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1. Introduction

Heart failure, a condition in which the heart is no longer able to provide the body with sufficient oxygen
and nutrients, affects more than 60 million people worldwide (Becher et al.,, 2022). Though the
mortality rate is decreasing, still an average of 33% of patients diagnosed with heart failure die within
the first year of diagnosis (Emmons-Bell et al., 2022). Myocardial infarction (Ml), in which an area of
the heart is not provided with sufficient oxygen, is the most common cause of heart failure (Talman &
Ruskoaho, 2016). Cardiac fibrosis, one of the consequences of M, is amongst the primary causes of
end-stage heart failure (Hinderer & Schenke-Layland, 2019). Despite the high prevalence and serious
consequences of cardiac fibrosis, treatment options are currently limited. Fibrosis is defined as the
excessive formation of fibrous connective tissue, or deposition of extracellular matrix (ECM), usually as
a reparative response to injury. When fibrosis is formed as a result of injury, it is often referred to as
scarring. In fibrosis, fibroblasts already present in the respective organ are activated, causing them to
deposit more ECM components. Fibrosis can occur in every organ, though the pathological process is
slightly different depending on the location. The injury that can lead to fibrosis is often the same, e.g.,
an infarction, or reduced blood flow to an area of tissue. Fibrosis is often found in the lungs as
pulmonary fibrosis, in the liver as liver cirrhosis, and in the heart as cardiac fibrosis (Robertson, 2023).
Though it is important to note that fibrosis can occur in each organ, here, we will focus on cardiac
fibrosis.

In this work we aimed to engineer a reliable in vitro model of cardiac fibrosis and investigate the role
of potential pro-fibrotic enhancer sequences. Therefore, this introduction will focus on the heart,
cardiac fibrosis, the role of enhancer sequences in gene expression regulation and on the current state
and limitations of cardiac fibrosis models.

1.1 Heart function

Fibrosis can compromise regular heart function. In a physiological setting, oxygen-poor blood enters
the adult heart from the superior and inferior vena cava into the right atrium (Figure 1). During
contraction, the blood is pumped through the tricuspid valve into the right ventricle and then out of
the heart, through the pulmonary valve into the pulmonary artery and into the lung capillaries. After
gas exchange through the capillary wall, oxygenation and the exhalation of carbon dioxide, the blood
re-enters the heart through the pulmonary veins into the left atrium. It is then pumped through the
mitral valve into the left ventricle and subsequently out of the heart through the aortic semilunar valve
into the aorta and into the rest of the body. The first branches of the aorta are the coronary arteries,
these provide the blood flow to the heart itself (Betts et al., 2022).
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Figure 1: Anatomy of the heart. A, frontal view of the heart, including the superior and inferior vena cava, the pulmonary
artery, the pulmonary vein, the aorta and coronary arteries. B, section of the heart through the frontal plane, depicting the
blood flow through the heart. Blood enters the heart from both venae cavae into the right atrium. From the right atrium blood
is pumped through the tricuspid valve into the right ventricle. From the right ventricle blood is pumped out of the heart through
the pulmonary valve into the pulmonary artery, through the lungs and back into the heart via the pulmonary veins into the left
atrium. Blood is then pumped through the mitral valve into the left ventricle and out of the heart through the aortic semilunar
valve into the aorta. Created with BioRender.com.

1.2 Cellular composition

The heart consists of different cell types. The largest populations are cardiomyocytes, cardiac
fibroblasts, mural cells, endothelial cells and immune cells. The atria and ventricles have been reported
to consist of 30%/49% cardiomyocytes, 24%/16% cardiac fibroblasts, 17%/21% mural cells, 12%/8%
endothelial cells and 10%/5% immune cells, respectively, as measured via single cell genomics
(Litvinukova et al., 2020). The amount of endothelial cells has, however, also been reported to be as
high as 45% (Lother et al., 2021) and the amount of cardiomyocytes in the ventricles has been reported
to be as low as 18%, as measured by cardiomyocyte nuclei staining and stereology (Bergmann et al.,
2015).

1.2.1 Cardiomyocytes

Though generally representing less than a third of the number of cells present in the heart,
cardiomyocytes constitute 70-85% of the volume of the heart (Bergmann et al., 2015; Y. Tang et al.,
2009). A cardiomyocyte is conceived as a contractile, excitable heart cell; the heart (cardio) muscle
(myo) cell (cyte) (Keepers et al., 2020). In the human heart, cardiomyocytes most often contain 1
nucleus, but around 25% of cardiomyocytes are binucleated (Bergmann et al., 2015; Derks &
Bergmann, 2020), and they contain an abundance of sarcomeres. In other species, such as mice, the
majority of cardiomyocytes are binucleated (Raulf et al., 2015) or, for example in pigs, contain up to 10
nuclei (Velayutham & Yutzey, 2022). As the smallest contractile units in each cell, sarcomeres enable
the contraction of the cardiomyocytes (Brodsky et al., 1991; Miko et al., 2017).

Contraction of the multitude of cardiomyocytes in a heart needs to be synchronous. As exhibited in
Figure 2, pacemaker cells in the sinoatrial node send an electrical signal, the action potential (AP),
through conduction pathways, a network of specialized conductive cardiomyocytes, and from
cardiomyocyte to cardiomyocyte via gap junctions, until the AP has reached the atrioventricular node,
to enable a synchronous contraction of the atria. After the AP has reached the atrioventricular node, it
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travels through the ventricles via larger structures of the specialized conduction system, the bundle of
His and Purkinje fibres, causing a synchronous contraction of the ventricles, after which the ventricles
need to repolarise (Avissar, Choi, et al., 2016; Gilbert et al., 2020).

Bundle of His

Sinoatrial node Atrioventricular
node

Purkinje fibers
2 N Ny el AN =

Figure 2: Conductivity through the heart. A, pacemaker cells send an AP from the sinoatrial node through the atria to facilitate
synchronous contraction of the atria. B, the AP travels through the atria until it reaches the atrioventricular node. C, from the
atrioventricular node the AP travels through the bundle of His and Purkinje fibres, D, to synchronously contract the ventricles.
E, the repolarization of the ventricles (based on a figure by Avissar, Choi, et al., 2016). Created with BioRender.com.

In a resting state, cardiomyocytes are negatively charged. Their resting membrane potential is around
-70 mV to -90 mV for atrial and ventricular cardiomyocytes, respectively. It is determined by an
electrochemical gradient of potassium (K*) and sodium (Na*) maintained by the Na*-K*-ATPase, which
exchanges 3 Na* ions out of the cardiomyocyte, for 2 K* into the intracellular space. When the AP
reaches a cardiomyocyte via gap junctions, the cell membrane is passively depolarized to -40 mV, which
activates Na* channels. This causes an influx of Na* ions into the cardiomyocyte along the gradient
across the membrane, further depolarizing the cell. The membrane potential threshold is then reached,
at which time Ca?* channels are activated, leading to an influx of Ca®* into the cardiomyocyte, again
along the pre-existing gradient. This increase stimulates the release of additional Ca?* from the
sarcoplasmic reticulum (SR) within the cell, a process called Ca**-induced Ca* release. The Ca?* binds
to Ca% binding sites on the sarcomeres, troponin C coupled to actin filaments, ultimately leading to
conformational changes in the troponin complex and exposure of cross-bridge binding sites. This
enables the main motor protein, myosin, to bind to the actin filaments and travel across the actin
filaments, leading to the contraction of each sarcomere and ultimately the entire cardiomyocyte
(Avissar, Belardo, et al., 2016; Gilbert et al., 2020; M. X. Li et al., 2005; Lindert et al., 2012).

After each depolarization and contraction, repolarization and relaxation of the cardiomyocytes occurs.
First, Ca®* is both actively eliminated from the cytoplasm into the SR by sarcoplasmic/endoplasmic
reticulum Ca?* ATPase 2 (SERCA2) and exchanged for Na* by Na*/Ca?* antiporters (NCX) for elimination
out of the cardiomyocytes. Repolarization is mainly determined by K* outflow from the cytoplasm into
the extracellular space, following its concentration gradient. Finally, Na*-K*-ATPase restores the balance
between Na* and K* across the cell membrane (Gilbert et al., 2020).

During the growth from newborn to adult, neither the principal anatomy of the heart nor the amount
of cells present in the heart changes substantially, as postnatal cardiomyocytes possess minimal
proliferation capacities. Nevertheless, during this time the heart does grow substantially in size. This
growth is mainly caused by enlargement of cardiomyocytes, which is called maturational hypertrophy.
The process is responsible for an up to 30-fold increase in size. The hypertrophy is necessary to meet
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the increasing demand as the body grows, such as the increased oxygen demand and the increased
blood volume that needs to be circulated through the body (Y. Guo & Pu, 2020; M. T. Zhao et al., 2020).

1.2.2 Cardiomyocyte differentiation

Myocardial cells, including primary human cardiomyocytes, originate from the mesoderm. The
mesoderm appears from the primitive streak during gastrulation (Kuhn & Wu, 2010; Rawles, 1943).
Due to a limited availability of primary human cardiomyocytes, it is important to be able to robustly
differentiate cardiomyocytes from hiPSCs for cardiac research.

Induced PSCs were first introduced to science in 2006 (Takahashi & Yamanaka, 2006). This offered a
great breakthrough in the possibility to engineer and study disease in in vitro models. Prior to this stem-
cell revolution, animal models were often the only means available to study certain aspects of diseases.
Though animal models are a valuable source of information, only limited translation is possible,
attributable to the physiological differences between animal models and humans. Embryonic stem cells
(ESCs) have been used to engineer human models since 1998, but ESCs are associated with severe
ethical concerns. ESCs are obtained from viable human embryos, which are destroyed during the
harvest procedure of the ESCs (Thomson et al., 1998).

Induced PSCs are adult cells, often fibroblasts, reprogrammed to form pluripotent cells. This procedure
was first conducted with mouse fibroblasts in 2006. The produced iPSCs exhibited the same
proliferation and morphological properties as ESCs. The iPSCs could be differentiated into cell types of
all 3 germ layers in a teratoma assay, which proved the pluripotent potential of the iPSCs (Takahashi &
Yamanaka, 2006). In 2007 reprogramming of adult cells into iPSCs was first performed with human
fibroblasts, which yielded similar results (Takahashi et al., 2007).

Another important advantage of the use of hiPSCs to engineer disease models is the possibility to use
patient specific cells.

Multiple approaches to differentiate cardiomyocytes from hiPSCs have been published, including
approaches employing the use of a 2D monolayer or 3D embryoid bodies (EBs). In this work the 3D EB
method will be used. EBs are small cell aggregates formed in suspension by overnight continuous
stirring of the cell culture. After the EBs are formed, hiPSCs are first manipulated with regard to Wnt/B-
catenin activation, inducing mesodermal development of the cells. This is achieved by treatment with
bone morphogenetic protein-4 (BMP-4), activin A and basic fibroblast growth factor (bFGF). After a few
days, cardiac differentiation is initiated by inhibiting the Wnt/B-catenin signalling with XAV-939. At the
end of differentiation, the EBs are enzymatically dissociated into single cells by collagenase II
(Breckwoldt et al., 2017; D. Li et al., 2022; Noseda et al., 2011; Tzahor, 2007).

To determine the purity of cardiomyocytes within the dissociated single cells for quality control, the
amount of cells expressing sufficient cardiac troponin T can be measured via flow cytometry. The 3D
EB protocol yields predominantly ventricular cardiomyocytes. A potential disadvantage of the use of
hiPSC-derived cardiomyocytes from this and other protocols is the yield of rather immature
cardiomyocytes (Y. Guo & Pu, 2020).
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1.2.3 Cardiac fibroblasts

Though not the most prevalent in the heart, cardiac fibroblasts are one of the most important cell
types. They are located in the cardiac interstitium, which represents the complex 3D formation of the
ECM components (Borg et al., 1996). Cardiac fibroblasts are spindle-shaped and flat in structure, with
an oval nucleus (Banjeree et al., 2006; Baudino et al., 2006). Fibroblasts are traditionally defined as
cells able to produce collagen. They represent the most common cell type in connective tissue. Cardiac
fibroblasts are able to express collagen types |, Ill, V and VI. Collagens are the most abundant ECM
proteins, of which, in the heart, types | and Ill are most prevalent, with type | accounting for 85% and
type lll for 11% of all collagen present (Nikolov & Popovski, 2022). Type | collagen is a heterotrimeric
triple-helix structure (Figure 3), made up of 2 al subunits, encoded by the collagenlal (COL1A1) gene,
and 1 a2 subunit, encoded by the collagenl1a2 (COL1A2) gene (Goffin et al., 2010; Henriksen & Karsdal,
2016). Type lll collagen is also a triple-helix structure, but is a homotrimer consisting of 3 al subunits,
encoded by the collagen3al (COL3A1) gene, supercoiled around each other (Nielsen & Karsdal, 2016).

Figure 3: A triple-helix structure with 3 subunits supercoiled around each other. Collagen | is a heterotrimeric triple-helix
structure, with 2 a1 subunits and 1 a2 subunit. Collagen Il is a homotrimeric triple-helix structure, composed of 3 a1 subunits.
Created with BioRender.com.

Cardiac fibroblasts are primarily responsible for the synthesis and remodelling of the ECM. The ECM
forms the scaffold and thereby the mechanical support for the heart. The ECM also represents a
signalling platform. Cardiac fibroblasts express multiple ion channels and connexins and are able to
influence the conduction of the action potential across the heart (Vasquez et al., 2011). Balanced
production and regulation of the collagen network by cardiac fibroblasts is required to ensure the
regular conductivity and rhythmicity of the heart (Tallquist & Molkentin, 2017).

Cardiac fibroblasts are able to communicate with the ECM via integrins and discoidin domain receptors
(DDRs), which represent important cell surface receptors. Via this communication, various cellular
responses can be induced, such as proliferation and migration (Goldsmith et al., 2014). Cardiac
fibroblasts are also able to communicate with cardiomyocytes, indirectly by maintaining ECM
homeostasis, or directly via paracrine signalling (Cartledge et al., 2015).

Cardiac fibroblasts are challenging to define, due to a lack of specific markers. As the model described
in this work consists of hiPSC-derived cardiomyocytes and hiPSC-derived cardiac fibroblasts, markers
for cardiac fibroblast are an important part of quality control of the differentiated cells.

Markers that are often used include fibroblast specific protein (FSP1), vimentin, DDR2, thymus cell
antigen 1 (Thyl, also called CD90), transcription factor 21 (TCF21) and platelet-derived growth factor
receptor a (PDGFRa). Unfortunately, none of these markers is entirely specific for cardiac fibroblasts.
FSP1 is not expressed by all cardiac fibroblasts and is also expressed by smooth muscle cells, endothelial
cells, CD45+ immune cells and cardiomyocytes (Moore-Morris et al., 2014). Vimentin is expressed by
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all cardiac fibroblasts, but also by cells of the entire endothelial lineage. DDR2 is not present in all
cardiac fibroblasts and is also expressed by smooth muscle cells (Bursac & J. Kim, 2014). Thyl is
expressed by 65-85% of cardiac fibroblasts, but also expressed by immune cells and cells from the
endothelial lineage (Hudon-David et al., 2007). TCF21 is a marker for mesenchyme derived cells and is
therefore present in the majority of cardiac fibroblasts and is a rather specific marker. It is, however,
also expressed in other cell types from the proepicardial lineage (H. Hu et al., 2020). PDGFRa is highly
expressed by cardiac fibroblasts, but is also expressed by cardiomyocytes, smooth muscle cells and
cardiovascular progenitor cells (Doppler et al., 2017; Smith et al., 2011).

As mentioned above, cardiac fibroblasts are able to communicate with cardiomyocytes, for example by
paracrine signalling. Cardiac fibroblasts can express transforming growth factor-B (TGF-B), which can
lead to hypertrophic remodelling of cardiomyocytes (Dobaczewski et al., 2011; Pellman et al., 2016).
This communication is not unidirectional. By expressing TGF-B, cardiomyocytes can stimulate the
transdifferentiation of cardiac fibroblasts into myofibroblasts, an activated phenotype of fibroblasts
which produce increased amounts of ECM proteins and are able to contract (Koitabashi et al., 2011).
Myofibroblasts express a-smooth muscle actin (aSMA) and periostin, which can be used as markers of
activation (Czubryt, 2019).

Within certain limits, cardiac fibroblasts are able to transduce electrical signalling, i.e. carry the AP
across the heart. In an in vitro experiment on a heterocellular monolayer culture of primary rat
cardiomyocytes and cardiac fibroblasts, it was possible to propagate an electrical signal across cardiac
fibroblasts for up to 300 um (Gaudesius et al., 2003). In scar tissue, cardiac fibroblasts are able to
directly regulate cardiac excitation and can cause arrhythmogenesis (Y. Wang et al., 2023).

1.2.4 Cardiac fibroblast differentiation

Similar to primary cardiomyocytes, there is limited availability of primary cardiac fibroblasts. Thus, the
ability to robustly differentiate cardiac fibroblasts from hiPSCs was of equal importance for this work.
For the differentiation of cardiac fibroblasts, Wnt/B-catenin signalling in the hiPSCs has to be activated,
for example by treatment with CHIR99021, a glycogen synthase kinase 3B (GSK3B) inhibitor. The
activation induces mesodermal development of the cells (H. Zhang et al., 2019, 2022). This is followed
by the inhibition of the Wnt pathway, which can be achieved by treatment with IWR-1. The inhibition
induces the formation of cardiac progenitor cells. The formation of epicardial cells can then be achieved
by subsequent exposure to CHIR99021, retinoic acid and the TGF-B1 receptor inhibitor SB-431542. The
differentiation of epicardial cells into quiescent cardiac fibroblasts can then be reached by treatment
with SB-431542 and bFGF (H. Zhang et al., 2019, 2022).

1.3 Cardiac fibrosis

In accord with minimal proliferation properties, the adult human heart also has minimal regenerative
properties. This means that after an injury, cardiac tissue is susceptible to the formation of scar tissue,
cardiac fibrosis, in lieu of replacement of injured or apoptotic cardiomyocytes with healthy
cardiomyocytes.
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Cardiac fibrosis can have different causes, including chronic diseases such as diabetes, hypertension
and even aging alone, but the most common cause is an acute injury caused by myocardial infarction
(Raziyeva et al., 2022).

1.3.1 The 3 phases of reparative cardiac fibrosis

Reduced or discontinued coronary artery perfusion during Ml causes oxygen deprivation, called
ischemia. The tissue responds to this injury in 3 partially overlapping phases (Figure 4). First, the
ischemia leads to necrosis and apoptosis of cardiomyocytes and degradation of the ECM. This triggers
animmune response, called the inflammatory phase. In this phase, fibroblasts acquire an inflammatory
phenotype and secrete interleukin-1f (IL-1B). IL-1B plays an essential role to recruit leukocytes,
including neutrophils and mononuclear cells, to the infarct area to phagocyte necrotic cells and matrix
debris (Bujak et al., 2008). Neutrophils are short lived cells which undergo local apoptosis after
maximally 4 days. Apoptotic neutrophils are phagocyted by macrophages (Prabhu & Frangogiannis,
2016). These macrophages secrete anti-inflammatory cytokines, such as IL-10, and profibrotic
mediators such as TGF-B1. The expression of TGF-B1 starts the second phase, the proliferative phase,
in which TGF-B1 initiates the transdifferentiation of cardiac fibroblasts into myofibroblasts.
Myofibroblasts then participate in increased ECM production by depositing mainly collagen | and lll,
causing the scar formation. Besides initiating the transdifferentiation of fibroblasts, the cytokines
expressed by the macrophages also promote angiogenesis, which is required as a reaction to the high
metabolic demand of the infarct area (W. Chen & Frangogiannis, 2013). The proliferative phase is
followed by the third phase, the maturation phase, where the scar matures due to cross-linking of the
ECM. In this phase, the myofibroblasts become quiescent and are referred to as matrifibrocytes
(Eschenhagen, 2018; Fu et al., 2018). The exact mechanism that leads to this quiescence is unknown,
but a decreased local concentration of TGF-B1 might be an essential component. The myofibroblasts
are cleared from the site of injury over time, presumably due to apoptosis (Frangogiannis et al., 2000).
The mechanism responsible for the induction of apoptosis in this process also remains unknown
(Humeres & Frangogiannis, 2019). Though the scar does not actively contribute to heart function, a
mature scar resulting from these phases is essential to maintain structural integrity of the heart, which
is necessary for survival. Without the scar formation and maturation, the tensile strength of the wound
area would be reduced, which can lead to further adverse remodelling of the heart, such as dilation or
even rupture (Huebener et al., 2008).
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Figure 4: The 3 phases of fibrosis formation. In the first phase, the inflammatory phase, ischemia leads to necrosis and
apoptosis of cardiomyocytes and the degradation of the ECM, which in turn leads to inflammation of cardiac fibroblasts.
Inflammatory cardiac fibroblasts secrete IL-18. IL-18 recruits neutrophils and mononuclear cells to phagocyte the necrotic and
apoptotic cardiomyocytes and the ECM debris. After maximally 4 days the neutrophils undergo apoptosis, which recruits
macrophages. These macrophages phagocyte apoptotic neutrophils and secrete TGF-81 and IL-10. The expression of TGF-81
initiates the second phase, the proliferative phase, in which cardiac fibroblasts transdifferentiate into myofibroblasts.
Myofibroblasts deposit predominantly collagen | and collagen Ill. Both the TGF-81 and IL-10 expressed by the macrophages
stimulate angiogenesis. In the third phase, the maturation phase, the myofibroblasts become quiescent and/or leave the
infarct site, possibly due to apoptosis, through unknown mechanisms. Crosslinking of the ECM in the infarct area leads to the
formation of a mature scar (based on a figure by Humeres & Frangogiannis, 2019). Created with BioRender.com.

1.3.2 Active role of fibroblasts

The previous paragraph suggests a rather passive role of the cardiac fibroblasts after MI. This is
however, a too narrow perspective. Cardiomyocytes are extremely sensitive to ischemia, causing a
massive loss of cardiomyocytes after MI. (X. Zhang et al., 2001). Though the majority of cardiac
fibroblasts in the infarct region likely also undergo apoptosis, cardiac fibroblasts from the border zone
are able to infiltrate the infarct region within 1 day (Fu et al., 2018). The position of these cardiac
fibroblasts in the cardiac interstiium renders them ideal to sense the changes in the cardiac
microenvironment following Ml and to initiate the inflammatory response. Reactive oxygen species
(ROS) are generated as a consequence of ischemia after M| (Hori & Nishida, 2009). ROS both directly
and indirectly modulate the function of fibroblasts and induce the expression of cytokines (including
IL-1) and chemokines, which trigger the inflammatory response and the recruitment of leukocytes.
These cytokines and chemokines are also expressed by other cells, including endothelial cells (W. Chen
& Frangogiannis, 2013). The cytokines, especially IL-1B, trigger more fibroblasts to migrate towards the
site of injury, intracellularly mediated through mitogen-activated protein kinase (MAPK) cascades
(Mitchell et al., 2007). Different possible origins of the migrated fibroblasts have been investigated.
According to popular hypotheses, the fibroblasts could be recruited from bone-marrow derived cells
(Mollmann et al., 2006), from the endothelial lineage (E. M. Zeisberg et al., 2007) or from the epithelial
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lineage (X. Yang et al., 2014). This has however been refuted. More recently, it could be demonstrated
that the fibroblasts present in the infarct area are largely of epicardial origin (Moore-Morris et al.,
2018). As mentioned before, the macrophages recruited to phagocyte the apoptotic neutrophils,
secrete cytokines that clear the way for the proliferative phase. It is unknown whether the fibroblasts
themselves also secrete cytokines to inhibit the inflammatory response.

During the proliferative phase, fibroblasts become the most abundant cell type in the infarct site (W.
Chen & Frangogiannis, 2013). The transdifferentiation into myofibroblasts causes the cells to undergo
major phenotypic differences. The fibroblasts increase the synthesis of ECM components and become
more proliferative and migratory. Phenotypically, myofibroblasts resemble smooth muscle cells more
closely than fibroblasts, as they extensively form contractile stress fibres (W. Chen & Frangogiannis,
2013). The transdifferentiation into myofibroblasts is paired with an increased expression of multiple
smooth muscle cell proteins, including aSMA and transgelin (Brennum & Kalluri, 2012). The stress
fibres in myofibroblasts consist of cytoplasmic actin. At the stage where myofibroblasts express stress
fibres, but do not yet express aSMA, they are also referred to as proto-myofibroblasts (Tomasek et al.,
2002). These proto-myofibroblasts promote ECM remodelling, which in turn promotes the
development of proto-myofibroblasts towards fully differentiated myofibroblasts, which express
aSMA. The aSMA expression is largely controlled by TGF-B1l. The expression of aSMA and the
incorporation of aSMA into the stress fibres further promotes the cellular contractility, which is needed
for physiological tissue remodelling (W. Chen & Frangogiannis, 2013; Roche et al., 2016; X. Yang et al.,
2014).

1.3.3 TGF-B1

A pivotal marker of myofibroblasts is the expression of aSMA, which is largely induced by TGF-B1. TGF-
B1 can induce the expression of aSMA in both a Smad-dependent (canonical) or Smad-independent
(non-canonical) pathway. In the Smad-dependent pathway (Figure 5), TGF-B1 binds to TGF-B receptor
Il (TGF-B1RIl) present on the cell membrane, which phosphorylates its heterotetramer partner, TGF-
receptor | activin receptor-like kinase 5 (TGF-B1RI ALK5), activating the intracellular kinase domain of
ALK5 (H.-H. Hu et al., 2018). In turn, ALK5 phosphorylates the transcription factors Smad2 and Smad3
present in the cytoplasm, which together form a heterodimer. Smad4 binds to this heterodimer,
forming a heterotrimer. This trimer is able to translocate to the nucleus, where it can bind to TGF-
target genes, such as aSMA, and activate transcription (Derynck & Zhang, 2003; H.-H. Hu et al., 2018;
Yue et al., 2017). In line with this mechanism, after treatment with neutralizing TGF-B1 antibodies, a
decrease in synthesis of aSMA was measured in both quiescent and activated fibroblasts. The
expression of aSMA promotes the transdifferentiation of fibroblasts into myofibroblasts (Desmoulibre
et al., 1996; X. Yang et al., 2014).

The Smad-dependent pathway includes a negative feedback loop, which negatively regulates the
phosphorylation of Smad2 and Smad3 (H.-H. Hu et al., 2018). Smad3 is activated by the binding of TGF-
B to the TGF-B1RIl, which in turn upregulates Smad7. Smad7 inhibits the activation of Smad2 and
therefore negatively regulates the Smad2/3 pathway, also visualized in Figure 5 (Humeres et al., 2022).
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Figure 5: The Smad-dependent pathway of TGF-81. TGF-81 binds to TGF-81RIl, which phosphorylates TGF-81RI (ALK5).
Smad2/3 present in the cytoplasm are phosphorylated in turn by ALK5 and form a heterodimer. Smad4, also present in the
cytoplasm, binds to the heterodimer, forming a heterotrimer. The heterotrimer is able to translocate to the nucleus, bind to
TGF-81 target genes and activate transcription. Binding of TGF-81 to TGF-81RII activates Smad 3, which upregulates Smad7.
Smad?7 inhibits the activation of Smad2, negatively regulating the Smad2/3 pathway; the negative feedback loop. The
phosphorylation of TGF-B1RI (ALK5) also stimulates the 3 MAPK cascades; ERK, JNK and p38 (based on a figure by H.-H. Hu et
al., 2018). Created with BioRender.com.

In the Smad-independent pathway, TGF-B1 stimulates fibrosis through MAPK cascades. The binding of
TGF-B1 to the TGF-B1RII and subsequent phosphorylation of TGF-B1RI (ALK5) causes the stimulation of
the 3 known MAPK cascades: the extracellular signal-related kinase (ERK) pathway, the c-Jun N-
terminal kinase (JNK) pathway and the p38 pathway (Figure 5). Among others, these pathways are also
involved in the regulation of collagen production (Papakrivopoulou et al., 2004; M. Tang et al., 2007;
Wojciechowski et al., 2017). The p38 MAPK pathway is also related to myofibroblast proliferation,
similarly to the Smad-dependent pathway (Yue et al., 2017).

1.3.4 RAAS

Stressed fibroblasts produce angiotensin-converting enzyme (ACE), a protease which generates
angiotensin Il (Angll) from the less active angiotensin | (Angl), in the renin-angiotensin-aldosterone
system (RAAS) (Hafizi et al., 1998). The RAAS is of outstanding importance in regulating ion and water
homeostasis and maintaining haemodynamic stability in the body. After M, this stability is disturbed
and the acutely lowered organ perfusion is sensed by the kidneys and leads to activation of the RAAS
(Dargie & Byrne, 1995). Renin is produced by the kidneys and converts circulating angiotensinogen into
Angl. ACE then converts Angl to Angll (AlQudah et al., 2020).

Angll is an important activator of cardiac fibroblasts, promoting proliferation of fibroblasts (Sadoshima
& lzumo, 1993), an increase of ECM production (Crabos et al., 1994) and transdifferentiation of cardiac
fibroblasts into myofibroblasts (Swaney et al., 2005). A big part of these effects can be explained by the
induction of TGF-B1 expression attributed to Angll, or by the induction of ROS by Angll (Bertaud et al.,
2023). However, Angll is also able to directly cause fibroblast proliferation after binding to angiotensin
receptor 1 (AT1). Periostin is one of the downstream products of direct Angll-induced fibroblast
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activation and its expression is elevated after TGF-P treatment (Bertaud et al., 2023; Kim et al., 2013).
Angll moreover inhibits the activity of matrix metalloproteinase 1, an important contributor to
interstitial collagen degradation (Brilla et al., 1994). Furthermore, Angll activated rat cardiac fibroblasts
expressed connective tissue growth factor (CTGF, encoded by CCN2), which additionally promoted
fibroblast proliferation (Ahmed et al., 2004).

1.3.5 A 4t phase

The 3 phases following M, the inflammation phase, the proliferative phase and the maturation phase,
are crucial for stable repair of the injury site. In some cases, a 4™ phase takes place. This phase is called
the late phase and can contribute to adverse fibrosis formation, cardiac remodelling and even heart
failure. Moreover, independently of previous Ml, adverse fibrosis formation is found in patients with
both common types of heart failure: heart failure with a preserved ejection fraction (HFpEF) and heart
failure with a reduced ejection fraction (HFrEF) (Frangogiannis, 2021). Multiple mechanisms contribute
to the 4'" phase and modulate its outcome.

One such important factor is a bigger infarct area and subsequent greater inflammatory response. With
larger affected areas, it is possible that the overwhelming inflammatory response cannot be sufficiently
resolved, resulting in chronic inflammation, which can lead to ventricular dilation (Prabhu &
Frangogiannis, 2016).

Another possible factor is wall stress: due to the wound healing after Ml and the reparative remodelling
of the site resulting in reduced elasticity of the affected tissue, there is an increased amount of wall
stress in the surrounding, non-infarcted, myocardial wall. This can cause fibroblasts to be activated in
these neighbouring parts of the myocardial wall, leading to an increase in ECM production where it is
neither needed nor wanted. Thus, reduced function is able to spread across the myocardial wall
(Humeres & Frangogiannis, 2019).

Myofibroblasts which do not sufficiently leave the infarct area after the acute injury has been resolved,
are another possible contributor to the 4™ phase. These myofibroblasts may retain their properties of
increased ECM deposition, which can lead to tissue deformation. The scar can become hypertrophic
and lead to contracture of the tissue, which in turn can cause arrhythmia (AlQudah et al., 2020).
Sustained excessive ECM production can additionally promote arrhythmia through diffuse stiffening of
the cardiac wall. All processes combined can ultimately lead to fatal heart failure (W. Chen &
Frangogiannis, 2013).

Aside from MI and ischaemia-related heart failure, several other cardiac conditions are associated with
fibrosis. One prominent example is chronic hypertension, which can cause interstitial fibrosis and
perivascular fibrosis. In interstitial fibrosis, collagen is diffusely deposited between groups of
cardiomyocytes. In perivascular fibrosis, there is an increase of collagen deposition around blood
vessels. Both types of fibrosis have also been associated with obesity, diabetes and aging (Alex et al.,
2023; Christine et al., 2010; Horn & Trafford, 2016; Ytrehus et al., 2018). Interstitial fibrosis has also
been associated with genetic defects (Frangogiannis, 2021).
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1.4 Models of cardiac fibrosis

Many of the mechanisms behind the development of cardiac fibrosis remain unclear (Frangogiannis,
2021). Therefore, it remains continuously important to study cardiac fibrosis. One way to study cardiac
fibrosis is to use reliable cardiac fibrosis models.

1.4.1 Existing fibrosis models
Multiple models have been established to research fibrosis, including animal models, based on both
small and large animals.

Established models include MI, which leads to cardiac fibrosis, induced in rat and mice (Blankesteijn et
al., 1997; Tao et al., 2016). Cardiac fibrosis can surgically also be induced in rats and mice via transverse
aortic transcription (TAC). With TAC, the transverse aortic arch is constricted with a suture, which leads
to pressure overload and subsequent cardiac fibrosis (Y. Wang et al., 2022). Cardiac fibrosis was also
established indirectly in vivo in rats through treatment with aldosterone (Lijnen & Petrov, 2000), and
fibrosis as a consequence of cardiomyopathy was induced in mice by treatment with the cardiotoxic
agent doxorubicin (Tao et al., 2016).

Larger animal models of Ml induced cardiac fibrosis were also studied, including models of miniature
pigs (Yuan et al., 2019) and regular sized pigs (Gabisonia et al., 2019; Ma et al., 2023).

Though not yet employed as cardiac fibrosis models, the possibility to combine human cells with animal
models has also been investigated. For example, engineered tissue sheets of hiPSC-derived
cardiomyocytes, endothelial cells and vascular mural cells, were transplanted onto MI rat hearts.
Cardiac function was improved after transplantation compared to control Ml rats, as the transplanted
sheets functioned as a form of cardiac regenerative therapy (Masumoto et al., 2014). Fibrin based
engineered heart tissue patches were also transplanted onto Ml guinea pig hearts, which resulted in
partial remuscularization. In a proof of principle study, similar patches on a human-scale were
successfully transplanted onto healthy pig hearts (Querdel et al., 2021; von Bibra et al., 2023).

In vitro models based on primary cardiac fibroblasts with or without cardiomyocytes represent another
important research tool. In an early model, cardiac fibrosis was induced in vitro in primary rat cardiac
fibroblasts co-cultured with cardiomyocytes through treatment with Angll (Fullerton & Funder, 1994).
In another model, primary mouse cardiomyocytes and cardiac fibroblasts were harvested for co-culture
in a dish to mimic cardiac fibrosis (van Spreeuwel et al., 2017). Cell cultures with only primary rat
cardiac fibroblasts were created to study the response of cardiac fibroblasts to different stimuli (Kong
etal., 2019; H. Zhao et al., 2014), similar to 2D studies of primary human cardiac fibroblasts (Palano et
al., 2020). Numerous 3D models of cardiac fibrosis which consisted of a co-culture of primary rat
cardiomyocytes and cardiac fibroblasts on a hydrogel basis have been engineered (Y. Li et al., 2017;
Sadeghi et al., 2017; Saini et al., 2015). Another hydrogel model was engineered from human cardiac
stromal cells (Ragazzini et al., 2022). A similar technique to engineer a cardiac fibrosis model was based
on 3D vascularized spheroids from rat ventricular heart cells (Figtree et al.,, 2017). Some of the
previously mentioned animal models could be directly compared to results acquired in a study of
primary human cardiac fibroblasts obtained from patients suffering from dilated cardiomyopathy (Tao
et al.,, 2016). Similarly, the findings from the research with miniature pigs could be translated to in vitro
plated primary human cardiac fibroblasts (Yuan et al., 2019).
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Animal models are associated with a number of limitations, both for ethical concerns and the inability
to directly translate the findings from animal models to humans. In vitro models engineered from
harvested cells could provide a solution. Due to the aforementioned sparsity of primary human
cardiomyocytes and cardiac fibroblasts, a reliable cardiac fibrosis model consisting of (mostly) stem cell
differentiated cells would be desirable.

In an engineered model, ESC-derived cardiomyocytes and mesenchymal stem cells were combined to
form a 3D cardiac sphere platform for the study of cardiac fibrosis. Following treatment with TGF-f1,
the mesenchymal stem cells successfully developed a fibrotic reaction (Lee et al., 2019). While this
study conveyed the feasibility of employing ESC-derived cells, for ethical reasons and the possibility to
create patient specific cell lines, models composed of hiPSC-derived cells would be preferable. A 3D
hydrogel cardiac fibrosis model based on primary human foetal cardiac fibroblasts (Bracco Gartner et
al., 2019), was later expanded by including hiPSC-derived cardiomyocytes (hiPSC-CMs) (Bracco Gartner
et al., 2022, 2023). Another research group engineered a fibrosis-on-a-chip-model in which hiPSC-CMs
were co-cultured with primary human cardiac fibroblasts (Mastikhina et al., 2020). hiPSC-CMs were co-
cultured with hiPSC-derived endothelial cells, hiPSC-derived pericytes and/or primary human cardiac
fibroblasts in another 3D model (Szepes et al., 2020). 3D human cardiac organoids to model Ml were
engineered by combining hiPSC-CMs with primary human cardiac fibroblasts, human umbilical vein
endothelial cells and human adipose-derived stem cells (Richards et al., 2020). An engineered human
myocardium model consisting of hiPSC-CM and primary human foreskin fibroblasts has been used as a
heart failure model, but has not been used to systematically investigate cardiac fibrosis (Tiburcy et al.,
2020).

Despite the aforementioned advances, the biggest limitation currently is the lack of cardiac fibrosis
models comprised solely of hiPSC-derived cells. One model used a combination of hiPSC-CMs and non-
cardiomyocytes at different ratios. Human iPSCs underwent a cardiomyocyte differentiation protocol,
after which the obtained cells were separated into cardiomyocytes and non-cardiomyocytes by
magnetic-activated cell sorting. The non-cardiomyocytes were positive for different cell markers,
including the mesenchymal marker vimentin and the endothelial cell marker CD31, though their exact
cell type(s) remained unknown. In this model, the cells were cultured together on a 2D cell culture dish
(Iseoka et al., 2021). Another 2D model comprised hiPSC-CM and hiPSC derived cardiac fibroblasts
(hiPSC-CF) to study the influence of hiPSC-CF on mechanical functions of the hiPSC-CM (Stempien et
al., 2024). Lastly, a model comprised a 3D co-culture of hiPSC-CM and hiPSC-CF. This was a first example
of a similar model as established in this work. Importantly however, the authors did not employ this
model to study cardiac fibrosis (Aalders et al., 2024).

The abovementioned models have provided valuable insights into the mechanisms behind cardiac
fibrosis. However, while models which are solely composed of hiPSC-derived cells have been published,
these models were mostly not employed to study cardiac fibrosis, while models that were employed
to study cardiac fibrosis were not solely composed of hiPSC-derived cells. Additional knowledge can
therefore still be gained by engineering a 3D model specifically to mimic cardiac fibrosis, composed of
hiPSC-CMs and hiPSC-CF, as is the basis of the model discussed in this work.
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1.4.2 State-of-the-art 3D hiPSC-derived cardiac fibrosis model

The basis of the 3D engineered heart tissue (EHT) model which will be used in this work, was first
described by Eschenhagen et al in 1997. Embryonic chick cardiomyocytes were mixed with collagen
and cast between 2 glass tubes to form a first 3D EHT (Eschenhagen et al., 1997). Since then, EHTs have
evolved tremendously (Figure 6) to different shapes and sizes e.g., towards circular EHTs (Zimmermann
et al., 2002) and squared, patch EHTs (Bian et al., 2009). In the group of Prof. Eschenhagen, instead of
collagen, a fibrin-based hydrogel currently forms the EHT matrix. The standard fibrin based EHT is cast
between 2 flexible silicon posts in a 24-well format, as developed in 2010. The liquid fibrinogen
polymerizes upon the addition of thrombin during the casting process, creating a fibrin cell block
(Hansen et al., 2010; Schaaf et al., 2014). The cardiac fibrosis model described in this work will be
developed on the basis of this model.

10 mm

Figure 6: Different formats of EHT. A, ring EHTs. B, patch EHT. C, fibrin-based EHTs cast between flexible posts. Adapted from
Weinberger et al., 2017.

The posts between which the EHTs are cast are flexible. This flexibility allows the contraction of the
EHTs to deflect the posts with each beat. As the stiffness of the posts is known (and can be adjusted),
this deflection can be quantified and converted to force generated by the EHT (Hansen et al., 2010).

Though EHTs at present are most commonly used as monocultures of cardiomyocytes, a co-culture of
cardiomyocytes and cardiac fibroblasts has previously been developed (Werner, 2018). Previous
research had suggested that cardiomyocyte-cardiac fibroblast EHTs (CF-EHTs) could potentially be used
as an in vitro model of fibrosis. However, to be able to investigate the dynamic development of fibrosis
under different activation conditions, a non-fibrotic baseline was to be established. One advantage of
the EHT based fibrosis model over standard 2D fibroblast culture is an inherent property of the model:
the fibroblasts in the EHTs are embedded in flexible 3D constructs, rather than being attached to a stiff
(plastic) surface. This will provide favourable starting conditions for a non-fibrotic baseline of the
embedded fibroblasts, as fibroblasts are known to become activated when cultured on a stiffer 2D
surface versus flexible surfaces or in a 3D culture (Htwe et al., 2015; Solon et al., 2007).

Spontaneous activation after differentiation and activation by undefined serum components normally
present in EHT culture medium was to be considered. By preventing activation during differentiation
or early after the process, a non-fibrotic baseline after differentiation can be obtained. Following an
established protocol, this can be achieved through the presence of the TGF-B1 receptor inhibitor SB-
431542 (H. Zhang et al., 2019). Successive continuous exposure to SB-431542 can furthermore be
employed to maintain quiescence during EHT culture.

SB-431542 is a small molecule that binds to TGF-B1R1 and inhibits the Smad-dependent TGF-B1
pathway (Hjelmeland et al., 2004). SB-431542 has been reported to be sufficiently specific to the TGF-
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B1R1 kinase (ALK5), but depending on the source has also been reported to inhibit other type 1
receptors, such as ALK4 and ALK7, both also able to bind and react to TGF-B. The inhibition of these
receptors in turn has been reported to alleviate fibrosis (M. Chen et al., 2022; Liu et al., 2022; Loomans
& Andl, 2016). The half maximal inhibitory concentration of SB-431542 was reported as 0.75 uM for
ALK5, 1 uM for ALK4 and 2 uM for ALK7 (SB-431542,2023; SB-431542 [301836-41-9], 2023). SB-431542
has no effect on the ERK, JNP or p38 pathways, which are all part of the Smad-independent activation
pathways. Of the 7 known ALK receptors, SB-431542 has not been reported to exert an effect on the
other 4, which instead recognize bone morphogenetic proteins (BMPs) (Inman, Nicolas, Callahan, et
al., 2002).

Undefined serum components in the EHT culture medium can activate the fibroblasts and stimulate
collagen synthesis. These undefined components of the (horse) serum which activate the fibroblasts
could comprise hormones or growth factors. The regular amount of serum in EHT culture medium is
10%, referred to in this work as ‘high serum’ (Hansen et al., 2010). Fibroblasts cultured under high
serum conditions regularly transdifferentiate into myofibroblasts (Swaney et al., 2005). To obtain a non-
fibrotic baseline during the EHT culture, the CF-EHTs can be cultured under low serum conditions, in
0.5% serum containing medium. Low serum has been previously used in models to investigate
activation of cardiac fibroblasts (Tao et al., 2016). In this work, one of the tasks was finding an optimal
balance between maintaining fibroblast quiescence and cardiomyocyte integrity, both in terms of the
time and the extent of serum reduction or withdrawal.

Vice versa, as the presence of a high serum concentration can activate fibroblasts, increasing the serum
level in the culture medium is one of several possible fibrosis inducing conditions in in vitro models.
Another well-known method is the addition of TGF-B1, as there are multiple pathways through which
TGF-B1 can activate cardiac fibroblasts, as discussed above.

The advantage of establishing both a clearly non-fibrotic baseline and pro-fibrotic conditions, is a high
dynamic range of regulation in this model, rendering the model suitable to investigate differences in
the development of fibrosis with high sensitivity. This provided us with the unique opportunity to study
whether compound interventions, mechanical or genetic interventions, such as the absence of pro-
fibrotic enhancer sequences, attenuated fibrosis formation in the model.

1.5 The role of enhancers in gene regulation
For protein synthesis, genes encoded in the DNA need to be transcribed to RNA, which in turn is
translated into proteins.

For a gene to be transcribed, RNA polymerase Il needs to bind to the promotor sequence on the DNA,
located directly upstream (in the conventional direction of DNA from 5’ to 3’ end of its backbone) of
the gene. General transcription factors need to bind to the promotor for RNA polymerase Il to be able
to bind. The first transcription factor locates to a region called the TATA box, which consists solely of
thymine and adenine base pairs, or a related sequence. This is trailed by the binding of more
transcription factors to the promoter and the first transcription factor, after which RNA polymerase |l
associates to the transcription factors, together forming the transcription initiation complex. RNA
polymerase Il can then ‘walk across’ a DNA strand, unwinding the DNA helix as it goes, and transcribe
the gene located downstream into newly synthesized RNA. After processing and nuclear export, the
RNA can be translated into proteins (Alberts et al., 2002).
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Enhancer sequences are non-coding genomic sequences that regulate gene transcription (Panigrahi &
O’Malley, 2021; Pennacchio et al., 2013). By definition, enhancer sequences are not essential for the
transcription of a gene, but they can increase transcriptional activity of the gene substantially when
activated (Pennacchio et al., 2013).

Enhancer sequences can be located thousands to a million base pairs away from the gene whose
transcription they enhance (Lettice et al., 2003). They can be located both upstream and downstream
of the target gene and within introns in the regulated gene or neighbouring genes (Pennacchio et al.,
2013). Physical interaction between enhancer sequence, enhancer binding proteins and the site of
transcription is necessary for enhancer activity. Thus, as enhancer sequences can be remote from their
target gene, chromatin loops need to be formed to bend the DNA strand to enable the enhancer
sequences to reach their target gene (Krivega & Dean, 2012).

For well characterized T cell specific enhancer sequences, it has been demonstrated that RNA
polymerase and general transcription factors are recruited towards these enhancer sequences. It is
hypothesized that a similar mechanism is at play throughout the genome in each cell (Koch et al., 2011).
By chromatin looping, the RNA polymerase or general transcription factors that stimulate RNA
polymerase binding to the promotor region, can be directed to the promotor region. Other ways in
which enhancer sequences can stimulate transcription include the removal of repressive marks from
the promotor or the removal of pausing factors of RNA polymerase from the target gene (Beagrie &
Pompo, 2016).

Due to the wide spread of possible locations of the enhancer sequence pertaining to the target gene,
it is challenging to definitively identify which target gene an enhancer belongs to (Krivega & Dean,
2012). Enhancer sequences are therefore often referred to as gene related enhancer sequences.

Multiple tools are available to identify enhancer sequences. One such tool is chromatin
immunoprecipitation sequencing (ChlP-seq), which is a genome-wide profiling technique, used to
analyse DNA-binding proteins and histone modifications (Park, 2009). Enhancers can be identified as
they are often marked by an epigenetic modification of histone 3, called H3 lysine 4 mono-methylation
(H3K4me1l) and by the histone acetyltransferase p300 (Ghisletti et al., 2010). The modification of
histone H3K27ac is also a well-recognized marker for the identification of active enhancers (T. Zhang et
al., 2020). In 2022, MoMotif was developed, which can identify alterations to core binding motifs, at
single base-pair resolution (Lebeau et al., 2022). Circularized chromosome conformation capture (4C)
is a method to map out genomic folding patterns, such as chromatin looping, based on proximity
ligation (Karasu & Sexton, 2021). Inverse PCR is used to quantify the DNA contact frequencies (Krijger
et al.,, 2020). By detecting genomic regions that are in each other’s vicinity, high-throughput
chromosome conformation capture (Hi-C) can analyse the 3D structure of the genome. Enhancers can
then be identified by applying multi-dimensional scaling (MDS) to the 3D structure (Ishibashi & Taguchi,
2021). By amplifying ‘unwrapped’ accessible DNA between nucleosomes, assay for transposase-
accessible chromatin with high-throughput sequencing (ATAC-seq) can be used to map the chromatin
accessibility at genome level (Dillinger, 2021).

As activation of enhancer sequences elevates the transcriptional activity of their target gene, genomic
deletion (knockout; KO) of an enhancer sequence can potentially reduce transcription of the target
gene, rendering enhancer sequences a pertinent area of research. By knocking out enhancer
sequences, pathologically upregulated genes could potentially be downregulated (H. Li et al., 2021).
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1.5.1 RUNX1

The RUNX1 protein, encoded by the gene of the same name, is part of the RUNT domain containing
family of proteins, which consists of RUNX1, RUNX2 and RUNX3 (Levanon et al.,, 1994). The RUNX
proteins are a part of core binding (transcription) factors. Core binding factors (CBFs) contain an a
subunit (CBFa) and a B subunit (CBFf). The proteins encoded by RUNX1, -2 and -3 are the 3 possible
CBFas (Post et al., 2015). These proteins all contain a RUNT domain on the N-terminal. The RUNT
domain can bind to the promotor of the protein’s target gene. The CBFB subunit binds to the CBFa
subunit to form a heterodimeric complex. CBFp itself does not bind to the promoter, but the binding
of CBFB to DNA bound CBFa significantly increases the transition enthalpy, the energy necessary to
destabilize the bond between CBFa and the DNA (Post et al., 2015; Tahirov et al., 2001).

The RUNX1 gene is located on chromosome 21 and spans 261 kb. There are 3 major isoforms that can
be transcribed from the RUNX1 gene. Isoform 1A and 1B are transcribed by the proximal promotor P2,
isoform 1C is transcribed by the distal promotor P1 (Sood et al., 2017). The different isoforms are
differentially expressed in different development stages and in different cell types (de Bruijn & Dzierzak,
2017). Different enhancers elevate the transcription of RUNX1, of which enhancer eR1 was identified
first. This enhancer is located in the first intron between the 2 promotors. As multiple enhancer
sequences have been identified in the region, the region was classified as a super-enhancer (Liau et al.,
2017; Nottingham et al., 2007).

As a transcription factor, the RUNX1 protein, CBFa2, plays an essential role in haematopoiesis related
gene expression regulation (Okuda et al., 1996). The eR1 enhancer mediates early hematopoietic
expression of RUNX1 (Nottingham et al., 2007). RUNX1 is also known as acute myeloid leukaemia 1
(AML1), as mutations in RUNX1 are often found in patients suffering from leukaemia. In familial platelet
disorder with predisposition to AML, the RUNX1 mutations are often the initiating event (Bellissimo &
Speck, 2017).

In the developmental phase of a mouse embryo, RUNX1 is necessary for the generation of the first
definitive haematopoietic stem cells (Nottingham et al., 2007). RUNX1 is also essential for the transition
from endothelial cells to haematopoietic progenitors (M. J. Chen et al., 2009). RUNX1 is not only
needed for embryonic development of haematopoiesis, but also for its maintenance (de Bruijn &
Dzierzak, 2017; Ichikawa et al., 2013).

In recent years, interest regarding the role of RUNX1 in fibrosis formation has arisen. In lungs, treatment
with TGF-B led to higher mRNA abundance of RUNX1. The inhibition of RUNX1 (using siRNA) resulted
in a block in the transdifferentiation of fibroblasts into myofibroblasts. RUNX1 also appears important
in the epigenetic memory of the lung mesenchyme. This epigenetic memory is formed when
pulmonary mesenchymal cells are repeatedly injured, for example by exposure to pathogens, particles
and/or noxious gases. Repeated injuries can lead to fibrosis (Dubey et al., 2022; Jones et al., 2022;
O’Hare et al., 2021). Thus, the role of RUNX1 does not seem limited to a marker, but it seems to actively
contribute to fibrosis pathophysiology, as RUNX1 also promoted TGF- mediated fibrosis by stimulating
the epithelial-to-mesenchymal transition in renal fibrosis (Zhou et al., 2018). In both renal and hepatic
fibrosis, RUNX1 was overexpressed. In the liver, RUNX1 expression was able to activate the Smad-
dependent TGF-B pathway (Z. Guo et al., 2023; Zhou et al., 2018). Similar results were obtained with
regard to cardiac fibrosis in animal models of MI (M. Sharma & Bhatt, 2022). In a rat Ml model, Runx1
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was the most differentially expressed gene related to the injury. Its overexpression resulted in a
decreased cardiac contractile function (Ni et al.,, 2021). In a mouse MI model, adverse cardiac
remodelling following injury was blunted in Runx1 deficient mice, compared to control mice (McCarroll
et al., 2018), suggesting an adverse role of Runx1.

A high expression of RUNX1 led to an increase in myofibroblast differentiation and extracellular matrix
expression in cardiac cells expressing PDGFR-B. These cells were, amongst others, vascular smooth
muscle cells and interstitial cells (Kuppe et al., 2022; Seifert et al., 1998). Moreover, RUNX1 was
generally highly expressed in the region bordering a MI (Martin et al., 2022). As discussed above, the
region bordering the injury is an important site of adverse cardiac remodelling.

These findings have turned RUNX1 into an interesting potential therapeutic target against detrimental
cardiac fibrosis (M. Sharma & Bhatt, 2022).

1.5.2 CRISPR/Cas9

The fibrosis model described in this work was to be employed to study whether fibrosis formation is
attenuated in the absence of pro-fibrotic enhancer sequences. The state-of-the art tool for genetic
deletion of any sequence, including enhancer sequences, is the CRISPR/Cas9 nuclease system.

CRISPR/Cas was initially discovered in prokaryotes, where it functions as an innate defence mechanism
against foreign elements which threaten to alter the genome, such as integrating viruses (Barrangou et
al., 2007). CRISPR/Cas9 was adapted in 2013 to manipulate the genome of eukaryotes in a highly
sequence-specific manner. CRISPR/Cas9 consists of 2 components: The Cas9 protein, responsible for
creating a double-stranded break in the DNA, and a guide RNA that is able to recognize the sequence
of DNA that is to be edited or knocked out by sequence homology (Figure 7). The guide RNA is
composed of 2 parts, each with a distinct function; a homologous sequence to recognize the target
DNA and a sequence which enables the guide RNA to bind to the Cas9 protein. For experimental
genome editing, the CRISPR/Cas9 complex is introduced into the cell by transfection of the coding
sequence or by direct introduction of the proteins, where the guide RNA then locates the target
sequence of DNA (Doudna & Charpentier, 2014). After recognition, the unwinding of the DNA helix is
initiated and the guide RNA can now pair with the target sequence. The Cas9 protein can subsequently
cut the DNA, enabling the genome to be edited, a new sequence to be introduced, or a sequence to
be knocked out (J.-X. Tang et al., 2018).

For a sequence to be knocked out, 2 different guide RNAs can be introduced into the cells, where the
guide RNAs target sequences on either side of the desired deletion, as depicted in Figure 7. Cas9 can
cut the DNA at both places and the desired sequence is then deleted, or knocked out. After deletion of
a sequence, non-homologous end-joining will join the separate ends of the DNA strand (Caillaud et al.,
2022; CRISPR/Cas9, 2023; Ran et al., 2013).
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Figure 7: By introducing 2 different CRISPR/Cas9 components into the cell, of which the guide RNAs bind to target DNA on
either side of a sequence, the Cas9 protein can create a double-stranded break on either side of the sequence and delete the
sequence from the DNA. Created with BioRender.com.

1.6 In summary

Cardiac fibrosis is in essence a necessary reparative process following an injury such as MI. Cardiac
fibrosis is formed in 3 phases, the inflammatory phase, the proliferative phase and the maturation
phase. A potential 4" phase, called the late phase, can contribute to adverse fibrosis formation with
detrimental effects such as heart failure. The late phase can occur for example due to chronic
inflammation caused by a large injury and an exaggerated inflammatory response, which can be the
consequence of an increase in wall stress in the myocardial wall surrounding the injury, or
myofibroblasts pathologically remaining at the infarct site after the acute injury has resolved. Non-
injury related cardiac conditions, such as chronic hypertension and heart failure, both associated with
increased wall tension, can also lead to detrimental fibrosis formation.

Multiple models exist to study cardiac fibrosis, both in animals and in vitro, which have provided
valuable insights into the mechanisms behind cardiac fibrosis. More insight can still be gained by
engineering an in vitro 3D EHT based model comprising a co-culture of hiPSC-derived cardiomyocytes
and hiPSC-derived cardiac fibroblasts to mimic cardiac fibrosis, as was to be the basis of the model
described in this work.

The model was to be designed to allow for a high dynamic range of regulation, owing to a strictly non-
fibrotic baseline vs. pro-fibrotic treatment conditions. The high dynamic range of regulation renders
this model suitable to study the effect of genetic interventions, such as the knockout of pro-fibrotic
enhancer sequences, with sufficient sensitivity. CRISPR/Cas9 can manipulate the genome in a highly
sequence-specific manner and can therefore be employed to delete enhancer sequences.

Interest regarding RUNX1 with regard to fibrosis formation has recently arisen. In pulmonary, renal,
hepatic and cardiac fibrosis, RUNX1 was highly expressed. In cardiac fibrosis, the high expression of
Runx1 in mice resulted in decreased cardiac contractile function.
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1.7 Study concept

This work was part of a consortium, consisting of 4 partners, conducting 4 work packages. In the first
work package, Dr. Paola Cattaneo (Milan, Italy) collected primary murine cardiac fibroblasts from TAC-
treated mice and sham mice and primary human cardiac fibroblasts treated either with TGF-B1 or a
vehicle control. In the second work package, Dr. Luis Luna-Zurita (Madrid, Spain) epigenomically
profiled these cardiac fibroblasts. To this end, RNA-seq, H3K27ac ChIP-seq and ATAC-seq were
conducted. The data obtained with the bioinformatics analysis was investigated for differentially
expressed genes in the primary murine cardiac fibroblasts obtained from the TAC-treated mice
compared to the primary murine cardiac fibroblasts obtained from the sham mice and in the TGF-B1
treated primary human cardiac fibroblasts compared to the vehicle control treated primary human
cardiac fibroblasts. Expression data was layered with the epigenetic data. From these analyses, RUNX1
was identified as being upregulated in the TAC and TGF-B1 activated cardiac fibroblasts. Enhancer
enh35232, located close the RUNX1 gene, was one of the most prominent examples of an enhancer
with significantly different accessibility and activation state between groups. In the third work package,
Dr. Thomas Moore-Morris and Dr. Alenca Harrington (Montpellier, France) created 2 different cell lines
in which they deleted (or knocked out) RUNX1 or enh35232, respectively, from episomal line A18945
hiPSCs. This work is part of the last work package, in which we engineered a cardiac fibrosis model to
evaluate the influence of either deletion on fibrosis formation in this model.

As previously discussed, a major limitation to modelling cardiac fibrosis in vitro was the lack of a model
composed solely of hiPSC-derived cells. A model comprising hiPSC derived cells only has the advantage
of overcoming the limited availability of primary cardiomyocytes and cardiac fibroblasts. Moreover, an
hiPSC model offers the possibility to render the model patient specific and/or introduce genomic
alterations. The model engineered in this work therefore consists of only hiPSC-derived cells.

To study the effect of either the RUNX1 (Gene) or the enh35232 (Enh) deletion on fibrosis formation in
the model, the first step was to differentiate cardiac fibroblasts from KO hiPSCs and wild-type (WT)
hiPSCs and cardiomyocytes from WT hiPSCs, as depicted in Figure 8. The second step was to establish
CF-EHTs composed of either KO cardiac fibroblasts and WT cardiomyocytes (Enh KO or Gene KO CF-
EHTs), or of WT cardiac fibroblasts and WT cardiomyocytes (WT CF-EHTs). In the next step, CF-EHTs
from each genotype were to be subjected to both pro-fibrotic conditions and quiescent conditions. In
the last step, the effect of the RUNX1-related enhancer KO and the RUNX1 gene KO on fibrosis
formation was to be measured by comparing signs of fibrosis in activated CF-EHTs versus inhibited CF-
EHTs. To investigate for signs of fibrosis formation, among others, contractility parameters of the CF-
EHTs and the mRNA abundance of multiple fibrosis markers in the CF-EHTs were analysed.
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Figure 8: Simplified schematic representation of how to investigate the effect of genetic interventions in the model described
in this work. In step 1, cardiac fibroblasts will be differentiated from KO and WT hiPSCs, and cardiomyocytes will be
differentiated from WT hiPSCs. In step 2, EHTs will be engineered from KO cardiac fibroblasts with WT cardiomyocytes (KO CF-
EHTs) and from WT cardiac fibroblasts with WT cardiomyocytes (WT CF-EHTs). In step 3, both the KO CF-EHTs and the WT CF-
EHTs will be subjected to pro-fibrotic or quiescent conditions. In step 4, fibrotic markers expressed by the KO CF-EHTs and the
WT CF-EHTs will be measured and compared. Created with BioRender.com.
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2. Materials and Methods

2.1 Compositions

2.1.1 Media Compositions

Table 1: Media compositions, in order of appearance.

Medium Composition

FTDA DMEM/F-12 -glutamine (Gibco)

2 mM L-Glutamine (Gibco)

5 mg/I Transferrin (Sigma-Aldrich)

6.6 pg/l Sodium selenite (Sigma-Aldrich)

1% (v/v) Human serum albumin (HSA, Biological
Industries)

0.1% (v/v) Lipid mix (Sigma-Aldrich)

5 mg/l Insulin (Sigma-Aldrich)

50 nM Dorsomorphin (Tocris)

2.5 pg/l Activin A (R&D Systems)

0.5 pg/l Transforming growth factor-p 1 (TGF-B1,
Peprotech)

The medium was sterile filtered and stored for up to 2
weeks at 4 °C.

30 pg/l bFGF (R&D Systems) was freshly supplemented
immediately before usage

10% Serum containing EHT medium DMEM-low glucose (Sigma-Aldrich)

1% (v/v) Penicillin/streptomycin (Gibco)

10% (v/v) Heat inactivated horse serum (Life Technologies)
10 mg/I Insulin

33 mg/l Aprotinin (Genaxxon BioScience)

200 pM Trans-4-(aminomethyl)cyclohexane carboxylic
acid (TA, Sigma-Aldrich)

The medium was freshly prepared before usage

0.5% Serum containing EHT medium DMEM-low glucose

1% (v/v) Penicillin/streptomycin

0.5% (v/v) Heat inactivated horse serum

10 mg/I Insulin

33 mg/l Aprotinin

40 ng/ml Hydrocortisone (Sigma-Aldrich)

0.5 ng/ml Triiodo-L-thyronine sodium salt (T3, Sigma-
Aldrich)

200 pM TA

The medium was freshly prepared before usage
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10% Serum containing NKM

DMEM-low glucose

1% (v/v) Penicillin/streptomycin

10% (v/v) Heat inactivated horse serum
1% (v/v) GlutaMax (Gibco)

The medium was freshly prepared before usage

0.5% Serum containing NKM

DMEM-low glucose

1% (v/v) Penicillin/streptomycin

0.5% (v/v) Heat inactivated horse serum
1% (v/v) GlutaMax

40 ng/ml Hydrocortisone

0.5 ng/ml T3

The medium was freshly prepared before usage

EB formation medium (Stage O
medium)

FTDA
4 g/1 Polyvinyl alcohol in 1x DPBS (Sigma-Aldrich)
10 uM Y-27632 (Biaffin)

The medium was sterile filtered and stored for up to 1
week at 4 °C.
30 pg/l bFGF was freshly supplemented immediately
before usage

Mesoderm induction medium (Stage 1
medium)

RPMI 1640 (Gibco)

4 g/l Polyvinyl alcohol in 1x DPBS

10 mM HEPES, pH 7.4 (Roth)

5 mg/| Transferrin

6.6 pg/l Sodium selenite

0.05% (v/v) HSA

0.1% (v/v) Lipid mix

10 uM Y-27632

250 uM Phosphoascorbate (PAA, Sigma-Aldrich)

The medium was sterile filtered and stored for up to 1
week at 4 °C.

Supplemented immediately before usage with:

5 ug/l bFGF

3 pg/l Activin A

10 pg/I BMP-4 (R&D Systems)

Cardiac differentiation medium | (FDM
medium)

RPMI 1640

0.5% (v/v) Penicillin/streptomycin
10 mM HEPES, pH 7.4

5 mg/I Transferrin

6.6 pg/l Sodium selenite

0.5% (v/v) HSA

0.1% (v/v) Lipid mix




Materials and Methods - 24

1 uM Y-27632
250 pM PAA

The medium was sterile filtered and stored for up to 1
week at 4 °C.

1 uM XAV-939 (Tocris) was freshly supplemented
immediately before usage

Cardiac differentiation medium I
(Stage 2 medium)

RPMI 1640

0.5% (v/v) Penicillin/streptomycin

10 mM HEPES, pH 7.4

1uMY-27632

500 uM 1-Thioglycerol (Sigma-Aldrich)

The medium was sterile filtered and stored for up to 2
weeks at 4 °C.

Supplemented immediately before usage with:

1 uM XAV-939

2% (v/v) B27 + insulin

Cardiac differentiation medium Il
(RDM medium)

RPMI 1640

0.5% (v/v) Penicillin/streptomycin
10 mM HEPES, pH 7.4
1uMY-27632

500 uM 1-Thioglycerol

The medium was sterile filtered and stored for up to 1
week at 4 °C.

2% (v/v) B27 + insulin was freshly supplemented
immediately before usage

Epi-medium

RPMI 1640

0.5% (v/v) Penicillin/streptomycin
0.1% (v/v) Lipid mix

1 uM Y-27632

250 uM PAA

0.01% Transferrin-selenium

The medium was sterile filtered and stored for up to 2
weeks at 4 °C.

2.1.2 Buffer compositions

Table 2: Buffer compositions, in alphabetical order.

Buffer

Composition

Blocking buffer (for dissociation of
EBs)

RPMI 1640
6 ml/I DNase Il type V (Sigma-Aldrich)
1% (v/v) Penicillin/streptomycin
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Dissociation buffer

HBSS (-) calcium/magnesium (Gibco)

200 U/ml Collagenase Il (Worthington)

1 mM HEPES

30 UM N-benzyl-p-toluenesulfonamide (BTS, TCl)
10 uM Y-27632

Electrophoresis buffer (10x)

30.2 g Trizma base (Sigma-Aldrich)

144 g Glycine (Roth)

10 g 20% Sodium dodecyl sulfate (SDS, Roth)
Top up to 1 | with water

FACS buffer

DPBS
5% (v/v) Foetal bovine serum (FBS, Biochrom)

Kranias buffer

2 ml 1.5 M Tris (pH 8.8, Roth)

1 ml 0.5 M Titriplex Il (ethylenedinitrilotetraacetic acid
disodium salt dihydrate; EDTA, Roth)

6 ml 500 mM NaF (Merck)

15 ml SDS

10 ml Glycerol (Roth)

100 ml Deionized water

Laemmli buffer (6x)

1.2 g SDS

6 mg Bromophenol blue (Merck)

6 g Glycerol

1.2 ml 0.5 M Tris (pH 6.8, Roth)
0.93 g 1,4-Dithiothreitol (DTT, Roth)
Top up to 10 ml with water

Separation gel SDS-PAGE (10%, 10 ml)

4.8 ml Water

2.5 ml 40% Acrylamide (Bio-Rad Laboratories)

2.5 ml 1.5 M Tris pH 8.8

100 pl 10% (w/v) SDS

100 pl 10% (w/v) Ammoniumpersulfate (APS, Bio-Rad
Laboratories)

4 ul N,N,N',N'-Tetramethylethylenediamine (TEMED, Bio-
Rad Laboratories)

Stacking gel SDS-PAGE (10 ml)

6 ml Water

1.25 ml 40% Acrylamide
2.5ml 0.5 M Tris pH 6.8
100 ul 10% (w/v) SDS
100 pl 10% (w/v) APS

4 ul TEMED

TAE buffer

242 g Trizma base

37.2 g EDTA

57.1 ml Concentrated acetic acid
Top up to 1 | with water, pH 8.5

TBS (10x)

1 M Trizma base or Tris-HCI (Roth)
1.5 M NaCl
Water; pH 7.5 (adjust with 35% HCI)
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Western blot transfer buffer (1x) 200 ml Western blot transfer buffer (5x)
200 ml Methanol (Fisher Bioreagents)
Top up to 1 | with water

Western blot transfer buffer (5x) 29 g Trizma base
145 g Glycine
Top up to 2 | with water

2.2 2D cell culture

For the majority of the experiments discussed in this work, the commercially available episomal hiPSC
line A18945 (Thermo Fisher Scientific) was used
(https://www.thermofisher.com/order/catalog/product/A18945). The cell line was generated from
cord blood-derived CD34+ progenitor cells. Episomal stem cells are somatic cells, reprogrammed into

iPSCs via non-integrative episomal vector methods rather than integrative methods, such as a lenti- or
retrovirus (A. Y. L. Wang & Loh, 2019). Global gene expression analyses demonstrated that molecularly,
the stem cells were indistinguishable from human embryonic stem cells. The hiPSCs had been able to
differentiate into cells from the ectodermal, endodermal and mesodermal lineage. For the second part
of the results, modified hiPSCs from this cell line with either the RUNX1-related enhancer ‘enh35232’
or the RUNX1 gene knocked out via CRISPR, were kindly provided by Dr. Thomas Moore-Morris and Dr.
Alenca Harrington (Institute for Regenerative Medicine & Biotherapy, Montpellier, France).

For certain specific experiments, the in-house established control hiPSC lines ERC0O01 or ERC018 were
used. These cell lines were registered as UKEIOO1-A or UKEI003-C, respectively (https://hpscreg.eu/cell-
line/UKEiO01-A, https://hpscreg.eu/cell-line/UKEi001-A). The cell lines had been previously generated
from skin biopsies by the UKE Stem Cell Core Facility with the CytoTune-iPS Sendai Reprogramming kit
(Thermo Fisher Scientific), also a non-integrative reprogramming method. The Ethics Committee of the

Hamburg Physicians’ Chamber, responsible for the UKE, approved the studies in which these hiPSC lines
were used (Az. PV4798/28.10.2014).

2.2.1 Coating

All 2D cell culture was performed on coated cell culture vessels. For the culture of hiPSCs the cell culture
vessels were coated with Geltrex (GTX, Gibco), diluted 1:100 in RPMI 1640 for 24 hours at room
temperature. For the differentiation of hiPSCs into cardiac fibroblasts, the cell culture vessels were
coated with GTX or Matrigel (MG, Corning), as specified in the cardiac fibroblast differentiation section.
MG was diluted 1:60 in RPMI 1640 and the cell culture vessels were coated for 24 hours at room
temperature. For the culture of (cardiac) fibroblasts, the cell culture vessels were coated with laminin
(Sigma-Aldrich), diluted 1:50 in DPBS and coated for 24 hours at 4 °C. The cell culture vessel coating
volumes are listed in Table 3.


https://www.thermofisher.com/order/catalog/product/A18945
https://hpscreg.eu/cell-line/UKEi001-A
https://hpscreg.eu/cell-line/UKEi001-A
https://hpscreg.eu/cell-line/UKEi001-A
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Table 3: Cell culture vessel coating volumes.

GTX MG Laminin
T175 cell culture flask 16 ml 16 ml n/a
T75 cell culture flask 7 ml 7 ml n/a
6-well plate 1 ml/well 1 ml/well 800 pl/well
12-well plate n/a n/a 400 pl/well
24-well plate n/a n/a 200 pl/well

2.2.2 Stem cell culture
All cell culture was performed under sterile conditions, while wearing surgical gloves. Human iPSC
culture was performed without the use of antibiotics, while wearing a face mask and plastic arm covers.

Human iPSCs were cultured under hypoxic conditions (37 °C, 5% O, 5% CO, and 95% humidity), in GTX
coated cell culture vessels, generally in T75 cell culture flasks but occasionally in 6-well plates. Human
iPSCs were seeded at a density of 4.5-6.5 x 10° hiPSCs/T75 cell culture flask and cultured in FTDA
medium for 4 or 3 days respectively, until 100% confluency was reached. The hiPSCs were then
passaged, usually twice per week. Fresh FTDA medium was added daily, and twice per day when close
to confluency. When the medium of the hiPSCs was changed twice in 1 day, only half the medium was
removed and replaced with fresh FTDA during the first medium change.

Table 4: Schedule for the medium change of hiPSCs.

4.5 x 10° hiPSC/T75 cell culture flask | 6.5 x 10° hiPSC/T75 cell culture flask
Seeding day (day 0) | 15 mL FTDA + 10 uM Y-27632 20 mL FTDA + 10 uM Y-27632
Day 1 20 mL FTDA 20 mL FTDA
Day 2 20 mL FTDA % Medium removal + 15 mL FTDA;
25 mL FTDA
Day 3 % Medium removal + 15 mL FTDA; | Passage
25 mL FTDA
Day 4 Passage

2.2.2.1 Passaging

To passage the hiPSCs, the cell culture vessels were washed with DPBS and incubated with Accutase
(Sigma-Aldrich) + 10 uM of the kinase ROCK1/2 inhibitor Y-27632 for 5-10 minutes, to dissociate the
cells into single cells. FTDA + 10 uM Y-27632 was added to the Accutase in a 1:1 ratio for neutralization,
after which the cell suspension was centrifuged at 1000 rpm for 3 minutes. After the supernatant was
removed, the cell pellet was resuspended in fresh FTDA + 10 uM Y-27632. The total hiPSC number was
calculated using Trypan Blue (Biochrom) and a Neubauer counting chamber, and the hiPSCs were
seeded in a fresh, GTX coated T75 cell culture flask at the desired cell density.

2.2.2.2 Freezing and thawing of hiPSCs

In addition to further culturing hiPSCs after dissociation with Accutase, hiPSCs could alternatively be
frozen. After obtaining the desired amount of cells, the cell suspension was centrifuged at 1000 rpm
for 4 minutes and the supernatant was removed. The cells were then resuspended in 1 ml heat-
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inactivated FBS containing 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich) per 1.5 x 10° hiPSCs,
aliquoted into cryotubes and slowly frozen in an isopropanol-based freezing device (called a Mr. Frosty)
at -80 °C for 24 hours. After 24 hours the cryotubes were transferred to -150 °C for long-term storage.

To thaw the hiPSCs, the cryotubes were placed in a water bath at 37 °C for 2-3 minutes, until the
remaining frozen part was around 5 mm in diameter. The cryotubes were then sprayed with 70%
ethanol and placed in a sterile hood. 5 ml of 37 °C FTDA + 10 uM Y-27632 was pipetted with a 5 ml
pipet, the pipet was placed in the cryotube and the 1 ml of cell suspension was additionally aspirated.
The cell suspension was then slowly transferred to a 15 ml tube, at around 1 drop per second. The 15
ml tube was centrifuged at 1000 rpm for 3 minutes, the supernatant was removed and the cells were
resuspended in FTDA + 10 uM Y-27632, after which they were seeded into 2 wells of a GTX-coated 6-
well plate.

2.2.2.3 Mycoplasma test

The hiPSCs were examined for mycoplasma. 1 ml of cell culture medium, which had not been refreshed
for at least 3 days, was collected, incubated at 100 °C for 10 minutes and centrifuged at 1200 rpm for
5 minutes. 2 ul of the supernatant was added to a PCR mastermix. Contaminated supernatant was
used as a positive control and water was used as a negative control. The recommended PCR program
was run and gel electrophoresis on 1% (w/v) agarose (Invitrogen) gels with TAE buffer, was used to
analyse the PCR products. Mycoplasma tests were kindly performed by June Uebeler (IEPT, UKE,
Hamburg).

Table 5: Reaction mix for PCR mycoplasma test

Component Quantity
(total of 50 pl)

Nuclease-free water 25.75 pl

Q-solution 10 pl

10x buffer 5l

MgCl; (25 mM) 4 ul

Sample 2 ul

Primer pool Myco-dw (10 pM) | 1 ul

Primer pool Myco-up (10 pM) | 1 ul
dNTPs 1l
Taq DNA polymerase 0.25 ul

Table 6: Thermocycling conditions for PCR mycoplasma test

Temperature | Time

95°C 15 minutes

94 °C 30 seconds
40 cycles | 56 °C 30 seconds

72°C 1 minute

72°C 10 minutes

4°C Indefinitely
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2.2.2.4 Giemsa-banding

Cytogenetic analysis by Giemsa-banding was used to produce a visible karyogram of the different
episomal line A18945 genotypes. For each genotype, 3 wells of a GTX coated 6-well plate were seeded
with 1 x 10° hiPSCs each and cultured under standard conditions. Once the hiPSCs had reached a
confluency of 70%, they were transferred to the Institute of Human Genetics (UKE, Hamburg) where
Giemsa-banding and analysis were conducted (Breckwoldt et al., 2017).

2.2.3 (Cardiac) fibroblasts

(Cardiac) fibroblasts were cultured in laminin coated cell culture vessels, generally 6-well plates, 12-
well plates or 24-well plates. The (cardiac) fibroblasts were seeded at a density of 1.4 x 10° (cardiac)
fibroblasts/cm? and cultured in either 10% (horse) serum containing EHT medium, 0.5% serum
containing EHT medium, 10% serum containing NKM + 0.25 uM PAA or 0.5% serum containing NKM +
0.25 uM PAA. The culture medium was changed on Mondays, Wednesdays and Fridays.

2.3 Differentiation

2.3.1 Cardiomyocyte differentiation

Once hiPSCs had reached 100% confluency, they were detached to start the process of differentiation
into cardiomyocytes. The differentiation was performed according to a previously published in-house
protocol, where hiPSCs were first cultivated in spinner flasks for 24 hours to allow for embryoid body
(EB) formation, after which the EBs were subjected to mesoderm induction followed by cardiac
differentiation (Breckwoldt et al., 2017).

Before detaching the confluent hiPSCs, the hiPSCs were pre-treated with 10 uM Y-27632 for 1 hour, to
increase cell survival. The T75 cell culture flasks containing the hiPSCs were then washed with DPBS,
after which they were dissociated into single cells with 0.5 mM EDTA and incubated for 5-10 minutes.
After collection by centrifugation, the hiPSCs were resuspended in EB-formation medium (stage 0
medium). The hiPSCs were then counted using Trypan Blue and a Neubauer counting chamber, after
which they were transferred into spinner flasks at a density of 30-35 x 10° hiPSCs/100 ml| stage O
medium. To stimulate EB formation, the cell suspension was placed on a magnetic stirrer, stirring at 40
rpm, for 24 hours in a hypoxic incubator. To prepare for the next step, T175 cell culture flasks were
coated with 1% (w/v) Pluronic F-127 (Sigma-Aldrich).

After 24 hours, on day 1, the Pluronic coated T175 cell culture flasks were washed with DPBS twice.
The stirring of the EBs was stopped, which allowed the EBs to settle and to be washed. The EB volume
was then estimated with a 15 ml centrifuge tube. 200-250 pl of EBs was resuspended in 46 ml
mesoderm induction medium (stage 1 medium) and added to each Pluronic coated T175 cell culture
flask. The stage 1 medium contained 10 ng/ml BMP4, 3 ng/ml activin A and 5 ng/ml bFGF to induce
differentiation into the mesoderm stage. The cells were cultured under hypoxic conditions in stage 1
medium for 3 days, with a daily change of half the medium volume, i.e. 23 ml used medium was
removed and 23 ml fresh medium was added.
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On day 4, the cells were directed towards cardiac differentiation, using the Wnt-signalling inhibitor XAV-
939. The EBs from the T175 cell culture flasks were combined. To this end, the T175 cell culture flasks
containing the EBs were placed in V-racks, allowing the EBs to settle in 1 corner. The used medium was
then removed and the EBs were combined. The EBs were then washed with cardiac differentiation
medium | (FDM medium). The EB volume was again estimated with a 15 ml centrifuge tube. 200-250 pl
of EBs was resuspended in 46 ml FDM medium and added to the used T175 cell culture flasks. The cells
were cultured under normoxic conditions (21% 0,, 5% CO,) for 3 days, with a daily change of half the
medium. On day 7, the FDM medium was completely removed and replaced with cardiac
differentiation medium Il (stage 2 medium). The cells were further cultured under normoxic conditions
for 4 days, with a daily change of half the medium. Spontaneous contractions starting between day 9
and day 11 indicated a successful differentiation. On day 12, the stage 2 medium was completely
removed and replaced with cardiac differentiation medium IIl (RDM medium), which did not contain
XAV-939. The cells were further cultured under normoxic conditions for at least 5 days, with a daily
change of half the medium. This period could be extended to 12 days of culture in RDM medium.

To dissociate the EBs into single cardiomyocytes, the EBs from the different T175 cell culture flasks were
combined; the T175 cell culture flasks containing the EBs were placed in V-racks, which allowed the EBs
to settle in 1 corner, the RDM medium to be removed and the EBs to be combined. The EBs were then
washed twice with HBSS and resuspended in dissociation buffer. The cell suspensions in the T175 cell
culture flasks were incubated for 2-3 hours and regularly microscopically assessed for the dissociation
of the EBs. Further dissociation of the EBs was attained by rapidly pipetting the cell suspension. Once
the EBs were sufficiently dispersed, i.e. sufficient collagenase digestion had taken place, the same
volume of blocking buffer as the dissociation buffer was added to the T175 cell culture flasks. The cells
were then centrifuged at 800 rpm for 10 minutes, after which the cells were washed twice with RPMI
1640 and counted using Trypan Blue and a Neubauer counting chamber.

The cells could now be cryopreserved, i.e. frozen, or used for flow cytometry analysis or other
experiments.

2.3.1.1 Freezing and thawing of cardiomyocytes

As it was not always possible to cast (CF-)EHTs immediately after dissociation of the cardiomyocytes,
for standardization reasons, it was decided to freeze all cardiomyocytes and thaw them when the
(CF-)EHTs were cast.

Cardiomyocytes were frozen similar to hiPSCs. After collection of cardiomyocytes by centrifugation at
800 rpm for 10 minutes, the cardiomyocytes were resuspended in heat inactivated FBS + 10% DMSO.
Aliquots of 25-45 x 10° cardiomyocytes were frozen in cryotubes in 1 ml FBS + 10% DMSO each. The
cryotubes were slowly frozen in an isopropanol-based freezing device at -80 °C for 24 hours. After 24
hours the cryotubes were transferred to -150 °C for long-term storage.

Thawing cardiomyocytes was more precarious than thawing hiPSCs. To thaw cardiomyocytes,
cryotubes were placed in a water bath at 37 °C for 2-3 minutes, until a frozen portion of around 5 mm
diameter remained. The cryotubes were then sprayed with 70% ethanol and placed in a sterile hood.
The cell suspension was pipetted into a 15 ml tube in a dropwise manner. 1 ml of 37 °C 10% serum
containing NKM + 10 uM Y-27632 was pipetted into the cryotube for washing, and added to the 15 ml
tube, at around 1 drop per 4-5 seconds. Next, 2 ml of 37 °C 10% serum containing NKM + 10 uM Y-
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27632 was added to the 15 ml tube over 30 seconds. Finally, 5 ml of 37 °C 10% serum containing NKM
+ 10 pM Y-27632 was added to the 15 ml tube over 30 seconds. The 15 ml tube was then centrifuged
at 800 rpm for 5 minutes, the supernatant was removed and the cells were resuspended in 10% serum
containing NKM + 10 uM Y-27632, after which they were counted using Trypan Blue and a Neubauer
chamber and used for (CF-)EHT casting.

2.3.2 Cardiac fibroblast differentiation
Multiple cardiac fibroblast differentiation protocols were followed and compared.

2.3.2.1 EB cardiac fibroblast differentiation protocol

The EB cardiac fibroblast differentiation protocol (in short the EB protocol) was followed as described
in a previous doctoral thesis from the IEPT (Pan, 2022), which was adapted from another previous
doctoral thesis from the IEPT (Werner, 2018), which in turn was adapted from a previous publication
(Witty et al., 2014).

The formation of EBs and subsequent induction of the mesoderm stage was performed as described in
the cardiomyocyte differentiation protocol. On day 4, immediately after the mesoderm stage, the
epicardial differentiation was initiated. 50-55 ul of EBs was transferred to a GTX coated T75 cell culture
flask, to which the cells were able to attach and form a monolayer. The cells were cultured in 20 ml Epi-
medium + 10 ng/ml BMP4, 5 ng/ml VEGF (R&D Systems), 4 uM CHIR99021 (Cayman) and 5.4 uM SB-
431542 (MedChemExpress) for 2 days. After these 2 days, the cells were cultured in Epi-medium + 5
ng/ml VEGF for 8 days, with a medium change every second day.

On day 15, the epithelial-to-mesenchymal transition started. Collagenase Il + 0.05% trypsin (Gibco) was
used to detach the EBs and dissociate them into single cells. The cells were seeded into GTX coated T75
cell culture flasks at a density of 2 x 10° cells/T75 cell culture flask in 20 ml Epi-medium + 10 uM Y-
27632. From day 16 to day 24, the cells were cultured in Epi-medium + 10 ng/ml bFGF, with a medium
change every second day. On day 24, the cardiac fibroblasts were harvested using Accutase + 10 uM Y-
27632, similarly to how hiPSCs were passaged.

2.3.2.2 Quiescent cardiac fibroblast differentiation protocol
The quiescent cardiac fibroblast differentiation protocol (in short the quiescent protocol) was adapted
from a previously published protocol (H. Zhang et al., 2019).

For certain runs of the quiescent protocol, the hiPSCs were cultured in Essential E8 medium +
supplements (Thermo Fisher Scientific) prior to the start of the differentiation protocol.

After hiPSCs had reached 70-80% confluency on 6-well plates, the mesoderm induction was initiated.
The medium was removed from the plates and replaced with RPMI 1640, containing 2% B27 without
insulin, and 6 UM CHIR99021, a Wnt activator. The cells were then left undisturbed for 2 days under
hypoxic conditions.

After 2 days, the cells were pushed to differentiate into cardiac progenitor cells. This was achieved first
by removing the CHIR99021 from the culture medium. The RPMI 1640 containing the CHIR99021 was
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replaced with fresh RPMI 1640, containing 2% B27 without insulin. The cells were cultured for another
day under hypoxic conditions. On day 3, the medium was removed and replaced with fresh RPMI 1640,
containing 2% B27 without insulin, and 5 uM IWR-1 (Selleckchem), a Wnt inhibitor. The cells were then
left undisturbed for 2 days under hypoxic conditions. On day 5, the IWR-1 was removed from the
culture medium. The RPMI 1640 containing the IWR-1 was replaced with fresh RPMI 1640, containing
2% B27 without insulin. The cells were cultured under hypoxic conditions for another day.

From day 6, the cardiac progenitor cells were pushed to differentiate into proepicardial cells. The cells
were first detached from the 6-well plates using Accutase + 10 UM Y-27632. The cells were gently
pipetted to dissociate them, counted using Trypan Blue and a Neubauer counting chamber and
resuspended in Advanced DMEM/F12 (Gibco), containing 1% glutamine, 5 uM CHIR99021, 2 uM
retinoic acid (Sigma-Aldrich), 5 uM Y-27632 and 1% heat-inactivated FBS. The cells were seeded in GTX
coated T75 cell culture flasks at a density of 1.5 x 10° cells/T75 cell culture flask. The flasks were
incubated under hypoxic conditions overnight to allow for cell attachment. On day 7, the medium was
removed and replaced with Advanced DMEM/F12, containing 1% glutamine, 5 uM CHIR99021 and 2
UM retinoic acid. The cells were then again left undisturbed for 2 days under hypoxic conditions. On
day 9, the medium was removed and replaced with Advanced DMEM/F12 containing 1% glutamine.
The cells were again left undisturbed for 2 days under hypoxic conditions. On day 11 the cells were
detached from the T75 cell culture flasks using Accutase + 10 uM Y-27632. The cells were gently
pipetted to dissociate them, counted using Trypan Blue and a Neubauer counting chamber and
resuspended in Advanced DMEM/F12, containing 1% glutamine and 2 uM SB-431542. The cells were
seeded in GTX coated T75 cell culture flasks at a density of 1.5 x 10° cells/T75 cell culture flask. On day
12, the medium was removed and replaced with fresh Advanced DMEM/F12, containing 1% glutamine
and 2 uM SB-431542.

From day 14, the proepicardial cells were pushed to differentiate into cardiac fibroblasts. The cells were
first detached from the T75 cell culture flasks using Accutase + 10 UM Y-27632. The cells were gently
pipetted to dissociate them, counted using Trypan Blue and a Neubauer counting chamber and
resuspended in Fibroblast Growth Medium 3 + supplements (PromoCell), containing 20 ng/ml bFGF
and 10 uM SB-431542. The cells were seeded in GTX coated T75 cell culture flasks at a density of 1.5 x
108 cells/T75 cell culture flask. The flasks were incubated under hypoxic conditions overnight to allow
for cell attachment. On day 16, the medium was removed and replaced with fresh Fibroblast Growth
Medium 3 + supplements, containing 20 ng/ml bFGF and 10 uM SB-431542. On day 18 the cells were
detached from the T75 cell culture flasks using Accutase + 10 uM Y-27632. The cells were gently
pipetted to dissociate them, counted using Trypan Blue and a Neubauer counting chamber and
resuspended in Fibroblast Growth Medium 3 + supplements, containing 20 ng/ml bFGF and 10 pM SB-
431542. The cells were seeded in GTX coated T75 cell culture flasks at a density of 1.5 x 10° cells/T75
cell culture flask.

From day 20, the cardiac fibroblasts were either passaged or harvested. Both were conducted using
Accutase + 10 uM Y-27632. After harvesting the cardiac fibroblasts were either cryopreserved or
immediately used for further experiments.
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2.3.2.3 Hybrid cardiac fibroblast differentiation protocol
The hybrid cardiac fibroblast differentiation protocol (in short the hybrid protocol) contained elements
of both the EB protocol and the quiescent protocol.

For some runs of the hybrid protocol, the cells were not seeded onto GTX coated, but onto Matrigel
coated cell culture vessels.

The formation of EBs and subsequent induction of the mesoderm stage was performed as described in
the cardiomyocyte differentiation protocol. On day 4, immediately after the mesoderm stage, the cells
were pushed to differentiate into proepicardial cells. 50-55 ul of EBs was resuspended in Advanced
DMEM/F12, containing 1% glutamine, 5 uM CHIR99021, 2 uM retinoic acid, 5 UM Y-27632 and 1% heat-
inactivated FBS. The EBs were seeded in a GTX coated T75 cell culture flask. From this point, the
quiescent protocol was followed, and the cells were treated in analogy to day 6 of the quiescent
protocol.

2.3.2.4 Freezing and thawing of cardiac fibroblasts

As it was not always possible to cast CF-EHTs immediately after harvesting the cardiac fibroblasts, it
was decided to standardize the procedure and freeze all cardiac fibroblasts after harvesting and thaw
the cardiac fibroblasts when the CF-EHTs were cast.

Cardiac fibroblasts were frozen similar to hiPSCs. After collection of cells by centrifugation at 800 rpm
for 4 minutes, they were resuspended in heat inactivated FBS + 10% DMSO. 2.5-6.5 x 10° cardiac
fibroblasts were frozen in 1 ml FBS + 10% DMSO in a cryotube. The cryotubes were slowly frozen in an
isopropanol-based freezing device at -80 °C for 24 hours. After 24 hours the cryotubes were transferred
to -150 °C for long-term storage.

To thaw the cardiac fibroblasts, the cryotubes were placed in a water bath at 37 °C for 2-3 minutes,
until the diameter of the remaining frozen part was around 5 mm. The cryotubes were then sprayed
with 70% ethanol and placed in a sterile hood. 3 ml of 37 °C 10% serum containing NKM + 10 uM Y-
27632 was aspirated with a 5 ml pipet, the pipet was placed in the cryotube and the cell suspension
was additionally aspirated. The cell suspension was then slowly transferred to a 15 ml tube at around
1 drop per second. Additionally, 1 ml of 10% serum containing NKM + 10 uM Y-27632 was added to the
cryotube for washing, aspirated and added to the 15 ml tube, at around 1 drop per second. The tube
was then centrifuged at 800 rpm for 4 minutes, the supernatant was removed and the cells were
resuspended in 10% serum containing NKM + 10 uM Y-27632. The cells were then counted using Trypan
Blue and a Neubauer chamber and used for CF-EHT casting or 2D culture.

2.4 EHT generation

(CF-)EHTs were generated according to a slightly adapted previously published in-house protocol
(Breckwoldt et al., 2017). The protocol was adapted to include 10% cardiac fibroblasts, unless
otherwise specified.

To cast the (CF-)EHTs, casting molds were prepared by placing polytetrafluoroethylene (PTFE) spacers
into 24-well plates, filled with 1.5 ml/well 60 °C 2% agarose (in DPBS). The 2% agarose was left to
solidify at room temperature for around 15 minutes. During this time, the (CF-)EHT mastermix (Table
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7) was prepared on ice. Generally, a ratio of 9:1 cardiomyocytes:cardiac fibroblasts was adhered to. All
cells were thawn prior to the generation of the mastermix. The cells were resuspended in 10% serum
containing NKM, and 2x DMEM (Gibco), fibrinogen (Sigma-Aldrich) and Y-27632 were added to the
mastermix in the appropriate quantities. The cell suspension was mixed gently but thoroughly.

Table 7: Mastermix for 1 CF-EHT

Component Quantity
Cardiomyocytes 0.9 x 106 cells
Cardiac fibroblasts 0.1 x 10°cells
10% Serum 97.6 ul
containing NKM

2x DMEM 6.2 ul
Fibrinogen 2.8 ul
Y-27632 0.1 ul

By the time the mastermix was prepared, the agarose had solidified and the PTFE spacers could be
gently removed. PDMS racks were placed into the generated agarose molds. 100 pul mastermix was
pipetted into 200 pl microtubes containing 3 pl thrombin (100 U/ml, Sigma-Aldrich) and mixed quickly
and gently, but thoroughly. 100 pl mastermix + thrombin was then carefully pipetted between the 2
posts of the PDMS racks, into the agarose casting molds. The (CF-)EHTs were then incubated (37 °C, 7%
CO3, 40% 0,3, 95% humidity) for 1.5 hours to allow for the polymerization of the fibrin. 400 pul of 37 °C
medium was layered on top of the (CF-)EHTs before they were incubated for another 30 minutes, to
allow the (CF-)EHTs to detach from the agarose molds. The (CF-)EHTs could then be removed from the
agarose molds and transferred to a 24-well plate filled with 1.5 ml/well of fresh 10% serum containing
EHT medium. The (CF-)EHTS were kept in the incubator and the medium (either 10% serum containing
EHT medium or 0.5% serum containing EHT medium) was changed on Mondays, Wednesdays and
Fridays.

2.4.1 Contractility analysis

1.5 to 2 hours after the medium of the (CF-)EHTs was changed, the spontaneous contractions of the
(CF-)EHTs were measured according to a previously established automated video-optical recording
procedure (Hansen et al., 2010). A 24-well plate containing (CF-)EHTs was placed in a specialized
incubator (37 °C, 7% CO,, 40% 0, 95% humidity) equipped with a glass roof. The 24-well plate was
placed on top of 24 white LEDs, to illuminate the (CF-)EHTs. A video camera mounted onto a motorised
XYZ-axis above the transparent roof recorded a video of the contractions of each individual (CF-)EHT.
The contractions of the (CF-)EHTs were analysed from this video by CTMV-Software (Consulting Team
Machine Vision, Pforzheim), a pattern recognition software, which detected post deflection and could
automatically convert the post deflection into multiple parameters of contraction. These parameters
included but were not limited to the force of the contractions, the beating frequency, kinetics (including
relaxation time and -velocity) and resting length of the (CF-)EHTs. Additionally, still images of each (CF-
JEHT during relaxation and contraction were taken. The width of (CF-)EHTs was measured at the
smallest part of the (CF-)EHT, perpendicular to the (CF-)EHT based on the respective image of the
relaxed (CF-)EHT using ImagelJ (NIH, Figure 9).
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Figure 9: The width of the (CF-)EHTs was measured at the smallest part of the (CF-)EHT, perpendicular to the (CF-)EHT, using
Imagel, scale bar is 1 mm.

We set 0.2 mN as the threshold for sufficient force development. When (CF-)EHTs generated a force
lower than 0.2 mN, those (CF-)EHTs were excluded from further contractility analysis. It is mentioned
in the text when less than 3 (CF-)EHTs remained which generated a force higher than 0.2 mN.

2.4.2 Electrical pacing

In multiple (CF-)EHT experiments, the (CF-)EHTs were electrically stimulated (electrical pacing) at the
last day of culture, to measure the contractility of the (CF-)EHTs at a standardised beating frequency,
the protocol for which had been previously established in-house (Hirt et al., 2014). To electrically pace
the (CF-)EHTs, the medium of the (CF-)EHTs on the second to last day of culture was replaced with 2 ml
(fresh) medium, instead of the regular 1.5 ml. On the last day of culture, the (CF-)EHTs were shortly
lifted out of their 24-well plate, custom made carbon electrodes were placed into the 24-well plate and
the (CF-)EHTs were mounted onto the electrodes. The (CF-)EHT plate with electrodes was then
equilibrated in an incubator (37 °C, 7% CO,, 40% O, 95% humidity) for at least half an hour up to 1
hour, after which the contractility of the (CF-)EHTs was measured under electrical pacing, at 2.5 V and
with a biphasic pulse duration of 4 ms per phase, at various frequencies, ranging from 1 Hz to 3 Hz. The
pacing was controlled by a S88X Dual Output Square stimulator (Grass/Natus Neurology Incorporated).

2.4.3 Harvesting

At the respective last day of culture, (CF-)EHTs were harvested. To harvest the (CF-)EHTs, they were
either snap frozen in liquid N, or they were fixed for histological analysis. To snap freeze the (CF-)EHTs,
they were cut in half with a scalpel, gently removed from the posts, placed in separate 2 ml centrifuge
tubes and placed in a liquid N, container for 1 minute, after which the (CF-)EHT pieces were kept for
long-term storage at -80 °C. To fix the (CF-)EHTs, they remained attached to their mounting posts, were
washed in DPBS and fixed in 4% formaldehyde (Roti-Histofix) at 4 °C overnight. The (CF-)EHTs were then
gently removed from the posts and placed in 2 ml centrifuge tubes containing 1 ml DPBS + sodium
azide (Sigma-Aldrich), after which the fixed (CF-)EHTs were stored at 4 °C.
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2.5 Molecular analysis

2.5.1 Gene expression

2.5.1.1 RNA isolation
RNA isolation from either 2D cultured cells or from harvested (CF-)EHT halves was performed with
either the RNeasy Mini kit (QIAGEN) or with TRIzol (Life Technologies).

When using the RNeasy Mini kit, 2D cultured cells in 6-well, 12-well or 24-well cell culture plates were
detached from the plate and lysed in the same step by adding 350 ul RLT buffer (QIAGEN) + 1% 2-
mercaptoethanol (Sigma-Aldrich) per well and gently pipetting it. To isolate RNA from (CF-)EHT halves,
the tissue was first disrupted and homogenized. This was achieved by adding a steel bead to a 2 ml
microtube containing both the (CF-)EHT half and the RLT buffer + 1% 2-mercaptoethanol. Set at 30 Hz
for 2 minutes, the Tissuelyser (QIAGEN) was used to disrupt and homogenize the (CF-)EHT half. RNA
was extracted from the lysate, either from the 2D cultured cells or the (CF-)EHT half, according to the
manufacturer’s instructions of the RNeasy Mini kit.

When isolating RNA from 2D cultured cells using TRIzol, the cells were again detached from the wells
and lysed in the same step, by adding 1 ml TRIzol per well and gently pipetting it. The (CF-)EHT halves
were disrupted and homogenized in the same manner as previously described. After the 2D cultured
cells or (CF-)EHT halves had been lysed, 200 ml chloroform (J.T. Baker) was added and the lysate was
thoroughly mixed. The lysate and chloroform mixture was then incubated at room temperature for 2
minutes and centrifuged at 4 °C, 1200 rpm, for 15 minutes. The centrifugation led to a separation of
the mixture into multiple phases, including an aqueous phase containing the RNA. This phase was
carefully transferred to a new 1.5 ml microtube, the RNA was precipitated 1:1 with isopropanol, washed
in 70% ethanol and resuspended in 20 pl RNAse-free water.

The amount of RNA present in the RNAse-free water was quantified with a Nanodrop 1000
Spectrophotometer (Thermo Fisher Scientific). The RNA suspension was either stored at -80 °C or
directly reverse transcribed into cDNA.

2.5.1.2 Reverse transcription

When possible, 500 ng of RNA was reverse transcribed into cDNA. If less than 500 ng was available, the
maximum available amount of RNA was reverse transcribed into cDNA. The RNA was reverse
transcribed with the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). The reaction
mix was independent of the amount of RNA (Table 8). The reaction mix was placed in a GeneAMP PCR
System 9700 thermocycler (Thermo Fisher Scientific). The thermocycling conditions are listed in Table
9.
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Table 8: Reaction mix for reverse transcription of RNA to cDNA

Component Quantity for 1
reaction

RNA 500 ng

10x RT buffer 2.5 ul

10x Random primer 2.5 ul

25x dNTPs (100 mM) 1ul

MultiScribe reverse 1ul

transcriptase (50 U/pl)

Nuclease-free water Top up to 25 ul

Table 9: Thermocycling conditions for reverse transcription of RNA to cDNA

Temperature | Time

25°C 10 minutes
37°C 120 minutes
85°C 5 minutes
4°C Indefinitely

The cDNA was either stored at -20 °C or directly used for quantitative real-time PCR.

2.5.1.3 Quantitative real-time PCR

When 500 ng RNA was reverse transcribed into cDNA, the cDNA was diluted 10 times in nuclease-free
water to prepare for quantitative real-time PCR (qPCR). When less than 500 ng RNA was reverse
transcribed into cDNA, the dilution was adapted accordingly.

A primer mix was prepared for each primer by diluting 10 ul forward primer and 10 pl reverse primer
in 80 ul nuclease-free water. These primer mixes were used for the final gPCR reaction mixes (Table
10).

Table 10: gPCR reaction mix for 1 primer

Component Quantity for 1 reaction
Nuclease-free water 5.5 ul

EvaGreen master mix 2 ul

(Solis BioDyne)

10 uM Primer mix 0.5l

Each well of a 384-well gPCR plate was filled with 8 pl gPCR reaction mix and 2 pl diluted cDNA. The
plate was then closed with an adhesive plastic cover. The plate was centrifuged at 2000 rpm for 1
minute. The qPCR was performed on an ABI PRISM 7900HT Sequence Detection System (Thermo Fisher
Scientific) or a QuantStudio 5 (Thermo Fisher Scientific). The thermocycling conditions are listed in
Table 11.

The gene expression relative to control was calculated with the average of the relative expression of
the control condition, compared to the relative expression of the other conditions.
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Table 11: Thermocycling conditions for quantitative real-time PCR

Cycles Temperature | Time

1 50°C 2 minutes

1 95 °C 10 minutes

40 95°C 15 seconds
60 °C 1 minute

1 95°C 15 seconds

1; 0.075°C/sec | 60 °C 1 minute

ramp rate 95°C 15 seconds

Different primers were used for the qPCRs performed in this work (Table 12).

Table 12: Primer list for quantitative real-time PCR

Gene Sequence (5’-3’) Size (bp)

ACTA2 Fw: TGGAAAAGATCTGGCACCACT | 188
Rv: GGCATAGAGAGACAGCACCG

CCN2 Fw: TGTGCATTCTCCAGCCATCA 137
Rv: GCCACAAGCTGTCCAGTCTA

COL1A1 | Fw: TGGGATTCCCTGGACCTAAAG 199
Rv: GGGAGACCCTGGAATCCG

COL1IA2 | Fw: CAGCCGGAGATAGAGGACCA 135
Rv: CAGCAAAGTTCCCACCGAGA

COL3A1 | Fw: GGACACAGAGGCTTCGATGG 190
Rv: CTCGAGCACCGTCATTACCC

DDR2 Fw: TTTTTGGGTTGGGGAAACGC 203
Rv: TCCTCAAAAACAGCTGGCCT

GATA4 Fw: TTCCAGCAACTCCAGCAACG 97
Rv: GCTGCTGTGCCCGTAGTGAG

GUSB Fw: ACGATTGCAGGGTTTCACCA 171
Rv: CACTCTCGTCGGTGACTGTT

NKX2.5 Fw: CCAAGGACCCTAGAGCCGAA 162
Rv: CCACCGACACGTCTCACTC

POSTN Fw: GAGGCTTGGGACAACTTGGA 200
Rv: ACAGTGACAACCCCATTAGGA

RUNX1 Fw: TGAGAAATGCTACCGCAGCC 81
Rv: TCCCTCTTCCACTTCGACCG

TAGLN Fw: GAAGGCGGCTGAGGACTATG 183
Rv: TGCTCCTGCGCTTTCTTCAT

TBX18 Fw: CTTCACAACCGTCACTGCCTA 115
Rv: GGCTTCCAAACCCATTCTGTT

TCF21 Fw: ACACCAAGCTCTCCAAGCTG 132
Rv: CCATAAAGGGCCACGTCAGG

TNC Fw: AGTGGGACAGCAGGTGACTC 992
Rv: CTATCCCAACATTCCCCGCTT
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VIM Fw: GCAGGAGATGCTTCAGA 167
Rv: GCAGCTCCTGGATTTCCTCT

WrT1 Fw: CGCCCTACAGCAGTGACAAT 129
Rv: GCGTTGTGTGGTTATCGCTC

2.5.2 Collagen quantification

The amount of collagen (in mg/l) present in cell suspensions or medium was quantified with the Total
Collagen Assay kit (QuickZyme Biosciences), which is able to detect hydroxyproline, a modified amino
acid mainly present in collagen. To prepare the samples, 50-250 pl of the samples was transferred into
specialised screw-capped tubes and diluted 1:1 with 12 M HClI, after which the samples were incubated
at 95 °C for 20 hours. Once the samples had cooled down to room temperature, the samples were
centrifuged at 13000 rpm for 10 minutes. The supernatant was aspirated into a clean microtube and
diluted 2:1 with water.

To prepare the standard, 50 pl of the collagen stock (12000 pg/mlin 0.02 M acetic acid) was transferred
into specialised screw-capped tubes and diluted 1:1 with 12 M HCI, after which the diluted stock was
incubated at 95 °C for 20 hours. Once the diluted stock had cooled down to room temperature, it was
centrifuged at 13000 rpm for 10 minutes. The supernatant was used to prepare 8 dilutions of the stock,
the standard, according to Table 13.

Table 13: Pipetting scheme for the 8 stock dilutions for the standard.

Standard label | Sample from 4 M HCI Water Collagen concentration
(ng/ml)

s1 80 pl diluted 40 pl 40 pl 300
collagen stock

S2 100 pl fromS1 | 50 pl - 200

S3 90 ul from S2 90 ul - 100

sS4 90 pl from S3 90 ul - 50

S5 90 ul from S4 90 ul - 25

S6 90 ul from S5 90 ul - 12.5

S7 90 pl from S6 90 ul - 6.25

S8 - 90 ul - 0

For the assay, 35 pl of each stock dilution was pipetted into 8 connecting wells of a 96-well assay plate.
35 pl of each sample was pipetted into a well of the same 96-well assay plate. 75 pl assay buffer was
added into each well and thoroughly mixed. The 96-well assay plate was closed and incubated while
shaking at room temperature for 20 minutes. A detection reagent mix of detection reagent A and
detection reagent B was prepared at a 2:3 ratio. 75 pl of the detection reagent mix was added to each
well. The 96-well assay plate was closed and the detection reagent was mixed in the wells by shaking.
The 96-well assay plate was incubated at 60 °C for 1 hour, after which it was cooled on ice for maximally
5 minutes. The absorption of the 96-well assay plate was photometrically read at 570 nm with a Safire?
Multi Detection Plate Reader (Tecan). The absorption data was then analysed, using the standard, to
determine the collagen concentration.
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2.5.3 Protein expression

To determine protein expression in 2D cultured cardiac fibroblasts or CF-EHT halves, samples were
prepared for Western blots, which were kindly performed by Grit Hoppner (IEPT, UKE, Hamburg). 2D
cultured cells were detached from the wells and lysed in the same step, by dissolving them in 50 pl
Kranias buffer + 2 mM DTT + 1x Laemmli buffer + 1.2% 2-mercaptoethanol. CF-EHT halves needed to
be disrupted and homogenized using the Tissuelyser as previously described. To reduce the viscosity
of the lysate, the lysate was transferred into a 1.5 ml microtube and incubated at 95 °C for 5 minutes.

A 10% SDS-PAGE gel was installed in an electrophoresis chamber (Bio-Rad), which was filled with 1x
electrophoresis buffer. 10-12 pl of the lysate was loaded onto the gel, framed by 8 ul of protein size
standard on either side of the gel. The electrophoresis was conducted at 80 V for 10-15 minutes, until
the bands had moved into a straight line in the stacking gel. The voltage was then increased to 120 V
until the lowermost bands had reached the end of the separating gel. The proteins were then blot-
transferred from the gel onto a nitrocellulose membrane (0.45 um) at 350 mA for 2 hours in 1x transfer
buffer. The bands were inspected by staining the blot with Ponceau S solution (Sigma-Aldrich) for 5
minutes. After the blot was washed, it was blocked for 1 hour in TBS + 0.1% Tween 20 (TBST, Sigma-
Aldrich) + 5% milk powder (Roth). The blot could now be cut to allow for staining with multiple primary
antibodies, by incubating each part of the blot with 1 primary antibody at 4 °C overnight. In this work,
blots were stained for periostin (Invitrogen), aSMA (Dako) and a-tubulin (Cell Signaling) or lamin A/C
(Santa Cruz), all diluted in TBST. After incubating the blot with either an anti-mouse or anti-rabbit I1gG
peroxidase-conjugated secondary antibody, diluted in TBST + 5% milk powder, at room temperature for
1 hour, the protein bands were visualised with the Pierce ECL Western Blotting Substrate (Thermo
Fisher Scientific) on the Bio-Rad ChemiDoc Touch Imaging System (Bio-Rad Laboratories). The protein
abundance of a-tubulin or lamin A/C was quantified for standardization of protein loading, unless
otherwise specified.

2.5.4 Flow cytometry
Flow cytometry was used to analyse the expression of cell surface markers and/or intracellular markers.

2.5.4.1 Cell surface markers

When using flow cytometry to analyse cell surface markers, 0.5-1 x 108 living cells were first blocked
for 15 minutes at 4 °C in 1 ml FBS. The cell suspension was distributed over 2 fluorescence-activated
cell sorting (FACS) tubes; 1 stained sample and 1 isotype control sample. All cells were washed with
DPBS and centrifuged at 1000 rpm for 2 minutes. For direct labelling of the cell surface markers, the
stained sample was resuspended in 100 pl antibody solution (antibody diluted in FACS buffer) and
incubated for 45 minutes on ice. The isotype control sample was resuspended in 100 pl isotype control
solution (isotype control staining diluted in FACS buffer) or in 100 pl FACS buffer, depending on the
staining. All samples were washed twice, after which the samples were resuspended in 250 pl DPBS for
analysis. For indirect labelling, the stained sample was incubated overnight in the first antibody solution
and the isotype control sample was incubated overnight in FACS buffer, after which all samples were
washed twice and incubated with the second antibody solution for 1 hour. After removal of unbound
antibodies by washing twice, the cells were resuspended in DPBS for analysis. Flow cytometry was
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conducted with a Canto Il flow cytometer (BD Biosciences). FACSDiva 9 (BD Biosciences) software was
used to analyse the obtained data.

The cell surface marker SSEA-3 (antibody from BD Pharmingen) was used as a marker for the
pluripotency of hiPSCs.

2.5.4.2 Intracellular markers

When using flow cytometry to analyse intracellular markers, the cells needed to be permeabilised to
allow the antibodies to enter the cell and bind to intracellular markers. Before the cells could be
permeabilised, they needed to be fixed in 4% formaldehyde for 20 minutes, after which the cells were
permeabilised overnight in permeabilization buffer (FACS buffer, 0.5% saponin (Merck) and 0.05%
sodium azide). The cell suspension was then split into 2 FACS tubes; 1 stained sample and 1 isotype
control sample. All cells were washed with DPBS and centrifuged at 1000 rpm for 2 minutes. For direct
labelling of the intracellular markers, the stained sample was resuspended in 100 ul antibody solution
(antibody diluted in permeabilization buffer) and incubated for 45 minutes on ice. The isotype control
sample was resuspended in 100 ul isotype control solution (isotype control staining diluted in
permeabilization buffer) or in 100 pl permeabilization buffer, depending on the staining. All samples
were washed twice, after which the samples were resuspended in 250 ul DPBS for analysis. For indirect
labelling, the stained sample was incubated overnight in the first antibody solution and the isotype
control sample was incubated overnight in permeabilization buffer, after which all samples were
washed twice and incubated with the second antibody solution for 1 hour. The expression of the
specific intracellular marker was then measured with the FACSCanto Il flow cytometer. FACS Diva 9 was
used to analyse the obtained data.

Cardiac troponin T (cTnT, Miltenyi Biotec) was measured as a marker of cardiomyocytes and was used
to determine the purity of the cells obtained with each cardiomyocyte differentiation run. Only
cardiomyocytes with a purity of >60% were used.

2.5.4.3 Cell surface marker and an intracellular marker
When flow cytometry was used to analyse cells for both cell surface markers and intracellular markers,
the above-described protocols needed to be combined.

The cells surface markers needed to be stained first, as described above, by blocking-incubation of the
cells, followed by staining the cell surface markers either directly or indirectly. The cells were then
permeabilised and stained again, directly or indirectly, for intracellular markers. The expression of cell
surface markers and intracellular markers was then measured with a FACSCanto Il flow cytometer.
Flowing Software 2 (Turku Bioscience Centre) was used to analyse the obtained data.

By staining samples for the cell surface marker DDR2 (Thermo Fisher) and the intracellular marker
aSMA, the amount of aSMA* cells as a percentage of DDR2"* cells could be used as the percentage of
cardiac fibroblasts which were in an activated state. For the dual staining of DDR2 and aSMA, the cells
were fixed prior to the staining.

All flow cytometry analyses were performed in the FACS Core Facility, UKE.
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2.6 Nanoindentation

The stiffness of CF-EHTs was measured with nanoindentation. To prepare the CF-EHTs for
nanoindentation measurements, the CF-EHTs were first fixed in 4% formaldehyde, as previously
described. 4% agarose in DPBS was left to settle overnight at 60 °C. The fixed CF-EHTs were embedded
in 4% agarose, which was left to polymerize at room temperature for 1 hour. A small, polymerized
agarose cube containing the CF-EHT was excised with a scalpel. The agarose was then carefully
removed, until the surface of the CF-EHT was reached. The CF-EHT in agarose was then mounted on a
stage, after which the stiffness of the CF-EHTs was measured with the Chiaro Nanoindenter (Optics11
Life). Nanoindentation measurements were kindly performed by Dr. Sandra Hemkemeyer (ICCLM, UKE,
Hamburg).

2.7 Statistics

Statistical analyses of the results were conducted with GraphPad Prism 5. When possible (n>3), data
are presented as mean + SEM. Statistical differences between groups were calculated by one or two-
way analysis of variance (ANOVA) plus Bonferroni’s multiple comparisons test when appropriate. A P-
value of less than 0.05 was considered to be statistically significant.
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3. Results

3.1 Results I: Development of an in vitro fibrosis model

3.1.1 Fibroblast differentiation
The first step in establishing an in vitro 3D EHT based fibrosis model was the optimization of a
differentiation protocol for cardiac fibroblasts, which were to be used in this model.

In the department of Experimental Pharmacology and Toxicology, led by Professor Thomas
Eschenhagen, Dr. Tessa Werner and Dr. Bangfen Pan had previously established an unpublished cardiac
fibroblast differentiation protocol based on EB formation, here referred to as the EB protocol. It was
suspected and confirmed during this work that the fibroblasts differentiated using this EB protocol were
in a considerably activated state at baseline. For the fibrosis model created in this work, it was
important to establish a quiescent baseline, to allow for a high dynamic range of regulation. It was
therefore desirable to employ quiescent cardiac fibroblasts. A previously published protocol for the
differentiation of quiescent cardiac fibroblasts was thus adapted (H. Zhang et al., 2019), here referred
to as the quiescent protocol. A hybrid protocol, a combination of the EB protocol and the quiescent
protocol, was additionally developed and evaluated. In the hybrid protocol, hiPSCs were pushed into
the mesoderm stage according to the EB protocol, after which the cells were pushed into proepicardial
cells and subsequently towards cardiac fibroblasts following the quiescent protocol. The hybrid
protocol was developed to reduce differentiation time, as according to this protocol the differentiation
from hiPSCs into cardiac fibroblasts took 18 days, whereas this differentiation took 20 days according
to the quiescent protocol and 24 days according to the EB protocol. The hybrid protocol was further
developed to investigate whether this protocol would yield higher cell numbers and/or more quiescent
cells than the quiescent protocol. The 3 protocols were analysed for suitability for the in vitro EHT based
fibrosis model.

For readability of the figures in which these analyses are portrayed, the cells differentiated with any of
the cardiac fibroblast differentiation protocols are referred to as cardiac fibroblasts (CFs).

It was investigated which protocol generated the most quiescent cells after dissociation, by comparing
mMRNA abundance of the fibroblast activation markers collagenlal, periostin and ACTA2 relative to the
housekeeping gene GUSB (Figure 10; for the mRNA abundance analyses of transgelin and CCN2, see
supplement section 10.1.1). A higher abundance of collagenlal and ACTA2 mRNA was present in
primary foreskin fibroblasts and cells differentiated with the EB protocol compared to cells
differentiated with either other protocol. This suggested that the other 2 protocols either indeed
generated more quiescent fibroblasts or did not generate well-defined fibroblasts.
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Figure 10: The mRNA abundance relative to GUSB of the fibroblast activation markers collagenlal, periostin and ACTA2 in
primary foreskin fibroblasts and CFs differentiated with the EB protocol, the hybrid protocol or the quiescent protocol. CFs were
harvested on the last day of the respective differentiation protocol. When possible (n>3), data are presented as mean + SEM,
n=1-4 per condition.

An in-depth characterization of the development of the cells undergoing the hybrid protocol and the
quiescent protocol, to establish whether the differentiated cells were indeed cardiac fibroblasts, was
thus conducted. Markers expressed at various stages of cardiac fibroblast development were analysed
in samples taken at different time points during the differentiation processes (Figure 11). Collagenlal
and connective tissue growth factor (CTGF), encoded by CCN2, were used as fibroblast activation
markers. TCF21 was analysed as a marker for mesenchyme derived cells, which represent the majority
of cardiac fibroblasts. T-box transcription factor 18 (TBX18) and Wilms’ tumour protein 1 (WT1) were
analysed as fibroblast markers, as they are typically expressed by epicardial fibroblast progenitors (Fu
et al., 2020). For the mRNA abundance analyses of GATA4 and NKX2.5, see supplement section 10.1.1.

In samples taken from either the hybrid protocol differentiation run or the quiescent protocol
differentiation run, the presence of collagenlal and CCN2 mRNA increased over time, followed by a
substantial decrease on the last day of differentiation. This again suggested the differentiation of
quiescent fibroblasts. TCF21 and TBX18 mRNA was more abundant in the cells obtained on the last day
of the hybrid protocol differentiation run compared to in hiPSCs or primary foreskin fibroblasts (for
TCF21 20.6 and 17.6 times more, respectively, and for TBX18 5.2 and 2 times more, respectively). In
the cells obtained on the last day of the quiescent protocol differentiation run compared to hiPSCs or
primary foreskin fibroblasts, TCF21 mRNA was 17.4 and 14.8 times more abundant, respectively, and
TBX18 was 8.1 and 3.2 times more abundant, respectively. These results strongly suggested that the
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cells differentiated with both the hybrid protocol and the quiescent protocol were indeed fibroblasts.
A higher abundance of WT1 mRNA in the cells obtained on the last day of the hybrid protocol
differentiation run compared to hiPSCs or primary foreskin fibroblasts (54.8 and 1.8 times more,
respectively) also strongly suggested that the cells differentiated with this protocol were fibroblasts.
WT1 mRNA was 4.5 times more abundant in primary foreskin fibroblasts than in the cells obtained on
the last day of the quiescent protocol differentiation run, but WT1 mRNA was 6.9 times more abundant
in the cells obtained on the last day of the quiescent protocol differentiation run than in hiPSCs. This
still suggested that the cells differentiated with this protocol were fibroblasts. In this experiment, the
MRNA abundance of GATA4 and NKX2.5 was higher in the hiPSCs than in the CFs. However, as will be
discussed later (Figure 29), the mRNA abundance of GATA4 was substantially higher in 3 runs of CFs
differentiated with the quiescent protocol than in hiPSCs, which strongly suggested a cardiac lineage
of the differentiated fibroblasts.
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Figure 11: The mRNA abundance relative to GUSB of different markers present during and at the end of the development of
CFs. The mRNA abundance of collagenlal, CCN2, TCF21, TBX18 and WT1 are presented. The mRNA abundance was analysed
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in hiPSCs, primary foreskin fibroblasts and in cells sampled at different days of differentiation for both the hybrid protocol and
the quiescent protocol. For the hybrid protocol differentiation, cells were sampled on day 9, day 12 and on the last day of
differentiation, day 18. For the quiescent protocol differentiation, cells were sampled on day 6, day 11, day 14 and on the last
day of differentiation, day 20, n=1 per condition.

Aside from mRNA presence in the cells during and after differentiation, the morphology of the cells
was an important factor in determining the generated cell type. To analyse the morphology, microscope
images were taken at different days during an EB protocol, a hybrid protocol and a quiescent protocol
differentiation run (Table 14).

During the first few days of differentiation, EBs were clearly visible in the images of the cells undergoing
the EB protocol. On day 15 the EBs were dissociated into single cells, and from then on, the EBs were
no longer visible in the microscope images.

Cardiac progenitor cells (CPCs) display a spheroid morphology, which could be observed in cells
undergoing the quiescent protocol on day 6.

On day 12, the cells undergoing the hybrid protocol and the quiescent protocol displayed the flattened,
slightly circular morphology of epicardial cells, referred to as ‘cobblestone morphology’ (Jiang et al.,
2021; Velecela et al., 2019). This morphology was not observed in the cells undergoing the EB protocol.

Over time, the cells undergoing any of the differentiation protocols became more elongated,
compatible with the typical morphology of fibroblasts. On the last day of differentiation, the cells which
had undergone either the EB protocol or the hybrid protocol, appeared to exhibit more contractile
stress fibres, which argued for their differentiation into activated fibroblasts; myofibroblasts.

Table 14: Microscope images at 10x magnification, which show the morphology of cells undergoing either the EB protocol, the

hybrid protocol or the quiescent protocol, at different days during differentiation, starting from day 3 until the respective end
of culture. A representative imagine is shown from n=4. Scale bar is 200 um.

EB protocol Hybrid protocol Quiescent protocol

Day 3

Day 6

Day 8
or9
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Day 12

Day 14

Day 16

Day 18

Day 20

Day 22

Day 24

To optimize both the hybrid and the quiescent protocol for following and future experiments, the
coating of the cell culture vessels on which the cells were seeded during the differentiation was
investigated. Cell culture vessels regularly need to be coated to allow for cell attachment. In the original
publication of the quiescent protocol, the cells were plated on Matrigel (MG) coated cell culture
vessels. MG is an extract of the mouse Engelbreth-Holm-Swarm tumour, which is rich in basement
membrane. The use of Geltrex (GTX), a basement membrane extract, coated cell culture vessels was
more common in the department where this work was conducted than the use of MG coated cell
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culture vessels. Both GTX and MG contain laminin and collagen IV. Differences attributable to the 2
coatings in the morphology of the cells which undergo the hybrid protocol, were analysed with
microscope images at different time points during the differentiation (see supplement section 10.1.1).

There was no difference in morphology either during differentiation or on the last day of differentiation
between the cells differentiated on MG coated T75 cell culture flasks and the cells differentiated on
GTX coated T75 cell culture flasks. As GTX was the more common coating, it was decided to use GTX
coated T75 cell culture flasks in the following differentiations.

The published protocol for quiescent fibroblast differentiation described the cultivation of hiPSCs in
Essential E8 medium prior to the start of the differentiation. However, the cultivation of hiPSCs in FTDA
medium was more common in the department in which this work was conducted. Therefore, the
difference in morphology of the cells which underwent the quiescent fibroblast differentiation protocol
in which the hiPSCs were cultivated in either Essential E8 or FTDA medium prior to the start of
differentiation was evaluated at different time points of differentiation (see supplement section 10.1.1).

From day 12 on, the cells which were previously cultivated in Essential E8 medium had a higher
confluency compared to the cells previously cultivated in FTDA medium. On day 20, the cells which
were previously cultivated in FTDA medium displayed a slightly more elongated morphology compared
to the cells previously cultivated in Essential E8 medium, which could be considered a more typical
fibroblast morphology. In light of the slightly more fibroblast-like morphology and as cultivation of
hiPSCs in FTDA medium rather than Essential E8 medium was more common, the respective hiPSCs
were cultivated in FTDA medium prior to the start of differentiation for all following differentiations.

Aside from the mRNA marker presence in the cells and morphology of the cells undergoing each
protocol, the yield of each protocol, defined as the amount of cells which could be differentiated from
1 million hiPSCs, was another important characterization factor. Each protocol was conducted with
UKEi001-A/ERC001 (in short ERC001) hiPSCs and the yield of each protocol was calculated for these
differentiation runs (Figure 12, top). The quiescent protocol was carried out with different hiPSC lines
(including episomal line A18945, in short A18945 and UKEi003-C/ERCO018, in short ERC018) and the
yield was calculated for each of these hiPSC lines as well (Figure 12, bottom).

The EB protocol provided a yield of around 0.2 million differentiated cells from 1 million ERC001 hiPSCs.
The hybrid protocol provided a yield of around 2.2 million differentiated cells from 1 million ERC001
hiPSCs. The yield of the quiescent protocol was dependent on the hiPSC line. From 1 million ERC001
hiPSCs, 57.8 million cells could be differentiated with the quiescent protocol. Regardless of the hiPSC
line, the yield of the quiescent protocol did not undercut 42 million differentiated cells from 1 million
hiPSCs, with a recorded high of 623 million differentiated cells from 1 million hiPSCs.
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As mRNA of the fibroblast activation markers collagenlal, periostin and ACTA2 was more abundant in
cells differentiated with the EB protocol compared to cells differentiated with either the hybrid protocol
or the quiescent fibroblasts protocol (Figure 10) and owing to the low yield of the EB protocol (Figure
12), it was decided to forego the EB protocol for the differentiation of cardiac fibroblasts.

Messenger RNA of the cardiac fibroblast marker TCF21 (Figure 11) was similarly abundant in cells
differentiated with either the quiescent protocol or the hybrid protocol. Messenger RNA of the
fibroblast marker TBX18 was 1.8 times more abundant in the cells differentiated with the quiescent
protocol compared to the hybrid protocol. Messenger RNA of TBX18 was still 5.2 times more abundant
in the differentiated cells obtained with the hybrid protocol compared to hiPSCs. Conversely, mRNA of
the fibroblast marker WT1 was 8 times more abundant in the cells differentiated with the hybrid
protocol compared to the quiescent protocol. Messenger RNA of WT1 was still 6.9 times more
abundant in the cells differentiated with the quiescent protocol compared to hiPSCs. Combined with
the lower mRNA presence of collagenlal in the cells differentiated with the quiescent protocol
compared to the hybrid protocol (Figure 10) and the substantially higher yield of differentiated cells
with the quiescent protocol compared to the hybrid protocol (Figure 12) the decision was made to
continue differentiating cardiac fibroblasts following the quiescent protocol.
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Substantially more mRNA of the fibroblast markers WT1, TBX18 and TCF21 was present in the cells
differentiated with either the quiescent protocol or the hybrid protocol compared to in hiPSCs (Figure
11). These results combined with the cell morphology (Table 14) strongly suggested that cells
differentiated with the hybrid protocol or the quiescent protocol were indeed fibroblasts. Substantially
more mRNA of the early cardiac development marker GATA4 was present in cells differentiated with
the quiescent protocol compared to in hiPSCs, as will be discussed later (Figure 29). This strongly
suggested the cardiac lineage of these cells. These cells will therefore be referred to cardiac fibroblasts
for the remainder of this work.

3.1.2 Serum concentration

Undefined serum components can activate (cardiac) fibroblasts and stimulate collagen synthesis,
interfering with a quiescent baseline. The standard culture medium for EHT contains 10% (horse)
serum. To analyse the effect of serum on the activation of fibroblasts, 2D cultured primary foreskin
fibroblasts were cultured with medium containing different percentages of serum. The mRNA
abundance was analysed for fibroblasts cultured in medium containing 10% vs 0% serum (Figure 13),
10% vs 0.5% serum (Figure 14), or 0% vs 0.5% serum (Figure 15). In each experiment, the different
serum groups were further divided into 3 subgroups, a control group, an inhibited group treated with
5.4 uM of the TGF-B1 receptor inhibitor SB-431542 and an activated group treated with 48 ng/ml TGF-

B1.

As expected, mRNA abundance of collagenlal and ACTA2 at basal level was several fold lower in the
fibroblasts cultured in 0% serum containing medium compared to in the fibroblasts cultured in 10%
serum containing medium, whereas the mRNA abundance in the TGF-B1 treated fibroblasts was similar
under both serum conditions (Figure 13; for the mRNA abundance analysis of collagen3al and TNC,
see supplement section 10.1.2). This led to a 7.7 higher ratio between TGF-B1 treated fibroblasts and
SB-431542 treated fibroblasts for collagenlal and a 3.2 higher ratio for ACTA2 in fibroblasts cultured
in 0% serum containing medium than in fibroblasts cultured in 10% serum containing medium. In other
words, the dynamic range of regulation of mRNA abundance was considerably higher, when the
fibroblasts were cultured in 0% serum containing medium than in 10% serum containing medium.
Messenger RNA of the activation marker periostin was comparably expressed in fibroblasts cultured in
either 10% or 0% serum containing medium. Unexpectedly, collagen3al and TNC mRNA was slightly
more abundant in the fibroblasts cultured in 0% serum containing medium.
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Figure 13: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in 2D cultured primary foreskin
fibroblasts: collagenlal, periostin and ACTA2. All fibroblasts were cultured in 10% serum containing medium until day 6, after
which halve of the fibroblasts were cultured in medium containing 0% serum. Additionally, the fibroblasts were assigned
different exposure conditions, and either kept as control, treated with 5.4 uM SB-431542 or treated with 48 ng/ml TGF-81 for
5 days. Data are presented as mean, n=2 per group.

Long term cell culture without serum is challenging. As problems with cellular integrity of both
cardiomyocytes and cardiac fibroblasts in later EHT culture was anticipated, the experiments were
repeated with 0.5% serum rather than 0% serum. The mRNA abundance of collagenlal, periostin and
CCN2 was analysed in fibroblasts cultured in 10% serum containing medium compared to fibroblasts
cultured in 0.5% serum containing medium (Figure 14; for the mRNA abundance analysis of
collagenla2, see supplement section 10.1.2). Messenger RNA of these activation markers was more
abundant in the fibroblasts cultured in 10% serum containing medium for each respective subgroup
(control fibroblasts compared to control fibroblasts, etc). The fold difference between the inhibited
fibroblasts and activated fibroblasts was smaller in the fibroblasts cultured in 10% serum containing
medium, than in the fibroblasts cultured in 0.5% serum containing medium. With regards to the
collagenlal mRNA abundance the fold difference was 5.45 vs 20.05, for periostin mRNA abundance
the fold difference was 7.43 vs 13.76 and for CCN2 mRNA abundance the fold difference was 14.04 vs
22.46.
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Figure 14: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in 2D cultured primary foreskin
fibroblasts: collagenlal, periostin and CCN2. All fibroblasts were cultured in 10% serum containing medium until day 4, after
which halve of the fibroblasts were cultured in medium containing only 0.5% serum. Additionally, the fibroblasts were
assigned different exposure conditions, and either kept as control, treated with 5.4 uM SB-431542 or treated with 48 ng/ml
TGF-81 for 3 days, n=1 per condition.

To directly compare the activations states of fibroblasts cultured with 0% or 0.5% serum, respectively,
the mRNA abundance of collagenlal, periostin and CCN2 was analysed in fibroblasts cultured under
these conditions (Figure 15; for the mRNA abundance analysis of collagenla2, see supplement section
10.1.2). As expected, per subgroup, the mRNA abundance of most of the fibrosis markers was similar,
when comparing the fibroblasts cultured in 0% serum containing medium to the fibroblasts cultured in
0.5% serum containing medium. The lowest expression was found in the inhibited fibroblasts. Each
subgroup of the 0.5% serum containing medium exposed fibroblasts unexpectedly expressed the same
amount of periostin mRNA.

This experiment suggested 0.5% serum culture as a compromise suitable to maintain cardiomyocyte
integrity and low fibroblast activation in parallel.
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Figure 15: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in 2D cultured primary foreskin
fibroblasts: collagenlal, periostin and CCN2. From day O, halve of the fibroblasts were cultured in medium containing 0%
serum, the other halve of the fibroblasts were cultured in medium containing 0.5% serum. Additionally, the fibroblasts were
assigned to different conditions, and either kept as control, treated with 5.4 uM SB-431542 or treated with 48 ng/ml TGF-61
for 3 days, n=1 per condition.

The collagen concentration in fibroblasts and in used cell culture medium was analysed for all
subgroups of fibroblasts cultured in either 10% serum containing medium or 0.5% serum containing
medium. Due to the detection threshold of the collagen assay, certain values were measured as below
0 (ug/ml). Though these values should be seen as 0, to illustrate differences between the conditions
better, the values are displayed as measured (see supplement section 10.1.2).

A higher collagen concentration was detected in fibroblasts cultured in 10% serum containing medium
than in fibroblast cultured in 0.5% serum containing medium, for each subgroup. The collagen
concentration was significantly higher in the medium aspirated from fibroblasts cultured in 10% serum
containing medium, when comparing medium from both control groups and both activated groups.
The collagen concentration was also significantly higher in the medium from the activated group than
in the medium from the inhibited group for fibroblasts cultured in 10% serum containing medium. The
difference in collagen concentration was not significant when comparing medium from both inhibited
groups or when comparing medium from the inhibited group and medium from the activated group in
the medium aspirated from fibroblasts cultured in 0.5% serum containing medium. As expected, a
higher collagen concentration was present in fresh 10% serum containing medium than in fresh 0.5%
serum containing medium.
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From these 2D culture-related results, it could be concluded that the fibroblasts cultured in both 0%
and 0.5% serum containing medium presented less mMRNA of different fibrosis markers than fibroblasts
cultured in 10% serum containing medium, but there were no major differences in the mRNA
abundance in fibroblasts cultured in 0% or 0.5% serum containing medium. To maintain viability of the
cardiomyocytes in EHT and to obtain a more quiescent baseline, it was decided to use 0.5% serum in
the culture media.

The next step was to investigate the effect of 0.5% serum containing medium in CF-EHTs, composed of
90% hiPSC-derived cardiomyocytes and 10% hiPSC-derived cardiac fibroblasts. CF-EHTs were either
continuously cultured in 10% serum; the control group, or serum was depleted from the culture
medium to 0.5% either on day 3 or day 14. Different parameters of the contractility of the CF-EHTs were
analysed.

The force and frequency of the contractions of the CF-EHTs were analysed as functional parameters.
The resting length of the CF-EHTs was analysed as a measure of remodelling. The relaxation velocity
and 80% relaxation time of the CF-EHTs were analysed for a possible relaxation deficit, as this could
render relaxation time and velocity important readouts for matrix stiffness of potential translational
relevance. Significant differences (*p<0.05, **p<0.005, ***p<0.001) between CF-EHTs are depicted in
the analysis with asterisks. Black asterisks indicate that the CF-EHTs were significantly different from
the control CF-EHTs. The development over time of the force and frequency are depicted here (Figure
16). For the development over time of the resting length, relaxation velocity and 80% relaxation time,
see supplement section 10.1.2.

CF-EHTs in which the serum was depleted contracted with a lower force than control CF-EHTs, but with
a higher frequency. The CF-EHTs in which the serum was depleted unexpectedly had a shorter resting
length than the control CF-EHTSs, but as expected, the CF-EHTs in which the serum was depleted had a
tendency towards a shorter 80% relaxation time. The relaxation velocity of the CF-EHTs was
comparable.
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Figure 16: Contractility analyses of CF-EHTs. The development of the generated force and the beating frequency of the CF-EHTs
are presented over time. The CF-EHTs were either continuously cultured in medium containing 10% serum or switched to
medium containing 0.5% serum on either day 3 or day 14, CF-EHTs were harvested on day 33. Data are presented as mean +
SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only
biologically meaningful comparisons are shown, n=4 per group.

In summary, these experiments argued that 2D cultured primary fibroblasts displayed a strong
activation pattern when they were cultured in 10% serum containing medium, as suggested by the high
prevalence of mRNA of multiple fibroblast activation markers and high collagen content (Figure 13,
Figure 14 and supplement section 10.1.2).

Though the force generated by the CF-EHTs in which serum was depleted from the culture medium was
lower than the force generated by CF-EHTs continuously cultured in 10% serum containing medium,
the CF-EHTs in which serum was depleted were still viable and contracting at the end of the culture
period. A longer 80% relaxation time, as measured in the CF-EHTs continuously cultured in 10% serum
containing medium, was a possible sign of a more fibrotic tissue (supplement section 10.1.2). It was
therefore decided to transition to 0.5% serum containing medium early on in the culture period of CF-
EHTs, preferably on day 3.

3.1.3 CF percentage

The suitable percentage of cardiac fibroblasts which were to be incorporated into the EHTs had to be
determined. To determine this, (CF-)EHTs were cast containing either 0%, 5%, 10%, 15% or 20% hiPSC-
derived cardiac fibroblasts, based on previous experience. Aside from the previously mentioned
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parameters of contractility, the width of the (CF-)EHTs was included in the contractility analysis as an
added measure of remodelling (Figure 17, the beating frequency analysis can be found in supplement
section 10.1.3). Significant differences between (CF-)EHTs are depicted in all following contractility
analyses included in this work, as follows:

* Black asterisk: the (CF-)EHTs are significantly different from the control (CF-)EHTs, or the control
(CF-)EHTs significantly differ from all other conditions, depending on the location of the asterisks.

* Coloured asterisk: the (CF-)EHTs are significantly different from the (CF-)EHTs depicted in the colour
of the asterisks.

[ Black bracket: the (CF-)EHTs included in the bracket are significantly different with respect to the
control (CF-)EHTs for multiple days in a row.

[ Coloured bracket: the (CF-)EHTs (in the colour of the bracket) significantly differ from other (CF-)EHTs
(in the colour of the asterisk) for multiple days in a row.

The CF-EHTs containing 5% CFs stopped contracting after day 16 and could not be stimulated to contract
under electrical pacing.

The force generated by all (CF-)EHTs decreased after 16 days, likely attributable to the long-term culture
in 0.5% serum containing medium. The force generated by the CF-EHTs containing 5% or 10% serum
was comparable to the EHTs containing no CFs, whereas the force generated by the CF-EHTs containing
more than 10% CFs was lower than the EHTs containing no CFs. These findings suggested that in CF-
EHTs containing more than 10% CFs, the contractility of the cardiomyocytes in the tissues was
disturbed.

The width of the CF-EHTs composed of 5%, 10% or 20% cardiac fibroblasts decreased significantly more
than the width of the EHTs, throughout the entire culture period, suggesting an influence of cardiac
fibroblasts on the structural remodelling of the CF-EHTs.

There was a trend towards a longer resting length of EHTs containing no CFs compared to the CF-EHTs,
but this difference was only significant on day 14.

There was a clear difference in relaxation velocity of CF-EHTs from the different conditions. Compared
to the EHTs containing no CFs, the relaxation velocity was significantly lower in the CF-EHTs containing
CFs. The 80% relaxation time was longer in the CF-EHTs with the highest percentages of cardiac
fibroblasts present, suggesting a CF percentage dependent relaxation deficiency.
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Figure 17: Contractility analyses of (CF-)EHTs containing 0%, 5%, 10%, 15% or 20% hiPSC-derived cardiac fibroblasts. The
development of the generated force, width, resting length, relaxation velocity and 80% relaxation time of the (CF-)EHTs are
presented over time. The (CF-)EHTs were cultured in 10% serum containing medium until day 4, after which they were cultured
in 0.5% serum containing medium. On the last day of culture, day 25, the contractility of the CF-EHTs was analysed under
pacing, the results of which are presented as the fictional analysis on day 26 here. Data are presented as mean + SEM, *p<0.05,
**p<0.005, ***p<0.001 by two-way ANOVA, only biologically meaningful comparisons are shown, n=4 per group.

To further analyse the remodelling of the (CF-)EHTs over time, images were taken during the
contractility measurements of the (CF-)EHTs (Table 15). The respective percentages of cardiomyocytes
and cardiac fibroblasts are stated in the 1% column. In the 2" column, images taken on day 1 (casting
day was counted as day 0) are depicted, to show the starting shape of the (CF-)EHTs. In the 3™ column
images taken on day 14 are depicted. Day 14 was the last day of contraction for the majority of the
(CF-)EHTs. In the 4™ column images taken on day 26, the last day of culture, are depicted.
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Table 15 illustrates that the higher the percentage of cardiac fibroblasts present in the (CF-)EHTSs, the
thinner the (CF-)EHTs get over time. In other words, the higher the percentage of cardiac fibroblasts
present in the (CF-)EHTs, the more the (CF-)EHTs remodel over time.

Table 15: Microscope images which show the shape of the (CF-)EHTs over time. Images were taken 1 day after casting, 14 days
after casting and 26 days after casting (day of harvesting). Representative from n=4. Scale bar is 1 mm.

Day 1 Day 14 Day 26

100% CMs, 0%
CFs

95% CMs, 5%
CFs

90% CMs, 10%
CFs

85% CMs, 15%
CFs
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80% CMs, 20%
CFs

To assess how and to which extent the addition of cardiac fibroblasts to (CF-)EHT translates to one of
the most important routine readouts after EHT culture, mRNA abundance of marker genes, qPCR
analysis of the fibroblast activation markers collagenlal, periostin, transgelin, CCN2, ACTA2 and
collagenla2, relative to GUSB was carried out from respective different tissues (see supplement section
10.1.3). The mRNA abundance analysis confirmed a positive correlation between fibroblast percentage
and fibroblast activation markers.

The (CF-)EHTs contained 100% or 90% hiPSC-derived cardiomyocytes, with a purity of 93%, as assessed
by content of troponin positive cells in flow cytometry. This means that 7% of the cells after
differentiation were not cardiomyocytes, but rather an undefined other cell type. It could have been
possible that (a part of) these cells were fibroblasts-like cells, which could have contributed to the
presence of mMRNA of the analysed fibrosis markers. However, from the abundance of especially
collagenlal and periostin, it was concluded that the addition of fibroblasts to the CF-EHTs was
necessary for fibrosis to occur in the (CF-)EHTs, as the baseline mRNA expression of these markers was
very low, and mRNA of these markers was substantially more expressed the more cardiac fibroblasts
were present in the (CF-)EHTs.

A high ACTA2 expression baseline was observed, which is common in developing cardiomyocytes
(Kwong et al., 2019; Woodcock-Mitchell et al., 1988).

These mRNA abundance analyses furthermore suggested that the cardiac fibroblasts survived in the
CF-EHTs during the culture time.

For the in vitro fibrosis model to physiologically represent ventricular tissue, it was desired to use a
ratio of cardiomyocytes:cardiac fibroblasts as close to the physiological ratio as possible. The human
ventricle consists of roughly 30% cardiomyocytes and 20% cardiac fibroblasts (Bergmann et al., 2015).
If we were to calculate these percentages as if cardiomyocytes and cardiac fibroblasts were the only
cell types present in the human ventricle, this would constitute:

30
= 600 i
30520 60% cardiomyocytes
20 N
= 40% cardiac fibroblasts
30420

However, the analysis of the different percentages of cardiac fibroblasts in the (CF-)EHTs had provided
evidence that the (CF-)EHTs with a low percentage of cardiac fibroblasts present in the tissue generated
a higher force than the CF-EHTs with a high percentage of cardiac fibroblasts (Figure 17). Furthermore,
CF-EHTs with less cardiac fibroblasts did not become as thin as the CF-EHTs with more cardiac
fibroblasts (Figure 17 and Table 15). Exaggerated CF-EHT thinning is known to increase the chance of
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CF-EHT rupture before the end of the culture period. Lastly, the more cardiac fibroblasts were present
in the (CF-)EHTs, the higher the mRNA abundance of fibrosis markers was at baseline (supplement
section 10.1.3), which was undesirable up to an extent.

Combining these results with the desire to represent close to physiological conditions, a ratio of 9:1
cardiomyocytes:cardiac fibroblasts was used for the in vitro fibrosis model.

3.1.4 2D fibroblast activation

After basal conditions of the model had successfully been established, the next step was to evaluate
suitable activation conditions. This was first investigated in hiPSC-derived cardiac fibroblasts in standard
2D culture. A control condition was compared to a cardiac fibroblast inhibition condition, where the
cardiac fibroblasts were exposed to the TGF-f1 receptor inhibitor SB-431542, and to multiple activation
conditions, to determine the most effective way to activate the cardiac fibroblasts. The activation
conditions were treatment with TGF-B1; the platelet derived growth factor that is composed of 2 A
subunits (PDGF-AA), which is a mitogen for cardiac fibroblasts; a combination of TGF-B1 and PDGF-AA;
angiotensin I, which is known to have pro-fibrotic effects in human cardiac fibroblasts (Bertaud et al.,
2023; Kim et al., 2013); or a combination of phenylephrine and endothelin 1 which upregulated CTGF
in rat cardiomyocytes and may therefore indirectly promote fibrosis (Kemp et al., 2004). The mRNA
abundance relative to GUSB of the fibroblast activation markers collagenlal, ACTA2 and CCN2 was
analysed for all conditions (Figure 18; for the mRNA abundance analyses of collagenla2, periostin and
transgelin see supplement section 10.1.4).

For all 3 fibroblast activation markers a significantly lower mRNA abundance was present in the
inhibited CFs compared to the control CFs. A significantly higher expression of all 3 fibroblast activation
markers was evident in the cardiac fibroblasts treated with either TGF-B1 or TGF-f1 + PDGF-AA, when
comparing these CFs to either the control CFs or the inhibited CFs. No significant differences in the
mRNA abundance of any of the fibroblast activation markers were present when comparing any of the
other activated CFs to the control CFs. There were no significant differences between the TGF-B1
treated CFs and the TGF-f1 + PDGF-AA treated CFs.

The mRNA abundance analysis of collagen1a2 and transgelin displayed the same pattern, though the
differences between the differently treated CFs were less pronounced. An unexpected, but not
significantly higher abundance of periostin mRNA was present in the SB-431542 treated CFs
(supplement section 10.1.4).
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Figure 18: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in 2D cultured hiPSC-derived cardiac
fibroblasts: collagenlal, CCN2 and ACTA2. The 2D cultured cardiac fibroblasts were either assigned to a control group, an
inhibited group treated with SB-431542 or an activation group, treated with either TGF-81, PDGF-AA, TGF-81 + PDGF-AA,
angiotensin Il or phenylephrine + endothelin 1. The fibroblasts were cultured in 0.5% serum containing medium from day O,
assigned to their respective conditions on day 4 and kept on these conditions until they were harvested on day 11. Data are
presented as mean + SEM. ns: not significant, *p<0.05, **p<0.005, ***p<0.001 by one-way ANOVA plus Bonferroni’s post-test
for multiple comparisons, only meaningful comparisons are shown, n=3 per group.

In the 2D culture of cardiac fibroblasts, the highest activation state (defined as the highest mRNA
abundance of cardiac fibroblast markers) was present in the CFs exposed to either TGF-B1 or TGF-f1 +
PDGF-AA. Treatment with SB-431542 led to significantly lower mRNA abundance of these markers in
CFs compared to both the control CFs and the activated CFs.

3.1.5 3D fibroblast activation

Both the activation and inhibition of cardiac fibroblasts were successful in 2D culture. The next step
was to investigate the effect of the activation and inhibition of hiPSC-derived cardiac fibroblasts in 3D
culture. Though in 2D culture no differences were observed with regard to the mRNA abundance of
fibrosis markers between TGF-B1 treated cardiac fibroblasts and TGF-B1 + PDGF-AA treated cardiac
fibroblasts, the effect both of these conditions on the contractility of CF-EHTs was investigated. An
inhibited group and control group were included in this experiment (Figure 19, for the analysis of the
beating frequency and the resting length, see supplement section 10.1.5).

The control CF-EHTs and the SB-431542 treated CF-EHTs generated a higher force than CF-EHTs from
either activated group.
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As expected, the relaxation velocity of the SB-431542 treated CF-EHTs was significantly higher than the
relaxation velocity of the control CF-EHT, whereas the relaxation velocity of the activated CF-EHTs
tended to be lower than the control CF-EHTs. This was considered an indirect sign of increased fibrosis
formation in the activated CF-EHTs.

Conversely, at the end of the culture time, the SB-431542 treated CF-EHTs had a significantly shorter
80% relaxation time than the control CF-EHTs. Unexpectedly however, the activated CF-EHTs also had
a significantly shorter 80% relaxation time than the control CF-EHTs.

The 80% relaxation time was the only contractile parameter showing a clear difference between the
TGF-B1 treated CF-EHTs and the TGF-B1 + PDGF-AA treated CF-EHTs, for the first 18 days of culture.
During this time, the TGF-B1 + PDGF-AA treated CF-EHTs presented a significantly higher 80% relaxation
time than the TGF-B1 treated CF-EHTs. The contractility analysis of CF-EHTs from these 2 groups was
similar with regard to all other parameters.

The control CF-EHTs and the SB-431542 treated CF-EHTs contracted with a higher frequency than CF-
EHTs from either activated group, but the resting length of all CF-EHTs was comparable (supplement
section 10.1.5).
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Figure 19: Contractility analyses of CF-EHTs assigned to either a control group, an inhibited group, treated with 1 uM SB-
431542 for 7 days and 5 uM for the remainder of the culture period, or to 1 of 2 activated groups, treated with either 15 ng/ml
TGF-61 or 15 ng/ml TGF-81 + 10 ng/ml PDGF-AA. The development of the generated force, relaxation velocity and 80%
relaxation time of the CF-EHTs are presented over time. The CF-EHTs were cultured in 10% serum containing medium until day
4, after which the CF-EHTs were cultured in 0.5% serum containing medium, assigned to their respective groups on day 8 and
kept on these conditions until the last day of culture, day 21. Data are presented as mean + SEM, *p<0.05, **p<0.005,
**%p<0.001 by two-way ANOVA, only biologically meaningful comparisons are shown, n=4-5 per group.
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To further quantify a possible pro-fibrotic effect of the different interventions, the mRNA abundance of
the fibrosis markers collagenlal, periostin, transgelin, CCN2, ACTA2 and collagen1a2 was assessed (see
supplement section 10.1.5).

Unexpectedly, contrarily to the similar experiment with 2D cultured cardiac fibroblasts, in this 3D
experiment, none of the fibrosis markers was more abundant in the activated CF-EHTs, compared to
the inhibited CF-EHTs. On the contrary, a higher mRNA abundance was recorded in the inhibited CF-
EHTs compared to the control CF-EHTs. We reasoned that this could have been a consequence of a too
early initiation of the treatment. The timing of the treatment therefore had to be further optimized,
which is discussed in a later part of this work. The differences in mRNA abundance between the TGF-
B1 treated CF-EHTs and the TGF-B1 + PDGF-AA treated CF-EHTs were not significant.

Regardless of the treatment the CF-EHTs received, they contracted regularly and generated force until
the end of culture, implying that the cardiomyocytes were not detrimentally affected by any of the
treatments. The differences between the CF-EHTs treated with either TGF-B1 or TGF-B1 + PDGF-AA
were negligible, thus the ‘TGF-B1 + PDGF-AA’ condition was perceived as redundant. Based on these
results it was decided to continue the following experiments with the CF-EHTs divided into 3 groups, a
control group, an inhibited group treated with SB-431542 and an activated group, treated with TGF-B1.
Based on the previously verified effects of serum on the activation of cardiac fibroblasts, it was decided
to also include an activated condition for the in vitro fibrosis model which would be exposed to 10%
serum containing medium, called ‘high serum’. In light of the mRNA abundance results (supplement
section 10.1.5), the protocol needed further refinement, which was conducted later.

3.1.6 SB-431542 treatment

To assess if high baseline fibroblast activation was responsible for the lack of differences between
control and activation conditions in previous CF-EHT experiments, an inhibition group treated with the
TGF-B1 receptor inhibitor SB-431542 was evaluated. Thus, a suitable concentration of SB-431542 had
to be determined. CF-EHTs were treated with either no SB-431542 (control), 1 uM, 5 uM, or 10 uM SB-
431542, based on previous experience and published research, starting at dO of culture, which was the
day of CF-EHT casting (Inman, Nicolas, & Hill, 2002). Contractility was regularly analysed (Figure 20, for
the analysis of the beating frequency, resting length and relaxation velocity, see supplement section
10.1.6).

A similar force was generated by the control CF-EHTs and the 1 uM SB-431542 treated CF-EHTSs, but the
CF-EHTs treated with higher concentrations of SB-431542 generated a lower force, indicating a
detrimental effect of SB-431542 on the cardiomyocytes.

The width of the CF-EHTs decreased significantly less in the CF-EHTs treated with 10 uM SB-431542
than in the control CF-EHTs. The width of the CF-EHTs treated with a lower concentration of SB-431542
decreased slower than the control CF-EHTs, though at the end of culture, the width of the CF-EHTs was
similar.

A tendency towards a longer 80% relaxation time was observed in the control CF-EHTs compared to the
SB-431542 treated CF-EHTs.

Considerable variability was observed in the beating frequency of the SB-431542 treated CF-EHTs. The
resting length of the SB-431542 treated CF-EHTs was comparable to the control CF-EHTs, regardless of
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the concentration of SB-431542. The CF-EHTs treated with 1 uM SB-431542 had a significantly higher
relaxation velocity than the control CF-EHTs and the CF-EHTs treated with higher concentration of SB-
431542 (supplement section 10.1.6).

These results indirectly suggested a SB-431542 dependent inhibition on fibrosis formation in the CF-
EHTs and on the remodelling of the CF-EHTs.
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Figure 20: Contractility analyses of CF-EHTs treated with either no SB-431542 (control), 1 uM, 5 uM, or 10 uM SB-431542 from
day 0. The CF-EHTs were cultured in 10% serum containing medium until day 4, after which the CF-EHTs were cultured in 0.5%
serum containing medium. The development of the generated force, width and 80% relaxation time of the CF-EHTs are
presented over time. On the last day of culture, day 25, the contractility of the CF-EHTs was analysed under pacing, the results
of which are presented as the fictional analysis on day 26 here. Data are presented as mean + SEM, *p<0.05, **p<0.005,
**%p<0.001 by two-way ANOVA, only biologically meaningful comparisons are shown, n=4-11 per group.

From this contractility analysis, it was concluded that treatment with 1 uM SB-431542 did not have a

major impact on the contractility of the CF-EHTs, whereas treatment with 10 uM SB-431542 did,
especially on the force and the width of the CF-EHTs.

To analyse the expected anti-fibrotic effect of the different concentrations of SB-431542, the mRNA
abundance relative to GUSB of the fibrosis markers collagenlal, periostin, transgelin, CCN2, ACTA2 and
collagenla2 was analysed (see supplement section 10.1.6).

Unexpectedly, the mRNA abundance of most fibrosis markers was higher in the CF-EHTs treated with
SB-431542, regardless of the concentration, compared to the control CF-EHTs. Only the mRNA
abundance of periostin was clearly lower in the CF-EHTs treated with SB-431542 compared to the
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control CF-EHTs. These unexpected results were attributed to the timing of the treatment start, day O,
which was further investigated, as is discussed later in this work.

To determine whether the effect of SB-431542 on the contractility of the CF-EHTs could be attributed
to inhibiting effects of the SB-431542 on the cardiac fibroblasts or to an influence of SB-431542 on the
cardiomyocytes, EHTs (containing no cardiac fibroblasts) underwent the same treatment. They were
therefore treated with either no SB-431542 (control), 1 uM, 5 uM or 10 puM SB-431542. Their
contractility was regularly analysed (see supplement section 10.1.6).

The EHTs treated with 5 uM SB-431542 stopped contracting after day 14. The EHTs treated with either
1 uM or 10 uM SB-431542 stopped contracting after day 18. From day 16, only 1 control EHT
spontaneously contracted. In light of this, the protocol needed to be further optimized, which was
conducted later. The control EHTs tended to generate a higher force than any of the SB-431542 treated
EHTs. Furthermore, the control EHTs tended to retain a longer resting length and longer 80% relaxation
time. The width of the EHTs, when looking at the overall development over time, decreased
significantly less in the EHTs treated with SB-431542 than in the control EHTs. This data pointed towards
an inhibiting effect of SB-431542 on the cardiomyocytes within the EHTs.

When comparing the width of the control CF-EHTs to the width of the control EHTs, the change in width
of the control CF-EHTs over time was larger than the change in width of the control EHTs over time. On
day 1, the control CF-EHTs had an average width of 2.35 mm and they remodelled to an average width
of 1.04 mm on day 26; a 56% change (Figure 20). On day 1, the control EHTs had an average width of
2.80 mm and they remodelled to an average width of 1.71 mm on day 26; a 39% change (supplement
section 10.1.6). This data pointed to an effect the presence of cardiac fibroblasts has on CF-EHT,
especially with regards to the remodelling of the tissue.

Both the CF-EHTs and the EHTs treated with 10 uM SB-431542 contracted with a lower force and a
lower frequency than the CF-EHTs and EHTs treated with a lower concentration of SB-431542. The CF-
EHTs and EHTs treated with 10 uM SB-431542 also revealed the least amount of remodelling. The
treatment with 1 uM SB-431542 had negligible effect on the contractility of the CF-EHTs and the EHTs.
As an optimum between inhibition of remodelling on the one hand and (unwanted) inhibition of
contractility, it was decided that in the optimized fibrosis model, the inhibited group would be treated
with 5 UM SB-431542. SB-431542 treated (CF-)EHTs generated less force than (CF-)EHTs not treated
with SB-431542. To mitigate this negative effect of the SB-431542 treatment, the timing of the SB-
431542 treatment was further optimized, as will be discussed later.

3.1.7 TGF-B1 treatment

On the other end of the activation spectrum, the TGF-B1 treated activated group had to be further
optimized. To determine the optimal concentration, CF-EHTs were treated with either no TGF-B1
(control), 20 ng/ml or 48 ng/ml TGF-B1 (Figure 21, for the contractility analysis of the resting length,
relaxation velocity and 80% relaxation time, see supplement section 10.1.7).

The treatment with TGF-B1 had no effect on the force of the CF-EHTs, but TGF-B1 treated CF-EHTs
displayed a trend of contracting with a lower frequency than the control CF-EHTs. An unexpected
tendency towards a larger width was displayed in the TGF-B1 treated CF-EHTs compared to the control
CF-EHTs.
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The resting length of the CF-EHTs was relatively similar in all conditions and approximately constant
over time, though at the end of the culture time, the 20 ng/ml TGF-B1 treated CF-EHTs displayed a
significantly shorter resting length than the control CF-EHTs. A similar relaxation velocity and 80%
relaxation time of the CF-EHTs was observed, regardless of the treatment with TGF-f1 (supplement
section 10.1.7).
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Figure 21: Contractility analyses of CF-EHTs treated with either no TGF-81 (control), 20 ng/ml or 48 ng/ml TGF-81 from day O.
The CF-EHTs were cultured in 10% serum containing medium until day 4, after which they were cultured in 0.5% serum
containing medium. The development of the generated force, beating frequency and width of the CF-EHTs are presented over
time. The CF-EHTs were harvested on day 24. Data are presented as mean * SEM, *p<0.05, **p<0.005 by two-way ANOVA,
only biologically meaningful comparisons are shown, n=4 per group.

To analyse the pro-fibrotic effect of the different concentrations of TGF-B1 on the CF-EHTs, the mRNA
abundance relative to GUSB of the fibrosis markers collagenlal, periostin, transgelin, CCN2, ACTA2 and
collagenla2 was measured (see supplement section 10.1.7).

Again unexpectedly, the mRNA abundance of all measured fibrosis markers was lower in the TGF-f1
treated CF-EHTs, regardless of the concentration, compared to the control CF-EHTs. Similar to the
unexpected mRNA abundance of the SB-431542 treated CF-EHTSs, these results were attributed to the
timing of the treatment start, day 0, which was further investigated.

Though no major effects on the contractility of the CF-EHTs could be attributed to treatment with TGF-
B1, the effect of TGF-B1 treatment on the cardiomyocytes in the CF-EHTs was additionally investigated.
Therefore, EHTs (containing no cardiac fibroblasts) underwent the same treatment. EHTs were treated
with either no TGF-B1 (control), 20 ng/ml or 48 ng/ml TGF-B1 and contractility was regularly analysed



Results I: Development of an in vitro fibrosis model - 67

(supplement section 10.1.7). After day 4, 2 of the 4 EHTs treated with 20 ng/ml TGF-B1 ruptured. The
TGF-B1 treated EHTs contracted with a lower beating frequency and tended towards exhibiting a longer
80% relaxation time than the control EHTs, but no further differences were detected.

No major effects of TGF-B1 treatment were present in the contractility of either the CF-EHTs (Figure 21)
or the EHTs (supplement section 10.1.7). The largest visible effect was that both the CF-EHTs and the
EHTs treated with TGF-B1 contracted with a lower frequency than the untreated (CF-)EHTs. It was
therefore decided to use a lower concentration of TGF-B1 (10 ng/ml) in the final fibrosis model. Lower
concentrations are more commonly used for the activation of cardiac fibroblasts (Cho et al., 2018).

3.1.8 Timing of treatment

As previously mentioned, a possible explanation for the unexpected mRNA abundance results from the
CF-EHT activation experiment (supplement section 10.1.5), the SB-431542 concentration experiments
(supplement section 10.1.6) and the TGF-B1 concentration experiments (supplement section 10.1.7)
and for the premature contraction stop of the SB-431542 treated EHTs, could have been a too early
initiation of the respective treatment. The cells might not have recovered from the thawing procedure
and adapted to their new culture environment prior to the start of the treatment, or they might have
compensated the consequences of the treatment by the end of the culture. It was therefore relevant
to evaluate the ideal timing for the treatment.

It was analysed whether starting with a lower concentration of the respective treatment and increasing
the concentration later would be beneficial for the development of the contractility of the CF-EHTs or
whether the treatment should only be initiated at a later time point (supplement section 10.1.8 and
Figure 22).

To start, CF-EHTs were treated with 1 uM SB-431542 from the day of casting for 1 week, after which
the concentration was increased to 5 uM SB-431542. The contractility of these CF-EHTs was compared
to the contractility of control CF-EHTs which did not receive any treatment, and of activated CF-EHTs
which were treated with 10 ng/ml TGFB1 continuously from the day of casting. The contractility analysis
of this experiment can be found in supplement section 10.1.8. The control CF-EHTs and the TGF-B1
treated CF-EHTs stopped contracting after day 22. In this experiment the SB-431542 treated CF-EHTs
generated significantly more force than the control CF-EHTs. Furthermore, the SB-431542 treated CF-
EHTs displayed a significantly higher relaxation velocity and a shorter 80% relaxation time than the
control CF-EHTs, which indirectly pointed towards inhibition of fibrosis development in the SB-431542
treated CF-EHTs. The TGF-B1 treated CF-EHTs generated a force similar to the control CF-EHTs and
displayed a similar relaxation velocity. Unexpectedly, the 80% relaxation time at the end of the
experiment was shorter in the TGF-B1 treated CF-EHTs than in the control CF-EHTs.

From the contractility analysis, it appeared that SB-431542 treated CF-EHTs generated a higher force
than control CF-EHTs when the concentration of SB-431542 was increased at a later time point
(supplement section 10.1.8), which was not observed when the CF-EHTs were treated with a higher
concentration of SB-431542 from the start (Figure 20).

It was furthermore analysed whether starting the treatment of the CF-EHTs at a later time point would
be beneficial. Thus, both CF-EHTs and EHTs were treated with different concentrations of SB-431542:
no SB-431542 (control), 1 uM, 5 uM, or 10 uM SB-431542, with the treatment starting on day 8
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(supplement section 10.1.8), instead of the previous initiation on day O (Figure 20). Both the CF-EHTs
and the EHTs treated with SB-431542 generated less force than control (CF-)EHTs and the width of the
SB-431542 treated (CF-)EHTs was smaller than the width of the control (CF-)EHTs. The other examined
parameters displayed some variability. There was a tendency towards a longer 80% relaxation time of
the control (CF-)EHTs than the SB-431542 treated (CF-)EHTs. While the larger width and shorter 80%
relaxation time were in line with an inhibiting effect of the SB-431542 on the (CF-)EHTs, the negative
effect of the treatment on the generated force called for more optimization.

With regards to contractility analysis, there did not appear to be major differences between starting
the treatment with SB-431542 on day O or on day 8. Once the treatment was started, the addition of
SB-431542 seemed to have a negative effect on the force generated by the CF-EHTs. However, when
the treatment was initiated later, CF-EHTs were able to reach a higher force baseline compared to when
treatment was initiated on day 0. Additionally, the CF-EHTs which were treated with SB-431542 from
day 8 contracted with a frequency more similar to the control CF-EHTs than the CF-EHTs which were
treated with SB-431542 from day 0.

To characterize the expected anti-fibrotic effect of the different concentrations of SB-431542 when the
treatment was started on day 8, the mRNA abundance relative to GUSB of the fibrosis markers
collagenlal, periostin, transgelin, CCN2, ACTA2 and collagenla2 was measured (supplement section
10.1.8). Contrary to the mRNA abundance of the CF-EHTs treated with SB-431542 from day O
(supplement section 10.1.6), only the mRNA abundance of the fibroblast activation marker ACTA2 was
higher in the control CF-EHTs than in any of the CF-EHTs treated with SB-431542 from day 8. The mRNA
abundance of the other fibrosis markers was lower in at least 2 of the SB-431542 treated CF-EHT groups
than in the control group, as expected. Therefore, the mRNA abundance analysis of the CF-EHTs which
were treated with SB-431542 from day 8 matched expectations better than the mRNA analysis from
the CF-EHTs treated with SB-431542 from day 0.

From the contractility analysis it was clear that the timing of the treatment was not yet optimized, as
the addition of SB-431542 on day 8 led to a decrease in the generated force. To further optimize the
ideal timing to start treatment of the CF-EHTs, CF-EHTs were treated with SB-431542 or TGF-B1 from
either day 3 or day 15 and the contractility of these CF-EHTs was regularly analysed (Figure 22, for the
analysis of the beating frequency, see supplement section 10.1.8). In this experiment it was directly
investigated whether starting with a low concentration of SB-431542 and increasing this concentration
later would have a more beneficial effect on the development of the contractility of the CF-EHTs than
starting the SB-431542 treatment later. Therefore, the CF-EHTs treated with SB-431542 from day 3 were
first treated with 1 uM SB-431542 and this concentration was increased to 5 uM SB-431542 on day 10.
The CF-EHTs treated with SB-431542 from day 15 were immediately treated with 5 uM SB-431542. The
TGF-B1 CF-EHTs were treated with 10 ng/ml starting either on day 3 or day 15.

All inhibited CF-EHTs contracted with a higher force than the control CF-EHTs, whereas the activated
CF-EHTs contracted with a similar force as the control CF-EHTs. Compared to the CF-EHTs treated with
SB-431542 from day 3, the CF-EHTs treated with TGF-B1 from day 3 exhibited a shorter resting length.
The SB-431542 treated CF-EHTs exhibited a significantly higher relaxation velocity than the control CF-
EHTs and the TGF-B1 treated CF-EHTs. Compared to the control CF-EHTs, the CF-EHTs which were
treated with SB-431542 from day 3 exhibited a significantly shorter 80% relaxation time on the last day
of culture. On this same day, the CF-EHTs which were treated with TGF-B1 from day 15 exhibited a
significantly longer 80% relaxation time than the CF-EHTs which were treated with TGF-B1 from day 3
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and the CF-EHTs which were treated with SB-431542 from day 15. All CF-EHTs contracted with a similar
frequency (supplement section 10.1.8).
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Figure 22: Contractility analyses of CF-EHTs assigned to either a control group, 1 of 2 inhibited groups, or 1 of 2 activated
groups. The CF-EHTs were harvested on day 21. The CF-EHTs from 1 inhibited group were treated with 1 uM SB-431542 from
day 3 and 5 uM SB-431542 from day 10 until they were harvested. The CF-EHTs from the other inhibited group were treated
with 5 uM SB-431542 from day 15 until they were harvested. The CF-EHTs from 1 activated group were treated with 10 ng/ml
TGF-81 from day 3 until they were harvested. The CF-EHTs from the other activated group were treated with 10 ng/ml TGF-81
from day 15 until they were harvested. The CF-EHTs were cultured in 10% serum containing medium until day 3, after which
they were cultured in 0.5% serum containing medium. The development of the generated force, resting length, relaxation
velocity and 80% relaxation time of the CF-EHTs are presented over time. On the second to last day of culture, day 20, the
contractility of the CF-EHTs was analysed under pacing. Data are presented as mean *+ SEM, *p<0.05, **p<0.005, ***p<0.001
by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown,
n=4-6 per group.

A longer resting length, higher relaxation velocity and shorter relaxation time, as visible in the
contractility analysis of the SB-431542 treated CF-EHTSs, could be attributed to anti-fibrotic effects of



Results I: Development of an in vitro fibrosis model - 70

SB-431542. No negative impact on the force generated by the CF-EHTs was detected as a result of any
of the conditions.

To analyse the pro- or anti-fibrotic effects of the different treatments and the different time points, the
mRNA abundance relative to GUSB of the fibrosis markers collagenlal, periostin and transgelin was
assessed (Figure 23; for the mRNA abundance analyses of collagenla2, ACTA2 and CCN2, see
supplement section 10.1.8). Messenger RNA of collagenlal and periostin was most abundant in
activated CF-EHTs and least abundant in inhibited CF-EHTs. When the treatment was initiated on day
15, the difference between the activated condition and the inhibited condition was the most
pronounced, though not significant. The transgelin mRNA abundance was unexpectedly highest in the
CF-EHTs treated with SB-431542 from day 3 on. These CF-EHTs presented a significantly higher
abundance compared to the CF-EHTs treated with SB-431542 from day 15. Transgelin mRNA was more
abundant in the CF-EHTs treated with TGF-B1 from day 15 on than in the CF-EHTs treated with TGF-B1
from day 3 on.
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Figure 23: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in CF-EHTs: collagenlal, periostin
and transgelin. The CF-EHTs were assigned to either a control group, 1 of 2 inhibited groups, or 1 of 2 activated groups. The
CF-EHTs were harvested on day 21. The CF-EHTs from 1 inhibited group were treated with 1 uM SB-431542 from day 3 and
5 uM SB-431542 from day 10 until they were harvested. The CF-EHTs from the other inhibited group were treated with 5 uM
SB-431542 from day 15 until they were harvested. The CF-EHTs from 1 activated group were treated with 10 ng/ml TGF-81
from day 3 until they were harvested. The CF-EHTs from the other activated group were treated with 10 ng/ml TGF-81 from
day 15 until they were harvested. The CF-EHTs were cultured in 10% serum containing medium until day 3, after which the CF-
EHTs were cultured in 0.5% serum containing medium. Data are presented as mean + SEM. *p<0.05 by one-way ANOVA plus
Bonferroni’s post-test for multiple comparisons, n=3-4 per group.
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From these experiments it was concluded that the force and beating frequency of the CF-EHTs was less
affected when the treatment was initiated at a later time point, whereas the effect of the treatment on
the mRNA abundance of the CF-EHTs and on relaxation parameters was more pronounced and closer
to what was expected. It was therefore decided to start the treatment of the CF-EHTs at a later time
point; day 13.

3.1.9 The in vitro fibrosis model
After the different aspects of the desired in vitro fibrosis model that had required optimization were
evaluated, a definitive protocol for the model could be established (Figure 24).

The optimized in vitro fibrosis model was based on 3 weeks of CF-EHT culture. The CF-EHTs were
composed of hiPSC-CMs and hiPSC-derived (quiescent) cardiac fibroblasts, which were cast together in
a 9:1 ratio. To acquire a quiescent baseline, the CF-EHTs were transitioned from 10% serum containing
medium to 0.5% serum containing medium early in culture, on day 3. Additionally, 5 uM SB-431542
was added to the 0.5% serum containing medium on day 10. From day 13 the CF-EHTs were assigned
to a group, and they were cultured according to their respective group until they were harvested on
day 21 or 22. The different groups the CF-EHTs could be assigned to, were a control group where the
CF-EHTs were cultured in 0.5% serum containing medium, an inhibited group where the CF-EHTs were
cultured in 0.5% serum containing medium + 5 uM SB-431542, or 1 of 2 activated groups, 1 in which
the CF-EHTs were cultured in 0.5% serum containing medium + 10 ng/ml TGF-1, and 1 in which the
CF-EHTs were cultured in 10% serum containing medium.

Day 3 Day 13
Switch to 0.5% serum Assign CF-EHTs to their group*
containing medium
Day 0 Day 10 Day 21 or 22
Cast CF-EHTs in 24-well format Add 5 uM SB-431542 to 0.5% Harvest CF-EHTs
Culture in 10% serum containing serum containing medium
medium
* Groups:

- 90000®
. Control, 0.5% serum containing medium
B @@@@@@ * Inhibited, 0.5% serum containing medium + 5 pM SB-431542

*  Activated, 0.5% serum containing medium + 10 ng/mL TGF-B1

Figure 24: Protocol for the in vitro fibrosis model. Top, the timeline, based on 3 weeks of CF-EHT culture. The CF-EHTs were
cultured in 10% serum containing medium for 3 days, after which they were cultured in 0.5% serum containing medium for 7
days. On day 10, 5 uM SB-431542 was added to the 0.5% serum containing medium for 3 days for all CF-EHTs to achieve
quiescent baseline conditions. After this (at day 13), the CF-EHTs were assigned to different groups. The CF-EHTs were cultured
according to their respective group for 8 or 9 days, after which they were harvested. Bottom, the different groups the CF-EHTs
could be assigned to; a control group cultured in 0.5% serum containing medium, an inhibited group treated with 5 uM SB-
431542, and 2 activated groups: 1 treated with 10 ng/ml TGF-61, the other exposed to 10% serum containing medium.

= Activated, 10% serum containing medium
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To investigate the suitability of this in vitro fibrosis model, CF-EHTs composed of cardiomyocytes and
cardiac fibroblasts differentiated from 3 different healthy donor hiPSC lines underwent this protocol.
These hiPSC lines were the A18945 hiPSC line and the established control hiPSC lines ERC001 and
ERCO018. In this section, the combined results of the 3 cell lines will be discussed. For detailed results
of CF-EHTs undergoing the in vitro EHT based fibrosis protocol for each separate cell line, including the
development over time of different contractility parameters, see supplement section 10.1.9.

The resting length (RL), relaxation velocity (RV) and 80% relaxation time (RT) of the spontaneous
contractions of the CF-EHTs on the last day of culture were analysed relative to the batch average
(Figure 25), as possible important signs of fibrosis. The resting length was considered an indicator of
remodelling; the relaxation velocity and 80% relaxation time were considered as possible indicators of
a relaxation deficit. A relaxation deficit in CF-EHTs could argue for an increase in the matrix stiffness as
a response to the respective treatment.

The inhibited CF-EHTs exhibited a significantly longer resting length compared to all other CF-EHTs. The
control CF-EHTs had a significantly longer resting length than the high serum activated CF-EHTs. Both
the control CF-EHTs and the inhibited CF-EHTs exhibited a significantly higher relaxation velocity than
the high serum activated CF-EHTs. The high serum activated CF-EHTs displayed a significantly longer
80% relaxation time than all other CF-EHTs.
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Figure 25: Combined contractility analyses of A18945, ERCO01 and ERC0O18 CF-EHTs. The CF-EHTs were assigned to either a
control group, an inhibited group, or 1 of 2 activated groups, and treated as previously described. The resting length, relaxation
velocity and 80% relaxation time of the spontaneous contractions of the CF-EHTs on the last day of culture, day 21 or day 22,
relative to the batch average are presented. Data are presented as mean + SEM. *p<0.05, **p<0.005, ***p<0.001 by one-way
ANOVA plus Bonferroni’s post-test for multiple comparisons, n=14-17 per group.
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When examining the combined contractility analyses from the A18945, ERC001 and ERC018 CF-EHTs,
the findings affirm the suitability of the fibrosis model. The inhibited CF-EHTs displayed a longer resting
length, higher relaxation velocity and shorter relaxation time compared to the control CF-EHTs and the
activated CF-EHTs, especially compared to the high serum activated CF-EHTs. The control CF-EHTs
displayed a longer resting length, higher relaxation velocity and shorter relaxation time compared to
the activated CF-EHTSs, especially to the high serum activated CF-EHTs. These findings indirectly affirm
that the inhibited CF-EHTs show the least signs of fibrosis, followed by the control CF-EHTs. The
activated CF-EHTs, especially the high serum activated CF-EHTs, show the most signs of fibrosis.

To further quantify a possible pro-fibrotic effect of the different interventions, the mRNA abundance of
the fibrosis markers collagenlal, periostin and transgelin in both the A18945 and ERC0O01 CF-EHTs
relative to the respective control CF-EHTs, was combined for analysis (Figure 26; for the combined
mMRNA abundance analysis of collagen1a2, CCN2 and ACTA2, see supplement section 10.1.9.4).

A higher mRNA abundance of all analysed fibrosis markers in the activated CF-EHTs compared to the
inhibited CF-EHTs was observed. For collagenlal, periostin and transgelin, these differences were
significant. Messenger RNA of these genes was significantly more abundant in high serum activated CF-
EHTs compared to control CF-EHTs. Periostin mRNA was also significantly more abundant in TGF-f1
activated CF-EHTs compared to control CF-EHTs. Transgelin mRNA was significantly more abundant in
high serum activated CF-EHTs than in TGF-B1 activated CF-EHTs. In the mRNA abundance analysis of
collagenla2, CCN2 and ACTA2, the same trends were observed.
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Figure 26: Combined mRNA abundance analyses relative to GUSB and control CF-EHTs of multiple fibroblast activation markers
in A18945 and ERC001 CF-EHTs: collagenlal, periostin and transgelin. The CF-EHTs were assigned to either a control group,
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an inhibited group, or 1 of 2 activated groups, and treated as previously described. The CF-EHTs were harvested on day 21 or
day 22. Data are presented as mean + SEM. *p<0.05, **p<0.005, ***p<0.001 by one-way ANOVA plus Bonferroni’s post-test
for multiple comparisons, n=6-8 per group.

In summary, when the contractility analyses of the 3 hiPSC lines were combined (Figure 25) it became
obvious that the activated CF-EHTs exhibited a shorter resting length than the control and inhibited CF-
EHTs, which could be a sign of attenuated remodelling. The activated CF-EHTs moreover exhibited a

lower relaxation velocity and higher 80% relaxation time compared to the inhibited CF-EHTs. These
observations argue for a relaxation deficit in these CF-EHTs, which was exploited in later experiments.

In the mRNA abundance analysis results (Figure 26) all fibroblast activation markers were more
abundant in the activated CF-EHTs compared to the control and inhibited CF-EHTs.

These findings suggested that in the developed protocol for the in vitro EHT based fibrosis model, the
activated CF-EHTs indeed presented a number of indirect signs of increased fibrosis, affirming the
suitability of the model.
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3.2 Results Il: Implementation of the in vitro fibrosis model

A functional in vitro EHT based fibrosis model had been developed, in which the activated tissues
exhibited a relaxation deficit and higher abundance of multiple fibroblast activation markers compared
to the inhibited tissues. The fibrosis model was therefore considered sufficiently developed to be
implemented, to study the effect of genetic interventions on the formation of fibrosis in this model.
The genetic interventions that were studied were the knockout of the pro-fibrotic enhancer sequence
enh35232, a RUNX1-related enhancer, and the knockout of the RUNX1 gene. For this purpose, WT
A18945 hiPSCs, A18945 hiPSCs with enh35232 deleted and A18945 hiPSCs with RUNX1 deleted were
kindly provided by Dr. Thomas Moore-Morris and Dr. Alenca Harrington (Institute for Regenerative
Medicine & Biotherapy, Montpellier, France). The enhancer sequence data, including the location of
the enh35232 deletion in the A18945 hiPSC line, can be found in the supplements (section 10.1.15).

3.2.1 Quality control
The quality of the WT hiPSCs, the enh35232 (Enh) KO hiPSCs and the RUNX1 (Gene) KO hiPSCs was
evaluated with regard to the karyotype, sterility and pluripotency of the hiPSCs.

3.2.1.1 Karyotype

Visible karyograms of the WT hiPSCs, the Enh KO hiPSCs and the Gene KO hiPSCs in metaphase were
produced by Giemsa-banding at the Institute of Human Genetics (UKE, Hamburg). A resolution of 350-
500 bands per haploid set were investigated. All hiPSCs showed a normal, female karyotype (46, XX),
with no visible aberrations (Figure 27 and supplement section 10.1.10.1).
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Figure 27: Cytogenetic analysis by Giemsa-banding produced a visible karyogram of wild-type A18945 hiPSCs, which showed
a normal, female karyotype (46, XX), with no visible aberrations.
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3.2.1.2 Mycoplasma

The hiPSCs of each genotype were evaluated for mycoplasma presence by PCR amplification of
mycoplasma DNA prior to expansion. No evidence for the presence of mycoplasma was found in the
culture medium of the hiPSCs.

3.2.1.2 Pluripotency
The pluripotency of the hiPSCs was evaluated by measuring the percentage of hiPSCs positive for the
cell surface marker SSEA-3 via flow cytometry. 99.68% of WT hiPSCs expressed SSEA-3 (Figure 28).
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Figure 28: SSEA-3 expression in WT hiPSCs. Unstained isotype control WT hiPSCs (grey) were used to determine the gating.
99.68% of stained WT hiPSCs (red) sufficiently expressed SSEA-3.

3.2.1.3 Cardiac fibroblast differentiation

After 3 differentiation runs of each of the different hiPSC genotypes to produce cardiac fibroblasts, the
presence of fibrosis markers and cardiac markers in the differentiated cells was assessed to determine
the success of the differentiation runs. Messenger RNA abundance in the differentiated CFs was
compared to the abundance in hiPSCs, primary foreskin fibroblasts, primary cardiac fibroblasts and
hiPSC-derived cardiomyocytes. The mRNA abundance of GATA binding protein 4 (GATA4) as an early
cardiac development marker, TCF21 as a marker for mesenchyme derived cells and both discoidin
domain receptor tyrosine kinase 2 (DDR2) and vimentin (VIM) as fibroblast markers, all relative to the
expression of GUSB, were analysed (Figure 29).

GATA4 mRNA was most abundant in hiPSC-derived cardiomyocytes, followed by the primary cardiac
fibroblasts. GATA4 was least expressed in hiPSCs and primary foreskin fibroblasts. GATA4 mRNA was
less abundant in the hiPSC-derived CFs, especially in the hiPSC-derived Gene KO CFs, than in the
primary cardiac fibroblasts. However, GATA4 mRNA was still 5.56 times and 100 times more abundant
in the hiPSC-derived Gene KO CFs than in the hiPSCs and primary foreskin fibroblasts, respectively.
Though TCF21 was 4.95 times more abundant in primary cardiac fibroblasts than in hiPSC-derived Enh
KO CFs, it was 43.25 times and 4.33 times more abundant in hiPSC-derived Enh KO CFs than in the
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hiPSCs and primary foreskin fibroblasts, respectively. DDR2 mRNA was 7.43 times more abundant in
primary cardiac fibroblasts than in hiPSC-derived Gene KO CFs, but it was 14.84 times and 1.76 times
more abundant in hiPSC-derived Gene KO CFs compared to hiPSCs and hiPSC-derived cardiomyocytes,
respectively. Vimentin was similarly expressed in primary foreskin fibroblasts and hiPSC-derived CFs.
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Figure 29: The mRNA abundance relative to GUSB of GATA4, TCF21, DDR2 and vimentin (VIM) in hiPSCs, primary foreskin
fibroblasts, primary cardiac fibroblasts, hiPSC-derived WT CFs, hiPSC-derived Enh KO CFs, hiPSC-derived Gene KO CFs and hiPSC-
derived cardiomyocytes. When possible, data are presented as mean + SEM, n=1 or 3.

Compared to hiPSCs and primary foreskin fibroblasts, GATA4 and TCF21 were more abundant in the
hiPSC-derived CFs, which suggested a cardiac lineage and cardiac fibroblast-like expression pattern,
respectively. Compared to hiPSCs and cardiomyocytes, DDR2 and vimentin were more abundantly
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expressed in the hiPSC-derived CFs, which argued for a successful fibroblast differentiation. Based on
these results, it was determined that WT hiPSCs, Enh KO hiPSCs and Gene KO hiPSCs could successfully
be differentiated into cardiac fibroblasts.

In addition to the mRNA abundance of the fibroblast marker DDR2, the percentage of hiPSC-derived
CFs positive for the cell surface marker DDR2 was also evaluated via flow cytometry (Figure 30, for dot
plots of DDR2 stained CFs vs isotype control CFs of each genotype, see supplement section 10.1.10.2).
In the hiPSC-derived WT CFs, 57-76% of the differentiated cells expressed DDR2, depending on the
differentiation run. In the hiPSC-derived Enh KO CFs, 56-83% of the differentiated cells expressed DDR2,
depending on the differentiation run. In the hiPSC-derived Gene KO CFs, 68-82% of the differentiated
cells expressed DDR2, depending on the differentiation run.
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Figure 30: The average percentage of A18945 hiPSC-derived CFs positive for DDR2, for each genotype, for 3 different
differentiation runs per genotype. Data are presented as mean + SEM, n=7-9 technical replicates per differentiation run.

As DDR2 is not expressed by all cardiac fibroblasts (Bursac & J. Kim, 2014), a minimum of 56% DDR2*
cells was considered a successful cardiac fibroblast differentiation.

It was also investigated whether the enh35232 KO or the RUNX1 KO affected the ability of hiPSCs to
differentiate into viable cardiomyocytes. Human iPSC-derived Enh KO cardiomyocytes were
differentiated with a purity (defined as the percentage of cTnT* cells) of 70%. Human iPSC-derived Gene
KO cardiomyocytes were differentiated with a purity of 91%. The contractility of CF-EHTs composed of
10% WT cardiac fibroblasts and 90% cardiomyocytes, derived from either WT hiPSCs, Enh KO hiPSCs or
Gene KO hiPSCs, was analysed (supplement section 10.1.10.3). CF-EHTs from all groups contracted
throughout the entire culture time with no difference in generated force, arguing for the unimpaired
differentiation of the cardiomyocytes, regardless of the genotype.

In light of the promising quality control results; the normal karyogram of the hiPSCs (Figure 27), high
pluripotency of the hiPSCs (Figure 28), the mRNA abundance of marker genes in the differentiated CFs
being similar to the abundance in primary cardiac fibroblasts (Figure 29) and the high expression of
DDR2 in the differentiated CFs (Figure 30), experiments could commence to investigate the effect of
the KOs on the ability of the CFs to become activated.
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3.2.2 Effects of an enh35232 or RUNX1 knockout in 2D culture

To investigate whether the knockout of either the RUNX1-related enhancer enh35232 or of the RUNX1
gene influenced the ability of the CFs to become activated, CFs first underwent a shortened 2D version
of the fibrosis model, as requested by partners of the consortium. The 2D analysis has also been used
for RNA sequencing analysis, which is not included in this work, but will be published in future. In the
2D version, a quiescent baseline was again first established in all CFs by serum depletion of the culture
medium and treatment with SB-431542. Afterwards, the CFs were assigned to either a control group,
an inhibited group, treated with 5 uM SB-431542, or 1 of 2 activated groups. The CFs from 1 activated
group were treated with 10 ng/ml TGF-B1, the CFs from the other activated group were exposed to
10% serum containing medium.

3.2.2.1 The mRNA abundance

RUNX1 mRNA abundance after activation

To investigate whether the genomic deletion of either enh35232 or RUNX1 had an effect on the
expression of RUNX1 in the CFs, the RUNX1 mRNA abundance in inhibited CFs was compared to the
RUNX1 mRNA abundance in TGF-B1 activated CFs, for each genotype (Figure 31).

The quiescent baseline expression of RUNX1 was similar in WT CFs and Enh KO CFs. A trend towards a
higher mRNA abundance in activated WT CFs compared to activated Enh KO CFs was observed, but this
was not significant. Activated WT CFs had a significantly higher RUNX1 mRNA abundance than inhibited
WT CFs. Though activated Enh KO CFs seemed to express more RUNX1 than inhibited Enh KO CFs, this
difference was not significant. Both inhibited and activated Gene KO CFs did not express RUNX1.
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Figure 31: The mRNA abundance relative to GUSB of RUNX1 in WT CFs, Enh KO CFs and Gene KO CFs. The CFs were assigned
to either an inhibited group, treated with 5 uM SB-431542, or an activated group, treated with 10 ng/ml TGF-81. All CFs were
cultured in 10% serum containing medium until day 3, after which they were cultured in 0.5% serum containing medium +
5 uM SB-431542 until day 7, when they were assigned to their respective group. The CFs were treated according to their group
until day 10, when they were harvested. Data are presented as mean + SEM. **p<0.005, ***p<0.001 by two-way ANOVA plus
Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown, n=3 per group.

Fibrosis markers
To quantify pro-fibrotic effects of the activation of the CFs which underwent the 2D version of the

fibrosis model, the mRNA abundance in the WT CFs, Enh KO CFs and Gene KO CFs of the fibrosis markers
collagenlal, periostin and transgelin, relative to the mRNA abundance of GUSB and the WT control
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CFs, was assessed (Figure 32; for the mRNA abundance analysis of collagenla2, CCN2 and ACTA2, see
supplement section 10.1.11.1).

Most of the fibrosis markers were more abundant in activated CFs than in control CFs and inhibited
CFs, and the lowest amount of mRNA was often detected in inhibited CFs. Significant differences were
present between inhibited WT CFs and activated WT CFs in the mRNA abundance of collagenlal and
periostin. The difference was significant between inhibited Enh KO CFs and activated Enh KO CFs in
periostin and transgelin mRNA abundance. Inhibited CFs expressed significantly less periostin than
their control counterparts in WT CFs and Enh KO CFs. No significant differences were present between
the separate groups in the Gene KO CFs.

When comparing WT CFs to Enh KO CFs, significant differences were only found with regards to
transgelin mRNA abundance: the activated Enh KO CFs unexpectedly expressed significantly more
transgelin mRNA than the activated WT CFs. When comparing WT CFs to Gene KO CFs, significant
differences were only found with regards to periostin expression, where both the control and the
activated WT CFs expressed significantly more periostin mRNA than the control and activated Gene KO
CFs. However, a striking trend towards a lower mRNA abundance of the fibrosis markers in all Gene KO
conditions compared to the WT conditions can be observed, whereas the Enh KO conditions share a
similar activation and inhibition pattern as the WT conditions.

All probed fibrosis markers were significantly less abundant in the activated Gene KO CFs than in the
activated Enh KO CFs. The control Gene KO CFs expressed significantly less periostin and transgelin
mMRNA than the control Enh KO CFs.

Similar results were observed with regard to the mRNA abundance of collagenla2, CCN2 and ACTA2,
with a trend towards a lower abundance in the inhibited CFs for all genotypes and a lower baseline
abundance in the Gene KO CFs (supplement section 10.1.11.1).
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Figure 32: The mRNA abundance relative to GUSB and WT control of the fibrosis markers collagenlal, periostin and transgelin
in WT CFs, Enh KO CFs and Gene KO CFs. The CFs were assigned to either a control group, an inhibited group, treated with 5
UM SB-431542, or an activated group treated with 10 ng/ml TGF-81. All CFs were cultured in 10% serum containing medium
until day 3, after which they were cultured in 0.5% serum containing medium + 5 uM SB-431542 until day 7, when they were
assigned to their respective groups. The CFs were treated according to their group until day 10, when they were harvested.
Data are presented as mean + SEM. *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for
multiple comparisons, only biologically meaningful comparisons are shown, n=6-9 per group.

This mRNA abundance analysis argued that the 2D version of the fibrosis model was also functional, as
fibrosis markers were more abundant in the activated CFs than in the other CF groups. However, more
research was necessary to compare the different genotypes. So far, a strong trend could be observed
which argued that the Gene KO CFs expressed less fibrosis markers than either the WT CFs or the Enh
KO CFs, but the data did not argue for a pronounced effect of the Enh KO.

3.2.2.2 Protein expression

For further in-depth analysis of the 2D version of the fibrosis model, the expression of the fibroblast
activation marker proteins periostin and aSMA in the CFs was analysed. Though the expression of the
housekeeping protein a-tubulin was also used to account for the loading difference of the samples,
guantification was conducted relative to Ponceau S staining. The protein expression is also depicted
relative to the expression of the WT control CFs (Figure 33 and Figure 34). In this experiment, a high
serum activated group was included.
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No significant differences were observed in the abundance of either periostin or aSMA, either between
the differently treated CFs or the different genotypes, in light of a high variability. For the periostin
expression in the Gene KO CFs, a trend towards a higher expression in activated CFs than in control or
inhibited CFs was observed. This same trend was observed in the aSMA expression in the Enh KO CFs,
but not in the expression in the WT CFs.
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Figure 33: Western blot analysis. The band for periostin was visible at 95 kDa, for a-tubulin at 50 kDa and for aSMA at 40 kDa.
Lane 1: protein size standard (std). Lane 2: hiPSCs. Lane 3, 4 and 5: WT CFs, in order: inhibited (SB), control and TGF-61 (T8)
activated. Lane 6, 7 and 8: Enh KO CFs, in order: inhibited, control and TGF-81 activated. Lane 9, 10 and 11: Gene KO CFs, in
order: inhibited, control and TGF-61 activated. Lane 12: protein size standard. Lane 13: high serum activated WT CFs. Lane 14:
high serum activated Enh KO CFs. Lane 15: high serum activated Gene KO CFs.
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Figure 34: Protein quantification of periostin and aSMA by Western blot, relative to Ponceau S staining and WT control. The
CFs were assigned to either a control group, an inhibited group, treated with 5 uM SB-431542, or 1 of 2 activated groups. The
CFs from 1 activated group were treated with 10 ng/ml TGF-61, the CFs from the other activated group were exposed to 10%
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serum containing medium. All CFs were cultured in 10% serum containing medium until day 3, after which they were cultured
in 0.5% serum containing medium + 5 uM SB-431542 until day 6, when they were assigned to their respective groups. The CFs
were treated according to their group until day 10, when they were harvested. Data are presented as mean + SEM. *p<0.05,
**p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, n=5 per group.

3.2.2.3 Flow cytometry

To further quantify the effect of the 2D version of the fibrosis model on the activation of cardiac
fibroblasts, the expression of the intracellular marker aSMA was analysed (Figure 35, for histograms of
SB-431542 treated CFs vs TGF-B1 treated CFs of each genotype, see supplement section 10.1.11.2). To
ensure that only cardiac fibroblasts were analysed rather than cells of poorly defined cell types, the CFs
were stained for both DDR2 and aSMA, and the aSMA expression was solely measured in DDR2* cells
via flow cytometry.

In this analysis the only significant difference was the higher percentage of aSMA* CFs in the activated
high serum Enh KO CFs compared to the activated high serum Gene KO CFs. A trend was visible of an
elevated percentage of aSMA* CFs in the activated Enh KO CFs compared to in the control and inhibited
Enh KO CFs, but this trend was not observed in the WT CFs or the Gene KO CFs.
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Figure 35: The average percentage of aSMA* cells (of DDR2* cells) per treated group, per genotype, of 3 different differentiation
runs. The CFs were assigned to either a control group, an inhibited group, treated with 5 uM SB-431542, or 1 of 2 activated
groups. The CFs from 1 activated group were treated with 10 ng/ml TGF-81, the CFs from the other activated group were
exposed to 10% serum containing medium. All CFs were cultured in 10% serum containing medium until day 3, after which
they were cultured in 0.5% serum containing medium + 5 uM SB-431542 until day 6, when they were assigned to their
respective groups. The CFs were treated according to their group until day 10, when they were harvested. Data are presented
as mean + SEM. *p<0.05 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only biologically meaningful
comparisons are shown, n=6, as each dot represents the average of 2 samples of 1 differentiation run.

From the results of the 2D experiments, it was concluded that while the 2D version of the fibrosis model
worked as expected on an mRNA abundance level (Figure 32), with a higher mRNA abundance found
in activated CFs, these effects were not observed when analysing the protein expression via Western
blot analysis (Figure 34) or antibody staining and subsequent flow cytometry (Figure 35). Gene KO CFs
displayed a lower expression of fibrosis markers than Enh KO CFs, but no further clear differences
between the genotypes were visible.

3.2.3 Effects of an enh35232 or RUNX1 knockout in 3D culture
The simplified 2D version of the fibrosis model yielded preliminary results in clear which differences
between the genotypes were not observed. To expand on these preliminary results, multiple batches
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of A18945 CF-EHTs underwent the in vitro 3D EHT based fibrosis model. It was investigated whether
differences between the genotypes were more prominent in CF-EHTs which underwent this in vitro 3D
EHT based fibrosis model.

3.2.3.1 Contractility of A18945 CF-EHTs

The contractility of A18945 CF-EHTs composed of 90% hiPSC-derived WT cardiomyocytes and 10%
hiPSC-derived cardiac fibroblasts, either WT, Enh KO or Gene KO, which were cultured according to the
in vitro EHT based fibrosis model, was analysed. The contractility of CF-EHTs from 4 different batches,
containing cardiomyocytes and CFs from 3 different differentiation runs, were combined. The purity of
the cardiomyocytes ranged from 63-95%, as determined by cTnT expression. Considering the
differences in cardiomyocyte purity, the contractility data could not be combined directly. Instead, for
each analysis time point, batch and parameter, the average of that specific analysis was calculated. The
contractility parameters of each individual CF-EHT in this respective analysis were then normalized and
related to this average, after which the analyses from the 4 different batches were combined. As
determined in the in vitro EHT based 3D fibrosis model optimization stage, the CF-EHTs were assigned
to 1 of 4 groups, a control group, an inhibited group, treated with 5 uM SB-431542, or 1 of 2 activated
groups. The CF-EHTs from 1 activated group were treated with 10 ng/ml TGF-B1, the CF-EHTs from the
other activated group were exposed to 10% serum containing medium. From the previous analysis of
CF-EHTs which had undergone the in vitro 3D EHT based fibrosis model protocol, it had been
determined that activation with high serum had a more pronounced impact on the contractility of the
CF-EHTs than activation with TGF-B1 (Figure 25). For readability of the contractility analysis, only the
data of the most inhibited CF-EHTs and the most activated CF-EHTs (high serum) are displayed (Figure
36). A more in-depth analysis of the resting length, relaxation velocity and 80% relaxation time of all
CF-EHTs, including the control CF-EHTs and the TGF-B1 activated CF-EHTs, on the last day of culture,
together with the analysis of the beating frequency of the CF-EHTs, can be found in the supplements
(section 10.1.10.1).

No differences with regards to the force were present, neither between the inhibited CF-EHTs and the
activated CF-EHTs, nor between the different genotypes.

The inhibited CF-EHTs, regardless of genotype, possessed a significantly longer resting length than their
activated counterparts, which suggested more active remodelling in the activated CF-EHTs.

On the last day of culture, the activated WT and Enh KO CF-EHTs had a significantly lower relaxation
velocity than their inhibited counterparts. A significant difference between the relaxation velocity of
the activated Gene KO CF-EHTs and the inhibited Gene KO CF-EHTs was present on day 20, but this
difference was no longer significant on the last day of culture.

At the end of the culture time, the activated WT and Enh KO CF-EHTs had a significantly longer 80%
relaxation time than the inhibited WT and Enh KO CF-EHTSs, respectively. The activated Gene KO CF-
EHTs only showed a slightly longer 80% relaxation time than the inhibited Gene KO CF-EHTs.
Additionally, the inhibited WT CF-EHTs had a significantly shorter 80% relaxation time than the inhibited
Gene KO CF-EHTs, and the activated WT CF-EHTs had a significantly longer 80% relaxation time than
the activated Gene KO CF-EHTs.
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The activated Enh KO and Gene KO CF-EHTs contracted with a significantly higher beating frequency
than their inhibited counterparts. The activated WT CF-EHTs displayed the same tendency (supplement
section 10.1.12.1).
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Figure 36: Contractility analysis of WT, Enh KO and Gene KO CF-EHTs, assigned to either an inhibited group, treated with 5 uM
SB-431542, or an activated group, exposed to 10% serum containing medium, and treated as previously described. The CF-
EHTs were harvested on day 21. The development of the generated force, resting length, relaxation velocity and 80% relaxation
time of the CF-EHTs are presented over time, relative to batch average. Data are presented as mean + SEM, *p<0.05,
**p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only biologically meaningful
comparisons are shown, n=20-25 per group, from 4 different batches.

As expected, multiple parameters of the contractility analysis indicated signs of elevated fibrosis in the
activated CF-EHTs compared to the inhibited CF-EHTs, especially the shorter resting length, a sign of
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more remodelling, and the lower relaxation velocity in combination with a longer 80% relaxation time,
both arguing for a relaxation deficit. The differences between the activated and inhibited CF-EHTs with
regard to the relaxation velocity and 80% relaxation time were significant in both the WT CF-EHTs and
the Enh KO CF-EHTs, but not in the Gene KO CF-EHTs.

The only difference in the contractility of the WT CF-EHTs compared to the Enh KO CF-EHTs was the
lower beating frequency of the activated WT CF-EHTs. The activated WT CF-EHTs also contracted with
a lower frequency than the activated Gene KO CF-EHTSs, but more importantly, the 80% relaxation time
of the WT CF-EHTs differed significantly from the 80% relaxation time of the Gene KO CF-EHTs. The 80%
relaxation time was longer in the activated WT CF-EHTs than in the activated Gene KO CF-EHTs and it
was shorter in the inhibited WT CF-EHTs than in the inhibited Gene KO CF-EHTs. These findings
suggested a higher dynamic range, and therefore a larger effect of activation, in the WT CF-EHTs than
in the Gene KO CF-EHTs. This indicated a possible attenuation of fibrosis development in the Gene KO
CF-EHTs.

3.2.3.2 The mRNA abundance of A18945 CF-EHTs

To further quantify a possible pro-fibrotic effect of the different interventions and differences between
the genotypes, the mRNA abundance of the fibrosis markers collagenlal, periostin and transgelin,
relative to the mRNA abundance of GUSB and of WT control CF-EHTs, was assessed (Figure 37; for the
mMRNA abundance analysis of collagen1a2, CCN2 and ACTA2, see supplement section 10.1.12.2).

The fibrosis markers collagenlal, periostin and transgelin showed a clear difference in mRNA
abundance when comparing the inhibited CF-EHTSs to the activated CF-EHTs, for each genotype. Except
for the abundance of periostin mRNA in the Enh KO CF-EHTs, for each of these markers and in each
genotype, the inhibited CF-EHTs presented the least amount of mRNA, followed by the control CF-EHTs,
and the highest abundance was measured in the activated CF-EHTs.

A trend towards a higher mRNA abundance in the control WT CF-EHTs compared to in the control Enh
KO CF-EHTs, with an even lower presence of mRNA in the control Gene KO CF-EHTs was observed for
each fibrosis marker.

Similar trends were displayed in the mRNA abundance of collagenla2 and CCN2, but not in the
abundance of ACTA2 (supplement section 10.1.12.2).
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Figure 37: The mRNA abundance relative to GUSB and WT control of the fibrosis markers collagenlal, periostin and transgelin
in WT, Enh KO and Gene KO CF-EHTs. The CF-EHTs were assigned to either a control group, an inhibited group, or 1 of 2 activated
groups, and treated as previously described. The CF-EHTs were harvested on day 21. Data are presented as mean *+ SEM,
*p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only biologically
meaningful comparisons are shown, n=12-17 per group, from 4 different batches.

This mRNA abundance analysis again argued for the suitability of the in vitro 3D EHT based fibrosis
model, as most of the fibrosis markers were more abundant in the activated CF-EHTs than in the
inhibited CF-EHTs. Clear, consistent differences between the genotypes were however not observed.
More in-depth analysis of the CF-EHTs was therefore required.

3.2.3.3 Protein expression of A18945 CF-EHTs

An additional method to quantify a possible pro-fibrotic effect of the different interventions and to
observe possible differences between the genotypes, was the protein level analysis of periostin (Figure
39) and aSMA (Figure 40) in the CF-EHTs. The protein abundance of both periostin and aSMA was
quantified relative to the housekeeping protein lamin A/C (Figure 38) and the average batch expression.
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Figure 38: Western blot analysis. The periostin band was visible at 95 kDa, lamin A/C at 66 kDa and aSMA at 40 kDa. Lane 1:
protein size standard. Lane 2: hiPSCs. Lane 3 to 6: WT CF-EHTs, in order: control, inhibited, TGF-81 activated and high serum
activated. Lane 7 to 10: Enh KO CF-EHTs, in order: control, inhibited, TGF-81 activated and high serum activated. Lane 11 to
14: Gene KO CF-EHTs, in order: control, inhibited, TGF-81 activated and high serum activated. Lane 15: protein size standard.

When analysing the periostin expression in all batches of CF-EHTs relative to batch average (Figure 39),
significantly more periostin was expressed in the TGF-B1 activated CF-EHTs than in the inhibited CF-
EHTs, for each genotype. Though this difference was not significant in each separate batch, the same
trend was observed, regardless of the purity of the cardiomyocytes used in the CF-EHTs. Despite some
differences between the genotypes in individual batches, when examining all batches together, no
significant differences were found between the genotypes. There was a trend of a lower baseline
protein expression in the control Enh KO and Gene KO CF-EHTs compared to the control WT CF-EHTs.
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Figure 39: Quantification of periostin by Western blot, relative to lamin A/C and batch average, in WT, Enh KO and Gene KO
CF-EHTs. Top, periostin expression in all batches of CF-EHTs. N=11-12 from 4 batches. Bottom left, periostin expression in the
15t batch of CF-EHTs. The purity of the cardiomyocytes in the 1t batch of CF-EHTs was 95%. N=3. Bottom right, periostin
expression in the 4th batch of CF-EHTs. The purity of the cardiomyocytes in the 4th batch of CF-EHTs was 63%. N=3. All CF-EHTs
were assigned to either a control group, an inhibited group, or 1 of 2 activated groups, and treated as previously described.
The CF-EHTs were harvested on day 21. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way
ANOVA plus Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown.

When analysing the aSMA expression in all batches of CF-EHTs relative to batch average (Figure 40),
significantly more aSMA was expressed in the high serum activated CF-EHTs than in the inhibited CF-
EHTs, for each genotype. A similar trend was noticed when comparing the TGF-B1 activated CF-EHTs to
the inhibited CF-EHTs, but this difference was not significant in any genotype. The same trend was
observed in each separate batch of CF-EHTs, regardless of the purity of the cardiomyocytes in the
respective batch. Unexpectedly, in the combined analysis of all batches, the high serum activated Gene
KO CF-EHTs expressed more aSMA protein than the high serum activated WT or Enh KO CF-EHTs.
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Figure 40: Quantification of aSMA by Western blot, relative to lamin A/C and batch average, in WT, Enh KO and Gene KO CF-
EHTs. Top, aSMA expression in all batches of CF-EHTs. N=11-12 from 4 batches. Bottom left, aSMA expression in the 15t batch
of CF-EHTs. The purity of the cardiomyocytes in the 1t batch of CF-EHTs was 95%. N=3. Bottom right, the expression of aSMA
in the 4th batch of CF-EHTs. The purity of the cardiomyocytes in the 4t batch of CF-EHTs was 63%. N=3. All CF-EHTs were
assigned to either a control group, an inhibited group, or 1 of 2 activated groups, and treated as previously described. The CF-
EHTs were harvested on day 21. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus
Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown.

Similar to the findings in the mRNA abundance analysis, the protein expression analysis argued for the
suitability of the in vitro EHT based 3D fibrosis model, as both periostin and aSMA were more abundant
in the activated CF-EHTs than in the inhibited CF-EHTs. Clear, consistent, differences between the
genotypes, however, were again not observed. Additional analysis of the CF-EHTs was therefore still
required.

3.2.3.4 Stiffness of A18945 CF-EHTs

One of the important characteristics of fibrosis is the increased deposition of extracellular matrix in the
tissue. The accumulation of ECM is associated with increased tissue stiffness (Weber, 1997). The
stiffness of CF-EHTs can be measured with nanoindentation. To quantify resistance by nanoindentation,
a microneedle which is coupled to a cantilever and a force transducer is used to probe the tissue, here



Results II: Implementation of the in vitro fibrosis model - 91

the CF-EHTs. The stiffness of the CF-EHTs was measured in multiple locations. The average of the
different measurements per CF-EHT was plotted together, relative to the length of each individual CF-
EHT, to account for modulation of tissue compaction by contractile state and to account for the
substantial differences in CF-EHT size (Figure 41). When these measurements were performed, it was
not yet clear that the differences between inhibited CF-EHTs and activated CF-EHTs were considerably
more striking than differences between control CF-EHTs and activated CF-EHTs. To be able to accurately
investigate the effect of CF-EHT activation on the stiffness of the CF-EHTs in future research, the SB-
431542 treated CF-EHTs should be included in the analysis.

For each genotype, a trend was observed of a higher stiffness of the activated CF-EHTs, compared to
the control CF-EHTs, and of a higher stiffness of the WT CF-EHTs compared to either the Enh KO CF-
EHTs or the Gene KO CF-EHTs, for each group of CF-EHTs. However, none of these differences were
significant.

Stiffness
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Stiffness relative to CF-EHT length

Figure 41: Stiffness of WT, Enh KO and Gene KO CF-EHTs as measured by nanoindentation. All CF-EHTs were assigned to either
a control group or 1 of 2 activated groups, and treated as previously described. The CF-EHTs were harvested on day 21. When
possible, data are presented as mean + SEM, no significant differences were present between the control CF-EHTs and the TGF-
61 activated CF-EHTs by two-way ANOVA. N=4, from 2 batches, for the control and the TGF-81 activated CF-EHTs, n=1 for the
high serum activated CF-EHTs.

So far, no clear differences between the different genotypes had been observed in the mRNA
abundance analysis (Figure 37), the protein level analysis (Figure 39 and Figure 40) or the stiffness
analysis (Figure 41). Therefore, an experiment was conducted with CF-EHTs composed of 75% WT
cardiomyocytes and 25% WT, Enh KO or Gene KO cardiac fibroblasts (75/25 CF-EHTs), to potentially
increase the possible effect of the genotype in the CF-EHTs. The contractility and mRNA abundance of
these CF-EHTs were analysed (supplement section 10.1.13).

The 75/25 Gene KO CF-EHTs generated a significantly higher force than either the 75/25 WT CF-EHTs
or the 75/25 Enh KO CF-EHTs. The resting length of the activated 75/25 Gene KO CF-EHTs did not differ
from the resting length of the inhibited 75/25 Gene KO CF-EHTs, whereas it had differed in the 90/10
Gene KO CF-EHTs. On the other hand, the relaxation velocity of the inhibited 75/25 Gene KO CF-EHTs
was significantly higher than the relaxation velocity of the activated 75/25 Gene KO CF-EHTs from day
15 until day 21, a difference which was only significant on day 20 in the 90/10 Gene KO CF-EHTs.
Differences between the WT CF-EHTs and the Enh KO CF-EHTs or between the inhibited and the
activated CF-EHTs of either genotype, were not exaggerated in the 75/25 CF-EHTs compared to the
90/10 CF-EHTs.
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Similar trends were displayed in the mRNA abundance analysis of the 75/25 CF-EHTs compared to the
analysis of the 90/10 CF-EHTs, with attenuated expression of the fibrosis markers observed in the
inhibited CF-EHTs and elevated expression of the fibrosis markers observed in the activated CF-EHTs.

In the mRNA abundance analysis of the 75/25 CF-EHTs, a trend towards a lower mRNA abundance of
the fibrosis markers in Enh KO CF-EHTs from each condition than in their counterparts in the WT CF-
EHTs was observed, and an even lower mRNA abundance was present in the Gene KO CF-EHTs from
each condition than in their counterparts in the Enh KO CF-EHTs. This observation argued for
attenuated fibrosis in the Enh KO CF-EHTs and the Gene KO CF-EHTs compared to the WT CF-EHTSs, both
at baseline and under activated conditions. This trend was not observed in the 90/10 CF-EHTs.

3.2.4 Effects of an enh35232 or RUNX1 knockout in ERCO01

To provide a more in-depth analysis of the RUNX1-related enhancer KO enh35232 and the RUNX1 gene
KO, similar regions were knocked out in another hiPSC line, the control hiPSC line ERCO01. For this
purpose, ERCO01 hiPSCs with either one of the genetic deletions were kindly provided by Dr. Thomas
Moore-Morris and Dr. Alenca Harrington (Institute for Regenerative Medicine & Biotherapy,
Montpellier, France). The enhancer sequence data, including the location of the enh35232 deletion in
the ERCO01 hiPSC line, can be found in the supplements (section 10.1.15).

3.2.4.1 CF Quality control

After ERC001 hiPSCs of each of the genotypes were differentiated into CFs, the percentage of hiPSC-
derived CFs positive for the cell surface marker DDR2 was evaluated via flow cytometry as a quality
control (Figure 42, for dot plots of DDR2 stained CFs vs isotype control CFs of each genotype, see
supplement section 10.1.14.1). In the hiPSC-derived WT CFs, 70% of the differentiated cells expressed
DDR2. In the hiPSC-derived Enh KO CFs, 86% of the differentiated cells expressed DDR2. In the hiPSC-
derived Gene KO CFs, 82% of the differentiated cells expressed DDR2.
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Figure 42: The average percentage of ERCO01 hiPSC-derived CFs positive for DDR2, for each genotype, data are presented as
mean + SEM, n=7-8 technical replicates from 1 differentiation run.

As DDR2 is not expressed by all cardiac fibroblasts (Bursac & J. Kim, 2014), a minimum of 70% DDR2*
cells was considered a remarkably successful cardiac fibroblast differentiation.
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3.2.4.2 2D culture

To investigate whether the knockout of either the RUNX1-related enhancer enh35232 or of the RUNX1
gene influenced the activation of the ERCO01 CFs, they underwent a shortened 2D version of the
fibrosis model.

Protein expression

The protein expression of periostin and aSMA in the CFs was analysed by Western blot. The expression
of the housekeeping protein a-tubulin was also analysed, but to account for the loading difference of
the samples, quantification was conducted relative to Ponceau S staining. The protein expression was
additionally normalized to the expression in the WT control CFs (Figure 43 and Figure 44).

Enh KO
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Figure 43: Western blot analysis. The periostin band was visible at 95 kDa, a-tubulin at 50 kDa and aSMA at 40 kDa. Lane 1:
protein size standard. Lane 2: hiPSCs. Lane 3, 4 and 5: WT CFs, in order: inhibited, control and TGF-81 activated. Lane 6, 7 and
8: Enh KO CFs, in order: inhibited, control and TGF-81 activated. Lane 9, 10 and 11: Gene KO CFs, in order: inhibited, control
and TGF-81 activated. Lane 12: protein size standard. Lane 13: high serum activated WT CFs. Lane 14: high serum activated
Enh KO CFs. Lane 15 high serum activated Gene KO CFs.

While this experiment was not repeated (n=1), a trend towards a higher expression of periostin was
visible in at least 1 of the activated groups of CFs compared to the inhibited CFs, for each genotype. A
higher expression of aSMA was also observed in the TGF-B1 activated CFs compared to the control CFs
for both the WT CFs and the Gene KO CFs, but not for the Enh KO CFs. A lower baseline of both periostin
and aSMA expression was observed in the Enh KO CFs and the Gene KO CFs, compared to the WT CFs.
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Figure 44: Protein quantification of periostin and aSMA by Western blot, relative to Ponceau S and WT control. The ERC001
CFs were assigned to either a control group, an inhibited group, treated with 5 uM SB-431542, or 1 of 2 activated groups. The
CFs from 1 activated group were treated with 10 ng/ml TGF-81, the CFs from the other activated group were exposed to 10%
serum containing medium. All CFs were cultured in 10% serum containing medium until day 3, after which they were cultured
in 0.5% serum containing medium + 5 uM SB-431542 until day 6, when they were assigned to their respective groups. The CFs
were treated according to their group until day 10, when they were harvested. N=1 per group.

No further clear conclusions could be derived from this experiment, likely attributable to the fact that
it was not repeated. Due to the seemingly better predictive value of the previous 3D experiments, CF-
EHT experiments were conducted rather than repeating the 2D experiment.

Flow cytometry

To further quantify the activation of cardiac fibroblasts in the 2D culture model, the expression of the
intracellular marker aSMA was analysed via flow cytometry. To ensure that mostly cardiac fibroblasts
were analysed rather than poorly defined cells, the CFs were stained for both DDR2 and aSMA and the
aSMA expression was only quantified in DDR2* cells (Figure 45, for histograms of SB-431542 treated
CFs vs TGF-B1 treated CFs of each genotype, see supplement section 10.1.14.2).

For each genotype, a trend to a higher percentage of aSMA* CFs was observed in at least 1 of the
activated groups of CFs compared to the inhibited CFs. The Gene KO CFs exhibited a trend to a lower
baseline percentage of aSMA" cells, compared to the WT CFs and the Enh KO CFs.
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Figure 45: The average percentage of aSMA* cells (of DDR2* cells) per treated group, per genotype. The CFs were assigned to
either a control group, an inhibited group, treated with 5 uM SB-431542, or 1 of 2 activated groups. The CFs from 1 activated
group were treated with 10 ng/ml TGF-81, the CFs from the other activated group were exposed to 10% serum containing
medium. All CFs were cultured in 10% serum containing medium until day 3, after which they were cultured in 0.5% serum
containing medium + 5 uM SB-431542 until day 6, after which they were assigned to their respective groups. The CFs were
treated according to their group until day 10, when they were harvested. Data are presented as mean, n=2.

The 2D experiments showed promising results with regards to signs of increased activation, suggested
by an increased protein level of periostin and aSMA (Figure 44) and by a higher percentage of aSMA*
CFs (Figure 45), in the activated CFs. Moreover, the Enh KO CFs and the Gene KO CFs displayed a lower
protein expression baseline than the WT CFs.

3.2.4.3 Contractility of ERCO01 CF-EHTs

Considering the encouraging 2D experiments, it was investigated whether in the EHT based in vitro 3D
fibrosis model an even more prominent effect on either the fibrosis formation in the CF-EHTs or on the
differences between the genotypes could be detected.

Therefore, the contractility of CF-EHTs composed of 90% ERC0O01 hiPSC-derived WT cardiomyocytes
and 10% ERCO001 hiPSC-derived cardiac fibroblasts, either WT, Enh KO or Gene KO, which were cultured
according to the established fibrosis model, was analysed (Figure 46).

For readability of the contractility analysis, only the data of the inhibited CF-EHTs and the high serum
activated CF-EHTs are displayed. Nevertheless, the contractility of the control CF-EHTs and the TGF-B1
activated CF-EHTs was measured and analysed as well. The resting length, relaxation velocity and 80%
relaxation time of all CF-EHTs, including the control CF-EHTs and the TGF-B1 activated CF-EHTs, on the
last day of culture, together with the analysis of the beating frequency, can be found in the supplements
(section 10.1.12.3).

All inhibited CF-EHTs generated significantly more force than their activated counterparts. The
activated WT CF-EHTs generated significantly less force than the activated Enh KO and Gene KO CF-
EHTs.

Regardless of the genotype, the inhibited CF-EHTs had a longer resting length than their activated
counterparts at the end of the culture time. The activated WT CF-EHTs had a significantly shorter resting
length than either the activated Enh KO or Gene KO CF-EHTs.



All inhibited CF-EHTs had a higher relaxation velocity than their activated counterparts. The activated
WT CF-EHTs had a significantly lower relaxation velocity than either the activated Enh KO or Gene KO

CF-EHTs.

The inhibited WT and Enh KO CF-EHTs had a significantly shorter 80% relaxation time than their
activated counterparts. There was no difference in the 80% relaxation time of the inhibited Gene KO
CF-EHTs compared to the activated Gene KO CF-EHTs. The activated WT CF-EHTs had a significantly
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longer 80% relaxation time than either the activated Enh KO or Gene KO CF-EHTs.

The activated CF-EHTs had a tendency towards contracting with a higher frequency than their inhibited
counterparts, though this finding was only significant for the Gene KO CF-EHTs (supplement section

10.1.14.3).
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Figure 46: Contractility analysis of ERCO01 WT, Enh KO and Gene KO CF-EHTs, assigned to either an inhibited group, treated
with 5 uM SB-431542, or an activated group, exposed to 10% serum containing medium, and treated as previously described.
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The CF-EHTs were harvested on day 21. The development of the generated force, resting length, relaxation velocity and 80%
relaxation time of the CF-EHTs are presented over time. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001
by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown,
n=6 per group.

This contractility analysis not only argued for the suitability of the in vitro fibrosis model, but also
revealed significant differences between the genotypes. The activated Enh KO and Gene KO CF-EHTs
had a significantly longer resting length, higher relaxation velocity and shorter 80% relaxation time than
the activated WT CF-EHTs, which argued for attenuated fibrosis in the activated Enh KO and Gene KO
CF-EHTs compared to the activated WT CF-EHTs.

The CF-EHTs of all genotypes were further analysed to determine whether this difference between the
genotypes was present only in the contractility of the CF-EHTs, or whether a difference would also be
present in different molecular analyses.

3.2.4.4 The mRNA abundance of ERCO01 CF-EHTs

To analyse possible pro-fibrotic effects of the different interventions and possible differences between
the genotypes, the mRNA abundance of the fibrosis markers collagenlal, periostin and transgelin,
relative to the mRNA abundance of GUSB and the WT control CF-EHTs, was assessed in the ERCO01 CF-
EHTs (Figure 47; for the mRNA abundance analysis of collagen1a2, CCN2 and ACTA2 see supplement
section 10.1.14.4).

The fibrosis markers collagenlal, periostin and transgelin showed a clear difference in mRNA
abundance when comparing the inhibited CF-EHTs to the activated CF-EHTs, regardless of the
genotype. For each of these fibrosis markers, in all genotypes, the lowest amount of mMRNA was present
in the inhibited CF-EHTs, followed by the control CF-EHTs, and the highest mRNA abundance was
present in the activated CF-EHTSs.

The mRNA abundance of all fibrosis markers significantly differed between the conditions in the WT
CF-EHTs. In contrast to that, mRNA levels only significantly differed between the conditions in the Enh
KO and Gene KO CF-EHTs for periostin and transgelin.

Differences between the genotypes were primarily detected in the mRNA abundance of collagenlal
and periostin. For each of these fibrosis markers, both the TGF-B1 activated WT CF-EHTs and the high
serum activated WT CF-EHTs displayed a significantly higher abundance of mRNA, compared to the
TGF-B1 activated Enh KO and Gene KO CF-EHTs and the high serum activated Enh KO and Gene KO CF-
EHTs, respectively.

Similar trends were displayed in the mRNA abundance of collagenla2, CCN2 and ACTA2 (supplement
section 10.1.14.4).
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Figure 47: The mRNA abundance relative to GUSB and WT control of the fibrosis markers collagenlal, periostin and transgelin
in ERCO01 WT, Enh KO and Gene KO CF-EHTs. The CF-EHTs were assigned to either a control group, an inhibited group, or 1 of
2 activated groups, and treated as previously described. The CF-EHTs were harvested on day 21. Data are presented as mean
+ SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only
biologically meaningful comparisons are shown, n=4 per group.

Whereas in the mRNA abundance analysis of the A18945 CF-EHTs differences between the genotypes
were sporadic, in the mRNA abundance analysis of the ERC001 CF-EHTs, differences between the
genotypes were more frequent and more consistent, as the expression of multiple fibrosis markers was
significantly higher in the WT CF-EHTs. Furthermore, where activated WT CF-EHTs often expressed
significantly more mRNA of the fibrosis markers than the inhibited WT CF-EHTs, a significant difference
between the activated and inhibited CF-EHTs was not always present in the Enh KO or the Gene KO CF-
EHTs.

These findings argued for attenuated fibrosis in the activated Enh KO and Gene KO CF-EHTs, compared
to the activated WT CF-EHTs. Differences between the Enh KO CF-EHTs and the Gene KO CF-EHTs were
not detected.

3.2.4.5 Protein expression of ERCO01 CF-EHTs

To again quantify a possible pro-fibrotic effect of the different treatments and to further analyse
possible differences between the genotypes, periostin and aSMA protein abundance were quantified
in the ERCO01 CF-EHTs. Both periostin and aSMA were quantified relative to the band size of the
housekeeping protein lamin A/C (Figure 48) and the average batch abundance.
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Figure 48: Western blot analysis. Periostin was visible at 95 kDa, lamin A/C at 66 kDa and aSMA at 40 kDa. Lane 1: protein
size standard. Lane 2 to 5: WT CF-EHTs, in order: control, inhibited, TGF-81 activated and high serum activated. Lane 6 to 9:
Enh KO CF-EHTs, in order: control, inhibited, TGF-81 activated and high serum activated. Lane 10 to 13: Gene KO CF-EHTs, in
order: control, inhibited, TGF-81 activated and high serum activated. Lane 14: protein size standard.

Both periostin and aSMA abundance (Figure 49) demonstrated a significant difference when comparing
the inhibited WT CF-EHTs to the activated WT CF-EHTs. The inhibited WT CF-EHTs also expressed
significantly less aSMA protein than the control WT CF-EHTs. The periostin expression in the Enh KO
CF-EHTs and the Gene KO CF-EHTs displayed a similar trend, but the difference was only significant
between the inhibited Gene KO CF-EHTs and the high serum activated Gene KO CF-EHTs. The expression
of aSMA in the Enh KO CF-EHTs and the Gene KO CF-EHTs was similar in all the CF-EHTSs, regardless of
the treatment.
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Figure 49: Protein quantification of periostin and aSMA by Western blot, relative to lamin A/C and batch average, in WT, Enh
KO and Gene KO CF-EHTs. The CF-EHTs were assigned to either a control group, an inhibited group, or 1 of 2 activated groups,
and treated as previously described. The CF-EHTs were harvested on day 21. Data are presented as mean + SEM, *p<0.05,
*#*p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only biologically meaningful
comparisons are shown, n=3 per group.

Similar to the findings in the mRNA abundance analysis, a striking difference in the protein levels of
periostin and aSMA was present between the WT CF-EHTs and the Enh KO and Gene KO CF-EHTs.
Secondly, while activated WT CF-EHTs expressed significantly more periostin and aSMA than inhibited
WT CF-EHTs, this higher protein level was not present for aSMA in activated Enh KO or Gene KO CF-

EHTSs.

These findings again argued for attenuated fibrosis in the activated Enh KO and Gene KO CF-EHTs,
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4. Discussion

The aim of this work was to develop an EHT based in vitro 3D fibrosis model and study mechanisms of
cardiac fibrosis with a special emphasis on a recently identified putative pro-fibrotic enhancer. The
model comprised a co-culture of hiPSC-derived cardiomyocytes and hiPSC-derived cardiac fibroblasts
at a 9:1 ratio, cast together to form CF-EHTs. A high dynamic range of regulation was an important
requirement of this model, which was obtained by optimizing a quiescent baseline on the one hand
and pro-fibrotic treatment conditions on the other hand. In light of this high dynamic range of
regulation, the developed model was suitable to study the effect of genetic interventions on fibrosis
formation. To quantify fibrosis formation, among others, contractility parameters and the mRNA
abundance of fibrosis markers in the CF-EHTs were assessed. The model was used to study both the
consequences of a genetic deletion of the RUNX1-related enhancer sequence enh35232 and the effect
of a knockout of the RUNX1 gene in cardiac fibroblasts. The fibrosis formation in the respective
knockout CF-EHTs subjected to pro-fibrotic treatment conditions was compared to fibrosis formation
in CF-EHTs composed of WT cardiac fibroblasts.

4.1 Fibrosis model development
In the first part of this study, optimal conditions for the in vitro 3D EHT based fibrosis model were
determined.

4.1.1 Quiescent baseline

4.1.1.1 Quiescent cardiac fibroblasts
To allow for a high dynamic range of regulation, a quiescent baseline of the model was necessary,
starting with the differentiation of quiescent cardiac fibroblasts.

Cardiac fibroblasts were first derived from hiPSCs according to a previously established in-house
protocol (Pan, 2022; Werner, 2018). The obtained cardiac fibroblasts displayed contractile stress fibres
and a high mRNA abundance of collagenlal, periostin and ACTA2, suggesting an activated phenotype
at baseline. To obtain a more quiescent baseline for the fibrosis model, the suitability of a novel
differentiation protocol for hiPSC-derived quiescent cardiac fibroblasts which had recently been
published, was investigated (H. Zhang et al., 2019). The cells obtained with the quiescent protocol
indeed expressed less mRNA of the fibroblast activation markers collagenlal, periostin and ACTA2
(Figure 10). The lack of specific, ubiquitous markers for cardiac fibroblasts (Bursac & J. Kim, 2014)
renders it difficult to ascertain with certainty whether the cells differentiated with the quiescent cardiac
fibroblast differentiation protocol, were indeed cardiac fibroblasts rather than non-cardiac fibroblasts
or even poorly defined cell-types. In the original published protocol, the obtained cells were defined
as cardiac fibroblasts as they were positive for the early cardiac development related markers GATA4
and TBX20, the epicardial marker TCF21 and for markers highly expressed in cardiac fibroblasts, but
also in other fibroblasts; collagenlal, DDR2, vimentin and periostin (H. Zhang et al., 2019). In a similar
fashion, compared to the mRNA abundance in hiPSCs and primary foreskin fibroblasts, the cells
differentiated according to the quiescent protocol in this work expressed more mRNA of the markers
TCF21, collagenlal (Figure 11), GATA4, DDR2 and vimentin (Figure 29). Additionally, compared to
hiPSCs, the differentiated cells expressed more mRNA of the fibroblast markers TBX18 and WT1 (Figure
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11), and at least 56% of the differentiated cells were sufficiently positive for DDR2, as measured with
flow cytometry (Figure 30 and Figure 42). Considering the genotype analysis and the amount of DDR2*
cells, we felt confident to say that the majority of the cells differentiated with the quiescent cardiac
fibroblast differentiation protocol, indeed displayed a cardiac fibroblast phenotype.

ACTA2 and transgelin were investigated as fibrosis markers. However, these markers are also highly
expressed in smooth muscle cells (H. Zhang et al., 2019). Though activated CFs closely resemble a
smooth muscle cell phenotype (Beauchamp et al., 2020; Tomasek et al., 2002), it was also possible that
a part of the mRNA abundance of these genes would be attributable to partial differentiation of the
hiPSCs towards smooth muscle cells, rather than cardiac fibroblasts. The phenotypes could have been
further differentiated by studying the expression of, e.g., myosin heavy chain 11 (encoded by MYH11),
a smooth muscle cell marker (Babij et al., 1991; Ruan et al., 2021) which is rarely expressed in
(myo)fibroblasts (Desmoulibre et al., 1996; Eddy et al., 1988).

The previously published quiescent cardiac fibroblast differentiation protocol was adapted for
suitability for the laboratory in which this work was performed, first by culturing the hiPSCs in FTDA
medium instead of Essential E8 medium prior to the differentiation. Both media have proven to enable
robust maintenance and proliferation of hiPSCs in an undifferentiated state (G. Chen et al., 2011; Frank
et al., 2012). As FTDA was more affordable than Essential E8 and more commonly used, the transition
was important to increase the approachability of the quiescent fibroblast differentiation protocol. The
protocol was further amended by seeding the cells on GTX coated cell culture vessels rather than MG
coated ones during differentiation. Though GTX and MG are similar, GTX may be more consistent in
composition (Gargotti et al., 2018) and was again more commonly used. No differences in morphology
were observed in cells undergoing the cardiac fibroblast differentiation protocol, depending on hiPSCs
cultivation either in FTDA or Essential E8 prior to the start of the differentiation, or on seeding on GTX
or MG coated cell culture vessels (supplement section 10.1.1).

4.1.1.2 Serum depletion

To further optimize the quiescence of the cardiac fibroblasts during culture in the CF-EHTs, the
possibility to deplete serum from the culture medium was investigated, as culturing fibroblasts in high
serum conditions can lead to transdifferentiation into myofibroblasts (Swaney et al., 2005). In line with
the literature, also in our hands fibroblasts cultured in 10% serum containing medium more abundantly
expressed the fibrosis markers collagenlal, periostin and CCN2, compared to fibroblasts cultured in
either 0% or 0.5% serum containing medium (Figure 13 and Figure 14). As serum deprivation has been
associated with cardiomyocyte apoptosis (Sheng et al., 1997), it was investigated whether CF-EHTs
could be maintained in 0.5% serum containing medium for long term culture, rather than 0% serum
containing medium.

CF-EHTs continuously cultured in 10% serum containing medium generated a higher force than CF-EHTs
cultured in medium in which the serum was depleted. However, the force generated by CF-EHTs
cultured in 0.5% serum containing medium from day 3 on only decreased on day 33, arguing for the
suitability of 0.5% serum containing medium for CF-EHT culture for at least 4 weeks (Figure 16). Hence,
it was decided that experiments on CF-EHTs cultured in 0.5% serum containing medium would be
performed within 21 or 22 days, to avoid a reduction in force as a result of a potential loss of
cardiomyocytes or cardiomyocyte damage in the CF-EHTs.
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4.1.1.3 SB-431542 treatment

Even when serum was depleted, CF-EHTs still exhibited signs of fibroblast activation (mRNA analysis in
supplement section 10.1.3). A possible explanation for this observation was the mechanical stretch
exerted on the cardiac fibroblasts during culture between the 2 flexible posts, as mechanical stretch
can cause fibroblast activation (Walker et al., 2020). To counteract the high baseline activation, further
quiescence of the CF-EHTs was desired. For practical reasons, the matrix and geometry of the CF-EHTs
were however not altered.

From the 2D fibroblast activation experiments, the conclusion was drawn that treatment with the TGF-
B1 receptor inhibitor SB-431542 led to a continuous quiescence of the CFs, indicated by attenuated
expression of the fibrosis markers collagenlal, CCN2 and ACTA2 (Figure 18). SB-431542 is a competitive
inhibitor most specific for the TGF-B1R1 kinase ALKS5, for which it has a half maximal inhibitory
concentration of 0.75 uM (SB-431542 [301836-41-9], 2023). ALKS is part of the Smad-dependent
pathway in which TGF-B1 can induce the expression of aSMA, which promotes the transdifferentiation
of cardiac fibroblasts into myofibroblasts (Desmoulibre et al., 1996; H.-H. Hu et al., 2018). Inhibition of
ALK5 led to attenuated aSMA expression and transdifferentiation of cardiac fibroblasts into
myofibroblasts (X. Yang et al., 2014). Owing to these observations SB-431542 is frequently used in
cardiac fibroblast research to inhibit activation (Law & Carver, 2013), or even to reverse fibroblast
activation (Hall et al., 2023).

As SB-431542, used in a final concentration between 1 uM and 10 uM, was dissolved in DMSO, between
0.01% and 0.1% (v/v) DMSO was also added to the culture medium. DMSO has been reported to be
toxic for skin fibroblasts at concentrations of 0.5% to 3%, but safe at concentrations of 0.1% and lower.
The proliferation of skin fibroblasts even increased when they were treated with 0.01-0.1% DMSO
(Singh et al., 2017). DMSO can also be toxic for cardiomyocytes, though the reported toxic
concentration is highly variable. The toxicity threshold was reported to be as low as 20.1% (A. Sharma
et al., 2018), but other reports have indicated that concentrations of DMSO up to 0.3% did not affect
cell death or electrophysiological parameters in hiPSC-derived CMs (Hyun et al., 2017; M. Yang et al.,
2019). A reduced contractile force and an enhanced contraction frequency have been reported in
hiPSC-derived CMs at DMSO concentrations of >0.1% (Himmel, 2013). In 3D maturing cardiac models,
DMSO has altered miRNA and epigenetic landscape, even at 0.1% DMSO (Verheijen et al., 2019). In
cardiomyoblasts, no cytotoxic effects of DMSO were detected at a concentration of <0.5% (Sangweni
et al., 2021).

Treatment with 10 uM SB-431542 and accordingly 0.1% DMSO starting from day 0 led to a lower
generated force in both CF-EHTs and EHTs, compared to untreated control CF-EHTs and EHTs,
respectively. A similar trend indicating a lower generated force was observed in CF-EHTs and EHTs
treated with only 5 uM SB-431542 (Figure 20 and supplement section 10.1.6). Treatment with 10 uM
SB-431542 starting from day 8 caused a slight, but not significant, decrease in the force generated by
CF-EHTs, whereas treatment with 5 uM SB-431542 starting from day 8 had a negligible effect on the
force generated by the CF-EHTs (supplement section 10.1.8). Treatment with 1 uM SB-431542 had no
effect on the force generated by the (CF-)EHTs, regardless of when the treatment started (Figure 20
and supplement sections 10.1.6 and 10.1.8). The effect of the treatment with 10 uM SB-431542 on the
generated force may in part be attributable to cytotoxicity caused by the 0.1% DMSO concentration,
though previous experiments with DMSO had not argued for significant toxicity. Instead, DMSO treated
EHTs generated more force than control EHTs (Rhoden et al., 2021). Similarly, CF-EHTs generated more
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force when they were treated with 1 uM SB-431542 from day 3 onwards and 5 uM SB-431542 from
day 10 onwards, or 5 UM SB-431542 from day 15 onwards, compared to untreated control CF-EHTs
(Figure 22).

In the final fibrosis model, all CF-EHTs, regardless of the group they were assigned to, were treated with
5 uM SB-431542 from day 10 to day 13, meaning all CF-EHTs were exposed to 0.05% DMSO for 72
hours. The quiescent CF-EHTs were then continuously exposed to 0.05% DMSO for another 8 to 9 days.
In the first batch of A18945 CF-EHTs, the quiescent CF-EHTs generated less force than the control CF-
EHTs (supplement section 10.1.9.1). However, when looking at the analysis of ERC001 and ERC018 CF-
EHTs, the quiescent CF-EHTs generated a force comparable to the force generated by the control CF-
EHTs (supplement sections 10.1.9.2 and 10.1.9.3). ERC018 CF-EHTs treated with SB-431542 contracted
with a higher frequency than the control CF-EHTs (supplement section 10.1.9.3), whereas A18945 and
ERCO01 CF-EHTs treated with SB-431542 contracted at a similar frequency as the control CF-EHTs
(supplement section 10.1.9.1 and 10.1.9.2). These findings suggested that the contractility of the CF-
EHTs was not affected by possible toxic effects caused by long term exposure to 0.05% DMSO.

The SB-431542 treated CF-EHTs did exhibit a longer resting length, higher relaxation velocity and
shorter 80% relaxation time than either the activated CF-EHTs or the control CF-EHTs, which were all
signs of attenuated fibrosis formation in the SB-431542 treated CF-EHTs. In other words, the SB-431542
treated CF-EHTs were more quiescent than either the activated or the control CF-EHTs.

In summary, a quiescent baseline was established as a starting point for the fibrosis model, to allow for
a high dynamic range of activation. The quiescent baseline was obtained by differentiating explicitly
quiescent cardiac fibroblasts, depleting the serum concentration in the culture medium from 10% to
0.5% and additional pre-treatment with the TGF-B1 receptor inhibitor SB-431542.

4.1.2 Fibroblast activation

On the other end of the dynamic range the cardiac fibroblasts needed to be activated to generate a
fibrosis model in which a possible attenuating effect on fibrosis development could be detected with
sufficient sensitivity. Multiple methods of activation were investigated in 2D cultured cardiac
fibroblasts, including treatment with PDGF-AA, angiotensin |l and a combination of phenylephrine and
endothelin 1 (Figure 18). Though these treatments had been previously reported to activate fibroblasts
(Broekmans et al., 2020; Fullerton & Funder, 1994; Kemp et al., 2004; L. Wang et al., 2017), we did not
observe an induction of the fibrosis markers collagenlal, CCN2 or ACTA2. We did however observe
significantly elevated levels of these fibrosis markers after treatment with TGF-B1 (Figure 18), a classical
inductor of fibroblast activation and transdifferentiation into myofibroblasts (Bracco Gartner et al.,
2019, 2022; Cho et al., 2018; Cumberland et al., 2023; Iseoka et al., 2021; Lee et al., 2019; Mastikhina
et al., 2020; Sadeghi et al., 2017).

Another effective method of fibroblast activation was exposing the fibroblasts to high serum
concentrations. As previously stated, it was decided to deplete serum from the culture medium, as
serum components can lead to the transdifferentiation of cardiac fibroblasts into myofibroblasts
(Swaney et al., 2005; Tao et al., 2016). Though it remains to be fully defined which serum components
exactly lead to the activation of fibroblasts, there are multiple compounds present in serum related to
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the activation of cardiac fibroblasts (Booz & Baker, 1995). Serum comprises multiple growth factors,
such as PDGF, TGF-B1 and VEGF (Czarkowska-Paczek et al., 2006; Schuler et al., 1999), which could
contribute to fibroblast activation (M. Zeisberg et al., 2000). Retinol is reported to be attributable to
fibroblast activation and is also present in serum (Y. Chen et al., 1997). Moreover, multiple cytokines
and chemokines can lead to fibroblast activation (Wei et al., 2021), of which several can be present in
serum, such as TNF-a and IL-1 (Di lorio et al., 2003; Mussi et al., 1997). Other cytokines present in
serum which have been related to fibroblast activity include IL-13 and IL-33 (Y. Sun et al., 2021;
Wijsenbeek et al., 2018; Wulff et al., 2019). Furthermore, serum can contain ACE2, angiotensin Il and
aldosterone (Rieder et al., 2020), which, as previously mentioned, can contribute to fibrosis formation
by induction of TGF-B1 (Bertaud et al., 2023; Brilla et al., 1994; Fullerton & Funder, 1994; Lijnen &
Petrov, 2000). It is additionally likely that serum contains other fibroblast inducing compounds. One
pathway in which these compounds could lead to fibroblast activation, is the serum response factor, a
transcription factor (Chai & Tarnawski, 2002; Misra et al., 1991) linked to TGF-B1 induced fibroblast
activation, including the formation of stress fibres (Angelini et al., 2015; Olsson et al., 2023; Sisson et
al., 2015).

In light of the different ways serum can stimulate fibrosis formation, in addition to TGF-B1 treatment,
a second activation group was included, in which the CF-EHTs were exposed to 10% serum containing
medium. Indeed, a higher abundance of mRNA of the fibrosis markers collagenlal, periostin and
transgelin was detectable in CF-EHTs exposed to 10% serum containing medium compared to control
CF-EHTs exposed to 0.5% serum containing medium (Figure 26).

When comparing the effect of TGF-B1 activation to the effect of high serum activation on the CF-EHTs,
the contractility of the CF-EHTs was more affected by exposure to 10% serum containing medium than
by treatment with TGF-B1. CF-EHTs exposed to high serum had a significantly shorter resting length,
lower relaxation velocity and longer 80% relaxation time than quiescent CF-EHTs. Though the same
trends were observed in CF-EHTs treated with TGF-B1 compared to quiescent CF-EHTs, the only
significant difference was the resting length of the CF-EHTs. The CF-EHTs exposed to 10% serum
containing medium had a significantly longer 80% relaxation time than the CF-EHTs treated with TGF-
B1 (Figure 25). Messenger RNA of multiple fibrosis markers was also more abundant in CF-EHTs exposed
to high serum than in CF-EHTs treated with TGF-B1, with a significant difference in the mRNA
abundance of transgelin (Figure 26).

These results suggested that the combination of components present in the high serum conditions
activated the cardiac fibroblasts in the CF-EHTs more than direct activation by TGF-B1. Direct activation
by TGF-B1 treatment can activate cardiac fibroblasts through a Smad-dependent or independent
pathway (H.-H. Hu et al., 2018; Humeres et al., 2022; Papakrivopoulou et al., 2004; M. Tang et al., 2007;
Woijciechowski et al., 2017). As mentioned, serum activation has also been linked to TGF-B1 induced
fibroblast activation, which was possibly responsible for part of the serum-associated activation in this
work (Angelini et al., 2015; Olsson et al., 2023; Rieder et al., 2020; Sisson et al., 2015).

4.1.3 Fibrosis model validation

4.1.3.1 Contractility

We established an in vitro 3D EHT based fibrosis model with a control condition, an inhibited condition
continuously treated with SB-431542 and 2 activated conditions; treated with TGF-B1 or exposed to
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10% serum containing medium. A thorough evaluation of this model was performed with CF-EHTs
composed of CMs and CFs derived from 3 different hiPSC lines.

One of the characteristics of cardiac fibrosis is increased remodelling of the ECM (Schimmel et al.,
2022), which here was observed as shortening of the resting length of the activated CF-EHTs, both over
time and compared to quiescent CF-EHTs. The resting length of both the TGF-B1 activated CF-EHTs and
the high serum activated CF-EHTs was shorter than the resting length of the quiescent CF-EHTs (Figure
25).

Increased ECM deposition, or scar formation, can cause impaired electrical conduction of the heart (de
Bakker et al., 1993; Hinderer & Schenke-Layland, 2019; Miragoli et al., 2006) and increased remodelling
of the ECM can lead to impaired relaxation of the heart tissue (Schimmel et al., 2022). Indeed, a
relaxation deficit was observed in the activated CF-EHTs, evident as both a lower relaxation velocity
and a longer 80% relaxation time. In accordance with increased remodelling, the relaxation deficit could
have been caused by a higher stiffness of the CF-EHTs as a result of increased ECM deposition, similar
to the effect of an increased ECM deposition in the heart (Zile et al., 2015). Though cardiac fibroblasts
are non-excitable, i.e. cannot generate an AP, cardiac fibroblasts and cardiomyocytes are able to
electrically couple to propagate the AP through the heart (Quinn et al., 2014). Though the exact
mechanism behind the coupling and its biological relevance is not entirely resolved (Mahoney et al.,
2016; Y. Wang et al., 2023), coupling is observed to partially occur via gap junctions and the formation
of nanotubes (Rog-Zielinska et al., 2016). The action potential needed to excite cardiomyocytes is also
conducted through cardiac fibroblasts. In part, electrical signals to conduct the AP may be transmitted
through nanotubes, as calcium signals can be propagated through these nanotubes from CMs to CFs
and vice versa (He et al., 2011). Activated cardiac fibroblasts have a more stretched morphology than
quiescent cardiac fibroblasts. Stretched cardiac fibroblasts in turn are hyperpolarized compared to
quiescent cardiac fibroblasts (Kamkin et al., 2003; Rog-Zielinska et al., 2016). Hyperpolarization of the
cardiac fibroblasts, when coupled to cardiomyocytes, could potentially lead to a delay in the conduction
of the action potential, as it would take longer to depolarize these cardiac fibroblasts, which could
provide a further explanation behind the relaxation deficit.

Different signs of fibrosis formation in the activated A18945 and ERCO01 CF-EHTs were observed in the
contractility analysis. For example, the quiescent CF-EHTs had a significantly longer resting length at
the end of the culture time than the activated CF-EHTs. Furthermore, the high serum activated CF-EHTs
had a significantly lower relaxation velocity and longer 80% relaxation time than the quiescent CF-EHTs
(Figure 25).

The generally shorter resting length, lower relaxation velocity and longer relaxation time of CF-EHTs
from activated groups were thus indicators on a contractility level, which argued for a more fibrotic
phenotype in these CF-EHTs and moreover indicated the suitability of the developed in vitro 3D EHT
based fibrosis model.

4.1.3.2 mRNA abundance

Messenger RNA of the fibrosis markers collagenlal, periostin and transgelin was more abundant in the
activated A18945 and ERCO01 CF-EHTs than in their quiescent counterparts (Figure 26). One outcome
did not fit to the others and the concept: Messenger mRNA of ACTA2 was unexpectedly most abundant
in the quiescent A18945 CF-EHTs (supplement section 10.1.9.1). However, in the other cell line,
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ERCO01, ACTA2 mRNA was significantly more abundant in high serum activated CF-EHTs than in
quiescent CF-EHTs (supplement section 10.1.9.2). Though of particular importance, as only ACTA2 of
the 5 analysed fibrosis markers was not more abundant in the activated CF-EHTs in only 1 of the 2 cell
lines, these findings together still suggested that the activated CF-EHTs, especially the high serum
activated CF-EHTs, were more fibrotic than the quiescent CF-EHTs, confirming the suitability of the
developed 3D EHT based in vitro fibrosis model at mRNA abundance level.

4.2 Assessment of potential anti-fibrotic genetic interventions in the fibrosis model

The fibrosis model was implemented to investigate the effect of the genetic deletion of the RUNX1-
related enhancer sequence enh35232 and the knockout of RUNX1 in cardiac fibroblasts. Both
knockouts were implemented in 2 different hiPSC lines each: the A18945 hiPSC line and the ERC001
hiPSC line. In the A18945 hiPSC line, DNA sequences were targeted by the CRISPR guide RNAs, which
encompassed a 250 bp DNA sequence including a substantial portion of enh35232 (in the conventional
direction of DNA from 5’ to 3’ end of its backbone). In the ERC001 hiPSC line, a different DNA sequence
located 3' of the sequence deleted in the A18945 line was targeted. This targeting strategy led to a
deletion of 100 bp of the enhancer sequence at the 3' end in ERCO01 hiPSCs. The sequence data,
including both enh35232 knockouts, can be found in the supplements (section 10.1.15). A significant
deletion of any part of an enhancer sequence can influence the activity of the enhancer, hence the
partial KO in the ERCO01 line could also have had an influence on the fibrosis formation in the CF-EHTs.

4.2.1 2D cultured cardiac fibroblasts
The effect of the knockouts was first investigated in a simplified 2D version of the fibrosis model.

4.2.1.1 mRNA abundance

The mRNA analysis of the A18945 CFs revealed a higher abundance of collagenlal, periostin and
transgelin mMRNA in the TGF-B1 activated CFs compared to the quiescent CFs, regardless of the
genotype. A trend indicating a lower abundance of the fibrosis markers in all conditions of the Gene
KO CFs compared to the WT and Enh KO CFs was visible, suggesting attenuated activation of the Gene
KO cardiac fibroblasts. No consistent differences were visible between the WT CFs and the Enh KO CFs
(Figure 32).

4.2.1.2 Protein analysis

In the protein analysis of the 2D cultured A18945 CFs, we observed a tendency towards a higher level
of periostin in activated compared to quiescent Enh KO CFs and Gene KO CFs, but not in the WT CFs. A
high variability was present in the periostin expression in the quiescent WT CFs (Figure 34). In the 2D
cultured ERCO01 CFs, activated CFs tended to express more periostin than quiescent CFs, regardless of
the genotype (Figure 44).

With regard to the other assessed activation marker, aSMA, comparing conditions in the A18945 CFs,
more aSMA was only present in the activated Enh KO CFs compared to the quiescent Enh KO CFs (Figure
34), but not in any other comparison between conditions in any genotype. In the other cell line, ERC001



Discussion - 108

CFs, the situation was different. Here, a higher level of aSMA was observed in the TGF-B1 activated CFs
compared to the quiescent CFs in both the WT CFs and the Gene KO CFs, but not in the Enh KO CFs
(Figure 44).

For both cell lines, control Enh KO and Gene KO CFs tended to express less periostin and aSMA than
control WT CFs, with the lowest level of protein in the control Gene KO CFs. These results might point
towards an attenuated activation of both the Enh KO cardiac fibroblasts and the Gene KO cardiac
fibroblasts compared to the WT cardiac fibroblasts.

4.2.1.3 Flow cytometry

The percentage of aSMA* CFs (of DDR2* CFs, to ensure that the analysed cells were predominantly CFs)
was measured via flow cytometry. A higher amount of aSMA* DDR2* CFs was present in the TGF-1
activated CFs compared to the quiescent CFs, for all genotypes, WT, Enh KO and Gene KO, in both
A18945 and ERC001 CFs (Figure 35 and Figure 45). In the mRNA abundance and the protein expression
analyses, the measured baseline expression was highest in the WT CFs, compared to the Enh KO and
Gene KO CFs. In the flow cytometry results however, a higher proportion of aSMA* CFs was present in
the A18945 Enh KO CFs compared to the A18945 WT CFs. Nevertheless, the baseline proportion of
aSMA?* CFs was lower in the Gene KO CFs than in the WT CFs in both the A18945 and ERCO01 CFs.

Though trends indicated a lower baseline activation in the mRNA abundance analysis and the protein
expression analysis for both the Enh KO CFs and the Gene KO CFs compared to the WT CFs, this
tendency was not observed in the aSMA analysis by flow cytometry. It seems that the simplified 2D
version of the 3D EHT based fibrosis model was not sensitive enough to detect consistent differences
in the activation of the cardiac fibroblasts which could be ascribed to the different genotypes. Cardiac
fibroblasts cultured on (stiff) 2D surfaces are known to become more activated than cardiac fibroblasts
in a 3D culture (Htwe et al., 2015; Solon et al., 2007). Undesired activation of the cardiac fibroblasts
attributable to the culture conditions could have influenced the results.

4.2.2 The 3D EHT based fibrosis model

4.2.2.1 Contractility

To expand on the preliminary results from the simplified 2D version of the fibrosis model, multiple
batches of A18945 CF-EHTs and 1 batch of ERCO01 CF-EHTs underwent the fully developed in vitro EHT
based 3D fibrosis model protocol.

When examining the contractility analyses of the 2 cell lines (Figure 36 and Figure 46), it is important
to note that the values for the A18945 CF-EHT analyses represent the combined contractility data of 4
batches relative to the batch average, whereas the values for the ERCO01 CF-EHT analysis represent a
single batch.

No difference in force was observed between the activated A18945 CF-EHTs and the inhibited CF-EHTs,
whereas the activated ERC001 CF-EHTs generated significantly less force than the quiescent ERC001
CF-EHTs. A significantly lower generated force by fibrotic tissue in a cardiac fibrosis-on-a-chip model
has previously been reported (Mastikhina et al., 2020).
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As previously described, a shorter resting length, lower relaxation velocity and longer 80% relaxation
time were indirect signs of fibrosis formation in the CF-EHTs. A reduced relaxation velocity after
treatment with TGF-B1 has more often been observed in cardiac fibrosis models (Iseoka et al., 2021)
and similarly a relaxation deficit has previously been linked to cardiac fibrosis formation (Czubryt, 2012;
Hinderer & Schenke-Layland, 2019; Murtha et al., 2017).

Similar to in the model validation experiments, in the activated CF-EHTs a shorter resting length, lower
relaxation velocity and longer 80% relaxation time were observed, compared to the quiescent CF-EHTs.
This indicated elevated fibrosis, in both the A18945 and the ERC001 CF-EHTs (Figure 36 and Figure 46).
These results were significant in both cell lines in the WT and the Enh KO CF-EHTs. A similar trend (but
without significant differences) towards these elevated signs of fibrosis was observed in the activated
A18945 Gene KO CF-EHTs compared to the quiescent A18945 Gene KO CF-EHTs. However, no difference
was detected with regard to the 80% relaxation time of the activated ERCO01 Gene KO CF-EHTs
compared to the quiescent ERCO01 Gene KO CF-EHTs. This argued for attenuated fibrosis in the
activated Gene KO CF-EHTs compared to the activated WT and Enh KO CF-EHTs, for both the A18945
CF-EHTs and the ERC001 CF-EHTs.

Further signs that argued for attenuated fibrosis in the activated Gene KO CF-EHTs included a
significantly shorter 80% relaxation time in the activated Gene KO CF-EHTs than in the activated WT CF-
EHTs in both A18945 and ERC001 CF-EHTs. Additionally, both activated Enh KO and Gene KO ERC001
CF-EHTs had a longer resting length and higher relaxation velocity than activated WT ERC001 CF-EHTs.
These sings argued that the cardiac fibroblasts in the Enh KO and Gene KO CF-EHTs might have been
less activated than the cardiac fibroblasts in the WT CF-EHTs.

(CF-)EHTs were cast between 2 flexible posts. Contraction of the (CF-)EHTs deflected these posts. This
deflection was quantified and converted into the force generated by the CF-EHTs (Hansen et al., 2010).
As previously stated, fibrosis can cause an increase in the stiffness of the CF-EHTs (Zile et al., 2015). The
stiffness of a material is defined as the resistance of that material to deformation after applied force
(Clayton, 2011). Hence, in stiffer CF-EHTs, more force is required to move the flexible posts (and deform
the tissue) than in more pliable CF-EHTs. Conversely, with a similar force exertion, the posts would
deflect less in stiffer CF-EHTs than in more pliable CF-EHTs. This could explain the progressive drop in
force that was observed in the activated ERCO01 CF-EHTs, regardless of the genotype. Here, the
cardiomyocytes embedded in the stiffer, activated ERC001 CF-EHTs might have generated a similar force
as those within the more pliable, quiescent CF-EHTs, but this force generation might not have been
accurately converted into a deflection of the posts and therefore not been accessible to adequate
guantification. Additionally, a post deflection in the activated, shorter, CF-EHTs fractionally similar to a
post deflection in the quiescent, longer, CF-EHTs would be measured as a lower generated force in the
activated CF-EHTs than in the quiescent CF-EHTs, as the absolute post deflection would have been
shorter.

Nevertheless, these contractility results indicated that the ERC001 cell line seemed more sensitive to
genetic interventions than the A18945 cell line, as certain significant differences between the
genotypes were observed in the contractility analysis of the ERC001 CF-EHTs, which were not observed
in the contractility analysis of the A18945 CF-EHTs.
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4.2.2.2 mRNA abundance

The mRNA analysis of both the A18945 CF-EHTs and ERC001 CF-EHTs displayed a higher mRNA
abundance of the fibrosis markers collagenlal, periostin and transgelin in the activated CF-EHTs
compared to the quiescent CF-EHTs, regardless of genotype (Figure 37 and Figure 47). In the A18945
mRNA abundance analysis, differences between the genotypes were not consistent. However, in the
ERCO01 CF-EHTs, the mRNA abundance of collagenlal, periostin, collagenla2 and ACTA2 was
significantly lower in the activated Enh KO and the Gene KO CF-EHTs compared to the activated WT CF-
EHTs (Figure 47 and supplement section 10.1.14.4). These results indicated that in the Enh KO cardiac
fibroblasts and the Gene KO cardiac fibroblasts activation might have been attenuated. In the ERC001
CF-EHTs, significant differences between the mRNA abundance in activated CF-EHTs and quiescent CF-
EHTs were observed for collagenlal and ACTA2 in the WT CF-EHTs, while these differences in mRNA
abundance were not significant in the Enh KO CF-EHTs or the Gene KO CF-EHTs, again arguing for
attenuated fibrosis formation in the Enh KO CF-EHTs and the Gene KO CF-EHTs.

Similar to what was observed in the contractility analysis, the ERC0O01 CF-EHTs seemed more sensitive
to the genetic intervention than the A18945 CF-EHTs.

4.2.2.3 Protein expression

In accordance with the mRNA abundance analysis, a higher expression of periostin was observed in the
activated CF-EHTs compared to the quiescent CF-EHTSs, for each genotype, in both the A18945 CF-EHTs
and the ERC0O01 CF-EHTs (Figure 39 and Figure 49). A higher expression of aSMA was also observed in
the activated A18945 CF-EHTs compared to the quiescent CF-EHTs for each genotype (Figure 40). The
highest abundance was recorded in the high serum activated Gene KO CF-EHTs. In contrast to this, the
protein expression analysis of the ERC001 CF-EHTs displayed a significantly lower periostin and aSMA
expression in the activated Enh and Gene KO CF-EHTs compared to the activated WT CF-EHTs (Figure
49). This again suggested a more pronounced response to the genetic interventions in the ERC001 CF-
EHTs.

4.2.2.4 Stiffness

Increased ECM deposition, especially of collagen, is a characteristic of cardiac fibrosis, which has been
linked to an increase in myocardial stiffness (Zile et al., 2015). In this work, nanoindentation was
employed to analyse the stiffness of the CF-EHTs. The resting length of A18945 CF-EHTs varied per
batch, attributable to the respective different cardiomyocyte purity of the 4 batches. Activation of
cardiac fibroblasts led to extensive remodelling, reflected in this fibrosis model as a decrease in the
width and resting length of the CF-EHTs. Shorter CF-EHTs were expected to be stiffer than longer CF-
EHTs, as a function of their more compact structure and higher cell density. To account for the variation
in the resting length of the CF-EHTs, the stiffness of the CF-EHTs was analysed normalised to their
resting length. For each genotype, the activated CF-EHTs had a tendency toward a higher stiffness
relative to their length than the control CF-EHTs (Figure 41). A trend indicating that the difference in
stiffness between the activated and control WT CF-EHTs was larger than the difference in stiffness
between the activated and control CF-EHTs for either the Enh KO CF-EHTs or the Gene KO CF-EHTs was
additionally observed, suggesting a possible attenuation of ECM deposition in the Enh KO and Gene KO
CF-EHTs.
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In the analysis of the 3D EHT based fibrosis model, differences between the genotypes were more
pronounced than in the simplified 2D version. Both the Enh KO CF-EHTs and the Gene KO CF-EHTs
showed attenuated signs of fibrosis at baseline and after activation compared to the WT CF-EHTs,
though these signs were more pronounced and more significant in the ERCO01 CF-EHTs.

As previously reported, in the A18945 hiPSC line a substantial portion of the enh35232 sequence was
deleted, whereas in the ERC001 cell line only 100 bp of the enhancer sequence was deleted. Prediction
of how a sequence deletion of any part of an enhancer can influence the activity of the enhancer is
difficult, hence the partial KO in the ERC001 line could have influenced the fibrosis formation in the CF-
EHTs. An important difference between cell lines should be mentioned. While the A18945 hiPSC line
had not been previously used for EHT generation, the ERC001 hiPSC line had been extensively used as
a control line for EHT generation. ERCO01 had been assessed in a cohort with 40 other healthy donor
hiPSC lines and found to be most robust in proliferation and cardiomyocyte differentiation
(Eschenhagen, 2015; Schulze, 2019). EHTs cast with ERC001 hiPSC-derived cardiomyocytes had the
most robust force development and were sufficiently sensitive to drug interventions. It was therefore
possible that the ERC001 hiPSC line was more suitable for interventions in EHT models than the A18945
hiPSC line and could have detected the effects of the genetic deletions with higher sensitivity and
specificity.

A further possible inconsistency of the data affects ACTA2 expression. Messenger RNA abundance
analysis often displayed a higher mRNA abundance of multiple fibrosis markers in activated CFs and CF-
EHTs compared to quiescent CFs and CF-EHTs, but not of the fibrosis marker ACTA2. The cardiac
fibroblasts were differentiated according to a protocol which focussed on a low expression of ACTA2,
to avoid baseline activation and further differentiation into smooth muscle cells. Thus, this protocol
yielded cells with a low percentage of aSMA* cells, which remained comparably low even after TGF-1
activation (H. Zhang et al., 2019), similar to what we observed. This low propensity of aSMA expression
after activation could have limited the suitability of these hiPSC-derived CFs for the model developed
in this work.

4.3 Global outlook

Though previous versions of the fibrin based EHT model this work was based on had already been
established in 1997 (Eschenhagen et al., 1997), the model has primarily been used as a monoculture
of cardiomyocytes. After chicken cardiomyocytes in a collagen matrix had been used, the model was
further developed, and later based on neonatal rat heart cells (Hansen et al., 2010) and subsequently
hiPSC-derived cardiomyocytes (Eder et al., 2016). To model cardiac fibrosis, co-cultures of
cardiomyocytes and cardiac fibroblasts have been established with especially primary rodent
cardiomyocytes and cardiac fibroblasts (Fullerton & Funder, 1994; Y. Li et al., 2017; Saini et al., 2015;
van Spreeuwel et al., 2017). A co-culture of hiPSC-derived cardiomyocytes and other cell types in the
fibrin based EHT, including hiPSC-derived cardiac fibroblasts differentiated via mesoderm induction,
was previously established in our laboratory (Werner, 2018). Differentiation of hiPSCs into epicardial
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progenitor cells, which could potentially further differentiate into cardiac fibroblasts, has been possible
since 2014 (Witty et al., 2014). Protocols for differentiation of hiPSCs into well characterized cardiac
fibroblasts were published in 2019, either via second heart field progenitors (J. Zhang et al., 2019) or
via epicardial cells, focussing on the differentiation of quiescent cardiac fibroblasts by addition of SB-
431542 (H. Zhang et al., 2019).

To develop EHT with a co-culture of cardiomyocytes and cardiac fibroblasts, multiple factors needed to
be optimized. These included, but were not limited to, the medium in which the CF-EHTs were cultured,
so as to maintain viability of the cardiomyocytes, but to not activate the cardiac fibroblasts at baseline.
A balance was achieved by depleting the serum in the culture medium from 10% to 0.5%. The duration
of culture time had to be optimized, to prevent detrimental effects of the low serum percentage on the
cardiomyocytes in the tissue, but to still allow enough time for an effect of the different treatments on
the CF-EHTs to develop. We decided on a culture time of 3 weeks, including 8 days of treatment. The
stiffness of the fibrin matrix was also an important characteristic, as fibroblasts become more activated
on stiffer substrates. Fibroblasts have been reported to develop stress fibres when they were cultured
on surfaces with a stiffness of 3 kPa or more (Yeung et al., 2005). At the concentrations of fibrinogen
and thrombin used for the casting of the CF-EHTs, the fibrin was expected to have a stiffness of more
than 4 kPa (Duong et al., 2009). However, in fibrin blocks devoid of any cells, kindly provided by Kinga
Wrona, a stiffness of only 0.77 kPa was measured via nanoindentation by Dr. Sandra Hemkemeyer. The
human heart is reported to have a stiffness of over 10 kPa (Gaetani et al., 2020; Majkut et al., 2013).
Given these uncertainties and the well-developed nature of the standard EHT, we thus aimed to
maintain fibroblast quiescence at the previously established matrix stiffness. However, by increasing
the concentration of thrombin and/or fibrinogen in the mastermix of the CF-EHTs, the model could
have been tailored to have a higher Young’s modulus to mimic physiological conditions. Cardiac
fibroblasts cultured in a gelatin methacryloyl hydrogel with a stiffness of around 22 kPa, which more
closely mimicked the Young’s modulus of the human heart, were unexpectedly not reported to be more
activated than cardiac fibroblasts cultured in a gelatin methacryloyl hydrogel with a stiffness of around
4 kPa. Hence, the matrix stiffness could potentially be further optimized to mimic physiological
conditions.

The appropriate percentage of cardiac fibroblasts to be incorporated in the EHTs also had to be
determined. To physiologically represent the human ventricle as if composed of only cardiomyocytes
and cardiac fibroblasts, a ratio of 60:40 would have been the most physiological ratio. However, in our
model CF-EHTs consisting of 15% or more CFs generated a lower force than CF-EHTs composed of 10%
CFs or less (Figure 17). Furthermore, exaggerated remodelling was detected when more CFs were
present in the CF-EHTs (Figure 17 and Table 15). Previous studies have used both higher ratios of
CMs:CFs to more closely reflect physiological conditions, such as 4:1 with hiPSC-derived CMs:primary
human CFs (Beauchamp et al., 2020), 10:3 primary rat CMs:primary rat CFs (V. Li et al., 2017) and similar
ratios, 8.5:1.5 for hiPSC-derived CMs:hiPSC-derived CFs (Aalders et al., 2024), 9:1 for hiPSC-derived
CMs:primary human CFs (Cofifio-Fabres et al., 2024) and 10:1 for hiPSC-derived CMs:hiPSC-derived CFs
(Stempien et al., 2024). Though a ratio of 9:1 resembles physiological conditions less closely, this ratio
does have an established basis in literature. Considering this, in combination with the contractility
analysis findings, a ratio of 9:1 cardiomyocytes:cardiac fibroblasts was considered a suitable
compromise and an appropriate ratio for the EHT based in vitro fibrosis model.
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To develop a fibrosis model with a high dynamic range of regulation, it was necessary to acquire
guiescent baseline conditions. The cardiac fibroblasts differentiated according to a protocol previously
established in the laboratory in which this work was performed, were found to be considerably
activated already at baseline. We therefore decided to focus on establishing a protocol for the
differentiation of quiescent cardiac fibroblasts, which was partially achieved by addition of the TGF-B1
receptor inhibitor SB-431542. Baseline quiescence of the fibroblasts used in our model was acquired
by a combination of continued exposure to SB-431542 and a depletion of serum in the culture medium.
In other cardiac fibrosis models, quiescence was maintained by reproducing the physiological
mechanical stiffness of the heart (Bracco Gartner et al., 2019; Sadeghi et al., 2017), by simulating the
mechanical stiffness, exposing the tissue to pirfenidone and using quiescent fibroblasts (Bracco Gartner
et al., 2022), solely by the use of quiescent fibroblasts (Iseoka et al., 2021), or the quiescence was not
taken into account (Mastikhina et al., 2020; Richards et al., 2020; Szepes et al., 2020). Though the use
of SB-431542 to potentially maintain cardiac fibroblast quiescence has been investigated before
(Cumberland et al., 2023), a fibrosis model which used SB-431542 to control quiescence of the cardiac
fibroblasts was not previously developed. Though adjusting the mechanical stiffness as close to
physiological conditions as possible is preferable for any in vitro fibrosis model, (additional) exposure
of the CF-EHTs to SB-431542 and depletion of serum from the culture medium to maintain quiescence
further decreased baseline activation and increased flexibility, as SB-431542 concentration can be
adjusted, the compound can be removed from the culture medium, and serum can be added to the
culture medium.

As previously mentioned, TGF-B1 exposure is a standard tool for fibrosis induction in vitro (Bracco
Gartner et al., 2019, 2022; Cho et al., 2018; Cumberland et al., 2023; Iseoka et al., 2021; Lee et al.,
2019; Mastikhina et al., 2020; Sadeghi et al., 2017). Further known fibroblast activators include PDGF-
AA, angiotensin Il and a combination of phenylephrine and endothelin 1 (Broekmans et al., 2020;
Fullerton & Funder, 1994; Kemp et al., 2004; L. Wang et al., 2017). CFs have also been activated with
aldosterone, both in vivo in rats and in vitro (Lijnen & Petrov, 2000; Neumann et al., 2002). Increasing
the amount of fibroblasts in the tissue has also been found to increase fibrosis formation (van
Spreeuwel et al., 2017), similar to the addition of pericytes (Szepes et al., 2020). In animal models,
cardiac fibrosis induction is regularly achieved with TAC surgery (W.-W. Zhang et al., 2017) or prolonged
treatment with noradrenaline (Richards et al., 2020), isoprenaline (T-L. Sun et al., 2021) or adrenaline
(El-Marasy et al., 2020). Though it is known that in vitro exposure to animal or human serum can
activate cardiac fibroblasts (Swaney et al., 2005), serum in the culture medium has not been
systematically used as a mode of cardiac fibroblast activation in cardiac fibrosis models.

Irrespective of how cardiac fibrosis was stimulated in other studies, readouts to quantify fibrosis
induction included analysis of contraction parameters such as force, relaxation time and peak duration,
analysing the mRNA expression of the markers collagenlal, collagen3al, periostin, CCN2, ACTA2,
MMP2 and fibronectin, quantifying the stiffness of the tissue and quantifying cell proliferation either
by cell proliferation assays or staining for EdU incorporated during proliferation. Collagen deposition
was visualised in other models via second harmonic generation microscopy or by staining for collagen,
for example with picrosirius red or by immunohistochemistry or immunofluorescence. Other
histological analyses included staining for aSMA and periostin (Bracco Gartner et al., 2019, 2022;
Cumberland et al., 2023; Iseoka et al., 2021; Lee et al., 2019; Mastikhina et al., 2020; Neumann et al,,
2002; Sadeghi et al., 2017; Szepes et al., 2020; van Spreeuwel et al., 2017). In the model developed in
this work, fibrosis was mainly indirectly quantified by analysing contraction parameters such as force,
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resting length, relaxation velocity and 80% relaxation time, analysing the mRNA expression of the
fibrosis markers collagenlal, periostin, transgelin, CCN2 and ACTA2, analysing the protein expression
of periostin and aSMA and quantifying the stiffness of the model. Each of these readouts individually
suggested increased fibrosis induction in the model after stimulation. This was further corroborated
from the combined readouts, as they suggested that activation of fibroblasts in our model, either via
treatment with TGF-B1 or with high serum, led to fibrosis induction.

A collaborative second harmonic generation (SHG) study was initiated in this work to directly visualise
collagen deposition in the CF-EHTs. Unfortunately, collagen could not be successfully visualized in these
experiments. Collagen is a so-called non-centrosymmetric structure, meaning that there is no centre
point around which the organization of collagen fibres is symmetric. When illuminated with a laser,
non-centrosymmetric structures produce a signal which can pass through an SHG filter to the detector.
Myosin is another non-centrosymmetric structure in the CF-EHTs which can be visualised via SHG
(Esquibel et al., 2020). In the frame of this work, ‘standard’ SHG images were produced, in which it was
not possible to distinguish the deposited collagen from myosin structures. We therefore aimed to
improve the SHG imaging method to visualise only collagen, by rotating the polarization direction of
the light emitted from the laser. The signal emitted by myosin is dependent on the polarization direction
of the light, whereas the signal emitted by collagen is independent of the polarization direction (Kumar
et al., 2015; Tiaho et al., 2007). Attributable to the rotating polarization direction, the intensity of the
signal emitted by the myosin decreased, while the intensity of the signal emitted by collagen remained
unchanged. However, the myosin was still visible in the images. To block the signal emitted from the
myosin, it was planned to incorporate a low band width filter. Unfortunately, this was unsuccessful, and
we were unable to visualise solely collagen deposition via SHG. As we had focussed on SHG to directly
visualize collagen deposition in the CF-EHTs, more standard methods, such as staining for collagen by
immunohistochemistry or immunofluorescence, remained underexploited. Thus, including a readout
to directly quantify collagen deposition in the model is an important characterization method to include
in future research with the model. Alternatively, collagen deposition in the CF-EHTs could be visualised
with polarized light microscopy (Cristoforetti et al., 2023).

Activation of enhancer sequences can elevate the transcriptional activity of the target gene. By
genetically deleting enhancer sequences, downregulation of pathologically upregulated genes could
potentially be achieved (H. Li et al., 2021). Downregulation of genes associated with fibrosis formation
could therefore lead to attenuated fibrosis induction. In activated cardiac fibroblasts obtained from
TAC-treated mice, the Meox1 gene has been found to be substantially upregulated. By targeting Meox1
enhancers via bromodomain and extra-terminal (BET) inhibition, enhancer-to-promoter signaling could
be reversed. TAC-treated mice which were further treated with a BET inhibitor displayed a left
ventricular ejection fraction similar to Sham treated mice, portraying the importance of targeting gene
enhancers (Alexanian et al., 2021).

The RUNX1 gene has previously been associated with fibrosis formation, as RUNX1 was overexpressed
in pulmonary, renal, hepatic and cardiac fibrosis, and adverse cardiac remodelling was blunted in Runx1
deficient mice following injury (Dubey et al., 2022; Z. Guo et al., 2023; McCarroll et al., 2018; Ni et al.,
2021). Moreover, deletion of RUNX1 inhibited the formation of renal fibrosis (Zhou et al., 2018). The
3D EHT based in vitro fibrosis model was developed to investigate whether the knockout of the RUNX1-
related enhancer sequence enh35232 or of the RUNX1 gene attenuated fibrosis formation in the
model. Subtle signs of attenuation of fibrosis induction were indeed found in both activated Enh KO CF-
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EHTs and activated Gene KO CF-EHTs, compared to activated WT CF-EHTs. These signs included an
attenuated relaxation deficit and lower mRNA abundance of different fibrosis markers. These signs
were partially absent in A18945 CF-EHTs, but consistently present in ERCO01 CF-EHTs, though at lower
experiment numbers. The deletion of enh35232 and RUNX1 thus seemed to be subtle interventions to
attenuate fibrosis formation. Of note, CF-EHTs were in culture for 3 weeks, and they were subjected to
pro-fibrotic conditions for 8 days, whereas in humans it might take decades for fibrosis to form in the
heart (Kurose, 2021). It its thus highly likely that the relatively brief time period in which fibrosis
formation was induced in the CF-EHTs contributed to the subtlety of the observed signs of attenuated
fibrosis formation.

More drastic interventions to limit fibrosis formation have been studied, such as the genetic ablation
of collagenla2-expressing cells in zebrafish. Zebrafish are known to retain the potential for proliferation
of cardiomyocytes after injury, in contrast to most adult mammals. This proliferation was impaired after
the ablation of collagenla2 expressing cells, suggesting that a fibrotic effect or at least the respective
fibroblast sub-type was necessary for heart regeneration (Sanchez-lranzo et al., 2018). Implementation
of chimeric antigen receptor (CAR) T cells targeted against fibroblast activation protein (FAP), expressed
by activated fibroblasts, has been studied in mice suffering from MI. After CAR T cells bind to the FAP
expressed on activated fibroblasts, the CAR T cells induce apoptosis in the activated fibroblasts.
Restored cardiac function and a reduction of fibrosis were promising results (Aghajanian et al., 2019;
Rurik et al., 2022). However, safety concerns remain: CAR T cells can remain in the body for months,
up to years (Barnes, 2022). When a repeated injury would occur while the CAR T cells are still viable,
they would again attack the activated fibroblasts. Activated fibroblasts are crucial directly after injury
to maintain tissue integrity at the injury site and prevent rupture. Thus, clinical application of CAR T
cells to target activated fibroblasts is currently limited. Consequently, the use of CAR T cells is currently
only FDA approved for cancer treatment (Sterner & Sterner, 2021). These examples demonstrate why
more subtle approaches can be beneficial over drastic interventions. Though the knockout of the
enh35232 seemed to be a very subtle approach, it did provide valuable insight into the mechanisms of
cardiac fibrosis.

In preliminary results on mice with the enh35232 KO, provided by one of our partners, Dr. Thomas
Moore-Morris, the atria were significantly dilated in KO mice compared to WT mice 6 weeks after TAC
surgery. Considerably less collagen deposition in KO mice than in WT mice was observed, as quantified
by staining for type 1 collagen. These preliminary results seem consistent, as attenuated collagen
deposition after injury can compromise tissue integrity, which can lead to cardiac wall dilation. The
survival rate was considerably lower in KO mice. As an initial fibrotic response after injury is crucial for
injury repair, the decreased survival rate suggests that the initial fibrotic response was blunted in
enh35232 deficient mice. These preliminary results indicated that in mice models, as expected, the
deletion of enh35232 had a larger impact than the subtle effect in CF-EHTs.

Runx1 gene deficient animals have been studied more intensively (Riddell et al., 2020). Mice with a
homozygous deletion of Runx1 lack necessary haematopoiesis and are therefore not able to survive
past embryonic day 11.5-12.5 (Q. Wang et al., 1996). However, encouraging results have been observed
in mice with a cardiomyocyte specific Runx1 KO subjected to MI. The adverse remodelling observed in
control mice after MI, was not observed in the KO mice. While in control mice the ventricular wall
thinned and dilated, in KO mice, the thickness of the ventricular wall was maintained. The contractile
function in KO mice was maintained as well (McCarroll et al., 2018). In another mouse model with a
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cardiomyocyte specific Runx1 KO subjected to M, a preserved contractile function following Ml was
again observed (Martin et al., 2022). In rats, the expression of Runx1 was silenced directly after Ml via
the expression of miR-101. In rats in which the Runx1 expression was silenced, the cardiac function was
improved, the infarct size was smaller and there were less collagen fibres present, compared to rats
with a normal Runx1 expression (X. Li et al., 2019).

In these studies, again a genetic deletion of Runx1 (in cardiomyocytes) had a more significant effect on
the animals after MI, compared to the subtle effect we observed in KO CF-EHTs subjected to pro-fibrotic
conditions. As previously mentioned, the CF-EHTs were subjected to these pro-fibrotic conditions for 8
days, whereas in animal experiments the fibrosis formation after interventions is often studied after
multiple weeks (Gabisonia et al., 2019; McCarroll et al., 2018; Tao et al., 2016; Yuan et al., 2019), which
is an advantage of employing animal models for the study of a genetic deletion. As another advantage
of animal models, in contrast to CF-EHTs, all cell types which play a role in the development of Ml are
considered. For example, the inflammatory response, in which macrophages are recruited to the injury
site after MI (Huebener et al., 2008; Humeres & Frangogiannis, 2019; Prabhu & Frangogiannis, 2016)
can be studied in animal models, but could not be studied in CF-EHTs, as macrophages were not
included in the CF-EHT model. However, as previously mentioned, major disadvantages of animal
models are the associated ethical considerations (Kiani et al., 2022), which are not relevant in CF-EHT
models. Other advantage of using CF-EHTs include the high reproducibility of the CF-EHTs and the
possibility to perform studies with high numbers. While the use of animal models is associated with
high costs, in vitro experiments are often more cost-effective (Fernandes & Pedroso, 2017; Kiani et al.,
2022).

A possibility to study the genetic deletion in specifically cardiac fibroblasts, besides 2D culture, is by
developing engineered fibroblast tissue, EFTs. The activation baseline in EFTs is expected to be lower
than in 2D cultured CFs, as the CFs would not be cultured on a stiff substrate (Htwe et al., 2015; Solon
et al., 2007), hence one would expect a larger impact of the genetic deletion in EFTs than we observed
in the 2D cultured CFs. In this work, the emphasis was placed on developing a cardiac fibrosis model
with a direct readout related to contractility and therefore cardiomyocytes were considered a vital part
of the model. However, the study of the enh35232 KO in EFTs could provide additional interesting
insights into cardiac fibroblast activation. Another option to study the effect of the genetic deletion on
the activation of specifically the cardiac fibroblasts in the CF-EHTs more precisely, relied on sorting the
cardiac fibroblasts and the cardiomyocytes after harvesting. (CF-)EHTs can be dissociated by papain
(Pan, 2022), after which the cells can be sorted via flow cytometry (Telford, 2023). This was attempted
in this work, by fluorescently labelling the cardiomyocytes and cardiac fibroblasts via lentivirus
transduction, with a dKathuska and Venus fluorochrome label, respectively. However, after dissolution
and sorting, cell integrity was often compromised and the mRNA content in the cell suspension could
not safely be considered as cell type specific. Optimizing a sorting process to sort cardiomyocytes and
cardiac fibroblasts after CF-EHT culture could benefit the readout options of the CF-EHT fibrosis model
for future research.

4.4 Conclusion and future perspectives

In conclusion, an in vitro 3D EHT based fibrosis model was developed, with a high dynamic range of
regulation partially attributable to a quiescent baseline. In this model, fibrosis was formed after
activation either by treatment with TGF-B1 or by exposure to a high serum concentration in the culture
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medium. The fibrosis indicators which were quantified comprised a shorter resting length, lower
relaxation velocity and longer 80% relaxation time, mRNA abundance of the fibrosis markers
collagenlal, periostin, transgelin, collagenla2 and CCN2, abundance of periostin and aSMA protein
and an increased CF-EHT stiffness.

Genetic interventions had a subtle effect on signs of fibrosis in the newly developed model. The genetic
deletion of either the RUNX1-related enhancer sequence enh35232 or of the RUNX1 gene, led to
attenuated signs of fibrosis particularly in the ERC0O01 CF-EHTs. Though the observed changes were
subject to large variability and mainly limited to contractility and partially mRNA abundance, it could
still be concluded that enh35232 and RUNX1 may play a role in fibrosis formation.

For further characterization of the model, additional direct quantification of fibrosis formation, such as
collagen deposition, would be necessary, especially as the genetic intervention only had a subtle effect.
Proliferation and cell survival of both the cardiomyocytes and the cardiac fibroblasts over time are
further parameters which still need to be investigated. As activated cardiac fibroblasts have been found
to cause slower action potential conduction and prolonged action potential duration (V. Li et al., 2017),
measuring the action potential in the CF-EHTs could also be an interesting parameter to investigate
differences between the genotypes.

In summary, the EHT based fibrosis model developed in this work is functional, reliable, reproducible
and will be used for future research. Differences between the investigated genotypes however,
appeared to be surprisingly minute, albeit detectable. Thus, implementation of further readouts with
higher sensitivity should be additionally conducted to enable robust detection of subtle differences in
fibrosis development.
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5. Summary — Zusammenfassung

Summary

More than 60 million people worldwide are affected by heart failure, often caused by myocardial
infarction (MI). After an injury such as M, cardiac fibrosis is a required response to stably repair the
injury site, creating a scar to prevent wall rupture. However, adverse cardiac fibrosis, which can for
example occur on account of chronic inflammation following a large injury site or which can be a
consequence of chronic pressure overload in hypertension, can contribute to heart failure. During
cardiac fibrosis formation, cardiac fibroblasts residing in the heart become activated, transdifferentiate
into myofibroblasts and produce increased amounts of extracellular matrix. Many mechanisms
contributing to cardiac fibrosis and the activation of cardiac fibroblasts are known. The cytokine TGF-
B1, mainly secreted by recruited macrophages, is involved in the main activation pathways and induces
aSMA expression, a hallmark of transdifferentiation of cardiac fibroblasts into myofibroblasts.
However, many of the mechanisms behind the formation of cardiac fibrosis remain unclear.

In the first part of this work, a 3D engineered heart tissue (EHT) based in vitro fibrosis model with a
high dynamic range of regulation was developed to study mechanisms of cardiac fibrosis. The model is
a fibrin-based tissue co-culture of both hiPSC-derived cardiomyocytes and hiPSC-derived cardiac
fibroblasts cast together in a 9:1 ratio, to form CF-EHTs. A high dynamic range of regulation was
attributable to a quiescent baseline versus pro-fibrotic treatment conditions. To ensure a quiescent
baseline, a protocol for the differentiation of quiescent cardiac fibroblasts was established. The cardiac
fibroblast phenotype was characterized by the high mRNA abundance of multiple fibroblast markers,
including DDR2, vimentin and GATA4, and the typical elongated morphology. Fibroblast quiescence was
furthermore maintained by the depletion of serum from the culture medium from 10% to 0.5% on day
3 of culture, as serum components could activate cardiac fibroblasts, and by the exposure of all CF-
EHTs to the TGF-B1 receptor inhibitor SB-431542 from day 10 to day 13 of culture.

On the other end of the activation spectrum, 2 pro-fibrotic conditions were established: either
treatment of CF-EHTs with TGF-B1, or exposure to 10% serum containing medium. On day 13 of culture,
the CF-EHTs were assigned to 1 of 4 groups: a control group, a quiescent group with continuous SB-
431542 exposure, or 1 of the 2 activated groups. At the end of the culture time, day 21 or day 22, CF-
EHTs from the activated groups regularly exhibited a shorter resting length, a lower relaxation velocity
and longer 80% relaxation time, i.e. a relaxation deficit, compared to CF-EHTs from the quiescent group.
Furthermore, the activated CF-EHTs displayed a higher mRNA abundance of the fibrosis markers
collagenlal, periostin, CCN2 and transgelin compared to either the control CF-EHTs or the quiescent
CF-EHTs. These results indicated the successful development of a 3D EHT based in vitro fibrosis model.

In the second part of this work, the effect of the genetic deletion (KO) of either the RUNX1-related
enhancer sequence enh35232 or of the RUNX1 gene in hiPSC-derived cardiac fibroblasts was studied
in 2 different cell lines. The resulting KO CF-EHTSs, especially those based on the cell line ERC001, showed
attenuated signs of fibrosis compared to WT CF-EHTs, when subjected to pro-fibrotic treatment
conditions. Compared to the activated WT CF-EHTs, the activated KO CF-EHTs had a longer resting
length and the regular relaxation deficit under pro-fibrotic conditions was attenuated. Additionally, the
activated KO CF-EHTSs exhibited a lower mRNA abundance of the fibrosis markers collagenlal, periostin
and ACTA2 and a lower expression of periostin and aSMA protein. These results indicated that both
enh35232 and RUNX1 have a role in fibrosis formation and emphasized the suitability of the in vitro 3D
EHT based fibrosis model for the study of genetic interventions.
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Zusammenfassung

Weltweit leiden Gber 60 Millionen Menschen an Herzinsuffizienz, am haufigsten verursacht durch
einen Herzinfarkt. Nach einem Herzinfarkt ist die Ausbildung einer fibrotischen Narbe eine
erforderliche Reaktion, um die Verletzungsstelle zu stabilisieren. Obwohl an sich physiologisch, kann
die fibrotische Reaktion pathologisch werden und zu Herzinsuffizienz und einem Relaxationsdefizit
beitragen. Im Rahmen der kardialen Fibrose werden gewebsstindige Fibroblasten aktiviert, sie
transdifferenzieren zu Myofibroblasten und produzieren mehr extrazellulare Matrix. Obwohl zahlreiche
Mechanismen der kardialen Fibrose bekannt sind, sind viele Mechanismen noch unklar.

Im ersten Teil dieser Dissertation wurde ein auf kiinstlichem Herzgewebe (engineered heart tissue, EHT)
basiertes in vitro-Fibrose-Modell mit einer hohen dynamischen Regulationsbreite etabliert, um daran
Mechanismen der kardialen Fibrose studieren zu kdnnen. Das Modell beruht auf einer Co-Kultur von
aus humanen induzierten pluripotenten Stammzellen (hiPSCs) abgeleiteten Kardiomyozyten und
hiPSCs-abgeleiteten kardialen Fibroblasten in einem 9:1-Verhaltnis, woraus CF-EHTs generiert werden.
Ein hoher Dynamikumfang der Regulierung wurde angestrebt, um eine hohe Sensitivitat und Spezifitat
zu gewahrleisten und wurde erreicht durch Erzielung von wenig aktivierten Grundbedingungen auf der
einen Seite und pro-fibrotischen Behandlungsbedingungen auf der anderen Seite. Zum Erreichen der
nicht-aktivierten Grundbedingungen wurden zundchst nicht-aktivierte kardiale Fibroblasten
differenziert. Zur Phanotypisierung der differenzierten Fibroblasten wurden die Expression geeigneter
Marker wie DDR2, Vimentin und GATA4 auf mRNA-Ebene und die typische Morphologie herangezogen.
Der niedrige Aktivierungsstatus der hiPSC-Fibroblasten wurde durch einen verminderten Serumgehalt
im Kulturmedium sichergestellt, da Serumkomponenten Fibroblasten aktivieren kdnnen. Die
Serumkonzentration wurde hierzu von 10% auf 0.5% am Tag 3 der Kultur reduziert. Zusatzlich wurden
alle CF-EHTs mit dem TGF-B1-Rezeptor-Inhibitor SB-431542 von Tag 10 bis Tag 13 der Kultur behandelt.

Am anderen Ende des Aktivierungsspektrums standen zwei pro-fibrotische Behandlungen, bei denen
die CF-EHTs entweder mit TGF-B1 behandelt wurden, oder 10% Serum im Kulturmedium ausgesetzt
wurden. Am Tag 13 wurden die CF-EHTs in 4 Gruppen eingeteilt, eine Kontrollgruppe, eine inaktivierte
Gruppe mit SB-431542 oder eine der zwei aktivierten Gruppen. Am Ende der Kultur, an Tag 21 oder Tag
22, zeigten die pro-fibrotisch behandelten CF-EHTs eine kirzere Ausgangslange, niedrigere
Relaxationsgeschwindigkeit und langere 80%-Relaxationszeit, in der Summe also ein Relaxationsdefizit,
im Vergleich zu CF-EHTs der inaktivierten Gruppe. Dariiber hinaus zeigten die aktivierten CF-EHTs eine
hohere mRNA-Menge der Fibrosemarker collagenlal, periostin, CCN2 und transgelin im Vergleich zu
den Kontroll-CF-EHTs und den inaktivierten CF-EHTs. Zusammengenommen sprachen die Ergebnisse
des ersten Teils der Arbeit flr eine erfolgreiche Entwicklung auf EHT basierten in vitro-Fibrose-Modells.

Im zweiten Teil dieser Dissertation wurden die Konsequenzen einer genetischen Ablation (KO) der
RUNX1-bezogenen Enhancer-Sequenz enh35232 oder des RUNX1-Gens in kardialen hiPSC-Fibroblasten
auf die Fibroseentwicklung im Modell in zwei verschiedenen Zelllinien untersucht. Die aktivierten KO-
CF-EHTs, insbesondere die ERCO01 KO-CF-EHTs, zeigten abgeschwachte Zeichen von Fibrose gegeniiber
aktivierten Wildtyp- (WT-) CF-EHTs. Zum Beispiel, im Vergleich zu aktivierten WT-CF-EHTs zeigten die
aktivierten KO-CF-EHTs eine langere Ausgangslange und abgeschwachtes Relaxationsdefizit. Zusatzlich
wiesen die aktivierten KO-CF-EHTs eine geringere mRNA-Menge der Fibrosemarker collagenlal,
periostin and ACTA2 auf. Diese Ergebnisse deuten darauf hin, dass enh35232 und RUNX1 eine Rolle in
der Entwicklung kardialer Fibrose spielen kdnnten und dass das hier etablierte in vitro-Fibrose-Modell
geeignet ist, die Konsequenzen genetischer Eingriffe auf die Fibroseentwicklung zu untersuchen.
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6. List of abbreviations

2D Two-dimensional

3D Three-dimensional

4Cc Circularized chromosome conformation capture
aSMA a-Smooth muscle actin

UM Micromolar

A

ACE Angiotensin-converting enzyme

ACTA2 a-Smooth muscle actin

ALK5 Activin receptor-like kinase 5

AML Acute myeloid leukaemia

Ang | Angiotensin |

Angll Angiotensin Il

AP Action potential

APS Ammonium persulfate

AT1 Angiotensin receptor 1

ATAC-seq Assay for transposase-accessible chromatin with high-throughput sequencing
ATP Adenosine triphosphate

B

BET Bromodomain and extra-terminal

bFGF Basic fibroblast growth factor

BMP Bone morphogenetic protein

bp Base pair

bpm Beats per minute

BSA Bovine serum albumin

C

CAR Chimeric antigen receptor

Cas9 CRISPR associated protein 9

CBF Core binding factor

CBFa Core binding factor a subunit

CBFB Core binding factor B subunit

CCN2 Cellular communication network 2

cDNA Complementary DNA

CF Cardiac fibroblast

CF-EHT Cardiomyocyte-cardiac fibroblast EHT
ChlP-seq Chromatin immunoprecipitation sequencing
CM Cardiomyocyte

CNIC Centro Nacional de Investigaciones Cardiovasculares
COL1A1 Collagenlal

COL1A2 Collagenla2

COL3A1 Collagen3al

CPC Cardiac progenitor cell

CRISPR Clustered regularly interspaced short palindromic repeats
CTGF Connective tissue growth factor

CTMV Consulting Team Machine Vision

cTnT Cardiac troponin T

Ctrl Control



DDR2
DDRs
DMEM
DMSO
DNA
dNTP
DPBS
DTT

E

EB

ECM

EDTA

EFT

EHT

Enh KO CF-EHT
ERK

ESC

FACS
FAP
FBS
FSP1
FTDA
Fw

G

GATA4

Gene KO CF-EHT
GSK3pB

GTX

GUSB

H
H3K4mel
HBSS

HCI
HEPES
HFpEF
HFrEF
Hi-C
hiPSC
hiPSC-CM
HSA

ICCLM
IEPT
IGF
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Day

Discoidin domain receptor tyrosine kinase 2
Discoidin domain receptors

Dulbecco’s Modified Eagle Medium
Dimethyl sulfoxide

Deoxyribonucleic acid

Deoxynucleoside triphosphate

Dulbecco's Phosphate Buffered Saline
1,4-Dithiothreitol

Embryoid body

Extracellular matrix

Ethylenediaminetetraacetic acid

Engineered fibroblast tissue

Engineered heart tissue

CF-EHT composed of WT CMs and enh35232 knockout CFs
Extracellular signal-related kinase

Embryonic stem cell

Fluorescence-activated cell sorting
Fibroblast activation protein
Foetal bovine serum

Fibroblast specific protein 1

bFGF, TGFB1, dorsomorphin and activin A-based hiPSC culture medium

Forward

GATA binding protein 4

CF-EHT composed of WT CMs and RUNX1 gene knockout CFs

Glycogen synthase kinase 33
Geltrex
Glucuronidase beta

H3 lysine 4 mono-methylation

Hanks' Balanced Salt Solution

Hydrochloric acid
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Heart failure with a preserved ejection fraction
Heart failure with a reduced ejection fraction
High-throughput chromosome conformation capture
Human induced pluripotent stem cell

hiPSC-derived cardiomyocyte

Human serum albumin

Institute of Clinical Chemistry and Laboratory Medicine
Institute of Experimental Pharmacology and Toxicology
Institut de Génomique Fonctionnelle
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IHG Institute of Human Genetics

IL Interleukin

iPSC Induced pluripotent stem cell
IRCCS Istituti di Ricovero e Cura a Carattere Scientifico
J

JNK c-Jun N-terminal kinase

K

kb Kilobase

kDa Kilodalton

KO Knockout

M

M Molar

MAPK Mitogen-activated protein kinase
MDS Multi-dimensional scaling

MG Matrigel

M Myocardial infarction

miRNA Micro RNA

mM Millimolar

mN Millinewton

mRNA Messenger RNA

MYH11 Myosin heavy chain 11

N

NaCl Sodium chloride

NCX Na*/Ca** antiporters

NKX2.5 NK2 Homeobox 5

P

PCR Polymerase chain reaction
PDGF-AA Platelet derived growth factor that is composed of 2 A subunits
PDGFRa Platelet-derived growth factor receptor a
PE-Cy5 Phycoerythrin-Cyanine 5

POSTN Periostin

PTFE Polytetrafluoroethylene

Q

gPCR Quantitative real-time PCR

R

RAAS Renin-angiotensin-aldosterone system
RL Resting length

RNA Ribonucleic acid

ROS Reactive oxygen species

rpm Revolutions per minute

RPMI Roswell park memorial institute
RT Relaxation time

RUNX1 Runt-related transcription factor 1
RV Relaxation velocity

Rv Reverse



S

SB

SDS
SEM
SERCA2
SHG

SR
SSEA-3

T
TAC

TAE
TAGLN
TBS

TBST
TBX18
TCF21
TGF-B
TGF-B1RI
TGF-B1RII
Thyl
TNC

B

U
u
UKE

v/v
VEGF
VIM

W

w/v

WB

WT CF-EHT
WT

WT1
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SB-431542

Sodium dodecyl sulfate

Standard error of the mean
Sarcoplasmic/endoplasmic reticulum Ca?* ATPase 2
Second harmonic generation

Sarcoplasmic reticulum

Stage-specific embryonic antigen 3

Transverse aortic constriction
Tris acetate EDTA

Transgelin

Tris-buffered saline

TBS + 0.1% Tween 20

T-box transcription factor 18
Transcription factor 21
Transforming growth factor-3
TGF-B1 receptor |

TGF-B1 receptor I

Thymus cell antigen 1
Tenascin C

TGF-B1

Unit
University Medical Center Hamburg-Eppendorf

Volt

Volume by volume

Vascular endothelial growth factor
Vimentin

Weight by volume

Western blot

CF-EHT composed of WT CMs and WT CFs
Wild type

Wilms’ tumour protein 1
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10. Supplements

10.1 Supplementary figures
10.1.1 Fibroblast differentiation
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Figure 50: The mRNA abundance relative to GUSB of the fibroblast activation markers transgelin and CCN2 in CFs differentiated
with the EB protocol, the hybrid protocol or the quiescent protocol. CFs were harvested on the last day of the respective
differentiation protocol. When possible, data are presented as mean + SEM, n=1-4 per group.
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Figure 51: The mRNA abundance relative to GUSB of different markers present during and at the end of the development of
cardiac fibroblasts: GATA4 and NKX2.5 (a cardiac lineage marker). The mRNA abundance was analysed in hiPSCs, primary
foreskin fibroblasts and in cells sampled at different days of differentiation using either the hybrid or the quiescent protocol.
For the hybrid protocol differentiation, cells were sampled on day 9, day 12 and on the last day of differentiation, day 18. For
the quiescent protocol differentiation, cells were sampled on day 6, day 11, day 14 and on the last day of differentiation, day
20, n=1 per condition.

Table 16: Microscope images at 10x magnification, which show the morphology of cells undergoing the hybrid protocol on
either MG coated or GTX coated T75 cell culture flasks, at various days of differentiation. A representative imagine is shown
from n=2. Scale bar is 200 um.

MG coating GTX coating

Day 14

Day 16
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Day 18

Day 20

Table 17: Microscope images at 10x magnification, which show the morphology of cells undergoing the quiescent protocol,
where the hiPSCs were cultivated in either Essential E8 or FTDA medium prior to the start of the differentiation, at various days
of differentiation. A representative imagine is shown from n=2. Scale bar is 200 um.

Essential E8 FTDA

Day 3

Day 6

Day 9

Day 12

Day 14
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10.1.2 Serum concentration
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Figure 52: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in 2D cultured primary foreskin
fibroblasts: collagen3al and TNC. All fibroblasts were cultured in 10% serum containing medium until day 6, after which halve
of the fibroblasts were cultured in medium containing 0% serum. Additionally, the fibroblasts were assigned different exposure
conditions, and either kept as control, treated with 5.4 uM SB-431542 or treated with 48 ng/ml TGF-61 for 5 days. Data are
presented as mean, n=2 per group.
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Figure 53: The mRNA abundance relative to GUSB of fibroblast activation marker collagenla2 in 2D cultured primary foreskin
fibroblasts. The fibroblasts were cultured in 10% serum containing medium until day 4, after which they were cultured in 0.5%
serum containing medium. Additionally, the fibroblasts were assigned to different conditions, and either kept as control,
treated with 5.4 uM SB-431542 or treated with 48 ng/ml TGF-81 for 3 days, n=1 per condition.
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Figure 54: The mRNA abundance relative to GUSB of fibroblast activation marker collagenla2 in 2D cultured primary foreskin
fibroblasts. From day 0, halve of the fibroblasts were cultured in medium containing 0% serum, the other halve of the
fibroblasts were cultured in 0.5% serum containing medium. Additionally, the fibroblasts were assigned to different conditions,
and either kept as control, treated with 5.4 uM SB-431542 or treated with 48 ng/ml TGF-81 for 3 days, n=1 per condition.
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Figure 55: Collagen content, measured in either scraped off 2D cultured primary foreskin fibroblasts (top), used culture medium
aspirated from the fibroblasts (middle) or from fresh culture medium (bottom). All fibroblasts were cultured in 10% serum
containing medium until day 3 or 4, after which halve of the fibroblasts were cultured in medium containing 0.5% serum. On
day 6 or 7, respectively, the fibroblasts were assigned to different exposure conditions, and either kept as control, treated with
5.4 uM SB-431542 or treated with 48 ng/ml TGF-81 for 5 days. When possible, data are presented as mean + SEM. ns: not
significant, *p<0.05, ***p<0.001 by one-way ANOVA plus Bonferroni’s post-test for multiple comparisons, n=2-3 per group.
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Figure 56: Contractility analyses of CF-EHTs. The development of the resting length, relaxation velocity and 80% relaxation
time of the CF-EHTs are presented over time. The CF-EHTs were either continuously cultured in medium containing 10% serum
or switched to medium containing 0.5% serum on either day 3 or day 14, CF-EHTs were harvested on day 33. Data are presented
as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons,
only biologically meaningful comparisons are shown, n=4 per group.

10.1.3 CF percentage
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Figure 57: Contractility analyses of (CF-)EHTs containing 0%, 5%, 10%, 15% or 20% hiPSC-derived cardiac fibroblasts. The
development of the beating frequency of the (CF-)EHTs is presented over time. The (CF-)EHTs were cultured in 10% serum
containing medium until day 4, after which they were cultured in 0.5% serum containing medium. On the last day of culture,
day 25, the contractility of the CF-EHTs was analysed under pacing, the results of which are presented as the fictional analysis
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on day 26 here. Data are presented as mean + SEM, **p<0.005 by two-way ANOVA, only biologically meaningful comparisons
are shown, n=4 per group.
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Figure 58: The mRNA abundance relative to GUSB of fibroblast activation markers collagenlal, periostin, transgelin, CCN2,
ACTA2 and collagenla2 in (CF-)EHTs. The (CF-)EHTs contained either 0%, 5%, 10%, 15% or 20% hiPSC-derived cardiac
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fibroblasts. The (CF-)EHTs were cultured in 10% serum containing medium until day 4, after which they were cultured in 0.5%
serum containing medium, until they were harvested on day 25. When possible, data are presented as mean, n=1-2 per group.

10.1.4 2D fibroblast activation
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Figure 59: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in 2D cultured hiPSC-derived cardiac
fibroblasts: collagenla2, periostin and transgelin. The 2D cultured cardiac fibroblasts were either assigned to a control group,
an inhibited group, treated with SB-431542 or an activated group, treated with either TGF-81, PDGF-AA, TGF-81 + PDGF-AA,
angiotensin Il or phenylephrine + endothelin 1, respectively. Fibroblasts were cultured in 0.5% serum containing medium from
day 0 on, assigned to their respective conditions on day 4 and kept on these conditions until they were harvested on day 11.
Data are presented as mean + SEM. ns: not significant, *p<0.05, **p<0.005, ***p<0.001 by one-way ANOVA plus Bonferroni’s
post-test for multiple comparisons, n=3 per group.
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10.1.5 3D fibroblast activation
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Figure 60: Contractility analyses of CF-EHTs assigned to either a control group, an inhibited group, treated with 1 uM SB-
431542 for 7 days and 5 uM for the remainder of the culture period, or to 1 of 2 activated groups, treated with either 15 ng/ml
TGF-81 or 15 ng/ml TGF-81 + 10 ng/ml PDGF-AA. The development of the beating frequency and resting length of the CF-EHTs
are presented over time. The CF-EHTs were cultured in 10% serum containing medium until day 4, after which the CF-EHTs
were cultured in 0.5% serum containing medium, assigned to their respective groups on day 8 and kept on these conditions
until the last day of culture, day 21. Data are presented as mean *+ SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA,
only biologically meaningful comparisons are shown, n=4-5 per group.
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Figure 61: The mRNA abundance relative to GUSB of the fibroblast activation markers collagenlal, periostin, transgelin, CCN2,
ACTA2 and collagenla2 in CF-EHTs. CF-EHTs were assigned to either a control group, an inhibited group, treated with 1 uM
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SB-431542 for 7 days and 5 uM for the remainder of the culture period, or to 1 of 2 activated groups, treated with either 15
ng/ml TGF-81 or 15 ng/ml TGF-61 + 10 ng/ml PDGF-AA. The CF-EHTs were cultured in 10% serum containing medium until day
4, after which they were cultured in 0.5% serum containing medium, they were assigned to their respective groups on day 8
and kept on these conditions until the last day of culture, day 21. Data are presented as mean + SEM. ns: not significant,
*p<0.05, ***p<0.001 by one-way ANOVA plus Bonferroni’s post-test for multiple comparisons, n=4-5 per group.
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Figure 62: Contractility analyses of CF-EHTs treated with either no SB-431542 (control), 1 uM, 5 uM, or 10 uM SB-431542 from
day 0. The CF-EHTs were cultured in 10% serum containing medium until day 4, after which the CF-EHTs were cultured in 0.5%
serum containing medium. The development of the beating frequency, resting length and relaxation velocity of the CF-EHTs
are presented over time. On the last day of culture, day 25, the contractility of the CF-EHTs was analysed under pacing, the
results of which are presented as the fictional analysis on day 26 here. Data are presented as mean + SEM, *p<0.05, **p<0.005,
**%p<0.001 by two-way ANOVA, only biologically meaningful comparisons are shown, n=4-11 per group.
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Figure 63: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in CF-EHTs: collagenlal, periostin,
transgelin, CCN2, ACTA2 and collagenla2. CF-EHTs were treated with no SB-431542 (control), 1 uM, 5 uM or 10 uM SB-431542,
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from day 0. The CF-EHTs were cultured in 10% serum containing medium until day 4, after which they were cultured in 0.5%
serum containing medium until they were harvested on day 25, n=1 per condition.
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Figure 64: Contractility analyses of EHTs (containing no cardiac fibroblasts) treated with either no SB-431542 (control), 1 uM,
5 uM or 10 uM SB-431542 from day 0. The EHTs were cultured in 10% serum containing medium until day 4, after which they
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were cultured in 0.5% serum containing medium. The development of the generated force, beating frequency, resting length,
relaxation velocity, 80% relaxation time and width of the CF-EHTs are presented over time. On the last day of culture, day 25,
the contractility of the CF-EHTs was analysed under pacing, the results of which are presented as the fictional analysis on day
26 here. Data are presented as mean * SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA, only biologically
meaningful comparisons are shown. From day 16, only 1 control EHT spontaneously contracted, so from day 16 no statistical
analysis could be performed, n=3-4 per group.
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Figure 65: Contractility analyses of CF-EHTs treated with either no TGF-61 (control), 20 ng/ml or 48 ng/ml TGF-81 from day O.
The CF-EHTs were cultured in 10% serum containing medium until day 4, after which they were cultured in 0.5% serum
containing medium. The development of the resting length, relaxation velocity and 80% relaxation time of the CF-EHTs are
presented over time. The CF-EHTs were harvested on day 24. Data are presented as mean + SEM, *p<0.05 by two-way ANOVA,
only biologically meaningful comparisons are shown, n=4 per group.
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Figure 66: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in CF-EHTs: collagenlal, periostin,
transgelin, CCN2, ACTA2 and collagenla2. CF-EHTs were treated with either no TGF-81 (control), 20 ng/ml or 48 ng/ml| TGF-
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81 from day 0. The CF-EHTs were cultured in 10% serum containing medium until day 4, after which the CF-EHTs were cultured
in 0.5% serum containing medium until they were harvested on day 24, n=1 per condition.
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Figure 67: Contractility analyses of EHTs (containing no cardiac fibroblasts) treated with either no TGF-81 (control), 20 ng/ml
or 48 ng/ml TGF-81 from day 0. The EHTs were cultured in 10% serum containing medium until day 4, after which they were
cultured in 0.5% serum containing medium. The development of the generated force, beating frequency, resting length,
relaxation velocity, 80% relaxation time and width of the EHTs are presented over time. The CF-EHTs were harvested on day
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24. Data are presented as mean + SEM, *p<0.05, **p<0.005, by two-way ANOVA, only biologically meaningful comparisons
are shown. No significance could be calculated with the 20 ng/ml TGF-61 treated EHTs as all but 2 EHTs ruptured after day 4,
n=3-4 per group.

10.1.8 Timing of treatment
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Figure 68: Contractility analyses of CF-EHTs assigned to either a control group; an inhibited group, treated with 1 uM SB-
431542 from day 0 and 5 uM SB-431542 from day 8; or an activated group, treated with 10 ng/ml TGF-61 from day 0. The CF-
EHTs were cultured in 10% serum containing medium until day 3, after which they were cultured in 0.5% serum containing
medium. The development of the generated force, beating frequency, resting length, relaxation velocity and 80% relaxation
time of the CF-EHTs are presented over time. The CF-EHTs were harvested on day 29. Data are presented as mean + SEM,
**p<0.005, ***p<0.001 by two-way ANOVA, only biologically meaningful comparisons are shown, n=4-5 per group.
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Figure 69: Contractility analyses of CF-EHTs treated with either no SB-431542 (control), 1 uM, 5 uM or 10 uM SB-431542 from
day 8. The CF-EHTs were cultured in 10% serum containing medium until day 4, after which they were cultured in 0.5% serum
containing medium. The development of the generated force, beating frequency, resting length, relaxation velocity, 80%
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relaxation time and width of the CF-EHTs are presented over time. On the last day of culture, day 25, contractility of CF-EHTs
was analysed under pacing, the results are presented as the fictional analysis on day 26 here. Data are presented as mean +
SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA, only biologically meaningful comparisons are shown, n=4-11 per
group.
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Figure 70: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in CF-EHTs: collagenlal, periostin,
transgelin, CCN2, ACTA2 and collagenla2. CF-EHTs were treated with either no SB-431542 (control), 1 uM, 5 uM or 10 uM SB-
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431542, from day 8. The CF-EHTs were cultured in 10% serum containing medium until day 4, after which the CF-EHTs were
cultured in 0.5% serum containing medium. The CF-EHTs were harvested on day 25, n=1 per condition.
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Figure 71: Contractility analyses of EHTs (containing no cardiac fibroblasts) treated with either no SB-431542 (control), 1 uM,
5 uM or 10 uM SB-431542 from day 8. The EHTs were cultured in 10% serum containing medium until day 4, after which they
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were cultured in 0.5% serum containing medium. The development of the generated force, beating frequency, resting length,
relaxation velocity, 80% relaxation time and width of the CF-EHTs are presented over time. On the last day of culture, day 25,
the contractility of the EHTs was analysed under pacing, the results of which are presented as the fictional analysis on day 26
here. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA, only biologically meaningful

comparisons are shown, n=3-4 per group.
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Figure 72: Contractility analyses of CF-EHTs assigned to either a control group, 1 of 2 inhibited groups, or 1 of 2 activated
groups. The CF-EHTs were harvested on day 21. The CF-EHTs from 1 inhibited group were treated with 1 uM SB-431542 from
day 3 and 5 uM SB-431542 from day 10 until they were harvested. The CF-EHTs from the other inhibited group were treated
with 5 uM SB-431542 from day 15 until they were harvested. The CF-EHTs from 1 activated group were treated with 10 ng/ml
TGF-61 from day 3 until they were harvested. The CF-EHTs from the other activated group were treated with 10 ng/ml TGF-81
from day 15 until they were harvested. The CF-EHTs were cultured in 10% serum containing medium until day 3, after which
they were cultured in 0.5% serum containing medium. The development of the beating frequency of the CF-EHTs is presented
over time. On the second to last day of culture, day 20, the contractility of the CF-EHTs was analysed under pacing. Data are
presented as mean + SEM, no significant differences were measured by two-way ANOVA plus Bonferroni’s post-test for multiple

comparisons, n=4-6 per group
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Figure 73: The mRNA abundance relative to GUSB of multiple fibroblast activation markers in CF-EHTs: collagenla2, CCN2 and
ACTA2. The CF-EHTs were assigned to either a control group, 1 of 2 inhibited groups, or 1 of 2 activated groups. The CF-EHTs
were harvested on day 21. The CF-EHTs from 1 inhibited group were treated with 1 uM SB-431542 from day 3 and 5 uM SB-
431542 from day 10 until they were harvested. The CF-EHTs from the other inhibited group were treated with 5 uM SB-431542
from day 15 until they were harvested. The CF-EHTs from 1 activated group were treated with 10 ng/ml TGF-61 from day 3
until they were harvested. The CF-EHTs from the other activated group were treated with 10 ng/ml TGF-81 from day 15 until
they were harvested. The CF-EHTs were all cultured in 10% serum containing medium until day 3, after which the CF-EHTs were
cultured in 0.5% serum containing medium. Data are presented as mean + SEM. No significant differences were measured by
one-way ANOVA plus Bonferroni’s post-test for multiple comparisons, n=3-4 per group.
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10.1.9 The in vitro fibrosis model
10.1.9.1 A18945 CF-EHTs

Force generated by CF-EHTs

0.15+
-e— Control
%0'10' -~ SB-431542
= - TGF-B1
g 0.05- -¥— Highserum
(NI
0.00 T T T L) 1
0 5 10 15 20 25
Age (days)
Frequency of CF-EHTs Resting length of CF-EHTs
150+ : 6.5+
= E 6.0
= £
2 100- -
— f. 5.5+
> bo
: 5
] » 5.0
g_ 50+ £
L 7 4.5
o
c T T T 1 1 4"-c I I . I 1 1
0 5 10 15 20 25 0 5 10 15 20 25
Age (days) Age (days)
Relaxation velocity of CF-EHTs 80% relaxation time of CF-EHTs
1.5 0.4-
Y m
E’ é 0.3
U U599
Z 1.0 =
g E
v _g 0.2
5 05 2
o o 0.14
> 1.
© : R
] . o
o= o-c T T T 1 1 8] o-c T I I 1 1
0 5 10 15 20 25 0 5 10 15 20 25
Age (days) Age (days)

Figure 74: Contractility analyses of A18945 CF-EHTs, assigned to either a control group, an inhibited group, treated with 5 uM
SB-431542, or 1 of 2 activated groups. The CF-EHTs from 1 activated group were treated with 10 ng/ml TGF-81, the CF-EHTs
from the other activated group were exposed to 10% serum containing medium. All CF-EHTs were cultured in 10% serum
containing medium until day 3, after which they were cultured in 0.5% serum containing medium. All CF-EHTs were cultured
with 5 uM SB-431542 from day 10 until day 13, after which they were assigned to their respective groups. All CF-EHTs were
treated according to their group until day 22, when they were harvested. The development of the generated force, beating
frequency, resting length, relaxation velocity and 80% relaxation time of the CF-EHTs are presented over time. On the last day
of culture, day 22, the contractility of the CF-EHTs was analysed under electrical pacing, the results of which are presented as
the fictional analysis on day 23 here. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA
plus Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown, n=5-6 per group.
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Figure 75: Contractility analyses of A18945 CF-EHTs, assigned to either a control group, an inhibited group, or 1 of 2 activated
groups, and treated as previously described. The resting length, relaxation velocity and 80% relaxation time of the spontaneous
contractions of the CF-EHTs on the last day of culture, day 22, relative to the batch average are presented. Data are presented
as mean *+ SEM. *p<0.05, **p<0.005, ***p<0.001 by one-way ANOVA plus Bonferroni’s post-test for multiple comparisons,
n=5-6 per group.
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Figure 76: The mRNA abundance relative to GUSB and the control CF-EHTs of multiple fibroblast activation markers in A18945
CF-EHTs. Collagenlal, periostin, transgelin, CCN2, ACTA2 and collagenla?2 are presented. The CF-EHTs were assigned to either
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a control group, an inhibited group, or 1 of 2 activated groups, and treated as previously described. The CF-EHTs were
harvested on day 22. When possible, data are presented as mean + SEM. *p<0.05 by one-way ANOVA plus Bonferroni’s post-
test for multiple comparisons, n=2-4 per group.
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Figure 77: Contractility analyses of ERCO01 CF-EHTs, assigned to either a control group, an inhibited group, or 1 of 2 activated
groups, and treated as previously described. The CF-EHTs were harvested on day 21. The development of the generated force,
beating frequency, resting length, relaxation velocity and 80% relaxation time of the CF-EHTs are presented over time. Data
are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple
comparisons, only biologically meaningful comparisons are shown, n=6-7 per group.
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Figure 78: Contractility analyses of ERCO01 CF-EHTs, assigned to either a control group, an inhibited group, or 1 of 2 activated
groups, and treated as previously described. The resting length, relaxation velocity and 80% relaxation time of the spontaneous
contractions of the CF-EHTs on the last day of culture, day 21, relative to the batch average are presented. Data are presented
as mean * SEM. *p<0.05, **p<0.005, ***p<0.001 by one-way ANOVA plus Bonferroni’s post-test for multiple comparisons,

n=6-7 per group.
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Figure 79: The mRNA abundance relative to GUSB and control CF-EHTs of multiple fibroblast activation markers in ERCO01 CF-
EHTs: collagenlal, periostin, transgelin, CCN2, ACTA2 and collagenla2. The CF-EHTs were assigned to either a control group,
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an inhibited group, or 1 of 2 activated groups, and treated as previously described. The CF-EHTs were harvested on day 21.
Data are presented as mean + SEM. *p<0.05, **p<0.005, ***p<0.001 by one-way ANOVA plus Bonferroni’s post-test for
multiple comparisons, n=4 per group.
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Figure 80: Contractility analyses of ERC018 CF-EHTs, assigned to either a control group, an inhibited group, or 1 of 2 activated
groups, and treated as previously described. The CF-EHTs were harvested on day 22. The development of the generated force,
beating frequency, resting length, relaxation velocity and 80% relaxation time of the CF-EHTs are presented over time. Data
are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple
comparisons, only biologically meaningful comparisons are shown, n=4-6 per group.
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Figure 81: Contractility analyses of ERC018 CF-EHTs, assigned to either a control group, an inhibited group, or 1 of 2 activated
groups, and treated as previously described. The resting length, relaxation velocity and 80% relaxation time of the spontaneous
contractions of the CF-EHTs on the last day of culture, day 22, relative to the batch average are presented. Data are presented
as mean * SEM. *p<0.05 by one-way ANOVA plus Bonferroni’s post-test for multiple comparisons, n=3-4 per group.
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10.1.9.4 Combined analysis
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Figure 82: Combined mRNA abundance analyses relative to GUSB and control CF-EHTs of multiple fibroblast activation markers
in A18945 and ERC0O01 CF-EHTs: collagenla2, CCN2 and ACTA2. The CF-EHTs were assigned to either a control group, an
inhibited group, or 1 of 2 activated groups, and treated as previously described. The CF-EHTs were harvested on day 21 or day
22. Data are presented as mean + SEM. **p<0.005 by one-way ANOVA plus Bonferroni’s post-test for multiple comparisons,
n=6-8 per group.
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10.1.10 Quality control
10.1.10.1 Karyogram
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Figure 83: Cytogenetic analysis by Giemsa-banding produced a visible karyogram of A18945 hiPSCs with the enh35232 knocked
out, which showed a normal, female karyotype (46, XX), with no visible aberrations.
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Figure 84: Cytogenetic analysis by Giemsa-banding produced a visible karyogram of A18945 hiPSCs with the RUNX1 gene
knocked out, which showed a normal, female karyotype (46, XX), with no visible aberrations.
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10.1.10.2 Cardiac fibroblast differentiation
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Figure 85: Top left, DDR2 expression in hiPSC-derived A18945 WT CFs (red), top right, DDR2 expression in hiPSC-derived A18945
Enh KO CFs (red), bottom left, DDR2 expression in hiPSC-derived A18945 Gene KO CFs (red). In all 3 images, unstained isotype
control hiPSC-derived CFs (grey) were used to determine the gating.
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10.1.10.3 KO CM
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Figure 86: Contractility analysis of CF-EHTs composed of 90% either WT, Enh KO or Gene KO cardiomyocytes and 10% WT
cardiac fibroblasts. All CF-EHTs were cultured in 10% serum containing medium until day 3, after which they were cultured in
0.5% serum containing medium. All CF-EHTs were cultured with 5 uM SB-431542 from day 10 until day 13, after which they
were cultured in 0.5% serum containing medium without SB-431542 until day 21, when they were harvested. The development
of the generated force, beating frequency, resting length, relaxation velocity and 80% relaxation time of the CF-EHTs are
presented over time. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus
Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown, n=4-7 per group.
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10.1.11 Effects of an enh35232 or RUNX1 knockout in 2D culture
10.1.11.1 The mRNA abundance
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Figure 87: The mRNA abundance relative to GUSB and WT control of the fibrosis markers collagenla2, CCN2 and ACTA2 in
A18945 WT CFs, Enh KO CFs and Gene KO CFs. The CFs were assigned to either a control group, an inhibited group, treated
with 5 uM SB-431542, or an activated group treated with 10 ng/ml TGF-61. All CFs were cultured in 10% serum containing
medium until day 3, after which they were cultured in 0.5% serum containing medium + 5 uM SB-431542 until day 7, when
they were assigned to their respective groups. The CFs were treated according to their group until day 10, when they were
harvested. Data are presented as mean + SEM. *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-
test for multiple comparisons, n=6-9 per group.
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10.1.11.2 Flowcytometry
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Figure 88: Top left, aSMA expression in DDR2* inhibited, SB-431542 treated A18945 WT CFs (blue) compared to aSMA
expression in DDR2* activated, TGF-81 treated A18945 WT CFs (orange). Top right, aSMA expression in DDR2* inhibited, SB-
431542 treated A18945 Enh KO CFs (blue) compared to aSMA expression in DDR2* activated, TGF-61 treated A18945 Enh KO
CFs (orange). Bottom left, aSMA expression in DDR2* inhibited, SB-431542 treated A18945 Gene KO CFs (blue) compared to
aSMA expression in DDR2* activated, TGF-81 treated A18945 Gene KO CFs (orange). In all 3 figures, the area right of the blue
line was defined as aSMA*, as determined by unstained isotype controls. All CFs were cultured in 10% serum containing
medium until day 3, after which they were cultured in 0.5% serum containing medium + 5 uM SB-431542 until day 6, when
they were assigned to their respective groups (SB-431542 treated or TGF-81 treated). The CFs were treated according to their
group until day 10, when they were harvested.
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10.1.12 Effects of an enh35232 or RUNX1 knockout in 3D culture
10.1.12.1 Contractility of A18945 CF-EHTs
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Figure 89: Contractility analysis of A18945 WT, Enh KO and Gene KO CF-EHTs, assigned to either a control group, an inhibited
group, or 1 of 2 activated groups, and treated as previously described. The resting length, relaxation velocity and 80%
relaxation time of the spontaneous contractions of the CF-EHTs on the last day of culture, day 21, relative to the batch average,
are presented. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s
post-test for multiple comparisons, only biologically meaningful comparisons are shown, n=19-29 per group, from 4 different
batches.
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Figure 90: Contractility analysis of A18945 WT, Enh KO and Gene KO CF-EHTs, assigned to either an inhibited group, treated
with 5 uM SB-431542, or an activated group, exposed to 10% serum containing medium, and treated as previously described.
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The CF-EHTs were harvested on day 21. The development of the beating frequency of the CF-EHTs is presented over time,
relative to batch average. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus
Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown, n=20-25 per group, from
4 different batches.

10.1.12.2 The mRNA abundance of A18945 CF-EHTs
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Figure 91: The mRNA abundance relative to GUSB and WT control of the fibrosis markers collagenla2, CCN2 and ACTA2 in
A18945 WT, Enh KO and Gene KO CF-EHTs. The CF-EHTs were assigned to either a control group, an inhibited group, or 1 of 2
activated groups, and treated as previously described. The CF-EHTs were harvested on day 21. Data are presented as mean +
SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, n=12-17 per
group, from 4 different batches.
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10.1.13 CF-EHTs composed of 75% cardiomyocytes and 25% cardiac fibroblasts
10.1.13.1 Contractility
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Figure 92: Contractility analysis of CF-EHTs composed of 75% A18945 WT cardiomyocytes and 25% A18945 WT, Enh KO or
Gene KO cardiac fibroblasts, assigned to either an inhibited group, treated with 5 uM SB-431542, or an activated group,
exposed to 10% serum containing medium, and treated as previously described. The CF-EHTs were harvested on day 21. The
development of the generated force, beating frequency, resting length, relaxation velocity and 80% relaxation time of the CF-
EHTs are presented over time. Data are presented as mean + SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus
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Bonferroni’s post-test for multiple comparisons, only biologically meaningful comparisons are shown, n=5-6.
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10.1.13.2 The mRNA abundance
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Figure 93: The mRNA abundance relative to GUSB and WT control of the fibrosis markers collagenlal, periostin, transgelin,
CCN2, ACTA2 and collagenlaZ2 in CF-EHTs composed of 75% A18945 WT cardiomyocytes and 25% A18945 WT, Enh KO or Gene
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KO cardiac fibroblasts. The CF-EHTs were assigned to either a control group, an inhibited group, or 1 of 2 activated groups,
and treated as previously described. The CF-EHTs were harvested on day 21. Data are presented as mean + SEM, *p<0.05,
**p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only biologically meaningful
comparisons are shown, n=3-4.

10.1.14 Effects of an enh35232 or RUNX1 knockout in ERC001
10.1.14.1 Quality control
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Figure 94: Top left, DDR2 expression in ERCO01 hiPSC-derived WT CFs (red), top right, DDR2 expression in ERC001 hiPSC-derived
Enh KO CFs (red), bottom left, DDR2 expression in ERCO01 hiPSC-derived Gene KO CFs (red). In all 3 images, unstained isotype
control hiPSC-derived CFs (grey) were used to determine the gating.
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10.1.14.2 2D culture; flowcytometry
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Figure 95: Top left, aSMA expression in DDR2* inhibited, SB-431542 treated ERCO01 WT CFs (blue) compared to aSMA
expression in DDR2* activated, TGF-81 treated ERCO01 WT CFs (orange). Top right, aSMA expression in DDR2* inhibited, SB-
431542 treated ERCO01 Enh KO CFs (blue) compared to aSMA expression in DDR2* activated, TGF-81 treated ERCO01 Enh KO
CFs (orange). Bottom left, aSMA expression in DDR2* inhibited, SB-431542 treated ERCO01 Gene KO CFs (blue) compared to
aSMA expression in DDR2* activated, TGF-81 treated ERC001 Gene KO CFs (orange). In all 3 figures, the area right of the blue
line was defined as aSMA*, as determined by unstained isotype controls. All CFs were cultured in 10% serum containing
medium until day 3, after which they were cultured in 0.5% serum containing medium + 5 uM SB-431542 until day 6, when
they were assigned to their respective groups (SB-431542 treated or TGF-81 treated). The CFs were treated according to their
group until day 10, when they were harvested.
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10.1.14.3 Contractility of ERCO01 CF-EHTs
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Figure 96: Contractility analysis of ERCO01 WT, Enh KO and Gene KO CF-EHTs, assigned to either a control group, an inhibited
group, or 1 of 2 activated groups, and treated as previously described. The resting length, relaxation velocity and 80%
relaxation time of the spontaneous contractions of the CF-EHTs on the last day of culture, day 21, are presented. Data are
presented as mean * SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple
comparisons, only biologically meaningful comparisons are shown, n=6-7
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Figure 97: Contractility analysis of ERCO01 WT, Enh KO and Gene KO CF-EHTs, assigned to either an inhibited group, treated
with 5 uM SB-431542, or an activated group, exposed to 10% serum containing medium, and treated as previously described.
The CF-EHTs were harvested on day 21. The development of the beating frequency of the CF-EHTs is presented over time. Data
are presented as mean *+ SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple
comparisons, only biologically meaningful comparisons are shown, n=6 per group.
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10.1.14.4 The mRNA abundance of ERCO01 CF-EHTs
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Figure 98: The mRNA abundance relative to GUSB and WT control of the fibrosis markers collagenla2, CCN2 and ACTA2 in
ERC0O01 WT, Enh KO and Gene KO CF-EHTs. The CF-EHTs were assigned to either a control group, an inhibited group, or 1 of 2
activated groups, and treated as previously described. The CF-EHTs were harvested on day 21. Data are presented as mean +
SEM, *p<0.05, **p<0.005, ***p<0.001 by two-way ANOVA plus Bonferroni’s post-test for multiple comparisons, only
biologically meaningful comparisons are shown, n=4 per group.
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10.1.15 Enh35232 sequence data

ATGAATTTATGTCATACCAAGTTTCCAGAAGATTAAAAACATGATAAAATGACTTGGAAGATGCATGCTATTCITTT
CGCACACATACCCCCTGTTTAGATTTGGTAGTCTTCTCTAAGGATGCTGCAGAGGGTAGCCTCTACATAGGCACTT
CCACAACACTGGTATTTCTTTAAAAGCAAAAGTCTGTCCTTTAAAGCAATGTAGAGGGAGAAGGATAAAGAGGT
AGAAACTGGGGAGAATTATCCCAGCAAACAAAATATGCCTTGCACCAAATATATTTACAATTATTAAACCAGATGA

TTAGAAGTAATAGCTTATCACCTCCACCAATGGGAACATGGACCANEONACECEAGACTORIAAAAGGAAGGGG
AACATGAAAGCATAATCTCAATCCAGAGTCAAATTCCAATATATACCTTTCTAGAGAAAAATGAACAGTCTTTCTTT

CTCAAATAAGACTACTCTTTCATTTTCTAAATAACCTTCCTCAATC TGAGCTATAGIATGTCTGGATGETAATTGTCTA
GTAGTCTAGACAGTGATGATATTATGACCAAGTTATGCACAGATAATCACTGTGTCACTGTTTCCAAAGCTGCCTAC

ACGTATTGCCACICEACACACTIGGEATGTGTGATTATTCTCCTGATATTTATTTTCACCATGTAAGTAGAGAATG
CTTACTTAATCAAACCATCCAGTGAACTGAGCAGTTTTTTTATAATTCAAATGCAATATGAGAGTCTTGAAGCTAAG
AAAAAAATTATGTTAATGTAGCCCATACTTTTCTGTATTCTGGGGCAAGGAACCCIGIGGOATTIIGE T CGCTTCAT
TCGCTAGGGATGCATCTTGCCCAGGTCCCTCCAGTATTACCTCTGCAAATCATTCCTHEORGRIGCGTIGGTIAR
CCAAAACCATTCTGATCAAGGAGTTCCAGGAATCTCTCCGGAGAGGTCTTTTCTGCAGCCTGGTCCAATGCACAG
GTTACAATAAAGTGGATGACTATATGGTTCTCTGGCTTTTTCAAAATGACACATTTGTTTTTAAAAACCACCATCTT

AACGAAGCATATGGGCAACGATGTCATGACACCCTTAACCCCACCCGAAGGAGGGAGACTGAAATCAATGCAGA
AATGAAAAACAGTATGGTTTGGAAAGTA

In yellow, the minimum enhancer sequence is highlighted. In red, the different guide RNAs (gRNAs) are

highlighted; guide 1 (HEENNCOEENGRCIORINAR), 2uid- 2 (TENGICEREAAGIIGERR) -n suide 3
(_). In the A18945 hiPSC line, guides 1 and 2 were targeted. In the ERC001

hiPSC line, guides 2 and 3 were targeted. Primers to assess for knockout and . sequences are
highlighted in blue and purple, respectively.
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10.2 Devices, materials and substances
10.2.1 Devices

ABI PRISM 7900HT Sequence Detection System
Accu-jetR pro

Analytic Scale Genius

BD FACSCanto Il

C25 Incubator Shaker

Cell culture incubator CB 220

Cell culture incubator HERAcell 240

Cell culture incubators MCO-19M & MCO-20AIC
Centrifuge Avanti JXN-26

Centrifuges 5415 R & 5810 R

Centrifuges Rotanta/RP & Universal 30 RF
Chiaro Nanoindenter

ChemiDoc Touch Imaging System

Combispin FVL-2400N & with vortex function
Electrophoretic Transfer Cell Mini Trans-Blot cell
Gel electrophoresis cell Mini-PROTEAN 3 Cell
Gel electrophoresis tank Sub-cell GT
GeneAMP PCR System 9700 thermocycler
Magnetic stirring and heating plate IKA
Combimag RET

Magnetic stirring plate Variomag / Cimarec
Biosystem 4 Direct

Magnetic stirring plate Variomag / Cimarec
Biosystem Direct

Megafuse 1.0 R

Microscope Nikon Eclipse TS2

Microscope T1-SM Nikon Eclipse TS100
Nanodrop 1000 Spectrophotometer

pH meter, digital

Pipettes 10/100/1000 pl

Pipetus

Power supply PowerPac Basic

Precision Advanced Scale

QuantStudio 5

S$88X dual output square pulse stimulator
Safety workbench HeraSafe KS9 & HS12 &
HSP12

Safety workbench Safe 2020

Safire? Multi Detection Plate Reader

Scale EK-4000H

Thermal cycler Hybaid PCR Sprint

Thermo Fisher Scientific
Brand

Sartorius AG

BD Biosciences

New Brunswick Scientific
Binder

Thermo Fisher Scientific
Sanyo

Beckmann

Eppendorf

Hettich

Optics11 Life

Bio-Rad Laboratories
Peqlab

Bio-Rad Laboratories
Bio-Rad Laboratories
Bio-Rad Laboratories
Thermo Fisher Scientific
Janke & Kunkel GmbH & Co.KG

Thermo Scientific

Thermo Scientific

Heraeus

Nikon

Nikon

Thermo Fisher Scientific
Mettler Toledo
Eppendorf

Hirschmann

Bio-Rad Laboratories
Ohaus

Thermo Fisher Scientific
Grass/Natus Neurology
Heraeus

Thermo Fischer Scientific
Tecan

A&D Weighing

Thermo Fischer Scientific
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Tissuelyser

Video-optical EHT analysis system
Vortex Genie 2

Vortex Reax 2000

Vortex vibrofix

Warming cabinet 37 °C

Warming cabinet Kelvitron

Water bath WB-12

10.2.2 Software

BioRender

Consulting Team Machine Vision
FACSDiva 9.0

Flowing software 2.5.1

Image Lab Version 5.2.1

Imagel 1.37

Nanodrop 1000 3.8.1
NIS-Elements D 4.60.00

Office 365

Prism 5

QuantStudio Design & Analysis 1.5.2
SDS2.4.1

10.2.3 Materials and equipment

10 ml Wide Tip Stripette

250 ml Vacuum Filtration "rapid"-Filtermax
500 ml Vacuum Filtration "rapid"-Filtermax
Aspiration pipette 2 ml

Carbon pacing electrode

Cell culture flask T175 for suspension culture
Cell culture flask T75 for suspension culture
Cell culture plate 6 / 12 / 24 -well

Cell culture tube 12 ml, round bottom (for EHT
generation)

Cell scraper

Cell strainer 100 um

Comb 10 well 1.0 mm

Cryovial CryoPure 1.6 ml

EHT PDMS rack (24-well format)

Falcon tube, graduated, 15 ml

Flow cytometry tubes

Gel casting chamber

QIAGEN

EHT Technologies GmbH
Scientific Industries

Heidolph

Janke & Kunkel GmbH & Co.KG
Custom made at UKE, Hamburg

T Heraeus

Phoenix Instruments

BioRender

CTMV Pforzheim

BD Biosciences
Turku Bioscience
Bio-Rad Laboratories
Wayne Rasband
Thermo Fisher Scientific
Nikon

Microsoft

GraphPad

Applied Biosystems
Applied Biosystems

Corning, 4492

TPP, 99250

TPP, 99500

Sarstedt, 86.1252.011

EHT Technologies GmbH, P0001
Sarstedt, 83.3912.502

Sarstedt, 83.3911.502

Nunc

GreinerBio One, 163160

Sarstedt, 83.1830

Falcon, 352360

Bio-Rad Laboratories, 165-3359
Sarstedt, 72.380

EHT Technologies GmbH, C0001
Sarstedt, 62.554.502

Sarstedt, 55.1579

Bio-Rad



Supplements - 200

Gel electrophoresis chamber

Hydrolysis tubes, screw-capped

Medical Face Masks Type IIR

Microtiter 96-well plate

Nalgene Mr. Frosty Cryo 1 °C Freezing Container
Neubauer counting chamber

Nitrile examination gloves

Nitrocellulose blotting membrane 0.45 uM
Nunc EasYFlask Cell Culture Flasks T175 cm?
Nunclon Delta Surface

Nunc EasYFlask Cell Culture Flasks T75 cm?
Nunclon Delta Surface

Pacing adapter/cables

Pipette tips

Pipette tips with Biosphere filter

PTFE spacer

Reaction tubes conical 15/ 50 ml
Reaction tubes Safe Lock 0.2 - 2 ml
Scalpel Blade

Serological pipettes2/5/10/25/50 ml
Spinner flasks 1000 ml

Syringe filtration unit Filtropur S 0.2 um
Tissuelyser steel beads

V-shaped sedimentation rack

10.2.4 Cell culture medium and serum

Advanced DMEM/F12

Basal Medium (Neurobasal)

Bovine serum albumin

DMEM powder for 2x DMEM
DMEM/F-12 without Glutamine
DMEM-low glucose

Essential E8 medium + supplements
Foetal Bovine Serum

Fibroblast Growth Medium 3 + supplements
Horse serum

Human serum albumin

RPMI 1640

Bio-Rad, 375/740

Quickzyme Biosciences

Farstar medical GmbH
Quickzyme Biosciences

Thermo Fischer Scientific
Karl-Hecht

Dermagrip

Sigma-Aldrich, GE10600002
Thermo Fisher Scientific, 156340

Thermo Fisher Scientific, 156499

EHT Technologies GmbH, PO002
Sarstedt, 70.762, 70.760.002
Sarstedt, 70.1130.210, 70.1116.210 70.760.212,
70.762.211

EHT Technologies, C0002
Sarstedt

Eppendorf

Bayha GmbH

Sarstedt

Integra Biosciences, 182101
Sarstedt, 83.1826.001

QIAGEN, 69989

Custom made at UKE, Hamburg

Gibco, 12634010

Thermo Fisher Scientific, 21103-049
Fisher Scientific, 30036578
Gibco, 52100-021

Gibco, 21331-046

Sigma, D5546-500ML

Gibco, A1517001

Biochrom, S0615

PromocCell, C-23025

Life Technologies, 26050-088
Biological Industries, 05-720-1B
Gibco, 21875-034
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1,4-Dithiothreitol (DTT)
1-Thioglycerol
2-Mercaptoethanol
2-Propanol

Accutase Cell Dissociation Reagent
Acrylamide/Bis 40%
Activin A

Agarose

Ammonium persulfate (APS)
Angiotensin Il (human)
Aprotinin

bFGF

Biotin

BMP4

Bromophenol blue

BTS (N-benzyl-p-toluenesulfonamide)
Catalase

CHIR99021

Chloroform

Collagenase Il
Corticosterone
D(+)-Galactose
D(+)-Glucose anhydrous
DL-alpha tocopherol
DL-alpha tocopherol acetate
DMSO

DNase Il type V
Dorsomorphin

DPBS

EDTA

Endothelin-1

Ethanol, absolute
Ethanolamine
Fibrinogen

Geltrex

GlutaMax Supplement
Glutathione

Glycerol

Glycine

HBSS (-) Ca**/Mg?*
HEPES

Human Holo-Transferrin
Hydrochloride
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Roth, 6908.2

Sigma-Aldrich, M6145
Sigma-Aldrich, M6250

Merck Millipore, 107022
Sigma-Aldrich, A6964
Bio-Rad Laboratories, 161-0146
R&D Systems, 338-AC
Invitrogen, 15510-027
Bio-Rad Laboratories, 161-0700
Abcam, 120183

Genaxxon bioscience, M6361.1010
R&D Systems, 233-FB
Sigma-Aldrich, B4639-100MG
R&D Systems, 314-BP

Merck, 115-39-9

TCl, B3082-25G
Sigma-Aldrich, C40-100MG
Cayman, 13122

J.T. Baker, 7368

Worthington, LS004176
Sigma-Aldrich, C2505-500MG
Sigma-Aldrich, G0625-100G
Roth, X997.2

Sigma-Aldrich, T3251-5G
Sigma-Aldrich, T3001-10G
Sigma-Aldrich, D4540
Sigma-Aldrich, D8764

Tocris, 3093

Gibco, 14190250

Roth, 8043.2

Sigma-Aldrich, E7764
Chemsolute, 2246.1000
Sigma-Aldrich, E9508-100ML
Sigma-Aldrich, F8630

Gibco, A1413302

Gibco, 35050061
Sigma-Aldrich, G6013-5G
Roth, 56-81-5

Roth, 56-40-6

Gibco, 14175-053

Roth, 9105.4

Sigma-Aldrich, T0665-500MG
Supelco/Merck 1.00317.2500
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Hydrocortisone

Insulin

IWR-1

Laminin

L-Carnitine

L-Glutamine

Linoleic acid

Linolenic acid

Lipid mix

Magnesium chloride (MgCl2)
Matrigel Basement Membrane Matrix
Methanol

Milk powder
N,N,N',N'-Tetramethylethylenediamine (TEMED)
Nitrogen, liquid

Non-essential amino acids
Papain

Paraffin

Penicillin / streptomycin
Phenylephrine
Phosphoascorbate (2-Phospho-L-ascorbic acid
trisodium salt, PAA)

Pluronic F-127

Polyvinyl alcohol

Ponceau S solution
Progesterone

Puromycin

Putrescine

Recombinant human PDGF-AA
Retinoid acid

Retinyl acetate

Roti-Histofix 4%

Saponin

SB-431542

Sodium azide

Sodium chloride solution 0.9%
Sodium dodecyl sulfate (SDS)
Sodium fluoride

Sodium hydroxide

Sodium selenite

TBS

TGF-B1

Thrombin
Trans-4-(Aminomethyl)cyclohexanecarboxylic
Acid (TA)

Sigma-Aldrich, H4001
Sigma-Aldrich, 19278
Selleckchem, S7086
Sigma-Aldrich, 11243217001
Sigma-Aldrich, C0283-1G
Gibco, 25030-081
Sigma-Aldrich, L1012-100MG
Sigma-Aldrich, L2376-500MG
Sigma-Aldrich, L5146

Sigma Aldrich, M0250
Corning, 354234

J. Baker, 8045

Roth, T145.2

Bio-Rad Laboratories, 161-0801
T™MG

Gibco, 11140

Sigma-Aldrich, 76220
Sigma-Aldrich, 327204
Gibco, 15140

Sigma-Aldrich, 59-42-7
Sigma-Aldrich, 49752

Sigma-Aldrich, P2443
Sigma-Aldrich, P8136
Sigma-Aldrich, P7170-1L
Sigma-Aldrich, P8783-1G
Invivogen, QLL-38-04B
Sigma-Aldrich, P5780-5G
PeproTech, 100-13A
Sigma-Aldrich, 302-79-4
Sigma-Aldrich, R7882-1G
Roth, P087.3

Merck, 558255
MedChemExpress, HY-10431
Sigma-Aldrich, 71290

B. Braun, 3570210

Roth, 151-21-3

Merck, 106449

Roth, 6771.1
Sigma-Aldrich, T8158
Sigma-Aldrich, T6664
Peprotech, 100-21
Sigma-Aldrich, T7513
Sigma-Aldrich, 857653-50G



Transferrin
Triiodo-L-thyronine sodium salt
TRIS-hydrochloride
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Sigma-Aldrich, S5261
Sigma-Aldrich, T2877-100MG
Roth, 9090.2

Triton X-100 Roth, 3051.3

Trizma base Sigma-Aldrich, T1503

Trypan Blue Biochrom, L 6323

Trypsin-EDTA 0.5% Gibco, 15400054

Tween 20 Sigma-Aldrich, P1379

VEGF R&D Systems, 293-VE

Water B. Braun

XAV-939 Tocris, 3748

Y-27632 Biaffin, PKI-Y27632-010
10.2.6 Kits

5x HOT FIREPol EvaGreen gPCR Mix Plus ROX Solis BioDyne, 08-24-00008
High-Capacity cDNA Reverse Transcription kit Applied Biosystems, 4368813
Pierce ECL Western Blotting Substrate Thermo Fisher, 32106
RNeasy Mini kit QIAGEN, 74904

Total Collagen Assay kit QuickZyme Biosciences
TRIzol Reagent Life Technologies, 15596026

10.2.7 Composition of reagents and solutions

Table 18: Composition of used reagents and solutions

Reagent/solution

Composition

Agarose for EHT casting

2% (w/v) Agarose
300 ml 1 x DPBS
Sterilised by autoclaving

Agarose for nanoindentation

4% (w/v) Agarose
300 ml 1 x DPBS

Aprotinin 33 mg/ml Aprotinin
Dissolved in sterile water
BTS solution 30 mM BTS in DMSO

DNase solution

100 mg DNase Il, type V
50 ml DPBS
Filter-sterilised (0.2 um filter)

EDTA 0.5 mM EDTA
DPBS
Fibrinogen 200 mg/ml Fibrinogen

100 pg/ml Aprotinin
0.9% NaCl solution

HEPES stock solution

1 M HEPES




Supplements - 204

DPBS
Sodium hydroxide for adjustment of pH to 7.4

Pluronic F-127 solution

0.1% (v/v) Pluronic F-127
DPBS
Filter-sterilised (0.2 um filter)

Polyvinyl alcohol (50X)

20 g Polyvinyl alcohol
Add water to 100 ml

SB-431542

10 pM SB-431542 in DMSO

Thrombin

100 U/ml Thrombin
60% (v/v) DPBS
40% (v/v) Water

Tris 0.5 M (pH 6.8)

60.6 g Trizma base
Add waterto 1 |

Tris 1.5 M (pH 8.8)

181.7 g Trizma base
Add waterto 11

10.2.8 Antibody list

Table 19: Primary and secondary antibodies for flow cytometry

Antibody Dilution Company and #

Anti-SSEA3 Alexa Fluor 647 1:50 BD Pharmingen, 561145
Isotype control Alexa Fluor 647 1:50 BD Pharmingen, 557714
Anti-cardiac troponin T FITC 1:50 Miltenyi Biotec, 130-119-575
Isotype control FITC 1:50 Miltenyi Biotec, 130-113-437
Anti-DDR2 1:210 Thermo Fisher, PA5-27752
Goat anti-rabbit Alexa Fluor 405 1:200 Invitrogen A-31556
Anti-aSMA 1:100 Dako, M0851

Goat anti-mouse Alexa Fluor 633 1:100 Invitrogen A-21050

Table 20: Primary and secondary antibodies for Western blot analysis

Antibody Dilution Company and #
Anti-periostin 1:500 Invitrogen, PA5-34641
Anti-rabbit IgG peroxidase-conjugated 1:10000 Sigma-Aldrich, A0545
secondary antibody

Anti-aSMA 1:2000 Dako, M0851
Anti-a-tubulin 1:5000 Cell Signaling, #3873
Anti-lamin A/C 1:1000 Santa Cruz, sc-376248
Anti-mouse IgG peroxidase-conjugated 1:10000 Sigma-Aldrich, A9044
secondary antibody
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