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NEDERLANDSE SAMENVATTING

Elk jaar worden in Nederland 34.000 patiénten opgenomen in het ziekenhuis vanwe-
ge een myocardinfarct. Bij dit infarct sterven duizenden cellen af als gevolg van een
verstopping in één van de kransslagaders waardoor een deel van de hartspier geen
zuurstof en voedingsstoffen ontvangt. Omdat hartweefsel slecht in staat is zichzelf te
herstellen, wordt dit dode weefsel vervangen door littekens, die het hart belemmeren
voldoende bloed rond te pompen. Patiénten kunnen daardoor na een myocardinfarct
een verslechterde hartfunctie krijgen, wat leidt tot hartfalen. Op dit moment zijn er
weinig therapieén beschikbaar die beschadigd hartweefsel herstellen en daarmee
hartfalen kunnen voorkomen.

Door beschadigd hartweefsel te regenereren kan hartfalen tegengegaan worden.
Voor dit proces van regenereren is het nodig om de spiercellen, de cardiomyocyten,
te laten vermenigvuldigen en de doorbloeding te herstellen. Het ontwikkelende hart
is een blauwdruk van een optimale werking van deze processen; de embryonale en
foetale ontwikkeling tonen in optima forma hoe hartweefsel gevormd kan worden.

Een belangrijke bijdrage aan hartontwikkeling wordt geleverd door het epicard, een
vlies dat het hart omgeeft. Het epicard stimuleert en reguleert de vorming van nieuw
hartweefsel door middel van de afgifte van cellen en biochemische signalen. De epi-
cardiale epitheliale-naar-mesenchymale transitie (epiMT) staat hierin centraal. Een
epitheliale cel wordt gekenmerkt door een ronde vorm en de expressie van eiwitten
die de cellen met elkaar verbinden waardoor ze een stevige buitenste laag van het
hart vormen. Een mesenchymale cel daarentegen is langwerpig en bewegelijk en kan
daardoor het weefsel in migreren. EpiMT is het proces waarin een epitheliale cel in
het epicard verandert in een mesenchymale cel, een zogenoemde “epicardial derived
cell (EPDC)". Doordat cellen epiMT ondergaan kunnen de gevormde mesenchymale
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cellen het hartweefsel in migreren en daar bijdragen aan de vorming van bloedvaten
en bindweefselcellen (fibroblasten). Daarnaast scheiden deze cellen stoffen af die
de groei van hartweefsel en deling van cardiomyocyten stimuleren. Dit proces van
epiMT is daarmee essentieel voor de bijdrage van het epicard aan de ontwikkeling
van het hart.

Als de ontwikkeling van het hart is voltooid worden de epicard cellen inactief. Bij be-
schadiging van het hart worden de epicardcellen echter weer actief en zijn er cellen
die epiMT ondergaan. Maar vergeleken met het foetale hart is dit proces subopti-
maal: cellen ondergaan minder snel epiMT en er wordt minder migratie van EPDCs in
het hartweefsel waargenomen. Studies hebben laten zien dat het optimaliseren van
epiMT is gecorreleerd aan een verbeterde hartfunctie. Het doel van dit proefschrift is
daarom om factoren te identificeren die epiMT kunnen stimuleren in het volwassen
hart, met als uiteindelijke doel om hartweefsel te herstellen na een myocardinfarct
(Hoofdstuk 1).

Hoofdstuk 2 beschrijft de literatuur die bekend is over de bijdrage van het epicard
aan hartontwikkeling en het beschadigde hart. Ook wordt beschreven welke modellen
beschikbaar zijn om dit te onderzoeken.

Om de regulatie van epiMT goed te kunnen bestuderen hebben wij een celkweek-
model ontwikkeld, zoals beschreven in hoofdstuk 3. Hiervoor worden primaire epi-
cardiale cellen geisoleerd van humaan foetaal en adult hartweefsel en vervolgens in
kweek gebracht. Deze cellen hebben een epitheliaal fenotype. Toevoeging van het
signaalmolecuul TGFB induceert epiMT in deze cellen. Opvallend is dat foetale cellen
ook zonder toevoeging van TGF[3 spontaan epiMT kunnen ondergaan, terwijl adulte
cellen dit niet kunnen.

Adult epicardiale cellen kunnen daarom goed gebruikt worden voor het identificeren
van nieuwe activatoren van epiMT. In hoofdstuk 4 wordt een screening uitgevoerd
met ruim 1.200 moleculen waarin wordt onderzocht of een van deze stoffen epiMT
induceert in de cellen. We identificeren twee nieuwe epiMT-activatoren: Oltipraz me-
tabolite M2 (M2) en TBBz. Vervolgens onderzoeken we welk signaleringspad deze
stoffen aanzetten. Bij behandeling met TBBz zien we een sterk effect op epigenetica,
specifiek op H3K27 methylatie. Dit kan mogelijk de route zijn die epiMT drijft.

De TGFf en bijbehorende BMP signaleringspaden zijn essentieel in epiMT tijdens de
ontwikkeling van het hart. Daarom wordt in hoofdstuk 5 beschreven wat hierover
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reeds bekend is en welke lessen er geleerd kunnen worden om epiMT in het volwas-
sen hart beter te begrijpen. Hieruit blijkt dat er veel bewijs is voor de rol van TGF(3
in epiMT, maar dat er minder bekend is over de rol van TGF[3 -gerelateerde paden
zoals BMP en Activine.

Daarom wordt in hoofdstuk 6 een vergelijking gemaakt tussen deze paden waarin
het epicardiale celkweekmodel wordt ingezet. De adulte cellen worden gebruikt om te
kijken of stoffen als BMPs en Activine epiMT kunnen induceren in epicardiale cellen.
Terwijl de foetale cellen worden ingezet om te kijken of spontane epiMT voorkomen
kan worden door remmers van o.a. BMP en Activine. Hieruit concluderen we dat het
Activine pad, via de receptor ALK4, betrokken is bij epiMT.

In hoofdstuk 7 wordt gekeken naar de rol van PRRX1 in het epicard. Dit eiwit is be-
langrijk voor compleet herstel van beschadigd hartweefsel in zebravissen en komt
met name tot expressie in het epicard. Daarom beschrijven we de rol van PRRX1 in
humane epicardcellen. Hieruit blijkt dat PRRX1 essentieel is voor de expressie van
NRG-1, een eiwit dat wordt uitgescheiden door mesenchymale epicardcellen, en car-
diomyocyten aanzet om te vermenigvuldigen. We zien hoge PRRX1 expressie in het
zebravis hart en in foetale humane epicardcellen, maar het is vrijwel afwezig in het
humane geinfarceerde hart.

Na de identificatie van epiMT inducerende factoren, TBBz, M2 en Activin/ALK4, is de
volgende stap om het beschadigde hart te behandelen. Hiervoor is het nodig om
hartweefsel voor langere tijd bloot te stellen aan de deze factoren. Daarom worden
in hoofdstuk 8 twee epicardiale, zelfklevende patches beschreven waarin factoren
gemengd kunnen worden en die toegediend kunnen worden op het hart.

In hoofdstuk 9 worden de gevonden resultaten bediscussieerd.
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Introduction

THE LIMITED REGENERATIVE CAPACITY OF THE HEART

The human body is in a continuous process of losing and renewing cells. Some organs
are successful tissue regenerators: the gut epithelium replenishes every 4-6 days, the
liver can fully regrow itself when partially resected, and - most visible in day to day
life - the skin can completely restore (small) wounds without leaving a scar. These
regenerative processes can be divided into two types: physiological regeneration
(maintenance, e.g. gut epithelium, blood cells) and reparative regeneration (e.g. liver
and skin regeneration upon injury). Unfortunately, some tissues have very limited
reparative abilities. One of the organs in the human body with the least effective
reparative capacity is the heart. Although cardiac tissue can maintain itself during
the first decades of life by an annual cell renewal of 1% of the cardiac muscle cells
(cardiomyocytes)(1), it cannot cope with massive loss of tissue upon wounding. Such
a loss of tissue can happen when people experience a myocardial infarction (Ml), a
phenomenon that occurred 70.000 times in the Netherlands in 2020 (2). During the
course of an MI, one of the coronary arteries becomes obstructed, which prevents
oxygen and nutrients to reach downstream tissue. As a consequence, the tissue dies
and the heart, which cannot stop beating and therefore has no time for proper wound
healing, replaces the dead cells within the injured area by a non-contractile fibrotic
scar. Although the scar is initially supportive and prevents tissue rupture, the heart's
decreased contractility results in insufficient output to provide the required amount
of oxygen and nutrient rich blood to the body. Having to work harder, to maintain
the body’s demand, the cardiac muscle becomes exhausted, leading to stiffening of
the cardiac wall and ultimately to a progressive loss of cardiac pump function. This
progressive and incurable disease, characterized by fatigue and shortness of breath,
is known as heart failure which can be fatal if left untreated. In the Netherlands, 1
out of 3 patients who experienced an Ml develops heart failure within a few years
(3). Due to adequate first aid policies, nowadays less people acutely die of Ml (2).
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However, this brings about an increasing number of patients with a scarred heart
who are at risk of developing heart failure (4). Therapy includes life-style changes
and medication to lower the demand on the heart and thereby slow the progression
towards heart failure. Currently, the only resolving treatment for patients with heart
failure is partial or full replacement of cardiac function, either by a Left-ventricular
assist device (LVAD), heart transplantation or, recently added to this list of curative
treatments in the Netherlands, the total artificial heart (TAH). Although highly prom-
ising, these solutions are not without risk or burden for the patient, necessitate life-
long immunosuppressive drugs and require either scarce donor hearts or a cardiac
device which is still considered less optimal than a biological heart (5). A much more
elegant and effective solution would be to target the actual problem and restore the
damaged heart tissue.

The development of the heart

To repair an injured heart, the lost tissue needs to be replaced, meaning that cardio-
myocytes must be substituted, and vasculature renewed. To achieve this, mechanisms
need to be identified that support tissue repair. One way to study cardiac tissue re-
newal is to compare the mammalian adult heart with its counterpart that is perfectly
able to form cardiac tissue: the embryonic heart.

The human embryonic heart is the first functional organ with a blood circulation
already present after 4 weeks. The primitive heart initiates as a primitive tube, that
starts to form a loop and to twist in such a way that it results in the structure of
what will become a four chambered heart consisting of two ventricles and two atria.
Progenitor cells migrate towards the heart to populate the heart, aiming to form a
strong cardiac wall and to create a network of vessels and nerves. Cells that partake
in the formation of the heart originate from three sources (reviewed in Tan 2020).
The first one is the so-called cardiac mesoderm that gives rise to cardiac progenitors
which provide cardiomyocytes and the endocardial cells that form the inner lining
of the heart. The second source is the neural crest, which cells mainly contribute to
cardiac innervation and valve formation. In this thesis, we focus on the third source
of cells that populate the heart, which is the pro-epicardium, a transient structure at
the base of the heart. Between week 4 and 6 of human development, pro-epicardial
cells migrate towards the heart and start to populate the outside of the heart forming
the epicardium (6,7). At that moment, the heart is still a thin-walled and poorly vas-
cularized structure. However, when the epicardium has covered the heart, it starts to
participate in cardiac development in several manners. First, epicardial cells undergo
epithelial to mesenchymal transition (epiMT, see below), a process that transforms the

14
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epicardial cell into a mesenchymal cell with the ability to migrate into the myocardi-
um (8). Although there is debate about which cell types derive from the epicardium,
it is generally accepted the epicardial-derived cells (EPDCs) differentiate into smooth
muscle cells that cover developing vessels and thereby contribute to the maturation of
the coronary system (9). Furthermore, EPDCs differentiate towards cardiac fibroblast
securing the stability and organization of the heart. Second, the biochemical cross
talk between epicardial cells and myocardial cells direct the cardiomyocytes in their
growth (10,11). Altogether, the epicardial layer plays a crucial role in the formation
of the heart (see Fig. 1). Most importantly, it comprises the endogenous capacity to
contribute to cardiac tissue formation. Stimulating this endogenous capacity in the
adult heart may be a way to repair injured tissue.

ARG N geTN

A9 1
3

Fig. 1 | Crucial role of the epicardium during cardiac development. The left picture represents
a normal quail heart, covered by the epicardium (EP) and properly developed compact myo-
cardium (CM). The right picture shows a quail heart in which epicardial formation was blocked
by preventing pro-epicardial outgrowth. The absence of the epicardium, as can be appreciated
by the lack of an outer layer, prevents proper development of the myocardium, shown by the
thin-walled compact myocardium (CM). Derived from (9).
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Epicardial epithelial to mesenchymal transition (epiMT)

As stated before, an essential step of epicardial behavior is epiMT, allowing the cells
to migrate and to conduct a variety of tasks. We refer to epicardial EMT as epiMT to
make a clear distinction with the general EMT process, a common overarching process
that does not solely occur in the epicardium, but is involved in tissue development
and wound healing, and when dysregulated, can lead to severe pathological diseas-
es such as fibrosis and metastatic cancer. EpiMT generally involves the epicardium,
an epithelial tissue lining which is characterized by firm cell-cell adhesions, such as
E-cadherin (12), and strong attachment to a basal membrane. If epiMT is initiated,
structural changes start to occur. These include losing cell-cell adhesions and changes
in the actin skeleton that prepares the cell to migrate (13). Because the cell needs to
pass the basal membrane before migrating into underlying tissue, the production of
matrix metalloproteases (MMPs) is increased to free the way. Furthermore, mesen-
chymal markers such as aSMA and Vimentin are upregulated (14,15). Phenotypically,
epicardial cells undergo a major change from a squamous epithelial cell, defined by
a clear apical and basal side and the nucleus centered in a web of the cytoskeleton,
towards an elongated spindle-shaped cell that lacks polarization.

EpiMT and TGFp signaling

If we zoom in on the regulation of epiMT, it starts with an initiator. One of the best
known initiators is Transforming Growth Factor B (TGFp), a pleiotropic factor involved
in the regulation of critical cellular processes such as proliferation, apoptosis, and
differentiation. TGFf signaling starts by binding of one of the ligands (TGF31,2 or
3) to the TGFP type 2 receptor which initiates pairing with the TGFf type | receptor
ALKS5. Upon activation of the ALKS kinase, the intracellular SMAD2/3 proteins become
phosphorylated and consequently bind SMAD4, translocate to the nucleus where
the SMAD complex acts as a co-factor that regulates gene transcription. Inhibitory
SMADs (SMAD6 and SMAD7) can prevent transmission of the signal by competing
with SMAD4 (reviewed in (16)). Besides the SMAD-dependent signaling, TGFj3 is also
known to interact with other pathways, such as MAPK/JNK and PI3K/Akt (reviewed in
(17)), independent of SMAD, which is referred to as ‘SMAD-independent’ or ‘non-ca-
nonical’ signaling. The intricacy of this pathway allows for regulation at multiple levels,
e.g. availability of receptors, balance between inhibitory and phosphorylated SMADs,
transcriptional environment in the nucleus, etc. Hence, this explains how it is possible
that TGF[ regulates so many processes, dependent on cellular context. In the con-
text of EMT, TGFf3 is known to reduce cell adhesion protein E-cadherin and increase
mesenchymal markers such as Smooth muscle actin. It is doing so via the induction
of EMT-transcription factors (EMT-TFs), such as Snail (Reviewed in (18)).
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TGFpB is essential for epicardial behavior during cardiac development. This was
demonstrated by the observation that absence of ALK5 results in loose epicardium
and an underdeveloped heart (19). Furthermore, TGF induces epiMT in epicardial
cells in vitro (20). TGFB signaling and its related pathways are therefore an interesting
starting point to study the regulation of epiMT.

Epicardial reactivation in the injured heart

A decade after the functional characterization of the embryonic epicardium at the
end of the 20th century, it was discovered in 2006 that the epicardium does not solely
play a role during development but also becomes active directly after ischemic injury
in the adult heart. The initial study of Lepilina et al. demonstrated the contribution of
the epicardium to cardiac regeneration in the partially resected zebrafish heart (21).
Further research into the re-activation of the epicardium after injury showed that
epicardial cells start to recapitulate developmental behavior, including upregulation
of EpiMT genes (22). Studies in mice showed the relevance of embryonic recapitula-
tion; mice with an epicardium-specific knockdown of B-catenin displayed diminished
epicardial thickening and worsened cardiac function compared to wildtype mice (23).
Although this response resembles fetal epicardial activities, there are also differenc-
es. For example, in the adult injured heart, the (sub-) epicardial layer thickens upon
epicardial activation which barely occurs in the fetal heart. Furthermore, there ap-
pears to be less invasion of EPDCs into adult myocardial tissue compared to the fetal
heart (24). Given that the epicardium has a proven record of contributing to tissue
formation during development, optimizing the epicardial recapitulation may serve as
an interesting target to increase cardiac repair. Therefore, studies were performed
to exploit its potential to contribute to repair. Smart et al. showed that priming the
epicardium with Thymosin 4 increased the number of epicardial cells and improved
cardiac repair in the injured mouse heart (25). Moreover, local epicardial treatment
with mesenchymal stem cell-derived exosomes increased epiMT which was related
to improved cardiac repair (26). To summarize, inhibition of epiMT hampers cardiac
repair, while stimulation of epiMT corresponds to an improved reparative response,
demonstrating a window of opportunity to enhance epicardium-driven repair via
epiMT. Therefore, the aim of my thesis is to find ways to boost epiMT in the injured
heart. In this thesis, we describe a cell culture model which allows us to study epiMT.
Using this model, we identify novel epiMT regulators. Because EMT is also involved
in pathological remodeling, application of an epiMT stimulator should be transient
and local. Therefore, we describe a method to locally administer these factors to the
injured mouse heart (see Fig.2).
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Fig. 2 | Overview of thesis

Scope
The ultimate goal is to enhance epicardium-driven repair after myocardial infarction.
In this thesis, we aim to identify approaches to enhance epicardial EMT (epiMT).

Chapter 2 comprises a literature overview of epicardial behavior during development
and disease. We describe that epiMT is an essential part of epicardial behavior. To
study epiMT, we have developed an in vitro cell culture model of human primary
epicardial cells, which is described in chapter 3. In chapter 4, we exploit these epi-
cardial cells in a phenotypic compound screen resulting in the identification of novel
inducers of epiMT.

One of the main regulators of EMT are members of the TGF3 family. In chapter 5 we
summarize what is already known about the role of TGF@ family signaling in epiMT.

18
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Although the role of TGFpB in epicardial behaviour has been elaborately described,
we conclude that other factors such as BMP and Activin may also be involved. There-
fore, we used our cell culture model to study these pathways in epiMT in chapter 6,
revealing that Activin and ALK4 signaling are regulators of epiMT.

Once cells have undergone EpiMT, they have the ability to invade underlying tissue
and contribute to the generation of cardiac tissue. In chapter 7 we describe how epi-
cardial mesenchymal cells may contribute to cardiac repair by investigating the role of
epicardial PRRX1 in fetal mesenchymal EPDCs and human tissue. We show that PRRX1
regulates NRG1 secretion, which is beneficial for cardiac regeneration. Furthermore,
we demonstrate that PRRX1 is scarcely present in injured human cardiac tissue.

To be able to demonstrate the effectiveness of the identified factors on epiMT in the
injured heart, a biomaterial needed to be developed that releases the factor locally
to the epicardium in a timely manner. Therefore, in chapter 8 we describe two types
of self-adhering biomaterials that can be mixed with any compound and applied to
the mouse heart.

Finally, in chapter 9 the results and conclusions of this thesis are discussed.
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Chapter 2

ABSTRACT

Since the regenerative capacity of the adult mammalian heart is limited, cardiac injury
leads to the formation of scar tissue and thereby increases the risk of developing
compensatory heart failure. Stem cell therapy is a promising therapeutic approach
but is facing problems with engraftment and clinical feasibility. Targeting an endog-
enous stem cell population could circumvent these limitations. The epicardium, a
membranous layer covering the outside of the myocardium, is an accessible cell
population which plays a key role in the developing heart. Epicardial cells undergo
epithelial to mesenchymal transition (EMT), thus providing epicardial derived cells
(EPDCs) that migrate into the myocardium and cooperate in myocardial vasculari-
sation and compaction. In the adult heart, injury activates the epicardium, and an
embryonic-like response is observed which includes EMT and differentiation of the
EPDCs into cardiac cell types. Furthermore, paracrine communication between the
epicardium and myocardium improves the regenerative response. The significant
role of the epicardium has been shown in both the developing and the regenerating
heart. Interestingly, the epicardial contribution to cardiac repair can be improved in
several ways. In this review, an overview of the epicardial origin and fate will be given
and potential therapeutic approaches will be discussed.
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1. INTRODUCTION

Myocardial infarction (Ml) is one of the most frequently occurring consequences
of coronary heart disease. It has been the leading cause of death in the western
world for many decades, and it is expected to remain so for years to come [1]. The
obstruction of blood flow in a coronary artery and the ensuing sudden cessation of
oxygen supply to regions of the muscle results in massive cell death, followed by an
influx of inflammatory cells and collagen producing myofibroblasts [2]. Although adult
cardiomyocytes may still possess some residual proliferative ability [3], it is evident
that their contribution is insufficient to repair the heart. As a result, injured tissue is
replaced by a rigid non-contractile scar. This scar tissue provides tensile strength that
potentially prevents the rupture of the damaged myocardial wall. Importantly, scar
tissue also severely impairs cardiac contraction which will result in cardiac dysfunction
because of pathological compensatory remodelling. Eventually, this combination of
factors will progress into heart failure.

Current therapies for Ml mainly aim at reopening the culprit blood vessel, thereby
reinstating perfusion of the damaged area. These approaches are very effective, and
have greatly reduced the number of patients that acutely die after MI. Conversely,
it has resulted in an increase in the number of people prone to developing heart
failure, for which a heart transplant is the only option for treatment. To repair the
heart, it is necessary to find other ways to increase the number of cardiac myocytes
after damage.

Over the last two decades, extensive research has been invested in identifying cells
with the ability to generate new cardiac tissue (reviewed in [4], [5]). Several of these
cell sources, which include the bone marrow, blood, and adipose tissue, have been
tested in clinical trials but the influence on cardiac function has been lower than
was anticipated [6]. However, one of the most important observations in this era of
cell-based therapy is the fact that the adult heart itself harbours cardiac progenitor
cells. These cells bear stem cell-like features and have the ability to differentiate into
new cardiac cells in vitro and in vivo [7], [8], [9], [10], [11]. The direct transplantation
of cultured human cardiac progenitor cells into the ischemic mouse heart positively
influenced cardiac function [12], but only resulted in a marginal increase in newly
formed cardiac tissue [7]. Nevertheless it has opened new avenues to explore for
treating cardiac damage. The current cell-based therapy approach would require
the isolation of progenitor cells from biopsies of cardiac tissue, and a subsequent
lengthy culture protocol to increase the number of these rare cells to obtain sufficient
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material to transplant. If it is possible to locally stimulate progenitor cells, this could
be a valuable addition to current therapies. As such, the epicardium is an intriguing
cell population to study since it is an easily accessible source of cells as it is located
on the outside of the heart. In this review we will highlight the origin and fate of the
epicardium, and why it can potentially be used in therapeutic approaches to cure
the damaged heart.

2. THE EPICARDIUM

Anatomically the epicardium is part of the pericardium, which is a double layered
membranous sac covering the heart and the root of the large vessels. The outer,
most superficial layer of the pericardium is known as the fibrous pericardium and
consists of connective tissue. It anchors the heart to the diaphragm, the pleura, and
the sternum. The inner fibrous pericardium is lined with a serous membrane that
folds and covers the heart, thereby forming the pericardial sac. The serous layer lining
the fibrous pericardium is called the parietal pericardium, while the layer lining the
heart is known as the visceral pericardium or epicardium.

2.1. The proepicardium: developmental origin of the epicardium

Early in development, the embryonic heart consists of only two layers: the myocar-
dium and the endocardium. The epicardium, which is not yet present at this tubu-
lar heart stage, derives from an extra-cardiac mesothelial cell cluster known as the
proepicardium (PE, Fig. 1).
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Fig. 1 | Development of the epicardium and epicardial lineages. The epicardium originates
from the proepicardium (PE). Proepicardial cells go through epithelial to mesenchymal transition
(EMT) and translocate to the myocardial surface of the looping heart where they adhere, migrate,
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proliferate and undergo mesenchymal to epithelial transition (MET) to form a squamous epithe-
lial layer; the epicardium. While the epicardium remains an intact layer, some of the epithelial
cells will undergo a second round of EMT and migrate into the matrix rich sub-epicardial layer
(pink). Fate mapping and genetic lineage tracing has demonstrated the multi-lineage potential
of these epicardium derived cells (EPDCs). EPDCs differentiate into smooth muscle cells (SMCs),
contributing to the coronary vasculature and cardiac fibroblasts (CF) of the mature heart. The
contribution of EPDCs to cardiac endothelial cells (ECs) and cardiomyocytes (CMs) has been
described but is matter of an ongoing debate.

This structure arises from the pericardial coelomic mesothelium in close proximity
of the heart and the liver (Reviewed in [13]). The liver provides additional inductive
signals that aid the development of the PE [14]. In mouse, the PE becomes visible
from embryonic day 8.5 (E8.5) as a transient cauliflower-like cluster of cells located
at the base of the venous inflow tract of the developing heart. The cells of the PE are
located adjacent to the primitive heart tube, but do not directly interact with the car-
diogenic mesoderm that will form the future myocardium [15], [16].

The PE is composed of different cell populations, with an outer layer of cuboidal
epithelial cells expressing Wilms' tumour 1 (WT1) that overlies an inner core of ex-
tracellular matrix harbouring several mesenchymal cell types, as well as endothelial
cells [17]. The WT1 positive cells within the PE originate from the early cardiac pro-
genitor fields that express Nkx2.5 and Isl-1 [18]. Together with the T-box transcription
factor Tbx18 and the basic helix-loop-helix transcription factor Tcf21, WT1 is used to
identify PE and (later in development) epicardial (-derived) cells [19], [20]. A distinct
subset of PE cells express Scleraxis (Scx) and Semaphorin 3D (Sema3D) and both
proteins only partially overlap with WT1 and Tbx18 [21], thereby emphasising the
heterogeneity of the cell cluster.

Once the embryonic heart has looped, the bare heart tube will be covered with an
epicardial layer of cells derived from the PE that translocate to the heart via different
mechanisms. For instance in chick, villous protrusions of the PE extend and directly
attach to the myocardial surface, generating a “bridge” for cells to cross [22], while in
mice islands of PE cells are formed as they are either pulled off from the villi [23] or
are released as free-floating vesicles [24]. Recently, another mechanism was report-
ed where PE cells reach the ventricle by migrating along the surface of the inflow
tract [25]. Next, the adhering clusters of PE cells start to proliferate and spread to
cover the developing myocardium with a squamous epithelial layer. Epicardial cov-
erage occurs in the mouse between E9.5 and E10.5 in a dorsal to ventral pattern. In
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addition, the left ventricle is covered first, and with a more dense layer as compared
to the right ventricle [26].

To unravel the role of the PE in the formation of the epicardium and myocardial
wall, studies were conducted where the PE was prevented from outgrowth. Both
microsurgical and genetic inhibition of the PE cells’ migration and adhesion reduced
the proliferation of cardiomyocytes, resulting in a thin-walled compact myocardi-
um [20], [27], [28]. Moreover, genetic mouse models causing disturbed epicardial
development are associated with defects in endocardial valve development and heart
looping [29], cardiomyocyte proliferation and alignment [30], development of the
coronary vasculature [27], [31], [32], and the cardiac conduction system [33]. Given
the crucial role of the (pro)epicardium in the formation of a fully functioning heart, it
is important to understand its contribution in development and disease.

2.2. The heterogeneous composition of the epicardium

When the epicardium completely covers the heart around E11.5 in mouse [26], and
week 5 during human cardiac development [34], it has established a multi-cellular
epithelium lining the ventricles [35]. The detailed composition of the epicardium is
not fully known, but several epicardial cell specific proteins have been suggested, al-
though not necessarily expressed in the same cell. These include WT1 [36], Tbx18 [37],
Tcf21 [38], Gatab [39] and cytokeratin [40]. Additionally, Semad3D, and Scx are ex-
pressed in a subset of cells [21]. Furthermore, within the epicardium, clusters with
bone marrow-derived CD45+ cells are present, demonstrating that the epicardium is
not solely composed of PE-derived cells [41]. Whether the cell populations within the
PE are related, i.e. if they represent distinct stages of a continuum of differentiation,
or if they are distinct populations with specific abilities, remains to be investigated.

2.3. The epicardium in the formation of the myocardium

2.3.1. Epithelial to mesenchymal transition and migration of epicardial (-derived) cells

Once the epicardium is established, epicardial cells will directly start to participate in
the formation of the cellular composition of the myocardium. A subset of the epicar-
dial cells will undergo a process known as epithelial-to-mesenchymal transition (EMT)
(reviewed in [42]; Fig. 1). EMT starts with epicardial cells losing epithelial character-
istics like their apical-basal polarity, and their cell-cell contacts, by reducing the ex-
pression of the transmembrane adhesion proteins E-cadherin and zonula occludens-1
(ZO-1). Subsequently the epicardial cells acquire mesenchymal cell characteristics;
they gain a spindle shape morphology and upregulate the expression of fibronectin,
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N-cadherin and matrix metalloproteases (MMPs). This endows the EPDCs with the
ability to migrate and populate the subepicardial space: an amorphous matrix-rich
layer which is present between the epicardium and the myocardium (Fig. 1). From
the subepicardium, EPDCs migrate into the myocardial interstitium where they can
differentiate into different cell types and contribute to the development and matu-
ration of the myocardium [43] (Fig. 1).

Epicardial EMT and migration are controlled via various myocardial- and epicardial-de-
rived growth factors like TGF[ [44], PDGF [45], and FGF [46] (reviewed in [42]). EMT
is regulated by transcription factors such as WT1, TCF21, as well as the snail family
members Snail1 and Snail2 [42]. For instance, WT1 stimulates EMT via downregulation
of E-cadherin expression [47], by increasing the expression of Snail, by enhancing Wnt
signalling, and via upregulation of Raldh2 resulting in enhanced retinoic acid signal-
ling [48]. Furthermore, loss of neurofibromin (encoded by Nf7) resulted in increased
EMT and EPDC proliferation [49]. Interestingly, when TCF21 is specifically deleted
from the epicardium, migration of epicardial cells into the myocardium is hampered
due to a defect in EMT [50].

Migration of epicardial cells into the myocardium is important for proper myocar-
dial development and it is controlled by a set of transcription factors like Nfatc1
and MRTFs. Nfatc1 is expressed in a subset of epicardial cells and when deleted it
resulted in reduced levels of matrix degrading enzymes and a subsequent impaired
migration of EPDCs into the myocardium [51]. The myocardin related transcription
factors (MRTF)-A and -B are induced when EPDCs are treated with TGF{ in vitro, re-
sulting in enhanced migration. In vivo, when MRTF-A/B are knocked out specifically
in the epicardium, migration of EPDCs into the sub epicardial layer is impaired [52].

The involvement of all these factors in a temporal and spatial controlled manner to
regulate epicardial EMT and migration of EPDCs into the myocardium is crucial for
proper development of the myocardial wall.

2.3.2. Differentiation of EPDCs into cardiac cell types

Once EPDCs have invaded the myocardium, they will start to differentiate into several
cardiac cell types (Fig. 1). The predominant cell types are interstitial fibroblasts that
produce the cardiac extracellular matrix, smooth muscle cells (SMCs), and adventitial
fibroblasts that sustain the coronary vasculature [36], [53], [54]. In contrast, contri-
bution to endothelial cells and cardiomyocytes is subject to debate [55], [56] (Fig. 1).
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To explore the differentiation capacity of EPDCs, in vitro models have been devel-
oped to culture EPDCs from mouse embryonic heart explants. These culture systems
have confirmed differentiation of EPDCs into fibroblasts and SMCs after addition of
TGF [44], [57], [58]. Furthermore, addition of thymosin 4, combined with VEGF/
FGF7, resulted in a highly significant increase in Tie2-positive endothelial cells [59].
Additionally, cardiomyocyte differentiation in vitro was observed using embryonic
WT1* cells [36]. While these in vitro models may predict the ability of epicardial cells
to differentiate into many cell types that compose the heart, it is important to realise
that these conditions are artificial and may not represent the actual in vivo situation
where interaction with other cells and signals occurs.

In vivo, the first studies investigating the differentiation potential of epicardium were
performed using retroviral labelling in quail-chick chimera experiments. These exper-
iments indicated an ability of EPDCs to contribute to fibroblast, SMC and coronary
endothelial lineages [60], [61], [62]. Subsequent genetic fate-mapping experiments
in mice where the expression of Cre-recombinase (Cre) is driven by epicardial-cell
specific promoters (e.g. WT1, Tbx18, Tcf21, Gata5, Sema3d and Scx) generally con-
firmed the epicardial origin of fibroblasts and SMCs (see Table 1, and Tian et al. [63])

Concerning the origin of endothelial cells, lineage tracing studies have demonstrat-
ed different results depending on the promoter that was used to follow the cells.
Tcf21 and Tbx18 lineage tracing studies were unable to establish epicardial derived
endothelial cells [37], [50], [64], while WT1, GATA4, SEMA3D and Scx fate-mapping
studies have shown co-localization of genetically labelled cells with EC proteins (Table
1) [21], [32], [36], [65]. Controversy between these studies could be explained by the
fact that the PE and epicardium contain heterogeneous cell populations that could
reflect distinct populations with a diverse differentiation potential (see Section 2.2).
This was further demonstrated by Katz et al., showing that a TBX18/WT1 negative and
SEMA3D/Scleraxis positive cell population in the PE gives rise to endothelial cells [21].
Furthermore, some results should be interpreted cautiously. Chick-quail chimeras can
be contaminated with cells of the sinus venosus; a structure known to contribute to
the coronary vasculature [66].
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Additionally, WT1 was shown to be expressed in cardiac endothelial cells [34], [56], [67],
which may obscure the results from lineage tracing experiments. Therefore, al-
though some studies conclude that endothelial cells can derive from the epicardi-
um, it remains an ongoing debate to what extend the PE/epicardium contributes to
the coronary vasculature in the developing heart. Overall the direct contribution of
epicardial cells, if any, appears to be low and both the sinus venosus and endocardi-
um [21], [68] are considered the major contributors (reviewed in [63]).

With respect to epicardial-derived cardiomyocytes, lineage tracing studies using Scler-
axis, WT1 and TBX18 to trace cells have demonstrated epicardial-derived functionally
active cardiomyocytes (Table 1). However it must be noted that these findings are
controversial, since some of the genes driving the expression of Cre recombinase in
these studies, e.g. Tbx78[37], and WTT [36], have been shown to be present within
cardiomyocytes at certain stages during development [55], [67].

Although the full differentiation potential in vivo is yet to be confirmed, it is however
clear that embryonic EPDCs have an essential impact on cardiac development via
direct contribution of cells to the myocardium (Fig. 1).

2.3.3. Contribution of epicardial paracrine signalling to the formation of the myo-
cardium

Another process that occurs once the epicardium has covered the developing heart
is that epicardial cells will start to produce paracrine factors that support myocardial
growth [69], [70], [71]. These factors provide an essential exchange of signals between
the myocardium and the epicardium that are crucially important for the development
of the coronary vessels (reviewed in [72]), as well as the growth and differentiation
of the heart muscle [73]. For instance, Kolander et al. showed that disrupting GATA4
and GATAG signalling specifically in the epicardium results in defective coronary vas-
cular development by regulation of the number of subepicardial endothelial cells via
secreted factors [74]. Another example of epicardial-myocardial signalling is retinoic
acid (RA), a known contributor to cardiomyocyte proliferation. Retinoid X receptor
a (RXRa) knock out mice are lethal as a result of hypoplastic myocardium, and demon-
strate a poorly attached epicardium [75]. Interestingly, this phenotype was demon-
strated to be epicardial-related since deletion of RXRa in GATAS expressing cells also
demonstrated impaired cardiac compaction, as a consequence of a decreased cycling
of cardiomyocytes [76]. Furthermore, multiple Fibroblast Growth Factors (FGFs) are
expressed in the epicardium and are shown to be essential for proper myocardial for-
mation [46], [77], [78]. For example, depletion of the epicardially expressed Fibroblast
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Growth Factor 9 (FGF9), or depletion of the concomitant FGF receptors present on
premature cardiac myoblasts, results in embryonic lethality and reduced cardiomyo-
cyte proliferation in the developing heart [77]. Also other produced factors, such as
Hedgehog [78], [79] and CXCL12 [80] were shown to be involved in myocardial mor-
phogenesis and coronary development. This emphasises the importance of the epi-
cardium in cardiac development, by contributing cells as well as essential cytokines
and growth factors to induce the myocardial development.

3. THE EPICARDIUM IN THE ADULT MAMMALIAN HEART

3.1. The quiescent epicardium in the adult intact heart

Contrary to development, the postnatal mammalian epicardium is a dormant sin-
gle-cell layer. This was shown via the analysis of genes involved in epicardial activation
such as WTT, Tbx18 and Raldh2. These genes are abundantly present in the embry-
onic heart, but are rapidly downregulated postnatally, only to be barely detectable
at 3 months of age in the mouse [81]. The same conclusion on the dormancy of the
epicardium was drawn by using a mouse model where the Green Fluorescent Pro-
tein (GFP) gene was knocked-in into the WT1 locus (WT16fP¢re). When investigating
the WT1-driven expression of GFP in different stages of heart development, Zhou et
al. observed that in the embryo, its expression was restricted to the epicardium and
labelled approximately 90% of the epicardial cells [82]. In contrast, in the adult heart,
GFP expression was observed in fewer than 25% of the cells within the epicardium;
thereby revealing that WT1 is present at stages where the epicardium actively plays
arole in heart development. This lack of activation in the adult heart was further un-
derscored by using a tamoxifen inducible WT1¢E™2 mice crossed onto a Cre reporter
line (Rosa™™C). In this model, the activation of WT1 only results in translocation of Cre
recombinase to the nucleus when tamoxifen is administered. By crossing these mice
onto the Rosa™™G reporter line, nuclear translocation of Cre results in the irreversible
exchange of expression of red fluorescent Tomato into the indefinite expression of
green fluorescent GFP. This model, which is extensively used in the field of epicar-
dial research, thereby provides the opportunity to label WT1* cells at any given time
point, and to track their fate based on the continuous expression of GFP. Investigating
uninjured adult hearts using this model up to eight weeks after tamoxifen injection
revealed no migration of WT1/GFP expressing cells into the myocardium [82]. Togeth-
er, these data show that in the adult uninjured heart, the epicardium is a quiescent
cell layer, as shown by the downregulation of epicardial specific genes and the lack
of migration of cells after the formation of the heart is completed.
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3.2. The activated epicardium in the infarcted adult heart

3.2.1. Activation of the embryonic gene programme in the epicardium post-MI|

In the adult heart, the epicardium can be awakened from its dormant state. Several
studies have shown that Ml or ischemia/reperfusion can result in reactivation of the
epicardial layer, including its proliferation and expansion, EMT, and migration of epi-
cardial derived cells (reviewed in [42], [83]).

Within the first days after Ml, the epicardial layer displays a partial recapitulation of
the embryonic gene programme, which is evident by the upregulation of the epicar-
dial genes Wt1, Raldh2 and Tbx18 [82], [84], [85]. At five days post-MI, the expression
of these genes peak, and they remain present in approximately 75% of the epicardial
cells at 14 days after injury, after which the expression decreases gradually [82]. In-
terestingly, the upregulation of genes is observed not only at the site of injury, but
throughout the epicardium. One theory is that this occurs via factors secreted into
the pericardial fluid. Studies inducing MI with an intact pericardium have shown an
attenuated cardiac function post-M| compared to Ml where the pericardium was
opened prior to ligation [84], [86].

How the activation of the epicardium is regulated on a transcriptional level is not
fully understood, however it appears to be partially controlled via the C/EBP tran-
scription factor family [85]. Interestingly, in contrast to MI, mice undergoing trans-
verse aortic constriction (TAC) to induce hypertrophy and fibrosis display no activation
of WT1* cells within the epicardium [87], suggesting that cardiac damage through isch-
emia is likely a potent activator of this layer.

3.2.2. Proliferation and EMT of epicardial cells post-MI|

Following MI, the epicardium covering the injured area is initially completely lost and
is rebuilt from the surviving epicardium within three days post-injury [88]. The tamox-
ifen inducible WT1¢ERT2R0sa26™™™S |ineage tracing model was able to confirm that
this is due to proliferation of pre-existing epicardial cells. At two days post-Ml, phos-
pho-histone H3 and BrdU staining revealed many proliferating WT1*/GFP* epicardial
cells [82]. This resulted in a transition from a single cell epithelium into a multi-layered
sheet, in an organ wide fashion, but most pronounced near the injured area [82], [88].
This process is specific to acute ischemic injuries like Ml and ischemia reperfusion,
as thickening of the epicardium is absent in models for hypertrophy like TAC [89].
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Further recapitulation of the embryonic activation process in the ischemic heart
is shown by the upregulation of several EMT-related transcription factors includ-
ing Smad1, Snail, Slug and Twist in EPDCs [82], [88]. Interestingly, BrdU incorporation
experiments revealed that the epicardial cells positive for EMT-markers are respon-
sible for the newly generated subepicardial mesenchyme [88].

The activation and expansion of the epicardial layer is crucial for the post-injury re-
sponse, as was illustrated by Duan and colleagues [90].The specific disruption of Wnt
signalling within epicardial cells in a mouse model of cardiac ischemia reperfusion
injury revealed less epicardial EMT, and a reduced subepicardial collagen deposi-
tion. As a result, ventricular dilatation and a decreased fractional shortening were
observed [90]. Equally, in a study were the epicardium was primed by systemic in-
jection of thymosin 4 prior to M, a thicker layer of activated epicardium, and more
migration was observed and resulted in a subsequent positive effect on cardiac func-
tion [81]. These studies emphasize the importance of understanding and optimis-
ing the epicardial activation and EMT to enhance the post-injury response [42]. Our
recent in vitro data show that both human adult and foetal epicardial cells undergo
activation and EMT [91]. Interestingly, foetal cells were activated more efficiently, and
underwent EMT spontaneously. This potentially reflects the differences in efficiency
of activation in vivo during development and in the adult heart. As such the foetal
processes may serve as a blueprint for an optimal adult post-injury response.

3.2.3. Migration of EPDCs into the injured adult heart

Whether adult EPDCs retain the ability to migrate into the damaged area is subject to
debate. Two studies using the WT1¢ERT2Rosa26™™™S injected with tamoxifen to trace
the epicardium with GFP indeed confirmed the expansion of this layer after Ml, but
labelled WT1* cells appeared to be retained subepicardially showing no indication of
migrating into the damaged myocardium [82], [92]. However, in a later study using
the same mouse model, the injection of modified-RNA encoding for VEGF-A protein
(modRNA VEGF-A) after injury did reveal migration of cells into the heart [93].

Several alternative methods to mark cells within the epicardial layer have been ap-
plied. The first one is to inject fluorescent protein-producing lentiviruses into the peri-
cardial fluid, which is in direct contact with the epicardial layer, allowing infection and
labelling of the epicardium [53], [94]. A second approach is to apply a biocompatible
gel containing a modified RNA for Cre on the epicardium of the Rosa™™™¢ reporter
mouse [93]. The patch was applied two weeks prior to Ml to prevent labelling of
non-epicardial cells in the complicated injured environment. Both methods revealed
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that epicardial-derived cells were found within the infarcted myocardium at 7 and
21 days post-MI [93], [94]. Although these studies rely on epicardial labelling based on
location rather than using epicardial specific markers, they coincide with the results
of a genetic labelling study where in the Bacterial Artificial Chromosome (BAC)-WT-
1¢re; R26R mice, beta-galactosidase expressing cells were observed in the infarcted
area after 1 month [88].

It is challenging to correlate these different findings in mouse lineage trace models.
In the non-inducible BAC model, background labelling can occur if cells within the
myocardial wall start to express WT1 [56], which is less likely to happen in the in-
ducible lineage trace model since the labelling occurs during a short period of time.
However, a downside of the tamoxifen labelling is that the short duration of labelling
may result in missing of many cells and therefore an underestimation of the epicar-
dial contribution.

Although these different conclusions regarding migration may be the result of tech-
nical issues, it appears that, at least partially, migration is a component of the adult
reactivating response to injury.

3.3. Differentiation of adult epicardial cells into cardiac cell types in vivo

3.3.1. Fibroblasts

As mentioned above, the most prominent contribution of epicardial cells to the for-
mation of the embryonic myocardium is via differentiation into coronary SMCs, and
interstitial and adventitial fibroblasts. In the adult injured heart, a similar differenti-
ation profile is observed (Table 2). Lineage tracing models using WT1 as a Cre driver,
showed that a majority of traced cells transition into fibroblasts [82], [88], [92]. Addi-
tionally, after ischemic injury, the epicardium thickness increases up to 6-fold, and the
deposition of collagen in the subepicardial space is also dramatically increased [89] in-
dicating a rise in fibroblast activity.
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Russell et al. [95] used a Notch reporter mouse line which revealed significant activa-
tion of the reporter in the epicardium. Notch reporter positive epicardial cells were
isolated and subjected to microarray analysis which showed that these cells have a
fibroblast signature with high expression of collagen-l, elastin and fibronectin. There-
fore, fibroblasts likely represent the default programme in the activated epicardial
layer [95]. Although too much activity of cardiac fibroblasts could result in excessive
scar formation, they represent a vital cellular component in cardiac homeostasis and
wound healing [96]. Reducing Wnt/Bcatenin specifically in cardiac fibroblasts resulted
in reduced collagen deposition and a worse cardiac function post-injury revealing a
beneficial role of cardiac fibroblasts in cardiac repair [90].

3.3.2. Endothelial and smooth muscle cells

With respect to neovascularisation post-injury, many studies have identi-
fied lineage-traced EPDCs that differentiate into smooth muscle cells post-
MI [82], [88], [92], [93], [97], [98] (Table 2), which was anticipated based on the
described embryonic fate of EPDCs. In contrast, most analyses failed to identify EPDCs
that differentiated into endothelial cells [81], [82], [92] (Table 2). However, a study
using the BAC WT1¢¢,R26R mouse line to determine the fate of epicardial cells based
on B-galactosidase (B-gal) expression revealed (3-gal* cells co-expressing PECAM were
found to line vessels within the infarcted area [88]. Although intriguing, this is likely
due to the fact that WT1 can be re-expressed in endothelial cells post-injury [56] and
could therefore represent an artefact, making it unlikely that there is a direct contri-
bution to endothelial cells in the normal response of the heart to MI.

Interestingly, injection of modRNA VEGF-A into the mouse myocardium after Ml re-
sulted in an increased capillary density and a smaller infarct size. This coincided with
an enhanced activation of epicardial cells, which showed an upregulation of the VEGF
receptor KDR in WT1-GFP expressing cells in the WT16f¢¢ mouse line. After isolation
and sorting of epicardial cells post-MI, cultured WT1+ cells responded to VEGF-A by
increasing their proliferation. Moreover, VEGF-A was able to shift the differentiation
of epicardial progenitor cells towards the endothelial lineage as shown by an in-
crease of VE-Cadherin, KDR and PECAM1 expression. This was further corroborated
by in vitro clonal assays and lineage trace experiments using either the WT-1¢reRT2x
ROSA™™MG and or a modRNA Cre expressing patch on the epicardium [93]. This study
emphasises the plasticity of epicardial cells, provided the right cues are delivered at
the right time (Table 2).
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3.3.3. Cardiomyocytes

The differentiation of EPDCs into cardiomyocytes in the embryo is controversial, and
the same holds true in the adult (Table 2). In a study by Limana et al., the epicardium
was labelled via injection of a GFP producing lentivirus 3 days before experimentally
induced MI, which revealed that some cells that migrated into the infarcted myocar-
dium expressed a-sarcomeric actin, albeit in very low numbers [94]. The observation
that EPDCs have the ability to differentiate into cardiomyocytes was confirmed in the
BAC-WT1¢¢,R26R mouse line. Epicardial derived [B-gal* cells co-expressing troponin
| were found within the myocardium but only after one and three months post-MI.
These EPDC-derived cardiomyocytes maintained an immature phenotype, being small
round cells lacking sarcomeric organisation, and numbers were still very low [88].

An enhanced post-injury activation of the epicardium was observed when animals
were treated with thymosin 4 prior to myocardial infarction. Interestingly, in this
study using the WT1<eERTZ,R26REFP |ine, differentiation of epicardial derived cells
into troponin T and a-sarcomeric actin expressing YFP* cells that coupled to the sur-
rounding myocardial tissue was observed. To counter that these results are due to
extra-epicardial expression of WT1, YFP* epicardial derived cells were isolated from
thymosin 4 treated mice 4 days after myocardial infarction and transplanted into
the infarcted myocardium of a recipient wildtype mouse; a small number of the
YFP* donor cells differentiated into a-sarcomeric actin expressing cells. A similar effect
was observed when modRNA encoding VEGF-A was injected into the peri-infarct zone
to enhance the epicardial response; besides endothelial cells, a slight increase in
cardiomyocytes was found based on TNN3 expression in lineage traced epicardial
cells [93]. Although the occurrence of cardiomyocyte differentiation is still extremely
low in these two studies [81], [93], it provides a proof-of-concept that cardiomyocyte
formation from EPDCs could be a possibility.

In contrast, there are several studies using a similar lineage tracing approach (WT-
1 CreERT2, R26mTMS) that did not observe differentiation into cardiomyocytes [82], [98]. Of
note is that these studies also did not observe migration of EPDCs from the subepi-
cardial to the myocardium after injury, whether this is due to technical issues needs
to be addressed.

The data argue that in the adult, the epicardial potential for cardiomyocyte formation
is comparable to the embryonic heart: its ability to deliver cardiomyocytes directly
is low to non-existent but can be enhanced by priming the epicardium using specific
factors.
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3.4. Paracrine contribution of epicardial cells to cardiac repair

Besides contributing directly to the formation of cardiac cell types, epicardial cells
can participate in repair of the heart via paracrine processes.

Zhou et al. observed many blood vessels within the thickened subepicardium after MI.
These newly formed vessels were often located in close proximity to EPDCs. In vitro ex-
periments with the GFP* lineage-traced EPDCs confirmed that these cells indeed have
proangiogenic properties [82]. Interestingly, the injection of conditioned medium
from cultured EPDCs into the infarcted heart resulted in an increase in vessel density
and reduced the adverse remodelling of the heart post-Ml in short and long-term
follow-up [82]. A similar finding was observed when injecting human EPDCs into the
infarcted heart of NOD-SCID mice. Although human cell survival was minimal at 6
weeks post-Ml, a significant effect on vascularisation was apparent, again empha-
sising an angiogenic effect of EPDCs [99] (and our own unpublished observations).
Interestingly, EPDCs may also influence cardiomyocytes within the myocardium via
paracrine mechanisms. Co-culture experiments of EPDCs and cardiomyocytes re-
sulted in increased myocyte proliferation and enhanced levels of cardiomyocyte
differentiation [30], [100].

Besides using conditioned medium or cells, a single factor excreted by epicardial cells
was identified that significantly aids in cardiac repair. Follistatin-like 1 was identified
as a highly enriched factor produced by epicardial cells with the ability to induce car-
diomyocyte proliferation [101] and to increase cardiomyocyte survival [102], [103]. By
delivering this factor directly to the infarcted myocardium via an epicardially applied
patch Wei et al. showed an increase in proliferation of local cardiomyocytes resulting
in an increased survival, a reduction of fibrosis and prevented deterioration of car-
diac function [101]. Follistatin-like 1 did not have an effect on the epicardium itself.

Conversely, epicardial cells can be influenced to partake in cardiac repair by addition
of a single factor. Foglio et al. identified clusterin as highly enriched protein within
the pericardial fluid of Ml patients [86]. In vitro, clusterin was shown to induce pro-
liferation and EMT of epicardial cells. In vivo, the injection of this single protein into
the pericardial fluid of the infarcted mouse heart was sufficient to enhance epicar-
dial EMT, and induce cell survival, arteriole density, and resulted in an ameliorated
cardiac function [86].

These studies stress that epicardial cells do not only participate in cardiac repair by
providing cells, but have a major contribution to the repair mechanisms within the
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heart via production of essential proteins. Moreover, since epicardial cells themselves
are sensitive to induction via cytokines and growth factors, one can imagine a feedfor-
ward loop were single proteins enhance the number of epicardial cells that produce
paracrine factors, thereby further stimulating cardiac repair after injury.

4. THE EPICARDIUM AS A SOURCE OF MULTIPOTENT
PROGENITOR CELLS?

From the data described above, the question arises whether EPDCs should be con-
sidered cardiac progenitor cells. It becomes clear that the adult epicardium in the
infarcted heart is activated, undergoes EMT and contributes to several cardiac cell
types. Epicardial EMT has been postulated to be involved in the formation of resi-
dent cardiac progenitor cells [104]. The adult epicardium may therefore function as
a reservoir of mesenchymal progenitor cells [94].

Classically, stem or progenitor cells can be defined as a self-maintaining population
of relatively undifferentiated, proliferative cells that can produce a variety of differ-
entiated progeny with the ability to regenerate tissue of parts thereof [105]. Based
on the expression of an embryonic gene programme, their ability to display prolif-
eration upon damage, and their differentiation into several lineages, EPDCs partially
fulfil these criteria. However, if they fulfil all criteria to be true cardiac progenitor cells
remains to be established. To this end it is important to define which progenitors are
necessary to deliver the cells of the developing heart [106].

Within the adult heart, cells have been discovered expressing stem cell markers like
the tyrosine kinase receptor c-Kit [11], and stem cell antigen (Sca)-1 [10] on their cell
surface. These c-Kit and Sca-1 expressing cells are considered to be stem- or progen-
itor cells based on their ability to form colonies, to display telomerase activity and to
show long-term label retention. These cellular abilities are generally linked to stem-cell
features. Moreover, these cells have been shown to differentiate into cardiomyocytes,
endothelial cells, smooth muscle cells and fibroblasts, thereby indicating their ability
to differentiate into all cell types required to generate cardiac tissue and participate
in cardiac regeneration (please refer to the reviews included in this special edition of
Pharmacological Research, Volume 127).

The human foetal and adult (sub)epicardium is highly heterogeneous [107] and was
shown to harbour a minor population of c-Kit and CD34 expressing cells [84], [94].
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In vitro, these c-Kit expressing epicardial cells differentiated into the endothelial and
smooth muscle cell lineage [94]. A similar population was observed in the adult mouse
heart. Interestingly, the percentage of proliferative c-Kit* cells increased after induc-
tion of MI and these cells appeared to participate in the formation of subepicardial
blood vessels [94]. Bollini and colleagues [108] performed a direct comparison be-
tween the expression profiles of mouse embryonic EPDCs, and adult EPDCs isolated
after thymosin 34 stimulation and MI [108]. They observed a low expression of Sca-1
in the WT1* embryonic cells, while in the adult, Sca-1 was present on approximate-
ly 60% of the WT1* EPDCs. Moreover, the mesenchymal markers endoglin (CD105),
the hyaluronan receptor CD44, major T-cell antigen 1 (Thy-1 or CD90) and Platelet De-
rived Growth Factor Receptor (PDGFR)3 were observed in the activated adult EPDCs.
They continued to show that within the adult epicardium post-MI, the WT1*, Sca-1%,
CD90", CD44" populations retain cardiovascular multipotency, as based on the ex-
pression of cardiac progenitor markers in this population [108]. These data indicate
that thymosin B4 in combination with Ml can stimulate a cardiac progenitor cell type
within the epicardium.

Cells with mesenchymal-like properties have been isolated and cultured from the
adult mouse [109] and adult human heart [110], [111]. These cells, termed cardiac
colony-forming units fibroblast (cCFU-F), originated from the epicardium, and were
defined as mesenchymal stem cells because they showed clonogenic propagation,
long-term growth for over 40 passages without senescence, and multi-lineage differ-
entiation. Furthermore, these mesenchymal progenitors express mesenchymal cell
markers including CD105, CD44, CD90, and the stem cell markers Oct4 and c-Myc.
Additionally, they are MSC-like in their transcriptome profile [112]. Although cCFU-Fs
express Sca-1 and PDGFRa, lineage tracing using the Nkx2.5¢¢ fate mapping mouse
line suggested that they do not arise from the Nkx2.5 cardiac progenitor lineage [109].

A comparable cell culture population of mesenchymal-like EPDCs was isolated from
the human epicardium. These spindle EPDCs (SEPDCs) are abundantly decorated
with the mesenchymal stem cell markers CD44, CD90 and CD105, express the early
cardiac transcription factor GATA-4 and show multi-lineage differentiation. When stim-
ulated in vitro with TGF-3, SEPDCs express proteins of the smooth muscle cell lineage
and calcify when cultured in osteogenic medium [58]. Interestingly, while SEPDCs only
express GATA-4, freshly isolated cCFU-Fs are also reported to express the early cardi-
ac marker Nkx2.5. Furthermore, sEPDCs differentiate into the mesenchymal lineage,
but cCFU-Fs have the additional ability to acquire an endothelial phenotype, which
has not been convincingly established for EPDCs. sEPDCs and cCFU-Fs are therefore
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very alike, but whether they are similar is not clear to date. Russell et al. isolated a
population of notch-reporter positive cells, that were related to the epicardium. These
cells were not only able to differentiate into fibroblasts, but under the right culture
conditions formed cardiomyocytes [95]. Additionally, in vitro studies using VEGF-A on
WT-1 positive isolated cells showed that these cell could be instructed to proliferate
and become cardiovascular cell types [93].

Overall, epicardial cells and EPDCs appear to behave like multipotent progenitor cells
in the embryo proper. However in the adult, it appears that this potential is not fully
exploited yet, but can be enhanced by providing the right cues.

5. FUTURE PERSPECTIVES

In the embryo, the contribution of the epicardium to the formation of the heart is
essential via the contribution of cardiac cell types as well as the production of growth
factors and cytokines that influence myocardial growth [113] (Fig. 1). As we have de-
scribed in this review, many of these abilities are retained in the adult injured heart
but appear to occur less efficient compared to the embryo. Therefore, the question
arises whether the epicardial response can be optimised to more efficiently partake
in the repair of the injured heart.

Possible approaches include inducing proliferation and subsequent EMT of the epicar-
dium. This would provide a larger pool of cells that has the ability to migrate into the
heart (Fig. 2, left). This method appears to be feasible based on the finding that thy-
mosin 34 treatment prior to Ml increases the number of activated epicardial cells,
and enhances cardiac function and differentiation into cardiac cell types [81]. Unfor-
tunately, this treatment is only successful when applied prior to injury [92], making
it difficult to imagine thymosin (34 treatment as a clinical approach. Promising results
came from applying modRNA for VEGF-A which resulted in an increase in the prolif-
eration and migration of epicardial cells and direct their differentiation capacity into
endothelial as well as cardiomyocytes. Importantly, this approach increased cardiac
function post-injury [93]. Identifying the most potent activators of the epicardium will
therefore be an important goal to pursue.
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Fig. 2 | Potential mechanisms of epicardial-derived contribution to cardiac repair. Activated
epicardial cells can have a direct cellular contribution to cardiac regeneration as epicardial
cells undergo EMT, migrate into the myocardium and differentiate towards cardiac cells, such
as cardiac fibroblasts, smooth muscle cells and potentially other cell types. A second epicardial
contribution to cardiac repair acts via paracrine signalling, inducing (1) proliferation of cardio-
myocytes, (2) angiogenesis and (3) survival of cardiomyocytes in the infarcted area.

Since the contribution of the epicardium is optimal during cardiac development, a
potentially interesting method is to explore the embryonic or foetal epicardium as a
paradigm to optimise the adult post-injury response. We have recently developed a
cell culture system to efficiently isolate human foetal as well as adult epicardial cells,
and culture them in their epithelial-like state [91]. This culture model allows direct
comparison between these two cell sources. We have observed that EMT occurs
spontaneously in foetal EPDCs, while adult cells require stimulation by TGF( [91].
Identifying the differences in signalling pathways and receptor levels between foetal
and adult EPDCs may help us understand how to unlock the full potential of the adult
epicardial post-injury response.

Furthermore, it is important to explore the paracrine properties of the epicardial cells
in more detail (Fig. 2, right). Zhou et al. showed that the epicardium can produce pro-
angiogenic factors which positively influence the functional outcome post-MI [82]. A
similar effect was observed by Winter et al. [99] where the transplantation of human
EPDCs into the infarcted mouse heart resulted in increased vascularisation without
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direct differentiation of the donor cells [99]. A more specific approach was used by
Wei and colleagues [101], where the epicardial derived cytokine follistatin-like 1 was
identified as a potent stimulator of cardiomyocyte proliferation [101]. A patch contain-
ing cells or growth factors can also be used to stimulate the epicardial layer directly.
When loading a PCL/gelatine patch with MSCs, a beneficial effect was observed on
the myocardium, but also induced proliferation and migration of the endogenous
epicardial cells, thereby achieving a double effect on cardiac repair [114]. We en-
vision that the foetal epicardium can again serve as a template to understand the
optimal cocktail of growth factors and cytokines to achieve a maximal effect on the
adult injured heart.

To summarize, several strategies are available to unlock the full potential of the epi-

cardium as an endogenous cardiac progenitor cell source (Fig. 2). To which extend
this will impact cardiac function after injury is part of future investigations.
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Chapter 3

ABSTRACT

The epicardium, an epithelial cell layer covering the myocardium, has an essential
role during cardiac development, as well as in the repair response of the heart after
ischemic injury. When activated, epicardial cells undergo a process known as epithelial
to mesenchymal transition (EMT) to provide cells to the regenerating myocardium.
Furthermore, the epicardium contributes via secretion of essential paracrine factors.
To fully appreciate the regenerative potential of the epicardium, a human cell model
is required. Here we outline a novel cell culture model to derive primary epicardial
derived cells (EPDCs) from human adult and fetal cardiac tissue. To isolate EPDCs,
the epicardium is dissected from the outside of the heart specimen and processed
into a single cell suspension. Next, EPDCs are plated and cultured in EPDC medium
containing the ALK 5-kinase inhibitor SB431542 to maintain their epithelial phenotype.
EMT is induced by stimulation with TGFB. This method enables, for the first time, the
study of the process of human epicardial EMT in a controlled setting, and facilitates
gaining more insight in the secretome of EPDCs that may aid heart regeneration.
Furthermore, this uniform approach allows for direct comparison of human adult
and fetal epicardial behavior.

Keywords

Developmental Biology, Human, Epicardium, EPDC, Primary Cell Culture, Cardiac De-
velopment, Cardiac Regeneration, Epithelial to Mesenchymal Transition, EMT
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INTRODUCTION

The epicardium, a single-cell epithelial layer that envelopes the heart, is of vital impor-
tance for cardiac development and repair (reviewed in Smits et al."). Developmentally,
the epicardium arises from the proepicardial organ, a small structure located at the
base of the developing heart. Around developmental day E9.5 in mouse, and 4 weeks
post-conception in human, cells start to migrate from this cauliflower structure and
cover the developing myocardium?. Once a single epithelial cell layer is formed, a
portion of the epicardial cells undergoes epithelial to mesenchymal transition (EMT).
During EMT, cells lose their epithelial characteristics, such as cell-cell adhesions, and
obtain a mesenchymal phenotype which gives them the capacity to migrate into the
developing myocardium. The formed epicardial derived cells (EPDCs) can differen-
tiate into several cardiac cell types including fibroblasts, smooth muscle cells, and
potentially cardiomyocytes and endothelial cells?, although differentiation of the latter
two cell populations remains subject to debate (reviewed in Smits et al.%). Further-
more, the epicardium provides instructive paracrine signals to the myocardium to
regulate its growth and vascularization>57#, Multiple studies have demonstrated that
impaired epicardial formation leads to developmental defects in cardiac muscle®'°,
vasculature'', and conduction system'?, emphasizing the essential contribution of the
epicardium to the formation of the heart.

Although in the adult heart the epicardium is present as a dormant layer, it becomes
reactivated upon ischemia'. Epicardial reactivation post-injury recapitulates several of
the processes described for cardiac development, including proliferation and EMT'4,
albeit less efficiently. Interestingly, although the exact mechanism is not fully under-
stood, the epicardial contribution to repair can be improved by treatment with, e.g.,
Thymosin 4> or modified VEGF-A mRNA'S, resulting in ameliorated cardiac function
after myocardial infarction. The epicardium is therefore considered an interesting cell
source to enhance endogenous repair of the injured heart.

Mechanisms of cardiac development are often recapitulated during injury, although
in a less efficient manner. In search of epicardial activators, it is paramount that
we can determine and compare the full capacity of the fetal and adult epicardium.
Moreover, from a therapeutic point of view, it is important that, in addition to animal
experiments, we extend knowledge regarding the response of the human epicardium.
Here, we describe a method to isolate and culture human adult and fetal epicardial
derived cells (EPDCs) in an epithelial-cell-like morphology and to induce EMT. With
this model, we aim to explore and compare adult and fetal epicardial cell behavior.
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The main advantage of this protocol is the use of human epicardial material, which
has not been thoroughly studied. Importantly, the described isolation and cell cul-
ture protocol provides a single uniform method to derive both fetal and adult cobble
EPDCs, enabling a direct comparison between these two cell sources. Additionally,
since the epicardium is isolated based on its location, it is ensured that the cells are
actually epicardially derived.

While human EPDC isolation methods have been established previously, these mostly
rely on outgrowth protocols where pieces of cardiac or epicardial tissue are plated
onto a cell culture dish'°. This approach thereby selects specifically for cells that par-
tially lose their epithelial phenotype in order to migrate, and that are more prone to
undergo spontaneous EMT. In the current protocol, the epicardium is first processed
into a single cell solution which allows the isolated EPDCs to maintain their epithelial
state. This method therefore provides a solid in vitro model to study epicardial EMT.

PROTOCOL

All experiments with human tissue specimens were approved by the ethics committee
of the Leiden University Medical Center and conforms to the Declaration of Helsinki.
All steps are performed with sterile equipment in a cell culture flow cabinet.

1. Preparations

1. Prepare EPDC medium by mixing Dulbecco’s modified Eagle’s medium (DMEM
low- glucose) and Medium 199 (M199) in a 1:1 ratio. Add 10% heat inactivated
fetal bovine serum (FBS, heat inactivated for 25 min at 56 °C) and supplement
with 100 U/mL penicillin and 100 mg/mL streptomycin. Pre-warm the EPDC
medium in a 37 °C water bath.

Pre-warm Trypsin 0.25%/EDTA (1:1) in a 37 °C water bath.

3. Coat wells with gelatin. Add 0.1% gelatin/PBS to each well and incubate the
plates for at least 15 min at 37 °C. Guidelines for the required cell culture plate
are summarized in Table 1. Carefully remove all fluid before plating cells.

4. Prepare a stock solution of 10 mM SB431542 (SB), diluted in DMSO (CAUTION).
Make 50 pL aliquots in conical bottom polypropylene centrifuge tubes, like Ep-
pendorf tubes, and store them at -20 °C. Note that SB aliquots can be thawed
only once.
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Table 1: Guideline for selecting the appropriate cell culture plate. The required well size

depends on the amount of epicardial cells isolated. These guidelines can be used as a rule

of thumb to select the appropriate cell culture plate.

Tissue Well type Cell Growth Area  Volume of Addition of SB
(cm?) medium (mL)

Fetal 24 1.9 0.5 Directly

Adult small 12 3.8 1 After 15t passage
(<4 cm)

Adult large 6 9.6 2 After 15t passage
(>4 cm)

2. Retrieval and Storage of Adult and Fetal Heart Specimens

1.

w

Store human adult auricles directly upon removal during surgery in a 50-mL
tube with 15 mL high-glucose DMEM containing 10% FBS, 100 U/mL penicillin,
and 100 mg/mL streptomycin at 4 °C. Samples are generally 3-5 cm in size and
can be stored up to 48 h after dissection.

Store fetal hearts obtained from elective abortion material in EPDC medium at
4 °Cup to 24 h after isolation. For this protocol, use samples with a gestational
age between 12 - 22 weeks. Note that the whole heart can be used for isolation
of the epicardium.

. Isolation of the Epicardial Layer

In the laminar flow cabinet, prepare a 100-mm cell-culture dish with PBS and
place a separate droplet (~200 pL) of PBS in the lid. Fill a 15-mL tube with 5 mL
pre-warmed EPDC medium.

Place the tissue in the cell-culture dish filled with PBS. Make sure that the tissue
is moistened frequently during the procedure.

Using a stereomicroscope, remove as much of the epicardial layer from the
tissue sample as possible by peeling it off using forceps. Note: The epicardium
can be recognized as a very thin, transparent layer tightly adhered to the out-
side of the heart (Figure 1A). Try to avoid contamination with epicardial adipose
tissue and blood vessels since this will hamper the isolation.

Collect pieces of epicardial tissue in the droplet of PBS on the lid.

Cut the epicardial tissue into small pieces (0.5 mm3) using a scalpel (Figure 1B),
or using the sharp tips of small forceps.Note that the pieces should be able to
pass a P1,000 pipet tip (step 3.6).

Add 1 mL of trypsin to the epicardial tissue and collect the pieces and trypsin
with a P1,000 pipet tip. Transfer the tissue into a 1.5-mL conical centrifuge tube
(Figure 1C).
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Incubate the tube in a 37 °C water bath for 10 min, while shaking at ~60 rpm.
Remove the tube from the water bath, and clean the outside of the tube with
70% ethanol.

Allow the tissue to sink to the bottom of the tube (Figure 1D) and carefully trans-
fer the supernatant containing epicardial cells to the 15-mL tube containing 5
mL EPDC medium to inactivate the trypsin.

Replenish the remaining tissue in the conical centrifuge tube with 1 mL trypsin,
and mix by gently pipetting up and down.

Repeat step 3.7 to 3.10 two times. At the final step, after a total of 30 min of
trypsin incubation, transfer both the supernatant and the remaining epicardial
tissue into the tube containing EPDC medium.

When all cells are collected in EPDC medium, gently pass the suspension through
a 10-mL syringe with a 19-gauge needle into a new 15-mL tube to mechanically
dissociate the cells (Figure 1E). Note: Make sure to homogenize the suspension
by pipetting up and down before passing the solution through the needle to
prevent the needle getting obstructed.

To further dissociate the cells, repeat step 3.12 with a 21-gauge needle.

Place a 100-pm cell strainer on top of a 50-mL tube and transfer the medium
containing the epicardial cells onto the strainer using a 10-mL pipette to remove
all remaining clumps (Figure 1F).

Wash the strainer to collect residual cells by pipetting 5 mL EPDC medium onto
the strainer.

Pipet the cell suspension from the 50-mL tube into a 15-mL tube. Since cells
sink to the bottom of the tube, shake the solution gently before pipetting. Note:
While this step is not necessary, a smaller tube aids visualization of the pellet
after centrifugation.

Centrifuge at 200 x g for 5 min at room temperature (Figure 1G).

Remove the supernatant and resuspend the cell pellet (Figure 1H) in the re-
quired volume of EPDC medium (Table 1). Note: For fetal EPDCs, directly use
EPDC medium containing 10 pM of the ALK5 kinase inhibitor (EPDC+SB). Adult
cells can be plated without SB during the first passage.

Plate the cell suspension on the gelatin coated culture plates (Figure 11). The
size of the well depends on the size of the epicardial tissue sample (Table 1).
Note that low confluency will induce the occurrence of EMT.

Place the cells in the incubator for at least 48 h at 37 °C, 5% CO2 to allow the
cells to attach to the culture plate.
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4. Culture of EPDCs

1. Replenish the EPDC+SB medium at least every 3 days.

2. Inspectthe cells at least every 3 days using the microscope. When the cells reach
confluency, i.e., when the culture plate is fully covered with cells, passage the
cellsin a 1:2 surface ratio. Note that reaching confluency can take ~5 - 10 days.

1. Aspirate the medium using a pipet or an aspiration system with, e.g., a glass
pipet.

2. Wash the cells carefully by adding PBS to the cells. Gently swirl the plate and
aspirate the PBS.

3. Add trypsin to the plate. Gently rotate the plate to cover all cells with trypsin
and incubate the plate for 1 min at 37 °C. NOTE: Use as little trypsin as possible
(indication: 200 pL per well of a 6 well plate)

4. Tap the plate to mechanically detach the cells from the bottom of the plate. Use
the microscope to visually check if cells have detached. If not, incubate the cell
culture plate for an extra minute.

5. Add the required volume of EPDC+SB medium to the cells, resuspend by pi-
petting up and down, and transfer the cell suspension to a new gelatin coated
culture plate. NOTE: In general, cells can be kept in a cobblestone morphology
up to passage 8.

5. Induction of EMT in EPDCs

1. To induce EMT, dissociate the cells with trypsin and transfer the cells to new
gelatin coated wells in a 1:2 surface ratio in EPDC+SB medium, as described in
4, and incubate for at least 24 h at 37 °C, 5% CO2.

2. Check if confluency is 50 - 70% and if EPDCs have a cobblestone morphology.
NOTE: Confluency affects the ability of EPDCs to undergo EMT.

3. Aspirate the medium from the cells and wash the cells carefully with PBS (see
step 4.2.1-4.2.2).

4. Stimulate cells with 1 ng/mL TGFB3 in EPDC medium and place them in an
incubator at 37 °C, 5% CO2 for 5 days. Note that during stimulation, the EPDC
medium containing TGFB3 does not have to be replenished.

5. Monitor the cells daily. After 5 days, cells that underwent EMT are recognized
by a spindle-shaped morphology (Figure 2A).

6. Culture spindle-shaped EPDCs according to the method described in 4 with-
out addition of SB or TGFf to the EPDC medium. Note that in general, spin-
dle-shaped EPDCs can be cultured up to passage 20.

7. Validate the occurrence of EMT with immunofluorescent staining using anti-
bodies against the mesenchymal markers aSMA or Vimentin or by phalloidin
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to detect the formation of F-actin stress fibers (Figure 2B), or using qRT-PCR
for EMT-related genes (e.g., WT1, Periostin, Col1A1, aSMA, N-Cadherin, MMP3,
Snail, Slug) (Figure 2C and Table 2).

Table 2: Primer sequences used for validation of EMT in EPDCs. Sequences of forward
and reverse primers used for qRT-PCR to determine the expression of several EMT related
genes in adult EPDCs.

Gene Sequence

WT1 Forward CAG CTT GAATGCATG ACCTG

WT1 Reverse TAT TCT GTATTG GGC TCC GC
N-Cadherin Forward CAG ACC GAC CCA AACAGCAAC
N-Cadherin Reverse GCA GCA ACA GTA AGG ACA AAC ATC
POSTN Forward GGA GGCAAA CAG CTCAGA GT
POSTN Reverse GGC TGA GGA AGG TGC TAA AG
SMA Forward CCG GGA GAA AAT GACTCA AA
SMA Reverse GAA GGA ATA GCC ACG CTC AG
MMP3 Forward TGG ATG CCG CAT ATG AAG

MMP3 Reverse CAG AAATGG CTG CAT CGA

COL1A1 Forward CCA GAA GAA CTG GTA CAT CAG CA
COL1A1T Reverse CGC CAT ACT CGA AAT GGG AAT
GAPDH Forward AGC CACATC GCTCAGACAC
GAPDH Reverse GCC CAATAC GAC CAAATCC

B2M Forward ACA CTG AAT TCACCCCCACT

B2M Reverse GCT TACATG TCT CGATCCCACT

REPRESENTATIVE RESULTS

Here, we outline a straightforward protocol to isolate EPDCs from human adult and
fetal cardiac tissue (Figure 1). This protocol takes advantage of the easily accessible lo-
cation of the epicardium on the outside of the heart (Figure 1A). Staining of the heart
auricle after dissection demonstrates that the WT1+ epicardium is removed while the
underlying subepicardial extracellular matrix and myocardial tissue remain intact
(Figure 1)). Extensive characterization has been performed before, demonstrating
that EPDCs express epicardial markers, e.g., ALDH1A2, TBX18, KRT8, KRT19 and lack
expression of other heart-resident cell types, e.g., PECAM1, ISL1, CD34, and TNNT2."”
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Dissection

Figure 1 | Isolation of Epicardial Derived Cells (EPDCs). (A) Depicted is an adult auricle removed
from the human heart with a thin outer membranous layer, the epicardium, which is removed.
The black arrow points to the epicardium. (B-I) Visual representation of the isolation method
of EPDCs. The black arrow points to the cell pellet. (J) Immunofluorescent staining of a heart
auricle with and without dissection of the epicardium. Scale bar: 50 pm. (K) Representative
pictures of two different adult EPDC isolations cultured with SB. (L) Representative pictures of
two different fetal EPDC isolations cultured with SB. Black arrows indicate mesenchymal-like
cells in fetal EPDC culture. Scale bar: 200 pm.

Both adult (Figure 1K) and fetal (Figure 1L) EPDCs cultured in the presence of ALK5
kinase inhibitor SB431542 show a cobblestone morphology. However, depending on
the donor and culture conditions, fetal EPDCs can undergo EMT despite the presence
of SB. This can result in spindle-shaped cells within the population of cobblestone cells
(see arrows in Figure 1L). Please be aware that the isolation of cobblestone-shaped
cells from fetal tissue is not always feasible, and may result in the derivation of mostly
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spindle-shaped cells. Since these cells grow faster, they will rapidly overgrow other
cell types.

EMT can be induced by incubating with TGFB32° for 5 days in both adult and fetal
cells, as demonstrated by a clear morphological transition to spindle-shaped cells
(Figure 2A). As demonstrated with the untreated control (“Empty”), fetal EPDCs will
undergo spontaneous EMT upon removal of SB, while adult EPDCs will only undergo
EMT upon stimulation with TGF(33. To validate EMT, EPDCs were immunostained with
alpha-smooth muscle actin (aSMA), a mesenchymal marker (Figure 2B). Furthermore,
EMT was confirmed in adult EPDCs using gqRT-PCR showing downregulation of the
epicardial marker WT1 and upregulation of the mesenchymal markers POSTN, aSMA,
Collagen 1A1, MMP3, and N-Cadherin (Figure 2C). Comprehensive experiments re-
garding adult and fetal epicardial EMT are published before”.

A +5B431542 +TGFp3 B +SB431542  Empty +TGFB3

Adult

Adult

Fetal

wT1 MMP3 N-Cadherin

C . u il +5B431542 Empty +TGFB3

$on 5 ¥
i M Fous

WS tmpy ToREs . 18D Emey o s ety ToR

POSTN aSMA CottA1 g

3 Yum geme
j i i ;._l ; i

YIS Empy ToR3 . T +5B  Empty +TOR Ea Empty +ToRY

Figure 2 | Validation of EMT in human adult and fetal Epicardial Derived Cells (EPDCs). Adult
and fetal EPDCs were cultured with SB, not treated (Empty) or stimulated with TGFp3 for 5 days.
(A) Representative bright field pictures. Scale bar: 200 pm. (B) Immunostaining for DAPI and
aSMA. Scale bar: 100 pm. (C) mRNA levels of EMT-related genes, determined in adult EPDCs
using qRT-PCR. Measured values were normalized to GAPDH and B2M expression. Values are
depicted as mean + SD 2A-AAct (n = 2). Abbreviations: WT1:Wilms' tumor 1, MMP3:Matrix Metal-
loproteinase 3, POSTN:Periostin, aSMA: alpha Smooth Muscle Actin, Col1A1:Collagen 1A1.
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DISCUSSION

Here we describe a detailed protocol to isolate and culture primary epicardial cells
derived from human adult and fetal hearts. Extensive characterization of these cells
has been previously published'. We have shown that both cell types can be main-
tained as epithelial cobblestone-like cells when cultured with the ALK5 kinase inhibitor
SB431542. EMT is an integral part of epicardial activation in vivo during both develop-
ment and the post-injury response. EMT can be studied using this method by addi-
tion of TGFB. Importantly, we previously observed that fetal EPDCs rapidly undergo
spontaneous EMT when SB is removed, while adult EPDCs only undergo EMT upon
stimulation. Studying these processes in fetal EPDCs may aid in understanding how
to optimally activate the adult epicardium after damage.

The presented method relies on patient material, which is obtained during surgery.
Therefore, one can expect several variations in the state of the material isolated,
which are either due to patient variability or the speed at which the material is collect-
ed in the operating theater. This variation may explain differences in the procedure:
1) how easily the epicardium can be dissected from the myocardium, 2) adherence of
isolated cells to the plate, 3) the ability to prevent or undergo EMT, and 4) prolifera-
tion speed. In general, a quick isolation is preferable for cell survival. The main critical
point is peeling the epicardium from the myocardium. If the epicardium is strongly
adhered to the underlying tissue, a 15-min pre-treatment of the cardiac tissue with
trypsin can help to remove the epicardium more easily. Furthermore, the efficacy of
the trypsin treatment depends on several factors, including the trypsin activity and
the composition of the tissue. Therefore, if a low yield is observed, the incubation
time with trypsin can be adjusted. Additionally, if no cell pellet is visible after spin-
ning down, the solution might not have been completely dissociated before running
through the filter. Mixing the solution before passing the solution through the syringe
or using an extra, smaller syringe could be useful to dissociate the cells. The well size
for seeding EPDCs should be considered carefully to enable cells to maintain their
epithelial state. Table 1 gives an indication, but one can deviate from this guideline
when, for example, only a small part of fetal heart can be used and plating in a smaller
well is more convenient.

Since fetal cells will undergo EMT immediately without SB"’, fetal EPDCs should always
be plated with SB. However, adult EPDCs tend to maintain their epithelial morphol-
ogy and therefore can be plated without SB during the first 48 h of the first passage,
to promote cell adherence. After the first passage, both adult and fetal EPDCs are

69



Chapter 3

continuously cultured with SB to prevent spontaneous EMT. In addition, low cell
density is an important trigger for EMT. EPDCs should therefore never be cultured
below 50% confluency. On the other hand, if EMT is desired, make sure that EPDCs
are not seeded too densely, and stay below 70% confluency. Though this protocol
utilizes TGFB3, stimulation with TGFB1 and 2 can induce EMT in EPDCs as well (ob-
servations unpublished).

In this protocol, cells are split directly without spinning down, since we observe a
lower cell survival when using the centrifuge. Therefore, it is vital to use low volumes
of trypsin to ensure its deactivation when serum containing medium is added.

After ~6 - 8 passages, EPDCs with an epithelial morphology will either stop growing or
will undergo EMT spontaneously. Therefore, for experiments, we use cobble EPDCs
between passage 3 and passage 6. In contrast, EPDCs with a mesenchymal morpholo-
gy are less vulnerable and can be cultured up to passage 20. In experiments, however,
we have never used spindle EPDCs after the 10th passage.

Since the epicardium is located at the outside of the heart and is easy to separate
from underlying tissue, the authenticity of the cells is evident, and the chance of
significant contamination is low. Although adipose tissue or blood vessels some-
times stick to the isolated epicardial layer, the majority of those cells will not pass
the strainer during the isolation, and otherwise cannot survive in EPDC cell culture.
Furthermore, as mentioned before, using human material provides a unique model
to investigate human epicardial cell behavior. It is known that, for instance, epicardi-
al adipose tissue is different between species, emphasizing the necessity of human
epicardial cell models?'.

It should be noted that the heart auricles were obtained during surgery on diseased
hearts, and therefore the differences in disease, used medication, age, and gender of
the donor may influence the reproducibility of the experiments. Experiments should
therefore be performed on several isolations to obtain valid results and allow solid
conclusions to be drawn. Furthermore, depending on the research question, one
could choose specifically to only use epicardium from patients with ischemic dis-
ease or patients with non-ischemic valvular disease, which are expected to behave
differently.

It has been suggested that atrial epicardium may have distinct characteristics from
ventricle epicardium?, thereby questioning if epicardium derived from the atrial heart
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auricle provides a valid model for epicardial behavior. In this context, it is important
to point out that we could not find differences between fetal atrial and ventricular
derived EPDCs (unpublished data). However, using epicardium from the human adult
ventricle would be the ultimate cell source to verify this. Yet, collecting large speci-
mens of human adult ventricles for EPDC isolation is highly invasive for the patient,
and is therefore currently not feasible in this hospital.

We observed that SB is not always sufficient to prevent EMT, mainly in fetal EPDCs.
When fetal EPDCs undergo EMT in the presence of SB, we exclude them from exper-
iments. As a consequence, cells used for experiments are selected for their ability to
maintain an epithelial phenotype in response to SB. We hypothesize that fetal cells
can already be beyond a certain threshold in the process of EMT, and that inhibition
with SB is not able to stop this.

This epicardial cell model has several applications, since both the developing and the
adult epicardium can be investigated. In our lab, we focus on improvement of the
epicardial regenerative response after cardiac damage. Adult EPDCs can be used to
test compounds which induce EMT, aiming to find a potential therapeutic drug for
an ameliorated regenerative response of the epicardium. In addition, it is possible
to measure factors secreted by EPDCs to comprehend the paracrine signaling to the
(re)generating myocardium. Furthermore, since we observed that fetal EPDCs are
more prone to undergo EMT spontaneously compared to adult EPDCs, we investi-
gate the differences between the fetal and adult EPDCs. Determining the underlying
mechanism of increased fetal activation could provide a cue to improve epicardial
activation in the adult heart.
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ABSTRACT

Since the adult heart has minimal capacity to repair itself, myocardial infarction often
leads to pathological remodeling and ultimately to the development of fatal heart
failure. Upon ischemic injury, the epicardium, the outer layer of the heart which
is essential for cardiac development, becomes re-activated and displays reparative
potential. In this process, epicardial epithelial-to-mesenchymal transition (epiMT) is
an essential step. We hypothesize that the reparative capacity of the heart can be
improved by enhancing the participation of the epicardium to cardiac repair, partic-
ularly by stimulating the occurrence of epiMT. Therefore the aim of this study is to
identify novel epiMT-inducing compounds by performing a small molecule screen.

Primary epicardial cells were derived from human heart auricles and cultured as
epithelial-like cells with a cobblestone morphology. Using these cells, a phenotypic
screen was performed utilizing the LOPAC1280 small molecule library to identify
epiMT-inducing compounds. EpiMT was defined using aSMA positive immunostain-
ing as a hallmark for a phenotypic switch to a mesenchymal cell. After validation of
the positive hits, five compounds were selected that reproducibly induced epiMT,
as shown by: 1) a phenotypic switch towards mesenchymal spindle-shaped cells, 2)
a decrease in CHD1 and 3) an increase in mesenchymal markers, such as Periostin.
The selected compounds displayed low or absent toxicity to cultured cardiomyocytes
and fibroblasts, indicating that the compounds can safely be applied to the heart.
To identify a potential mechanism of epiMT induction, cells were treated for 3 hours
with the two most promising compounds: TBBz and Oltipraz Metabolite M2 (M2),
and subjected to RNA sequencing. This approach revealed that TBBz induced histone
modifications and that M2 increased the transcription factor FOXQ1.

In conclusion, high-throughput experiments using human primary epicardial derived
cells to identify novel epiMT-inducing compounds is feasible. Using this model, we
have identified TBBz and Oltipraz Metabolite M2 as novel inducers of epiMT.

Keywords

Epicardium, EPDC, Primary Cell Culture, Cardiac Regeneration, Epithelial to Mesen-
chymal Transition, EMT, Small Molecule Screen
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INTRODUCTION

After a myocardial infarction, the injured heart lacks the potential to repair itself re-
sulting in the generation of a fibrotic scar. Because of this, cardiac function decreases
causing the remaining viable tissue to be subjected to pathological remodeling. This
compensatory remodeling ultimately progresses into heart failure. To date, no ther-
apy is available to restore injured cardiac tissue. Identifying therapeutic targets to
improve vascularization and cardiomyocyte proliferation after infarction are therefore
ultimate goals in the field of cardiac research.

The epicardium, a mesothelial layer covering the entire surface of the heart, plays a
vital role during development of the heart by providing cells and biochemical factors
to the growing cardiac tissue (reviewed in (1)). By doing so, the epicardium contributes
to key developmental processes, such as vascularization and myocardial compaction
(2). These features of the epicardium are reactivated in the injured hearts of lower
vertebrates, such as the zebrafish (3). Here, epicardial re-activation is essential for
fully restoring lost cardiac tissue (4). Also in mammals, the recapitulation of embry-
onic epicardial processes aids in the repair process in the injured heart (5). Moreover,
research has shown that the epicardial contribution to repair can be improved, e.g.
by stimulating the epicardium with Thymosin 34 (6). Given the potential of epicardial
cells in the context of the developing heart and in regenerative species, the epicardi-
um emerges as an appealing target to enhance cardiac repair.

To partake in cardiac tissue generation, epicardial cells undergo epithelial to mes-
enchymal transition (epiMT) (7). In this process, epicardial cells lose their epithelial
phenotype and delaminate from the epicardium to transform into motile mesenchy-
mal cells. Typically, cells lose their epithelial proteins, such as E-cadherin (8), and gain
mesenchymal markers, such as aSMA (9,10). These mesenchymal epicardial derived
cells differentiate into fibroblasts, smooth muscle cells and pericytes (1) and secrete
factors that promote vessel maturation (11) and cardiomyocyte proliferation (12,13).
Trajectory analysis of the epicardium using RNA single cell sequencing suggested that
epiMT occurs prior to fate specification (Mantri et al. and Lupu et al.), indicating that
epiMT is an essential first step for the epicardial contribution to tissue formation and
therefor a potential therapeutic target for the injured heart.

Given the importance of epiMT in epicardial behavior, the aim of this study is to
identify novel inducers of epiMT. We exploited our previously developed cell culture
model of human primary epicardial cells where epiMT can be induced in a controlled
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fashion, (14) and subjected it to an array of pharmacologically active compounds.
Our goal was to identify molecules that robustly induce epiMT on a phenotypic and
molecular level. For future application in vivo, these factors should not be toxic to
other cardiac cell types including cardiomyocytes, nor induce excessive prolifera-
tion of fibroblasts. Here, we demonstrate that a phenotypic high-throughput screen
using primary human epicardial cells is feasible and effective. Using this screen, we
identified two novel epiMT inducing compounds: TBBz and Oltipraz Metabolite M2.
In addition, we may have identified alternative routes of epiMT induction.

MATERIAL AND METHODS

Cell culture

Human primary epicardial cells were isolated and cultured as described (15). Briefly,
the epicardium was peeled of human heart auricles which are considered surgical
waste and obtained anonymously under general consent. The epicardium was pro-
cessed into a single cell suspension and cultured on gelatin coated plates in epicardial
cell medium consisting of Dulbecco’s modified Eagle’s medium (DMEM low-glucose,
Gibco) and Medium 199 (M199, Gibco) mixed in a 1:1 ratio, supplemented with 10%
fetal bovine serum (heat inactivated for 25 minutes at 56 °C, Biowest), 100 U/mL pen-
icillin (Roth) and 100 mg/mL streptomycin (Roth). Cells were cultured in the presence
of 10 pM SB431542 (SB, Tocris) at 37 °Cin 5% CO,. Experiments were performed in
cell culture medium without SB.

Human cardiac fibroblasts were derived from fetal hearts which were collected anon-
ymously with informed consent. Three cell lines, derived from three individual fetal
hearts, were cultured in Dulbecco’s modified Eagle’s medium (DMEM high-glucose,
Gibco), supplemented with 10% fetal bovine serum, 100 U/mL penicillin (Roth) and
100 mg/mL streptomycin (Roth).

Induced pluripotent stem cells derived cardiomyocytes (iPSC-CM) were a kind gift of
Dr. Buikema. The iPSC-CM were differentiated and matured for 30 days as previously
described (16).

This research was carried out according to the official guidelines of the Leiden Uni-

versity Medical Center and approved by the local Medical Ethics Committee. This
research conforms to the Declaration of Helsinki.
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LOPAC1280 small molecule screen

Confluent epicardial cells were seeded in a 1:1 ratio in 50 pl epicardial cell medium in
8x384 wells plates per screen and incubated at 37 °Cin 5% CO,. The next day, 1280
biologically active small molecules derived from the LOPAC1280 library (Sigma) were
diluted in 50 pl epicardial cell medium and added to the cells in a final concentration
of 5 (screen A) or 10 pM (screen B and C) in such a way that the dimethylsulfoxide
(DMSO) concentration was 0.5%. All conditions were performed in duplicate. In every
culture plate, the following controls were included: SB (10 pM), control epicardial
cell medium, DMSO (0.5%), and TGFB3 (1 ng/mL, R&D systems). After 5 days, cells
were fixed in 4% PFA. The total procedure has been executed 3 times. For screen A,
epicardial cells isolated from two patients were mixed, for screen B and C individual
patient isolations were used.

After fixation, cells were stained with mouse anti-h-aSMA conjugated 488 antibody
as described below. To increase the fluorescent signal, cells were incubated with a
secondary antibody (Alexa Fluor Ms-488, Thermo Scientific). Automatic imaging was
performed using BDPathway™ Bioimager (BD Biosciences) for screen A and EVOS
FL Auto 2 Imaging System (Thermo Fisher Scientific) for screen B and C, taking 4
images per well (2x2 at the center of the well, 10x magnification). For every picture,
the number of DAPI+ nuclei and aSMA surface area was quantified using Cell Pro-
filer software. Data analysis was performed using R. Measurements containing a
divergent (either exceptionally high or low) number of DAPI+ nuclei were excluded,
as they represent failed imaging. aSMA surface area was normalized for the controls
present in its own plate to reduce inter-plate variability, using the following formula:
(SMACUmpound - SMADMSO.mean)/(SMATGFb.mean'SMA
30 hits were selected, based on the aSMA value and taking into account the values of

omsomean) ™ 100%. For every screen the top
both duplicates. In addition, compounds present in the top 50 of more than 1 screen
were also selected. These hits were confirmed by eyeballing the images to correct for
artefacts. Compounds of interest were further validated in two additional individual
cell isolations in a 96 well format.

Cell stimulations

The following compounds were used to stimulate cells: Phenamil methanesulfonate
(10 M, dissolved in DMSO, Sigma, p203), 3-deazaadenosine (20 uM, dissolved in mq,
Biovision, 2771), H-8 dihydrochlride (10 pM, dissolved in DMSO, Sigma, M9656), TBBz
(5 pM, dissolved in DMSO, Sigma, T6951), Oltipraz metabolite M2 (10 pM, dissolved
in DMSO, SML0777, Sigma), SB431542 (10 pM, dissolved in DMSO, Tocris), DMSO,
TGFB3 (1 ng/mL, 4mM HCL/0.1%BSA, R&D systems). For the induction of epiMT, cells
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were stimulated followed by isolation of RNA and protein after 5 days. To determine
expression of epiMT-related transcription factors, RNA was isolated after 1.5, 3 and
24 hours of stimulation. To determine H3k27me3 levels, cells were stimulated for 3
hours. To determine cellular toxicity, IPSC-CM and cardiac fibroblast were stimulated
for 48 hours whereafter an MTT assay was performed.

Immunocytochemistry

Cells were fixed in 4% PFA for 20 minutes at 4 °C followed by incubation with 1%BSA/
PBS/Tw blocking buffer and overnight incubation with mouse anti-h-aSMA conjugated
488 antibody (R&D 1c1420g, 1:100), Vimentin (1:1000. ab195877, Abcam), Collagen
1(1:200, 1310, Southern Biotech), Fibronectin (1:100, ab198933, Abcam), Phalloidin
(1:1000, R415, Life Technologies) or Casein Kinase 2 alpha (MAB7957, 1 pg/mL, R&D
systems). After washing, cells were incubated with the corresponding secondary anti-
bodies (Alexa Fluor 488, 555 or 647, Thermo Scientific) and nuclei were stained using
DAPI (Thermo Scientific). Imaging was conducted using the Leica AF6000.

qPCR

To determine gene expression profiles, RNA was isolated using ReliaPrep™ RNA Mini-
prep Systems (Promega). Concentration and purity of the RNA were determined using
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). Next, cDNA synthesis
was performed using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific). Quantitative real time PCR was performed using SYBR Green (Prome-
ga) and run in 384 wells plates in technical triplicates on a CFX384 Touch™ Real-Time
PCR Detection System (Bio-Rad). For every experiment and every primer set, mq and
a cDNA sample without reverse transcriptase was taken along as negative controls.
Expression levels were corrected for primer efficiency (Hellemans (2007)) determined
by serial dilutions of three independent samples. For normalization, two reference
genes (HPRT1 and TBP) were designed based on stable and robust expression in both
epithelial and mesenchymal epicardial cells using geNORM (vandesompele 2002).
Statistics were performed on the log transformed values.
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Table 1 Primer sequences for qPCR

Forward Reverse
CDH1 CCCGGTATCTTC CCCGC CAG CCGCTTTCA GATTTT CAT
CDH2 CAGACCGACCCAAACAGCAAC GCAGCAACAGTAAGGACAAACATC
POSTN GGAGGCAAACAGCTCAGAGT GGCTGAGGAAGGTGCTAAAG
ACTA2 CCGGGAGAAAATGACTCAAA GAAGGAATAGCCACGCTCAG
NRTH3 ATCCCCATGACCGACTGATG CTCCCAGGAATGTTTGCCCT
SNAI CCAGTGCCTCGACCACTATG CTGCTGGAAGGTAAACTCTGGA
SNAI2 CGGACCCACACATTACCTTGT TTCTCCCCCGTGTGAGTTCTA
HPRT1 CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC
TBP TGGAAAAGTTGTATTAACAGGTGCT GCAAGGGTACATGAGAGCCA
MTT assay

Fibroblasts were seeded in 96 wells and stimulated with indicated compounds for 48
hours after which DMEM containing MTT (0.5 mg/mL, Sigma) was added for 3 hours.
Solubilization was performed by adding DMSO to the well whereafter absorbance
was measured at 595 nm.

TUNEL staining

IPSC-CM were stimulated for 48 hours and fixed in 4% PFA. Cells were permeabilized
in 0.25% TX100/PBS for 15 minutes and subsequently blocked in 1% BSA/PBS. TUNEL
solution (ratio enzyme and label solution 1:25) was applied for 60 minutes. Next, cells
were washed, blocked in 2% BSA/0.1% TX100/PBS/ and incubated for 2 hours with
goat anti-cTnl (Hytest, 4721, 1:200) antibody followed by one hour incubation with
secondary antibody (Alexa Fluor 488, Thermo Scientific). DAPI was used as counter-
staining (Thermo Scientific). Imaging was executed by EVOS FL Auto 2 Imaging System
(Thermo Fisher Scientific).

Western Blot

Cells were lysed in radio immunoprecipitation assay (RIPA) buffer supplemented with
protease inhibitors (Complete protease inhibitor cocktail tablets, Roche Diagnostics)
and phosphatase inhibitors (1M NaF, 10% NaPi, 0.1M NaVan). Protein concentration
was determined using a BCA assay (Pierce BCA Protein Assay Kit, 23225, Thermo
Scientific). Samples were diluted to equal concentrations and loaded onto a 10%
SDS-polyacrylamide gel followed by transfer to an Immobilon-P transfer membrane
(# IPVHO0010, PVDF membrane, Millipore) at 4°C. Blots were blocked in 5%BSA/TBST
for 30 minutes at room temperature. Immunodetection was performed by over-
night incubation at 4 °C with anti-E-cadherin (1:5000, ab40772, Abcam), anti-SMA
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(1:500, A2547, Sigma-Aldrich), anti-Vinculin (1:5000, V9131, Sigma-Aldrich), anti-Phos-
pho-CK2-Substrate Rabbit mAb mix (1:1000, #8738, Cell Signaling), anti-H3K27me3
(1:2500, 17622, Millipore) and subsequent incubation with Sheep anti-mouse HRP
(NA931, GE Healthcare) or donkey anti-Rabbit HRP (ab98493, Abcam) for 30 minutes
at room temperature, followed by chemiluminescent imaging using WesternBright
ECL HRP substrate. Blots were imaged using ChemiDoc (Bio-rad).

RNA sequencing

Epicardial cells isolated from three patients (n=3) were incubated for 3 hours in
epicardial cell medium supplemented with 0.1% DMSO, TGFB3 (1 ng/mL, R&D sys-
tems) plus DMSO, TBBz (5 pM), or M2 (10 pM). Total RNA was isolated as described
above; and quality and integrity were assessed using an Agilent bioanalyzer. Library
preparation, mRNA sequencing and data analysis was executed by Novogene Co.,
Ltd using the Illumina platform with a sequencing depth of 15G per sample. Reads
containing adapters, reads with N > 10%, and low-quality reads were removed. The
Q20, Q30 and GC content were established for quality control. The clean reads were
mapped against the human reference genome (ensembl_homo_sapiens_grch38_p12_
gca_000001405_27) using STAR software. Gene expression levels were estimated as
expected number of Fragments Per Kilobase of transcript sequence per Millions base
pairs sequenced (FPKM). Clustering was determined using the log2(FPKM+1) value and
differentially expressed genes (DEGs) were calculated using the DESeq2 R-package.
Genes with an adjusted p-value <0.05 were considered as DEGs.

Statistics

For every experiment, the n number is denoted in the legend, indicating biological
repeats: the number of individual cell isolations that have been used. Displayed pic-
tures are representative for multiple observations. Statistics were performed using
Graphpad Prism 9 software. For every experiment, the performed statistical test is
indicated in the figure legend. Only relevant comparisons were statistically tested.
Significance was considered when P<0.05.

RESULTS

Human primary epicardial cells were isolated from human heart auricles. The epicar-
dial cells were expanded in the presence of ALK4/5/7 kinase inhibitor SB431542 (SB)
to maintain their epithelial phenotype which was evident by their cobblestone mor-
phology. EpiMT was induced by TGF[3 stimulation, which elicited a drastic phenotypical
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transformation towards spindle-shaped cells, as previously described (14). To identify
novel inducers of epiMT, we established an in vitro model for a high throughput phe-
notypical assay. First, we selected a proper and robust read out for epiMT by testing
multiple antibodies for immunofluorescent analysis. The monoclonal mouse IgG2a
clone #1A4 against human aSMA from R&D (IC1420G) conveyed the highest discrim-
ination between untreated cobblestone and spindle-shaped cells and was therefore
selected for the screen read-out (Fig. S1). To screen for epiMT inducers, cobblestone
epicardial cells were seeded in 384-wells plates and were incubated with small mole-
cules derived from the Library of Pharmacologically Active Compounds (LOPAC1280).
This library consists of small molecules dissolved in DMSO targeting a wide range of
cell signaling processes. For every cell culture plate, DMSO-treated cells were includ-
ed as a negative control, and TGFB-treated cells as a positive control. Furthermore,
SB treated cells and untreated cells were taken along as additional controls for the
aSMA staining (Fig. 1A).

Compounds (LOPAC1280)
A Controls i duplicate __Controls B
e —

— —
SB ().
Untreated ()
- AP
?2?1?(5—) No. of nuclei

N 24h 5 days A
- d- r¥ 4Ty -

Seed EPDCs Stimulation EPDCs Fix & Immunostaining Automated imaging
with LOPAC1280 small for aSMA and DAPI and quantification
molecule library

Screen 1 - controls Screen 2 - controls Screen 3 - controls

TGFB

DMSO

® SB e Untreated DMSO o TGFB

Figure 1 | Design of phenotypic LOPAC1280 compound screen. (A) Plate design of phenotypic
LOPAC1280 compound screen. Eight 384 wells plates were used, each plate included control
conditions SB, Untreated, DMSO and TGF(. Compounds were added in duplicate. (B) Design
of experiment. Cobblestone human primary epicardial derived cells were seeded and after 24
hours stimulated with compounds derived from the LOPAC1280 library. After 5 days of stimu-
lation, cells were fixed and stained for aSMA and DAPI which were subsequently automatically
imaged and quantified. (C) Representative images of controls. Scale bar: 50 ym. (D) Quantifi-
cation of control conditions of the three individual screens displayed as aSMA area relative to
DMSO and TGFp treated cells. The X-axis shows the number of the condition (first plate is 1-192,
second plate is 193-384, etc). Every dot represents one well.
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aSMA area (% of control)
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o

50 1
0+ -
Conditions
B
Select top 30 per 90 hits
screen using automated
tification. .
quantification Manual evaluation of 54 hits Validate top hits in multiple cell
automated process ‘ isolations in 96 well format. Select
(46 excluded) 5 top hits with robust increase of SMA.
Select overlapping
hits (present in top 50
of more than 1 screen) 10 hits
D

#C Full name

1 Phenamil methanesulfonate
2 3-deazaadenosine
Untreated 3 3 H-8 dihydrochloride
4 4,5,6,7-Tetrabromobenzimidazole

5 Oltipraz metabolite M2

Figure 2 | Phenotypic compound screen identifies five potential epiMT inducers. (A) Results
of the compound screen displayed as aSMA area relative to DMSO and TGFp treated cells. The
X-axis shows the number of the condition (first plate is 1-192, second plate is 193-384, etc). Every
dot represents one well. (B) Schematic overview of the selection process leading to the final five
hits. (C) Immunofluorescent staining of aSMA and DAPI of the five identified compounds and
their controls after 5 days of stimulation (n=2-3). Scale bar: 100 um. (D) List of the five selected
molecules.

All conditions were tested in duplicate. We performed the screen three times, in
epicardial cells isolated from different patients to account for patient variability, and
in two concentrations (5 pM and 10 pM). After 5 days of incubation, the cells were
fixed and stained for aSMA (Fig. 1B, C). aSMA-staining was automatically imaged and
quantified as total area of positive aSMA immunostaining normalized against positive
staining in control cells. The controls of the three individual screens are depicted in
Fig.1D. In the first screen, we encountered technical difficulties with one cell culture
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plate which is displayed as a gap in the figure. Screen 3 shows higher variation within
each control condition compared to screen 1 and 2, shown by the spread of the dots.
As expected, the percentage aSMA area is lower in all three negative control condi-
tions. Interestingly, DMSO treatment seemed to lower aSMA expression compared
to untreated cells. Overall, there is a clear distinction between the negative controls
and the positive control TGFf3, indicating that this set-up is effective to identify novel
epiMT inducers.

The results of all three screens are combined in Fig. 2A, where every dot represents
one well. To select compounds for further analysis, we started by evaluating the com-
pounds that induced aSMA expression in more than one screen. Compounds that
scored within the top 50 in more than one screen were listed (10 compounds, Fig.
2B and supplementary table 4). In addition, to ensure we did not miss any potential
epiMT inducer, we also selected the top 30 hits from every screen (see supplemen-
tary table 1, 2 and 3). The pictures taken of these hits were evaluated manually and
images containing artefacts were excluded, which resulted in a list of 54 compounds
of interest. This selection was subjected to another round of testing in epicardial cells
after which five small molecules were selected based on their capacity to robustly in-
crease aSMA expression, and to elicit morphological changes towards spindle-shaped
cells in cells isolated from multiple patients (Fig. 2C-D).

We continued with five selected compounds and validated their effect on epiMT in
more detail. First, we optimized the working concentration for all five compounds, de-
fined as the lowest concentration that elicited aSMA induction (data not shown). Next,
we evaluated the morphology of the epicardial cells after compound stimulation. All
small molecules induced a clear transition towards spindle-shaped mesenchymal cells
compared to DMSO and untreated (Fig. 3A). Interestingly, there were morphological
differences between the different stimulations, e.g. #C4' induced spindles displayed
long dendritic-like tails while #C1' induced spindles have a thick and round body, with
short tapered protrusions (Fig. 3A). Such variations were also observed in the aSMA
immunostaining pattern (Fig. 2C), e.g. #C3' induced spindles demonstrated a smooth
muscle cell like striated pattern in large dissimilar cells, while #C5' induced spindles
displayed a gradient of staining intensity and smaller, more rectangular-shaped cells.
The variety in morphology between the compounds indicates that the five small mol-
ecules may not induce mesenchymal differentiation via the same mechanism or path-
way. To confirm the morphological observed epiMT, gene profiling was performed to
establish regulation of epiMT related genes. For all small molecules, the expression
of CDH1 (encoding E-cadherin) decreased massively (Fig. 3B), demonstrating the loss
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of epithelial morphology. This was corroborated by the loss of E-cadherin protein
(Fig. 3D). Furthermore, almost all molecules, except for #C2, showed a trend towards
an increase of CDH2 (encoding N-cadherin), which is a hallmark of a mesenchymal
phenotype. For #C1, #C2 and #C3, the transition of E-cadherin to N-cadherin was not
apparent in all tested epicardial cell isolations, which can be appreciated from the
spread of the individual dots, suggesting that epiMT induction is less robust. We con-
tinued by determining the presence of the mesenchymal marker Periostin (POSTN)
which was 10-fold increased in almost all stimulations (Fig. 3C).

Although we could not detect massive changes in ACTA2 gene regulation (Fig. 3C),
aSMA protein levels were upregulated in cell cultures stimulated with #C3, #C4 and
#C5 (Fig. 3D). To conclude, while not to the same extend, the identified five small
molecules all induce epiMT both phenotypically, and at a molecular and protein level.

For compounds to be used for in vivo stimulation of the epicardium, it is essential that
they do not harm other cardiac cell types at concentrations required for the induction
of epiMT. Therefore, we determined the toxicity of the compounds in cardiomyocytes
and fibroblasts. Toxicity of the compounds in iPSC-CM (Fig. 4A) was determined by
TUNEL staining and cell numbers, which was quantified by counting DAPI+ nuclei.
Only at very high concentrations (>4x the working concentration), a small effect on
cell death was observed for #C1 and #C4 (Fig. 4B). Furthermore, the identified small
molecules did not induce the proliferation of cardiac fibroblasts, nor did they exert
any harmful effects on these cells when stimulated with the working concentration, al-
though 4x the working concentration of #C1 and #C4 was toxic for the cells, while #C2
was able to induce slight fibroblast proliferation (Fig. 4C). To conclude, at the working
concentration, all compounds appear safe for cardiomyocytes and fibroblasts.

Based on their ability to induce epiMT and their robustness in doing so, we decided
to continue with the two most promising compounds namely 4,5,6,7-Tetrabromo-
benzimidazole (TBBz, #C4) and Oltipraz metabolite M2 (M2, #C5), and studied the
underlying mechanism of their epiMT induction. An essential step in the process of
epiMT is the upregulation of EMT regulating transcription factors. In our epicardial cell
culture model, TGF mainly induces epiMT via the upregulation of SNAI1 (encoding
SNAIL)(Fig. 5A). Interestingly, TBBz and M2 mainly induced the expression of SNAI2
(encoding SLUG) (Fig. 5A) suggesting that both compounds follow a different pathway
than TGF{ to induce epiMT. Noteworthy, M2 induced SNAI2 within 90 minutes, while
upon TBBz stimulation this transcription factor is mainly upregulated after 24 hours,
suggesting an indirect epiMT-induction.
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To understand the underlying mechanism of epiMT induction, we focused on the
known function of the identified compounds. TBBz is mostly described as an inhibitor
of casein kinase 2 (CK2), which is present in many cell types including epicardial cells
(Fig. S2) and has been related to EMT via FOXC2 (17). Interestingly, using an antibody
against phosphorylated CK2 substrate, we did not observe an effect of TBBz on CK2
activity in epicardial cells (Fig. S2). The LOPAC1280 library includes a highly similar
CK2 inhibitor, TBB, which did not induce aSMA expression in any of our screens. Fur-
thermore, another CK2 inhibitor, CX4945 did not induce epiMT to the same extend
as TBBz. Altogether, our data indicates that TBBz elicits epiMT in a CK2 independent
manner (Fig. S2).

M2 has been implicated in several processes, including liver X receptor a (LXRa) tran-
scriptional activity, which has been associated with EMT (18). However, no effect of
M2 on mRNA expression of LXRa was found in epicardial cells after 5 days of stim-
ulation (Fig. S3).

In search of a epiMT inducing mechanism, we used an unbiased approach to investi-
gate the direct effect of TBBz and M2 on three independent epicardial cell isolations
by stimulating the cells for 3 hours and profiling all cell signaling processes using
RNA sequencing (Fig. 5B). As controls, DMSO and TGFp treated cells were included.
The heatmap in Fig. 5C shows that both TGF8 and TBBz induce a strong and distinct
response, displayed by a large number of differentially expressed genes compared to
the DMSO treated samples and between these two conditions. TBBz induces a large
set of DEGs (Fig. 5D), which are mainly involved in histone modification and histone
lysine methylation (Fig. 5G). Zooming in on the specific genes that are involved in this
reveals that genes encoding methyltransferases are downregulated by TBBz.
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Figure 5 | RNA sequencing reveals direct targets of TBBz and M2 in epicardial cells

(A) mRNA expression levels for SNAI1 and SNAI2 in epicardial cells stimulated for 1.5, 3 or 24
hours with TGFB, TBBz or M2 relative to control (n=3-4, mixed-effects analysis, Sidak’s multiple
comparisons test). (B) Schematic overview of experimental design. (C) Heatmap derived from
RNA sequencing of three epicardial cell isolations (P1-P3) stimulated with DMSO, TGF+DMSO,
TBBz or M2 for 3 hours. Samples and genes were clustered using the log2(FPKM+1) values. Red
and blue indicate respectively high and low expression levels. (D) Volcano plot of differentially
expressed genes (DEGs) of DMSO versus TBBz treated epicardial cells, and DMSO versus M2
stimulated epicardial cells. Green and red dots respectively indicate DEGs that are significantly
downregulated or upregulated. (E) List of ten most significant DEGs of DMSO versus TBBz treated
epicardial cells and their fold change difference. (F) List of ten most significant DEGs of DMSO
versus M2 treated epicardial cells and their fold change difference. (G) Adjusted p-value of the
significantly enriched GO terms in DMSO versus TBBz treated epicardial cells. Counts (n) indicate
the number of differentially expressed genes concerning this GO term. (H) Adjusted p-value of the
significantly enriched GO terms in DMSO versus M2 treated epicardial cells. Counts (n) indicate
the number of differentially expressed genes concerning this GO term. (I) Representative western
blot for protein expression levels of H3K27me3 and loading control Vinculin for epicardial cells
derived from 2 patients treated with DMSO (n=3), TBBz (n=3) for 3 hours. (J) Quantification of the
western blot in H for DMSO and TBBz conditions (n=3).
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This suggests that TBBz may induce epiMT via epigenetic regulation. To further inves-
tigate this, we determined the effect of TBBz on H3K27 trimethylation (H3K27me3),
a post-translational modification that has been related to EMT regulation (19). Al-
though not significant, in three cell lines we observed an increase is H3k27me3 upon
stimulation with TBBz (Fig. 51 and J). This was not observed by other epiMT-inducing
stimulations, such as TGFp (Fig. S4). In contrast to TBBz, M2 stimulations elicited only
14 DEGs (Fig. 5D). One gene that seemed particularly interesting in this setting was
the upregulation of FOXQ1 (Fig. 5F), a known regulator of EMT but yet undescribed
in epiMT. In summary, TBBz and M2 induce epiMT in a different manner than TGF3
does as they do not induce the same EMT-TF, nor do they exhibit a similar genetic
profile 3h after stimulation. TBBz induces a large shift in the epigenetic landscape
by increasing H3K27me3 causing a delayed upregulation of SNAI2 and induction of
epiMT. M2 likely induces epiMT via upregulation of FOXQ1 and SNAI2.

DISCUSSION

In this study, we developed a high throughput in vitro screening protocol using human
primary epicardial cells and identified two novel inducers of epicardial epithelial to
mesenchymal transition (epiMT).

To be able to perform a phenotypic screen, we exploited our previously described
in vitro model in which human epicardial cells display a clear phenotypical switch
between their epithelial and mesenchymal phenotype (14,15). The use of primary
cells serves the benefit of representing the biological variability within the human
epicardium and therefore is highly translational. This benefits over the difficulties
that come with using human primary cells, such as the availability of cardiac tissue,
and the challenge to achieve a sufficiently high number of cells to execute such a
screen. As read-out, we selected a marker that provides a high contrast between
the negative control (untreated) and the positive control (TGFB). The mesenchymal
marker aSMA turned out to be most distinctive, specifically the antibody offered by
R&D (Ic1420g). aSMA is a marker for mesenchymal cells and more specifically for
pericytes, myofibroblasts and smooth muscle cells. As with every antibody-based
read-out, using aSMA likely biased our results and consequently we may have missed
epiMT inducing compounds which did not induce aSMA. For example, basic fibroblast
growth factor (BFGF) induces epiMT without the upregulation of aSMA (20) and would
not be picked up by our screening. Our list is therefore not exhaustive but neverthe-
less provided sufficient hits. To conclude, we provided a relatively easy and effective
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model to study epicardial behavior which may pave the way for basic research or
drug discovery in epiMT, and other epicardial read-outs such as proliferation, differ-
entiation, and toxicity.

Using automated imaging, quantification of aSMA expression, and subsequent val-
idation, we initially selected five hits. Based on the description of these compounds
provided by the LOPAC1280 library, we could not discover one common signaling
pathway among these hits. In addition, the compound-induced mesenchymal cells
displayed distinct morphologies. This suggest that the identified compounds do not
directly or only indirectly activate the same pathway resulting in epiMT. Since epiMT is
an intricate process, defined as plastic transition between two extremes with several
intermediate stages (21), we found it essential to determine if the compounds induce
full epiMT. Therefore, we used a variety of tests; we reported cell morphology, a de-
crease in epithelial markers and an increase in mesenchymal markers, both at the
level of MRNA and protein and we show the presence of EMT transcription factors.
This broad approach provided two reliable and robust epiMT inducers.

Research into epiMT has already established that TGF3, Wnt and PDGF are its main
regulators, mostly via WT1 but also other transcription factors such as TCF21 and
SOX9 (reviewed in (22)). In our study, we identified two novel regulators. TBBz is a
CK2 inhibitor and off target effects are barely described for this molecule. However,
in our hands, we could not find an effect of TBBz on CK2 activity, and conversely other
CK2 inhibitors did not elicit the same epiMT induction as TBBz. Although it is possible
that this is due to technical issues, we consider that TBBz does not act on epiMT via
CK2. Interestingly, RNA sequencing revealed that TBBz signals via downregulation of
histone methyltransferases. The fact that EMT-TF SLUG is upregulated after 24 hours
suggests that the changes in the epigenetic landscape lead to the upregulation of
SLUG and consequently the induction of epiMT. Epigenetic regulation of epiMT has
been described before (23-25). In addition to this, it has been shown that injury in-
duces major changes in chromatin accessibility of epicardial cells in zebrafish which
also points to a significant role for epigenetic regulation in injury-induced epicardial
behavior (26). Interestingly, increased levels of KDM6A were shown to prevent epiMT
in vitro by repressing H3K27Me3(24). This is in line with our data, showing that TBBz
increases levels of H3K27Me3 and induces epiMT. Furthermore, protein arginine
methyltransferase 1 (PRMT1) was shown to induce epiMT in the developing heart,
most likely via SLUG (25). This demonstrates that histone modification, especially
methyltransferases, are of relevance in epiMT regulation and can be exploited to
target epiMT. For this, TBBz is a good starting point.
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Oltipraz Metabolite M2 induces only a few genes and therefore seems to hit a more
specific target. Within 1.5 hours, SLUG is upregulated and maintained over at least 24
hours. One of the differentially expressed genes in the first 3 hours is FOXQT1, a tran-
scription factor that has been related to EMT (27) but not to the epicardium. Further
experiments are required to determine which role FOXQ1 plays in M2-induced epiMT.

To conclude, it is feasible and effective to conduct a phenotypic high throughput com-
pound screen using primary epicardial cells. Using this approach, we have identified

two novel inducers of epiMT: TBBz, that induces histone modifications, and Oltipraz
Metabolite M2 which increases FOXQ1.
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SUPPLEMENTARY FIGURES & TABLES

+SB431542

Phalloidin
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Vimentin
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Fig. S1 | aSMA immunostaining can be used as a read out for epiMT
Representative immunostainings of epicardial cells that were treated with SB431542 (SB), TGF3
or with epicardial cell medium for 5 days.
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Fig S2 | TBBz may not induce epiMT via CK2

(A) Representative immunostaining for CK2a in epicardial cells. (B) Representative image of west-
ern blot of epicardial cells treated with DMSO, TBBz, or CX4945 for 3 hours. The antibody against
CK2 substrate phosphorylation indicates activity of CK2. Y-tubulin was used as loading control
(n=3). (C) Representative immunostaining of epicardial cells which were treated for 5 days with
TBBz or CX4945 or epicardial cell medium as control (n=3). (D) Results from LOPAC1280 screen
in the three individual screens for TBBz and TBB.
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Fig. S3 | M2 may not induce epiMT via LXRa
MRNA expression levels for NR1H3 in epicardial cells that were treated for 5 days with DMSO,

TGFB or M2 (n=3).
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TBBz + GSK-J4
TBBz + GSK-J4

DMSO
TBBz
DMSO
TBBz
TGFpB

| |H3K27me3

| |Vincu|in

Fig. S4 | Effect of TBBz on H3K27me3 levels. Controls corresponding to Figure 5I. Western
blot of protein expression levels for H3K27me3 and loading control Vinculin for epicardial cells
treated with DMSO (n=3), TBBz (n=3), TBBz+GSK-J4 (n=2), or TGFB (n=1) for 3 hours.
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Chapter 5

ABSTRACT

The epicardium, the outer layer of the heart, has been of interest in cardiac research
due to its vital role in the developing and diseased heart. During development, epi-
cardial cells are active and supply cells and paracrine cues to the myocardium. In
the injured adult heart, the epicardium is re-activated and recapitulates embryonic
behavior that is essential for a proper repair response. Two indispensable processes
for epicardial contribution to heart tissue formation are epithelial to mesenchymal
transition (EMT), and tissue invasion. One of the key groups of cytokines regulating
both EMT and invasion is the transforming growth factor 8 (TGFB) family, including
TGFB and Bone Morphogenetic Protein (BMP). Abundant research has been per-
formed to understand the role of TGF3 family signaling in the developing epicardium.
However, less is known about signaling in the adult epicardium. This review provides
an overview of the current knowledge on the role of TGF3 in epicardial behavior both
in the development and in the repair of the heart. We aim to describe the presence
of involved ligands and receptors to establish if and when signaling can occur. Finally,
we discuss potential targets to improve the epicardial contribution to cardiac repair
as a starting point for future investigation.

Keywords

Epicardium, TGFB, BMP, EMT, invasion, cardiac development, cardiac repair
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1. INTRODUCTION: THE EPICARDIAL TIMELINE

The epicardium, a mesothelial layer covering the heart, has been recognized as a
distinct structure for a long time, whilst its origin and function remained uncertain.
Until halfway through the 20th century, the general consensus was that epicardi-
al cells originated from the myocardium. Even though Kurkiewicz [1] discovered in
1909 that epicardial cells derive from an extra-cardiac source, we know today as the
pro-epicardium (PE), this finding was neglected for several decades until it was con-
firmed by Manasek in 1969 [2]. In the 30 years following, the epicardium has been
described by multiple observational studies in various animal species ranging from
quail to hamster [3,4,5]. Nevertheless, it took until the end of the 20th century for
the functional role of the epicardium to be revealed; retrovirally-labeled PE cells were
traced over time and were eventually observed within the myocardium, suggesting
that the epicardium contributes cells to the developing heart [6,7]. A comparable
labeling approach showed that epicardial cells within the epicardium undergo epi-
thelial to mesenchymal transition (EMT), migrate into the heart and locally become
vascular smooth muscle cells and cardiac fibroblasts [8]. Over the last years, exten-
sive research established that epicardial cells are for instance involved in stabilization
of the vasculature [9], formation of the conduction system [10], and the process of
myocardial compaction [11,12]. The importance of the epicardium was demonstrated
when formation of the epicardium was impeded, causing severe cardiac effects such
as a thin-walled myocardium and defective coronary vasculature [13,14].

In the adult mammalian heart, the epicardium as a single mesothelial cell layer dis-
plays little activation. Interestingly, this ‘quiescence’ is not necessarily indefinite. An
important observation was made in 2006 when Lepilina et al. found that injury reac-
tivated the epicardial layer in the zebrafish heart. This process resembled embryonic
epicardial activation, and was shown to be essential for regeneration of the adult
zebrafish heart [15]. To further assess the potential of the adult epicardium, in vitro
models were established for adult mouse [16], and human [17] epicardial cells. These
cell culture models revealed that adult cells retain the capacity to undergo EMT. How-
ever, in vivo these activation processes of EMT and subsequent migration and cell
type differentiation seem to occur less efficient in the adult heart compared to the
developing heart. For instance, in the adult heart there appears to be limited migra-
tion of epicardial derived cells into the injured myocardium [18,19]. This observation
created a window of opportunity to boost the epicardial response to improve cardiac
regeneration, which has emerged as an area of active research.
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During cardiac repair in organ-regenerating animals, e.g., the newt and zebrafish,
several vital processes such as cardiomyocyte proliferation [20], and blood vessel for-
mation [21] are governed by recapitulation of developmental processes. This is in line
with the general tissue regeneration paradigm that initiation of a fetal gene program
is at the foundation of the endogenous regenerative response, as was also shown
for e.g., mammalian axons and bone [22,23]. Therefore, to fully understand how the
epicardium can be exploited to improve repair of the injured heart, it is important to
comprehend its behavior during development and to unravel the signals steering this
process. A signaling pathway that is involved in many processes underlying epicardial
behavior is the transforming growth factor (TGF) B pathway. This family of growth
factors, well known for its role in EMT and invasion of cells of different origins [24],
is considered to be important for epicardial cell behavior during development and
is therefore a potential target for rejuvenating the adult epicardium. The aim of this
review is to provide one of the first comprehensive overviews of current knowledge
of TGFB family signaling in the embryonic epicardium and to discuss to what extend
this response is recapitulated in the injured adult heart. We aim to achieve this in a
structured approach, discussing the presence of ligands, associated receptors, and
signaling for distinct components of the signaling family. Finally, we will discuss po-
tential targets to improve the epicardial contribution to cardiac repair as a starting
point for future investigation.

2. TGFB FAMILY SIGNALING OVERVIEW

The TGFB family is a large group of proteins named after the cytokine that was de-
scribed first [25], the polypeptide presently known as TGFB1. The family has multiple
members including TGFfs, bone morphogenetic proteins (BMPs), activins/inhibins,
and growth and differentiation factors (GDFs). The TGF3 family components are crit-
ical during development and disease as its proteins are involved in the regulation
of essential cellular processes including proliferation, differentiation, adhesion, and
apoptosis (reviewed in [26]). Signaling occurs via an intricate system of ligands, re-
ceptors, and intracellular molecules. The TGF{ family can roughly be divided into two
clusters: a TGFp cluster and a BMP cluster, which are schematically depicted in Figure
1. TGFB and activin ligands bind to specific receptor combinations that induce the
phosphorylation of SMAD2/3, while BMPs bind to receptor combinations that result
in phosphorylation of SMAD1/5/8. The phosphorylated SMADs form a complex with
SMAD4 and translocate to the nucleus to induce gene transcription (see Figure 1).
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Multiple mechanisms ensure that the signaling cascade is highly controlled at all
levels, which we will discuss separately below.

TGFp signaling BMP signaling

BMP2 BMP2 BMP9

f TGFB1 Inhibin Activin BMP4 BMP4 BMP10
Ligands TGFB2 Nodal BMP6  BMP6
TGFR3 BMP7  BMP7

TGFBRHI

RhoA

MAPK/

Receptors h
JINK

Signaling PI3K/Akt
. ERK .
oMAD
SMAD- independent S
dependent dependent

Gene transcription Gene transcription

‘||||\ /||||||

Nucleus

Figure 1 | Schematic overview of TGF( family signaling. TGF3 family signaling can be divided
into two clusters: TGFB- (left) and BMP- (right) signaling. TGF31, -2 and -3 bind the TGF[3 receptor
Il and activate signaling via type | receptor ALK5. Activin, nodal and inhibin can bind to the activin
receptor IIA or IIB and propagate signaling via ALK4. Signaling via ALK4 and ALK5 leads to phos-
phorylation of SMAD2/3. Upon binding to SMAD4, this SMAD complex translocates to the nucleus
to initiate gene transcription. Of note is that ALK7 (not displayed) can also initiate signaling via
SMAD2/3, but this type | receptor is assumed to be unimportant in epicardial behavior. On the
BMP side, BMPs can bind to either the activin receptor IIA or IIB, or to the BMP type Il receptor,
that can activate the signaling cascade via ALK2, -3 or -6, or via ALK1. Signaling via ALK1/2/3/6
results in phosphorylation of SMAD1/5/8 which, after binding to SMAD4, translocates to the
nucleus and starts gene transcription. Besides the described SMAD-dependent pathways, both
TGFB and BMP pathways can activate SMAD-independent pathways, shown in the middle panel.

TGFB family ligands are secreted as a complex where the active growth factor is
bound to a prodomain. TGF3 family members can signal in an autocrine or paracrine
fashion. Upon secretion, TGF( ligands can be stored in the extracellular matrix (ECM)
by binding to heparin, or to latent TGF3 binding protein (LTBP), thereby preventing
the association of the ligand with its receptor and controlling ligand bioavailability
(reviewed in [27]). Activation of the latent TGF[ ligands, more specifically TGFB1-3,
may be controlled by release of the pro-domain by the extracellular environment
[28], for example by furin-mediated cleavage [29]. Additionally, as shown for BMP7,
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the pro-domain can also be replaced by the type Il receptor enabling the receptor to
bind to the growth factor domain [30]. However, the presence of the BMP pro-domain
does not compromise the biological activity of several of the BMP ligands, including
BMP4, 5,7,9 and BMP10 [31,32,33].

After the ligands are released from the ligand binding proteins, they bind to a TGFf3
family receptor complex (reviewed in [34]). These receptors are subdivided into three
groups: type Il receptors (TGFBRII, BMPRII, ACTR2A or ACTR2B), type | receptors (ac-
tivin receptor like kinase (ALK) 1-7) and type Il receptors (endoglin and TGF3R3).
Each ligand of the TGF family binds to a specific combination of type | and a type
Il receptors, which are both essential for downstream signaling. More specifically,
the ligand binds two type Il receptors and two type | receptors, in order of highest
affinity, to ultimately form a heterotetrameric complex. Subsequently, the type I
receptor kinase activates the type | receptor. The type | receptor propagates the
signal from the membrane to the nucleus by phosphorylation of receptor-mediat-
ed SMADs (R-SMADs). There are two main signal transduction cascades: either via
phosphorylation of SMAD2 or -3 or via phosphorylation of SMAD1, -5 or -8. Hence,
the type | receptors are subdivided into two clusters: the TGF( cluster, in which the
type | receptors ALK4 or ALK5 propagate the signal via phosphorylation of SMAD2/3,
and the BMP cluster, whose type | receptors ALK2, -3 or -6 phosphorylate SMAD1/5/8
(see Figure 1). The phosphorylation of R-SMADs initiates the formation of a complex
that consists of two R-SMADs and one common SMAD (co-SMAD), which is also called
SMAD4 (reviewed in [35]). After translocation of the R-SMAD/SMAD4 complex into the
nucleus, SMADs interact with DNA and other transcription factors to regulate gene
expression. Besides receptor regulated SMADs, there are inhibitory SMADs (I-SMADs),
SMADG6 and SMAD?7, that negatively regulate TGF( signaling through competing with
the R-SMADs for type | receptor binding and via regulation of receptor degradation
(reviewed in [36]), allowing for yet another level in signal regulation.

Of course, there are exceptions to the general division in a TGFf and a BMP clus-
ter; in some cases, BMPs can induce SMAD2/3 phosphorylation or TGF3 can induce
SMAD1/5/8 phosphorylation [37,38]. This can be due to an aberrant composition
of type | receptors in the heterotetrameric complex, e.g., TGFB ligand can initiate
SMAD1/5/8 phosphorylation when the type | receptor complex consists of a heterod-
imer of ALK5 and ALK1 [39]. This cross-phosphorylation can be due to the presence
of TGFp type Il receptors in the receptor complex. These accessory receptors have
a transmembrane domain, similar to the type Il receptors, but lack the intracellular
kinase domain that is essential for activation of the type | receptor. Type Ill receptors
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are therefore not able to initiate signaling themselves, but can modulate signaling
by type Il receptors.

Besides signaling in a SMAD-dependent manner, TGF( is also able to exert biologi-
cal effects by activation of SMAD-independent pathways (see Figure 1). One of these
pathways is Rho GTPase signaling, which is known for its role in actin reorganization,
an essential part of EMT. Other pathways involved are MAPK associated, including
ERK, JNK, and p38 MAPK, and the PI3K/Akt pathway (reviewed in [40]). Activation of
SMAD-independent pathways can be provoked by both TGF3 and BMP ligands.

Overall, the TGFB family of signaling components provides a broad range of responses
that can be regulated on multiple levels. The highly regulated availability of ligands,
and the presence of specific combinations of receptors on the cell surface determine
if a cell is able to activate the signaling cascade. On top of this, type Ill receptors and
interaction with SMAD-independent pathways can modulate the signal.

3. EPICARDIUM IN DEVELOPMENT AND DISEASE

As mentioned previously, the epicardium plays an essential role in the formation of
the heart. Cardiac development starts with the formation of a bilayered linear heart
tube consisting of a myocardial layer lined by the endocardium on the luminal side.
The heart tube follows a sequence of looping events during embryonic day 9 (E9) in
the mouse, which corresponds to week 3-4 of human development, ultimately result-
ing in the formation of a four chambered heart. From E9.5 onwards, cells from the
pro-epicardium (PE), a cell cluster located at the venous inflow tract, migrate towards
the heart and proliferate to cover the bare myocardium with a third cardiac layer: the
epicardium [41]. By E11.5, the epicardial cells have enveloped the heart and at this
point display a cuboidal epithelial phenotype [42], characterized by the expression
of cell adhesion molecules such as E-cadherin and 3-catenin, that ascertain integrity
of the layer and the maintenance of an apical-basal polarity [43]. Furthermore, the
epicardial cells express Wilms' tumor 1 (WT1) and retinaldehyde dehydrogenase 2
(RALDHZ2) [44], proteins that are often used as markers for activated epicardium. Then,
a subset of the activated epicardial cells undergoes EMT [5,45] (Figure 2). During EMT,
the cells lose their epithelial phenotype by disruption of their cell adhesion profile and
rearrangement of their cytoskeletal organization, enabling them to detach from neigh-
boring cells and become motile. Additionally, the cells acquire functional mesenchy-
mal characteristics, such as the ability to secrete extracellular matrix (ECM) proteins.
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Figure 2 | Schematic overview of epicardial behavior during development. Pro-epicardial
cells migrate towards the heart and cover it to form the epicardium. When the epicardium has
enveloped the heart, cells start to undergo epithelial to mesenchymal transition (EMT). This
allows the epicardial derived cells to invade into the heart and differentiate into various cell
types, mainly cardiac fibroblasts, smooth muscle cells, and pericytes. In addition, epicardial cells
secrete paracrine factors that contribute to the development of the heart.

The main result of epicardial EMT is that it enables the cells to invade the sub-epi-
cardial layer and migrate into the myocardium [46] (Figure 2). After migration, the
epicardial derived cells (EPDCs) can differentiate into different cell types (reviewed in
[47]). They predominantly become interstitial fibroblasts and adventitial fibroblasts,
which are important for proper organization of the myocardial wall [48], and smooth
muscle cells (SMCs), which will cover the vessels and are crucial for vascular matura-
tion [49]. Differentiation of EPDCs into endothelial cells and cardiomyocytes during
cardiac development has been reported, but is likely to occur very rarely (reviewed
in [47]). A special role for EPDCs has been postulated in the formation of the atrio-
ventricular (AV) junction, the annulus fibrosus [50], and the AV valves [51] (reviewed
in [52]). Besides the cellular contribution of EPDCs to the developing heart, EPDCs
also have a paracrine contribution by secreting factors that are essential for the
developing myocardium. For instance, epicardial derived retinoic acid [11,53] and
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fibroblast growth factors (FGFs) [54] are important for cardiomyocyte proliferation,
while epicardial GATA4/GATAG signaling regulates endothelial cell recruitment that
is indispensable for coronary plexus development [55].

In the adult heart, the epicardium does not display epicardial activation markers WT1
and RALDH1 and 2 [18,56], suggesting that it is a quiescent layer. However, the epi-
cardium can be awakened by ischemic injury, resulting in thickening of the epicardial
layer and sub-epicardial mesenchyme [56,57]. The post-injury epicardial activation
is accompanied by recapitulation of developmental characteristics, such as the up-
regulation of epicardial activation genes and EMT markers [15,18,56]. Whether adult
EPDCs, like their fetal counterparts, migrate into the injured myocardium, is still under
debate (reviewed in [47]) but appears to be less prominent in the adult heart [18].
Importantly, the significance of epicardial re-activation upon injury was underlined
by studies demonstrating that preventing epicardial expansion and EMT resulted in a
worse cardiac outcome after ischemia-reperfusion in mice [58]. Conversely, increasing
epicardial EMT and migration by thymosin 34 treatment resulted in improved cardiac
outcome in the injured mouse heart [57].

Appreciating that the epicardium can be stimulated to improve cardiac regeneration
led to a focus on pathways involved in the main features of epicardial behavior: EMT
and invasion. As was introduced before, key players in regulating these processes are
members of the TGFB family. Given the distinction between TGF3 and BMP signaling,
we describe their possible regulation within the epicardium separately, starting with
TGFp signaling.

4. TGFB SIGNALING IN EPICARDIAL BEHAVIOR DURING
CARDIAC DEVELOPMENT

4.1. Expression of TGFB Members in the Epicardium during Development

The first requirement for TGFB signaling to occur in the epicardium is the presence
of the actual proteins. There are three TGFf ligands, TGFB1, -2, and -3, that are quite
similar in structure and function. However, each of them has a specific spatiotemporal
gene expression pattern during cardiogenesis [59] (see Figure 3).
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Figure 3 | Schematic overview of TGFP and Bone Morphogenetic Protein (BMP) signaling
activity during the different stages of epicardial behavior. At the top, a timeline of epicardial
activity is indicated, starting with the pro-epicardium (PE) and pro-epicardial migration towards
the heart, followed by formation of the epicardium, epicardial EMT and invasion, subsequently
epicardial quiescence in the healthy adult heart and ultimately the epicardial reactivation in
the injured adult heart. For every stage, the known expression levels of ligands and receptors
in vivo and in vitro are specified, based on the literature described in the main text. Expression
levels determined in zebrafish are noted in italic. Based on the expression levels, a prediction
of the activity of respectively TGFf and BMP signaling over time is displayed by the curvature.

In the mouse, the first ligand to be expressed in relation to the epicardium is
TGFB2. Tgfb2 mRNA is present as early as E9.5 in the PE and remains detectable in
the first epicardial cells that appear on the outside of the myocardium at E10.5. A
clear epicardial mRNA expression pattern of 7gfb2 is maintained until E12.5, after
which it starts to decline. A similar expression pattern was observed in the epicardium
of chick embryos at a comparable developmental stage [60]. Tgfb3 is not observed
anywhere in the heart at early developmental stages. However, from E11.5 onwards,
when the epicardium is established and starts to participate in the formation of
the heart, Tgfb3 mRNA expression increases and is pan-epicardially expressed [59].
TGFB3 has also been observed in the epicardium of 3 week old rat pups, suggesting
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a persistent epicardial expression in the neonatal epicardium [61]. In contrast to the
epicardial expression of Tgfb2 and -3, no obvious expression for Tgfb1 was reported
in the ventricular epicardium, but TgfbT mRNA was found to be localized to the epi-
cardium of the AV sulcus [59]. Remarkably, it was found that all three TGFf ligands
are highly expressed in the epicardium lining the AV sulcus and outflow tract, sug-
gesting they play a role in this region. In summary, TGFB2 is expressed during early
heart development when the epicardium is formed (E9.5-E12.5); while TGF33 is more
likely to be involved in later phases, when the epicardium contributes to cardiogen-
esis (E11.5-onwards).

Since TGFpB can signal in both an autocrine and paracrine fashion, the expression ob-
served in the epicardial region does not necessarily result in actual signaling within
the epicardium. To that end, the presence of the associated receptors is required
to be able to determine if a cell is susceptible for signaling. Unfortunately, literature
regarding receptor expression in the epicardium is scarce, which might be related
to the limited availability of specific antibodies, the very low expression levels, or
simply the fact that the epicardium is often overlooked in cardiac research. Interest-
ingly, in vitro studies did reveal that mouse epicardial cells in culture do not express
the type | receptor Alk7 but have high levels of Alk4 and Alk5 [62]. Furthermore, cul-
tured chick epicardial cells express TGFBR2 and ALK5, suggesting that TGF( signaling
in epicardial cells can occur [60]. The fact that mouse embryos with an epicardial
specific knock-out of Alk5 [63] or Smad4 [64] display an aberrant phenotype indicates
that Alk5 and Smad4 are present in the developing mouse heart.

TGF ligands are present, suggesting an important role in epicardial behavior. How-
ever, since these ligands can be stored in a latent form in the extracellular matrix of
the heart, protein expression does not automatically correlate with spatiotemporal
pathway activation. Therefore, determining where phosphorylated SMAD2/3 or other
downstream targets are localized within the epicardium would provide better insight
into which cells are involved in actual signaling.

4.2. Functional Role of TGFB in the Epicardium during Development

To determine if the expression of TGF3 members is functionally relevant for cardiac
development, multiple conventional knock-out (KO) animals have been generated
which are almost all embryonically lethal. Interestingly, severe cardiac defects were
only observed in Tgfb2 deficient embryos. These embryos exhibited a spectrum of
cardiac malformations including ventricular septum defects, early trabeculae forma-
tion, dual outlet of the right ventricle and dual inlet of the left ventricle [65,66]. All
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other TGFf related KO embryos did not display lethal cardiac defects. Tgfb3 deficient
mice died after birth due to cleft palate [67] and abnormal lung development [68].
Interesting to note is that in the review of Azhar et al., they describe that Tgfb3 mutant
mice displayed signs of segmentally thick epicardium and an underdeveloped myocar-
dium, indicating that before birth an epicardial defect is present [69]. Tgfb7 deficient
embryos displayed inflammatory disease and impaired hematopoiesis, and died of
compromised vasculogenesis. Any observed cardiac malformations in these embryos
are likely an indirect effect of defective vasculogenesis [70,71]. Alk5-/- embryos [72]
and Tgfbr2-/- embryos [73] displayed phenotypes comparable to the Tgfb1 deficient
embryos, suggesting that these proteins are all involved in the same developmental
processes. Since TGFf is critical in a wide variety of developmental mechanisms, it is
not surprising that KO mouse models exhibit a range of defects of which it is difficult
to determine cause and consequence. However, three conclusions can be drawn.
Firstly, there is a specific role for Tgfb2 in cardiogenesis. Secondly, the distinct phe-
notypes of the KO models of the three ligands demonstrate that TGFB ligands are
not interchangeable in vivo, probably due to the differences in spatiotemporal ex-
pression patterns and affinity for receptor binding. And thirdly, the defects observed
in Tgfb2-/- and Tgfb3—/- mice are related to developmental processes where epitheli-
al-mesenchymal interactions occur, e.g., cochlear morphogenesis in the inner ear [65],
respiratory epithelial cell differentiation, and palatal fusion [68], while malformations
in Tgfb1-/- are more related to impaired growth and inflammation [74,75,76].

Since TGF is crucial for multiple cellular processes in the embryo, cell specific KO
studies are essential to determine the role of TGFf3 signaling specifically in the epicardi-
um. A more specific model in this regard is a transgenic mouse line expressing Cre-re-
combinase under control of an epicardial-restricted fragment of the Gata5 promoter
[53,77]. This Gata5-Cre mouse was crossed with a floxed Alk5 mouse line to specifi-
cally knock-out Alk5 in epicardial cells as early as in the PE at E9.5 [53]. The embry-
os displayed a properly formed epicardium indicating that ALK5 signaling is likely
dispensable for epicardium formation [63], an observation that was also done in
chick pro-epicardial explants [78]. In contrast to normal formation of the epicardium,
epicardial related defects were observed in these epicardial-specific Alk5 deficient
mouse embryos at E12; they displayed a detached epicardial layer, a diminished
smooth muscle cell coverage of the coronary vessels, and a thinner myocardial wall
due to reduced cardiomyocyte proliferation [63]. This phenotype is in agreement with
disturbed epicardial function, which during normal development will contribute to
vessel coverage and thickening of the myocardium [11]. Hence, this observation sug-
gests that ALK5, although not vital for epicardial formation, is essential in epicardial
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behaviour in vivo. When looking at the propagation of TGFf3 and BMP signaling at
the level of the SMADs, an inducible KO of Smad4 specifically in cells expressing the
epicardial marker WT1 did not induce severe cardiac malformations in the mouse
embryo. Interestingly, these embryos displayed a reduced number of EPDCs and
cardiac fibroblasts [64], indicating compromised epicardial EMT and invasion. The
fact that the overall cardiac phenotype was not severely affected in this KO embryo,
suggests that SMAD-independent signaling pathways are also involved in epicardial
behavior.

The in vivo studies suggest that both ALK5 and SMAD4 are essential for epicardial
behavior, yet through an unresolved mechanism. To further unravel the involvement
of TGFf signaling in the different aspects of epicardial behavior, in vitro models are
important to be able to independently investigate epicardial EMT and epicardial in-
vasion. Various in vitro models are used to study epicardial EMT. For instance, chick
epicardial cells were studied by transferring hearts to a collagen gel allowing the
epicardial cells to grow out as a monolayer [60]. After removal of the heart, stimula-
tion with TGFf ligand initiated EMT in the epicardial monolayer, demonstrated by a
morphological change and an increase in EMT markers [60]. The same approach was
used to show that TGF( induces EMT in mouse epicardial cells derived from E12.5
embryonic hearts [79]. Epicardial cells were also derived from human fetal hearts [80].
Instead of epicardial outgrowth of cardiac tissue specimens, these human fetal cells
were isolated by digestion of the isolated epicardial layer, followed by culture of the
resulting single cell suspension in an epicardium specific culture medium. Stimulating
these human fetal epicardial cells with TGF[ resulted in the induction of EMT [81].
Interestingly, the KO of Alk5 [63] or the use of an ALK4/5/7 kinase inhibitor [60,79,81]
prevents EMT of epicardial cells in chick, mouse, and human cell culture models. This
finding translates to the in vivo observation that at the moment that epicardial cells
should start to undergo EMT (E12), the epicardium-specific Alk5 KO embryo pres-
ents with an aberrant epicardial phenotype. The observed detached epicardial layer
could be due to the absence of a sub-epicardial mesenchyme as a result of deficient
EMT. Whether the Alk5 total KO embryo displays a detached epicardial layer and
absent coronary vessel coverage remains elusive, as it has not been described. In
the Tgfb1-/- and Tgfb2-/- embryos, the vascular phenotype and overall symptoms
are likely to be too severe to determine an epicardial specific defect. Interestingly, in
the Tgfb3-/- embryo an abnormal epicardial layer and immature myocardium were
reported [69], which is in line with the observations in vitro.
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Following EMT, epicardial cells acquire the ability to invade underlying tissue. Inva-
sion of epicardial cells can be studied in more detail in ex vivo cultured hearts. For
instance, when ex vivo E12.5 mouse embryonic hearts with YFP-labeled WT1+ cells
were stimulated with TGFB, the number of YFP+ cells invading the myocardium in-
creased [82]. In a similar approach, this time using cultured avian hearts, TGF3 was
shown to induce epicardial invasion in a dose-dependent manner [83]. Moreover, in
vitro studies suggest that TGFf signaling via ALKS is essential in this regard. For in-
stance, mouse embryonic epicardial cells display an increased invasion in a Boyden
chamber assay when stimulated with TGFB or transduced with constitutively active
(ca)ALKS5 [79]. Furthermore, viral induction of caALK5 in chick heart explant cultures
also induced epicardial invasion into a collagen gel [60]. Overall, this data confirms
the in vivo observation that TGF(3 and its signaling is crucial for epicardial behavior,
and specifically that ALK5 signaling is involved in the induction of both epicardial
EMT and invasion.

There are studies reporting that TGF3 does not induce epicardial EMT and invasion,
and even inhibits FGF-induced epicardial EMT and invasion in a chick heart model
[84]. They describe a contraction of epicardial cells and the formation of a cell mass
in response to TGFB. However, this process of contraction was in a later publication
related to loss of epithelial markers [60]. Furthermore, mesenchymal differentiation
and invasion of epicardial cells might be dependent on variations in cell culture con-
ditions. In this case, the deviant observations could be due to the absence of fetal
bovine serum (FBS) and the relatively high concentration of TGFB (10 ng/mL), which
is different from other studies about epicardial EMT. Furthermore, culture conditions
such as cell layer confluency can influence the EMT response [80]. Interesting to note
is that in contrast to in vivo studies, where different TGFf3 ligands have distinct and
uninterchangeable functions, in vitro there does not seem to be a difference between
the types of TGF{; all three TGFf3 ligands elicited a similar effect on EMT and invasion
in the majority of the studies [60,79,80].

To conclude, although there are some opposing findings in literature, likely due to
technical differences, there is abundant evidence that in the epicardium TGF{ induced
ALKS signaling is essential for cardiac development by regulating epicardial EMT and
invasion of epicardial cells.
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4.3. Downstream Signaling Mechanisms of TGFf in the Epicardium during
Development

When the TGFB pathway is activated, several cell biological mechanisms are set in
motion. These involve orchestrating the process of EMT- including changes in cell
adhesion molecules and the cytoskeleton-, and regulating invasion of transformed
mesenchymal cells into the underlying tissue.

The regulation of cell adhesion molecules in epithelial cells is a well-known effect of
TGFpB stimulation [85]. In the context of the epicardium, Dokic et al. demonstrated
that within 30 min after addition of TGF3, the membrane expression of the junction-
al proteins E-cadherin and B-catenin started to decline, suggesting reduced cell-cell
adhesion [83]. The effect of TGFB on intercellular strength was further demonstrated
by mechanically disrupting an epicardial monolayer and determining the number
of resulting fragments as a measure of the weakness or strength of cell-cell adhe-
sions. The fragment count was much higher in TGFB-treated epicardial monolayers,
demonstrating diminished intercellular strength. The epicardial monolayers were
also treated with the soluble form of the a4f31 integrin ligand Vascular Cell Adhe-
sion Molecule 1 (sVCAM1), which prevented TGFB-induced changes in E-cadherin and
B-catenin [83] and therefore maintained the epithelial cell adhesion profile. Indeed,
incubation with soluble VCAM-1 in combination with TGF( reduced the number of
fragments compared to TGF[3 alone [83]. Interestingly, incubating chick hearts with
sVCAM-1 prevented TGF[3 induced epicardial EMT in vitro and epicardial invasion ex
vivo [83]. This experiment underlines that changes in cell adhesion molecules are
essential for epicardial EMT to occur. Given the fact that TGF[ regulates the presence
of cell adhesion molecules, it is likely that an important step in TGFj3 initiated EMT is
downregulation of cell adhesion molecules.

Concomitantly to alterations in the cell adhesion molecule profile, the cytoskeleton
undergoes dramatic changes during the process of EMT. The regulation of the cyto-
skeleton is often related to TGFB-induced Rho signaling [60,79,83,86,87], known for its
role in actin dynamics and cytoskeletal behavior of the cell (reviewed in [88]). Indeed,
Rho activity increased rapidly when rat epicardial derived cells were stimulated with
TGF [83]. Furthermore, exposure of the cells to a p160 Rho kinase inhibitor (Y27632)
prevented the TGFB-induced formation of smooth muscle markers in chick [60] and
mouse [79,86] epicardial cells. Furthermore, an activator of Rho signaling, lysophos-
phaditic acid (LPA), achieved a similar degree of epicardial cell invasion into chick
hearts as TGFf ligand stimulation [83]. However, one may need to take into account
that LPA can also activate TGF[3 signaling [89], so additional research is necessary to
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confirm that Rho activation induces epicardial invasion. Together, these data imply
the involvement of the Rho pathway, in TGF( signaling initiated epicardial EMT.

Changing the cell-adhesion profile and cytoskeleton ultimately results in the tran-
sition of an epithelial to a mesenchymal cell type, after which cells are primed to
become motile and invade the underlying tissue. Motility can be regulated by many
factors, for example Mylk, Rock1 and Tmsb4x. The combination of these factors has
been described as an epicardial motile gene program [90]. Interestingly, it was found
that TGF stimulation resulted in the nuclear accumulation of myocardin related
transcription factors (MRTFs), essential factors in the motile gene program. In fact,
viral overexpression of MRTF-A led to exaggerated epicardial invasion in an ex vivo
cultured embryonic mouse heart [90], overall suggesting that TGF( signaling can
induce MRTFs which in turn are sufficient to induce epicardial invasion. Furthermore,
TGFB was shown to activate invasion via the SMAD-independent MAPK-ERK pathway.
In this process, the TGFB-dependent production of hyaluronic acid (HA) by hyaluro-
nan synthase 2 (Has2) was essential. The produced HA binds the CD44 receptor and
induces upregulation of vimentin and the initiation of invasion [91].

Overall, TGF[ signaling appears to orchestrate a range of factors that ultimately result
in enhanced motility of the epicardial cell.

4.4. The Role of Activin Signaling in Epicardial Behavior during Cardiac
Development

So far, we mainly described epicardial TGF( signaling through the ALKS5 receptor, a
process that leads to phosphorylation of SMAD2/3. Although ALKS is predominantly
described in this context, it is not the only receptor resulting in SMAD2/3 phosphor-
ylation. As depicted in Figure 1, SMAD2/3 can also be phosphorylated via ALK4. This
type | receptor dimer forms a complex with the activin receptor lla (ACVR2A) or lib
(ACVR2B) that can initiate signaling upon binding with activins, inhibins or nodal.

Not much is known about the role of activin signaling in cardiac development or re-
garding the epicardial expression of activin. Most of the KO mouse models related
to activin signaling do not have a clear cardiac phenotype (reviewed in [92]). An ex-
ception to this is the type Il receptor ACVR2B KO mouse, which displays severe mor-
phological cardiac malformations such as septal defects, abnormal patterning of the
outflow tract, and aberrant positioning of the great arteries [93]. Furthermore, nodal
has been linked to impaired left-right patterning of the heart and several anatomical
defects, such as the tetralogy of Fallot [94]. Embryos devoid of the ALK4 receptor are
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lethal in an early developmental stage due to disrupted primitive streak formation,
and it is therefore not possible to assess its role in cardiac development in this ge-
netic model. Some suggestion may however come from in vitro data. Firstly, Alk4 was
shown to be expressed in epicardial cells in vitro [62], implying that signaling via this
receptor is a possibility. Secondly, multiple studies have shown that the ALK4/5/7
kinase inhibitor SB431542 can prevent epicardial EMT in vitro [60,79,81] pointing
towards ALK4, 5 or 7 as main type | receptors, of which ALKS is the most common.
The importance of specifically ALK5 for epicardial EMT and invasion has been shown
in vitro and in vivo (as described in Section 4.2) [63]. However, a potential role for
ALK4 may not be neglectable, as ALK4 signaling has been implied in EMT of several
cell lineages, mainly in the field of oncology [95,96,97,98,99], but also in endocardial
EMT [100]. More research will be required to determine if signaling via ALK4 plays a
role in epicardial behavior.

5. BMP SIGNALING IN EPICARDIAL BEHAVIOR CARDIAC
DEVELOPMENT

As schematically shown in Figure 1, the other side of the TGF family consists of the
BMP pathway that can be activated by BMPs and signals via SMAD1/5/8. While initial-
ly known for its ability to induce bone formation [101], BMP signaling emerged as a
central regulator of several important processes during development and disease. In
the context of cardiac development, the BMP pathway is involved in the specification
of the epicardial lineage in the pro-epicardium. The ratio between BMP2 and FGF2
expression was shown to determine if the pro-epicardial cell differentiates towards
the myocardial lineage, in case of high levels of BMP2, or the epicardial lineage, in
case of high levels of FGF2 [102]. When directed towards the epicardial cell lineage,
pro-epicardial cells migrate towards the heart. To be able to do this, pro-epicardial
cells are thought to undergo EMT in order to migrate towards the heart and form
the epicardium. Interestingly, pro-epicardial EMT is regulated via the type | receptor
ALK2, suggesting a potentially different mechanism in pro-epicardial EMT compared
to epicardial EMT which is mainly regulated via ALK5 [78].

In the developing heart, BMP ligands are mainly expressed in the myocardium [103].
They are especially highly expressed in the AV myocardium, indicating a role in the
development of the AV canal [103]. Indeed, KO studies for BMP related proteins (re-
viewed in [104]) revealed that both the Bmp2 deficient mouse and cardiomyocyte
specific Alk3 KO mouse displayed defects in the formation of the AV canal and also in
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the formation of the AV valves [103,105,106]. This was at least in part caused by im-
paired endocardial EMT [103,107]. Mouse embryos with a specific KO of Alk3 in Wt1+
epicardial cells displayed abnormalities in the tissues of the AV junction as well [108],
suggesting that in addition to the endocardium, epicardial BMP/ALK3 signaling may
also be involved in the formation of the AV region. In contrast, in these embryos with
epicardial specific knock-down of ALK3, neither the development of the pro-epicardi-
um, the formation of the epicardium, nor the migration of EPDCs into the myocardium
were affected [108]. Recently, BMP signaling was described to be involved in epicardial
maturation [42]. Epicardial maturation is the process that starts after the epicardium
has formed, during which the cells turn from a cuboidal into a squamous epithelial
cell layer, characterized by flattening of the cells and elongation of the nuclei [42]. In
WT1KO embryos, this process is impaired, resulting in persistence of cuboidal cells,
which coincided with a higher expression of epicardial BMP4 compared to wildtype
embryos. Addition of BMP inhibitor LDN-193189 rescued the phenotype of WT1KO
embryos, revealing that BMP signaling needs to be absent for proper epicardial mat-
uration [42] (see Figure 3).

The epicardial specific Alk3-/- embryos did not show any defects in epicardial EMT
in the myocardium but revealed a potential role for BMP/ALK3 signaling in epicardial
EMT in the AV region. The effect of BMP signaling on EMT was further corroborated
by in vitro experiments. In murine epicardial cells, expression of both type | receptors
ALK2 and ALK3 was abundant, while ALK6 levels were hardly detectable [62]. Treat-
ment with BMP2 resulted in the loss of epithelial character in murine epicardial cells.
Interestingly, contrary to TGF3, BMP2 did not promote smooth muscle cell differen-
tiation. An inhibitor of ALK2 and ALK3 could prevent BMP2 induced EMT. To further
investigate which type | receptor is involved in EMT, epicardial cells were treated
with caALK2, caALK3 or caALKS5. Cells treated with caALK2 and caALK5 showed an
increase in smooth muscle cell markers, while EMT induced by caALK3 did not result
in SMC differentiation [62]. This finding suggests that BMP2-induced EMT signals via
ALK3 and SMAD1/5/8 phosphorylation, and leads to a distinct differentiation path-
way than TGFB induced EMT via SMAD2/3 phosphorylation (see Figure 1). Given the
phenotype of the epicardial specific Alk3-/- embryo, one could speculate that BMP/
ALK3 predominantly regulates epicardial EMT in the AV junction and annulus fibrosus,
giving rise to epicardial derived fibroblasts that are essential for the formation of the
slow-conducting properties of this region.

Overall, developmental epicardial BMP signaling was shown to participate in pro-epi-
cardial EMT, the maturation of the epicardium, and the formation of the AV sulcus.
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Interestingly, often the absence of BMP signaling appears to be essential for proper
regulation of these processes, indicating that epicardial BMP signaling is dependent
on very strict spatiotemporal expression of BMP ligands and receptors (see Figure 3).

6. THE ROLE OF ACCESSORY RECEPTORS ENDOGLIN AND
TGFBR3 IN DEVELOPMENTAL EPICARDIAL BEHAVIOR

Besides for the type Il and type | receptors of the TGF3 family, an emerging role has
been described for the two TGF{ type Ill receptors endoglin and TGF3R3. These struc-
turally related proteoglycans reside in the cell membrane, but cannot initiate the TGF3
signaling pathway themselves due to the lack of a kinase domain. However, they can
participate in signaling by presenting ligands to type Il receptors.

The accessory receptor endoglin is mainly known for its contribution to angiogene-
sis [109,110]. In the developing heart, endoglin is expressed in endothelial cells and
in mesenchymal cells of the AV canal [111,112]. A potential role for endoglin in EMT
was suggested in a study where knock-down of endoglin by siRNA in atrioventricular
(AV) canal explants of the chick embryo reduced ALK5-mediated EMT during cardiac
valve formation [111]. Furthermore, endoglin was shown to be essential for EMT
in kidney cancer cells as reduction of endoglin levels by shRNA increased epithelial
markers and reduced mesenchymal markers [113]. Similar to other mesenchymal
cells, human epicardial cells increase the expression of endoglin after EMT. A direct
role for endoglin in this process was shown by blocking endoglin with an antibody
in epicardial cells, which increased epithelial markers E-cadherin and VCAM-1 [114].
However, it could not prevent TGF induced EMT, indicating that this process is not
depending on endoglin. These data show that endoglin, besides its well-known func-
tion in angiogenesis, can be a driver of EMT in the heart and might be an interesting
topic to investigate further in an epicardial context.

The other accessory receptor, TGFBR3 or 3-glycan, modulates TGF[3 signaling by bind-
ing a ligand and presenting it to the type Il receptors, thereby increasing the TGF[3
responsiveness of the cell [115]. Although TGFBR3 is able to bind to TGFB1, TGFB3,
BMPs [116] and inhibin [117], the presence of TGFBR3 is especially necessary to
allow TGFB2 binding to the TGFBRII, as this normally occurs with very low affinity
[115,118,119]. Besides ligand presentation, TGFBR3 can also modulate TGFB signaling
via its cytoplasmic domain [120].
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Within the heart, TGFR3 is expressed in both the myocardium and epicardium [121],
which is already suggestive for a role for TGFBR3 in cardiac development. Indeed,
the TGFBR3 KO mice are embryonically lethal at E14.5 due to impaired coronary
vessel formation. Interestingly, these embryos also display an aberrant epicardial
phenotype, demonstrated by an excessively thick sub-epicardial layer containing
blood islands, coinciding with a thin myocardial compact layer [121], while vascular
smooth muscle cell recruitment to the coronary vessels appeared to be normal. This
phenotype is different from the epicardium-specific Alk5-/- embryo, which displayed
defective SMC coverage [63], indicating that TGFR3 has a non-redundant role next
to ligand presentation to the TGFBRIIl. Another explanation could be that in the ab-
sence of TGFBR3, TGFB1 and -3 can still initiate signaling via ALK5, as these ligands
are less dependent on the presence of TGFBR3 compared to TGFB2. TGFB1 and -3
could therefore partially compensate for the loss of TGFB2 signaling, which is not
possible in the Alk5 KO.

In contrast to endoglin, the function of TGFBR3 in the epicardium has been investigat-
ed extensively using epicardial cells isolated from murine embryonic hearts (E11.5)
deficient of TGFBR3 or their wildtype littermates [79,122]. Cultured Tgfbr3-deficient
murine epicardial cells expressed reduced levels of mesenchymal markers SM22a
and vimentin [123], but were able to lose their epithelial phenotype when stimu-
lated with TGFB1, TGFB2 [122] or BMP2 [62]. Furthermore, these cells were able to
acquire smooth muscle cell (SMC) characteristics when stimulated with TGF1 or
TGFB2 [122]. Therefore, TGFBR3 does not appear to be vital for epicardial EMT in
vitro. However, epicardial cells deficient for Tgfbr3 do display a decreased migration
capacity [123] and diminished invasion potential upon stimulation with either TGF31,
TGFB2 or BMP2 in a modified Boyden chamber assay [62,122]. For epicardial inva-
sion, the cytoplasmic domain of TGFBR3 was found to be essential [122]. This domain
is not involved in ligand presentation to the TGFBRII [120], suggesting that TGFBR3
regulated epicardial invasion in a different manner. Several mechanisms have been
proposed to be involved in TGFBR3 guided epicardial invasion. Firstly, the cytoplas-
mic domain of TGFBR3 has a 3 C-terminal amino acids domain, STA, that can bind
GIPC (GAIP-interacting protein, C terminus). While Tgfbr3-deficient cells treated with
a construct for full length Tgfbr3 demonstrated rescued invasion, Tgfbr3 lacking the
3 C-terminal acids could not restore invasion in KO cells [122]. Moreover, an siRNA
against GIPC abolished TGF3/BMP2 induced invasion in wildtype cells, demonstrating
that GIPC is essential [62,122]. However, overexpression of GIPC1 in Tgfbr3-/- cells
could not rescue the Tgfbr3—/- phenotype, indicating that the complex formation
with GIPC is indispensable for TGFBR3 to induce epicardial invasion [122]. Secondly,
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TGFBR3 was shown to be involved in TGFB-initiated activation of the RhoA pathway,
which is essential to induce epicardial invasion. Knock-down of RhoA resulted in li-
gand-independent epicardial invasion, demonstrating that RhoA needs to be absent
for epicardial invasion to occur. The impaired invasion in TGFR3-/- cells could par-
tially be restored by overexpression of a dominant negative RhoA, suggesting that
TGFBR3 is involved in the reduction of RhoA that is required for epicardial invasion.
This was shown to signal via Par6 and Smurf1 [87]. Lastly, a RNA sequencing exper-
iment comparing ligand-stimulated Tgfbr3+/+ and Tgfbr3-/- epicardial cells found
that NFkB signaling is differently regulated in Tgfbr3-/- cells compared to controls
in vitro, independent of the ligand used [124]. Additional research confirmed that
NFkB activity is reduced in ligand-stimulated Tgfbr3-/- cells and that ligand-induced
invasion of Tgfbr3+/+ cells can be prevented when NFkB is inhibited [124,125]. Bind-
ing of B-Arrestin 2 (B-Arr2) to the cytoplasmic domain of TGFR3 is suggested to be
involved in this effect, for its described function in NFKB inhibition in breast cancer
cells [126]. Indeed, preventing TGFBR3 to bind to B-Arr2 promoted epicardial invasion
in the absence of a ligand [125].

The exact modulation of epicardial TGFBR3 in TGF3 and BMP signaling seems to be
complex, as it is bound by an array of ligands, but can also be reduced by several inhib-
itors. For instance, both inhibitors of ALK4/5/7 and ALK2/3 were able to block TGF3R3
mediated invasion in response to either TGFB2 or BMP2 respectively [62]. Moreover,
TGFBR3 is also essential for FGF2 [122] and high molecular weight hyaluronic acid
[122] induced epicardial invasion. Therefore, the best fitting hypothesis seems to be
that TGFBR3 is an essential element in a broad spectrum of factors regulating epi-
cardial invasion. For instance, the TGFBR3 could bring the TGFp and FGF receptors
in spatial vicinity by binding its ligands, and subsequently initiate crosstalk between
FGF and TGFp signaling that is known to be involved in processes like EMT [127].
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7. TGFB FAMILY IN THE EPICARDIAL RESPONSE TO CARDIAC
INJURY

7.1. Epicardial TGFf Signaling in the Injured Heart

Thus far, we established a potential contribution of TGF3 and BMP signaling in the
epicardium during heart development. However, as described previously, the epi-
cardium is also involved in the injured heart. Cardiac injury arises when an occlusion
of the coronary vasculature results in cardiac ischemia and damage of downstream
tissue. The contribution of TGF{ signaling in the repair of the injured adult heart has
been described extensively. Upon infarction, the protein expression of TGFf3 ligands
in the mouse heart increases. TGFB1 and TGFB2 expression is fast and decreases
after 3-7 days, while TGF33 expression is induced after a few days and remains for
a longer period [128]. Concomitantly, levels of pSMAD2 increase within 24 h in the
injured mouse heart [129,130], while one of the inhibitory SMADs, SMAD7, decreases
[129], pointing towards increased TGFf signaling. As the widespread availability of
TGF ligands indicates, TGF( is involved in multiple processes in the injured heart,
such as immunoregulation, ECM regulation and fibrosis (reviewed in [131,132]). It
has been shown that the epicardium is also involved in the repair program of the
murine and zebrafish heart [15,58]. Hence, knowing that TGF3 and BMP signaling are
of importance in the embryonic epicardium raises the question if the TGF(3 family is
also involved in the epicardial behavior of the injured heart.

To be able to study adult epicardial EMT and invasion, in vitro cell culture models
using patient derived epicardial cells were developed. In these human adult cells, it
was established that all three TGF(3 ligands are expressed, as well as the type | recep-
tor ALK5 [114], indicating that cells are able to respond to TGFf ligands. When these
cells were stimulated with TGF, protein levels of the EMT marker Snail increased, as
well as the mesenchymal marker Smooth Muscle Actin. Furthermore, cells treated
with TGF underwent a phenotypical switch from cobblestone epithelial-like cells
towards spindle-shaped mesenchymal cells. This shows that adult epicardial cells in
culture retain the ability to undergo EMT in response to TGF[ treatment [114], simi-
lar to the embryonic situation. In addition, TGFB-induced EMT could be prevented by
the ALK4/5/7 kinase inhibitor SB431542, indicating that EMT is initiated via ALK4 or
ALKS5 signaling. Interestingly, incubation of adult epicardial cells with soluble VCAM-1
prevented TGFB-induced EMT in adult epicardial cells [114], an observation that was
also done in the embryonic epicardium [83] (see Section 4.3), demonstrating that
fetal mechanisms are recapitulated in the re-activated adult epicardium. On the other
hand, a role for Rho signaling could not be established in adult epicardial EMT [114],
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which could suggest that this pathway, although involved in fetal epicardial cells,
is shut down in adult epicardial cells. Additional research is needed to confirm this
observation. Interestingly, in a direct comparison between fetal and adult human
epicardial cells, it was shown that adult cells are intrinsically less prone to undergo
EMT than human fetal EPDCs [81]. This indicates that although the epicardium of
the adult heart is still able to undergo EMT, this process might be less efficient in
comparison to the fetal heart. So far, the underlying cause of this intrinsic difference
is not known, but one could speculate that enhanced levels of endogenous VCAM-1
or E-cadherin, or reduced levels of TGF3 receptors can decrease the susceptibility of
epicardial cells to undergo EMT.

Thus far, in vitro studies indicate that TGFB can regulate epicardial EMT via ALK5. Lim-
ited knowledge is available on epicardial TGF( signaling and repair in vivo. It has been
shown that the activated adult epicardial cells undergo EMT and form a sub-epicardial
layer [56]. From developmental studies, we know that the TGF(3 family is involved in
the regulation of these processes (see Section 4), suggesting that TGF(3 could also be
involved in epicardial behavior in the adult heart. Moreover, combining data from
various studies suggest that TGF( signaling could be relevant in the epicardium of
the injured heart. For instance, one of the few studies describing expression levels
of TGFB members specifically in the epicardium showed that Raldh2+ epicardial cells
within the infarcted area of the zebrafish heart were positive for tgff71, -2 and -3 14
days post-cryoinjury (dpci). Furthermore, strong mRNA expression of alk5b was pres-
ent in the injured heart 4 dpci, and appeared to be specifically enhanced in the epi-
cardium. This expression decreased over time, but was maintained up to 14 dpci.
Although not described by the authors, mRNA expression of alk4 appeared to be
present in the epicardium as well at 4 dpci. The presence of relevant ligands and re-
ceptors indicates that epicardial TGFf3 signaling can take place in the injured heart.
Blocking TGFp signaling with the ALK4/5/7 inhibitor SB431542 resulted in defective
regeneration of the damaged tissue. This cannot be directly attributed to the epicar-
dium because besides epicardial expression, injury induces an overall increase of
pSmad3 in the zebrafish heart indicating a widespread activation of TGF[3 signaling
[133]. The impaired regeneration was attributed to impaired proliferation of cardio-
myocytes [133]. In addition, the formation of ECM was heavily disrupted. No effect
of the TGFB inhibitor was observed on the expression pattern of Raldh+ epicardial
cells [133], indicating that there is no direct effect on epicardial behavior. However,
one could argue that the observed defects in regeneration could be partly introduced
by the absence of TGFf signaling in the epicardium. Firstly, because cardiomyocyte
proliferation in the developing heart is dependent on epicardial secretion of factors.
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Secondly, because the epicardium is a contributor to the formation of the ECM in the
regenerating heart, e.g., by delivering essential ECM proteins such as fibronectin [134]
and ColXII [135]. Interestingly, the expression pattern of ColXIl in the injured zebrafish
heart changed upon treatment with the TGF inhibitor; while this protein was present
in both the epicardium and the wounded area of the control injured heart, the ColXIl
protein was absent in the wounded area upon treatment with a TGF( inhibitor, and
was only present in epicardium [135]. Since epicardial derived cells secrete matrix
proteins [134,135], the absence of ECM producing cells in the wound area could point
to defective epicardial behavior, for instance caused by impaired EMT and migration.

Since SB431542 inhibits ALK4/5/7 signaling, its effect on the repair of the zebrafish
heart can also be attributed to defective activin/ALK4 signaling. This is supported by
the finding that a zebrafish KO of inhbaa, a subunit of Activin, results in less CM prolif-
eration in the regenerating zebrafish heart [136], similar to treatment with SB431542.
This was regulated via Alk4 and Smad3. A role for the epicardium was not implied
in this study, but expression of inhbaa in the injured heart appeared to be mainly in
the epicardial and endocardial layer [136], which could suggest that the phenotype
of the inhbaa KO is regulated via, among others, the epicardium.

Therefore, although so far no direct link between the epicardium and the dimin-
ished regeneration of the zebrafish heart after inhibition of TGF[ signaling could be
established, combination of the expression levels of TGF3 members in the epicar-
dium (see Figure 3) with the functional effects observed in zebrafish could indicate
a role for TGFf signaling in the epicardium. Epicardial specific lineage trace models
are necessary to demonstrate to what extend the defective formation of the ECM
and cardiomyocyte proliferation caused by TGFf3 inhibition are related to disrupted
epicardial EMT and invasion in the wound area of the injured zebrafish heart. Im-
portant to note is that most of the discussed literature involves the zebrafish heart;
a research model that, in contrast to the murine and human heart, has regenerative
capacity. Although these results are highly valuable because they give an indication
how regeneration should look like, they are not directly representative for processes
in the mammalian heart.

7.2. Epicardial BMP Signaling in the Injured Heart

Arole for BMP signaling has also been implied in cardiovascular disease extensively
[137,138,139,140], although knowledge about BMP signaling specifically after myo-
cardial infarction remains limited (reviewed in [141]). Within 1 day after cardiac injury
in mouse hearts, bmp2 ligand expression starts to increase and reaches a maximal
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level after 3 days where after expression declines. After 7 days, expression of other
BMP ligands, such as bmp4, bmp6 and bmp10 appears. For the epicardium specifical-
ly, the presence of relevant signaling proteins was revealed in a spatially restricted
RNA sequencing experiment [142]. Validation experiments showed that expression
of BMP ligands bmp2b and bmp7 were enhanced in the wound border zone and also
in the epicardium covering the wound at 7 days post injury (dpi). In addition, single
cell sequencing of the zebrafish epicardium identified bmp4 as a specific epicardial
marker of the adult zebrafish heart [143], suggesting that BMP4 has a role particu-
larly in the epicardium. This epicardial bmp4 expression in the zebrafish heart was
enhanced after injury [143]. Moreover, epicardial expression of bmpri1aa, ortholog
of BMP type | receptor ALK3, was enhanced in the viable myocardium and the epi-
cardium 7 dpi. These expression levels indicate that BMP signaling can occur in the
injured heart including the epicardium, which was confirmed by the presence of
pSmad1/5/8 in the epicardial layer at 3 dpi [142]. When BMP signaling was inhibited
in the zebrafish, an attenuated regeneration was observed, associated with compro-
mised cardiomyocyte dedifferentiation and proliferation. Although no effect of BMP
signaling inhibition on wt7b expressing epicardial cells was observed [142], a role
for BMP signaling in the epicardium cannot be ruled out because in this study only
re-expression of wt7b was assessed. Therefore, this only shows that BMP signaling
does not interfere with epicardial activation, but effects on epicardial EMT and in-
vasion were not described. Expression profiles of BMP receptors and downstream
target proteins show that BMP signaling is activated in the epicardium after injury in
the zebrafish heart (see Figure 3). To what extent this BMP signaling affects epicar-
dial behavior and, as a result, cardiac regeneration is open for further research. In
addition, mouse studies should reveal if epicardial BMP signaling described in the
zebrafish is also present in the mammalian epicardium.

8. EPICARDIAL TGFB AND BMP SIGNALING AS A TARGET FOR
REGENERATIVE THERAPY?

Given the recapitulation of the fetal processes after injury, knowledge obtained in
developmental research can be applied to identify pathways that could be used for
regeneration. This is particularly interesting in the context of the heart, because unlike
most of the other organs in the human body, the heart has limited regenerative
capacity. Due to the lack of sufficient cardiomyocyte proliferation, injured muscle
tissue is replaced by scar tissue. This hampers the pump function of the heart and
can ultimately lead to progressive heart failure. It is therefore essential to find novel
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therapeutic approaches to restore cardiac function in patients who suffered from a
myocardial infarction. The epicardium could be a potential candidate for this, for its
important contribution to the developing heart. It has already been shown that the
epicardium becomes reactivated in the injured heart, but this response is sub-optimal
compared to the contribution of the embryonic epicardium to the formation of the
ventricle wall. For example, in the adult heart, epicardial cells display less migration
into the injured myocardium [18], and fetal epicardial cells are more prone to under-
go EMT [81]. Therefore, optimizing the epicardial response to repair could enhance
cardiac function of an injured heart. This was indeed demonstrated in a mouse study
where pre-treatment of the epicardium with thymosin (34 resulted in an increased
epicardial activation, epicardial EMT and improved cardiac function after injury [57].
Hence, the main question that remains is how we can use the knowledge about TGF[3
signaling in the epicardium of the developing and diseased heart to improve the
repair of the injured adult heart.

A growing body of evidence of in vitro studies indicates that increasing TGF3 and BMP
signaling in the epicardium can increase the number of cells undergoing EMT. In the
developing heart, promoting ALK5 signaling appears to be the most effective way to
activate epicardial EMT and invasion. However, the pleiotropic and context-dependent
nature of TGFf3 signaling desires a more specific approach to prevent promotion of
cardiac fibrosis, apoptosis and hypertrophy (reviewed in [132]). Therefore, it is prefer-
able to look for a more specific target to kindly push ALKS5 signaling in the right direc-
tion: the induction of epicardial EMT and invasion. In this regard, TGF3R3 is a potential
target since it can modulate ALK5 signaling and is essential for invasion of fetal epicar-
dial cells. To be able to pursue this line of research, it is important to study the role of
TGFBR3 in the injured adult heart. It would be interesting to compare TGF3R3 activity
between the fetal and adult epicardium to provide potential targets for regenerative
therapy. Furthermore, for a more complete and robust view on what TGF3R3 does
in the epicardium, it might be relevant to develop additional models, e.g., inducible
TGFBR3-/- mouse models, to study its behavior since a lot of the current literature is
depending on cell culture systems. A second way to target ALKS signaling to repair the
heart could be via TGFB-activating proteins that are not a direct member of the TGFf3
family but can regulate its activity. Of interest in the context of TGF@3 and cardiac re-
generation is thymosin 4, a peptide that has been shown to enhance TGFf3 signaling
[144]. Although debated [145], one study showed that a myocardium specific KO of
thymosin B4 resulted in a cardiac phenotype that displays similarities to the Alk5 KO
embryonic heart, e.g., detached epicardium, non-compacted myocardium and defec-
tive smooth muscle cell coverage of coronary vessels [146]. Moreover, in the adult
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heart, it has been shown that priming the epicardium with thymosin B4 increases
cardiac function after injury in a mouse model. This was associated with increased
epicardial EMT [57]. Although indirectly, this suggests that enhancing TGF[ signaling
has the potential to improve the contribution of the epicardium to repair of the heart.
A third way to increase epicardial EMT and invasion could be to target downstream
signaling of ALK5, e.g., VCAM-1 or Rho signaling. Both changes in cell-cell adhesion
molecules and rearrangement of the cytoskeleton are essential for EMT and invasion
of the embryonic epicardium (see Section 4.3). We anticipate that reducing epithelial
cell-cell adhesion via VCAM-1 or E-cadherin, or enhancing cytoskeletal changes via Rho
signaling could lower the threshold for a cell to undergo EMT. This would increase
the number of epicardial cells that can invade into the heart, without the need for
activation of the pleiotropic TGF pathway.

Another opportunity to activate the epicardium of the injured heart could be via BMP4
signaling. During development, BMP4 was shown to be vital for epicardial maturation
[42]. Thus far, the exact nature and function of epicardial maturation is not exten-
sively described, but the fact that two of the main epicardial specific proteins, WT1
[42] and TCF21 [147], are proposed to be involved in this process indicates that it is
an essential part of epicardial development. Interestingly, in vivo studies in zebrafish
have indicated that BMP4 is specifically upregulated in the epicardium of the injured
heart, similar to cardiac development. Although not studied, this could indicate that
epicardial maturation is also involved in the epicardium of the injured heart. For in-
stance, BMP4 could be involved in the de-differentiation of the epicardium, enabling
it to reactivate its fetal behavior. This is of particular interest, since this study was
performed in zebrafish, a research model that, in contrast to the murine and human
heart, has regenerative capacity. Although these results are not directly representative
for processes in the human heart, they are highly valuable as they give an indication
how regeneration could occur. Therefore, BMP4 and epicardial maturation could be
an interesting research line for follow up.

To be able to investigate these mechanisms in epicardial EMT, our research group
has developed an in vitro cell culture system that allows for a direct comparison of
fetal and adult human primary epicardial cells. Interestingly, while adult cells need
a trigger to undergo EMT, fetal epicardial cells are more active and need incubation
with an ALK4/5/7 kinase inhibitor to prevent spontaneous EMT [81]. This observation
is in line with the in vivo situation and therefore provides a relevant model to inves-
tigate how adult epicardial EMT and invasion can be improved, using fetal epicardial
cells as a blue print.
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CONCLUSIONS

In this review we aimed to provide a structured overview of the role of multiple ligands
and receptors of the TGF3 family in epicardial behavior. In our opinion, the strength
of this review is the structured and detailed overview on the potential power of the
TGFB pathway. This also presents a limitation of this manuscript; there are several
other signaling pathways (including Wnt [58], FGF [48] and PDGF [82]) involved in
epicardial behavior which are now underrepresented, but these have been reviewed
extensively elsewhere [148,149]. Regarding the TGF family, including TGF3 and BMP
signaling, we can conclude that these signaling cascades are essential for epicardial
EMT and invasion in the developing heart. Specific epicardial KO of ALK5 and ALK3 in
vivo show an impaired development of the heart and in vitro studies demonstrate that
this is due to the inability of epicardial cells to undergo EMT and to invade underlying
tissue. The most important receptor for epicardial EMT and invasion appears to be
ALKS5, the main TGF( type | receptor. In the injured heart, more research is needed to
draw conclusions regarding the role of the TGF[3 family in the epicardial contribution
to repair, but the presence of relevant ligands and receptors in the adult epicardium
indicates that TGFP and BMP signaling occurs. For regeneration, opportunities lie
within finding specific approaches to activate TGF( signaling in a controlled manner,
which could be achieved via TGFR3 or thymosin 4.
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Chapter 6

ABSTRACT

The epicardium, the mesothelial layer covering the heart, is a crucial cell source for
cardiac development and repair. It provides cells and biochemical signals to the heart
to facilitate vascularization and myocardial growth. An essential element of epicardial
behavior is epicardial epithelial to mesenchymal transition (epiMT), which is the initial
step for epicardial cells to become motile and invade the myocardium. To identify
targets to optimize epicardium-driven repair of the heart, it is vital to understand
which pathways are involved in the regulation of epiMT. Therefore, we established
a cell culture model for human primary adult and fetal epiMT, which allows for par-
allel testing of inhibitors and stimulants of specific pathways. Using this approach,
we reveal Activin A and ALK4 signaling as novel regulators of epiMT, independent of
the commonly accepted EMT inducer TGFB. Importantly, Activin A was able to induce
epicardial invasion in cultured embryonic mouse hearts. Our results identify Activin
A/ALK4 signaling as a modulator of epicardial plasticity which may be exploitable in
cardiac regenerative medicine.

Keywords
epicardium, EMT—epithelial to mesenchymal transition, ALK4, activin A, cardiac repair
and regeneration, heart, primary cell culture
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INTRODUCTION

The epicardium, a mesothelial cell layer envelopping the heart, is increasingly recog-
nized as a crucial contributor to heart development and repair. During cardiac de-
velopment, the epicardium supplies the myocardium with cardiogenic biochemical
signals and with cells such as fibroblasts, smooth muscle cells and pericytes (Dettman
et al., 1998; Smits et al., 2018). Studies preventing the formation of the epicardium
reported severe defects in vascularization and in myocardial compaction (Gitten-
berger-de Groot et al., 2000; Manner et al., 2005) demonstrating the physiological
significance of the epicardium in cardiogenesis. Furthermore, disruption of epicardial
behavior, for example due to genetic mutations, can contribute to congenital heart
disease (Ruiz-Villalba and Pérez-Pomares, 2012).

To partake in heart development, epicardial cells undergo epithelial to mesenchymal
transition (epiMT) (Dettman et al., 1998). This process is characterized by exchanging
epicardial markers such as WT1, for mesenchymal proteins such as aSMA, POSTN and
N-cadherin, thereby modulating their cytoskeleton and cell-cell adhesive properties.
These dramatic phenotypical changes allow the cell to degrade the basal membrane
and migrate into the underlying tissue.

In the healthy adult heart, the epicardium is a quiescent cell-layer. However, isch-
emic injury induces recapitulation of fetal epicardial processes (Zhou et al., 2011),
including the upregulation of epiMT related genes (van Wijk et al., 2012). Similar to
its function in development, the epicardium participates in tissue formation in the
cardiac post-injury response (Duan et al., 2012; Wang et al., 2015). Importantly, it has
been shown that increased epicardial activity is associated with an improved repara-
tive response of the mammalian heart (Smart et al., 2011; Balbi et al., 2019), thereby
suggesting that activation of this cell layer can be an attractive therapeutic target to
improve cardiac repair. A recent finding by Mantri et al. using pseudotime analysis of
chick heart single cell RNA sequencing data suggested that epiMT occurs prior to fate
specification (Mantri et al., 2021), emphasizing that regulation of epiMT is an essential
first step in the epicardial contribution to tissue formation. This is further substanti-
ated by embryonal mouse models where epicardial EMT was hampered, resulting in
severe defects in smooth muscle cell coverage of the vessels and in myocardial inva-
sion (Zamora et al., 2007; Sridurongrit et al., 2008; Liu et al., 2018; Jackson-Weaver et
al., 2020). Therefore, regulating epiMT is the key step to control the epicardium-driven
repair response post-injury.
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In order to study epiMT we have previously developed a cell culture system using
human primary fetal and adult epicardial cells (Moerkamp et al., 2016). In this model,
we have shown that adult epicardial cells efficiently undergo epiMT upon stimula-
tion with Transforming growth factor (TGF)B, whereas fetal epicardial cells undergo
epiMT spontaneously which is counteracted by SB431542, a TGF[3 type | receptor
kinase inhibitor (Moerkamp et al., 2016). TGFf is an extensively described regulator
of epithelial to mesenchymal differentiation (Kahata et al., 2018). TGF family ligands
induce intracellular signaling responses upon activation of a transmembrane receptor
complex consisting of type | and type Il receptors with enzymatic serine threonine
kinase activity. In the case of TGF(1/2/3, they act by binding to TGFf type Il recep-
tor (TGFBRII) that forms a complex with, and transphosphorylates the TGF type |
receptor activin receptor-like kinase 5 (ALK5). Once activated, ALK5 kinase in turn
phosphorylates SMAD2 and SMAD3 that partners with SMAD4 and translocations
into the nucleus in order to modulate the expression of a specific subset of genes,
several of them involved in EMT (Goumans and ten Dijke, 2018). However, the TGF(3
pathway can also interact with other pathways, such as nuclear factor kappa B (NF-
KB) (Lopez-Rovira et al., 2000). Furthermore, the TGF3 family does not solely consist
of TGFp signaling, but also includes signaling via BMP and Activins which can signal
via other type | and type Il receptor complexes. The role of these related pathways
in epiMT is yet unexplored (Dronkers et al., 2020).

In order to study epiMT regulating pathways in more detail, we have further exploited
our primary cell culture system. The unique feature of having both highly active fetal
epicardial cells and inducible adult cells allows for studying pathway inhibitors and
stimulants of epiMT. When interrogating this model, we identified Activin A and its
receptor ALK4 signaling as novel regulators of epicardial plasticity in vitro. Addition-
ally we show that Activin A can indeed induce epicardial invasion in ex vivo cultured
mouse hearts.

METHODS

Collection of Human Cardiac Tissue

Human adult heart auricles were collected anonymously as surgical waste from pa-
tients undergoing cardiac surgery under general informed consent. Human fetal cardi-
ac tissue was collected with informed consent and anonymously from elective abortion
material of fetuses with a gestational age between 10 and 20 weeks. This research
was carried out according to the official guidelines of the Leiden University Medical
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Center and approved by the local Medical Ethics Committee (number P08.087). This
research conforms to the Declaration of Helsinki.

Cell Culture and Experiments

Cell Culture

Epicardial tissue was isolated as described (Dronkers et al., 2018). Briefly, the epi-
cardial layer was stripped from the cardiac tissue and minced followed by several
rounds of incubation with 0.25% trypsin/EDTA. The suspension was passed through
a syringe and filtered to obtain a single cell suspension. Cells were seeded on 0.1%
gelatin (Sigma Aldrich) coated plates and cultured in EPDC medium which consists of
Dulbecco’s modified Eagle’s medium (DMEM low- glucose, Gibco) and Medium 199
(M199, Gibco) mixed in a 1:1 ratio, supplemented with 10% fetal bovine serum (heat
inactivated for 25 min at 56°C, Biowest), and 100 U/mL penicillin (Roth) and 100 mg/ml
streptomycin (Roth). Cells were cultured in the presence of 10 pM SB431542 (Tocris)
at37°Cin 5% CO..

Ligand and Inhibitor Stimulation

To reduce patient variation, only those cell isolations were included that upon isola-
tion displayed a clear epithelial phenotype shown by a cobblestone morphology. For
experiments, fetal or adult EPDCs were trypsinized and seeded in a ~30-50% con-
fluency. The next day, cells were stimulated for five days with either TGFB3 (1 ng/ml|,
R and D systems), BMP6 (50 ng/ml, Peprotech), TNFa (10 ng/ml, Peprotech), Activin
A (50 ng/ml, Peprotech), SB431542 (10 pM, Tocris), LY2157299 (20 pM, Calbiochem),
TGFB1/2/3 monoclonal capture antibody (1D11) (1 pg/ml, ThermoFisher), control
capture antibody (13C4) (1 pg/ml, Genzyme), LDN212854 (100 nM, Axon Medchem),
Bay 11-7085 (5 pM, Sigma-Aldrich) or Follistatin 288 (5 pg/ml, homemade). Working
concentrations of ligands and inhibitors were determined based on concentrations
series experiments, selecting the lowest concentration that exerted epiMT. For the
factors that did not elicit an effect, we used the concentration that is commonly de-
scribed in literature.

Staining and Imaging

Cells were fixed in 4% PFA, washed and blocked in 1%BSA/0.1% Tween 20/PBS and in-
cubated with a primary antibody against human aSMA (Human alpha-Smooth Muscle
Actin Alexa Fluor® 488-conjugated Antibody, R&D systems), HA (12CA5, Roche) or
ALK4 (Activin A Receptor Type IB/ALK-4, Abcam). Then, cells were incubated with a
secondary antibody (Alexa Fluor 488, 555 or 647, Thermo Scientific) combined with
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phalloidin conjugated antibody (Rhodamine Phalloidin, Invitrogen). Lastly, cells were
stained with DAPI (Thermo Scientific). Imaging was performed using the Leica AF6000.

Isolation of mMRNA and qPCR

mRNA was isolated using ReliaPrep™ RNA Miniprep Systems (Promega). The mRNA
concentration and purity were measured using NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific) followed by cDNA synthesis using the RevertAid H Minus
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). gPCR was performed in a
384 wells format using SYBR Green (Promega) and run on a CFX384 Touch™ Real-Time
PCR Detection System (Bio-Rad). Expression levels were normalized for two refer-
ence genes (HPRT1 and TBP) which were designed and tested for robust expression
in adult and fetal EPDCs and in epithelial and mesenchymal samples using geNorm
(VandeSompele 2002). Primers sequences are provided in Supplementary Table S1.

Adenoviral Transduction

For transduction with constitutively active ALK4 (Ad-caALK4), or wild type ALK4 (Ad-
ALK4-OE), adenovirus was generated as described (Fujii et al., 1999), and produced
using ViraPower adenoviral expression system (Life technologies). To determine the
effect on cellular phenotype and epiMT markers, adult EPDCs were transduced with
Ad-caALK4, Ad-ALK4-OE or control Ad-LacZ virus for 24 h and subsequently cultured
for four days. To establish expression of EMT transcription factors, mRNA of adult
EPDCs was isolated 20 h after transduction.

Baseline Gene Expression Profiles

To eliminate the potential effect of SB431542 on baseline levels, it was first estab-
lished that the effect of ALK4/5/7 kinase inhibition expired 3 h after removal of SB.
Therefore, adult and fetal cobble EPDCs with a confluency of 60-80% were cultured
for 3 hin the absence of SB431542 whereafter RNA was isolated.

Ex vivo Invasion Assay

All animal experiments were performed according to protocols approved by the
animal welfare committee of the Leiden University Medical Center and conform the
guidelines from Directive 2010/63/EU of the European Parliament on the protection
of animals used for scientific purposes. Female Rosa26m™mm™mé mjce were set-up for
timed matings with male Wt1<¢tR2* The presence of a plug in the morning was denot-
ed as embryonic day (E)0.5. At E9.5, the mother was injected with tamoxifen (2 mg)
to label the pro-epicardial cells. After three days, when the epicardium has covered
the heart, embryos were isolated from which the embryonic heart was dissected
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and cultured based on a previously published protocol (Jackson-Weaver et al., 2020).
Embryonic tissue was cultured in DMEM high glucose and M199 mixed in a 1:1 ratio
supplemented with 0.1% FBS and 100 U/mL penicillin and 100 mg/ml streptomycin
at 37°Cin 5% CO,. After 24 h, the culture medium of the embryos carrying the Cre +
genotype was supplemented with 2 ng/ml FGF with or without 200 ng/ml Activin A
and incubated for another 48 h. The tissue was fixed in 4% PFA, embedded in par-
affin, sectioned, and stained as described (Kruithof et al., 2020) using the following
antibodies: a-GFP(Abcam, ab13970), a-Tropomyosin (Sigma-Aldrich, T9283) and a-Wt1
(Abcam, ab89901).

Quantification and Statistics

aSMA surface area was quantified by taking four blinded pictures per condition per
cell isolation, which subsequently were analyzed in an unbiased fashion using Fiji
software and corrected for the number of DAPI + nuclei per picture. For every exper-
iment, the n number is indicated, referring to the number of individual cell isolations
that have been used. Displayed pictures are representative for multiple observations.
Statistics were performed using Graphpad 9.0.1 software. Only relevant comparisons,
which are indicated in the figures by a stripe, were statistically tested. For every ex-
periment, the performed statistical test is indicated in the figure legend. Significance
was considered when p < 0.05.

RESULTS

To study EMT in epicardial cells (epiMT), we established a model consisting of pri-
mary epicardial derived cells (EPDCs) isolated from human adult and fetal cardiac
specimens. In agreement with our previous results, EPDCs cultured in the presence
of the ALK4/5/7 kinase inhibitor SB431542 (SB) maintained an epithelial phenotype
characterized by a round cobblestone morphology (Supplementary Figures S1A,B,
orange arrows) (Moerkamp et al., 2016). After exposure to exogenous TGF[3, EPDCs
underwent epiMT, demonstrated by a change towards a spindle-shaped, mesenchy-
mal cell morphology (Supplementary Figures S1A,B, bright field). This was accompa-
nied by a high expression a Smooth Muscle Actin (aSMA).

Importantly, removing SB from the culture medium (CTRL) did not affect the morphol-
ogy of adult EPDCs (Supplementary Figure S1B), while in fetal EPDCs the absence of
SB was sufficient to initiate epiMT (Supplementary Figure S1A). The ability to spon-
taneously undergo epiMT makes the human fetal cell culture system an attractive
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model to identify inhibitors of epiMT (Figure 1A). Conversely, adult EPDC can be used
to detect inducers of epiMT (Figure 1B).

+ Inhibitor + Ligand

CTRL +LY +LDN +Bay +FST

Inhibitors T
TGFB BMP NF-kB Activin
signaling signaling signaling signaling

Lgands |, I ! i

CTRL +TGFB3 +BMP6 +TNFa +ActA

Figure 1 | Bi-directional cell culture model to unravel epiMT regulating pathways.

(A) Schematic representation of spontaneous fetal epiMT as a platform to identify inhibi-
tors of epiMT. (B) Schematic representation of adult EPDCs as a model to identify inducers of
epiMT. (C) Combined bi-directional model of human fetal (top) and adult (bottom) EPDCs cul-
tured for 5 days with multiple inhibitor-ligand combinations to assess pathway involvement in
epiMT. Phalloidin staining shows the epithelial (orange arrows) and mesenchymal (blue arrows)
phenotype. Inhibitors: LY-2157299 (LY), LDN212854 (LDN), Bay 11-7085 (Bay), Follistatin (FST),
Ligands: Transforming growth factor beta 3 (TGFB 3), bone morphogenetic protein 6 (BMP6),
tumor necrosis factor alpha (TNFa), Activin A (ActA). Representative for n = 3. Scale bar: 100 pM.
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Therefore, to identify novel pathways involved in human epiMT, we applied our in
vitro model as a bi-directional cell culture system, allowing parallel analysis of pathway
inhibitors in fetal EPDCs and their affiliated ligands in adult EPDCs. The fact that SB
blocks spontaneous epiMT in fetal cells suggests that this process is governed via an
ALK4/5/7 mediated pathway. First, we confirmed the role of TGF signaling in epiMT
using an alternative ALK4/5/7 kinase inhibitor LY2157299 (LY). While TGF@ induced
an obvious morphological change compared to adult epicardial control conditions
-as shown by the appearance of F-Actin stress fibers (Figure 1C, blue arrows)- LY
prevented spontaneous fetal epiMT. Cells maintained a cobblestone morphology,
with a cortical organization of F-Actin fibers as revealed by phalloidin staining at the
inner cell surface (Figure 1C, orange arrows), which was distinctly different from the
fetal control condition, thereby confirming our previous finding. Next, we explored
TGFB-related signaling pathways which have been associated with EMT, namely BMP
signaling (Dituri et al., 2019) and nuclear factor kappa B (NF-kB) signaling (Lépez-Ro-
vira et al., 2000). After stimulation with BMP6, adult EPDCs displayed some patches
of spindle shaped cells, but no gross morphological switch was observed compared
to control cells. Moreover, since the BMP type | receptor kinase inhibitor LDN-212854
(LDN) was unable to block epiMT we disregarded BMP signaling as a major player in
this process. Modulation of the NF-kB pathway did not morphologically alter either
the fetal or the adult epicardial cells. However, exogenous Activin A stimulation of
adult EPDCs led to a clear transition towards a spindle shaped morphology (Figure
1C, blue arrows). Moreover, fetal EPDCs incubated with the Activin natural antago-
nist Follistatin (FST) maintained an epithelial phenotype (Figure 1C, orange arrows).
The combination of these two observations points towards a role for a previously
unknown ability of Activin A signaling to regulate epiMT.

We continued to explore the role of Activin A signaling in epiMT. First, we determined
the expression levels of relevant signaling components related to Activin. Activin
homo- or heterodimeric ligands are composed by combinations of two subunits en-
coded by INHBA and/or INHBB, which signal by binding to the type Il receptors ACVR2A
or ACR2B, and type | receptor ALK4. The presence of all components could be es-
tablished in both adult and fetal EPDCs (Figure 2A, raw Ct values in italics indicate
presence of mMRNA transcripts). Furthermore, ALK4, INHBA and INHBB mRNA showed
a trend towards higher expression in fetal EPDCs.
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Phalloidin

aSMA

D CTRL +ACtA +ActA +SB

Phalloidin

Figure 2 | Activin A signaling regulates epiMT. (A) mRNA expression levels for Activin receptor
type 2A (ACVR2A), Activin receptor type 2B (ACVR2B), Activin receptor type 1B (ALK4), Inhibin
subunit beta A (INHBA) and Inhibin subunit beta B (/INHBB) determined in cobble fetal and adult
EPDCs cultured for 3 h after removal of SB (n = 6). Raw Ct values per condition are shown in
italics. * = p < 0.05, ns = not significant (unpaired Student’s t-test). Data are displayed as mean
+ SEM. (B) Immunofluorescent staining for phalloidin and aSMA in fetal EPDCs cultured for
5 days in control (CTRL) or FST containing medium. Orange arrows indicate examples of epi-
thelial cobblestone-shaped cells, blue arrows of mesenchymal spindle-shaped cells. Scale bar:
100 pm. (C) Quantification of aSMA positive surface area of FST treated cells relative to CTRL
(n=7). *=p<0.05 (paired Student's T-Test). (D) Phalloidin staining in adult EPDCs cultured
for 5 days in control medium (CTRL), medium containing Activin A, or Activin A in combination
with SB431542. Scale bar: 100 pm. (E) mRNA expression levels of WT1, POSTN, CDH2 and ACTA
2 of adult EPDCs cultured for 5 days in the presence of ActA (n = 7) or ActA + SB (n = 3), relative
to CTRL. * = p < 0.05, ** = p < 0.01, ns = not significant (mixed-effects analysis, Sidak's multiple
comparisons test).
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Next, we validated the effect of Activin A signaling on epiMT markers in more detail.
Fetal EPDCs treated with FST displayed a significant reduction of aSMA expression
compared to control cells, confirming the prevention of epiMT (Figures 2B,C and Sup-
plementary Figure S2 for DAPI). In adult EPDCs, the Activin A-induced phenotypical
change towards a mesenchymal cell type was accompanied by a significant decrease
of epicardial marker WT1, and an increase of mRNA expression of mesenchymal
markers ACTA2 (encoding aSMA), POSTN and CDH2 confirming the occurrence of
epiMT (Figures 2D,E). However, this did not result in a large change in aSMA protein
levels (Supplementary Figure S3).

To study the Activin A signaling pathway in more detail, we focused on the type | re-
ceptor ALK4. Noteworthy, besides inhibition of ALK5 kinase activity, SB and LY also
inhibit the Activin type | receptor kinase ALK4. As expected based on its signaling via
ALK4, Activin A initiated epiMT could be blocked by SB (Figures 2D,E).

To further confirm that ALK4 signaling is relevant for epiMT, adult EPDCs were trans-
duced with an adenovirus expressing constitutively active ALK4 (Ad-caALK4) bound to
an HA-tag. Successful viral transduction was confirmed by HA-tag protein expression
(Supplementary Figure S4), and co-localisation of HA and ALK4 protein (Figure 3A).
Within five days, Ad-caALK4 transduced adult EPDCs robustly displayed a mesen-
chymal phenotype, and an increased expression of POSTN and N-cadherin (Figures
3B,C). Furthermore, Ad-caALK4 transduction elicited an extensive upregulation of
EMT transcription factors (Figure 3D). In addition, adenoviral overexpression of wild
type ALK4 in adult EPDCs (Ad-ALK4-OE) provoked a quick and profound induction of
epiMT (Figures 3B,C), which could suggest that ALK4 receptor availability impedes
adult EPDCs to undergo epiMT in vitro.
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Figure 3 | Activin receptor ALK4 overexpression induces epiMT in adult EPDCs. (A) Repre-
sentative example of ALK4 and HA staining in Ad-CTRL and Ad-caALK4 transduced adult EPDCs.
Arrows indicate co-localization of ALK4 and HA in Ad-caALK4 treated cells. (B) Phalloidin and
aSMA staining of adult EPDCs transduced with Ad-CTRL, Ad-caALK4 or Ad-ALK4-OE (n = 3). Scale
bar: 100 pm. Orange arrows indicate examples of epithelial cobblestone-shaped cells, blue
arrows of mesenchymal spindle-shaped cells. (C) mRNA expression levels of WT1, POSTN, CD
H2 and ACTA2 (n = 3) of adult EPDCs cultured for 5 days after transduction with Ad-caALK4 or
Ad-ALK4-OE, relative to Ad-CTRL. * = p < 0.05, ns = not significant (mixed-effects analysis, Si-
dak’s multiple comparisons test). (D) mRNA expression levels of EMT transcription factors SNA/T,
SNAI2, ZEB1, ZEB2 (n = 3) of adult EPDCs cultured for 20 h after transduction with Ad-caALK4 or
Ad-ALK4-OE, relative to Ad-CTRL. * = p < 0.05, ** = p < 0.01, *** = p <0.001, ns = not significant
(mixed-effects analysis, Sidak's multiple comparisons test).
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Figure 4 | Activin A-induced epiMT is independent of TGFf signaling. (A) Schematic overview of
TGFB and Activin signaling and their concomitant inhibitors.(B) Phalloidin staining of adult EPDCs
cultured for 5 days in the presence of TGF33, TGF3+FST, ActA + CTRL capture Ab (cAb), or Activin
A+ TGF cAb (n = 3). Scale bar: 100 um. (C) Phalloidin and aSMA staining (n = 5) of fetal EPDCs
cultured for 5 days in the presence of Activin A or TGFB inhibitors. Scale bar: 100 ym. Orange
arrows indicate examples of epithelial cobblestone-shaped cells, blue arrows of mesenchymal
spindle-shaped cells. (D) Quantification of aSMA area (n = 4), * = p< 0.05 (mixed-effects analysis,
Sidak’s multiple comparisons test). Data are displayed as mean +SEM. (E) mRNA expression levels
of POSTN, ACTA2, CDH2 (n = 4) of fetal EPDCs cultured for 5 days. * = p <0.05, ns = not significant
(mixed-effects analysis, Sidak’s multiple comparisons test). Data are displayed as mean + SEM.
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Thus far, we established that Activin A and ALK4 can regulate epiMT in vitro. Next, we
explored potential synergistic effects between TGF8 and Activins by stimulating with
one ligand and simultaneously blocking the alternate ligand-receptor interaction with
a ligand neutralizing antibody, as schematically depicted in Figure 4A. As such, adult
EPDCs were treated with TGFf3 in combination with FST, or Activin A in combination
with a TGF[ capture antibody (cAb) (for cAb effectivity tests, see Supplementary Fig-
ures S5,56). EpiMT induction by TGF could not be blocked by the Activin inhibitor
FST. Likewise, Activin A-induced epiMT was not prevented by the TGF3 cAb (Figure
4B and Supplementary Figures S5, S6 for controls). This suggests that both ALK5 and
ALK4 mediated signaling independently have the ability to induce epiMT. Next, we
assessed the effect of combined TGF3 and Activin blockade on fetal epicardial cells.
Importantly, combined treatment with TGF3 cAb and FST exhibited an additive effect
compared to FST treatment alone in fetal cells, as assessed by aSMA protein expres-
sion levels, and on mRNA levels of mesenchymal genes (Figures 4C-E and Supple-
mentary Figure S7 for DAPI). Taken together, our results demonstrate that Activin A
and TGFpB can drive epiMT independently.

Finally, we validated our in vitro findings in a physiologically relevant setting of ex
vivo murine embryonic heart cultures with an epicardial specific lineage trace system
to study epicardial invasion (Figure 5A). Wt1<¢ERT2* Rosa26 ™G embryos were ex-
posed in utero to tamoxifen at embryonic day E (9.5) to label Wt1* epicardial cells
with GFP. At E12.5, hearts were isolated and cultured ex vivo as depicted in Figure
5, and invasion of epicardial cells into the myocardium was analyzed by fluorescent
microscopy. Under control conditions, GFP* epicardial cells remained mostly at the
surface of the heart. Interestingly, stimulation with Activin A induced a profound
induction of epicardial invasion (Figure 5B), confirming that the Activin pathway is
relevant for epiMT in a whole organ setting.
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Figure 5 | Activin A signaling initiates epicardial invasion in mouse heart. (A) Experimental
design: Pregnant dams are injected with tamoxifen at E9.5 and embryos are isolated on E12.5.
Wit1reeRT2/+:Rosa26 ™M+ embryos were cultured ex vivo for 24 h and then stimulated with either
200 ng/ml Activin A (n = 3) or control medium for 48 h.(B) Immunofluorescent staining for GFP
(green), tropomyosin (TPM, white), and DAPI (blue). White arrows indicate Wt1-Cre-GFP+ epi-
cardial cells that have invaded the myocardium. Scale bar: 100 ym for overview and 20 pm for
zoom-in.
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DISCUSSION

The external layer of the heart, so called epicardium, has been implicated in key de-
velopmental processes and regenerative episodes. However, approaches to regulate
epicardial plasticity remain elusive. Using a unique screening model consisting of
human adult and fetal EPDCs, here we demonstrate that 1) epiMT can be regulated
by Activin A (ActA) and ALK4 receptor activation, which 2) occurs in a TGFB-signaling
independent manner. As validation of these findings, we showed that 3) Activin A can
initiate epicardial invasion in ex vivo heart tissue.

We have previously shown that primary fetal epicardial cells display an augmented
epithelial-mesenchymal plasticity and readily undergo epiMT, while adult epicardial
cells are relatively quiescent and only undergo epiMT when stimulated (Moerkamp
et al., 2016). Combining these two models into a bidirectional cell culture system
revealed Activin signaling as a novel regulator of epiMT. A role for Activin A and its
receptor ALK4 in epicardial cells has not been described to date, but this signaling
pathway is known to be able to promote EMT in multiple cancer cell lines (Valcourt et
al., 2005; Murakami et al., 2010; Basu et al., 2015; Bauer et al., 2015; Dean et al., 2017).
In our study, we established epiMT based on morphological changes, gene expression
profiles of both EMT transcription factors and epicardial and mesenchymal markers,
F-actin localization, aSMA protein expression, and invasion capacity, as recommended
by Yang et al, (2020). Interestingly, we observed a trend towards higher expression of
ALK4, INHBA, and INHBB mRNA in fetal compared to adult EPDCs. Moreover, increas-
ing ALK4 receptor availability on the surface of adult epicardial cells using adenoviral
overexpression was sufficient to induce spontaneous epiMT in adult cells. Combined
with the observation that fetal epiMT can partially be prevented by removal of Ac-
tivin ligand with FST suggests a higher sensitivity of fetal EPDCs for Activin signaling,
which may be one of the reasons why these cells are more prone to undergo EMT
compared to adult EPDCs.

We demonstrated that both TGFB and Activin A induce human epiMT independent-
ly. Interestingly, although TGFf3 has been recognized as a central regulator of epiMT
(Dronkers et al., 2020), the TGF3 cAb by itself was not able to prevent spontaneous
epiMT in fetal epicardial cells. This suggests that other factors, such as Activin A, may
compensate for the inactivation of TGFf signaling. Activin A and ALK4 appear to
induce less SMA expression compared to TGF which suggest that Activin signaling
follows a separate differentiation path. In addition, our observation that incubation
with recombinant FST in addition to the TGF[3 cAb, prevents spontaneous epiMT also
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points at Activin A/ALK4 signaling as an independent regulator of epiMT. The same
principle has been shown in colon cancer cells, where the joint effect of TGFf and
Activin was vital for pro-metastatic function (Staudacher et al., 2017), which is related
to EMT and invasion. In hindsight, the shared effects of TGF3/ALKS5 and Activin A/ALK4
signaling might have been overlooked in other studies since SB is often regarded as
an ALK5 kinase inhibitor, while it actually targets ALK4, 5 and, 7 activity. Therefore,
while the importance of TGF in epiMT has been established multiple times using SB,
this approach likely masked the involvement of Activin signaling via ALK4.

To confirm our in vitro findings, we took advantage of an ex vivo cultured embryonic
mouse heart model. In this system, Activin A endows the cells with more migratory
and invasion properties, suggesting the presence of the ALK4 receptor and impli-
cating that Activin A signaling could be of importance in cardiac development and
regeneration. The necessity of epicardial Activin signaling during the development of
the heart has not been studied, mainly because most of the Activin-related KO mice
do not show a cardiac phenotype (Namwanje and Brown, 2016) or die at an early
developmental stage before heart formation is initiated. However, the availability of
Activin A in (sub)epicardial tissue has been reported (Feijen et al., 1994; Lupu et al.,
2020), and therefore the secreted protein should be able to reach epicardial cells and
initiate signaling. The presence of ALK4 is difficult to assess because most antibodies
are not suitable for immunostainings. Nevertheless, a single cell RNA sequencing
dataset of embryonic mouse epicardium indicates mRNA expression of ALK4 in a
subset of epicardial cells (Lupu et al., 2020).

To conclude, with this study we add a novel pathway to epiMT regulation. As the epi-
cardium has been proposed as an endogenous source for increased repair of injured
cardiac tissue, our findings can serve as a starting point for further investigation into
the therapeutic role of epicardial Activin A and ALK4 signaling in development and
cardiac injury.
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Fig. S1 | EpiMT in adult and fetal EPDCs. Representative brightfield pictures and phalloidin and
aSMA immunostaining of human fetal (A), and adult (B) epicardial derived cells (EPDCs) cultured
for 5 days in the presence of SB431542 (SB), empty culture medium (CTRL) or TGF(33 (represen-
tative images for n=5). Orange arrows indicate examples of epithelial cobblestone-shaped cells,
blue arrows of mesenchymal spindle-shaped cells. Scale bar: 100 pM.
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Fig. S2 | DAPI staining of CTRL and FST treated fetal EPDCs. DAPI staining corresponding to
images in Fig.2B. Scale bar: 100 ym.
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Fig. S3 | ActA does not enhance aSMA protein expression in adult EPDCs. aSMA and DAPI
staining corresponding to images in Fig.2D complemented with aSMA and DAPI staining of
TGFB3 treated cells from the same experiment. Scale bar: 100 ym.
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Fig. S4 | Western blot confirms viral transduction of Ad-caALK4 in adult EPDCs. Representa-
tive example of western blot of HA-tag presence in adult EPDCs stimulated with empty culture
medium (CTRL), adenoviral LacZ (Ad-CTRL), adenoviral constitutively active ALK4 (Ad-caALK4)
or adenoviral overexpression of wild type ALK4 (Ad-ALK4-OE) (n=2). Presence of protein in all
lanes was confirmed using ponceau staining.
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Fig. S5 | Effectivity of TGFB and Activin signaling inhibitors. Phalloidin staining of adult EPDCs
cultured for 5 days in the presence of ligand and inhibitor to proof effectivity of inhibitors. Scale
bar: 100 pm.
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Fig. S6 | Effectivity of TGF3 cAb. (A) Five-day treatment of fetal EPDCs with TGF(3 cAb shows that
1 pg/mLis sufficient to block TGF[ as a higher concentration does not enhance the effect (n=5).
(B) Five-day treatment with TGFp cAb can completely block the SMA-induction of exogenous
TGFp in fetal EPDCs, demonstrating its effectivity (n=4).
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Fig. S7 | DAPI staining of TGFB cAb and FST treated fetal EPDCs. DAPI staining corresponding
to images in Fig.4C. Scale bar: 100 ym.

Supplemental table 1 | Primer sequences for qPCR

Forward Reverse
ALK4 GCTCGAAGATGCAATTCTGG TTGGCATACCAACACTCTCG
ACVR2A GCATCACAAGATGGCCTACC CCAGGCAAACTGTAGACTTC
ACVR2B ATGTGGACATCCATGAGGAC TGAAGATCTCCCGTTCACTC
INHBA ATAGCCCCTTTGCCAACCTC GCTGGGCAACTCTATGAGC
INHBB ATGATTGTGGAGGAGTGCGG TGTCAGTTGAGGGTTCTCGC
wri CAG CTT GAATGCATG ACCTG TAT TCT GTATTG GGC TCC GC
POSTN GGAGGCAAACAGCTCAGAGT GGCTGAGGAAGGTGCTAAAG
CDH2 CAGACCGACCCAAACAGCAAC GCAGCAACAGTAAGGACAAACATC
ACTA2 CCGGGAGAAAATGACTCAAA GAAGGAATAGCCACGCTCAG
SNAIT CCAGTGCCTCGACCACTATG CTGCTGGAAGGTAAACTCTGGA
SNAI2 CGGACCCACACATTACCTTGT TTCTCCCCCGTGTGAGTTCTA
ZEB1 AGCAGTGAAAGAGAAGGGAATGC GGTCCTCTTCAGGTGCCTCA
ZEB2 CAC AAG CCA GGG ACA GAT CA TTG CCACACTCT GTG CATTTG
HPRT1 CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC
TBP TGGAAAAGTTGTATTAACAGGTGCT GCAAGGGTACATGAGAGCCA
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ABSTRACT

Fibroblasts are activated to repair the heart following injury. Fibroblast activation in
the mammalian heart leads to a permanent fibrotic scar that impairs cardiac function.
In other organisms, such as zebrafish, cardiac injury is followed by transient fibrosis
and scar-free regeneration. The mechanisms that drive scarring versus scar-free re-
generation are not well understood. Here, we show that the homeobox-containing
transcription factor Prrx1b is required for scar-free regeneration of the zebrafish
heart as the loss of Prrx1b results in excessive fibrosis and impaired cardiomyocyte
proliferation. Through lineage tracing and single-cell RNA sequencing, we find that
Prrx1b is activated in epicardial-derived cells where it restricts TGF(3 ligand expression
and collagen production. Furthermore, through combined in vitro experiments in
human fetal epicardial-derived cells and in vivo rescue experiments in zebrafish, we
conclude that Prrx1 stimulates Nrg1 expression and promotes cardiomyocyte prolif-
eration. Interestingly, Prrx1 is nearly absent in the injured human heart. Collectively,
these results indicate that Prrx1 is a key transcription factor that balances fibrosis
and regeneration in the injured zebrafish heart.
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INTRODUCTION

The regenerative capacity of damaged organs and body parts differs widely within
the animal kingdom, which is particularly true for the heart (Nguyen et al., 2021; Poss,
2010). Indeed, whereas zebrafish display robust regeneration after heart injury, the
wound response in mammalian hearts does not include replenishment of the lost
myocardium. Instead, the affected myocardium is permanently lost and replaced by
a fibrotic scar, which does not contribute to cardiac contraction resulting in reduced
cardiac output.

The fibrotic scar is formed by cardiac fibroblasts that become activated to produce
large amounts of extracellular matrix (ECM) components, such as collagens. Cardi-
ac fibroblasts mainly originate from the embryonic epicardium, which consists of
a heterogeneous population of epithelial cells that cover the heart (Acharya et al.,
2012; Cao et al., 2016; Gittenberger-de Groot et al., 1998; Hortells et al., 2020; Travers
etal.,, 2016; Weinberger et al., 2020). During embryonic heart development, a subset
of epicardial cells undergoes an epithelial-to-mesenchymal transition (EMT) and mi-
grates into the cardiac wall to give rise to a variety of cell types, which are commonly
referred to as epicardial-derived cells (EPDCs) and include predominantly cardiac
fibroblasts and vascular support cells (Cao and Poss, 2018).

In contrast to mammals, adult zebrafish can fully regenerate their heart after resec-
tion or cryoinjury of 20-30% of the ventricle (Chablais et al., 2011; Gonzalez-Rosa et
al., 2011; Poss et al., 2002; Schnabel et al., 2011), as a result of reactivation of prolif-
eration in border zone cardiomyocytes (Jopling et al., 2010; Kikuchi et al., 2010; Wu et
al., 2015). One of the first responses upon injury is the activation of a developmental
gene expression programme in the epicardium, at 1-2 days after the injury (Lepilina
et al., 2006). This response becomes confined to the injury area as the epicardium
is regenerated, which completely surrounds the injury area between 3 and 7 days
post-injury (dpi) (Kikuchi et al., 2011; Lepilina et al., 2006). The epicardium is essen-
tial for the regeneration process as ablating tcf27-expressing epicardial cells from
the injured zebrafish heart impairs cardiomyocyte proliferation and regeneration
(Wang et al., 2015). Similar to observations in the mammalian heart, lineage trac-
ing of wt7b- and tcf217-expressing cells in zebrafish revealed that the embryonic epi-
cardium gives rise to EPDCs, such as cardiac fibroblasts and vascular support cells
(Gonzalez-Rosa et al., 2012; Kikuchi et al., 2011; Sanchez-iranzo et al., 2018). Upon
injury, EPDCs secrete signals guiding regeneration such as TGF ligands, platelet de-
rived growth factor, cytokines, such as Cxcl12, and mitogenic factors, such as Nrg1
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(Chablais and Jazwinska, 2012; Gemberling et al., 2015; Itou et al., 2012; Kim et al.,
2010). In addition, EPDCs also contribute to fibrosis by producing ECM components,
such as collagen (Sanchez-iranzo et al., 2018). Fibrosis in the zebrafish heart is tran-
sient and regresses as regeneration proceeds, which coincides with the inactivation of
cardiac fibroblasts, ultimately resulting in a scar-free heart (Chablais et al., 2011; San-
chez-iranzo et al., 2018). Although EPDCs play important roles during fibrosis and
pro-regenerative signalling, the molecular mechanism regulating these processes
remains largely unknown.

The paired related homeobox 1 (Prrx1) gene encodes a transcription factor and its
expression correlates with scar-free wound healing and limb regeneration (Satoh et
al., 2010; Stelnicki et al., 1998; Yokoyama et al., 2011). Although its function has been
studied during embryonic development, its role during wound healing or regenera-
tion remains largely unknown. Here, we find that Prrx1b expression is induced in the
epicardium and EPDCs during zebrafish heart regeneration and we show that Prrx1b
is required for scar-free regeneration. By single-cell RNA sequencing of EPDCs, we
identified that loss of prrx1b results in an excess of pro-fibrotic fibroblasts and fibro-
sis. Furthermore, we find that Prrx1b is necessary for the induction of nrg7 signalling,
which we confirmed in an in vitro system of human fetal EPDCs. Altogether, our data
indicate that Prrx1b regulates zebrafish heart regeneration by maintaining the bal-
ance between the fibrotic and regenerative responses after heart injury.

RESULTS

prrx1b is required for zebrafish cardiomyocyte proliferation and heart regeneration

In order to address a potential role for Prrx1 in heart regeneration, we uti-
lized prrx1a™ and prrx1b~ adult fish, which harbour nonsense muta-
tions upstream of the conserved DNA-binding domain (Barske et al., 2016).
Both prrx1a™- and prrx1b~ display no developmental defects owing to redundant
gene functions and only prrx1a™;prrx1b~- embryos display craniofacial defects
(Barske et al., 2016). We subjected adult prrx7a™- and prrx1b~- fish to cardiac cryoin-
jury and analysed scar sizes at 30 dpi. Although we observed comparable scar sizes
in wild-type and prrxT1a™ hearts, scar sizes were significantly larger in prrx1b™ hearts
compared with their control siblings (Fig. 1A,B, Fig. S1A). This difference in scar size
was still apparent at 90 dpi, when wild-type hearts had completely resolved their scars
(12/12) whereas the majority of prrx1b~ hearts (4/7) had not (Fig. 1C).
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Fig. 1 | Heart regeneration and border zone cardiomyocyte proliferation is impaired
in prrx1b™- zebrafish. (A) AFOG staining on 30 dpi wild-type and prrx1b™- heart sections show-
ing fibrin in red, collagen in blue and remaining muscle tissue in orange. Scale bars: 100 pm.
(B) Quantification of the remaining scar size at 30 dpi in prrx1b™ hearts (n=6) and wild-type
sibling hearts (n=9) (meants.d., P=0.0082, unpaired t-test). (C) AFOG staining on sections of
90 dpi hearts. Scars were completely resolved in wild-type hearts (n=12), whereas incomplete
scar resolution was observed in prrx1b™- four out of seven hearts. Scale bars: 100 pm. (D) Im-
munofluorescence staining on 7 dpi wild-type and prrx7b~ heart sections using an anti-Mef2
antibody as a marker for cardiomyocyte nuclei, and an anti-PCNA antibody as a nuclear pro-
liferation marker. Insets show higher magnifications of the boxed areas. Arrowheads indicate
proliferating cardiomyocytes. Scale bars: 100 ym (main panels); 10 pm (insets). (E) Quantification
of the percentage of proliferating (PCNA*) border zone cardiomyocytes in prrx1b™- hearts (n=8)
and wild-type sibling hearts (n=7) (meanzs.d., P<0.0001, unpaired t-test).
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Because myocardial regeneration is achieved through proliferation of the surviving
cardiomyocytes at the injury border zone, we investigated cardiomyocyte prolifera-
tionin the prrx1a™” and prrx1b™ hearts. Indeed, prrx1b hearts showed a significant
reduction in border zone cardiomyocyte proliferation at 7 dpi whereas no significant
differences were observed in prrx1a™ hearts (Fig. 1D,E, Fig. S1B,C). From these results,
we conclude that prrx1b, but not prrx1a, is required for zebrafish cardiomyocyte pro-
liferation and heart regeneration.

Prrx1 is expressed in epicardial and epicardial-derived cells

To address how Prrx1b could function during zebrafish heart regeneration, we inves-
tigated the spatial distribution of Prrx1b expression. By mRNA in situ hybridization
(ISH) we observed only a very weak signal for prrx1b on sections of 7 dpi hearts with
some signal in the (sub)epicardium close to the border zone and some signal in the
injury area (Fig. S2A). As these weak signals were difficult to interpret, we instead used
an antibody raised against the N terminus of the axolotl Prrx1 protein that recogniz-
es zebrafish Prrx1 (Gerber et al., 2018; Ocafia et al., 2017). Prrx1 protein was mainly
detected in (sub)epicardial cells covering the injury area and some sparse cells within
the injury (Fig. S2B). Importantly, we could validate that the Prrx1 antibody recogniz-
es the zebrafish Prrx1b protein as injured prrx1b™ hearts showed a near lack of the
signal (Fig. S2B,C). In addition, Prrx1 protein was nearly undetectable in uninjured ze-
brafish hearts (Fig. S2D), together indicating that Prrx1 protein expression is induced
upon heart injury and at 7 dpi localizes in cells covering and within the injury area.

As this localization of Prrx1 suggested a possible expression in EPDCs, we used
the Tg(tcf21:CreERT2) line, which marks a subset of EPDCs when crossed with the
ubiquitous reporter Tg(ubi:loxP-EGFP-loxP-mCherry) and recombined during em-
bryonic heart development (Kikuchi et al., 2011). Hearts from embryonic recom-
bined Tg(tcf21:CreERT2; ubi:loxP-EGFP-loxP-mCherry) fish were cryo-injured, extracted
at different time points and analysed for Prrx1 and mCherry expression (Fig. 2A-F).
At 1 dpi, we observed a strong expression of Prrx1 in the entire intact epicardium
(Fig. 2B), coinciding with the previously reported ventricle-wide injury response of the
epicardium (Lepilina et al., 2006). At 3 dpi and 7 dpi, we started to observe double-la-
belled mCherry* and Prrx1* cells around and in the injury area whereas Prrx1 expres-
sion became less dense in the remote ventricle (Fig. 2C,D,H). Interestingly, from 1 to
7 dpi we observed an accumulation of mCherry/Prrx1* cells in the regions where the
(sub)epicardium is close to the border between injured and uninjured myocardium
(the so-called border zone, BZ), which we refer to as the BZ epicardium (Fig. 2B-D,H).
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Fig. 2 | Prrx1 is expressed in the epicardium/EPDCs and follows epicardial dynamics post-in-
jury. (A) Schematic illustrating the experimental procedures. (B-F) Immunofluorescence staining
on 1, 3, 7, 14 and 30 dpi tcf27:mCherry* wild-type heart sections staining Prrx1 (green) and
mCherry (magenta). Areas in the coloured boxes are shown at higher magnification below. Ar-
rowheads indicate tcf27:mCherry*/Prrx1* cells. Scale bars: 100 pm (low-magnification images);
10 um (high-magpnification images). BZ epicardium, border zone epicardium; Rm epicardium,
remote epicardium. Six hearts analysed per condition. Dashed line indicates the border between
myocardium and injury area. (G) Schematic of Prrx1 dynamics upon injury. Prrx1* cells are in
green. Dark colour at the apex represents the injury area. (H) Quantification of the distribu-
tion of tcf27:mCherry*/Prrx1* cells per time point. Size of the dots represents the percentage
of tcf21:mCherry*/Prrx1* cells and absolute count number is visualized by a colour gradient.
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At 14 dpi, we observed the majority of Prrx1 expression in and around the injury
area (Fig. 2E,H). At 30 dpi, only a few mCherry/Prrx1* cells were detected, of which
the majority was located at the apex and inside the remaining injury area (Fig. 2F,H).
Importantly, although at all time points Prrx1 was mostly found in mCherry* cells,
not all mCherry* cells were Prrx1* and vice versa, confirming the previously reported
heterogeneity of the epicardium and EPDCs (Gonzalez-Rosa et al., 2012). To address
whether other epicardial subpopulations express Prrx1, we analysed Prrx1 expres-
sion in Tg(tbx18:myr-eGFP) and Tg(wt1b:H2B-Dendra2) hearts. Indeed, we observed that
Prrx1 is co-expressed with tbx78 and wt1b (Fig. S3). Taken together, these results indi-
cate that upon cardiac injury Prrx1 expression is induced in tcf217*, tbx18" and wt1* epi-
cardial subpopulations. Prrx1 expression starts in the epicardium covering the remote
myocardium, after which it becomes more restricted to the injury epicardium followed
by expression in EPDCs localized in the injury area at later stages.

Proliferation and invasion of epicardial cells is unaffected in prrx1b™- hearts

Because cardiac injury induces the proliferation of epicardial cells (Lepilina et al., 2006)
and Prrx1b is expressed in this cell type, we decided to investigate whether prrx7b plays
arole in epicardial cell proliferation. To do so, we used the Tg(tcf21:CreERT2; ubi:loxP-
EGFP-loxP-mCherry) line to identify epicardial cells in wild-type and prrx1b~ hearts
and used PCNA expression to identify proliferating cells (Fig. S4A,B). We observed
that the number of PCNA-expressing epicardial cells was highest at 1 and 3 dpi, after
which their number dropped to significantly lower amounts at 30 dpi, which is in line
with previous reports (Lepilina et al., 2006). We found no indication of an epicardial
proliferation defect in prrx1b™ hearts, as no significant differences were observed in
the number of PCNA-expressing epicardial cells at any of the examined time points
(Fig. S4B).

Furthermore, we wondered whether prrx1b could play a role during the invasion
of EPDCs into the injury area. To quantify this, we determined the contribution
of tcf21:mCherry* surface area found within the injury area as a proportion of the
total tcf27:mCherry* surface area found in and around the injury area (Fig. S4C). We
used this percentage as a measure of invasion efficiency of the EPDCs. At all time
points, except for 3 dpi, there was no significant difference in the percentage of
mCherry* cells inside the injury between the wild-type and prrx1b™ hearts. At 3 dpi,
the percentage of mCherry* cells invading the injury area was significantly lower in
the prrx1b™ hearts, but this was mitigated from 7 dpi onwards.
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Taken together, we did not find evidence suggesting a profound role for Prrx1 in epi-
cardial proliferation or EMT. Although the incomplete labelling of tcf27* cells resulted
in substantial variation in the collected data, potentially masking a subtle difference
between wild-type and prrx1b™ hearts, we conclude that Prrx1 is largely dispensable
for proliferation and invasion into the injury area of epicardial and epicardial-derived
cells.

Characterization of EPDCs in the regenerating heart by single-cell sequencing

Next, we wanted to identify which processes are regulated by Prrx1b in EPDCs that
could explain the impaired regenerative response observed in the prrx1b~- hearts.
Given that the epicardium and EPDCs are formed by heterogenous cell populations,
we decided to take a single-cell RNA sequencing (scRNAseq) approach to charac-
terize these cells within the context of heart regeneration. First, we isolated ventri-
cles from recombined Tg(tcf21:CreERT2; ubi:loxP-EGFP-loxP-mCherry) wild-type sibling
or prrx1b™ fish at 7 dpi and identified the mCherry* cells by fluorescence-activated cell
sorting (FACS) (Fig. S5A-C). Next, we performed scRNAseq using the SORT-seq (Sorting
and Robot-assisted Transcriptome Sequencing) platform on the isolated single cells
(Muraro et al., 2016) (Fig. 3A,B). We analysed over 1400 cells with >1000 reads per cell
using the RacelD3 algorithm, which resulted in the identification of ten cell clusters
grouped based on their transcriptomic features (Fig. 3C,D, Table S1).

To confirm that the sorting strategy worked, we plotted the expression of the epi-
cardial markers tcf21, thx18, aldh1a2 and wt7b and observed that most cells ex-
press at least one of these albeit in different patterns (Fig. 3E). These differences
in tcf21, tbx18, aldh1a2 and wt1b expression confirm the previously observed het-
erogeneity of epicardial cells and EPDCs (Cao et al., 2016; Weinberger et al., 2020).
Unfortunately, prrx1b expression was too low to correlate it to any of the clusters
(Fig. S6). To identify different cell types, we selected marker genes for known cell types
and analysed their expression in the various clusters. The cells from clusters 4, 7 and
10 expressed tcf27 and tbx18 but lacked expression of aldh1a2 and wt7b, suggesting
that these represent epicardial cells covering the remote myocardium. Indeed, ISH
for additional genes with high expression in these clusters labelled epicardial cells
covering the uninjured part of the heart (Fig. 3F). By contrast, wt7b and aldh1a2 were
expressed in most of the remaining clusters, with highest expression in cluster 1.
ISH for additional genes marking cluster 1 revealed that their expression was mostly
located in the epicardial region covering the injury area but not the remote myocar-
dium (Fig. 3QG).
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Fig. 3 | Single-cell sequencing identifies epicardial-derived cell populations in the injured
zebrafish heart. (A,B) Workflow of the isolation (A) and sorting (B) of tcf27:mCherry* cells in
wild-type and prrx1b™ hearts at 7 dpi. (C,D) tSNE plotting of the data results in ten transcrip-
tionally distinct clusters (C), as also indicated by the heatmap (D). (E) tSNE maps visualizing
log2-transformed read-counts for tcf21, thx18, aldh1a2 and wt1b. (F-) Characterization of the
different cell clusters. Left: Panels show tSNE maps visualizing log2-transformed read-counts
for genes with high expression in the indicated cluster (circled). Middle: In situ hybridization for
the cluster-enriched genes in wild-type hearts at 7 dpi. Dashed line indicates injury border. Scale
bars: 100 pm. Right: Magnifications of the boxed regions in remote (RE) and injury epicardium
(IE) with arrowheads pointing to cells with high expression. Scale bars:10 pm. Three hearts
analysed per condition. Gene lists are provided in Table S1.
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As the epicardium gives rise to fibroblasts and pericytes, we plotted known marker
genes for these cell types. Pericytes express genes such as the potassium chan-
nel kcnj8 and the Notch receptor notch7b (Guichet et al., 2015; Vanlandewijck et al.,
2018). The expression of these genes was most abundant in cluster 6 and Gene On-
tology analysis revealed that cluster 6 has an enrichment in genes linked to smooth
muscle contraction and cell junction organization. These findings suggest that cells
in cluster 6 represent pericytes (Fig. 3H). Periostin (postnb) and fibronectin (fn7a) are
expressed in fibroblasts and both genes showed highest expression in clusters 2, 3
and 9 (Fig. 3I). In addition, we observed that these clusters are enriched for various
other genes reported to be expressed in fibroblasts in the context of tissue injury
(e.g. dkk3b, fstl1b, ptx3a) (Table S2), suggesting that these clusters are formed by in-
jury-responsive cardiac fibroblasts (Sanchez-iranzo et al., 2018). Gene Ontology anal-
yses with genes enriched in clusters 2, 3 and 9 indeed indicated processes such as
‘extracellular matrix organization’, ‘dissolution of fibrin clot’ and ‘collagen biosynthesis
and modifying enzymes’ (Table S3).

From these results, we conclude that the scRNAseq data represent different popula-
tions of epicardial and epicardial-derived cells from the regenerating heart. Based on
our analysis, we divided the cells into four general groups: remote epicardium (clus-
ters 4,7 and 10), injury epicardium (cluster 1), epicardial-derived fibroblasts (clusters
2,3 and 9) and epicardial-derived pericytes (cluster 6).

Prrx1 restricts fibrosis

Next, we mapped the wild-type and prrx1b™- cells separately on the t-distributed
stochastic neighbour embedding (tSNE) map to reveal differences in contribution to
the various cell clusters (Fig. 4A,B). Interestingly, we found a clear difference in the
contribution of wild-type and prrx1b~- cells to the fibroblast clusters 2 and 3. Whereas
cluster 2 consisted of mostly wild-type cells (89%) and few prrx1b™ cells (11%), cluster
3 was enriched in prrx1b™- cells (71%) compared with wild-type cells (29%) (Fig. 4B-D).
Although both cluster 2 and cluster 3 cells expressed markers for activated fibro-
blasts, such as postnb, differential gene analysis between cluster 2 and 3 revealed that
cluster 3 cells are enriched for genes involved in TGFB signalling (tgfb1a, tgfb2, tgfb3
; P=7.1E-4), extracellular matrix proteins (P=3.3E-4) and collagen fibril organization
(P=1.2E-4) (Fig. 4E). Instead, cluster 2 cells lacked robust expression of fibrosis-relat-
ed genes, therefore representing a more quiescent cell type that instead expresses
genes linked to chordate embryonic development (P=3.8E-10) and stress response
(P=7.9E-6). Together, the scRNAseq data suggest that injured prrx71b~- hearts contain
more activated, pro-fibrotic fibroblasts.
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cluster. (E) Differential gene expression analysis using the DESeq algorithm between fibroblast
clusters 2 and 3. Enriched genes were selected for either cluster 2 or 3 with a P-value cut-off
of <0.05 (red). Gene Ontology analysis was performed using the online tool DAVID. Gene and
full Gene Ontology lists are provided in Tables S2 and S3. (F,G) Characterization of cluster 3.
Left: tSNE maps visualizing log2-transformed read-counts for genes with high expression in the
indicated cluster (circled). Middle: /n situ hybridization for the cluster 3-enriched genes in wild-
type and prrx1b™ hearts at 7 dpi. Dashed line indicates injury border. Scale bars: 100 pm. Right:
Magnifications of the boxed regions in the injury area with arrowheads pointing to cells with
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high expression. Scale bars: 25 pm. Three hearts analysed per condition. (H) Sirius Red staining
showing collagen in red on sections of wild-type and prrx71b™ hearts at 7 dpi. Right-hand panels
show maghnifications of the boxed regions in the sub-epicardial layer and further inside the injury
area. Scale bars:100 pm (left); 50 pm (right). (1) Quantification of Sirius Red (collagen) staining in
wild-type (n=6) and prrx1b™- (n=7) hearts showing significantly more fibrosis in prrx1b~- hearts
inside and around the injury area (meants.d., P=0.012, unpaired t-test).

To validate these findings, we performed ISH for genes with high expression in clus-
ter 2 or 3 cells. Indeed, we observed increased expression of tgfb7a and col17alb in
injured prrx1b™- hearts compared with their wild-type siblings (Fig. 4F,G), where-
as we identified a strong reduction in expression of the cluster 2 marker si:dke-
yp-1h4.9 (Fig. S7). In addition, we performed Sirius Red staining to visualize collagen,
which showed an excess of collagen fibres in the prrx1b™- hearts in and around the
injury area (Fig. 4H,1). From these results, we conclude that in injured prrx1b™ hearts
an excess of TGFB ligand and ECM-producing fibroblasts is formed, resulting in an
enhanced fibrotic response to the injury.

NRG1 administration rescues the cardiomyocyte proliferation defect
of prrx1b™ hearts

Fibroblasts are not only required for fibrosis in the injured zebrafish heart; they
also exhibit pro-regenerative activity by stimulating cardiomyocyte proliferation (San-
chez-iranzo et al., 2018). Because EPDCs secrete Nrg1, a growth factor necessary to
induce cardiomyocyte proliferation (Gemberling et al., 2015; leda et al., 2009; Wang et
al., 2015), we hypothesized that nrg7 expression may be impaired in prrx1b~- hearts
and responsible for the observed reduction in cardiomyocyte proliferation. Consid-
ering that nrg7 expression was nearly absent in the scRNAseq data (<100 combined
reads from 1438 cells), we investigated expression of nrg7 through RNAscope ISH. We
observed expression of nrg7 in the epicardial and sub-epicardial region in wild-type
hearts at 7 dpi (Fig. 5A,B). The BZ epicardium regions showed profound nrg1 expres-
sion, which is in line with previously reported nrg7 localization upon injury (Gemberling
etal., 2015). Importantly, we observed co-expression of nrg7 and Prrx1 in BZ epicar-
dial cells at 7 dpi (Fig. 5A). Next, we wanted to investigate whether nrg? expression is
impaired in prrx1b™ hearts. Corroborating our hypothesis, we found a significant re-
duction of nrg1 expression in the BZ epicardium of injured prrx1b™- hearts compared
with wild-type sibling hearts (Fig. 5B,C). To address whether the impaired nrg7 expres-
sion in prrx1b™ hearts could explain the observed reduction in cardiomyocyte prolif-
eration, we injected injured wild-type and prrx71b~- fish daily with recombinant NRG1
protein or DMSO as a control from 3 dpi to 7 dpi and quantified cardiomyocyte prolif-
eration in the border zone. Importantly, injecting prrx1b™- zebrafish with recombinant
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NRG1 protein did indeed rescue cardiomyocyte proliferation in the border zone to
wild-type levels (Fig. 5D,E). Together, these results demonstrate that nrg7 and Prrxi1
are co-expressed and that Prrx1 promotes nrg1 expression in EPDCs. Furthermore,
the results suggest that the reduction in Nrg1 is responsible for the reduced cardio-
myocyte proliferation observed in the border zones of prrx1b mutant hearts.
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Fig. 5 | Prrx1b stimulates Nrg1 expression. (A) RNAscope in situ hybridization for nrg1 co-detect-
ed with Prrx1 antibody on 7 dpi wild-type hearts. Arrowheads indicate colocalization of nrg7 and
Prrx1. Dashed line marks edge of the border zone. Insets show higher magnifications of the
boxed areas. Scale bars: 100 pm (main panels); 10 um (insets). Four hearts analysed. (B) RNA-
scope in situ hybridization for nrg7 on 7 dpi wild-type and prrx1b~- hearts. Dashed line marks
edge of the border zone. Insets show higher magnifications of the boxed areas. Scale bars:
100 pm (main panels); 10 ym (insets). (C) Quantification of nrg7 RNAscope dots in the BZ epicar-
dium in 7 dpi wild-type (n=6) and prrx1b™ (n=5) hearts. BZ epicardium is defined as a 100-pym-
wide strip, 100 ym up and 100 um down from where the edge of intact myocardium meets the
epicardium (meanzs.d., P=0.0051, unpaired t-test). (D) Schematic of the workflow used for NRG1
injection experiments shown in E. (E) Quantification of the percentage of proliferating (PCNA®)
BZ cardiomyocytes (meanzs.d., wild-type -NRG1 n=7; wild-type+NRG1 n=8; prrx1b”- -NRG1
n=4; prrx1b™~ +NRG1 n=7; wild-type -NRG1 versus prrx1b-NRG1 P=0.0118; prrx1b”—=NRG1
versus prrx1b”+NRG1 P=0.0013; ns, not significant; one-way ANOVA followed by multiple com-
parisons analysis using Tukey's test).
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PRXX1 promotes NRG1 expression in human EPDCs

Next, we wanted to address whether nrg1 expression in EPDCs is regulated by Prrx1.
As the prrx1b™ fish lack Prrx1 in all cells, we exploited a previously established in
vitro model (Dronkers et al., 2018) in which human fetal epicardial cells can be cul-
tured in an epithelial phenotype in the presence of the ALK4/5/7 kinase inhibitor
SB-431542. Removal of the inhibitor for at least 5 days results in the induction of
EMT, which can be appreciated by the transition of cobblestone epithelial-like cells
towards spindle-shaped mesenchymal cells and upregulation of the mesenchymal
genes POSTN and FNT (Fig. 6A-C) (Moerkamp et al., 2016).
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Fig. 6 | PRRX1 promotes NRG1 expression in human EPDCs. (A) Schematic of the workflow
for the experiments shown in B and C. After isolation, human fetal epicardial cells are cultured
in the presence of the ALK4/5/7 kinase inhibitor SB-431542. Cells transform from cobble- to
spindle-shape upon removal of SB-431542. (B) Representative brightfield pictures of cobble- and
spindle-shaped human fetal epicardial cells. Scale bars: 100 um. (C) qPCR results for POSTN, FN1,
PRRX1 and NRGT in human fetal cobble (n=3) and spindle (n=3) epicardial cells (meants.d.; POSTN
P<0.001, FN7 P=0.001, PRRXT P=0.01, NRG1 P<0.001, unpaired t-tests). (D) Schematic of the work-
flow for the experiments shown in E and F. (E) Western blot for PRRX1 in U87 cells. Vinculin was
used as a loading control. (F) gPCR results for PRRXT and NRGT in human fetal spindle epicardial
cells after PRRX1 siRNA treatment (non-transfected cells n=4, CTRL siRNA n=4, PRRX1 siRNA n=4)
(meanss.d., PRRX1 CTRL siRNA versus PRRX1 siRNA P=0.003, NRG1 CTRL siRNA versus PRRX1
SiRNA P=0.04, unpaired t-tests) (G) ELISA results for secreted NRG1-B1 in the conditioned cell
culture medium of human fetal spindle epicardial cells between 24 and 48 h after PRRX1 siRNA
treatment (non-transfected cells n=3, CTRL siRNA n=3, PRRX1 siRNA n=3) (meanzs.d., CTRL siRNA
versus PRRX1 siRNA P=0.0061, unpaired t-tests).
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Fig. 7 | PRRX1 is nearly undetectable in adult injured human hearts. (A) Sirius red and immuno-
fluorescent staining on consecutive human tissue samples of patients with a recent myocardial
infarction for PRRX1 (red), cTnl (green) as marker for the myocardium and autofluorescence
(light blue) to indicate the extracellular matrix and DAPI (dark blue). Scale bars represent 1000
pm in overview pictures and 20 pm in zoom-ins. (B-C) Positive control for PRRX1 staining in
human colon and lung tissue. Arrowheads indicate PRRX1+ cells. Scale bars represent 20 pm.
(D) Quantification of PRRX1+ cells in human tissue at different locations. For D, a one-way
ANOVA with Dunnett's multiple comparisons test was used to determine statistical significance.
SE = sub-epicardial.

Although some PRRX1 expression was detected in cobblestone epithelial-like cells,
its expression was increased 8-fold in spindle-shaped mesenchymal cells (Fig. 6C).
Importantly, NRGT expression followed the same pattern as PRRXT expression, as
they were both increased in spindle-shaped cells. To determine whether PRRX1
can regulate NRGT expression, spindle-shaped mesenchymal cells were subjected
to PRRX1 knockdown (KD) using siRNAs (Fig. 6D). The effect of PRRX1 KD was con-
firmed using western blot (Fig. 6E). Indeed, PRRX7 KD led to a significant decrease
in NRGT mRNA, as well as a significant decrease of secreted NRG1-B1 protein
(Fig. 6F,G). From these results, we conclude that in EPDCs after EMT induction, PRRX1
and NRG1 are co-expressed and that PRRX1 is required for efficient NRG1 expression.
This suggests that the role of PRRX1 in EPDCs is conserved between zebrafish and
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human. Therefore, we aimed to investigate the relevance of PRRX1 during human
heart repair and analyzed PRRX1 expression in human tissue from eight patients that
suffered a recent myocardial infarction, showing beginning scar formation and fibro-
blasts infiltration (Fig. 7A). Positive staining could be observed in human colon and
lung tissue, which indicates that the immunostaining protocol is able to detect PRRX1
in human tissue (Fig. 7B,C). However, only very few PRRX1+ cells could be identified
in human injured heart tissue, either in the (sub-)epicardium, sub-epicardial myocar-
dium or in the infarcted area (Fig.7D). Taken together, these findings indicate that
the efficient induction of NRG1 is dependent on PRRX1. Furthermore, while PRRX1
is abundantly present in the regenerative zebrafish heart, it is nearly absent in the
non-regenerative injured adult human heart.

DISCUSSION

The results described here demonstrate that prrx7b is required for the scar-free re-
generation of the injured zebrafish heart. The zebrafish genome contains a prrx71a and
a prrx1b gene, which are likely the result of an ancient genome duplication that oc-
curred in teleosts (Howe et al., 2013). Our results demonstrate that whereas prrx1b is
required for heart regeneration, prrx1a is dispensable, which suggests these paral-
ogues have non-redundant roles. This is different from their role during cartilage
formation in the embryo where prrx7a and prrx1b are redundant (Barske et al., 2016).

Prrx1 expression is rapidly induced in the epicardium upon injury. This is reminiscent
of the induction of other genes in the epicardium, such as tbx78 and aldh7a2 (also
known as raldh2), and implies that Prrx1 induction is part of the early activation that
occurs in the entire epicardium (Cao and Poss, 2018; Lepilina et al., 2006). Important-
ly, all three previously identified subpopulations (tcf27, tbx18* and wt1*) of epicardial
cells and EPDCs express Prrx1 (Cao et al., 2016; Weinberger et al., 2020).

It has been well established that EPDCs differentiate into various cell types (reviewed
by Cao and Poss, 2018). Retroviral labelling and Cre-mediated recombination stud-
ies in chick, mouse and zebrafish have demonstrated that EPDCs differentiate into
fibroblasts and vascular support cells (e.g. pericytes) (Acharya et al., 2012; Gitten-
berger-de Groot et al., 1998; Gonzalez-Rosa et al., 2012; Kikuchi et al., 2011; Manner,
1999; Mikawa and Gourdie, 1996), which is in good agreement with our scRNAseq
data. There are also numerous reported observations suggesting that EPDCs can
differentiate into endothelial cells and cardiomyocytes (Cai et al., 2008; Guadix et
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al., 2006; Katz et al., 2012; Manner, 1999; Mikawa and Gourdie, 1996; Smart et al.,
2011; Zangi et al., 2013), although some of these observations have been questioned
by others (Christoffels et al., 2009; Rudat and Kispert, 2012). In our scRNAseq analysis
of EPDCs recovered from the regenerating zebrafish heart, we did not find a cell type
representing endothelial cells or cardiomyocytes, which is in agreement with earlier
observations that tcf27-derived EPDCs in the zebrafish do not contribute to either en-
dothelial or myocardial cell lineages (Gonzalez-Rosa et al., 2012; Kikuchi et al., 2011).

Fibroblasts are one of the main contributors to ECM deposition in response to cardiac
injury and are therefore an important cell type in maintaining the balance between
the fibrotic and regenerative injury response (Chablais and Jazwinska, 2012; Gember-
ling et al., 2015; Sdnchez-iranzo et al., 2018). In addition, subpopulations of cardiac
fibroblasts can have distinct roles in in cardiomyocyte maturation and innervation
(Hortells et al., 2020). By scRNAseq analysis, we identified two distinct fibroblast cell
states in the regenerating heart. The pro-fibrotic fibroblast cluster (cluster 3) ex-
presses all three TGFf ligands, supporting earlier findings that these ligands are
expressed in the injury area to activate a pro-fibrotic response (Chablais and Jazwinhs-
ka, 2012). Pro-fibrotic fibroblasts express fibronectin-1 (fn7a) and various collagens
(Sanchez-iranzo et al., 2018), which we found to be upregulated in the cluster 3 fibro-
blasts, corroborating their pro-fibrotic nature. In prrx1b™ hearts, these pro-fibrotic
fibroblasts were more abundant, which is consistent with the observed excess of
collagen deposition. Whereas cardiac fibrosis is permanent in the injured mamma-
lian heart, it is resolved in the zebrafish heart. The mechanism for this regression in
the zebrafish heart is not well understood. It could be related to the observation that
activated fibroblasts partially return to a quiescent state (Sanchez-iranzo et al., 2018).
Our results showing that an increase in activated (pro-fibrotic) fibroblast cell numbers
can lead to an excessive fibrotic response supports the theory that the de-activation of
injury-responsive pro-fibrotic fibroblasts is detrimental to successful scar regression.

Cluster 2 cells have only limited expression of pro-fibrotic genes and might therefore
represent de-activated, quiescent fibroblasts. Many factors secreted by activated fi-
broblasts have been implicated in cardiac development and regeneration, suggesting
that the pro-regenerative function of fibroblasts might be accomplished through their
secretory role. In addition, experiments co-culturing fibroblasts with cardiomyocytes
show that fibroblasts can induce cardiomyocyte proliferation (leda et al., 2009). Our
results demonstrate Prrx1-dependent nrg1 expression in EPDCs near the proliferating
cardiomyocytes in the border zone. Nrg1 is a potent inducer of cardiomyocyte pro-
liferation by activation of the ErbB2 signalling pathway (Bersell et al., 2009; D>Uva et
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al., 2015; Gemberling et al., 2015), which is consistent with our observation that the
cardiomyocyte proliferation defect in prrx71b~- hearts can be rescued by exogenous
Nrg1. Both the in vitro experiments in human fetal EPDCs and the in vivo experiments
in zebrafish demonstrate that Nrg7 expression depends on Prrx1. Whether this is
through binding of Prrx1 to regulatory sequences in the nrg7 locus or whether is
through a more indirect mechanism needs to be further investigated for example by
chromatin immunoprecipitation experiments.

In conclusion, we have shown that during zebrafish heart regeneration Prrx1b ex-
pression in EPDCs restricts the amount of pro-fibrotic fibroblasts and stimulates car-
diomyocyte proliferation. In doing so, Prrx1b establishes a balance between fibrotic
repair and the regeneration of lost myocardium during zebrafish heart regeneration.

MATERIALS AND METHODS

Animal experiments

Animal care and experiments conformed to the Directive 2010/63/EU of the European
Parliament. All animal work was approved by the Animal Experimental Committee of
the Instantie voor Dierenwelzijn Utrecht (IvD) and was performed in compliance with
the Dutch government guidelines. Zebrafish were housed under standard conditions
(Alestrom et al., 2019).

Zebrafish lines

The following zebrafish lines were used: TL, prrx1a, prrx1a®*, prrx1b¢#' (Barske et al.,
2016), Tg(tcf21:CreERT2) (Kikuchi et al., 2011) and Tg(ubi:loxP-EGFP-loxP-mCherry) (Mo-
simann et al., 2011).

Cryoinjuries in zebrafish

To address experiments in a regeneration context, cardiac cryo-injuries were per-
formed on TL and prrx1b#°? [with and without Tg(tcf21:CreERT2; ubi:loxP-EGFP-loxP-
mCherry)] fish of both sexes that were ~4-18 months of age. The cryoinjuries were
performed as described by Schnabel et al. (2011), with the exception of the use of a
copper filament (0.3 mm) cooled in liquid nitrogen instead of dry ice. Animals were
excluded from the study if they exhibited signs of aberrant behaviour, sickness or
infection, according to animal care guidelines.
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Histology and enzyme histochemistry

Acid Fuchsin Orange G (AFOG) staining was performed on paraffin sections of zebraf-
ish ventricles as previously described (Poss et al., 2002). Paraffin sections of 7, 30 and
90 dpi hearts were prepared as described below (see ‘In situ hybridization’ section).
Sirius Red staining was performed on similar paraffin sections as previously described
(Junqueira et al., 1979), excluding the Haematoxylin step.

Immunofluorescence

Adult zebrafish ventricles were isolated and fixed in 4% paraformaldehyde (4°C over-
night on shaker). The next day, the hearts were washed three times, 10 min each
wash, in 4% sucrose phosphate buffer, after which they were incubated at room tem-
perature for at least 5 h in 30% sucrose phosphate buffer until the hearts sank. Then,
they were embedded in cryo-medium (OCT). The hearts were cryosectioned at 10 pm
thickness using a Thermo Scientific Cryostar NX70 cryostat. Primary antibodies used
were: anti-PCNA (Dako, M0879; 1:800), anti-Mef2c (Santa Cruz Biotechnology, SC313 or
Biorbyt, orb256682; both 1:1000), anti-tropomyosin (Sigma-Aldrich, 122M4822; 1:400),
Living Colors anti-DsRed (Clontech, 632496; 1:100), anti-RFP (Novus Biologicals, 42649;
1:100), anti-Prrx1 (gift from the Tenaka lab; Gerber et al., 2018; Oliveira et al., 2017;
1:200), mouse IgG2b anti-Dendra2 [Origene, TA180094, clone OTI1G6 (for Wt1b H2B
dendra); 1:400], chicken polyclonal anti-GFP [Abcam, ab13970 (for Tbx18 myr GFP);
1:200]. Secondary antibodies were: anti-chicken Alexa 488 (Thermo Fisher, A21133;
1:500), anti-rabbit Alexa 555 (Thermo Fisher, A21127; 1:500), anti-mouse Cy5 (Jackson
ImmunoResearch, 118090; 1:500), anti-mouse I1gG2b Alexa 647 (Jackson ImmunoRe-
search, 102371; 1:100). Nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI)
or Hoechst 405 staining. Images of immunofluorescence staining are single optical
planes acquired with a Leica SP8 confocal microscope. Human tissue was used for im-
munofluorescent staining as described (Kruithof et al. 2020, CVR) using the following
antibodies: anti-cTnl (Hytest, #4721, 1:1000), anti-Prrx1 (1:200). As a control, sections
without primary antibody were taken along. Nuclei were shown by DAPI staining.
Tissue sections were imaged using Pannoramic 250 slide scanner (3DHISTECH).

Quantitative analyses

All quantifications were performed blind. Unless stated otherwise, three individual
sections with the largest injuries per heart were analysed including data obtained
through in situ hybridization, immunohistochemistry and Sirius Red staining. Imaris
x64 V3.2.1 software (Oxford Instruments) was used to analyse immunofluorescence
images made with a Leica SP8 confocal microscope. Proliferation percentages of
border zone cardiomyocytes were determined using the spots selection tool in Imaris.
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A region of interest (200 pm) consisting of the border zone was chosen and cardiomy-
ocytes (identified by Mef2 expression) were selected by classifying them as 5 pm di-
ameter or bigger. Proliferating cardiomyocytes were selected by hand using the PCNA
channel. To quantify the distribution of tcf27* Prrx1* cells over different locations and
different time points, the spot selection tool in Imaris was used to select all Prrx1* cells
in the ventricle, after which a subselection of all tcf27:mCherry* Prrx1* cells was made
by hand. Distinguished regions were remote epicardium, BZ epicardium (100 pm up
and 100 pm down from the edge of intact myocardium), injury epicardium and within
the injury. Double-positive cells in each of these regions were counted and present-
ed as a percentage of the total double-positive cells in the ventricle. To quantify the
percentage of tcf27:mCherry* cell invasion into the injury, the surface selection tool
was used to mark the total tcf27:mCherry* area in the ventricle. The measurement
we used was the average value of the volume. Then, the total injury area plus 100 pm
border zone was chosen as a region of interest designated as the ‘whole injury area’.
Then, tcf21:mCherry* surfaces within the injury were selected manually to create a
subset of the whole injury area surface. Proliferation of tcf27:mCherry* cells was de-
fined as the number of PCNA" cells per pm? of t¢f27:mCherry* tissue surface, as the
cytoplasmic mCherry signal does not allow for the distinction between individual
cells. tcf21:mCherry* PCNA* cells were counted manually. Nrg7 RNAscope signal was
quantified by using the spots selection tool in Imaris to count the absolute number
of nrg1 transcripts in the BZ epicardium regions. Image) software (NIH) was used to
quantify the remaining scar size of 30 and 90 dpi heart sections following AFOG stain-
ing. All sections of each heart were stained, imaged and quantified for scar tissue area
using Image]. Sirius Red staining in wild-type and prrx7b~- hearts was analysed using
the ImageJ-macros MRI Fibrosis Tool (http://dev.mri.cnrs.fr/projects/imagej-macros/
wiki/Fibrosis_Tool). Caseviewer (3DHISTECH) was used to analyse PRRX1+ cells in
human cardiac tissue. Positive cells were manually counted in 10 areas of 0.1 mm2in
the (sub-) epicardial layer, sub-epicardial myocardium and infarcted area, that were
blindly selected. As a technical positive control, 10 areas of 0.1 mm2 were similarly
quantified in human colon and lung tissue.

Lineage tracing of zebrafish epicardial cells

To lineage trace epicardial and epicardial-derived cells, we com-
bined Tg(tcf21:CreERT2) with Tg(ubi:loxP-EGFP-loxP-mCherry). Both wild-type
and prrx1b™- embryos with a single copy of both transgenes [Tg(tcf21:CreERT2;
ubi:loxP-EGFP-loxP-mCherry)] were incubated in 4-hydroxytamoxifen (4-OHT) as de-
scribed by Kikuchi et al. (2011) and Mosimann et al. (2011) from 1 dpf until 5 dpf at
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a concentration of 5 uM. At 5 dpf, embryos were selected that were positive for epi-
cardial mCherry signal and grown to adulthood.

Isolation of single cells from cryoinjured hearts

Cryoinjured hearts of either prrx1b wild-type siblings (n=20) or prrx7b homozygous
mutants (n=20) previously recombined as embryos [Tg(tcf21:CreERT2; ubi:loxP-EGFP-
loxP-mCherry] were extracted at 7 dpi. Cells were dissociated according to Tessadori
et al. (2012). For cell sorting, viable cells were gated by negative DAPI staining and
positive YFP fluorescence. In brief, the FACS gating was adjusted to sort cells positive
for mCherry (recombined epicardial-derived cells) and negative for EGFP (unrecom-
bined cells). In total, 1536 cells (768 prrx1b wild-type sibling cells and 768 prrx1b ho-
mozygous mutant cells) were sorted into 384-well plates and processed for scRNAseq
as described below.

scRNAseq

Single-cell sequencing libraries were prepared using SORT-seq (Muraro et al., 2016).
Live cells were sorted into 384-well plates with Vapor-Lock oil containing a droplet
with barcoded primers, spike-in RNA and dNTPs, followed by heat-induced cell lysis
and cDNA syntheses using a robotic liquid handler. Primers consisted of a 24 bp
polyT stretch, a 4 bp random molecular barcode (UMI), a cell-specific 8 bp barcode,
the 5' lllumina TruSeq small RNA kit adapter and a T7 promoter. After cell lysis for
5 min at 65°C, RT and second strand mixes were distributed with the Nanodrop I
liquid handling platform (Inovadyne). After pooling all cells in one library, the aqueous
phase was separated from the oil phase, followed by IVT transcription. The CEL-Seq?2
protocol was used for library prep (Hashimshony et al., 2016). lllumina sequencing
libraries were prepared with the TruSeq small RNA primers (lllumina) and paired-end
sequenced at 75 bp read length on the lllumina NextSeq platform. Mapping was per-
formed against the zebrafish reference assembly version 9 (Zv9).

Bioinformatic analysis

To analyse the scRNAseq data, we used an updated version (RacelD3) of the previous-
ly published RacelD algorithm (Grun et al., 2015). For the adult hearts, we obtained
a dataset consisting of two different libraries of 384 cells per genotype (wild type
or prrx1b homozygous mutants) each for a combined dataset of 768 cells, in which
we detected a total of 20,995 genes. We detected an average of 7022 reads per cell.
Based on the distribution of the log10 total reads plotted against the frequency, we
introduced a cutoff at minimally 1000 reads per cell before further analysis. This re-
duced the number of cells used in the analysis to 711 wild-type and 727 mutant cells.
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The top 20 noisy genes were identified by the StemID algorithm, which we excluded
from the downstream analysis to increase clustering robustness. Batch-effects were
analysed and showed no plate-specific clustering of certain clusters. The StemID
algorithm were used as previously described (Grun et al., 2016). In short, StemID is
an approach developed for inferring the existence of stem cell populations from sin-
gle-cell transcriptomics data. StemID calculates all pairwise cell-to-cell distances (1 -
Pearson correlation) and uses this to group similar cells into clusters that correspond
to the cell types present in the tissue. The StemID algorithm calculates the number
of links between clusters. This is based on the assumption that cell types with fewer
links are more canalized whereas cell types with a higher number of links have a
higher diversity of cell states. Besides the number of links, the StemID algorithm also
calculates the change in transcriptome entropy. Differentiated cells usually express
a small number of genes at high levels in order to perform cell-specific functions,
which is reflected by a low entropy. Stem cells and progenitor cells display a more
diverse transcriptome reflected by high entropy (Banerji et al., 2013). By calculating
the number of links from one cluster to other clusters and multiplying this with the
change in entropy, it generates a StemID score, which is representative of the ‘stem-
ness’ of a cell population. Differential gene expression analysis was performed using
the ‘diffexpnb’, which makes use of the DESeq algorithm. P-values were Benjamini-
Hochberg corrected for false discovery rate to make the cutoff.

Statistical analysis of data

Statistical analyses were performed using GraphPad Prism8 software. Unless stated
otherwise, unpaired t-tests were used for all statistical testing. For the NRG1 rescue
experiment (Fig. 5E) one-way ANOVA followed by multiple comparisons analysis using
the Tukey’s test was performed.

In situ hybridization

In situ hybridization was performed on paraffin sections. After overnight fixation in
4% paraformaldehyde, hearts were washed in PBS twice, dehydrated in ethanol, and
embedded in paraffin. Serial sections were made at 8 ym thickness. In situ hybrid-
ization was performed as previously described (Moorman et al., 2001) except that
the hybridization buffer used did not contain heparin and yeast total RNA. When in
situ hybridization was carried out for multiple probes, INT-BCIP staining solution (red/
brown staining) was used for the additional probe instead of NBT-BCIP (blue staining).
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RNAscope

RNAscope in situ hybridization was performed on fixed frozen sections following the
Advanced Cell Diagnostics company protocol for RNAscope Multiplex Fluorescent
Reagent Kit v2 with the following modification: target retrieval was not performed
as this was not required for the nrg7 probe. The probe used for nrg1 detection was
RNAscope Probe- Dr-nrg1-CDS (414131). For co-detection with Prrx1 antibody, the
RNA-Protein Co-detection Ancillary Kit was used following the Advanced Cell Diag-
nostics company protocol. Prrx1 antibody was used at 1:200.

Intraperitoneal injections in zebrafish

Intraperitoneal injections of human recombinant NRG1 (recombinant human hereg-
ulin-b1, Peprotech, 100-03) were performed as described by Kinkel et al. (2010). Fish
were sedated using MS222 (0.032% wt/vol). Injections were performed using a Hamil-
ton syringe (Gauge 30), cleaned before use by washing in 70% ethanol followed by two
washes in PBS. Injection volumes were adjusted to the weight of the fish (30 pl/g) and
a single injection contained 60 pg/kg (diluted in 0.1% bovine serum albumin in PBS).

Human epicardial cell culture

Human fetal hearts of a gestational age between 12 and 18 weeks were collected
anonymously and under informed consent from abortion material after elective
abortion. Epicardial cells were isolated as described by Dronkers et al. (2018). Cells
were cultured in Dulbecco’s modified Eagle’'s medium (DMEM low-glucose, Gibco) and
Medium 199 (M199, Gibco) mixed in a 1:1 ratio, supplemented with 10% fetal bovine
serum (heat-inactivated for 25 min at 56°C, Gibco), 100 U/ml penicillin (Roth), 100 mg/
ml streptomycin (Roth) and 10 pM ALK4/5/7 kinase inhibitor SB-431542 (Tocris) at
37°Cin 5% CO,. EMT was induced by removal of SB-431542 from the medium. This
research was carried out according to the official guidelines of the Leiden University
Medical Center and approved by the local Medical Ethics Committee. This research
conforms to the Declaration of Helsinki. Cells were tested for contamination every
3 months.

Cell culture U87 cells

U87 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM high-glu-
cose, Gibco), supplemented with 10% fetal bovine serum (Gibco), 100 U/ml penicillin
(Roth) and 100 mg/ml streptomycin (Roth). Cells were tested for contamination every
3 months.

204



Epicardial Prrx1b restricts fibrosis and promotes Nrg1-dependent cardiomyocyte proliferation during zebrafish heart regeneration

PRRX1 KD in human epicardial cells

Cells were treated with SMARTpool ON-TARGETplus PRRX1 or a non-targeting con-
trol siRNA according to the manufacturer’s protocol at a concentration of 25 nM
(Dharmacon). After 48 h, cells were collected for gPCR or western blot. All experi-
ments in human fetal epicardial cells were performed with three or four individual
cell isolations.

qPCR

ReliaPrep RNA Miniprep Systems (Promega) was used to isolate mRNA, of which the
concentration and purity were determined using a NanoDrop 1000 Spectrophotom-
eter (Thermo Fisher Scientific). cDNA synthesis was performed using the RevertAid
H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Next, gPCR was
performed using SYBR Green (Promega) and run on a C1000 Touch thermal cycler
(Bio-Rad). All samples were run in triplicate; expression levels were corrected for
primer efficiency and normalized for two reference genes (TBP and HPRTT).

Primer sequences were: POSTN forward, GGAGGCAAACAGCTCA-
GAGT; POSTN reverse, GGCTGAGGAAGGTGCTAAAG; FN1 forward, CGTCATAGT-
GGAGGCACTGA; FNT reverse, CAGACATTCGTTCCCACTCA; PRRX1a forward,
CGCAGGAATGAGAGAGCCAT; PRRX1a reverse, AACATCTTGGGAGGGAC-
GAG; NRG1 forward, CACATGATGCCGACCACAAG; NRGT reverse, GGTGATCGCT-
GCCAAAACTA; TBP forward, TGGAAAAGTTGTATTAACAGGTGCT; TBP reverse,
GCAAGGGTACATGAGAGCCA; HPRT1 forward, CTCATGGACTGATTATGGACAG-
GAC; HPRT1 reverse, GCAGGTCAGCAAAGAACTTATAGCC.

Western blot

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing protease
and phosphatase inhibitors (cOmplete Protease Inhibitor Cocktail tablets, Roche Di-
agnostics). Protein concentration was determined using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). For every sample, 50 pg of protein was loaded onto a
10% SDS-polyacrylamide gel. Subsequently, protein was transferred onto Immobi-
lon-P PVDF Membrane (Millipore). Blots were blocked in 5% bovine serum albumin
in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h and incubated overnight
with primary antibody (anti-PRRX1, 1:500, gift from the Tenaka lab; Gerber et al.,
2018; Oliveira et al., 2017; anti-Vinculin, 1:5000, Sigma-Aldrich, V9131, 1:5000). Blots
were incubated for 1 h with horseradish peroxidase anti-rabbit secondary antibody
(Abcam, ab98493), which was detected by WesternBright Quantum (Advansta).
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ELISA

Conditioned medium was collected for 24 h after 24 h of siRNA treatment, centrifuged
at 200 g for 2 min and immediately frozen at —=20°. Cell culture medium was taken as
a control sample. An NRG1-B1 ELISA assay was performed according to the manu-
facturer’s protocol (Human NRG1-B1 DuoSet ELISA, R&D Systems). Absolute NRG1-B31
concentration was calculated based on the standard curve.

We would like to thank all members of the Bakkers lab for their input during this
study, Jens Puschhof for technical help with the RNAscope analysis, Jeroen Korving
for his help with histology, and the Hubrecht Institute FACS facility and Single Cell
Discoveries for their expertise with sorting and sequencing.
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Fig. S1 | prrx1a is dispensable for zebrafish border zone cardiomyocyte proliferation and
heart regeneration. (A) Quantification of the remaining scar size at 30dpi shows no significant
difference between prrx1a-/- hearts (n=9) and wild-type siblings (n=6). (meanzs.d., ns= not sig-
nificant, unpaired t-test). (B) Immunofluorescent staining on 7dpi wildtype and prrx1a-/- heart
sections using an anti-Mef2 antibody as a marker for cardiomyocyte nuclei, and an anti-PCNA
antibody as a nuclear proliferation marker. Arrowheads in zoom-ins indicate proliferating car-
diomyocytes. Scale bars represent 100pm in the overview images and 10pm in the zoom-ins. (C)
Quantification of the percentage of (PCNA+) proliferating border zone cardiomyocytes shows no
significant difference between prrx1a-/- hearts (n=7) and their wildtype siblings (n=8). (meanzs.d.,
ns= not significant, unpaired t-test)

prrxib

Tdpi

Fig. S2 | Injured zebrafish hearts express Prrx1 in cells surrounding the injury area, which is
severely reduced in the prrx1b-/- hearts. (A) in situ hybridization for prrx1b on 7dpi wild-type
hearts shows prrx1b mRNA surrounding and within the injury area. (B-D) Immunofluorescent
staining of tropomyosin staining CM nuclei (red) and Prrx1 protein (green) in (B) injured wild-
type hearts at 7dpi, (C) injured prrx1b-/- hearts at 7 dpi and (D) uninjured wildtype hearts. Scale
bars represent 100pum in the overview images and 50pm in the zoom-ins. Hearts analyzed per
condition: 3.
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Fig. S3 | Prrx1 is expressed in tbx18+ and wt1b+ epicardial cells. (A) Immunofluorescent
staining on a 3dpi Tg(tbx18:myr-eGFP) heart, staining Hoechst, tbx18:myr eGFP (membrane)
and Prrx1 (nuclei). Arrowheads indicate double positive cells. (B) Immunofluorescent staining
on a 3dpi Tg(wt1b:H2B-Dendra2) heart, staining Hoechst, wt1b:H2BDendra2 (nuclei) and Prrx1
(nuclei). Arrowheads indicate double positive cells. Scale bars in the overview images represent
100um and in the zoom ins 20um.
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Fig. S4 | Quantification of invasion and proliferation of tcf21:mCherry+ cellsat 1, 3, 7, 14 and
30dpi in wild-type and prrx1b-/- hearts. (A) Immunofluorescent staining showing PCNA (green)
and tcf21:mCherry (magenta) in wild-type sibling and prrx1b-/- hearts at 7dpi. Scalebar = 100um,
scale bar in zoom in = 10um. (B) Proliferation of tcf21:mCherry+ cells quantified as amount of
PCNA+ cells per total pm2 of tcf21:mCherry+ tissue surface in the ventricle at 1, 3, 7, 14 and
30dpi. (meanzs.d., wild-type 3dpi vs wild-type 30dpi p=0.0271, prrx1b-/- 3dpi vs prrx1b-/- 30dpi
p=0.01, ns=not significant, unpaired t-test). (C) Percentage of the total injury tcf21:mCherry+
pm2 found inside the injury area at 1, 3, 7, 14 and 30dpi. (meanzs.d., wild-type 3dpi vs prrx1b-
/- 3dpi p=0.0085, ns=not significant, unpaired t-test). |A = injury area.
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Fig. S5 | Gating details for FACS. (A-C) Gates (P1-P5) used to sort out mCherry+ /GFP- cells used
for single cell sequencing analysis.
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Fig. S6 | prrx1b read counts. tSNE map visualizing log2-transformed read-counts for prrx1b
based on our scRNA sequencing of tcf21:mCherry+ cells.

si:dkeyp-1h4.9
(CluSter 2 marker)

p-1h4.9

s
( 2 marker) A

uster

Fig. S7 | prrx1b-/- hearts show a strong reduction of si:dkeyp-1h4.9 expression. (A,B) In situ
hybridization for the cluster 2 gene si:dkeyp-1h4.9 in either wild-type or prrx1b-/- hearts at 7dpi.
Arrowheads point to cells with high expression. Scale bars represent 100pum in the overview
images and 25um in the zoom-in. Hearts analysed per condition: 3
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Table S1 (Differentially expressed genes for scRNAseq cluster identification), Table

S2 (Differentially expressed genes in multiple scRNAseq clusters) and Table S3 (Gene
Ontologies for differentially expressed genes in multiple scRNAseq clusters) are available
online at https://doi.org/10.1242/dev.198937.
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Chapter 8

ABSTRACT

The heart has limited capacity to repair itself. The epicardium, the outer layer of the
heart, is an interesting therapeutic target for restoring cardiac tissue. Compounds
that activate epicardial cells have been identified. However, a biomaterial is required
to secure temporal exposure of the epicardium to these compounds. Therefore, the
aim of this study was to optimize a drug delivery patch to target the epicardium of the
infarcted heart. We tested six potential epicardial patches. Of these six biomaterials,
two hydrogel patches were selected based on the simplicity of the preparation proce-
dure, the ability to provide sustained release for at least one week and the capacity of
the patch to adhere to cardiac tissue. When testing these two epicardial patches in a
mouse model for myocardial infarction, both patches demonstrated high adherence
to cardiac tissue. In conclusion, we have optimized two epicardial patches that are
feasible to use in in vivo mice experiments to target the epicardium.
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INTRODUCTION

As the heart has a limited potential to repair itself, the loss of myocardial tissue due
to a myocardial infarction causes irreversible damage. Currently, a major goal in car-
diac research is to identify therapeutic targets to restore cardiac tissue. One of these
targets is the epicardium, the outer layer of the heart, which is a source for progenitor
cells during cardiac development and repair. In order to participate in the cardiac
tissue formation, epicardial epithelial to mesenchymal transition (epiMT) is an essen-
tial step. It is a process which allows cells to detach from the epicardial layer, invade
underlying tissue, and contribute to multiple cardiac cell lineages (1). Therefore, epiMT
has been studied extensively to identify targets to further enhance the contribution of
the cell population to cardiac repair. Over time, multiple factors have been identified
in vitro that activate epiMT, such as Activin (2) and TBBz (unpublished, chapter 4 of this
thesis). Investigating the effect of these compounds on epiMT in in vivo models for
myocardial infarction requires a method to administer the factor to the epicardium.
Previous studies have shown that simply injecting a fluid into the myocardium leads
to wash out of the fluid within a few contractions of the heart muscle (3). Given that
epithelial to mesenchymal transition is also related to pathological conditions such
as cancer and fibrosis, it is vital that an epiMT stimulating factor is locally applied and
does not spread throughout the body. Furthermore, in mice, the epicardium is most
active between 3-7 days after Ml (4) and therefore the epiMT inducing factor should
be available for at least one week to be fully effective. Because of the convenient lo-
cation of the epicardium at the outside of the heart, it is possible to target these cells
directly by applying a drug-loaded patch on top of the epicardial cells.

The aim of this study was to generate and optimize a drug releasing patch that can be
applied on the outside of the injured heart to deliver factors to the epicardium. Ideally,
the patch should meet the following demands. Firstly, the patch should adhere to the
cardiac tissue, but not to the surrounding (lung) tissue, preferably through self-adhe-
sive properties instead of previously described sutures. Secondly, the patch should
release the factor over at least a week and both the patch and its derivatives should
not be toxic to the surrounding tissue. Thirdly, to obtain feasible and reproducible
results, it is essential that the patch can easily be prepared and that it is compatible
with multiple factors (e.g. proteins, small molecules, viruses) and solvents (e.g. PBS
and DMSO).
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In this study, we describe the optimization of two epicardial patches that are easy to
prepare, release a drug over time, adhere to cardiac tissue and are feasible to use in
vivo studies in the infarcted mouse heart.

MATERIALS AND METHODS

Cell culture

Human primary epicardial cells were isolated and cultured as described (5). Briefly,
cells were isolated from human heart auricles and cultured in a medium consisting
of a mix of Dulbecco’s modified Eagle’'s medium (DMEM low-glucose, Gibco) and
Medium 199 (M199, Gibco) mixed in a 1:1 ratio, supplemented with 10% fetal bovine
serum (heat inactivated for 25 minutes at 56 °C, Biowest), 100 U/mL penicillin (Roth)
and 100 mg/mL streptomycin (Roth). Cells were cultured in the presence of 10 pM
SB431542 (SB, Tocris) at 37 °Cin 5% CO2. Experiments were performed in cell culture
medium without SB.

HT1080 cells, stably transfected with a CAGA-luciferase reporter construct (6), were
used as TGFf reporter cell line. Cells were maintained in Dulbecco’s modified Eagle's
medium (DMEM high-glucose, Gibco) supplemented with 10% fetal bovine serum
(Biowest), 100 U/mL penicillin (Roth) and 100 mg/mL streptomycin (Roth) at 37 °C
in 5% CO,,.

Preparation of UPy-catechol patch

UPy-catechol was synthesized as described (7). The polymer was dissolved in 100
pl PBS and pH was adjusted with 1.25 pl TN NaOH up to a pH of 8, while stirring at
50 °C for 15 minutes. When completely dissolved, 5 pl of TBBz (stock concentration
of 10 mM in DMSO), or 5 pl of DMSO was added and mixed for 5 minutes at 50 °C.
Subsequently, 15 pl of the hydrogel mixture was applied onto an electrospun supra-
molecular mesh with a 5 mm diameter (as described (8)). Gelation was initiated by 2
drops of 0.75 pl sodium periodate, one directly applied onto the mesh and one on
top of the hydrogel. The mesh and hydrogel were immediately applied onto the heart.

Preparation of TISSEEL patch

For the TISSEEL patch, TBBz (10 mM in DMSO) was mixed with PBS in a 1:1 ratio. Sub-
sequently, the TBBz/PBS solution was mixed with Thrombin solution (TISSEEL, Baxter)
in a 1:1 ratio. To form the patch, 15 pl adhesion solution was pipetted on a piece of
parafilm and 15 pl of the thrombin/compound mixture was pipetted into the droplet
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of adhesion solution. The TISSEEL patch was cured for 5 minutes before application
onto the heart. To secure proper adherence to the tissue, 4 pl of adhesion solution
was applied onto the heart and 4 pl of thrombin solution was applied on the patch
before administration.

Release studies in vitro

To study drug release from patches, patches were prepared and applied onto the
upper side of a transwell insert (6.5 mm, 8.0 yum Pore Polycarbonate Membrane
Insert, Transwell, Corning). The insert was placed in a 24 wells plate well containing
500 pl releasing medium. For experiments with epicardial cells, epicardial cell medium
was used. For experiments with HT1080-CAGA cells, DMEM without FBS was used,
which was supplemented with 1%BSA. BSA was added to prevent binding of TGF(3 to
the plate surface. After the indicated duration of 1 hour or 1 day, the transwell was
moved to the next well containing 500 pl fresh medium. This process was repeated
every day up to the end of the experiment. Because of practical reasons, occasionally
the medium was not refreshed daily which is indicated in the figure (e.g. 5-7 days).
Releasing medium was collected and stored at -20 °C.

TGFP reporter assay

Ht1080-CAGA cells were seeded in 24 wells plate with a density of 50.000 cells/well.
After two days, cells were washed with PBS and exposed to releasing medium samples
which were supplemented with TGF (1 ng/mL). After 6 hours incubation, cells were
lysed in 50 pl passive lysis buffer (Promega) and luciferase activity was measured
using the Luciferase Assay System (Promega). Luciferase activity was normalized by
total protein concentration of the samples, which was determined using the Pierce
BCA Protein Assay Kit (Thermo Scientific).

EpiMT assay
Epicardial cells were seeded. When confluency reached 50%, cells were stimulated
with releasing medium samples for 5 days.

Mice pilot study and immunostaining

All animal experiments were performed according to protocols approved by the
animal welfare committee of the Leiden University Medical Center and conform the
guidelines from Directive 2010/63/EU of the European Parliament on the protection
of animals used for scientific purposes. Wt1CreERT2/+;R26RmTmG/+ mice, both male
and female of 12-15 weeks old, were injected with 4x2 mg tamoxifen, two days before
and two days after MI. Ml was induced by permanent ligation of the left anterior
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descending artery (LAD ligation) under isoflurane anesthesia, as described previously
(9). Immediately after M, the patch was applied onto the heart. All surgical procedures
were performed by a blinded investigator. After 7 days, mice were sacrificed by cer-
vical dislocation. Hearts were flushed by injecting 3 mL of PBS in the right ventricle
and subsequently isolated and fixed in 4% PFA for 24 hours. Tissue was embedded in
paraffin and sectioned in 6 um slices. Immunostaining was performed as described
(10) using the following antibodies: a-GFP (Abcam, ab13970), a-Tropomyosin (Sig-
ma-Aldrich, T9283) and a-Wt1 (Abcam, ab89901)

RESULTS

We defined a list of potential patch materials based on literature and on collaborative
efforts (Table 1). We identified six materials that we considered to fulfill our criteria.
We prepared the patches and established for each patch 1) the feasibility of the
protocol, 2) the coherence of the patch, 3) their compatibility with multiple factors
and solvents, such as DMSO and PBS, and 4) their adhesive abilities. We started by
preparing the collagen patch described by Wei et al. (11) but due to technical issues
we were not able to fully repeat their protocol and produce a proper biomaterial to
be used as a patch. Next, we tested Pluronic F-127 polymer, which can form a gel-like
structure and is very easy to work with. Unfortunately, it did not result in a coherent
patch that can be handled with forceps. Then, we tested an electrospun mesh de-
veloped by Putti et al. (8) which consists of a sheet of electrospun fibers generating
a layer of randomly aligned thin threads appearing like soft woven cloth. The core
of this thread contains the factor of interest, which is encapsulated in a hydrophilic
shell of ureido-pyrimidinones poly(ethylene glycol) (UPy-PEG) that regulates its re-
lease. The mesh is very easy to handle, and because of its flexible characteristics it
can cover the heart without interfering with contraction. One disadvantage of the
spinning procedure is that only small molecules can be incorporated in this patch.
In addition, the patch is not adhesive and will need a suture or glue to apply it to the
outside of the heart. The TachoSil patch is a bilayered sponge that is used in surger-
ies to stop local bleeding. This material has been exploited as an epicardial patch
before (12). The TachoSil patch is ordered as a dry material, consisting of a collagen
layer at the outside that serves as a mechanical carrier for the inner lining of throm-
bin and fibrinogen that requires activation with fluid (e.g. blood or PBS). In theory,
the application of a solution containing the factor of interest will cause the thrombin
and fibrinogen to form an adhesive layer thereby incorporating the compound. This
approach is highly robust and very easy to execute. Moreover, the collagen layer,
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on the outside of the patch protects the thoracic organs. We combined the excel-
lent release capacities of the supramolecular UPy-PEG hydrogel with that of the Ta-
choSil. Unfortunately, the application of the UPy-PEG hydrogel massively impaired
the adhesive capabilities of the patch and using this combined patch in an in vivo
experiment therefore would require stitches or glue. TISSEEL is a tissue glue which
is routinely used in the clinic. It has previously been described for atrial epicardial
application for encapsulating viruses (13) and cells (14). TISSEEL is a two-compound
glue consisting of an adhesion solution and a thrombin solution that require mixing,
after which solidification occurs resulting in a patch that can easily be picked up using
forceps. To add releasing properties to this glue, the factor of interest can be mixed
in either the adhesion solution or the thrombin solution which subsequently forms
a hydrogel patch upon combining the solutions. The patch can be prepared ex vivo,
according to a straight-forward protocol and produces a coherent patch. We were
able to mix the TISSEEL with adenoviruses, conditioned medium, PBS and DMSO,
although the latter did have some effect on the structure of the patch. Because the
ex vivo prepared TISSEEL patch once gelified is not adherent, it will not stick to the
surrounding tissue, but also not to the heart. To facilitate this, a fresh drop of liquid
TISSEEL was applied directly on to the heart and on the basis of the drug-loaded
patch which allowed firm adhesion onto the outside of the heart. Lastly, we tested a
UPy-catechol patch, which is based on a synthetic UPy-PEG hydrogel which has been
functionalized with a catechol group that provides strong binding in wet environments
(7). To be able to apply the hydrogel to the heart and to protect surrounding tissue,
the hydrogel was prepared on an electrospun mesh made of UPy fibers. The mesh
allows for application of the patch onto the heart, and provides a shield between the
patch and surrounding tissue and allows for unidirectional release, e.g. towards the
heart. The preparation of the patch is more elaborate than the TISSEEL patch, but still
straightforward. The UPy-catechol preparation includes a final step where the hydro-
gel mixture requires to be maintained at 50 °C to prevent premature gelification. This
means that the factor of interest that is mixed into the biomaterial should keep its
functionality at this temperature. Furthermore, the catechol groups can bind to the
included factor (e.g. to TGFp) thereby preventing its release and limiting wide use of
this patch. However, the adhesiveness of this patch is outstanding and the best that
we have observed in this study. In summary, all patches we have tested in this study
have strong and weak points summarized in Table 1. We continued our experiments
with the two most promising patches, the TISSEEL patch and the UPy-Catechol patch.
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Table 1 Overview of tested patches
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Next we determined if these two patches were effective drug release materials by
performing in vitro experiments to assess the release profile. We prepared patches
containing DMSO (control) or the ALK4/5/7 kinase inhibitor SB431542 (SB), placed
them in transwells and determined the release of compound over time into the
cell culture medium (Fig. 1A). The medium was collected after 1 hour, refreshed
and subsequently collected daily. To establish the release of SB, TGF[3 reporter
cells (HT1080-CAGA luciferase cells) were stimulated with TGF3 combined with the
collected medium. Release of SB from the material into the medium would inhibit
the TGFB induced CAGA reporter activity. Quantification of the luciferase activity
demonstrated the release of SB for at least 8 days (Fig. 1B) for both the TISSEEL and
the UPy-catechol patch since patches containing SB demonstrate a lower luciferase
response along the total timeline compared to the DMSO patches. Interestingly we
also prepared a TISSEEL patch containing TGF[3, and using the same assay demon-
strated release of this growth factor at a similar level of luciferase activity as the
positive control (ctrl medium + TGFB). The UPy-catechol patch is not compatible
with TGFB and was therefore not tested. In summary, both patches serve as a drug
releasing system for at least a week in vitro.
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Fig. 1 | TISSEEL and UPy-catechol patch release SB and TBBz for at least 7 days in vitro.
(A) Schematic overview of set-up to obtain releasing medium. (B) Temporal release of TGFp and
SB from patches measured by CAGA-activity. Release was evaluated by the ability of the released
TGFB to initiate CAGA-luciferase response (only for the TISSEEL patch(n=1)) compared to the
response of an empty patch and the ability of the released SB to inhibit the TGF( induced CA-
GA-luciferase response (TISSEEL (n=1), UPy-catechol (n=3)) compared to a DMSO loaded patch. As
controls for the luciferase assay, medium supplemented with TGF3 and medium supplemented
with TGFB+SB were included. (C) and (D) Temporal release of TBBz from the patches measured
by an epiMT assay. Release was evaluated by the morphology of epicardial cells, indicating
epiMT. Orange arrows indicate examples of epithelial cells while pink arrows indicate examples
of mesenchymal cells. Scale bar: 100 pm.

The next step was to determine if there was release of an epiMT inducing compound,
TBBz (unpublished, chapter 4 of this thesis), and if it retained its activity. Therefore,
we generated TBBz-containing patches and used the same transwell set-up to collect
media of DMSO (control) and TBBz patches. To study epiMT, human primary epicar-
dial cells were exposed to the collected media. For both the TISSEEL and the UPy-cat-
echol TBBz patches, the collected medium of the first hour and day were toxic to the
cells (Fig. 1C and 1D) indicating a burst of release of TBBz resulting in toxic levels. The
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medium collected from the control UPy-catechol DMSO patch was also toxic during
the first two days. However, after this initial toxic burst, the TBBz medium derived
from both patches clearly induced a morphological change in the epicardial cells that
indicated epiMT at all measured time points (Fig. 1C and 1D). Interestingly, for both
patches, this effect lasted for more than 7 days.

To test the feasibility of preparing and handling these patches for in vivo application
in experimentally induced myocardial infarction (Ml), we performed a pilot experi-
ment using Wt1CreERT2/+;Rosa26mTmG mice that express GFP in epicardial (Wt1+)
cells once tamoxifen is administered (Fig. 2A). This lineage tracing approach allows
for studying epicardial behavior. To induce MI, mice were subjected to a left anterior
descending coronary artery (LAD) ligation, causing major cell death in downstream
tissue. Directly after the LAD ligation, the patches containing DMSO or TBBz were
applied to the outside of the heart (Fig. 2B and 2D).

While performing these in vivo mouse experiments, we observed that the time
needed to prepare the TISSEEL patch is very short and the protocol is robust, as
temperature management and timing are flexible. However, the TISSEEL patch leaves
behind some of the fluid after preparation indicating that not all the compound may
be incorporated. The procedure to prepare the UPy-catechol patch is a little more
sensitive to error but once applied, this patch is highly adhesive. Furthermore, the
hydrogel sometimes got scraped from the electrospun patch when moving the patch
along the ribs to apply it to the outside of the heart.

Seven days after application of the patch, the mice were sacrificed, hearts were col-
lected and embedded in paraffin for further analysis. Immunofluorescent analysis
demonstrated that both patches could be easily identified and were located on top
of the infarcted area (Fig. 2C and 2E). We observed that the GFP-labeled epicardial
cells were still present underneath the patches, and found mainly around the edges
of the patch (Fig. 2C"" and 2E™). For the TISSEEL patch, we did not observe any sign
of toxicity, e.g. disintegrated nuclei or a large influx of immune cells. Underneath
the UPy-catechol patch, some unidentified structures were observed in 2 out of 4
hearts (Fig. S1A). To conclude, the TISSEEL and UPy-catechol patch can readily be
prepared and subsequently applied in vivo. Moreover, both patches demonstrated
sufficient adherence and were easily located afterwards.
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Fig. 2 | TISSEEL and UPy-catechol patch are feasible to use in in vivo study. (A) Schematic
overview of study design of mouse study. (B) Schematic overview of preparation of the TISSEEL
patch. Thrombin solution was mixed with the compound and combined with adhesion solu-
tion to form a patch. The patch was applied onto the heart with a drop of fresh TISSEEL. (C)
Immunostaining with antibodies against Wt1Cre-GFP, Tropomyosin and Wt1 in the infarcted
mouse heart treated with a TISSEEL patch. C" shows a magnification of the TISSEEL patch on
top of the infarcted area, highlighted by a dotted line. Scale bar: 200 pm. C"” demonstrates the
epicardial Wt1Cre-GFP cells underneath the patch. (D) Schematic overview of preparation of the
UPy-catechol patch. UPy-catechol hydrogel was mixed with the compound. A droplet of sodium
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periodate was applied onto a 5 mm electrospun mesh. Subsequently, the hydrogel was applied
and another droplet of sodium periodate to initiate gelification. The total of mesh and hydrogel
was directly applied onto the heart. (E) Immunostaining with antibodies against Wt1Cre-GFP,
Tropomyosin and Wt1 in the infarcted mouse heart treated with a UPy-catechol patch. E” shows
a magnification of the UPy-catechol patch on top of the infarcted area, highlighted by a dotted
line. Scale bar: 200 pm. E” demonstrates the epicardial Wt1Cre-GFP cells underneath the patch.

DISCUSSION

In this study, we identified and optimized two self-adhering drug-eluting hydrogel
patches and demonstrated 1) easy and robust protocols that gave rise to patches with
2) a sustained release of compounds in vitro for at least 7 days, and 3) adherence to
the beating mouse heart in vivo.

Using biomaterials to repair the heart is a fast-emerging research field aiming to
support the heart in its reparative response, and to deliver drugs or cells to the myo-
cardium (15). In this study, we aimed to place a patch to the outside of the heart to
target the epicardium. For this, it is essential that the epicardium itself is not harmed
during the procedure, which is more likely when using stitches or aggressive glue.
Therefore we explored different self-adhering patch materials. Although several epi-
cardial patches have been described (15), we were aiming for a simple procedure that
would not require complicated methods or specific equipment which is undesirable
during a mouse experiment. After compiling a list of patch materials to deliver drugs
to the epicardium, we identified two highly promising patches in which we observed
gradual release over time of the incorporated factor in vitro and a strong adherence
to mouse hearts in vivo.

The main difference between the two patches is their nature, the TISSEEL being a
natural hydrogel and UPy-catechol being a synthetic one. TISSEEL is based on the co-
agulation system and consists of a mixture of sealer protein solution (fibrinogen and
aprotinin) and thrombin solution (human thrombin and calcium chloride dihydrate).
Upon mixing these two solutions, a sealant is formed that is used in patients to stop
internal bleeding. Besides its clinical use, this hydrogel has been used before to de-
liver AAVs to the atria in rats (13), and as engineered tissue construct to support the
infarcted mouse heart with cardiac adipose tissue-derived progenitor cells (14). This
shows the all-round applicability of this hydrogel and it also demonstrates that the
protocol is robust in multiple laboratories. Similarly, we observed that the TISSEEL
protocol is highly straight forward. The main disadvantage of the TISSEEL patch is its
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poor tolerance for DMSO, demonstrated by fluid that was left after picking up the
patch, showing that not all the liquid was incorporated in the patch. In general, we
found that all hydrogels displayed significant structural changes upon mixing with
DMSO. We therefore aimed to keep the DMSO concentrations as low as possible and
attempt to use other solvents when applicable.

Ureido-pyrimidinone (UPy) is a synthetic supramolecular hydrogel: a group of ma-
terials that consists of polymers that are cross linked by non-covalent interactions.
Supramolecular materials are tunable and considered to mimic the biological envi-
ronment. The UPy hydrogel used in this study was functionalized with catechol groups
to introduce adhesiveness, inspired by mussels that demonstrate exceptional adhe-
siveness under wet conditions (7). In our current set-up we used an electrospun mesh
as a carrier of the gel, allowing for easy handling. This electrospun mesh can also be
modified. This creates a window of opportunity, e.g. when applying an impermeable
mesh that allows for unidirectional release of the hydrogel towards the epicardium.
Similar to the TISSEEL patch, a small difference was observed between the addition
of DMSO or PBS to the hydrogel. We observed that the structure of the hydrogel is
different on a microscopic level in PBS patches compared to DMSO patches (Fig. S1B-
C), validating our observation that DMSO intervenes with the patch structure during
the formulation. However, except for the fact that the gelification appeared to be a
little weaker with DMSO compared to PBS patches, we did not find any functional
differences, both patches adhered well onto the heart in vivo.

In this study, the data regarding the biocompatibility of this patch was inconclusive.
In vitro, release during the first 48 hours was highly toxic to the cells, indicating either
a burst release of DMSO (we expect this amount of cell death in a concentration
higher than 2%) or a toxic effect of the degraded hydrogel. Comparing an empty
UPy-catechol patch with a DMSO loaded patch will provide insight in the origin of
the toxicity. In vivo, we observed some unidentified structures beneath the patch.
Further examination of the structures should reveal if this is a sign of any harmful
events (e.g. excessive immune influx or toxicity). Potential toxicity may be reduced
by using a replacement for sodium periodate to initiate gelification of the hydrogel.

In conclusion, the TISSEEL patch is most widely applicable for epicardial application
due to its tolerance for all types of compounds, and its robust and easy preparation.
The UPy-catechol patch requires a more elaborate protocol but can be fully adjust-
ed to one’s needs and shows the best adhesiveness. Which patch should be used
depends on the requirements of the specific application. Here, we have used both
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patches to study the effect of small molecules on epiMT. The numbers in this study
are not sufficient to compare the effect of the two patches. However, we demon-
strated the feasibility of the experiment. In addition to this, one could think of other
applications such as viral knock down or overexpression to study a specific pathway
or mix cell specific conditioned medium into the patch.
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Optimization of two self-adhering drug delivery patches to target the epicardium of the injured heart

SUPPLEMENTAL FIGURES

UPy-catechol + DMSO

UPy-catechol + PBS (n=1)

UPy-catechol + DMSO (n=2)

Fig. S1 | Observations of UPy-catechol patch in infarcted mouse heart. (A) Infarcted mouse
heart treated with a UPy-catechol patch with DMSO. In the magnification in A’, arrows point to
unindentified structures below the patch, that may indicate toxicity. (B) Infarcted mouse heart
treated with a UPy-catechol patch with DMSO. The patch is highlighted by a dotted line. (C)
Infarcted mouse heart treated with a UPy-catechol patch with PBS. The patch is highlighted by
a dotted line.
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REGENERATION IS NOT AN EASY TASK

Each year 34.000 patients are hospitalized in the Netherlands because of a myocar-
dial infarction (1). The inability of cardiac tissue to regenerate causes these patients
to suffer from a dysfunctional heart which can ultimately progress into fatal heart
failure. Regenerating the mammalian heart has therefore been a dynamic research
area over the past decades, characterized by trial and error. The first decade of this
century was dominated by research into adult stem cells, that reside in the bone
marrow or in the heart itself. The ultimate goal was to show that these cells are capa-
ble of differentiating into cardiomyocytes after transplanting the cells into the heart.
After 20 years of research, we now know that although it may be possible to generate
cardiac cells out of adult stem cells, the numbers are most likely not clinically relevant
(2). The initial success of stem cell injections has been attributed to stem cell derived
paracrine factors but may be predominantly due to activation of the innate immune
response, as transplantation of dead cells generates comparable beneficial effects
to living cells (3). The extensive research into adult stem cells revealed the main hick
ups of cardiac regeneration: 1) there is no adult cardiac stem cell that can replenish
cardiomyocytes in the injured heart (4), 2) also failing angiogenesis (5) and dysreg-
ulated inflammatory responses (6) play an essential role in the limited regenerative
response of the heart, and 3) it is particularly difficult to administer any solution con-
taining cells into a heart without it being flushed out in one heartbeat (7). Although
we now realize that simply delivering stem cells into the heart does not regenerate
the tissue, the research did provide a lot of knowledge where to start. The focus of
the research field steered towards stimulation of endogenous mechanisms to initiate
cardiac tissue formation, and biomaterials to deliver cells and factors to the heart
without washout. The epicardium is such an endogenous source of progenitor cells
that can participate in myocardial growth and the formation of proper vasculature.

IMPORTANCE OF EPIMT

In all regenerative processes there is a similar sequence of events. It starts with an in-
flammatory phase, aiming at clearing all dead cells by macrophages and neutrophils.
This is followed by a proliferative phase, in which fibroblasts provide support by pro-
ducing matrix. Finally, remodelling of the scar region takes place. In the mammalian
heart, this remodelling results in cardiac fibrosis. However, in some animal species,
such as the zebrafish, remodelling can lead to regeneration. This final regenerative
process often mimics the development of the organ (8). In this regard, the epicardium
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is of interest as it plays a major role in cardiac development (reviewed in Chapter
2). As such, enhancing recapitulation of embryonic epicardial behaviour could be a
target for therapeutic intervention for the injured heart. One of the main features
of epicardial cells is their plastic phenotype, allowing them to switch from being an
epithelial cell on the outside of the heart to becoming a motile mesenchymal cell - a
process called epithelial to mesenchymal transition (epiMT). We hypothesized that
epiMT is an essential step for induction of the beneficial effects that the epicardium
exerts on the developing myocardium. This is based on the fact that the foetal epi-
cardial cells, which are actively involved in tissue formation, are much more prone to
undergo epiMT in vitro than the less active adult cells (9). In addition, recent papers
exploited single cell sequencing to describe the trajectory of epiMT in the develop-
ing heart (10-12), showing that epiMT must be completed before cells can start to
differentiate and fate specification can take place. This suggests that epiMT is an
essential first step in the epicardial contribution to the heart. Moreover, one of the
rare studies comparing pre- and post-EMT epicardial cells performed by Quijada et
al. found that epiMT is vital for maturation of the vasculature and fate specification
of the endothelial cells during development (13). These studies all point to a vital role
for epiMT in tissue development which may serve as a blueprint for enhancing tissue
formation in the injured adult heart. Besides a potential role in repair, dysregulated
epiMT has been described as a driving factor in fibrosis and fibro-fatty remodelling
of the myocardium leading to atrial fibrillation (14-16) and arrhythmogenic cardio-
myopathy (17). The fact that epiMT is a fundamental process in epicardial behaviour
in disease and repair demonstrates that understanding its regulation is essential in
the identification of cardiac therapies.

REGULATION OF EPIMT

The regulation of epiMT has been studied extensively, revealing that the main regula-
tory pathways are TGF[3, PDGF, FGF and Wnt signalling. Over the years, more detailed
studies have shown that Retinoic acid, WT1, and TCF21 are important downstream
players of epiMT regulation (reviewed in (18)). Additionally, an array of factors has
been identified that intervene with these pathways, for example, the extracellular
matrix (ECM) component Agrin was identified as an epiMT regulator that signals via
B-catenin and WT1 (19), and hypoxia was demonstrated to stimulate epiMT by in-
creasing TGF[ expression levels (20). All epiMT inducers have in common that they
activate at least one of the so called EMT-transcription factors (EMT-TFs), which are
SNAIL, SLUG, ZEB1, ZEB2, or TWIST. These factors are essential in the orchestration of
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epiMT by repressing epithelial characteristics, such as the downregulation of E-cad-
herin, and inducing mesenchymal features.

In our cell culture model, we have shown multiple times that TGFf3 robustly induces
epiMT =. However, the pleiotropic nature of this signalling pathway, including its role
in the development of severe fibrosis, makes it a less desirable target for therapeu-
tic purposes. Therefore, we aimed at finding other epiMT inducers. In this thesis we
describe the identification of three novel inducers of epiMT: Activin/ALK4 signalling,
TBBz, and Oltipraz Metabolite M2 (M2). Activin/ALK4 was identified based on analy-
sis of TGF[ related pathways in our bi-directional cell culture system allowing us to
identify both stimulators and inhibitors of epiMT. TBBz and M2 were identified in a
phenotypic small molecule screen using the human adult epicardial cells. Of all the
epiMT inducers that passed by during the course of these experiments, we could
not identify one common pathway that would explain the induction of epiMT for all
of them. Only Activin/ALK4 is related to a well-known epiMT inducer, which is TGF(.
Because of this, we expected Activin to induce epiMT via TGF8 or TGF3-associated
signalling. However, although we found that ALK4-induced epiMT results in activa-
tion of SNAIL, similar to the downstream effect of TGF[3, the effects of Activin/ALK4
are TGFB independent. The question that remains is how the downstream signalling
is conveyed after ALK4 activation. Because of the lack of aSMA upregulation, it is to
be expected that Activin/ALK4 induced epiMT follows a path different from TGFf.
Therefore, we assume that a SMAD-independent pathway is activated, resulting in the
activation of SNAIL, leading to epiMT. For the other epiMT inducers, TBBz and M2, it
was less clear via which pathway they induce epiMT. TBBz is labelled as a CK2 inhib-
itor and M2 as LXRa inhibitor. Based on our sequencing data, we anticipate that M2
induces epiMT via expression of FOXQ1 which is a TGFB-related transcription factor
(21) and may therefore be indirectly involved in TGF[ signalling. This was difficult to
assess since a combination of M2 and SB was toxic to the cells. Regarding TBBz, al-
though it is labelled as specific inhibitor of CK2, we could not find any effect on CK2
activity in our cell culture model. We revealed that TBBz induces epiMT most likely
indirectly via epigenetic changes, which lead to histone methylation modifications that
ultimately result in induction of SLUG. This is in line with a recent publication that the
epicardial cells undergo major changes in the chromatin accessibility upon activation
in zebrafish hearts (22). Interestingly, Activin and TGF( both induce SNAIL, while TBBz
and M2 act via SLUG which demonstrates that a distinct set of transcription factors
is involved. This shows that TBBz and M2 do not elicit epiMT by indirect activation
of TGFf signalling but suggest that different pathways are involved. Future research
into the exact epigenetic mechanisms should reveal the detailed mechanisms and
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may also provide options to use other histone modificators that may be less toxic
to cells than TBBz.

A general remark that can be made regarding research using stimulants and inhib-
itors is that it is very tricky to claim that a molecule has a specific target. Often, it
is known what the intended target of a molecule is, but it is difficult to exclude any
off-target effects. To deal with these inconsistencies, we used multiple approach-
es to identify the actual targets of our compounds. In case of TBBz, labelled as a
specific CK2 inhibitor that is elaborately studied, we found no clear effect on the
predicted target. We measured the effect of TBBz on CK2 activity and compared its
effect with other CK2 inhibitors. Additionally, we performed RNA sequencing as an
unbiased attempt to identify its direct target, pointing to a role for TBBz in histone
modification. Although a specific targets of TBBz have been described (23), to our
knowledge, the role of TBBz in histone methylation has not been described before
warranting further investigations into the mechanism. Regarding SB431542 (SB),
it is known that it blocks the kinase activity of ALK4, 5, and 7 but it is most often
referred to as a TGFf blocker or an ALKS5 inhibitor. This ‘mislabelling’ of the inhibitor
in scientific literature probably caused the role of ALK4 in epiMT to be neglected. For
SB, we have tried to selectively demonstrate the role of ALK5 and ALK4 in epicardial
cells using siRNAs, but these experiments were hampered by technical difficulties.
Therefore, we chose to use specific ligand-receptor inhibitors, FST for ALK4 and TGF[3
capture antibody for ALKS5, to study the specific role of ALK4 in epiMT. To conclude,
the described mode of action of a compound can only serve as a starting point for
studying its mechanism. Accurate and thorough reporting of compound effects
could help to smoothen this search.
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Fig. 1 | Factors that influence the plasticity of epicardial cells. A schematic overview of the
epiMT axis and how factors influence the epiMT status of adult and foetal epicardial cells. The
epiMT markers are an interpretation of differences in expression that we have observed in
our studies. We find that there is a gradient of marker expression along the epiMT axis that
allows us to discriminate between intermediate epiMT stages. Importantly, it also shows that
some markers are already differentially expressed in untreated cells. The markers represent a
schematic interpretation of multiple experiments and are not intended to be fully accurate for
every individual cell stimulation.

EPIMT CELL CULTURE MODEL

Studying the regulation of epiMT is often performed in vitro. Using the right cell
culture model, understanding it, and recognising its strong points and limitations is
essential to obtain useful and translational data. In chapter 3 we describe a detailed
protocol for the isolation and culture of human adult and foetal primary epicardial
cells that have been used extensively to study epiMT. Although epiMT is often pre-
sented as a binary process where cells are either epithelial or mesenchymal (also
in this thesis), in reality epiMT resembles a much more plastic process with several
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intermediate states between the epithelial and mesenchymal phenotype (24)(Fig. 1).
When performing epiMT experiments, we observed that a range of factors push the
epicardial cells leftward or rightward on this epiMT axis (Fig. 1). An example of this
is the effect of SB, which is routinely added to our epicardial cell culture. Removal
of SB from the cell culture medium of adult cells already morphologically changes
the cells, as the cells lose some adhesion molecules and downregulate Zonula oc-
cludens-1 (ZO-1) at the cell border (data not shown), indicating a shift to the right on
the epiMT axis (Fig. 1). Remarkably, removing SB from foetal cells pushes the cells
much further to the right, towards a mesenchymal phenotype. The fact that foetal
cells are more prone to epiMT suggests that they are intrinsically already further on
the epiMT gradient compared to adult cells (Fig. 1). This is supported by the fact that
foetal epicardial cells in the presence of SB already express lower levels of E-cad-
herin, and higher levels of mesenchymal markers Vimentin and TCF21 compared to
adult cells (9). We have not been able to identify the molecular explanation of this
disparity between foetal and adult epicardial cells. However, our recent finding that
TBBz induces histone modifications implies that epiMT induction also depends on
the epigenetic landscape of the cell, which is supported by literature (24). A divergent
epigenetic status in foetal cells may well explain its position on the epiMT axis. A
first step towards proving this concept is shown in Figure 2, where TBBz stimulation
pushes adult cells towards an epigenetic status that is comparable to foetal cells.
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Fig. 2 | TBBz pushes adult epicardial cells towards a foetal histone methylation gene profile.
Genes involved in histone methylation that were differentially expressed in TBBz vs DMSO
treated adult epicardial cells (3 hours stimulation, see chapter 4 for details) were listed. The
expression of these genes was established in a dataset of adult and foetal cobblestone epicar-
dial cells cultured in SB431542. The fact that 9 out of 11 genes follow the same pattern (gene
expression is decreased in both TBBz treated adult cells and in foetal cells) points to a mesen-
chymal histone methylation status.
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We exploited these difference in epiMT status between foetal and adult epicardial
cellsin our in vitro experiments. For example, the different status of adult and foetal
cells allowed us to simultaneously study the effects of stimulants and inhibitors of
pathways potentially involved in epiMT. The addition of SB, which helps to maintain
an epithelial state, as a control condition provided a reliable negative control. In
addition, the concept of intermediate stages of epiMT also helps to explain some of
the results, e.g. the fact that we find only partial inhibition of FST on foetal epiMT.
Interestingly, we also found that DMSO, a solvent for almost all our stimulants
(including SB), seems to push the cells leftwards on the epiMT scale. This has been
found by others before (25) and suggests that a low concentration of DMSO could
be preferable in all epiMT experiments. But despite the presence of it, TBBz and
M2 (both dissolved in DMSO) were able to induce epiMT. In practice, there are also
other factors that influence the position on this epiMT-gradient. An example of this
is that the occurrence of epiMT is highly dependent on the confluency of the cell
culture plate, and the cell passage (Fig. 1). We postulate that also the status of the
heart where we isolate the epicardium from (diseased or healthy, age, gender) is
relevant in this setting. It is therefore essential to resemble this complexity in the
in vitro study design, by using primary cells derived from multiple cell isolations to
make sure that we observe a robust and translational result.

Differentiation of EPDCs

Besides the regulation of epiMT itself, it is also relevant to consider the differentia-
tion capacity of the generated mesenchymal cells and their potential contribution to
tissue formation. Differentiation capacity is in general influenced by a combination
of the cell itself and by the biochemical and mechanistic input from the local envi-
ronment (26). As described in chapter 2, in the developing heart epicardial derived
cells (EPDCs) mainly differentiate into smooth muscle cells, (myo-) fibroblasts and
pericytes. While epiMT in the mammalian adult hearts has been described to be
beneficial for repair (see Chapter 2), the actual contribution of epiMT derived cells
remains uncertain. Noteworthy in this context is that in the mammalian heart epiMT
has been linked to the induction of fibrosis in the atria (15). Interestingly, the process
of atrial fibrosis was related to increased levels of Activin A secreted by epicardial
adipose tissue (EAT) (27). It suggests that Activin pushes induces epicardial cells into
epiMT whereafter the EPDCs differentiate towards a fibroblast phenotype involved
in atrial fibrosis. Moreover, in an environment of stress, such as an infarct, EPDCs
can also become adipogenic (28-30). These findings raise the question whether
stimulating epiMT in the adult mammalian heart will ultimately be beneficial for
the patient. There are a few things to consider in this context. Firstly, epiMT has
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been related to cardiac generation in mammals and regeneration in zebrafish. An
example of this is NRG-1 secretion by post-epiMT cells that is essential for zebrafish
regeneration, as described by us (chapter 7) and others (31,32). We have shown that
NRG-1 secretion is PRRX1 dependent in zebrafish and in human cells. PRRX1 was
almost absent in patient cardiac tissue samples, which could indicate that the lack of
PRRX1-dependent NRG-1 expression hampers mammalian cardiac repair resulting
in a fibrotic response. It would be interesting to investigate whether overexpression
of PRRX1 in diseased mammalian hearts could affect fibrosis. Secondly, although
differentiation towards fibroblasts is mainly considered a bad thing because it is
often related to the development of fibrosis and arrhythmogenic substrate, in many
organs fibroblasts and their secreted ECM lie at the base of repair and regeneration
(33). Thirdly, it is likely that EPDCs will sense their environment, whereby the cues
derived from the ECM as well as the stiffness of underlying tissue will influence their
differentiation. Pathological remodelling is by itself not a disease but a reaction to
a diseased environment. Therefore, targeting the microenvironment in order to
steer the EPDC towards the desired cell type will be of relevance for epiMT to be
beneficial to cardiac repair.

APPLICATION OF IDENTIFIED FACTORS IN A MOUSE MODEL -
TOWARDS A THERAPEUTIC APPROACH

The next step towards an epicardial based regenerative therapy is the application
of epiMT stimulating factors to the infarcted heart. The simplest method for this is
systemic application, via injection or orally. However, given that induction of EMT is
undesirable in most organs due to development of fibroses and metastatic cancer,
local application is preferred. Local therapy in the heart is often injected into the heart
muscle. But the difficulty with injecting something into the heart is that it is expelled
within a few contractions (7). Therefore, a biomaterial is essential to keep the factor
in the heart for a certain time-period. The additional benefit of a biomaterial is the
possibility of timed release, thereby prolonging the therapy with a single intervention.
Interestingly, because of the convenient location of the epicardium at the outside of
the heart, it is relatively easy to apply a drug-releasing patch directly on top of the
epicardium instead of a potential harmful injection into the heart muscle. This would
mainly be beneficial when the patch is self-adhesive and does not require stiches or
glue, and moreover when the release is uni-directional to secure specific release to
the epicardium. Although quite extensive research has been performed to develop
epicardial patches (reviewed in (34)), most of them aim to target the underlying myo-
cardium or have the goal to deliver additional contractile units by generating patches
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containing cardiac cells. In our research, we wanted to hit the epicardium itself. We
aimed for a robust protocol to prepare a patch that can easily be reproduced and a
highly adhesive patch that does not require stitches or glue. Therefore, we have op-
timized two drug releasing patches that could be applied onto the epicardium. The
TISSEEL method relies on the gellification of fibrinogen upon mixing with thrombin,
which provides a hydrogel that can be picked up and placed on the heart. The TISSEEL
constituents can be mixed with many different types of factors prior to solidification
and provides a robust protocol that is easily applicable during in vivo experiments.
The supramolecular UPy-catechol patch consists of a UPy-PEG molecule that has been
functionalized with a catechol group that provides outstanding binding to tissue. The
hydrogel is mixed with the compound of interest and subsequently solidified on top
of a UPy-PEG electrospun layer. We use this layer to easily pick up the patch and to
protect the lungs. However, this layer could easily be adjusted to an impermeable
layer, allowing for unidirectional release from the patch.

In the research described in this thesis, we aimed for identifying factors that inter-
fere with epiMT in vitro whereafter we intended to test this in vivo in the injured
mouse heart using a patch. One of the identified pathways was Activin/ALK4 signal-
ling. Given the fact that Activin is broadly expressed in the infarcted heart (35), viral
overexpression of ALK4 specifically in the epicardium could be a potential solution
to induce epiMT. We executed a study in a mouse model for myocardial infarction
to compare a TISSEEL patch containing control virus to a TISSEEL patch containing a
constitutively active ALK4 adenovirus. Unfortunately, we encountered difficulties with
inefficient viral transduction and therefore we were not able to draw any conclusions.
In a second mouse study, we aimed to determine the effect of epiMT-inducing small
molecules that were identified in chapter 4. We applied TISSEEL patches containing
TBBz and M2 onto the injured mouse heart and we used DMSO and SB eluting patch-
es as controls. Unfortunately, no differences were found in heart function or infarct
size between DMSO and TBBz/M2 stimulated hearts after 4 weeks. To determine if
the release of compounds from the patch was sufficient, we established the release
of SB after 7 days which should be detectable by measuring SMA and pSMAD?2 in the
underlying infarcted area. However, we did not find a difference between SB and
DMSO. There are three possible explanations for the fact that we were not able to
observe an effect of epiMT-inducing factors in vivo. The first is that the compounds
simply do not exert any effect on the heart. Although this is a realistic option for our
newly identified compounds, it is less plausible for SB, given the fact that blocking of
TGFf signalling in the heart has been demonstrated to have major effects on SMA
expression, ECM production and fibrosis (reviewed in (36)). The second possibility is
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that there is a flaw in the design of the mouse studies, e.g. the timing of the exper-
iment, the release properties of the patch in vivo, the concentration of the factors
that was used, or the methods applied for functional analysis. These reasons warrant
further investigation before any conclusions can be drawn about the usefulness of
these patches to target the epicardium. The third explanation is that the epicardium
does not easily take up certain compounds from the outside. Given its barrier func-
tion, it would not be surprising that the epicardium displays a reduced permeability,
resulting in a suboptimal targeting efficiency. Targeting the epicardium from the
inside of the heart by injecting a hydrogel containing the factor of interest would be
an alternative approach to cope with this. Interesting to mention in this case is that
a peptide has been identified that actively targets the epicardium and could serve as
a cargo to deliver small molecules (37). Although injection into the heart muscle is
less optimal compared to an epicardial applied patch, delivery of this peptide in the
heart should specifically hit the epicardium and therefore will be local and circum-
vent the current issues.

THE FUTURE OF EPICARDIAL RESEARCH

In animals that display regenerative capacity, such as newts who can fully regrow
amputated limbs, an essential element of regeneration is the blastema, a mass of
progenitor cells able to grow and differentiate into new tissue. A blastema coordinates
the transition from the initial wound healing response, consisting of the inflammatory
and proliferative phase, to regeneration. The blastema consists of a group of fibro-
blast derived progenitor cells, among others PRRX1+ cells (38), which is surrounded
by ECM and covered by an epithelium. Regenerative processes within the blastema
are coordinated by paracrine signalling, among others CXCR4-CXCL12 signalling (39)
and ECM ques such as Tenascin-C and hyaluronic acid (40) . Although a one-to-one
comparison with a cardiac blastema may not be applicable due to the lack of plurip-
otent stem cells in the heart, blastema formation may shed light on the actual role
of the epicardium in the developing and diseased heart, which is to secure a micro-
environment where regeneration can take place. There are phenotypic similarities
between epicardial reactivation and blastema formation, such as the epithelial layer
(the epicardium) with subepicardial ECM production, Tenascin-C and hyaluronic acid
expression (14,41), CXCR4-CXCL12 signalling (18), and the presence of PRRX1+ mes-
enchymal cells (this thesis).
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The concept that the epicardium functions as a blastema is in line with the dynamics
in the epicardial research field. For several years the general idea was that epicar-
dial cells would contribute to cardiac repair by increasing the number of epicardial
derived cardiomyocytes and endothelial cells, either by endogenous stimulation to-
wards these cell lineages or via cell transplantation of isolated epicardial cells (42-46).
However, although these studies show beneficial effects of epicardial cells on cardiac
repair, the absolute numbers of cells that differentiate towards cardiomyocytes or en-
dothelial cells turned out to be non-existent or minimal at best and could not explain
the observed improvement in cardiac function. The cellular epicardial contribution
to fibroblast and SMCs has been demonstrated multiple times (see chapter 3), but
most cardiac fibroblasts in the infarcted myocardium seem to derive from pre-ex-
isting fibroblasts instead of the epicardial layer (47). The past few years, the focus of
epicardium-driven repair research has switched from cellular contribution towards
a regulatory role for the epicardium during disease and repair. This regulatory role
was demonstrated when the beneficial effects of epicardial cell injection (46) were
attributed to epicardial cell derived secretome instead of a cellular contribution (48).
Interestingly, in this study mesenchymal EPDC-derived secretome was injected, indi-
cating that the beneficial effects derive from post-epiMT cells. There is a wide array
of observations pointing towards the regulatory role of these mesenchymal EPDCs as
opposed to pre-epiMT epithelial epicardial cells. Firstly, multiple studies have shown
that epicardial cells secrete factors that promote cardiomyocyte proliferation and
maturation (49,50), e.g. Follistatin-like 1 (51). In this manuscript we describe a similar
finding, namely the secretion of NRG-1 by post-epiMT epicardial cells. Secondly, EPDCs
are essential for vessel maturation, both by a cellular contribution (pericytes) and
a regulatory contribution (13). And thirdly, epicardial derived spindles secrete ECM
components, which are essential for a proper repair response, such as periostin (52)
and fibronectin (53). Together, this shows that the epicardium, and particularly the
mesenchymal epicardial cells, are central players in the tissue generating response
of the heart, not solely by providing cells but mainly by regulating the processes
necessary to generate a fully functioning tissue. Therefore, in my opinion, epicardi-
al research should focus on increasing epiMT, as we describe in this thesis, and on
studying how EPDCs orchestrate the post-injury response. Finetuning this response
by investigating both the developing heart and the regenerating zebrafish heart may
be the key to optimize the epicardial response to repair.

A specific therapeutic approach to benefit from the regulatory role of the epicardium
is the use of engineered heart tissue (EHT). EHTs consist of beating cardiomyocytes
which are produced in vitro and subsequently applied to the outside of the injured
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heart for cardiac support (54). Pre-clinical experiments have been exceptionally con-
vincing, and the engineered tissues are now being tested in patients (55). Interestingly,
numerous studies have come to the conclusion that epicardial cells highly improve
the maturation of such engineered tissues (50,56-58), demonstrating once more the
significance of the epicardium as regulator of cardiac tissue generation. There is also
an indirect value in the optimization of EHTSs, since development of highly matured
cardiac microtissues can be used for research purposes, such as high throughput
screening, toxicity tests, and, in combination with patient derived induced pluripotent
stem cells (IPSCs), for disease modelling (56).

The bottleneck of epicardial research is the translation of preclinical findings towards
a therapeutical approach in patients, mainly due to the size of the human heart and
the ratio between the number of epicardial cells and the amount of myocardial tissue.
Size issues become more pronounced when taking into the account that patients
often have massive epicardial fat deposition and thickening of the sub-epicardium. It
is difficult to envision how epicardial cells or epicardial derived factors should reach
the infarcted heart. Mouse models are often used for this type of research, but mice
barely develop EAT (59), and are young and healthy while patients often suffer from
additional comorbidities. Currently there is very little information available about
the endogenous role of the epicardium in the human repair response to injury, let
alone if the epicardial layer is deployable for cardiac repair. The main challenge for
the coming years is to translate findings from cell and animal research to the human
heart. As a first step we used primary human cells for our studies instead of animal
cells or cell lines. Using epicardial cells derived from multiple patients includes the
biological variability present in patients. A rapidly upcoming approach to study pa-
tient characteristics is the use of IPSC derived epicardial cells. The benefit of this is the
option to specifically study a patient derived genotype combined with their isogenic
control. In contrast, the value of patient derived primary epicardial cells is that these
represent cells of the patient in its current situation, e.g. exposed to adipose tissue,
medication, etc. This will presumably be more representative for the end-user of
developed therapy compared to a more development-like IPSC.

Using this cell culture model we were able to easily study signalling pathways because
almost all parameters could be controlled and read-outs were relatively strict and
clear. This allowed us to investigate the regulation of epiMT in detail. Another signif-
icant benefit of in vitro models is the low costs per sample compared to organoids
or animal models, and as a result, the possibility of high throughput screening, as
we did in chapter 4. The next step in translational research is to study the behaviour

252



Discussion

of the cell in its natural context, as it has been shown numerous times that cell-cell
interactions and cell-ECM interactions are essential for cell behaviour (60). Therefore,
validation in tissue makes the in vitro finding much stronger. However, findings in
tissue often reflect a single timepoint, making it difficult to determine the processes
that occur, and the cell types that are involved. Therefore, the combination of in/ex
vivo and in vitro results will provide the most robust data. In our studies, we aimed
for validation of our findings in mouse and human tissue. We used embryonic mouse
hearts to validate Activin induced epicardial invasion and we determined PRRX1 ex-
pression in human hearts to translate findings from zebrafish studies to the human
heart.

Potential opportunities to study the epicardium in the human heart lie within the
culture of human tissue. One example of this is tissue culture of specimens from
diseased human hearts (61) or human heart auricles (15). These approaches are
high throughput and could include semi-healthy versus diseased tissue. Because
it is difficult to obtain fresh healthy adult ventricular tissue, the use of healthy and
diseased pig hearts may be a good alternative since one heart can provide a large
number of slices to study ex vivo, and porcine hearts resemble human hearts in size.
Interestingly, a recent paper describes a method to specifically study the epicardium
in heart slices (62), which is a highly promising approach to bridge the gap between
cell culture models, small animal models, and the patient. In addition, the ongoing
progress in omics such as single cell sequencing, spatially-resolved proteomics and
Tomo-seq will provide a wide potential to study processes over time in single cells
derived from tissue.

CONCLUSION

In this thesis, we describe the isolation and culture of human primary epicardial cells
and we demonstrate an extensive list of experiments to better understand the pro-
cess of epiMT. While studying the signalling cascade of epiMT, we found that other
factors than the pleiotropic TGFf ligand can be used for the induction of epiMT. Fur-
thermore, we showed that it is feasible to set up a screen using primary epicardial
cells to reveal novel regulatory mechanisms of epiMT. In addition, we used the epiMT
cell culture model to translate zebrafish findings to the human setting. Finally, we
have explored the use of epicardial, compound eluting patches which may serve as a
first step for further investigation into how factors identified based on their potential
to stimulate the epicardium can be exploited to repair the injured heart.
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Overall, we have described that the epicardium is an attractive therapeutic target
for the injured heart, we have shown how to study it and we have provided novel
approaches for stimulating this cell population to enhance cardiac repair.
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