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Abstract

As cardiovascular diseases (CVD) remain the leading cause of mortality worldwide; there is
an increasing demand for developing physiologically relevant in vitro cardiovascular tissue
models suitable for studying personalized medicine and pre-clinical tests. Although recent
technologies provide some insight into how human CVDs can be modelled in vitro, they
may not always give a comprehensive overview of the complexity of the human heart due to
their limits in cellular heterogeneity, physiological complexity and maturity.

The aim of this dissertation is to provide a deeper understanding of microphysiological
technologies in cardiovascular biology, and to establish a miniaturized cardiac tissue model
in vitro that could better reflect the physiological complexity, cellular heterogeneity and
maturity of a human heart, and demonstrate its functional applications for translational
research.

We have developed a simple and effective protocol to generate scaffold-free multicellular
beating human cardiac microtissues in vitro from human induced pluripotent stem cells
(hiPSCs) — namely human organotypic cardiac microtissues (hOCMTs) — that show a degree
of proto-self-organization and can be cultured for long term. [I]. The 3D hOCMTs contain
multiple cell types of the heart, and show functional beating activity without external stimuli
for more than 100 days. The 3D hOCMTs show improved cardiac specification, survival and
metabolic maturation compared to standard 2D monolayer cardiac differentiation.
Furthermore, we show that the 3D hOCMTs could respond to cardioactive and cardiotoxic
drugs in a dose dependent manner. Due to their tendency for self-organization, cellular
heterogeneity, and functionality in our 3D microtissues over extended culture time, we could
confirm these constructs as human cardiac organoids (hCOs).

Finally, we reviewed in vitro technologies already described in the literature and proposed to
enable in-vivo-like biomechanical cues in microphysiological tissue models [II], and further
overviewed nanomedical applications for cardiac therapies [II1].

This work shows the potential of 3D hCOs to enable the development of more
physiologically-relevant cardiac tissue models, and represent a powerful platform that could
lead to future translational research in cardiovascular biology.

Keywords: 3D cardiac organoid, induced pluripotent stem cells, organotypic cardiac microtissues,
tissue engineering, cardiotoxicity
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Kurzfassung

Da Herz-Kreislauf-Erkrankungen (CVD) weltweit als hiufigste Todesursache bestehen
bleibt besteht ein zunehmender Bedarf an der Entwicklung physiologisch relevanter in-vitro-
Modelle von kardiovaskuldrem Gewebe, die fiir die Untersuchung personalisierter Medizin
und priklinischer Tests geeignet sind. Obwohl neuere Technologien einige Einblicke in die
Modellierung menschlicher CVDs in vitro geben, geben sie aufgrund ihrer Grenzen in
zelluldrer Heterogenitit, physiologischer Komplexitdt und Reife moglicherweise nicht
immer einen umfassenden Uberblick iiber die Komplexitit des menschlichen Herzens.

Ziel dieser Dissertation ist es, ein tieferes Verstdndnis mikrophysiologischer Technologien in
der kardiovaskuldren Biologie zu gewinnen und ein miniaturisiertes Herzgewebemodell in
vitro zu etablieren, das die physiologische Komplexitit, zelluldre Heterogenitit und Reife
eines menschlichen Herzens besser widerspiegeln und seine funktionellen Anwendungen
demonstrieren konnte flir translationale Forschung.

Wir haben ein einfaches und effektives Protokoll entwickelt, um geriistfreie multizelluldre
schlagende menschliche Herzmikrogewebe in vitro aus humanen induzierten pluripotenten
Stammzellen (hiPSCs) — benannt als humane organotypische Herzmikrogewebe (hOCMTs)
— zu erzeugen, die einen Grad an Proto-Selbstorganisation aufweisen und langfristig
kultiviert werden konnen. [I]. Die 3D-hOCMTs enthalten mehrere Zelltypen des Herzens
und zeigen eine funktionelle Schlagaktivitit ohne der Stimulation durch dufere Reize fiir
mehr als 100 Tage. Die 3D-hOCMTs zeigen eine verbesserte kardiale Spezifikation,
Uberlebensrate und metabolische Reifung im Vergleich zur standardmiBigen 2D-
Monoschicht-Herzdifferenzierung. Darliber hinaus zeigen wir, dass die 3D-hOCMTs
dosisabhingig auf kardioaktive und kardiotoxische Medikamente reagieren konnten.
Aufgrund ihrer Tendenz zur Selbstorganisation, zelluldren Heterogenitdt und Funktionalitdt
in unseren 3D-Mikrogeweben iiber langere Kulturzeit konnten wir diese Konstrukte als
menschliche Herzorganoide (hCOs) bestitigen.

SchlieBlich iiberpriiften wir bereits in der Literatur beschriebene in-vitro-Technologien und
schlugen vor, in-vivo-dhnliche biomechanische Hinweise in mikrophysiologischen
Gewebemodellen zu ermdglichen [II], und gaben einen weiteren Uberblick iiber
nanomedizinische Anwendungen fiir Herztherapien [III].

Diese Arbeit zeigt das Potenzial von 3D-hCOs, die Entwicklung physiologisch relevanterer
Herzgewebemodelle zu ermoglichen, und stellt eine leistungsstarke Plattform dar, die zu
zukiinftiger translationaler Forschung in der kardiovaskuldren Biologie fithren kdnnte.

Schliisselworter: 3D-Herz-Organoid, induzierte pluripotente Stammzellen, organotypische Herz-
Mikrogewebe, Tissue Engineering, Kardiotoxizitdt

Vi



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

1] Ergir, E., Oliver-De La Cruz, J., Fernandes, S. et al. (2022). "Generation and maturation of
human iPSC-derived 3D organotypic cardiac microtissues in long-term culture." Sci Rep 12, 17409.
https://doi.org/10.1038/s41598-022-22225-w

[11] Ergir, E., Bachmann, B., Redl, H., Forte, G., & Ertl, P. (2018). "Small Force, Big Impact:
Next Generation Organ-on-a-Chip Systems Incorporating Biomechanical Cues." Frontiers in
Physiology, 9, 1417. https://doi.org/10.3389/fphys.2018.01417

[111] Cassani M., Fernandes S., Vrbsky J., Ergir E., Cavalieri F., Forte G. (2020) "Combining
Nanomaterials and Developmental Pathways to Design New Treatments for Cardiac Regeneration:
The Pulsing Heart of Advanced Therapies" Frontiers in Bioengineering and Biotechnology, 8, 323.
https://doi.org/10.3389/fbioe.2020.00323

vii


https://doi.org/10.1038/s41598-022-22225-w
https://doi.org/10.3389/fphys.2018.01417
https://doi.org/10.3389/fbioe.2020.00323

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Author Contribution Statement/Acknowledgements

Manuscript I: Parts of this dissertation, including figures and tables, have been
reproduced, with or without modifications, based on my original manuscript (Ergir et al.,
2022) licensed for reuse under Creative Commons Attribution 4.0 International License. To
view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Generation and Maturation of Human iPSC-derived 3D Organotypic Cardiac
Microtissues in Long-Term Culture

Sci Rep 12, 17409 (2022). https://doi.org/10.1038/s41598-022-22225-w

1 1.3
Ece Erglr , Jorge Ohver De La Cruz Sorala Fernandes Marco Cassanl Francesco Niro , Daniel Pereira-

Sousa ; , Jan Vrbsky Vladimir Vlnarsky Ana Rubina Perestrelo Dorlana Debelhs , Natalia Vadovitova®,
19

Stjepan Uldrijan’, Francesca Cavaherl , Stefania Pagharl Heinz Redl , Peter Ertl , and Giancarlo Forte

1 Center for Translational Medicine (CTM), St. Anne’s University Hospital, International Clinical Research Centre (FNUSA-
ICRC), CZ-62500, Brno, Czech Republic

2 Faculty of Technical Chemistry, Institute of Applied Synthetic Chemistry & Institute of Chemical Technologies and Analytics,
Vienna University of Technology, AT-1040, Vienna, Austria

3 Faculty of Medicine, Department of Biomedical Sciences, Masaryk University, CZ-62500, Brno, Czech Republic.

4 Electron Microscopy Facility, Fondazione Istituto Italiano Di Tecnologia, Via Morego 30, IT-16163, Genova, Italy

5 Department of Chemical Engineering, The University of Melbourne, Parkville, Victoria 3010, Australia;

6 Dipartimento di Scienze e Tecnologie Chimiche, Universita degli Studi di Roma Tor Vergata, via della Ricerca Scientifica 1,
00133, Rome, Italy

7 Ludwig Boltzmann Institute for Experimental and Clinical Traumatology, AUVA Research Center, AT-1200, Vienna, Austria
8 Austrian Cluster for Tissue Regeneration, AT-1200, Vienna, Austria

9 Department of Biomaterials Science, Institute of Dentistry, University of Turku, FI-20014, Turku, Finland

Contribution: E.E. conceptualized the study, designed and performed the experiments, analysed the
data and drafted the manuscript.

viil


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-022-22225-w

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Manuscript II: Parts of this dissertation, including figures and tables, have been
reproduced, with or without modifications, based on my original published mini-review
article (Ergir et al., 2018) licensed for reuse under Creative Commons Attribution 4.0
International License. To view a copy of  this licence, visit
http://creativecommons.org/licenses/by/4.0/.

MINI REVIEW article

Front. Physiol., 09 October 2018

Sec. Integrative Physiology
https://doi.org/10.3389/fphys.2018.01417

Small Force, Big Impact: Next Generation Organ-on-a-Chip Systems Incorporating
Biomechanical Cues

Ece Ergir 1’”, Barbara Bachmann >>*° T, Heinz Redl **3 , Giancarlo Forte 167 and Peter Ertl >*3

1 Center for Translational Medicine, International Clinical Research Center, St. Anne’s University Hospital, Brno, Czechia,

2 Faculty of Technical Chemistry, Institute of Applied Synthetic Chemistry and Institute of Chemical Technologies and
Analytics, Vienna University of Technology, Vienna, Austria

3 AUVA Research Centre, Ludwig Boltzmann Institute for Experimental and Clinical Traumatology, Vienna, Austria

4 Austrian Cluster for Tissue Regeneration, Vienna, Austria

5 Kompetenzzentrum fiir MechanoBiologie (INTERREG V-A Austria — Czech Republic Programme, ATCZ133), Vienna,
Austria

6 Competence Center for Mechanobiology (INTERREG V-A Austria — Czech Republic Programme, ATCZ133), Brno, Czechia
7 Department of Biomaterials Science, Institute of Dentistry, University of Turku, Turku, Finland

1 These authors have contributed equally to this work

Contribution: EE conceived the general structure of the review, revised the existing literature, and
drafted the manuscript. Figure 1 was drawn by EE.

X


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2018.01417

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Manuscript III: Parts of this dissertation, including figures and tables, have been
reproduced, with or without modifications, based on my contribution to the original
published review article (Cassani et al., 2020) licensed for reuse under Creative Commons
Attribution 4.0 International License. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

REVIEW article

Front. Bioeng. Biotechnol., 24 April 2020
Sec. Biomaterials
https://doi.org/10.3389/fbioe.2020.00323

Combining Nanomaterials and Developmental Pathways to Design New Treatments
for Cardiac Regeneration: The Pulsing Heart of Advanced Therapies

Marco Cassani!, Soraia Fernandes', Jan Vrbskyl, Ece Ergirl’z, Francesca Cavalieri>** and Giancarlo Forte'

1 International Clinical Research Center, St Anne’s University Hospital, Brno, Czechia

2 Faculty of Technical Chemistry, Institute of Applied Synthetic Chemistry and Institute of Chemical Technologies and
Analytics, Vienna University of Technology, Vienna, Austria

3 School of Science, RMIT University, Melbourne, VIC, Australia

4 Dipartimento di Scienze e Tecnologie Chimiche, Universita di Roma “Tor Vergata”, Via Della Ricerca Scientifica, Rome, Italy

Contribution: EE revised the literature on cardiac diseases biology, and contributed to the writing,
discussion and conclusions.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2020.00323

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Table of Contents

1 INTRODUCTION ..ottt ettt ettt 1
1.1  Problem and MOtIVALION .......ccceeriiiiiiiniiiiicrie et 1
1.2 The Complexity of (Making) the Human Heart .............c.ccccoooiiiiiiiniiinnnnne. 4

1.2.1  Heart Development in the Early Embryo ...........ccocoeeviiiiniiiiniiiiieiieene 5
1.2.2  The Cellular Composition of the Adult Heart ..........ccccccovierniiiiniennneen. 12
1.2.2.1  Cardiomyocytes (CM) and their maturation .............cceeveeennee. 13
1.2.2.2  Cardiac fibroblasts (CF)........ccccccccoiiiiiii 20
1.2.2.3  Endothelial cells (EC) ... 22
1.2.2.4  Mural cells: Smooth muscle cells (SMC) & Pericytes ............. 24
1.2.3  The Biology of Common Cardiomyopathies............ccccceeeveiierriuieenieennnneenn 26
1.3 Strategies for In Vitro Cardiac Tissue Modelling..........cccccveevvuveeniieinieeinneennne 29
1.3.1  Human (Induced) Pluripotent Stem Cells...........ccecveeriieiniieeniieeniieeenn 29
1.3.2  Bioengineering APProaches ..........ccceeevveerrieeriiieeeiieeniieesiieesieeesreeenneens 34
1.3.2.1  (Micro)physiological SYStems ..........cccceevvvervueenieerieeneerieeennenne 36
1.3.2.2  “Heart-on-a-chip” Technologies ........c..ccccevervveniencriicneennennne. 39
1.3.2.3  Spheroids, Gastruloids and Organoids...........cccccceeververneenncnne 47
1.4 Aim of the DISSEItation ........ccovueiiiiieiiiiieiiie ettt 65

2 MATERIALS AND METHODS ......ooiiiiiieeeeeeeee e 66
2.1 Stem cell culture and MAINENANCE. ........cocueeriiirieiiierieeitere et 66
2.2 hiPSC-derived monolayer cardiac differentiation and maintenance................. 66

2.3  hiPSC-derived 3D organotypic cardiac microtissue (hOCMT) generation and

INAINEENANCE ...veeuvteeriiteeeiiteeeitteeeieee e et e ettt e estbeeesbaeeebteeesaeesbbeesabeeesabeeessseeenaseens 67
2.4  Cell viability with Calcein AM/EthD-1 Staining ..........cccceeeveenieeieeneenieeneenns 67
2.5 Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL)

ASSAY -vveenurieeitte ettt sttt e bt e et e e aa e e e ba e e sba e e s e e e saaeeesaneeeans 67
2.6  Histology and Immunofluorescence (IF) ........ccccoooiieriiiiniiiiniiiieiieeeieeeiee s 68
2.7  Microscopy and iMage analYSiS .......eeerueeeruieeeiireeriiieeeiieeeireeeaeeeeaeeesseessneeenns 70

X1



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

~N O B

2.8 3D hOCMT diSSOCIAION ......eeuvrieuiieiieeiteeiieeiee ettt ettt ean 70
2.9 FlOW CYLOMELIIY ..eeiuiiieiiiieeiteeeitee et ee ettt e et e ettt e et e e st e e sabeeesabeeesabeessnneessaneeenns 70
2.10 Transmission Electron Microscopy (TEM) sample preparation and analysis.. 71

2.11 RNA isolation, bulk RNA-sequencing and differential expression (DE) analysis

........................................................................................................................... 71
2.11.1 RNA isolation and quality CONtrol...........ccceeriiieerieeeiiieeiee e 71
2.11.2  Sequencing library preparation............ccceceereerieeniieeieenieeieeneeeiee e eaeees 71
2.11.3 Differential expression (DE) analysis.........ccoecueeeniiiiiiiiniiiiniiieniieenieeene 72

2.11.4  Gene ontology enrichment, clustering, and comparison with other datasets73

2.12 Metabolic fluxX analySis ........cccccuierriiiriiieiiieeeiieeeiee et s 73
2.13 DIUZ LIEALMEIILS ..ceeuvieeiiieeiieeeiteeeitee ettt eeiteesteeestteesbeeesabeeessneeessseesnnseessnseesnns 74
2.14 Live video acquisition and contraction analysis ...........cceeeuveeriuveenieeeniueenniueennns 74
2.15 Luminescence-based cell viability assay .........cccoeccveeviiiiniiieiniiieeniieeniee e 74
2,160 STALISTICS .uvvreeeeiriieeeeiiieeeesitteeeestteeeeeitteeeessbaeeeesasteeesasssaeesasnsseeeesnssseeesanssneesannns 75
2.17 Data availabilify ......ccceeriiiiiiiiiiiiceeeeece e 75
RESULTS ettt ettt ettt e be e ettt e et e b e enbeeae 76

3.1 2D-to-3D culture switch promotes spontaneous cardiac microtissue formation in
scaffold-free CONdItIONS.........cccueviiiiiiiiiiiiiiiciicce e 76

3.2 2D-to-3D culture switch prompts the formation of human iPSC-derived
organotypic cardiac microtissues composed of multiple heart cell types......... 84

3.3 Human iPSC-derived organotypic cardiac microtissues display ultrastructural
organization and maturation in long-term culture ...........cccccoeeeevvieniieniennneene. 92

34 3D long-term culture induces human iPSC-derived organotypic cardiac
MICTOtISSUE MATUTALION ....eetienireeiiieniteeteeeteetee st e et e st eteesnee e e sereesaeesaneesrnens 95

3.5 Long-term human iPSC-derived organotypic cardiac microtissues display
enhanced metabolic ACtIVILY .......covcuiieriiieeriieeiie e 104

3.6 Human iPSC-derived organotypic cardiac microtissues functionally respond to

drugs in a dose dependent fashion in long-term culture ............cccccveeevveennen. 107
DISCUSSION ...ttt sttt ettt st e bt et eaeesae e 111
CONCLUSION AND SCIENTIFIC VALUE.......ccccooiiiiiiiiienenicnieeeeeeeee 116
BIBLIOGRAPHY ..ottt 117
LIST OF ONLINE SUPPLEMENTARY MATERIALS .......ccccooiiiiiiiiieiieee 156

Xii



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

8
9
10
11
12

13
14

7.1  List of Supplementary VId0S........c.ceeruieiriiiiiiieeiiieeiieeeiieeeieeete et 156

7.2 List of Supplementary Datasets .........ccceeerieeiiiieriieeenieeeiieeeieeesee e 157
LIST OF ABBREVIATIONS.......ooiiiiiiieeeeeecte et 158
LIST OF FIGURES ...ttt s 162
LIST OF TABLES ... .ottt s 166
Curriculum Vitae as of April 2023 .......cocuvieiiiieiee ettt 167
APPENDIX A: Additional Data and Clarifications ..........ccccceeveerieeiieenieniieeneene 172

12.1 Excerpts from point-by-point reSponses t0 TEVIEWETS.........ccervreerveeenveennnneenn 172
APPENDIX B: First attempt at hCO-0n-Chip.......c.ccccooviiiiiiiiniiiiiiiicece 176
APPENDIX C: Original Publications During Dissertation .............ccccceeceervueennneene 178
IMANUSCIIPE L.ttt sibeeeeaaee e 179
MaANUSCIIPE T ..ot e e 211
ManuSCIIPE TIL..cceeiiiiiiie e et 220

Xiil



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

INTRODUCTION

1.1 Problem and Motivation

Cardiovascular diseases (CVD) still remain the leading cause of death worldwide. As of
2019, an estimated 17.9 million people died from CVDs, representing 32% of all global
deaths. Of these deaths, 85% were due to coronary heart diseases (e.g. heart attacks) and
cerebrovascular diseases (e.g. strokes) and they have disproportionally affected low- and
middle-income countries [1], [2]. CVDs have many causes such as smoking, diabetes,
obesity and high-blood pressure, or underlying congenital forms. In the era of global
COVID-19 pandemics, understanding and treating CVDs has become even more crucial as
these pathologies have emerged as both a risk factor and a result of acute infection and its
longer-term outcomes [3]—[8].

Developing new therapies for CVD remains a major challenge, as a significant number of
drug candidates fail to pass clinical trials, or are withdrawn from the market due to adverse
side effects [9]-[11]. In order to approve safer and more effective therapies, there is an
increasing demand to develop faithful models of human heart tissue for pre-clinical
research [11]. While recent technologies provide some insight into how human CVDs can
be modelled in vitro, a comprehensive overview of the complexity of the human heart
remains elusive due to the limited cellular heterogeneity, physiological complexity, or
maturity of the constructs produced [12]. Furthermore, animal models may not always
faithfully reflect the unique features of human biology and disease, and could give rise to
ethical concerns [13]-[15].

Induced pluripotent stem cell (iPSC) technology has been revolutionary for the
differentiation and derivation of cardiomyocytes for studying developmental biology,
disease modelling and drug testing [12], [16]—[24]. However, when cultured in 2D, these
cardiomyocytes do not reflect the 3D complexity of the native tissue [22], [25], [26], where
the topology, the cellular heterogeneity and the interactions with the extracellular matrix
(ECM) play a crucial role.

The heart is the first organ to form during mammalian development. It is a very complex
organ with its unique tissue composition at different levels containing many different
structures (eg. Heart valves, arteries, veins, capillaries, cardiac/smooth muscles, pacemaker
cells, Purkinje fibers, ...), and different cell types (cardiomyocytes, cardiac fibroblasts,
endothelial cells, epicardial cells, smooth muscle cells, pacemaker cells, ...) [27] in
addition to distinctive metabolic and mechanical features. While the neonatal heart tissue
has an ability to regenerate, this potential is greatly reduced in the adult life of higher
mammals [28]. Therefore, it is not surprising to see CVD remains as a leading cause of
death worldwide.
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Further elaboration on the complexity of heart tissue has revealed a need of new models to
reflect relevant heart models to study cardiovascular biology, its development, make
healthy/disease tissue models, or develop alternative platforms for drug screening [29].
Since the past few decades, there has been a growing interest in 3D culture and tissue
engineering applications to make more realistic cardiovascular tissue models for both
normal and pathological conditions. By dissecting the interplay between the different cell
types, scaffolds and biophysical stimuli, many advances of tissue engineering methods
have been reported that best replicate cardiac development (Figure 1.1). Thus, 3D culture
methods and tissue engineering approaches could have a great potential for both basic and
translational cardiovascular research.

Regenerative medicine In vitro study

Recruiting host cells

Models of disease

<i_

.

=

Screening of cells, drugs

Engineered tissue graft </_‘

e B\
ST

Figure 1. 1 Classical approaches in cardiovascular tissue engineering

The classical tissue engineering approach involves cultivating cells on scaffolds in presence of
biochemical and mechanical stimuli (e.g. Bioreactors). An alternative approach for regenerative
medicine entails the recruitment of host cells to the site of injury by implanted scaffolds and/or
cells. Recently, tissue engineering approaches are also being used as a platform for (high-
throughput) disease modelling or for screening for drugs and therapeutic targets. Adapted from:
[30].

Early 3D cardiac tissue models were developed by culturing human heart tissue biopsies, or
by mixing non-isogenic populations of cardiomyocytes, non-myocytes and biocompatible
hydrogels, called “cardiospheres” or “cardiac microtissues”. [31]-[33]. However, such
microtissues tend to survive limited time in culture, display poor self-organization and fail
to capture the complex cellular heterogeneity of the organ they aim to model. Recently,
cardiac tissue engineering technologies have emerged that develop more physiologically-
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relevant tissue models with higher degree of complexity, organization and dynamics [34]—
[37], such as engineered heart tissues (EHTs) [30], [35], [38], isogenic cardiac
microtissues [32], [39]-[44], and lately organs-on-a-chip [45]—[55] and organoids [13],
[56]-[58].

Organoids are 3D miniaturized versions of an organ, showing faithful micro-anatomy, and
organ specific function compared to the organ being modelled after [13], [56]-[58]. To be
considered as an "organoid", an in vitro model must fulfil specific requirements, including:
(1) 3D cellular heterogeneity with organ-specific cell types, (2) self-organization and
histology similar to the tissue of origin and (3) recapitulation of at least one specialized
biological function similar to the organ being modelled [S8]—[60].

To this date, well-established organoids have been already generated for many organs such
as the brain, kidneys, intestines, guts, lungs and many other organs [13], [61]. On the other
hand, organoid models of the heart have only started to emerge in the last couple of years
[62], [63]. Of note, early mammalian cardiac organoids showing spontaneous self-
organization with distinct atrium- and ventricle- like regions were generated from mouse
pluripotent stem cells (PSCs) [64], [65], or as a part of gastruloids [66]. Subsequently,
human PSC-derived cardiac organoid models were described [63], [67]-[72], which were
developed by various approaches such as assembling different cardiac cell types [69],
followed by other self-organized models more faithful to cardiac development [63], [70]—
[73].

Recently published human cardiac organoids include single chamber models - i.e.
“cardioids” modelling the left ventricle [63] - relying on an external ECM scaffold, such as
Matrigel [68], [70], exhibit chamber-like structures [63], [71], showing the co-emergence
of gut tissue together with atrial- and ventricular-like regions [70], [72]. Although
extremely informative, most of these models are generated by short-term culture, whereas
longer-term culture could help them acquire a more mature phenotype, which is desirable
for more physiologically relevant in vitro tissue models [74], [75].

The main motivation/research question of this dissertation has been to focus on the
development of 3D cardiac microtissues that could demonstrate improved cardiac
specification and maturation and could act as an in vitro platform for modelling the
complexity of human heart.
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1.2 The Complexity of (Making) the Human Heart

In order to be able to faithfully bioengineer and replicate the characteristics of a human
heart in vitro, we first need to understand its biology, developmental timeline, and its
cellular composition.

The fully developed mammalian heart consists of four chambers and many different cell
types (Figure 1.2A), where each of them is involved in specific biochemical, mechanical,
structural and electrical functions. There are three main layers: Epicardium (outermost),
myocardium (middle), and the endocardium (innermost) (Figure 1.2B). The first layer,
epicardium, consists of cardiac fibroblasts and smooth muscle cells. Cardiac fibroblasts are
the main mediators of extracellular matrix production, maintenance and healing response of
the heart after injury [76] . Smooth muscle cells (SMCs) are involved in arteries’ inflow
and outflow properties, and vasculature (Aortic and Vascular SMCs). The muscular walls
of the heart — myocardium — are composed of cardiomyocytes (CMs) — with atrial and
ventricular subtypes (sino-atrial node cardiomyocytes: SA-CMs and atrio-ventricular
cardiomyocytes: AV-CMs). In addition, Pacemaker cells (from SA-CMs) and Purkinje
fibers are specialised CMs that generate the electrical impulse necessary to initiate the
beating of the heart. The SA-CMs/Pacemaker cells are located at the sinoatrial node (SAN)
near the right atrium, while the AV-CMs are found at the atrioventricular node (AV),
located between atria and ventricles. AV-CMs are quiescent CMs, until they receive the
electrical impulse from SA-CMs, and conduct this impulse from atria to the ventricles to
complete the beating. Finally, the innermost layer — endocardium — consists of endothelial
cells (ECs) that provide the innermost lining of blood vessels and heart valves [77]

A. B. A section of the heart showing its three layers: epicardium,
myocardium, and endocardium
Superior Pariotal Pericardium
vena cava The serous membrane that
farms the outer wall of the
pericardial cavity; it and
dense fibrous layer form the
o = Pericardial eavity pericardial sac surrounding
—_ (contains serous fiid) the heart
Smooth muscle cells ™
Dense fibrous layer
= Yo ) Areolar tissue
1 l
Endothelial cells Mseothellini
Myocardium
Muscular wall of the heart
P — consisting primarily of
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Figure 1. 2 Anatomy and cell types of the mammalian heart.

A. The four chambered mammalian heart with their anatomic locations. Epicardium: Smooth
muscle cells, cardiac fibroblasts. Myocardium: Cardiomyocytes (Pacemaker cells/SA-CMs, AV-
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CMs, Purkinje fibers). Endocardium: Endothelial cells. Adapted from [77] B. A cross-section
diagram of the heart wall showing the relative positions of pericardium/epicardium, myocardium
and endocardium layers (thickness not to scale as myocardium is much thicker. Adapted from [78].

1.2.1 Heart Development in the Early Embryo
The heart is the first organ to form and function during mammalian embryogenesis [79].

On week 3 of human embryonic development (equivalent to embryonic day 7.5 (E7.5) of
mouse), the embryo consists of three germ layers: the ectoderm, the mesoderm, and the
endoderm [80]. This stage is where the heart formation starts, where most of the cardiac
tissue would be derived from the mesoderm layer. During gastrulation, the early cardiac
progenitor cells could be found at bilateral regions in the midline of embryo, and when the
embryo starts to fold, these two regions fuse and form the “cardiac crescent”. From this
point on, two major progenitor cell types, namely the first heart field (FHF) and the second
heart field (SHF) contribute to the developing heart [81]. Figure 1.3 shows a summary of
the developmental timeline of mammalian cardiogenesis.

FHF

— —
SHF
Stage: Cardiac crescent Linear heart tube Looping heart Chamber formation
Mouse embryo day: E75 E8 E9 E10
Human embryo day: Day 15 Day 20 Day 28 Day 32
Milestones: * Cardiac differentiation » Heart tube formation * Early chamber * Chamber formation
* Migration to midline = First heartbeat formation « Trabeculation
= Anterior-posterior and * Looping to the right = Cushion formation
dorsal-ventral patterning = OQutflow tract septation

= Early conduction-system
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Mouse ET1 to E15
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Figure 1. 3 Developmental timeline of mammalian cardiogenesis.

At the earliest stages of heart formation (cardiac crescent), two pools of cardiac precursors exist:
The first (FHF) and second heart field (SHF). At intermediate stages, these pools merge to form the
linear heart tube, followed by looping and chamber formation. FHF contributes to left ventricle
(LV), and SHF contributes to right ventricle (RV), outflow tract (OT), sinus venosus (SV), and left
and right atria (LA and RA). (V, Ventricle). At the later stages towards maturation, the cardiac
cushions (CC) lead the formation of atrioventricular valves. Ventricular septum (VS) is formed
from myocardium of LV and RV. Atrial septation (AS) happens via the growth of primary septum
(green) and secondary septum (pink). Finally, the outflow tract septation gives rise to the aorta
(AQ, at left ventricle), and the pulmonary artery (PA, at right ventricle). Adapted from [82].

An interactive version of this process can be found at http://pie.med.utoronto.ca/HTBG/index.htm.

The cells of the cardiac crescent subsequently fuse along the midline to form the linear
heart tube, serving as a scaffold for subsequent heart growth [77]. The early heart tube
consists of an outer myocardial layer and an inner endocardial layer separated by cardiac
jelly [83]. This stage is also where the first beating activity is observed. The linear heart
tube then undergoes a rightward looping (week 4-5 in humans, E8.5 in mice) in order to
enable cardiac chamber formation (week 5-6 in humans, E10.5 in mice). Cardiac
trabeculation also begins after looping, where a network of luminal projections called
“trabeculae” are formed — made of myocardial cells covered by the endocardial layer
(Figure 1.4) [84], [85]. This enables nutrition and oxygen uptake in the embryonic
myocardium before vascularization [85], [86]. Septation and valve formation marks heart
maturation by week 10 in humans, and day E15 in mice. Finally, cardiac chamber
maturation can be achieved by trabeculae formation, establishment of the conduction
system, and thickening of the compact myocardium [85].


http://pie.med.utoronto.ca/HTBG/index.htm
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Figure 1. 4 Cardiac trabeculation and chamber maturation.

A. At early development, the cardiac chamber wall is smooth and made of endocardial cells and
myocardial cells. B. Emergence: Myocardial projections called trabeculae start to appear in the
outer curvature of the ventricle, projecting into the lumen, which are lined by a continuous layer of
endocardium. C. Trabeculation: Trabeculae increase in length and the chamber wall becomes more
complex while the myocardium does not thicken significantly. Meanwhile, the outermost layer of
the heart — the epicardium — starts to surround the developing heart. D. Compaction/Remodelling.
Trabeculae stops the luminal growth, thicken radially, and their base joins to form part of the
myocardial wall. The compact myocardium increases in mass together with coronary vessel
formation in the myocardial wall. The compact myocardium is shown in dark blue, trabecular
cardiomyocytes in light blue, endocardial cells in green, and epicardial cells in purple. The
developing cardiac vasculature is shown by gray circles outlined in green. Adapted from [85].

In mammals, the FHF cells mainly contribute to the formation of left ventricular
myocardium, conductive cells of atrioventricular canal, and parts of cardiac conduction
system [87], while the SHF cells contribute to various lineages such as right ventricular

7
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myocytes, atria, sinoatrial conductive cells, vascular smooth muscle cells and endothelial
cells [80], [88], [89].

Meanwhile, tissues from outside the cardiac field also contribute to cardiac development.
Cardiac neural crest cells (cNCCs) originate from the dorsal neural tube, migrate from
dorsal mesoderm with the help of SHF, and participate in the septation of the outflow tract.
The “proepicardial organ” (PEO) at the paraxial mesoderm at the ventral region of the
embryo gives rise to “proepicardial cells” that migrate to the developing heart, and
contribute to the formation of the outermost layer of the heart — the epicardium — via
epithelial-to-mesenchymal transition (EMT), as well as cardiac fibroblasts, smooth
muscles, coronary artery and valve development (Figure 1.5) [77], [90]-[92].
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| =) _
| | 7
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Figure 1. 5 Developmental origins of different cardiac cell types.

Multiple cardiac cell types originate from cardiac mesoderm such as multiple cardiomyocyte
subtypes (top), and from extra-cardiac lineages: cardiac neural crest and pro-epicardium contribute
to the heart and coronary vessel cells, epicardial cells and fibroblasts (bottom). Adapted from [93].

Cardiogenesis is precisely regulated temporally and spatially by a myriad of signalling
pathways and networks of transcription factors (TFs), where excellent reviews provide
detailed discussions of this topic [77], [81], [82], [88]—-[95]. Briefly, some of the most
important mechanisms for vertebrate cardiogenesis involve the modulation of canonical
and non-canonical WNTs, transforming growth factor beta (TGFRB) superfamily members

8
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like bone morphogenic protein (BMP) and Activin/Nodal, fibroblast growth factors
(FGFs), sonic hedgehog (Shh), and Notch signalling pathways that consequently activate a
set of transcription factors specific for mesoderm induction (e.g. Brachyury: T or Bry)
cardiac mesoderm specification (eg. mesoderm posterior 1: MESP1), cardiac growth and
patterning, where committed cardiovascular progenitors can be defined by key
transcription factors such as NKX2.5 (NK2 homeobox 5), GATA4, TBXS (T-box 5),
MEF2C (myocyte-specific enhancer factor 2C) and ISL1 (Islet 1). GATA4 and NKX2.5
are central for both FHF and SHF specification; however TBXS is restricted to FHF only,
while ISL1 and MEF2C mark the cardiac progenitor cells in the SHF. A summary of
differentiation steps and key transcription factors related to early FHF and SHF

development is shown in Figure 1.6.

Figure 1. 6 Regulation of heart development by transcriptional networks and signalling
pathways.

Summary of signalling pathways (green) and transcription factor interactions during FHF and SHF
development, where some of them overlap in both fields. Adapted from [90].

Meanwhile, early endocardial cells can be distinguished by the expression of the
transcription factor nuclear factor of activated T cells 1 (NFAT2 or NFATC1) [84], [96],
and BMPIO signalling plays an important role in their development [97]. While

9
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endocardial development still arises from early stages of cardiac mesoderm, the epicardium
arises at later stages of development. Pro-epicardial development relies on FGF and BMP
signalling [98], and pro-epicardial/epicardial cells are marked by the expression of TBX18
and WT1 (Wilms Tumor 1) , as well as by FHF and SHF markers NKX2.5 and ISL1 [92],
[99]-[102]. Notably, other sources of progenitors can contribute to the formation of
cardiomyocyte subtype lineages, a process which is further regulated by signalling
pathways such as BMP, Notch and retinoic acid (RA) (Figure 1.7) [103]. For example,
HCN4+ FHF cells may contribute to the formation of SAN conduction cells. Recently,
single-cell RNA sequencing (scRNA-seq) studies have been instrumental for the detection
of transcriptional signatures of subtype-specific cardiomyocytes during early mouse
development and mammalian PSCs at single cell level [104]-[106].

First heart field (FHF)
TBX18+HCN4+TNNT2+

ISL1- .
Nsz.s/

Cardiac His/BB conduction cells

NOTCH IRX4+MYL2+TNNT2+
RA Left ventricular cardiomyocytes
PDGFRA+ R i
nalliy AL MYL7+NR2F2+TNNT2+
MESP1+ ISL1+ Atrial cardiomyocytes
—e . FGF TBX18+HCN4+NKX2.5-
- WNT RA Cardiac SAN conduction cells
Cardiac Early cardiac ISL1+ BMP.
mesoderm progenitors NKX2.5+ 0’\'0\’\ IRX4+MYL2+TNNT2+
N/7 Right ventricular cardiomyocytes

%
MYL7+NR2F2+TNNT2+
SHF progenitors Atrial cardiomyocytes
. Outflow tract

Second heart field (SHF)

Figure 1. 7 Regulation of cardiac subtype commitment in response to signalling pathways.

The comparison of molecular markers and signalling pathways leading to final cardiomyocyte
subtypes in mammalian cardiogenesis. Adapted from [103].

In addition to the biochemical cues, mechanotransduction events like stretching and shear
stress were also reported to be influencing CM, SMC and EC differentiation [107]-[114].
Finally, a scheme of developmental cardiac commitment of all general cell types and
distinct regions of the mammalian heart is summarized in Figure 1.8 [115].
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Figure 1. 8 Summary of mammalian cardiac commitment from embryonic development to

mature heart.

A. Key signalling pathways and markers regulating the development of pluripotent stem cells into
the different lineages of the heart. B. Markers for distinct compartments of the human heart.

Adapted from [115].
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1.2.2 The Cellular Composition of the Adult Heart

Defining the exact cellular composition and the interactions among the distinct components
of the human heart is crucial for modelling the complexity and the heterogeneity of this
organ in vitro, as this information could help predict outcomes of healthy vs. diseased
states more precisely. In the scope of complex cellular heterogeneity in the mammalian
heart, the four major cell types are generally defined as cardiac fibroblasts (CFs),
cardiomyocytes (CMs), smooth muscle cells (SMCs), and endothelial cells (ECs) [77],
while determining their exact proportions in terms of cell numbers and volume has been
historically challenging.

During the last decade, techniques such as flow cytometry, fluorescence-activated cell
sorting (FACS) [116], proteomics [117], and more recently single-cell technologies (e.g.
scRNA-seq) have been employed to revisit and identify different cell populations of the
adult heart [118]. In particular, scRNA-seq technologies have enabled the detection of
novel individual cell phenotypes at higher resolution as well as rare cell populations [119].

Of note, in a recent study by Litvitlukova and collaborators, single cell technologies were
applied to profile the transcriptome of 486,134 cells and nuclei from six anatomical cardiac
regions from a diverse cohort of adult heart donors. By integrating this data with machine
learning methods, 11 major cardiac cell types and 62 different cell states were identified
under the so called Human Heart Cell Atlas (Figure 1.9) [118], [120]. Here, not only the
traditionally four-major cardiac cell types (CMs, CFs, SMCs and ECs) were characterized,
but also other non-myocytes such as cardiac-resident macrophages (myeloid & lymphoid),
adipocytes, pericytes, neuronal and mesothelial (~epicardial) cells were described.
Furthermore, distinct populations of atrial and ventricular CM subsets with stark

transcriptional and functional differences were revealed.
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Figure 1. 9 Cells of the adult human heart.

A. Sample collection from heart-wall sections including left and right atria, left and right ventricles,
apex and septum. B. Infographic for the cohort of adult heart donors. C. Uniform manifold
approximation and projection (UMAP) detecting 487,106 cells and nuclei outline 11 cardiac cell
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types and marker genes. D. Different cell populations between atria and ventricles. E. RNA
fluorescence in situ hybridization (FISH) staining for cell type specific transcripts for right ventricle
(RV): TTN (green, cardiomyocytes) and CDH5 (red, EC), right atrium (RA): NPPA (green, aCM)
and DCN (red, FB), and left atrium (LA): MYHII (green, SMCs) and KCNJS8 (red, pericytes).
Counterstaining with DAPI (blue). Adapted from [118].

Remarkably, it was also revealed that the populations of the main cell types varied between
atrial and ventricular tissues in the adult heart. Atrial tissues were found to contain 30.1%
cardiomyocytes, 24.3% fibroblasts 17.1% mural cells (pericytes and SMCs), 12.2%
endothelial cells and 10.4% immune cells (myeloid and lymphoid). In comparison,
ventricular tissues (apex, interventricular septum, left and ventricle) were found to contain
49.2% ventricular cardiomyocytes, 21.2% mural cells, 15.5% fibroblasts, 7.8% endothelial
cells and 5.3% immune cells. [118] In the following sections, we will mainly focus on the
four major cell types of the human heart in more detail for the scope of the dissertation.

1.2.2.1 Cardiomyocytes (CM) and their maturation

Cardiomyocytes (CM) are the powerhouse, the specialized muscle cells of the heart that
make up the thick contractile “myocardium” layer. Similar to skeletal muscle cells,
cardiomyocytes are also defined to compose a striated, although involuntary, muscle.

Previous rodent studies had estimated the cardiomyocyte population would cover ~75% of
normal adult myocardial volume, but recent histological, flow cytometry and single cell
sequencing results revealed that they account for 30-40% of total cell numbers with
variations between mouse, rat and human hearts [116], [118], [121]-[124].

A typical cardiomyocyte is filled with long chains of myofibril structures known as
sarcomeres — the major contractile units of the striated cardiac muscle deputed to ensure
the beating [125], [126]. Sarcomeres are composed of structures called A, M, I and Z-lines
(Figure 1.10A). The A-band contains thick filaments of myosin and their associated
proteins. The M-line stands for the “middle” of A-band, I-band stands for “intermediate”
filaments consisting of thin actin filaments and actin-binding proteins. The Z-line is the
defining units of sarcomeric boundaries, which is found in the middle of the I-band,
contains the greatest number of sarcomeric proteins and considered as the scaffold that
links the contractile units among themselves [127]. Mature sarcomeres consist of thin
filaments (sarcomeric actin, troponins, tropomyosin), thick filaments (myosin heavy and
light chains and their associated proteins, such as myosin binding protein C), TTN (titin)
filaments, Z-lines (actinin and its interacting proteins), and M-lines (myomesin, and its
interacting proteins) [128]. A brief scheme of CM ultrastructure is depicted in Figure
1.10B.
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Figure 1. 10 Cardiomyocte ultrasctructure.

A. Electron microscopy image of a striated muscle sarcomere. Adapted from [127]. B. Scheme of
sarcomere components in mature CM, and spatial relationship between sarcomeres (S), t-tubules
(T), sarcoplasmic reticulum (SR) and mitochondria in mature CMs. TPM; Tropomyosin. Adapted
from [128].

Specialized structural sarcomeric proteins present in all CMs include sarcomeric a-actinin
(ACTN2), which localize at the sarcomeres; and Cardiac Troponin T (TNNT2), a
tropomyosin binding protein regulating the thin filaments, which determine the calcium
(Ca™) sensitivity required for the contraction of the CMs by regulating the structure of
actin filaments [129], [130]. Cardiomyocytes show high-level expression of genes that
encode for contractile force-generating sarcomere proteins (TTN, MYBPC3 and TNNT2)
and calcium-mediated processes (RYR2, PLN and SLC8A1) [118].

As all the striated muscles, cardiac muscle is also characterized by the presence of highly
branched invaginations of CM sarcolemma (ie. plasma membrane), called cardiac
transverse tubules (t-tubules), that are rich in ion channels important for excitation-
contraction coupling, maintenance of resting membrane potential, action potential initiation
and regulation, and signal transduction [131]—[135]. Early ultrastructural studies of cardiac
muscle have shown that t-tubules are found at the Z-line, at the end of each sarcomere
(Figure 1.11) [136]. However, not all CMs have t-tubules or they may only have limited
structures. For example, in vitro pluripotent stem cell-derived CMs (PSC-CMs), in vivo
embryonic and neonatal CMs lack t-tubules, as these structures only start to develop during
the first weeks of life through adulthood (Figure 1.11); mostly in ventricular CMs [128],
[132]-[134]. Meanwhile atrial CMs and Purkinje cells also lack distinct occurrence of t-
tubules [133], [134], [137]. In addition, primary adult ventricular CMs kept in culture start
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to lose their t-tubules, gradually losing their maturity and showing more fetal-like features,
making it difficult to maintain the characteristics of adult CMs in vitro [134], [138], [139].
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Figure 1. 11 Ultrastructural differences in immature and mature CMs.

A. (hPSC-CM) and B. (adult rat) cardiomyocytes with alpha-actinin immunostaining (green) and
blue nuclear counterstain, with their ultrastructure by electron microscopy (C. hPSC-CM and D.
adult rat): M: Mitochondria, arrows depict t-tubules cellular ultrastructure by electron microscopy
(Scale bar in A and B: 25 pm, C and D: 0.2 um) E. Confocal image of murine CMs at postnatal day
6 (P6) as compared to F. postnatal day 20 (P20).

Note the differences between cell size, length-to-width ratio, mitochondria quantity, size and
morphology, appearance of t-tubules and elongated nuclei. A-D. Adapted from [140] E-F. Adapted
from [128].
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As for CM subtypes, according to single-cell sequencing analyses, ventricular
cardiomyocytes can be distinguished by genes encoding sarcomere proteins (MYH7 and
MYL2), transcription factors (IRX3, IRXS, IRX6, MASP1 and HEY2), and PRDM16,
while atrial cardiomyocytes express prototypic genes (predominantly MYL7, NR2F2), and
ALDHI1A2 (an enzyme required for retinoic acid synthesis), ROR2, (important for Wnt
modulation), and SYNPR, which is important for the mechanosensing of TRP channels by
atrial volume receptors [118]. Additionally nodal cells feature the expression of
[hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 (HCN4) [141 and
Figure 1.7].

In terms of contractility, the varying occurrence of t-tubules results in differences in
calcium handling proper