer layer, contiguous to the epicardial layer, which
is more compact and that contains more aligned and proliferative CMs, and an inner area where CMs
present a loose organization, (3) show an enriched staining for the gap junction Cx43 within the CM
core, particularly enhanced near the epicardial layer, (4) show an enrichment in fibroblast/ECM
proteins surrounding the organoids and within the CM core, (5) show an improved network of vascular
cells, and (6) present evidences of improved functional maturation.

The co-culture of CMs with hPSC-epicardial cells in vitro has been recently addressed in a few
studies. However, those reports are mainly focused on understanding the effect of co-culture on CM
maturation rather than exploring epicardial cells to the development of a self-organized and structural
complex 3D cardiac model. The benefits of co-culturing hPSC-CMs and hPSC-EPCs in a 3D-EHT
model have been described, highlighting the higher degree of sarcomere organization and length,
myofibril alignment, higher degree of Cx43 expression, increased ratios of adult/fetal isoforms of
contractile proteins (MYH7/MYH®6), (MYL2/MYL7), (TNNI3/TNNI1) (Bargehr et al., 2019), and higher
contraction force (Thavandiran et al., 2019). Only a recent work focused the efforts of using hPSC-
PECs to improve the complexity of a 3D cardiac model (Hofbauer et al., 2020). In that study, 2D
derived hPSC-PECs, were allowed to form small spheroids that where then co-cultured with the
already developed 3D cardioids. They observed that the spheroids attached to the surface of the 3D
cardioids, some epicardial cells start to spread and migrate on top of the CM layer and some
differentiated into SMCs and CFs. Although being an interesting approach to generate 3D cardiac
organoids with an epicardial layer, the methodology that they described did not allow the formation
of a continuous layer of epicardial cells surrounding the CM core, being possible to observe only few
clusters of hPSC-PECs on the surface of the cardioids, with impaired migration. Additionally, they
also observed that the addition of exogenous stimuli was not necessary to observe the interaction of
epicardial cells onto CM aggregate surface, which is in agreement to what was observed in the
presently described model. In addition to that, it was also observed that the endogenous factors that

are being released by the CCA and the concentration of those factors are crucial during the first days
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of co-culture and improve the interaction, migration and structural organization of both CMs and
PECs. To further explore this observation, it could be interesting to analyze the secretome of the CCA
during the first days of co-culture, which may add valuable information regarding the stimuli involved
in the establishment of epicardium during the in vivo heart development.

Due to the presence of CDX2* cells in the PEC aggregates used to establish the co-cultured
model, it was possible to observe the development of epithelial-gut-like structures. Although the
presence of these structures may be seen as an undesired outcome, a recent study that performed
mouse gastruloids to recap specifically the process of cardiogenesis, found that the cTNT positive
cardiac domain observed in 168-h gastruloids was exclusively located next to a gut-like tube-shaped
E-cadherin-positive epithelial tissue (Rossi et al., 2021). This may suggest that our 3D cardiac
organoid may recapitulate important in vivo stimuli that arises from the gut structure. In fact, although
further experiments are needed to confirm this result, the presence of these endodermal-derived cells
in cardiac organoids allowed the observation that those cells may be responsible for atrial CM
specification, whereas epicardial cells induce ventricular CMs maturation. A recent study had also
reported the generation of 3D cardiac-gut organoids and they also suggested that the presence of
gut-like structure within the cardiac model induced atrial CM specification (Silva et al., 2020). In fact,
they observed that the majority of the CM present in the 3D cardiac-gut organoids showed an atrial
phenotype. Although in that cardiac model, some structural organization was observed, with the
presence of an epicardial-like layer surrounding the 3D structure, the method used to generate the
described organoids is barely reproducible. The authors start the multilineage differentiation process
with a population of cells that is generated using a 2D protocol based on the Wnt signaling temporal
modulation, which presents considerable variability between biological runs, reflecting in this way the
possibility of ending with a cardiac, a gut or a mixed model without well-defined proportion between
both cell types. Contrarily to that model, ours represents a tightly controlled and reproducible system
to obtain 3D cardiac organoids, which is a crucial factor independently of the application of the
developed model.

To further explore the impact that the gut-like structure has in the 3D cardiac model, it will be
now interesting to develop alternative co-culture systems in which CDX2 positive cells are not
present. As discussed in the previous chapter, alternative models of PEC aggregates are presently
being explored which may overcame the presence of endoderm-derived cells and so be a viable
alternative to establish the co-culture model. Additionally, it could be also explored the use of 2D
differentiated hPSC-PECs, in which the generation of this CDX2* cell population has not been
described in the literature. Furthermore, upon production of 2D differentiated PECs, it could be also
interesting to evaluate if these cells will behave in the same way as 3D derived PECs, in terms of
CM-PEC interaction and structural organization in the 3D organoids.

A proper coronary vasculature development is essential for late-embryonic and adult cardiac
tissue performance. In our 3D cardiac MTs an extended vascular network of CD31* ECs was

observed. Although the contribution of epicardium to coronary endothelium is controversial, in our
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model we observed the generation of WT1*/CD31* cells, which may support the idea that some PECs
contribute to the vasculature observed in the cardiac organoids. In fact, evaluation of WT1 expression,
in mouse and human fetal and adult hearts, revealed that WT1 is expressed in endothelial cells of
both arteries and veins at early stages of development, becoming less expressed or absent in arteries
in later stages but the expression in veins and capillaries remains present (Duim et al., 2015, 2016).
Additionally, a lineage tracing study of ST/PECs performed in mouse identified WT1*/CD31* cells in
the developing coronary vasculature of the heart (Cano et al., 2016). These evidences may
corroborate our findings. As discussed in the results section and in chapter lll, in addition to
WT1*/CD31* coronary-like ECs, endocardial-like ECs may also be present. A deeper characterization
of the vascular cell population present in 3D cardiac MTs should be performed to confirm the diversity
of ECs. In addition to ECs, mural cells are critical for the establishment of a functional vasculature.
Interestingly, staining for SMCs markers (a-SMA-and CNN1-) was not detected in CCA, which cannot
be attributed to the impaired capacity of the developed PECs to differentiate in those cells, as it was
proved in chapter IIl. It will be important to assess if longer periods of co-culture potentiate the
development of more complex and functional vasculature, with the presence of SMCs. Alternatively,
it could be also explored the addition of exogenous factors such as PDGF and TGFf growth factors,
which are known to induce SMC-EMT in PECs (Smith et al., 2011)(Bax et al., 2011). Additionally, and
since the vascular system is constantly under hydrodynamic stress, it could be also interesting to
explore dynamic systems, using for example microfluidic devices, to recapitulate this biophysical
stimulus.

Although the focus of the work reported in this chapter was the establishment of a 3D cardiac
organoid, it was already possible to perform preliminary functional assessment of the CCA in
comparison with CM aggregates. We were able to observe preliminary differences regarding the
response to known drugs that affect CMs function that indicate an improved functional maturation in
the cardiac MTs. To observe more evident and critical maturation features, longer periods of co-
culture should be considered, and further structural and functional tests should be performed in both
models to assess differences. The use of single-cell transcriptomic analysis will be also a valuable
tool to deeply understand and reveal the different subpopulations that are present inside the 3D
cardiac model and also to allow the disclosure of further cues regarding the impact of co-culture on
CM maturation. Additionally, since the basal medium that is being used to maintain the cardiac MTs
is rich in glucose, and knowing that during embryonic heart development CMs switch from a glycolytic
metabolism to a predominant fatty acid-oxidative metabolism, it could be also interesting to explore
the gradual transition to a fatty acid enrichment medium to evaluate if it is possible to observe further
cardiac maturation, without compromising the function and viability of the other cells present in the

microtissue.
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V.6 CONCLUSIONS

In conclusion, in this chapter it was possible to establish a novel and reproducible 3D cardiac
MT through CM and PECs co-culture, which shows important structural organization and multicellular
features that resemble human heart. Overall, after performing a detailed molecular and structural
characterization it was found that this novel cardiac MT presents a number of features complying with
the definition of an organoid. Although further improvements of the 3D cardiac model are still being
addressed and further functional maturation analysis are still needed, this platform can be further
applied in different contexts, which we expect to explore in the near future, namely, the application of
these cardiac organoids for disease modelling of cardiomyopathies, as well as in cardiotoxicity and

drug screening settings.
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In the past few years, major improvements have been made towards the in vitro independent
generation of the different cell types that compose the human heart from hPSCs. This has opened
the path to develop more complex, heterogeneous and thus physiologically relevant cardiac tissue
models that have been already proven to standout in terms of their relevance for different applications
such as disease modelling, drug screening and cardiotoxicity assays. The majority of the reported
cardiac MTs are normally obtained through the combination of different terminally differentiated
hPSC-derived cardiac cells, primary cultured cells, which in some cases do not have a cardiac origin,
and ECM molecules at different proportions, trying to recapitulate the composition of the human heart.
These 3D cardiac models present a degree of complexity and maturation greater than 2D cultured
CMs or even greater than 3D aggregates composed only of CMs, but they still lack structural
organization and, in some cases, lack functional interaction between the different cardiac cells. To
overcome these limitations, 3D constructs coupled with mechanical load and/or electric stimulation
(EHT tissues) have been shown to be a viable strategy to improve cardiac tissue maturation and have
been already adapted for medium- to high- throughput screening formats. However, it is important to
refer that the establishment and operation of these systems requires specialized and expensive
equipment and expertise, which is not widely available and could be considered a complex solution
to be applied for drug screening and cardiotoxicity test applications in industrial environments.
Additionally, it is also important to understand if the improved hPSC-CM maturation observed in this
type of systems is maintained when mechanical load or electric stimulation cease. Thus, as an
alternative to EHT constructs, scaffold-free 3D multicellular MTs, obtained through self-assembly of
terminally differentiated hPSC-derived cardiac cells and/or primary cells, represent a viable strategy
to improve also hPSC-CM maturation, being cheaper and easier to produce when compared with
EHT models.

Starting from this point (Figure V-1), this thesis aimed to develop a novel hPSC-derived 3D
cardiac organoid model to be applied in different in vitro applications, namely disease modelling and
toxicity assays. Contrarily to the mentioned above methods that have been used to generate 3D
cardiac MTs, the idea behind this project was to emulate and take advantage of combined
phenomena observed in embryonic human heart development to allow the self-organization and
generation of more complex and in-vivo-like 3D cardiac models. This represents a promising strategy
that, despite having started to be explored and reported in the literature (Hofbauer et al., 2020) (Silva
et al., 2020), it is still very poorly developed.

To address this idea, in this work, we first established a simple and robust 3D CM differentiation
platform, which was the basis for the development of more complex 3D cardiac MTs (Chapter II).
Taking advantage of the knowledge gathered regarding in vivo embryonic heart development, we
decided to further explore the combination of these 3D aggregates of CMs with PECs not only to
recreate the development of an epicardial layer in our 3D cardiac model, but also as a progenitor cell
population with potential to enrich these models with other important cells present in the human heart,

namely CFs, SMCs and eventually ECs co-generated with CMs. In this way, we hoped to generate a
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more in vivo-like model without mixing different terminally hPSC-differentiated or primary cardiac
cells. By developing a 3D PEC differentiation platform (Chapter IIl), and by establishing a 3D co-
culture model with CMs and PECs (Chapter 1V), a complex 3D cardiac organoid was generated, that
exhibits structural and morphological features observed in embryonic heart development as well as
a similar heterogeneous cell composition. In fact, the developed 3D cardiac organoids present a well-
defined epicardial layer surrounding a CM core. It was also possible to observe a dense
vascularization and ECM deposition within the epicardial layer and also in the CM core. Moreover,
epicardial cells seem to induce CM layer compaction and induce ventricular maturation. Increased
time of co-culture and deeper characterization of the maturation status of the 3D model in terms of
functional behaviour, will hopefully confirm the applicability of this new developed in vitro model in
cardiotoxicity and disease modelling applications.

As important as the development of more complex and in vivo-like 3D cardiac models, is to
assess if the developed model fits the purpose for the desired application. It is clear that the
development of more complex hPSC-derived cardiac MTs can level up the applicability and the
relevance of those models in cardiotoxicity screening assays, in testing new therapeutics for a specific
cardiac disorder, or even to perform fundamental studies regarding human heart embryonic
development process. However, and specifically for drug screening and cardiotoxicity assays, it is
also important to take into consideration that with this increased complexity, important challenges
arise namely the reproducibility between different batches of cardiac tissues. To define how far an in
vitro model should go in terms of complexity, to be relevant for a specific application, it is important
to define the main criteria in terms of hPSC-CMs maturation and cardiac tissue function that should
be observed to be applied for a specific study. Additionally, having in mind the applicability of the
developed 3D cardiac models in early pre-clinical settings, it is important also to standardize how
these models should be tested and the readouts that should be analyzed to assess the functional
performance of the developed models. Other important feature highlighted recently by Mannhardt
and colleagues, which tested 10 different hPSC lines to generate CMs and perform drug screening
in different EHT models using those hPSC-CMs, is related with the fact that biological variability
between different hPSC-CMs was detected which impacted on the drug effect (Mannhardt et al.,
2020). Due to that, in future applications of hPSC-derived cardiac models, it should be considered
cardiac models generated from different hPSC lines to ensure more accurate results. Apart from
confirming the applicability of the model, it is also important to balance other aspects including the
cost of the cardiac tissue production, the compatibility with prolonged culture time to allow for long
term studies and the possibility of adaptation to medium- to hight-throughput systems. Adding to that,
as recently started to be explored in the literature (Lee et al., 2017a), the use of machine learning
algorithms can also be a value tool to help on the automaticity of drug effect classification on the 3D
cardiac models.

Other focus of interest in this area, which has gained attention in the past years and will continue

to evolve in the following years, is the integration of hPSC-cardiac models in multi-organ-on-a-chip
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devices, mainly in the context of drug screening applications (Huh et al., 2013; Miranda et al., 2018;
Skardal et al., 2017) (Veldhuizen et al., 2020)(Yin et al., 2020). The relevance of these setups is
linked to the importance of not only assessing the effect of a newly developed drug in a specific organ
but the cumulative and synergetic effects at the multi-organ level. Although hPSC-derived cardiac
MTs, alone or in combination with other organ MT models in microfluidic devices, could bring a
valuable contribute to drug screening and cardiotoxicity assays, it is unlikely that animal models will
be completely surpassed by these in vitro human-derived tissues in pre-clinical studies. However,
these models can help on the replacement of the ex vivo experiments that have been used during
the past years for cardiotoxicity assessment. These models can be also used for early detection of
toxicity effects from a set of several possible new compounds and consequently reduce the necessity

for extensive animal tests at an early stage of the drug development pipeline.

181



A
Healthy Donors Diseased Patients
Cardiomyopathies
l Arrhythmic disorders
Gene Editing ¢
Wild-Type hiPSC-line ~----~ - > Single Mutant Dlse_ase Sp_ecn‘m

hiPSC-line hiPSC-line

. Hy 1 1

o SN B

Healthy !ﬂPSC—derived \\‘\’Tf"‘atio : Genetic Based Diseased |
cardiac model “7=-___ | hiPSC-derived cardiac model |

e i

|

1 1

1 Myocardium Infarction :

:_hiPSC—derived cardiac model |

Drug Pre-clinical Clinical l
candidates Trials Trials
68088 ~60 ~ B
+
o N .
{ Final Drug(s} New Drug Mechanism of the
Candidate(s) .
Disease
Cardiotoxicity Drug Disease
Assay Screening Modelling

Figure V-1. hiPSC-derived 3D cardiac models: applications and challenges. (A) hPSCs, and specifically hiPSCs, is a powerful technology to generate wild-type
and patient-specific cardiac models to be applied for drug screening, cardiotoxicity tests and disease modelling assays. (B) The most widely used cardiac models for
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in vitro applications still present some limitations that can be solved by using different tissue engineering strategies.
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