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Abstract

1. Abstract

Background: Ischemic heart disease is the leading cause for death and disability
worldwide and predominantly manifests as acute myocardial infarction (AMI). Current
standard of care is the timely revascularisation of the occluded coronary artery, aiming
to reduce infarct size and mortality. However, the heart remodels in response to injury,
which can result in progressive cardiac dysfunction and chronic heart failure. Bassat
et al. (2017) recently demonstrated, that a single intramyocardial injection of the
extracellular matrix protein agrin induces cardiomyocytes to re-enter the cell cycle and
preserves cardiac function in a murine ischemia/ reperfusion model. We hypothesize,
that agrin acts via a pleiotropic mechanism in the heart and improves cardiac repair in
pigs.

Methods: Pigs were subjected to ischemia via balloon occlusion and injected with
recombinant human agrin (rhAgrin) or saline at the endpoint of ischemia. This was
followed by a three-, seven- or 28-day reperfusion period. /In vivo functional data was
obtained during all interventions and the hearts were harvested post mortem. Cardiac
tissue was processed for histological analysis. Ki67, BrdU, Sirius red, TUNEL,
haematoxylin and eosin, PECAM-1 and wheat germ agglutinin stainings were
performed to assess cardiomyocyte proliferation, fibrosis, cell death, inflammation,
angiogenesis, and hypertrophy respectively. Additionally, collagen deposition was

analysed via hydroxyproline assay.

Results: Cardiac function improved upon rhAgrin treatment; left ventricular ejection
fraction was higher (36.81+2.38% vs. 24.78+1.02%) and left ventricular end diastolic
pressure lower (10.26+0.36mmHg vs. 17.72+0.82mmHg) in rhAgrin compared to
saline injected pigs. Furthermore, infarct size decreased from 21.03+2.16% to
10.39+1.65% upon rhAgrin treatment. On a cellular level, rhAgrin application promotes
cardiomyocytes to re-enter the cell cycle, enhances angiogenesis, and reduces
interstitial fibrosis, loss of cardiomyocytes, inflammation, and hypertrophy of the heart.
This pleiotropic mechanism of action could already be observed after a three day
reperfusion period and was substantiated after 28 days.

Conclusion: A single antegrade injection of rhAgrin ameliorates hallmarks of adverse

cardiac remodelling and promotes long term cardiac function in a porcine ischemia/
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reperfusion model. rhAgrin application could be a clinically feasible therapy option for
patients suffering from AMI and potentially prevent heart failure in the future.

Keywords: agrin, myocardial infarction, heart failure, adverse cardiac remodeling
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2.  Zusammenfassung

Hintergrund: Ischamische Herzerkrankungen sind der weltweit meist verbreitetste
Ausloser fur korperliche Einschrankungen und fruhzeitiges Versterben, wobei der
akute Herzinfarkt die haufigste Modalitat der ischamischen Herzerkrankungen
darstellt. Therapeutischer Goldstandard ist aktuell die Wiederherstellung der
myokardialen Durchblutung mittels perkutaner koronarer Intervention mit dem Ziel, die
InfarktgroRe und Mortalitat zu reduzieren. Dennoch entwickeln viele Patienten im
Verlauf eine Herzinsuffizienz, da das Herz Umbauprozessen unterworfen ist. Bassat
et al. (2017) legten in einer aktuellen Studie dar, dass das extrazellulare Matrixprotein
Agrin Kardiomyozyten zur Zellteilung anregt und die Herzarbeit nach Herzinfarkt im
Mausmodell verbessert. Wir stellen nun die Hypothese auf, dass Agrin Uber pleiotrope
Wirkmechanismen im Herzen agiert und somit die Heilungsprozesse nach
Infarktgeschehen im Schweinemodell fordert.

Methoden: Ein Herzinfarkt wurde mittels Ballon-Okklusion im Schweinemodel
induziert. Nach Ablauf der Ischamiezeit wurde entweder rekombinantes humanes
Agrin (rhAgrin) oder Kochsalzldsung in die Koronararterie injiziert. AnschlieRend
erfolgte eine drei, sieben oder 28-tagige Reperfusionszeit. Wahrend den Intervention
wurde die in vivo Herzfunktion durch spezifische Herzkathetermessungen bestimmit.
Nach Ablauf der Reperfusionszeit wurden die Tiere terminiert, die Herzen post mortem
entnommen und histologisch  analysiert. Die zellulare  Proliferation-,
GefalRneubildungs- und Zelltodrate, sowie der relative Fibroseanteil, die entzindliche
Aktivitat und die myokardiale Hypertrophie wurden mittels Ki67, PECAM-1, TUNEL,
Sirius red, Hamatoxylin und Eosin und Wheat Germ Agglutinin Farbungen ermittelt.

Zusatzlich wurde der Kollagenanteil mittels Hydroxyproline Assay bestimmt.

Ergebnisse: Eine Therapie mit rhAgrin hat zu einer signifikanten Besserung der
kardialen Leistung gefuhrt. Die linksventrikulare Ejektionsfraktion ist nach rhAgrin
Injektion im Vergleich zur Kontrollgruppe gestiegen (36.81+2.38% vs. 24.78+1.02%).
Zusatzlich ist der linksventrikulare enddiastolische Druck nach rhAgrin Gabe gefallen
(10.26£0.36mmHg vs. 17.72+0.82mmHg). Des weiteren kam es zu einem
signifikanten Ruckgang der Infarktgrole von 21.03+2.16% auf 10.39+1.65%. Auf
zellularer Ebene konnte ein Anstieg der Kardiomyozytenteilungs- und der
Gefalneubildungsrate nachgewiesen werden. Zusatzlich sind der relative
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Fibroseanteil, die Zelluntergangsrate, die entzundliche Aktivitat des Myokards und die
kardiale Hypertrophie relevant zurickgegangen. Dieser pleiotrope Wirkmechanismus
von rhAgrin zeigte sich bereits nach drei Tagen Reperfusionzeit und bestatigte sich

erneut nach 28 Tagen.

Fazit: Eine einzelne intrakoronare Injektion von rhAgrin reduziert Kennzeichen
kardialer Umbauprozesse nach einem Herzinfarkt und verbessert die Herzarbeit
langfristig im Schweinemodell. Dies bietet therapeutische Moglichkeiten fur Patienten
mit akutem Herzinfarkt und konnte zukunftig den Fortschritt einer kardialen

Minderfunktion bis hin zur Herzinsuffizienz verhindern.
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3. List of Abbreviations

Abbreviation Definition

ACE Angiotensin converting enzyme
AChR Acetylcholine receptor

ACR Adverse cardiac remodelling

AMI Acute myocardial infarction

ANOVA Analysis of variance

BrdU 5-Bromo-2-deoxyuridine

BSA Bovine serum albumin

bw Body weight

CABG Coronary artery bypass graft

CAD Coronary artery disease

CD Cluster of differentiation

CHF Chronic heart failure

CM Cardiomyocyte

cTnl Cardiac Troponin |

CvD Cardiovascular disease

DAG Dystrophin-associated glycoproteins
Dag1 a-dystroglycan

DAMP Danger associated molecular pattern
ddH20 Double distilled water

DGC Dystrophin-glycoprotein complex




List of Abbreviations

DNA

D1

ECG

ECM

EGF

ESC

FFPE

HE

HMGB1

Hsp

IHD

LAD

LDH

LDL

LG

LOX

LRP4

LV

Deoxyribonucleic acid

First diagonal branch of the LAD
Electrocardiogram

Extracellular matrix

Epidermal growth factor

European Society of Cardiology
Formalin fixed and paraffin embedded tissue
Haematoxylin and eosin
High-mobility group box 1 protein
Heat shock protein

Ischemic heart disease

Interleukin

Intraarterial

Intramuscular

Intravenous

Left anterior descending artery
Lactate dehydrogenase

Low density lipoprotein cholesterol
Laminin G homology domain

Lysyl oxidase

Lipoprotein receptor-related protein 4

Left ventricle




List of Abbreviations

LVEDP
LVEDV
LVEF
LVESV
MMP
MuSK
M1

M2
NSTEMI
oD
00C
PBS
PCI
PECAM-1
rhAgrin
ROS
rrAgrin
RT
SEM
SMASH
Sp02

STEMI

Left ventricular end diastolic pressure
Left ventricular end diastolic volume
Left ventricular ejection fraction

Left ventricular end systolic volume
Matrix metalloproteinase
Muscle-specific kinase

Inflammatory macrophage phenotype
Reparative macrophage phenotype
Non-ST-elevation myocardial infarction
Optical density

Organs on chip

Phosphate buffered saline

Percutaneous coronary intervention

Platelet endothelial cell adhesion molecule 1

Recombinant human agrin
Reactive oxygen species
Recombinant rat agrin
Room temperature

Standard error of mean

Semi-automatic muscle analysis using segmentation of histology

Oxygen saturation

ST-elevation myocardial infarction




List of Abbreviations

SV Stroke volume

TBS Tris buffered saline

TGF-i Transforming growth factor beta

TIVA Total intravenous anaesthesia

TLR Toll-like receptor

TNF a Tumor necrosis factor a

TTC Triphenyl tetrazolium chloride

TUNEL Terminal deoxyribonucleotidyl transferase-mediated dUTP-digoxigenin
nick end labeling

VEGFR2 Vascular endothelial growth factor receptor 2

WGA Wheat germ agglutinin
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4. Introduction

4.1. Ischemic Heart Disease and Acute Myocardial Infarction

4.1.1. Definition

Ischemic heart disease (IHD), also known as coronary artery disease (CAD), is defined
as the manifestation of atherosclerosis within the coronary arteries, leading to a
mismatch of oxygen supply and demand in the cardiac tissue and resulting in
myocardial ischemia (Herold, 2021). Significant myocardial ischemia sustained over
time results in myocardial cell necrosis, which according to the World Health
Organisation is the defining criteria of myocardial infarction (Mendis et al., 2010).

4.1.2. Epidemiology

It is widely recognized that cardiovascular diseases (CVDs) are the leading causes of
death and morbidity, accounting for 17.9 million deaths globally in 2019 alone (World
Health Organization, 2021). According to the American Heart Association, IHD
exclusively accounted for 42.1% of the deaths caused by CVDs in 2018 (Virani et al.,
2021). In most cases, IHD manifests as acute myocardial infarction (AMI) with a
mortality rate of 20% within one year of the event (Manfroi et al., 2002; Q. Ye et al.,
2020). In non-fatal AMI cases, a quarter of the patients develop chronic heart failure
(CHF), whereby CHF itself is associated with a significant increase in mortality (Sulo
et al., 2016).

The cost of diagnosis and treatment of patients suffering from CVDs, encompassing
hospitalization, prescribed pharmacotherapy, interventions, and emergency care,
added up to US$863 billion in 2010 and are expected to surpass US$1 trillion globally
by 2030. In the United States it is estimated that the financial impact of IHD alone

equates to 1-1.5% of the country’s gross domestic product. (Khan et al., 2020)
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4.1.3. Aetiology
4.1.3.1. Risk Factors of Ischemic Heart Disease

IHD is the manifestation of atherosclerosis in the coronary arteries (Herold, 2021).
Therefore, both entities share the same risk factors, which can be divided into
modifiable and non-modifiable risk factors. High age, male gender, ethnicity, and a
positive family history are part of the non-modifiable risk factors (Bachmann et al.,
2012; Carnethon et al., 2017; Sanchis-Gomar et al., 2016; Volgman et al., 2018). They
make up most of the prognostic power in cardiovascular risk models (Pencina et al.,
2019). Modifiable risk factors include hypertension, hypercholesteremia and diabetes
mellitus (Cavero-Redondo et al.,, 2017; Neaton & Wentworth, 1992). Additionally,
cigarette smoking, lack of physical activity, obesity and a poor diet consisting of
saturated and trans fatty acids, high sugar intake and processed meats have been
identified as risk factors susceptible to behavioural changes (Assmann et al., 1999;
Bechthold et al., 2019; Kromhout et al., 1995; Mons et al., 2015; Q. Yang et al., 2014;
Yusuf et al., 2004). Although modifiable risk factors have less prognostic power, it is

vital to address them to prevent IHD in the future (Pencina et al., 2019).
4.1.3.2. Risk Factors and Causes of Acute Myocardial Infarction

AMI is most often caused by the dislocation of a ruptured atherosclerotic plaque
leading to the occlusion of a major coronary artery (Van de Werf et al., 2008). The risk
factors for AMI therefore encompass the ones previously mentioned for IHD and
atherosclerosis. Other causes for AMI are rooted in an imbalance of oxygen supply
and demand caused by vascular spasm, coronary embolism, coronary artery
dissection, hypotension, shock, or an increase in myocardial oxygen demand due to

prolonged tachyarrhythmia (Thygesen et al., 2018).

10
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4.1.4. Diagnostic Assessment

The diagnostic assessment of AMI requires at least two criteria to be fulfilled. The first
criterion is the detection of the cardiac biomarkers cardiac Troponin | (cTnl) or cardiac
Troponin T with a dynamic increase above the 99" percentile (Collet et al., 2020).
Secondly, in accordance with the guidelines of the European Society of Cardiology
(ESC) at least one of the following presentations is imperative:

e Relevant symptoms of myocardial ischemia, such as angina

e New electrocardiogram (ECG) changes matching ischemic injury

e Pathological Q waves on the ECG

e Loss of viable myocardium or new regional wall motion abnormality in an

imaging modality

Identification of an intracoronary thrombus in angiography. (Collet et al., 2020)

4.1.5. Pathophysiology of Acute Myocardial Infarction
4.1.5.1. Myocardial Ischemia

Ischemia is defined as the “reduction in arterial flow which provides an oxygen supply
insufficient to match the oxygen demand” (Jennings et al., 1975). As oxygen supply to
the myocardium is diminished, anaerobic glycolysis is initiated to ensure energy
supply to the cells (Jennings et al., 1990). This process results in metabolic acidosis
and the intracellular accumulation of H* (Bond et al., 1991). As the oxygen deficit is

sustained, cells undergo necrosis.
4.1.5.2. Ischemia/ Reperfusion Injury

The standard of care for patients with AMI is the timely recanalization of the occluded
coronary artery (Collet et al., 2020). However, a sudden reestablishment of blood flow
may result in further trauma to the myocardium: a phenomenon called ischemia/

reperfusion injury (Z.-Q. Huang et al., 2019).

This paradox occurs due to the mobilisation of H* into the extracellular matrix (ECM)
upon perfusion regeneration, initiating a cascade of electrolyte shift involving Na*, H*
and Ca?* and culminating in an intracellular Ca?* overload (Bond et al., 1991; Frank et
al., 2012). Subsequently, the mitochondrial membrane is permeabilised and cells
undergo cell death (Bauer & Murphy, 2020).

11
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Additionally, mitochondria generate reactive oxygen species (ROS) during ischemia
(Levraut et al., 2003). When oxygen supply is re-established, ROS accumulate in a
burst of oxidant production and initiate an inflammatory response (Frank et al., 2012;
Levraut et al., 2003).

4.1.5.3. Impairment of Cardiac Function Beyond Ischemia/ Reperfusion Injury

A pertinent complication of AMI is cardiac dysfunction progressing into heart failure,
the reason of which is twofold (Torabi et al., 2014).

First, adult mammal cardiomyocytes (CMs) are predominantly post-mitotic and exhibit
a turnover rate of less than 1% per year (Bergmann et al., 2009; Bergmann et al.,
2015). Therefore, the potential for regeneration after injury to the myocardium is very

limited.

Second, cell necrosis and the inflammatory response initiated during ischemia/
reperfusion injury start off a cascade of events, that leads to the formation of
replacement fibrosis in the heart and is called adverse cardiac remodelling (ACR)
(Cohn et al., 2000).

12
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4.2. Adverse Cardiac Remodelling

4.2.1. Definition

As defined by a consensus paper from an international forum on cardiac remodelling,
ACR encompasses “genome expression, molecular, cellular and interstitial changes,
that are manifested clinically as changes in size, shape and function of the heart after
cardiac injury” (Cohn et al., 2000). It is a chronic maladaptive process leading to
progressive ventricular dilation, fibrosis, and deterioration of the ECM and left
ventricular (LV) function (Timmers et al., 2008).

4.2.2. Inflammatory Phase

The first phase of ACR is characterised by an innate immune response triggered by
necrotic cell death of the myocardium leading to the degradation of the ECM
(Westman et al., 2016).

Haematopoietic cells Platelets Lymphocyte

@ . Monocyte @

Neutrophil

> o'" o_" o’fif" ol ofl ofl ¢

Endothelial cell Matrix

>< fragments
TLR

&

Fibroblast

Resident myocardial cells

Figure 1: The Inflammatory Phase of ACR (Frangogiannis, 2014)

Following acute myocardial infarction, danger associated molecular patterns are released by necrotic

cells within the ischemic myocardium. This triggers an inflammatory response via toll-like receptor

13
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mediated signalling. Neutrophils are recruited and enter the myocardium by means of an adhesion
cascade. Here they generate reactive oxygen species (ROS). Complement cascade activation and

ROS subsequently potentiates the inflammatory response. (Frangogiannis, 2014)

4.2.2.1. Necrotic Cell Death and Danger Associated Molecular Patterns

In response to cellular damage or stress, danger associated molecular patterns
(DAMPs) are released by cells (lyer et al., 2009; Q. Zhang et al., 2010). Within the
DAMP group, heat-shock proteins (Hsp), and high-mobility group box 1 protein
(HMGB1) are prominent players in the initiation of a sterile inflammation (Basu et al.,
2000; lyer et al., 2009; Scaffidi et al., 2002). Additionally, the nucleotide ATP acts as
a potent DAMP when released into the extracellular compartment (Niles et al., 2021).

4.2.2.2. Toll-like Receptor Mediated Inflammatory Response

Hsp and HMBG1 bind to pattern recognition receptors, such as toll-like receptors
(TLRs) (lyer et al., 2009; Timmers et al., 2008). Ligands binding to TLRs activate the
transcription factor NF-kB, resulting in the induction of inflammatory gene expression,
such as cytokines and neutrophil specific chemokines (Basu et al., 2000; Davoodi et
al., 2012; M. Li et al., 2001). Specifically, Hsp60 induces gene expression of interleukin
(IL)-12 and IL-15, which promote the Th1 immune response (W. Chen et al., 1999;
Osterloh et al., 2009). HMGB1 mediates the production of IL-8 via binding to TLRs,
hence evoking a proinflammatory response in cells of the innate immune system (Yu
et al., 2006). Additionally, Hsp60 and HMGB1 both stimulate the synthesis of tumor
necrosis factor a (TNF-a) (Ohashi et al., 2000; Yu et al., 2006).

4.2.2.3. ATP Mediated Activation of the Nirp3 Inflammasome

The nucleotide ATP is released into the ECM by necrotic, apoptotic, and inflammatory
cells (Chekeni et al., 2010; Denning et al., 2019; Elliott et al., 2009; Eltzschig et al.,
2006; Eltzschig et al., 2003; Niles et al., 2021). High ATP concentrations directly recruit
phagocytes and guide chemotaxis of inflammatory cells (Chekeni et al., 2010; Y. Chen
et al., 2006; Elliott et al., 2009). Additionally, ATP mediates the caspase-1 dependant
maturation of IL-1 a, IL-1 3 and IL-18 by NIrp3 inflammasome activation (Agostini et
al., 2004, lyer et al., 2009; Kuida et al., 1995; Mariathasan et al., 2006; Sutterwala et
al., 2006).

14
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4.2.2.4. Adrenergic Cytokine Activation

Besides DAMP mediated activation of cytokines and chemokines, catecholamines
released post AMI potentiate the proinflammatory stimulus by increasing IL-6 and IL-
1 3 expression in cardiac fibroblasts (Barth et al., 2000; Burger et al., 2001; Deten et
al., 2002).

4.2.2.5. Recruitment of Inflammatory Cells to the Myocardium

The maturation and activation of these cytokines, most prominently IL-1, IL-6 and TNF-
a, initiates the recruitment of neutrophils to the injured myocardium and the activation
of their phagocytic activity via Hsp60 signaling (Bujak et al., 2008; Deten et al., 2002;
Nian et al., 2004; Osterloh et al., 2009; Westman et al., 2016). Additionally, hypoxemia
induces IL-6 expression and disrupts the endothelial cell barrier, further enhancing the
migration of inflammatory cells (Ali et al., 1999; Ogawa et al., 1990). Within minutes
neutrophiles release ROS, additionally amplifying the inflammatory response via
diverse signalling pathways, such as the expression of chemokines and cytokines (Ciz
et al., 2012; Westman et al., 2016).

4.2.2.6. Degradation of the Extracellular Matrix

Matrix metalloproteinases (MMPs) are a family of endopeptidases that degrade all
elements of the myocardial ECM, thereby influencing the myocardial structural
integrity (Cleutjens, Kandala, et al., 1995; Yarbrough et al., 2003). In the heart,
neutrophils are the dominant cellular source of MMPs and express MMP9 in the
ischemic myocardium in response to TNF-a and IL-1 B mediated activation (Romanic
et al.,, 2002; Siwik et al., 2000). This promotes the resorption of necrotic tissue
following AMI and initiates ECM turnover (Deten et al., 2002; Siwik et al., 2000).
Elevated plasma MMP9 levels positively correlate with ECM degradation and
increased LV diastolic dimension in the human heart (Sundstrom et al., 2004). Vice
versa, the inhibition of MMPs in preclinical ischemia/ reperfusion models displayed a
significant reduction in infarct size and attenuated CHF progression (Ducharme et al.,
2000; Lindsey et al., 2002; Peterson et al., 2001; Rohde et al., 1999; Romanic et al.,
2002).

15



Introduction

4.2.3. Proliferation Phase

The proliferative phase of ACR is dominated by a downregulation of the inflammatory
response followed by an extensive ECM turnover and collagen deposition (Talman &
Ruskoaho, 2016).

4.2.3.1. Resolution of the Inflammatory Phase

During AMI, hypoxia induces apoptosis in CMs (F. Han et al., 2019). At the same time,
aged neutrophils undergo apoptosis (Whyte et al., 1993). Additionally, neutrophiles
guide macrophages from an inflammatory (M1) towards a reparative (M2) phenotype,
in which they clear off cellular debris and apoptotic CMs (Horckmans et al., 2017; Jia
et al., 2022). The ingestion of these apoptotic cells by M2 macrophages stimulates the
secretion of transforming growth factor- (TGF-R) and the anti-inflammatory cytokine
IL-10 (Frangogiannis et al., 2000; Huynh et al., 2002; M. Jung et al., 2017). TGF-
suppresses pro-inflammatory mediators, for example TNF a, leading to a reduction of
neutrophils, lymphocytes and macrophages (Huynh et al., 2002).

4.2.3.2. Extracellular Matrix Turnover and Collagen Deposition

Furthermore, TGF-R and IL-10 regulate the ECM composition. They both promote
fibroblast migration to the infarcted myocardium, where they transdifferentiate to
activated myofibroblasts (Desmouliére et al., 1993; Dobaczewski, Bujak, et al., 2010;
M. Jung et al., 2017). Following activation, TGF-[3 induces ECM synthesis of collagen
type | and lll in cardiac myofibroblasts: the primary source of collagens (Cleutjens,
Verluyten, et al., 1995; Dobaczewski, Bujak, et al., 2010). Additionally, TGF-I3 enables
matrix-preserving processes by repressing MMP gene expression and inducing tissue
inhibitor of metalloprotease expression in fibroblasts (Leivonen et al., 2013; Verrecchia
et al., 2001; W. Yuan & Varga, 2001). These processes aim to replace tissue lost with
a fibrous scar, prevent wall thinning and LV rupture (Hammoud et al., 2011; Ma et al.,
2013). However, prominent TGF-f3 signalling has also been detected in the border
zone adjacent to the infarct, where collagen deposition promotes remote cardiac

remodelling and diastolic dysfunction of the heart (Bujak et al., 2007).

ACR is also modulated by neurohumoral agents, such as angiotensin Il. Angiotensin
Il expression is significantly upregulated in the remote myocardium post AMI; it
stimulates collagen synthesis and inhibits expression of MMPs in cardiac fibroblasts.
(K. Chen et al., 2004; Lindpaintner et al., 1993)

16



Introduction

4.2.3.3. Induction of Cardiac Hypertrophy

Cardiac hypertrophy is the main driver of CHF. CM hypertrophy is mediated by the
release of TGF-3 and endothelin-1 via Angiotensin Il binding to AT1 receptors on
cardiac fibroblasts (Gray et al., 1998; Schultz Jel et al., 2002).

4.2.4. Maturation Phase

The maturation phase of ACR is defined by further ECM modifications resulting in the
formation of a fibrotic scar based on a mature collagen matrix (Talman & Ruskoaho,
2016).

It is initiated by the switch from type Ill to type | collagen (Cleutjens, Verluyten, et al.,
1995). Cardiac fibroblasts express lysyl oxidase (LOX) by TGF-[3 activation and
hypoxia dependant pathways as early as three days post AMI (Gonzalez-Santamaria
et al., 2015). LOX are a family of enzymes mediating cross-linking of mature collagen;
this increases collagen tensile strength and results in enhanced myocardial stiffness
(Badenhorst et al., 2003; Gonzalez-Santamaria et al., 2015; Norton et al., 1997). They
are expressed in the infarcted and the adjacent border zone of the myocardium
(Gonzalez-Santamaria et al., 2015). Rodent models have demonstrated that LOX
inhibition after AMI reduces cardiac dysfunction, ventricular remodelling, and scar
formation (Gonzalez-Santamaria et al., 2015; M. Lu et al., 2019).

4.2.5. Structural and Functional Changes of the Heart

Cellular and ECM changes during ACR are at the core of heart failure progression
following AMI and lead to structural and functional changes of the infarcted and remote
myocardium. This includes LV dilation, increased sphericity of the heart and global
cardiac dysfunction. (Cohn et al., 2000)

4.2.5.1. Early Systolic Dysfunction

During ischemia, the myocardium undergoes contraction-rigor as energy supplies are
depleted by insufficient use of anaerobic glycolysis (Frank et al., 2012). Subsequently,
with impaired contractility the infarcted region becomes dys- or akinetic, resulting in
systolic dysfunction of the heart (Witkowski et al., 1994).
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4.2.5.2. Infarct Expansion

Early cellular and extracellular matrix changes during the inflammatory phase lead to
an expansion of the infarct (Hochman & Bulkley, 1982). As first observed by Hutchins
and Bulkley in 1978, infarct expansion describes an “acute dilatation and thinning of
the area of infarction not explained by additional myocardial necrosis” (Hutchins &
Bulkley, 1978). This has since been attributed to a side-to-side slippage of CMs
leading to LV cavity dilation (Olivetti et al., 1990; Weisman et al., 1988).

4.2.5.3. Progression Into Global Heart Failure

Adding to infarct expansion, CMs undergo hypertrophy during ACR which amplifies
LV cavity dilation and systolic dysfunction of the heart (J. M. Pfeffer et al., 1991). As a
result, LV end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV)
increase (McKay et al.,, 1986). An increase in LVEDV and LVESV generates wall
stress, initiates volume overload hypertrophy in the remote myocardium and results in
arise of LV end diastolic pressure (LVEDP) (McKay et al., 1986). Studies have shown,
that an elevated LVEDP is a hallmark of a diastolic dysfunction of the heart (Zile et al.,
2001). At this point endocardial perimeter length increases both in the infarcted and
remote myocardium leading to a change of LV dimension from an ellipsoidal to a
spherical shape as demonstrated in figure 2 below (Cohn et al., 2000; McKay et al.,
1986).
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Figure 2: Structural Remodeling of the Left Ventricle (McKay et al., 1986)
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Cardiac outlines in diastole and systole from two patients on day 0 (left) and day 14 (right) after
admission for acute myocardial infarction in right anterior oblique view. Solid lines represent akinetic/
dyskinetic (infarcted) regions of the myocardium. Dotted lines represent non-infarcted regions of the
myocardium. In both patients, left ventricular volume increased, and the infarcted and non-infarcted
perimeters elongated. (McKay et al., 1986)

As global cardiac remodelling progresses a fibrous scar is formed (Gonzalez-
Santamaria et al., 2015). This accentuates myocardial stiffness, diminishes diastolic
distensibility and provokes diastolic dysfunction of the heart (Gonzalez-Santamaria et
al., 2015).

Consequently, the progression of ACR leads to systolic and diastolic heart function
impairment due to dilation of the heart and formation of a fibrous scar. Over time this
pathogenesis culminates in the development of global heart failure. (McKay et al.,
1986)

4.3. Chronic Heart Failure

4.3.1. Definition

CHF is defined as “a clinical syndrome with current or prior symptoms and/ or signs
caused by a structural and/ or functional cardiac abnormality and corroborated by
either elevated natriuretic peptide levels and/ or objective evidence of cardiogenic
pulmonary or systemic congestion by diagnostic modalities, such as imaging or
hemodynamic measurement at rest or with provocation” (Bozkurt et al., 2021).

4.3.2. Epidemiology

In 2017, 64.3 million people were living with heart failure globally (S. L. James et al.,
2018). In developed countries it is estimated that 1-2% of the adult population are
affected by CHF (Groenewegen et al., 2020; McDonagh et al., 2021). In the USA, the
annual medical cost per patient amount to about US$24,000, a majority of which is
allocated to hospitalisation costs (Urbich et al., 2020). The high prevalence, as well as
the noteworthy associated costs make CHF a significant burden on society.
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4.3.3. Aetiology

There is a large variety of causes for CHF. In developed countries CAD and
hypertension are predominantly associated with the development of CHF (S. L. James
et al., 2018; McDonagh et al., 2021). Globally, 26.4% of CHF is attributed to CAD (S.
L. James et al., 2018). Other causes include pre-existing heart conditions, such as
valve diseases, arrhythmias, or congenital heart disease, as well as certain drugs
(e.g., anthracyclines, trastuzumab), autoimmune diseases or storage disorders (e.g.,
haemochromatosis) (McDonagh et al., 2021).

4.3.4. Signs and Symptoms

Typical symptoms of CHF encompass breathlessness, orthopnea, paroxysmal
nocturnal dyspnea, fatigue, ankle swelling, reduced exercise tolerance or inability to
exercise. Additionally, evident clinical signs can entail elevated jugular venous
pressure, third heart sound, cardiomegaly, hepatojugular reflux, peripheral edema,
tachycardia and/or -pnea and Cheyne Stokes respiration in advanced CHF. (Bozkurt
et al., 2021)

4.3.5. Classification of Heart Failure

There are different approaches in classifying heart failure. One commonly used by
physicians has been postulated by the New York Heart Association and classifies CHF
into four groups according to the severity of symptoms experienced by the patient
during physical activity and at rest (Rogers et al., 2017). Another approach classifies
CHF according to left ventricular ejection fraction (LVEF) with the advantage of
assigning patients to different groups with distinct therapy strategies (Bozkurt et al.,
2021). The classification according to LVEF is stated in the table 1 below.

Table 1: Classification of CHF According to LVEF (Bozkurt et al., 2021)

Group Description LVEF

HFrEF Heart failure with reduced ejection fraction <40%
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Heart failure with mildly reduced ejection
HFmrEF . 41-49%
fraction

HFpEF Heart failure with preserved ejection fraction = 50%

Baseline < 40%, a 10-point
HFimpEF  Heart failure with improved ejection fraction increase from baseline and

second measurement > 40%

4.3.6. Prognosis

As a chronic disease, CHF is not only associated with an impaired quality of life, but
also results in a significantly reduced life expectancy (Drozd et al., 2021; Juenger et
al., 2002).

The quality of life reduction is mainly caused by a pronounced loss in physical
functioning (Juenger et al., 2002). This generates a mental health impairment, which
in advanced CHF stages is comparable to patients suffering from major depression
(Juenger et al., 2002).

According to an observational study of the ESC Heart Failure Long-Term Registry, the
one-year mortality rate of patients suffering from CHF is 6.4%; nearly half of the deaths
are attributed to cardiovascular aetiologies (Crespo-Leiro et al., 2016). Research has
outlined that patients who develop late CHF post AMI have a tenfold increased risk for
cardiac death compared to other patients surviving AMI (Lewis et al., 2003).
Furthermore, the ESC reports a 9.9% one-year hospitalisation rate in patients
suffering from CHF (Crespo-Leiro et al., 2016).
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4.4. Current Therapy Standards

The current therapy standards outlined are in accordance with the international
guidelines of the ESC.

4.4.1. Resolving Myocardial Infarction
4.4.1.1. Acute Patient Management

The initial AMI pharmacotherapy relieves symptoms and prevents further progression
of the myocardial ischemia. It is based upon analgesia, oxygen supply, anxiolysis and
platelet inhibition.

To relieve pain and reduce breathlessness, intravenous (i.v.) opioids (e.g., morphine)
are applied (Borja Ibanez et al., 2017). This is a priority, as it not only provides comfort
to the patient, but also reduces sympathetic activation and, therefore, workload on the
ischemic heart (Feldberg & Wei, 1986; Borja Ibanez et al., 2017). Next, in hypoxic
patients with an oxygen saturation (SpO2) < 90%, the use of oxygen is indicated (Borja
Ibanez et al., 2017). Additionally, a mild tranquilizer, such as diazepam, may be used
in patients experiencing anxiety (Borja Ibanez et al., 2017). To prevent further
progression of the ischemia, a therapy with platelet inhibitors can be initiated (Collet
et al., 2020; Borja Ibanez et al., 2017). Aspirin in loading dose (150-300 mg per 0s) is
the gold standard in all patients. In ST-elevation myocardial infarction (STEMI)
patients, therapy should be expanded to include a P2Y12 receptor inhibitor, hence
initiating a dual platelet therapy in loading dose (Collet et al., 2020; Borja Ibanez et al.,
2017). Studies have shown that prasugrel and ticagrelor are superior in both
pharmacodynamics and -kinetics, such as rapid onset time, potency, and clinical
outcome, and should therefore be preferred over the use of clopidogrel (Wallentin et
al., 2009; Wiviott et al., 2007).

4.4.1.2. Reperfusion Therapy

Reperfusion strategies for AMI involve three methods: percutaneous coronary

intervention (PCI), fibrinolysis and coronary artery bypass graft (CABG).

During acute AMI presentation, primary PCI is the gold standard. This applies to
STEMI patients with an onset of symptoms <120min, or non-ST-elevation myocardial
infarction (NSTEMI) patients with symptom onset <24h (Collet et al., 2020; Borja
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Ibanez et al., 2017). As an access route, both the femoral and the radial artery can be
utilized. Once the coronary anatomy is demonstrated using intraarterial (i.a.) injected
contrast captured on a c-arch x-ray, the flow in the occluded coronary artery is re-
established using balloon angioplasty and/ or coronary stenting (Borja Ibanez et al.,
2017). To date, standard of care is the use of drug-eluting stents; they are superior
regarding safety and efficacy compared to bare-metal stents (Hao et al., 2010; Sabaté
et al., 2014).

If primary PCl is not an option, fibrinolysis is indicated in STEMI patients with symptom
onset £12h and no contraindications, such as previous intracranial haemorrhages or
strokes, recent trauma or gastro-intestinal haemorrhage, aortic dissection or a known

coagulopathy (Agewall et al., 2017; Borja Ibanez et al., 2017).

An emergency CABG should be considered in patients presenting with cardiogenic
shock or a coronary anatomy unsuitable for effective PCIl (Borja Ibanez et al., 2017).

4.4.1.3. Periinterventional Anticoagulation

All patients receiving primary PCI require a periinterventional anticoagulation. The
standard of care is the use of unfractionated heparin. Other options entail the low-
molecular weight heparin enoxaparin and the recombinant hirudin bivalirudin. The
anticoagulation should be discontinued after PCI. (Collet et al., 2020; Borja Ibanez et
al., 2017)

4.4.2. Long-term Management

The long-term management of patients post AMI aims to prevent recurring ischemic
events, reduce ACR and halt progression into CHF. It includes sufficient adjustment
of cardiovascular risk factors, a continual antithrombotic therapy, and the reduction of
ACR.

4.4.2.1. Adjustment of Cardiovascular Risk Factors

Adjusting cardiovascular risk factors is of paramount importance, as it impedes the
progression of atherosclerosis within the coronary arteries. This includes lifestyle
management, as well as management of dyslipidaemia, hypertension, and diabetes

mellitus.
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Lifestyle management entails the adjustment of risk factors susceptible to behavioural
change: smoking, diet, and physical activity (Kromhout et al., 1995; Mons et al., 2015;
Yusuf et al.,, 2004). As Chen et al. (2012) demonstrated, each reduction of five
cigarettes per day decreases the mortality risk by 72% post-PClI, proving the cessation
of smoking to be critical in the prevention of further cardiac events (T. Chen et al.,
2012).

According to the ESC, dyslipidaemia should be addressed with goal low density
lipoprotein cholesterol (LDL) levels <55mg/dl or a 250% reduction, if the baseline LDL
is within 70-135 mg/dl (Collet et al., 2020). The standard pharmacotherapy to reduce
LDL is the use of statins, however an add-on therapy with ezetimibe and/or PCSK9
inhibitors is recommended, if the goal LDL cannot be achieved using monotherapy
(Collet et al., 2020). Recent studies suggest that especially a high LDL to high density
lipoprotein cholesterol ratio amounts to an increased risk of major adverse cardiac
events and stent thrombosis following PCI and stent implantation (Zhong et al., 2019).

Hypertension can be controlled by lifestyle changes, such as reduced salt intake,
weight loss and physical activity and the initiation of antihypertensive
pharmacotherapy with a goal systolic blood pressure <140 mmHg (Borja Ibanez et al.,
2017).

For most diabetic patients suffering from CAD, a target HbA1c <7% is recommended
(Knuuti et al., 2019). However, this target can vary and depends on patients age,
comorbidities, and duration of diabetes mellitus (Collet et al., 2020).

4.4.2.2. Antithrombotic Therapy

An antithrombotic therapy is standard of care in preventing in-stent thrombosis and
restenosis of previously occluded coronary arteries. This entails a lifelong therapy with
Aspirin, as well as the additional intake of P2Y12 inhibitors for twelve months following
primary PCI with stent implantation. (Collet et al., 2020; Borja Ibanez et al., 2017)

4.4.2.3. Preventing Adverse Cardiac Remodelling

In patients with heart failure and/ or a compromised LV systolic function following AMI,
a therapy using angiotensin converting enzyme (ACE) inhibitors and beta blockers
should be initiated to prevent ACR (Borja Ibanez et al., 2017).
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It is well established that long-term administration of ACE inhibitors reduces morbidity
and mortality following AMI and slows down the progression of CHF (Flather et al.,
2000; M. A. Pfeffer et al., 1992; The Acute Infarction Ramipril Efficacy Study, 1993).
This has been attributed to the potent anti-inflammatory effect of ACE inhibitors, as
they prevent the splenic release of neutrophils and monocytes (Gao et al., 2017; Ma
et al., 2019). Additionally, pharmacotherapy using ACE-inhibitors suppresses the
angiotensin Il mediated CM hypertrophy, resulting in a reduction of LV mass (Paoletti
et al., 2007).

The beneficial effect on mortality reduction using long-term beta blocker therapy after
AMI has been demonstrated even before reperfusion therapy became standard of
care (Freemantle et al., 1999; Yusuf et al., 1980). It has since been revealed that this
involves a reduction in infarct size and a preserved LVEF after AMI (B. Ibanez et al.,
2013).

4.4.3. Controlling Chronic Heart Failure

Therapy of CHF involves pharmacotherapy, as well as device therapy in more
advanced stages.

Pharmacotherapy is the foundation of CHF therapy. It entails the inhibition of the renin
angiotensin aldosterone system, utilizing ACE inhibitors, angiotensin receptor-
neprilysin inhibitors, mineralocorticoid receptor antagonists and angiotensin receptor
blockers (McDonagh et al., 2021). Additionally, beta blockers and sodium-glucose co-
transporter 2 inhibitors have proven effective in impeding the progression of CHF and
reducing the associated high mortality rate (Doughty et al., 1997; McDonagh et al.,
2021; Zannad et al., 2020). To reduce signs of congestion the use of diuretics is
recommended (McDonagh et al., 2021).

In advanced stages of symptomatic CHF with reduced LVEF < 35% and an ischemic
aetiology, the addition of an implantable cardioverter-defibrillator to the pre-existing

pharmacotherapy is indicated (McDonagh et al., 2021).
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4.5. Agrin

4.5.1. Biochemical Structure

The protein agrin is a 200kDa matrix proteoglycan, which can be broken down into
distinct domains (Chakraborty et al., 2021; Glass et al., 1996). The C-terminus
contains three regions homologous to the G-domain of laminin, as well as four
domains like the ones found in the epidermal growth factor (EGF) (Burgess et al.,
2002; Raats et al., 1998; Tsim et al., 1992). The laminin G homology domain (LG) 1
and 2, and the EGF-like repeats mediate agrin binding to a-dystroglycan (Dag1) (Hopf
& Hoch, 1996). LG3 is essential for agrin binding to the lipoprotein receptor-related
protein 4 (LRP4), which is attached to the postsynaptic membrane and mediates
muscle-specific kinase (MuSK) activation (Kim et al., 2008; Scotton et al., 2006). The
N-terminus holds nine folistatin-like domains, similar to Kazal-type protease inhibitor
domains; it facilitates agrin binding to laminin in the synaptic basal lamina
(Mascarenhas et al., 2003; Tsim et al., 1992).

4.5.2. Function
4.5.2.1. Agrin in the Nervous System

Agrin was first discovered due to its ability to cluster acetylcholine receptors (AChR)
at the postsynaptic membrane during the formation of neuromuscular junctions (Hopf
& Hoch, 1996; Tsim et al., 1992). This has since been proven to be the result of an
increased MuSK phosphorylation via agrin binding to LRP4 (Glass et al., 1996; Kim et
al., 2008). Phosphorylated MuSK induces downstream signalling, which enhances
clustering of LRP4, MuSK and AChR and thereby results in synapse-specific gene
expression (Burden et al., 2013; Yumoto et al., 2012). This process is vital for synapse
formation and postsynaptic differentiation (Yumoto et al., 2012).

4.5.2.2. Agrin in the Heart

Dag1 expressed by CMs serves as an agrin receptor, mediating CM proliferation via
a Yap-related signalling mechanism (Bassat et al., 2017).

The extracellular protein Dag1, along with five transmembrane proteins (B-
dystropglycan, adhalin and other dystrophin-associated glycoproteins (DAG)) and four
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cytoplasmatic proteins (syntrophin triplet and dystrophin) make up the dystrophin-
glycoprotein complex (DGC) (Ibraghimov-Beskrovnaya et al., 1992; D. Jung et al.,
1995; Roberds et al.,, 1993; B. Yang et al.,, 1994). The DGC facilitates a linkage
between the actin-based cytoskeleton and the ECM in muscle cells (Ervasti &
Campbell, 1993; D. Jung et al., 1995). This linkage is comprised of Dag1 binding to
the LG of ECM proteins, such as laminin, agrin and perlecan (Blake et al., 2002; Bowe
et al., 1994; Gee et al., 1994; Ibraghimov-Beskrovnaya et al., 1992; Peng et al., 1998;
Sunada et al., 1994). Furthermore, Dag1 binds R-dystroglycan, which in turn interacts
with dystrophin linked to actin (Fealey et al., 2018; D. Jung et al., 1995).
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Figure 3: Agrin-DGC-Yap Signaling Axis in the Heart (Bassat et al., 2017)

In neonatal mice, agrin disrupts dystrophin-glycoprotein (DGC) complex maturation and leads to partial
sarcomere disassembly. This induces downstream signaling, which results in the translocation of Yap
into the nucleus where it facilitates cardiomyocyte (CM) cell-cycle re-entry. On day seven postpartum,
agrin levels decrease and extracellular matrix/ DGC interaction stabilizes the sarcomere. CMs
differentiate and mature. (Bassat et al., 2017).

In the heart, the agrin-Dag1 interplay induces changes in the conformation of the DGC,
which results in a partial sarcomere disassembly, diminished matrix rigidity and a
subsequent activation of downstream signalling including Yap and ERK within the
Hippo pathway (Bassat et al., 2017; Chakraborty et al., 2017). The Hippo pathway is
a conserved signalling pathway which regulates cardiac growth and size by
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suppressing CM proliferation and controlling apoptosis (Heallen et al., 2011; Meng et
al., 2021). Loss of matrix rigidity, as well as the induction of Yap have previously been
linked to an increase in CM proliferation and cardiac regeneration (von Gise et al.,
2012; Xin et al., 2013; Yahalom-Ronen et al., 2015).

4.5.2.3. Agrin in the Tumorous Microenvironment

Recently, a proangiogenic role has been attributed to agrin. Njah et. al (2019)
demonstrated that agrin secreted by hepatocellular carcinoma cells enhances
angiogenesis by stabilising the vascular endothelial growth factor receptor 2
(VEGFRZ2) of endothelial cells (Chakraborty et al., 2020; Njah et al., 2019).

4.5.3. Therapeutic Potential

Prior research has illustrated that agrin promotes cardiac regeneration in mice after
AMI by enhancing CM proliferation. After a single intramyocardial injection of
recombinant rat agrin (rrAgrin), it is sustained in the murine heart for up to three days
and causes a peak in CM proliferation after seven days. However, a prolonged
regenerative effect of agrin up to five weeks after the injury could be observed; this
included a reduction in scar size, improved cardiac function quantified by an upheld
LVEF and a maintenance of wall thickness with subsequent protection from dilated
cardiomyopathy. This suggests a pleiotropic mechanism of action in cardiac repair and
poses agrin’s therapeutic potential in the restoration of damaged hearts. (Bassat et
al., 2017)
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5.  Aim of Study

AMI is one of the leading causes for death and disability worldwide. Following AMI,
necrotic and apoptotic cell death trigger an inflammatory cascade, which culminates
in ACR; this involves a compensatory process, in which tissue loss is replaced by an
akinetic fibrous scar due to the limited regenerative capacity of the heart (Bergmann
et al., 2015; Talman & Ruskoaho, 2016). As the heart remodels, the ECM is actively
turned over and the remote myocardium undergoes fibrosis, hypertrophy, and LV
cavity dilation (Cohn et al., 2000). This results in further deterioration of the heart and
global heart failure (Cohn et al., 2000). Therefore, the standard of care for AMI is the
timely reperfusion of the occluded coronary artery via angioplasty to reduce cell loss
and impede the progression into ACR (Collet et al., 2020; Borja Ibanez et al., 2017).

Prior studies have shown that a single dose of agrin promotes heart regeneration in
mice by stimulating CM cell cycle re-entry, reducing scar formation, and sustaining
LVEF and systolic cardiac function (Bassat et al., 2017). This study aims to
substantiate these findings in a preclinical porcine ischemia/ reperfusion model by
assessing in vivo cardiac function, scar formation and CM proliferation. Porcine heart
models relate close to the human heart and diminish the gap between animal studies
and their clinical application.

Additionally, a pleitropic mechanism of action for agrin’s role in heart regeneration post
AMI has been suggested by Bassat et al. (2017). As a second goal, the porcine
ischemia/ reperfusion model aims to explore agrin’s role in angiogenetic, apoptotic,
inflammatory, and hypertrophic processes during ACR.

We hypothesize that a single antegrade injection of recombinant human agrin
(rhAgrin) into the coronary artery is a novel therapeutic target in the prevention of ACR
and CHF following AMI and can readily be introduced into current therapy standards.

29



Materials

6.

Materials

6.1.

Drugs and i.v. Infusions

Drug/ i.v. Infusion

Manufacturer

Reference number

Adrenaline

Amiodarone

Atropine sulfate

Azaperone

Cefuroxim 750mg

Fentanyl

Heparine

Ketamine

Magnesiumsulfate 50%

Midazolame 15mg

InfectoPharm Arzneimittel u.

Consilium GmbH,

Heppenheim, Germany

Ratiopharm GmbH, Ulm,

Germany

B. Braun Melsungen AG,

Meldungen, Germany

Elanco GmbH, Cuxhaven,

Germany

Dr. Friedrich Eberth
Arzneimittel GmbH,

Ursensollen, Germany

Eurovet Animal Health BV,
AE Bladel, Netherlands

B. Braun Melsungen AG,

Meldungen, Germany

CP-Pharma
Handelsgesellschaft mbH,

Burgdorf, Germany

Inresa Arzneimittel GmbH,

Freiburg, Germany

Hexal AG, Holzkirchen,

Germany

EAN: 4150095170068

EAN: 4150035581688

EAN: 4150006480378

Manufacturer article
number: 797-548

Zul.-Nr. 94997.00.00

Zul.-Nr. 401495.00.00

EAN: 4150157826988

Manufacturer article
number: 1200

Zul.-Nr. 6914444.00.00

PZN: 00886423
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Propofol 20mg/ml

Ringer-Lactate

B. Braun Melsungen AG,

Melsungen, Germany

B. Braun Melsungen AG,

Melsungen, Germany

PZN: 00194346

EAN: 4030539053006

6.2. Catheters and Surgical Consumables

Catheter /
Surgical Consumable

Manufacturer

Reference number

Angioset

Guide catheter (judkins R)

Manometer

Over the wire balloon
catheter 3.50 x 20mm
(TREK)

Pigtail Catheter

Pressure volume catheter

Sheath 8F

Ultravist-370

B. Braun Melsungen AG,

Melsungen, Germany

Cordis, Hialeah, Florida, USA

Merit Medical GmbH, Eschborn,

Germany

Abbott Vascular, Santa Clara, CA,

USA

Cordis, Hialeah, Florida, USA

Transonic Scisense Inc., London,

Ontario, Canada

Cardinal Health, Norderstedt,

Germany

Bayer AG, Leverkusen, Germany

5010660

670-083-00

IN8152 Version B

1012409-20

534-650S

FDH-5018B-E245B

504608X

85922882
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6.3. Injections

Injection Manufacturer Reference number
Sigma Aldrich Co., St. Louis,
BrdU B5002
USA
B. Braun Melsungen AG,
KCI EAN: 4030539078276
Melsungen, Germany
R&D systems, Minneapolis,
rhAgrin 6624-AG
Minnesota, USA
B. Braun Melsungen AG,
NaCl (Saline) EAN: 4030539005159

Melsungen, Germany

6.4. Chemicals and Reagents

Chemical / Reagent

Manufacturer Reference number

Acetone

Aqueous mounting medium

Borate buffer (20X)

Bovine serum albumin

Calcium chloride dihydrate,

minimum 99%

Direct Red 80

Entellan

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

T906.1

Abcam, Cambridge, United
Kingdom

Ab 128982

Thermo Scientific, Rockford, USA 28341

Sigma Aldrich Chemie GmbH,

A9647-50G
Steinheim, Germany
Sigma Aldrich Chemie GmbH,

C7902-500G
Steinheim, Germany
Sigma Aldrich Co., St. Louis,

365548
USA
Merck KGaA, Darmstadt,

HX56880760

Germany
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Eosin G-solution 0.5%

Ethanol 96%

Ethanol absolute

Formaldehyde 37%

HCI (10N)

Heat inactivated horse serum

Hoechst 33342 staining dye

solution

Hydrochloric acid 25%

Hamalaunlésung sauer nach

Meyer

Methylene blue

Paraformaldehyde

Phosphate buffered saline
tablets

Picric acid solution 1.3% in
H.O (saturated)

Roti®-Plast Paraffin

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Merck KGaA, Darmstadt,

Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Gibco Life Technologies Limited,

Aukland, NZ

Abcam, Munich, Germany

Riesel-de Haen, Seelze,

Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA

Sigma Aldrich Co., Steinheim,

Germany

Gibco life technologies limited,
Paisley, UK

Sigma Aldrich Co., Steinheim,

Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

X883.1

T171.3

8.18760.2500

4979.2

0226.1

26050-088

Ab228551

70780

T865.2

P-6148

18912-014

P6744-1GA

6642.2
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Sodium citrate monobasic

anhydrous
Sodium hydroxide platelets

Tris buffered saline

Triton X 100

Tween 20

Sigma Aldrich Chemie GmbH,

Steinheim, Germany

MERCK, Darmstadt, Germany

Sigma, St Louis, USA

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Sigma Aldrich Chemie GmbH,

Steinheim, Germany

Vectashield® Mounting Medium Vector Laboratories Inc.,

with DAPI

Wheat germ agglutinin, Alexa

Fluor® 488

Wheat germ agglutinin, Alexa

Fluor® 594

Xylol

Xylene

2-Propanol

2,3,5 triphenyl tetrazolium

chloride

Burlingame, USA

2427346

1.06462.1000

T-6664

3051.2

P9416

H-1200

Invitrogen, Eugene, Oregon, USA W11261

Invitrogen, Eugene, Oregon, USA W11262

Sigma Aldrich Chemie GmbH,

Steinheim, Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

Otto Fischar GmbH & Co. KG,

Saarbriicken, Germany

Carl Roth GmbH & Co. KG,

Karlsruhe, Germany

534056

9713.3

PZN 02679450

KK13.1
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6.5. Antibodies

Antibody Reference
Properties Manufacturer
Target number
Clonality: polyclonal 1gG
Y- POy J Bio Rad, Hercules,
BrdU Host species: rabbit AHP2405
California, USA
Target: synthetic BrdU
Clonality: polyclonal 1I9G
Host species: donkey Invitrogen, Waltham,
Donkey IgG A-21206
Target species: rabbit Massachusetts, USA
Alexa Fluor ®: 488
Clonality: polyclonal 1gG , o
Lifespan Biosciences,
. Host species: rabbit )
Ki67 Seattle, Washington,  LS-B13463
Target species: human,
_ USA
mouse, rat, pig
Clonality: polyclonal 1I9G
Host species: goat Invitrogen, Waltham,
Mouse IgG _ A-11032
Target species: mouse Massachusetts, USA
Alexa Fluor®: 594
Clonality: monoclonal IgG
] Santa Cruz
Host species: mouse .
PECAM-1 _ Biotechnology, Dallas, sc-376764
Target species: mouse, rat,
Texas, USA
human
Clonality: polyclonal 1I9G
. Host species: goat Invitrogen, Waltham,
Rabbit IgG _ . A-11011
Target species: rabbit Massachusetts, USA
Alexa Fluor®: 568
Clonality: polyclonal 1I9G
. Host species: donkey Invitrogen, Waltham,
Rabbit IgG A-21206

Target species: rabbit
Alexa Fluor®: 488

Massachusetts, USA
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Clonality: polyclonal 1I9G

Host species: rabbit Abcam, Cambridge,
Troponin | , _ _ ab47003
Target species: mouse, rat, United Kingdom
human, pig
6.6. Kits
Kit Manufacturer Reference number

Hydroxyproline assay kit _
Abcam, Munich, Germany
(colorimetric)

In situ cell death detection kit, Roche Diagnostics GmbH,

TMR red Mannheim, Germany

Ab222941

12156792910

6.7. Histology Consumables

Histology Consumable Manufacturer

Reference number

Gerhard Menzel B.V. & Co.

Deckglaser fur die Mikroskopie _
KG, Braunschweig, Germany

Feather microtome blade Pfm medical ag, KoéIn,

carbon steel C35 Germany

Gerhard Menzel B.V. & Co.

Menzel-Glaser Polysine slides .
KG, Braunschweig, Germany

Sakura Finetek Europe B.V.,
O.C.T. Compound .
Alphen aan den Rijn, NL

Carl Roth GmbH & Co. KG,

Solidofix®-Kaltespray
Karlsruhe, Germany

, o Leica Microsystems CMS
Type F Immersion Liquid
GmbH, Wetzlar, Germany

02.075.00.003

J2800AMNZ

4583

T200.1

11 513859
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Type G Immersion Liquid

Leica Microsystems CMS

GmbH, Wetzlar, Germany

11 513910

6.8. Laboratory Devices

Laboratory Device Manufacturer Reference number
Mortar with Pestle Agate VWR, Leuven, Belgium 410-1008
Plate, 96 well with lid, flat Thermo Scientific, Roskilde,
442404
bottom Denmark
6.9. Technical Devices
Technical Device Model Manufacturer

Bright light microcope

C arch x-ray

Centrifuge

Confocal microscope

Fluorescent microscope

Fluorescent and bright light

microscope

Gewebeeinbettautomat

Incubator

Olympus BX41

Ziehm Vision RFD

Micro Star 17

Leica TCS SP8 X

Leica DMI 6000 B

Leica DMi8 Thunder

Typ Karussel

STP-120

Heratherm 1GS100

Olympus, Tokyo, Japan

Ziehm Imaging GmbH,

Nuremberg, Germany
VWR, Leuven, Belgium

Leica Microsystems CMS

GmbH, Mannheim, Germany

Leica Microsystems GmbH,

Wetzlar, Germany

Leica Microsystems GmbH,

Wetzlar, Germany

MICROM International GmbH,
Walldorf, Germany

Thermo Fisher Scientific,
Waltham, USA
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Thermo Fisher Scientific,

Kryotom Microm HM 560

Waltham, USA

Leica Biosystems Nussloch
Kryotom Leica CM 1850

GmbH, Nussloch, Germany

Leica Biosystems Nussloch
Mikrotom RM 2245

GmbH, Nussloch, Germany

MICROM International GmbH,
Mikrotom HM 335S-2

Walldorf, Germany

TECAN, Mannedorf,
Plate reader Infinite M200 PRO

Switzerland

_ MICCRA GmbH, Heitersheim,

Ultrasonic probe homogeniser Art-Miccra D8

Germany

Leica Biosystems Nussloch
Waterbath HI 1210

GmbH, Nussloch, Germany

Gesellschaft fur Labortechnik
Waterbath Typ 1052

mbH, Burgwedel, Germany
Ultra low temperature freezer VWR, Darmstadt, Germany

6.10. Software

Software Version Provider

Microsoft®, Redmond, Washington,

Excel 16.55 (21111400)
USA
Java, Sun Microsystems, Santa Clara,
ImageJ Java 1.8.0_172
USA
Leica Application Suite X Leica Microsystems CMS GmbH,
3.7.5.24914 .
(LAS X) Mannheim, Germany
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MATLAB

Prism

Transonic PV Loop System

R2019a

9.3.0 (345)

ADV500

MathWorks, Natick, Massachusetts,
USA

GraphPad Software, LLC, San Diego,

California

Transonic, Ithaca, NY, USA
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7. Methods

7.1.  Study Design

The study design is an experimental study.

7.2. Ethics Approval

Every experiment and intervention performed on pigs was approved by the district
government of upper Bavaria, registered under the number ROB-55.2-2532.Vet_02-
18-72, and executed accordingly. The animals were kept and cared for according to
the German and National Institutes of Health animal legislation guidelines, the “Animal
Welfare Act” and the “Animal Welfare Laboratory Animal Regulations”. Animal housing
and interventions took place in the “Zentrum fur Praklinische Forschung” (Klinikum

rechts der Isar of the Technical University of Munich).

7.3. Acute Ischemia/ Reperfusion Pig Model

7.3.1. Laboratory Animals

Wildtype pigs from either sex were purchased from the “Lehr- und Versuchsgut der
tierarztlichen Fakultat der LMU Munchen®. They were divided into four groups at
random: a three-day, seven-day, 28-day group, and sham animals. Three sham
animals were chosen, which did not undergo any kind of intervention. All other animals
underwent two interventions; the first took place at an age of 3 months and a weight

of approximately 25kg.

7.3.2. Primary Intervention

The setup for the primary intervention was identical among all animals receiving

treatment.
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7.3.2.1. Anesthesia

Initially, the animals received sedation via intramuscular (i.m.) injection of 2 mg/kg
body weight (bw) azaperone, 20 mg/kg bw ketamin and 0.02 mg/kg bw atropinsulfate.
This was followed by the placement of an i.v. drip into the vena auricularis caudalis
and i.v. injection of 5 mg midazolam, 2.5 pg/kg bw fentanyl and 1 mg/kg bw propofol,
as required. The pigs were then intubated using a cuffed intratracheal tube and
ventilated with a bag until they were brought into theater, placed on the operating table,
and connected to the ventilation machine. During the intervention, anesthesia was
upheld using a propofol perfusor running at a rate of 10 mg/kg bw/h. Analgesia was
achieved using a fentanyl perfusor running at 3 pg/ kg bw/h. To maintain appropriate
circulation and blood pressure, an adrenalin perfusor and 500 ml Ringer with 5.0 g
magnesiumsulfate and 150 mg amiodarone were running continuously. Vital signs
were being monitored via ECG, pulsoxymetry and invasive arterial blood pressure
measurements. At the end of the procedure the animals received 10 mg/ kg bw
cefuroxime as an antibiotic infection prophylaxis. (Bahr et al., 2021)

7.3.2.2. Catheterization and In Vivo Measurements

An incision was placed approximate to the sternocleidomastoid muscle. The external
carotid artery was mobilized, ligated cranially, and a 9F port was introduced into the
vessel. Prior to vessel ligation, the pigs were anticoagulated using 10 000 IE heparin.
A pigtail catheter was lead through the port into the artery and advanced forward into
the LV. The correct placement of the catheter was confirmed using a mobile c-arch x-
ray. To determine LVEF, contrast (Ultravist-370) was injected rapidly into the LV while
a series of x-ray images (‘loops’) were taken. The pigtail catheter was removed and
replaced by a scisense pressure-volume catheter; the correct placement in the LV was
confirmed via x-ray imaging. A pressure-volume curve of the LV was recorded, and

the was catheter removed. (Bahr et al., 2021)
7.3.2.3. Left Ventricular Ejection Fraction Analysis

The LVEF is a measure of global heart function and defined by the relative stroke
volume (SV) of the heart in relation to the LVEDV. It can be calculated as such:

LVEF = SV/ILVEDV x 100%

The c arch x-ray loops were analyzed and the largest expansion of the LV, the LVEDV,

and the smallest expansion of the LV, the LVESV, were isolated. Using ImageJ
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software, the respective LV sizes were calculated. The SV can also be described as
the change in ventricular volume from diastole to systole, hence SV = LVEDV -
LVESV. Consequently, LVEF was calculated using the formula below:

LVEF = (LVEDV-LVESV)/LVEDV x 100%

512 x 512 6232( 3y, 0d) 512x512 6232 ( 3y, 0d)
WL: 141 WW: 242 Unnamed WL: 141 WW: 242 d

156% 09.11.18, 12:02:56 156% 09.11.18, 12:02:5¢§

1:2/5 9min,6sec 1:2/5 9 min, 6 seq
Uncompressed Made In OsiriX Uncompressed Made In OsiriX]

Figure 4: Cardiac C-Arch X-Ray Images

Porcine cardiac images of the left ventricle (LV) were obtained during primary and secondary
intervention using contrast injected via a pigtail catheter and captured with a mobile c-arch x-ray. On
the left, the LV is displayed in diastole. On the right, the LV is displayed in systole. The pigtail catheter
is visible on both images within the LV.

7.3.2.4. Acute Ischemia, rhAgrin Application and Reperfusion

A guide catheter (Judgkins R) was fed through the port and placed into the left anterior
descending artery (LAD). An over the wire balloon catheter was advanced atop the
guide catheter and a 3.5 x 20 mm balloon placed distally of the bifurcation of the first
diagonal LAD branch (D1), as indicated by the white arrow in figure 5 below. The
correct placement of the balloon was ensured using x-ray imaging. The balloon was
inflated with four to six bar to completely occlude the LAD distal D1 and induce acute
ischemia. This was immediately confirmed and reconfirmed after 30 minutes using x-
ray imaging. At the time of acute ischemia induction 150 mg amiodarone was injected
to support cardiac function. After 57 minutes of ischemia time either 33 pg/kg bw
rhAgrin diluted in 5 ml saline, or 5 ml pure saline were injected slowly over three
minutes; rhAgrin consists of the C-terminal half of human agrin (Ala1260-Pro2045)
with an N-terminal 6-His tag. The balloon was deflated after exactly 1 h ischemia time
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and reperfusion confirmed using x-ray imaging. Afterwards, all instruments were

removed from the animal and the punctured artery and skin were sutured close.

512 x 512 PRE511081434 ( 3y, 0d)
WL: 116 WW: 232 Unnamed

156% 08.11.18, 14:46:29
1:2/2 12 min, 7 sec
Uncompressed Made In OsiriX

Figure 5: Left Anterior Descending Artery on C-Arch X-Ray

C-arch x-ray imaging of a porcine heart displaying the contrasted left anterior descending artery (LAD).
The white arrow indicates the appropriate location for coronary occlusion distal of the first diagonal
branch of the LAD. On image the artery is not occluded, and perfusion is fully established.

7.3.3. Animal Groups

Animals undergoing intervention were split into three groups according to the post-
ischemia reperfusion time between primary and secondary intervention. Animals of
each sex were allocated to the groups at random. After primary intervention, three-
day animals were kept for 72h until the second intervention and termination, seven-
day animals for 7 days and 28-day animals for 28. Moreover, the 28-day animals
receiving agrin were further split into two groups, one of which only receiving one dose
of agrin during the primary intervention, the other receiving an additional dose of
rhAgrin (33 pg/kg bw) i.v. 72h post acute ischemia. The exact group distribution can
be found in table 2 below.
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Table 2: Animal Groups

Post-Ischemia Reperfusion Time Injection Received Animals (=n)
Saline 3
Three days thAgrin 4
Saline 2
Seven days thAgrin 3
Saline 8
28 days 1x rhAgrin 6
2x rhAgrin 5

7.3.4. Application of BrdU

5-bromo-2-deoxyuridine (BrdU) is a synthetic pyrimidine analog used as a marker for
cell proliferation; it is incorporated into the deoxyribonucleic acid (DNA) of proliferating
cells during the S-phase of mitosis (Riccardi et al., 1988). All animals from the seven-
day group received 20 mg/kg bw BrdU every other day after the primary intervention

as an i.v. injection.

7.3.5. Secondary Intervention

The setup for the secondary intervention was identical among all animals receiving an
intervention. The time point for secondary intervention was chosen according to group
allocation after three, seven or 28 days. The anesthesia protocol matches the one for
primary intervention, described in chapter 7.3.2.1., except for the omission of the
antibiotic prophylaxis. Catheterization and in vivo measurements correspond to the

ones performed during primary intervention as well.
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7.4. Infarct Staining, Tissue Sample Collection and Processing

7.4.1. Infarct Staining and Tissue Sample Collection

Following the collection of in vivo data on day three, seven or 28, a median sternotomy
with opening of the pericardium was performed. The LAD distal D1 was ligated at the
previous occlusion site and injected with 2% methylene blue solution. Methylene blue
serves as a visual aid to determine the cardiac tissue still being perfused after
occlusion of the LAD, hence the non-infarcted or remote area of the myocardium. The
pigs were terminated using a direct injection of saturated KCl into the myocardium and
the subsequent removal of the heart. This was followed by an injection of 150mg
triphenyl tetrazolium chloride (TTC) dissolved in 10ml 0.9% NaCl into the LAD. TTC is
a redox indicator and reacts with the lactate dehydrogenase (LDH) in viable heart
tissue to stain it deep red. In the absence of a functioning LDH, the tissue assumes a
pale color. TTC therefore served as an aid to distinguish between infarct and border

Zone.

Pale color indicates
lack of TTC viability \

Blue color indicates

fully perfused tissue

Figure 6: Tissue Viability Staining on Porcine Heart Slices Post-mortem

After termination of the pig, the porcine heart was explanted. Cardiac tissue viability was assessed
using methylene blue and triphenyl tetrazolium chloride (TTC) staining. Methylene blue injected into the
occluded left anterior descending artery serves as a visual aid for fully perfused tissue during occlusion
and therefore marks the remote area of the myocardium blue. A lack of TTC viability marks infarcted
areas of the heart pale or white in color, due to the absence of functioning LDH. The heart is then cut
into five slices. Slice one is approximate to the base (top left) and slice five is the apex of the heart
(bottom right).
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The hearts were then cut vertical to their axis into five slices of 1 cm thickness each,
slice one being approximate to the base and slice five forming the apex of the heart.
Images were taken of the heart to determine infarct size using Imaged software. The
LV in slices one to four was then further divided into eight samples, the LV in slice five
into four samples of equal size. This totals 36 transmural LV tissue samples per pig.
According to methylene blue stain and TTC viability, the samples were categorized
into infarct, remote and border zone. Each sample was then divided into two pieces;
one was placed on dry ice and the other into 4% formaldehyde solution for further
processing.

7.4.2. Tissue Sample Processing

7.4.2.1. Cryopreservation

Samples on dry ice were transferred and stored in a -80°C freezer.
7.4.2.2. Paraffin-embedding

Samples in 4% formaldehyde were embedded in paraffin by hand according to the
paraffin embedding protocol in table 3 below. The formalin fixed and paraffin
embedded tissue (FFPE) samples were then mounted onto histology cassettes and
stored at room temperature (RT).

Table 3: Paraffin Embedding Protocol

Method Time (h) Temperature
1. Fixation:

7% Formaldehyde 12 RT
2. Washing in running tap water 3 RT

3. Dehydration:
50% lIsopropanol

RT

75% Isopropanol
90% lsopropanol

100% Isopropanol

A A OO ODN

100% Isopropanol
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4. Infiltration:
Paraffin 8 60°C

7.5. Histology Staining

7.5.1. Conventional Histopathology

Conventional histopathology stains were performed to assess the level of
inflammation and the extent of the fibrotic scarring in the myocardium by means of a
haematoxylin and eosin (HE) and Sirius red stain. For this purpose, seven FFPE
samples comprising of two samples for infarct and remote zone and three samples for
border zone were chosen from each animal in the relevant groups. Only samples from
the second and third heart slice were hereby chosen. The samples were cut at 4 ym
using a microtome, transferred to slides, dried on a 36°C hotplate overnight and
subsequently stained according to the protocols described in tables 4 and 6. The slides
were then mounted using Entellan® mounting medium and a coverslip and stored at
RT.

7.5.1.1.  Haematoxylin and Eosin

HE is a routine stain in pathology and serves as a topographical overview. As one of
the principal tissue stains in histology, HE can be used to visualize tissue inflammation

and cell infiltration.

Tissue samples from each animal in the three-day group were chosen and processed
as described above. They were stained according to the HE staining protocol in table
4. Five independent and representative images for each sample were obtained using
bright light microscopy at 200- and 100-fold magnification. Conforming to Lin et al.
(2015), the extent of cellular tissue infiltration was semi-quantitatively analyzed in a
blinded manner using a 1-3 scoring system, as demonstrated in table 5 below (Lin et
al., 2015).
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Table 4. Haematoxylin and Eosin Staining Protocol

Method Time (min) Temperature
1. Deparaffinization: RT

100% Xylol | 10

100% Xylol 1l 10
2. Rehydration:

RT

100% Isopropanol 4

100% Isopropanol 4

96% lIsopropanol 4

96% lIsopropanol 4

70% Isopropanol 4

ddH->0O Rinse
3. 100% Hamalaun nach Mayer 10 RT
4. Running tap water 5 RT
5. 1% HCI in 70% lIsopropanol 2x1sec RT
6. Running tap water 5 RT
7. 0.1% Eosin 4 RT
8. ddH:0 Rinse RT
9. Dehydration:

RT

70% lsopropanol Rinse

96% Isopropanol 1

96% Isopropanol 1

100% Isopropanol 4

100% Isopropanol 4
10. 100% Xylol Il 4 RT
11. 100% Xylol | 4 RT
12. Mounting with Entellan® RT
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Table 5: Scoring System for the Extent of Cellular Tissue Infiltration (Lin et al., 2015)

Score Extent of cellular infiltration

1 Mild infiltration

Moderate infiltration, inflammatory cells scattered throughout the tissue but

background stromal connective tissue still intact

3 Severe infiltration, inflammatory cells infiltrate the tissue densely

7.5.1.2. Sirius Red

Sirius red is a strong anionic dye with a sulphonic acid group, that reacts with basic
groups in collagen molecules to stain collagen fibers red, while the cytoplasm remains
yellow in color (Junqueira et al., 1979). As collagen is a main player in ACR and the
formation of a fibrotic scar after AMI, Sirius red staining was used to quantify the extent
of fibrosis present in the LV (Y. Sun et al., 2000).

Tissue samples from each animal in the three- and 28-day group were chosen and
processed as described above. The samples were stained according to the Sirius red
staining protocol in table 6 below. Five independent images of each sample were taken
at 200-fold magnification using bright light microscopy and the relative fibrosis quantity

was analyzed using ImagedJ software in a blinded manner.

Table 6: Sirius Red Staining Protocol

Method Time (min) Temperature

1. Preparation of 0.1% Sirius red solution:
0.1% Direct Red 80 in 1.3% picric acid solution in ddH20 RT

with consequent maturing for one week

2. Deparaffinization: RT
100% Xylol | 10
100% Xylol 1l 10
100% Xylol 111 10
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3. Rehydration:

RT

100% Isopropanol 2

90% Isopropanol 2

70% Isopropanol 2

ddH->0O 5

ddH->0O 10
4. 0.1% Sirius red solution 60 RT
5. ddH:0 2 x rinse RT
6. Dehydration: RT

90% lsopropanol

100% Isopropanol
7. 100% Xylol IlI 10 RT
8. 100% Xylol Il 10 RT
9. 100% Xylol | 10 RT
10. Mounting with Entellan® RT

7.5.2. Immunofluorescence

Immunofluorescent histology stains were performed to assess angiogenesis, cell
proliferation, CM cell cycle reentry, CM hypertrophy, and cell death. Both
cryopreserved and FFPE tissue samples from the three-, seven-, 28-day group and
sham animals were utilized, whereby only samples from the second and third heart
slice were chosen for further processing. For each animal out of the three-, seven- and
28-day groups a total of six samples, two from each area (infarct, remote and border

zone), were chosen. For the sham animals two LV samples each were analyzed.
7.5.2.1. PECAM-1 WGA

Platelet endothelial cell adhesion molecule 1 (PECAM-1), also known as cluster of
differentiation (CD) 31 is a molecule expressed on the surface of a variety of cells
within the vascular system, such as platelets, monocytes, and neutrophils
(Lertkiatmongkol et al., 2016). Additionally, it is a key component of the endothelial
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intercellular junctions and can therefore be used as a marker to visualize the presence
of endothelial cells and consequently angiogenesis (H. Wei et al., 2005; Winkler et al.,
2018). Following myocardial infarction, angiogenesis serves as a repair mechanism to

preserve microvascular circulation and enable a functional recovery (Fan et al., 2015).

Wheat germ agglutinin (WGA) is a lectin binding to glycoconjugates, which are
abundantly present in cellular membranes (Chazotte, 2011). As a co stain it visualizes
the outlines of cells present.

Cryopreserved tissue samples from every animal in the three-day and 28-day group
were chosen according to the previous description, sectioned at 5 ym using a
cryotome and subsequently stained according to the PECAM-1 WGA staining protocol
in table 7 below. With a fluorescent and confocal microscope five independent
representative images were taken at 200-fold magnification from each sample in a
blinded manner. PECAM-1 signals were counted twice using ImagedJ and statistical
analysis was performed via GraphPad Prism software.

Table 7: PECAM-1 WGA Staining Protocol

Method Time (min) Temperature
1. Thaw sections 15 RT

2. Fixation of sections with precooled acetone 15 4°C

3. Cycle tissue sections with Liquid Blocker (DAKO pen) RT

4. Preparation of blocking buffer:
2% BSA, 0.1% Triton X-100 and 1% normal goat serum in
1X PBS-T (0.1% Tween20 in 1X PBS)

5. Incubation with blocking buffer 30 RT

6. Incubation with primary antibody diluted in blocking buffer

Overnight 4 °C
(ratio 1:50)
7. Washing in 1x PBS-T 3x10 RT

8. Preparation of fluorescent labeling solution:
2% BSA, 0.2% Triton X-100, secondary antibody (ratio
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1:50), 0.1% 1mM CaCl2 and WGA (ratio 1:10) in

1X PBS-T
9. Incubation with fluorescent labeling solution 120 RT
10. Washing in 1x PBS-T 3x10 RT
11. Mounting with Vectashield antifade mounting medium with RT
DAPI®
12. Storing protected from light 4°C

Table 8: Antibodies and Fluorescent Agents Used in PECAM-1 WGA Staining Protocol

Antibody Target Clonality Fluorescenttag Host Dilution

Primary antibody Anti-PECAM-1 Monoclonal IgG Mouse 1:50
Secondary antibody Anti-mouse Polyclonal IgG  Alexa Fluor® 594 Goat  1:50

Wheat germ
agglutinin (WGA)

Alexa Fluor® 488 1:10

7.5.2.2. Ki67 Cardiac Troponin |

Ki67 is a nuclear protein linked to cell proliferation and mitosis, which is abundantly
present during S, G2 and M phases and undergoes a continuous degradation process
in G1 and GO phases. Cells in quiescence, that recently underwent mitosis, still
express moderately high levels of Ki67, whereas cells that have remained in a state
of quiescence for longer do not express Ki67 above levels of detection; thereby, Kic7
is a sensitive marker to detect active and recently active cell proliferation. (Miller et al.,
2018)

cTnl is an integral part of the cardiac muscle cell and serves to identify CMs.

Cryopreserved tissue samples were chosen from the three-day and sham animal
groups as previously described and cut at 5 ym using a cryotome. After establishing
a working protocol to sensitively detect Ki67 and cTnl (as stated in table 9), the
samples were then stained accordingly. Sections were imaged at 630-fold
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magnification using a fluorescent and confocal microscope in a blinded manner and
five representative independent images were taken each. All CMs, as well as Ki67
positive CMs were counted twice. A CM was determined Ki67 positive if 250% of the
nucleus and the entire circumference of the nucleus expressed a Ki67 signal. A
statistical analysis of the relative amount of Ki67 positive cells was performed using
GraphPad Prism.

Table 9: Ki67 cTnl Staining Protocol

Method Time (min) Temperature
1. Thawing sections 15 RT

2. Fixation of sections with precooled acetone 15 4°C

3. Cycle tissue sections with Liquid Blocker (DAKO pen) RT

4. Preparation of blocking buffer:
0.2% Triton X-100 and 2% BSA in 1X PBS-T (0.1%
Tween20 in 1X PBS)

5. Incubation in blocking buffer 30 RT

6. Incubation of primary Ki67 antibody diluted in blocking

Overnight 4 °C
buffer (ratio 1:100)

7. Washing in 1 X PBS-T 3x10 RT

8. Incubation with secondary Ki67 antibody diluted in 120 RT
blocking buffer (ratio 1:200)

9. Washing in 1X PBS-T 3x10 RT

10. Incubation with primary cTnl antibody diluted in blocking

) Overnight 4°C
buffer (ratio 1:100)
11. Washing in 1X PBS-T 3x10 RT

12. Incubation with secondary cTnl antibody diluted in
blocking buffer (ratio 1:200)

120 RT
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13. Washing in 1X PBS-T 3x10 RT
14. Mounting with Vectashield antifade mounting medium with RT
DAPI®
15. Storing protected from light 4°C
Table 10: Antibodies Used in Ki67 cTnl Staining Protocol
Antibody Target Clonality Fluorescent tag Host Dilution
Primary Ki67 _
_ Anti-MKI67 Polyclonal IgG Rabbit  1:100
antibody
Secondary Ki67 . .
_ Anti-rabbit Polyclonal IgG Alexa Fluor® 568 Goat 1:200
antibody
Primary cTnl _
_ Anti-cTnl Polyclonal IgG Rabbit  1:100
antibody
Secondary cTnl . .
_ Anti-rabbit Polyclonal IgG Alexa Fluor® 488 Donkey 1:200
antibody
7.5.2.3. BrdU

In the mammal heart, CM proliferation regresses shortly after embryonic and fetal
development (Bergmann et al., 2015). Cardiac growth in an adult heart is
predominantly achieved via cellular hypertrophy, rather than proliferation, with a CM
turnover rate of only 0.3-1% per year (Bergmann et al., 2009; Waring et al., 2014).
However, studies have displayed that the stimulation of endogenous CM proliferation
is not only possible, but also has the ability to restore systolic cardiac function
(Gabisonia et al., 2019).

To visualize CM proliferation rate during the point of infarction until the termination of
the animals, an anti-BrdU stain on animals in the seven-day group was utilized. BrdU,
being a synthetic nucleoside that had previously been applied to the animals, is
integrated in newly formed DNA during mitosis. FFPE samples were chosen as

described above and sectioned at 4 ym using a microtome. First, a working method
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for heat induced epitope retrieval for antigen retrieval in FFPE preserved samples was

established; the protocol is described in table 11, subpoint 1 to 5 below. Following that,

the sections were stained according to the protocol described in table 11, subpoint 6

to 20. Five independent images were taken at 630-fold magnification from each

sample using fluorescent and confocal microscopy. The BrdU expressing signals were

counted twice in a blinded manner. A statistical analysis was then performed using

GraphPad Prism.

Table 11: BrdU Staining Protocol

Method Time (min) Temperature
1. Deparaffinization: RT
100% Xylol | 15
100% Xylol 1l 15
100% Xylol : 100% EtOH (1:1) 5
2. Rehydration: RT
100% EtOH 5
95% EtOH 5
80% EtOH 5
50% EtOH 5
3. Washing in 1X PBS 3x5 RT
4. Preparation of 1X citrate buffer, pH 6.0: RT
Dilution of 10X citrate buffer
5. Antigen Retrieval:
Rinse in ddH20 1 RT
Cover slides with 1X citrate buffer
Cook slides in the pressure cooker 10 120°C
Cool slides in ice water 10 0°C
Wash slides in ddHO 2x5 RT
Wash slides in 1X PBS-T (0.1% Tween20 in 1X PBS) 5 RT
6. Preparation of 0.1M borate buffer: RT

Dilution of 20X borate buffer
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Denaturation of DNA:
Incubate in 2N HCI:PBS (1:6)
Neutralize with 0.1M borate buffer

Washing in 1X PBS

Preparation of blocking buffer:
20% heat inactivated horse serum and 0.5% Triton X-
100 in 1X PBS

Blocking:
Incubation with 120 pl blocking buffer per slide

Preparation of incubation buffer:
2% normal horse serum and 0.5% Triton X-100 in 1X
PBS

Preparation of primary antibody solution:

Primary antibody diluted 1:100 in incubation buffer

Incubation with 120 ul primary antibody solution per

slide
Washing in 1X PBS
Washing in 1X TBS

Preparation of secondary antibody solution:

Secondary antibody diluted 1:200 in incubation buffer

Incubation with 120 ul secondary antibody solution per

slide
Washing in 1X PBS

Mount slides with Vectashield antifade mounting
medium with DAPI®

Store slides protected from light

30
10

3x5

60

Overnight

3x5

90

3x5

37°C
RT

RT

RT

RT

RT

RT

RT

RT

4°C
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Table 12: Antibodies Used in BrdU Staining Protocol

. Clonality and
Antibody Target Fluorescenttag Host Dilution
antibody class
Primary antibody Anti-BrdU  Polyclonal IgG Rabbit 1:100
Secondary . .
. Anti-rabbit  IgG Alexa Fuor® 568 Goat 1:200
antibody

7.5.2.4. WGA DAPI

ACR includes not only fibrosis, but also cellular hypertrophy; both mechanisms leading
to a thickening of the ventricular wall and impairment of global cardiac function (Cong
et al.,, 2017). To analyze CM hypertrophy, cryopreserved samples of the three-day
group have been chosen as stated above. The samples were cut at 5 ym and stained
according to the WGA DAPI staining protocol in table 13. Five independent images
were obtained at 630 and 200-fold magnification in a blinded manner using fluorescent
and confocal microscopy. The maximum and minimum ferret diameter, as well as the
average fiber size were calculated via the semi-automatic muscle analysis using
segmentation of histology (SMASH) toolbox within the MathLab software. Statistical
analysis was performed using GraphPad Prism.

Table 13: WGA DAPI Staining Protocol

Method Time (min) Temperature
1. Thawing sections 15 RT
2. Fixation in precooled acetone 15 4°C
3. Cycle organ sections with a liquid blocker (DAKO pen) RT

4. Preparation of blocking buffer:
2% BSA in 1X PBS-T (0.1% Tween20 in 1X PBS)

5. Incubation with blocking buffer 30 RT
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6. Preparation of fluorescent labeling solution:
0.2% Triton X-100, 0.1% WGA, 0.1% 1mM CaCl,, Hoechst
33342 (ratio 1:500) in blocking buffer

7. Incubation with fluorescent labeling solution 60 RT
8. Washing with 1X PBS-T 3x10 RT
9. Mount slides with aqueous mounting medium

10. Storage protected from light 4°C

7.5.2.5. TUNEL Cardiac Troponin |

Terminal deoxyribonucleotidyl transferase-mediated dUTP-digoxigenin nick end
labeling (TUNEL) assay is a method to trace cell death via detection of 3’-hydroxyl
termini in DNA fragments (Crowley et al., 2016). The assay does not distinguish
among the different causes for cell death, such as apoptosis or necrosis (Grasl-Kraupp
et al., 1995). In combination with a cTnl co-stain as a sensitive marker for CMs, it can
be used to visualize CM death following AMI.

After establishing the TUNEL cTnl co-staining protocol, cryopreserved border zone
samples from the three-day animal group were cut at 5 pm using a cryotome and
stained according to the protocols depicted in table 14 and 15. Following that, five
independent images were taken at 630-fold magnification from each sample in a
blinded manner using fluorescent and confocal microscopy. All CMs, as well as
TUNEL expressing CMs were counted twice. A CM was determined TUNEL positive
if = 50% of the nucleus and the entire circumference of the nucleus expressed the
signal. A statistical analysis of the relative amount of TUNEL positive CM was

performed using GraphPad Prism.

Table 14: In Situ Cell Death Detection Kit, TMR Red® Protocol

Method Time (min) Temperature
1. Thawing sections 15 RT
2. Cycle tissue sections with Liquid Blocker (DAKO pen) RT
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3. Preparation of fixation solution:
4% paraformaldehyde in 1X PBS, pH 7.4
4. Fixation of tissue sections with fixation solution 20 RT
5. Washing with 1X PBS 3x10 RT
6. Preparation of permeabilization solution:
0.1% Triton X-100 and 0.1% sodium citrate in ddH>O
7. Incubation in permeabilization solution on ice 2 4°C
8. Preparation of TUNEL reaction mixture:
Add 50 pl of enzyme solution to 450 pl label solution and
mix well to equilibrate components
9. Washing with 1X PBS 3X5 RT
10. Incubation with 50 pl of TUNEL reaction mixture per tissue
. 60 37 °C
section
11. Washing with 1X PBS 3x5 RT
Table 15: cTnl Co-staining Protocol
Method Time (min) Temperature
12. Washing in 1X PBS 3x5 RT
13. Preparation of blocking buffer
0.2% Triton X-100 and 2% BSA in 1X PBS
14. Incubation with blocking buffer 30 RT
15. Incubation with primary antibody diluted in blocking buffer _
) Over night 4°C
(ratio 1:100)
16. Washing in 1X PBS 3x10 RT
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17. Incubation with secondary antibody diluted in blocking

120 RT
buffer (ratio 1:200)
18. Washing with 1X PBS 3x10 RT
19. Mounting with Vectashield antifade mounting medium with
DAPI®
20. Storing protected from light 4°C
Table 16: Antibodies Used in cTnl Staining Protocol
Clonality and o
Antibody Target Fluorescent tag Host Dilution
antibody class
Primary antibody Anti-cTnl Polyclonal IgG Rabbit 1:100

Secondary antibody Anti-rabbit Polyclonal IgG  Alexa Fluor® 488 Donkey  1:200

7.6. Hydroxyproline Assay

The amino acid hydroxyproline is commonly found in collagen. As collagen is an
integral part of ECM accumulation in cardiac fibrosis, the quantification of
hydroxyproline present in LV tissue samples via hydroxyproline assay serves as a
marker for the presence and extent of myocardial fibrosis (Schipke et al., 2017). For
this assay, six cryopreserved samples were chosen: two remote, border and infarct
zone samples for each animal from the three-day group. Firstly, a new method to
mechanically powder cryopreserved tissue utilizing liquid nitrogen, mortar and pestle
was established. 40 to 80 mg of each sample were powdered and stored on dry ice.
This was followed by the execution of the hydroxyproline assay kit, according to the
manufacturers protocol, as stated in table 17. Each sample and the standard were
hereby loaded as duplicates. Absorbance was then measured thrice at 560 nm optical
density (OD) with a microplate reader and statistical analysis performed using
GraphPad Prism.
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Table 17: Hydroxyproline Assay Kit (Colorimetric) Protocol

Method

Time (min) Temperature

1. Standard preparation:

i. Prepare 200 pl of 0.1 pg/pl standard by diluting 20 pl of
the provided standard (1 mg/ml solution) in 180 pl of
ddH20.

ii. Then dilute the standard using ddH-O to receive 0.1
pg/ul, 0.08 pg/ul, 0.06 pg/ul, 0.04 ug/ul and 0.02 pg/pl.
Use ddH,O for a 0.00 pg/ul concentration.

iii. Transfer the standard into a 96 well plate in duplicates.

2. Add 100 pl of ddH20O for every 10mg of powdered tissue
and thoroughly homogenize with an ultrasonic probe

homogenizer.

3. Transfer 100 ul of sample homogenate to a pressure-tight,

screw-capped polypropylene vile.

4. Add 100 pl of 10N concentrated NaOH to each tissue

sample homogenate. Heat the samples up to 120°C using 60

a pressure cooker and incubate for one hour.

5. Following alkaline hydrolysis, place vile on ice.

6. Add 100 pl of 10N concentrated HCI to neutralize residual
NaOH. Vortex vile.

7. Centrifuge vile at 10,000 x g to pellet any insoluble debris

that may remain following hydrolysis.

8. Collect supernatant and transfer to a new tube. Keep on

ice.

9. Add 50 pl of each sample in duplicates to a 96-well plate.

5

RT

RT

RT

120°C

RT

RT

4°C

4°C
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10. Evaporate the sample hydrolysate and standard curve

wells to dryness. A crystalline residue will be left in the 65°C
well.

11. Preparation of oxidation reagent mix: RT
Add 6 pl of Chloramine T concentrate to 94 ul of oxidation
buffer for each sample.

12. Add 100 pl of oxidation reagent mix to each well and 20 RT
incubate the plate at RT for 20 min.

13. Add 50 pl of developer to each reaction well and incubate 5 37°C
the plate at 37°C for 5 min.

14. Add 50 pl of DMAB concentrate solution to each reaction RT
well and mix contents thoroughly.

15. Seal the plate with the provided microplate sealer film and 45 65°C
incubate at 65°C for 45 min.

16. Measure absorbance at OD 560 nm on a microplate RT

reader.

7.7. Statistical Analysis

Statistical analysis was performed using Microsoft® Excel (Version 16.55
(21111400)). GraphPad Prism (Version 9.30 (345)) was used for further statistical
analysis, as well as the generation of statistical figures and graphs. For each
experiment, the remote, border and infarct zone of saline and rhAgrin injected pigs
were compared. First, the Shapiro Wilk normality test was performed to analyze
normality according to the gaussian distribution. Then, the appropriate statistical test
was chosen for each experiment. For normally distributed data in two unpaired groups,
the statistical significance was interpreted using an unpaired two-tailed t test with
Welch'’s correction for unequal variances. If samples in two unpaired groups were not

normally distributed, the non-parametric Mann-Whitney-U test was used. For the 28
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day group, a one-way analysis of variance (ANOVA) test was executed. Finally, as the

HE stain was analyzed semi quantitatively, only descriptive data was collected. For all

statistical test performed, a p-value <0.05 was identified as statistically significant.

Further annotations of statistical significance are explained in table 18 below.

Table 18: Notation of Statistical Significance

P-value Implication Notation
2 0.05 Not significant ns
<0.05 Significant *

<0.01 Very significant >

< 0.001 Highly significant b

< 0.0001 Extremely significant bl
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8. Results

8.1. Agrin’'s Regenerative Potential in a Large Animal Model

8.1.1. Measurement of Cardiac Function In Vivo

In vivo cardiac function was assessed on the day of AMI and after a three- and 28-day
reperfusion period in animals from the 28-day group.

LVEF serves as a measure for systolic cardiac function. As early as three days after
AMI, a relevant reduction in LVEF in saline and rhAgrin treated animals can be noticed
compared to the baseline at day 0. However, compared to the saline injected control
LVEF is significantly upheld upon single and dual dose rhAgrin treatment. After 28
days, a further reduction in LVEF to 24.78 + 1.02% can be objectified in saline injected
animals, whereas LVEF is preserved in single dose rhAgrin treated animals at 36.81
+ 2.38%. This represents a 48.55% gain of systolic function upon a single injection of
rhAgrin. There is a trend towards further cardio protection after dual dose rhAgrin
injection, with an upheld LVEF at 41.66 £ 1.79% and a gain of 68.12% compared to

the saline injected control. Republished from (Baehr et al., 2020)

LVEDP is a distinguishing prognostic parameter in diastolic dysfunction and heart
failure (Zile et al., 2001). Three days after AMI, a significant increase in LVEDP can
be objectified in saline injected animals, whereas LVEDP is maintained just above
baseline in rhAgrin treated animals, with no relevant difference between a single or
dual dose injection. This trend is exacerbated after 28 days as LVEDP rises even
further to 17.72 + 0.82 mmHg in saline injected animals and remains unchanged at
10.26 £ 0.36mmHg and 10.13 £ 0.92mmHg in single and dual dose rhAgrin treated

animals respectively. Republished from (Baehr et al., 2020)
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Figure 7: Cardiac Function in Saline and rhAgrin Treated Pigs (Baehr et al., 2020)

A, Scheme describing the experimental plan. Animals were treated with 1 or 2 doses of rhAgrin at days
0 and 3 after AMI and followed until day 28. Saline was used as a control. B and C, Bar graphs depicting
the LVEF measurements derived from c-arch x-ray imaging. B, Bar graph depicting LVEF values at
baseline and 3 and 28 days after AMI. C, Bar graph describing LVEF reduction in different treatments
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at end point. D and E, Bar graphs showing the change in LVEDP, measured by pressure-volume loop
catheter. D, Bar graph depicting LVEDP values at baseline and 3 and 28 days after AMI. E, Bar graph
demonstrating LVEDP changes in different treatments at experimental end point. AMI indicates acute
myocardial infarction; rhAgrin, recombinant human agrin; LVEF, left ventricular ejection fraction;
LVEDP, left ventricular end diastolic pressure. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (Baehr et

al., 2020)
A, B, C, D and E republished from (Baehr et al., 2020).

8.1.2. Cardiomyocyte Proliferation

CM proliferation and cell-cycle re-entry was measured by Ki67 cTnl staining in the

three-day group and BrdU-incorporation in the seven-day group.
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Figure 8: Cardiomyocyte Proliferation in Saline and rhAgrin Treated Pigs (Baehr et al., 2020)
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Pigs underwent AMI, and reperfusion was sustained for three or seven days. The hearts were harvested
on day three or seven, and histological analysis was performed. Three-day group: saline, n=3; rhAgrin,
n=4. Seven-day group: saline, n=2; rhAgrin, n=3. A and B, CM proliferation/ cell cycle reentry was
assessed by Ki67 immunofluorescent staining in the three-day group. A co-staining protocol using
immunofluorescent cTnl was applied as a CM specific marker. A, Representative images at 630-fold
magnification of Ki67 cTnl co-stained sections from the border zone of saline and rhAgrin treated
animals. White arrows indicating Ki67* CMs. White scale bar in bottom right corner represents 10 um.
B, Bar graph depicting mean £ SEM of Ki67* CMs (%) in the remote, border and infarct zone of saline
and rhAgrin treated animals. C, Pigs from the seven-day group were administered BrdU every other
day for a week after AMI. CM proliferation/ cell cycle reentry was measured by immunofluorescent
staining of BrdU incorporation. Bar graph depicting mean + SEM of BrdU" cells in the remote, border
and infarct zone of saline and rhAgrin treated animals. AMI indicates acute myocardial infarction; CMs,
cardiomyocytes; cTnl, cardiac troponin |; SEM, standard error of mean; BrdU, bromodeoxyuridine; BZ,
border zone; ns, nonsignificant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (Baehr et al., 2020)

A and B republished from (Baehr et al., 2020).

Ki67 is a nuclear protein linked to mitosis and can be utilized to demonstrate cell
proliferation. In adult sham animals, the baseline cell-cycle activity was measured at
1.09 £ 0.40% Ki67" CMs. Both saline and rhAgrin injected animals revealed an
increased proliferative activity. Across the heart, proliferation was enhanced from
remote areas to the infarct zone in both groups. However, a significant upregulation of
cell cycle re-entry in rhAgrin compared to saline injected animals could be observed.
This was most prominent in the border zone, with a rise of Ki67* CMs from 9.82 +
0.35% to 14.04 £ 0.84% (P = 0.0099). Additionally, a 42.77% gain in proliferative
activity was apparent in the infarct zone (saline, 9.61 + 0.81%; rhAgrin, 13.72 +
0.92%). Republished from (Baehr et al., 2020)

Animals in the seven-day group were administered BrdU every other day following
AMI. BrdU is a base analog and is incorporated into the DNA of proliferating cells,
thereby serving as a marker for accumulative cell-cycle re-entry over time. An increase
in BrdU™ signal density upon rhAgrin treatment compared to the saline injected control
was measured. This accounts for a 183.94% gain of proliferative activity in the border
zone (saline, 153.72 + 59.97/mm?; rhAgrin, 436.48 + 169.14/mm?) and a 160.60% gain
in the infarct zone (saline, 368.61 + 16.14/mm2; rhAgrin, 960.63 * 518.06/mm?).

However, both sets of data were statistically non-significant.
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8.1.3. Infarct Size and Fibrosis of the Heart

8.1.3.1. Infarct Size

Infarct size was assessed using TTC viability staining and normalized in relation to the

LV area.
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Figure 9: Infarct Size of Saline and rhAgrin Treated Pig Hearts (Baehr et al., 2020)

Pigs underwent AMI, and reperfusion was sustained for 28 days. The hearts were harvested on day
28, and histological analysis was performed. Saline, n=8; rhAgrin 1 dose, n=6; rhAgrin 2 doses, n=5. C
and D, Scar assessment after saline or rhAgrin treatment at 28 days after AMI. C, Upper panel:
representative images of heart section after TTC staining (white represents scar tissue, red represents
viable myocardium); lower panel: same images with a graphic mask depicting healthy tissue (red) and
scar (black). D, Bar graph describing the scar tissue in percent of the left ventricular wall, derived from
TTC image analysis. AMI indicates acute myocardial infarction; TTC, triphenyltetrazolium chloride.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (Baehr et al., 2020)

C and D republished from (Baehr et al., 2020).

28 days post AMI, a significant reduction in infarct size from 21.03 + 2.16% to 10.39
1.65% in single dose rhAgrin treated animals compared to the saline injected control
was objectified. A further decrease in infarct size to 8.51 + 1.62% was measured upon
dual rhAgrin injection. Republished from (Baehr et al., 2020)

8.1.3.2. Fibrosis

The relative amount of fibrosis in the heart of three- and 28-day animals was assessed
by quantitative analysis of the collagen density in Sirius red stained heart sections
using Imaged software. Additionally, the amount of collagen present in samples from
the three-day group was appraised by the amount of hydroxyproline detected.
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Figure 10: Fibrosis in Saline and rhAgrin Treated Pigs (Baehr et al., 2020)

Pigs underwent AMI, and reperfusion was sustained for three or 28 days. The hearts were harvested
on day three or 28, and histological analysis was performed. Three-day group: saline, n=3; rhAgrin,
n=4. 28-day group: saline, n=8; rhAgrin 1 dose, n=6; rhAgrin 2 doses, n=5. A and B, Interstitial fibrosis
was assessed by Sirius Red staining for animals in the three-day group. A, Representative images at
200-fold magnification of Sirius Red stained sections from the remote, border and infarct zone of saline
and rhAgrin treated animals. Black scale bar in bottom right corner represents 50 um. B, Bar graph
depicting mean + SEM of the percentage of collagen measured in heart sections of the remote, border
and infarct zone of saline and rhAgrin treated animals. C, Bar graph depicting mean + SEM of
hydroxyproline (ug) measured in samples from the remote, border and infarct zone of saline and rhAgrin
treated animals in the three-day group. D and E, Interstitial fibrosis was assessed by Sirius red staining
for animals in the 28-day group. D, Representative images at 200-fold magnification of Sirius red stained
sections from the remote, border and infarct zone of saline, single and dual dose rhAgrin treated
animals. Black scale bar in bottom right corner represents 50 um. E, Bar graph depicting mean + SEM
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of the percentage of collagen measured in heart sections of the remote, border and infarct zone of
saline, single and dual dose rhAgrin treated animals. AMI indicates acute myocardial infarction; SEM,
standard error of mean; BZ, border zone; ns, nonsignificant. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. (Baehr et al., 2020)

A, B, D (Infarct) and E (Infarct) republished from (Baehr et al., 2020).

Collagen density measured by Sirius red staining is reduced in rhAgrin treated animals
of the 28-day and three-day group compared to the saline injected control in the infarct
and border zone of the heart. Republished from (Baehr et al., 2020)

This was most pronounced in the infarct zone of 28-day animals, where a 53.65% loss
of relative interstitial fibrosis from 49.97 + 4.84% to 23.16 £ 4.22% (P < 0.0001) was
measured in single dose rhAgrin treated animals. After a second dose of rhAgrin, a
trend towards further reduction to 20.66 + 5.04% interstitial fibrosis was observed.
Within the border zone, a significant reduction of collagen density from 8.64 + 0.48%
in saline injected to 5.01 + 0.26% and 6.25 £ 1.06% in single and dual dose rhAgrin
injected animals respectively was quantified (single dose, P = 0.0009; dual dose, P =
0.0289). Republished from (Baehr et al., 2020)

Like in the 28-day group, collagen density was reduced in the border and infarct zone
of rhAgrin treated animals as early as three days post AMI. This accounts for a 36.09%
(saline, 4.60 + 0.23%; rhAgrin, 2.94 £ 0.22%) reduction of interstitial fibrosis in the
infarct zone and a 47.04% (saline, 3.38 + 0.43%; rhAgrin, 1.79 £ 0.18%) reduction in
the border zone. Republished from (Baehr et al., 2020)

No significant difference in the amount of hydroxyproline present between rhAgrin
treated and control animals was objectified. Interestingly, a downwards trend of
hydroxyproline content from the remote to the infarct zone in saline injected animals
can be observed. Hydroxyproline content in rhAgrin treated animals remains
approximately consistent across all areas of the heart.
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8.2. Investigating Agrin’s Pleiotropic Mechanism of Action

8.2.1. Cell Death

A TUNEL assay was applied to quantify cell death within the border zone of hearts
from the three-day animal group. To differentiate between CM and other cells, such
as invading inflammatory cells, the CM-specific marker cTnl was introduced in a

second approach. This is represented in figure 11 below.
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Figure 11: Cell Death in Saline and rhAgrin Treated Animals (Baehr et al., 2020)

Pigs underwent AMI, and reperfusion was sustained for three days. The hearts were harvested on day
three, and histological analysis was performed. Saline, n=3; rhAgrin, n=4. A and B, Cell death was
assessed by TUNEL immunofluorescent staining in the three-day group. A, Representative images at
100-fold magnification of TUNEL stained sections from the border zone of saline and rhAgrin treated
animals. White scale bar in bottom right corner represents 301.9 um. B, Bar graph depicting mean +
SEM of TUNEL? cells in the border zone of saline and rhAgrin treated animals. C and D, Cell death was
assessed by TUNEL immunofluorescent staining in the three-day group. A co-staining protocol using
immunofluorescent cTnl was applied as a CM specific marker. C, Representative images at 630-fold
magpnification of TUNEL cTnl co-stained sections from the border zone of saline and rhAgrin treated
animals. White arrows indicate TUNEL* CMs. White scale bar in bottom right corner represents 25 um.
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D, Bar graph depicting mean + SEM of TUNEL" CMs (%) in the border zone of saline and rhAgrin
treated animals. AMI indicates acute myocardial infarction; TUNEL, terminal deoxyribonucleotidyl
transferase-mediated dUTP-digoxigenin nick end labeling; CMs, cardiomyocytes; cTnl, cardiac troponin
I; SEM, standard error of mean; BZ, border zone; ns, nonsignificant. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. (Baehr et al., 2020)

B, C and D republished from (Baehr et al., 2020).

TUNEL assay gives evidence for a reduction in the cell death density in rhAgrin treated
animals compared to the saline control. TUNEL" signals were downregulated from
672.42 + 259.55 /mm? to 226.16 + 27.35 /mm?, resulting in a 66.37% reduction of cell
death upon rhAgrin administration. Republished from (Baehr et al., 2020)

This trend was confirmed in the analysis of CM death specifically. The relative amount
of TUNEL™ expressing CMs in rhAgrin treated animals was significantly reduced from
7.38 £ 1.58% in control animals to 3.05 + 0.40% upon rhAgrin treatment (P = 0.0286).

This amounts for a 58.67% reduction in CM death on account of rhAgrin treatment.
Republished from (Baehr et al., 2020)

8.2.2. Inflammation

HE staining was utilised to detect cell infiltration and the level of inflammation in the
heart of animals within the three-day group. Analysis was performed applying a semi-
quantitative scoring system from one to three (1, mild infiltration; 2, moderate
infiltration, inflammatory cells scattered throughout the tissue but background stromal
connective tissue still intact; 3, severe infiltration, inflammatory cells infiltrate the tissue
densely) (Lin et al., 2015). Representative images accounting for the different levels
of infiltration are depicted in figure 12 A below.

Cell infiltration and inflammation is severely enhanced in both saline and rhAgrin
injected animals in the infarct compared to the remote area of the heart (saline, 1.40
+ 0.10 to 2.29 + 0.14; rhAgrin, 1.30 £ 0.10 to 1.85 + 0.14).

The level of inflammation is reduced in rhAgrin treated animals compared to saline
injected control animals across the entire heart. This depletion in inflammatory cell

infiltration upon rhAgrin treatment is most pronounced in the infarct zone.
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Figure 12: Level of Cell Infiltration in Saline and rhAgrin Treated Pigs

Pigs underwent AMI, and reperfusion was sustained for three days. The hearts were harvested on day
three, and histological analysis was performed. Saline, n=3; rhAgrin, n=4. A, B and C, Inflammation
was assessed semi-quantitatively by density of cell infiltration using HE staining in the three-day group.
A, Representative HE stained heart sections at 100-fold magnification depicting three different levels
of cell infiltration and inflammation. Black scalebar in the bottom right corner represents 100 ym. B,
Representative images at 100-fold magnification of HE stained sections from the infarct zone of saline
and rhAgrin treated animals. Black scalebar in the bottom right corner represents 100 um. B, Bar graph
depicting mean + SEM of level of cell infiltration in the remote, border and infarct zone of saline and
rhAgrin treated animals. AMI indicates acute myocardial infarction; HE, Hematoxylin and eosin; SEM,
standard error of mean; BZ, border zone.

8.2.3. Capillary Network

The capillary network of saline, single and dual dose rhAgrin treated animals from the
three-day and 28-day group was assessed using a PECAM-1 WGA co-staining
protocol. PECAM-1 is a potent marker for endothelial cells.

The density of PECAM-1* signals was reduced in the border and infarct zone
compared to the remote area of the heart in both, saline and rhAgrin injected animals
of the three- and 28-day group. Republished from (Baehr et al., 2020)
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Figure 13: Capillary Network in Saline and rhAgrin Treated Pigs (Baehr et al., 2020)
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Pigs underwent AMI, and reperfusion was sustained for three or 28 days. The hearts were harvested
on day three or 28, and histological analysis was performed. Three-day group: saline, n=3; rhAgrin,
n=4. 28-day group: saline, n=8; rhAgrin 1 dose, n=6; rhAgrin 2 doses, n=5. A and B, Capillary network
was assessed by PECAM-1 WGA co-staining for animals in the three-day group. A, Representative
images at 200-fold magnification of PECAM-1 WGA co-stained sections from the border zone of saline
and rhAgrin treated animals. White scale bar in bottom right corner represents 50 um. B, Bar graph
depicting mean + SEM of PECAM-1* signals per mm? measured in heart sections of the remote, border
and infarct zone of saline and rhAgrin treated animals. C and D, Capillary network was assessed by
PECAM-1 staining for animals in the 28-day group. C, Representative images at 200-fold magnification
of PECAM-1 stained sections from the remote, border and infarct zone of saline, single and dual dose
rhAgrin treated animals. White scale bar in bottom right corner represents 100 ym. D, Bar graph
depicting mean + SEM of PECAM-1* signals per mm? measured in heart sections of the remote, border
and infarct zone of saline, single and dual dose rhAgrin treated animals. AMI indicates acute myocardial
infarction; PECAM-1, platelet endothelial cell adhesion molecule 1; WGA, wheat germ agglutinin; SEM,
standard error of mean; BZ, border zone; ns, nonsignificant. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. (Baehr et al., 2020)

A (merged), B and D republished from (Baehr et al., 2020).

Within the three-day group, rhAgrin injected animals expressed a denser capillary
network across the whole heart compared to the control. This was most evident in the
border zone adjacent to the infarct, where an increase from 356.98 + 50.59 to 663.15
+61.15 PECAM-1* signals /mm? was registered upon rhAgrin treatment (P = 0.0119).
This accounts for an 85.77% gain in endothelial cells. Republished from (Baehr et al., 2020)

The elevation of capillary network density upon rhAgrin treatment was confirmed in
the 28-day group across the whole heart. A 45.53 % gain in PECAM-1" signals from
218.86 + 11.25 /mm? to 401.83 + 29.60 /mm? after a single dose of rhAgrin compared
to the control was observed in the border zone of the heart (P < 0.0001). No further
increase in PECAM-1* signals was displayed in dual rhAgrin treated animals (382.85
+ 39.99 /mm?). Within the infarct zone, higher numbers of PECAM-1* signals were
quantified in single and dual dose rhAgrin treated animals (single dose, 207.41 + 18.04
/mm?; dual dose, 211.84 + 21.80 /mm?) compared to the saline-injected control
(107.35 £ 9.00 /mm?); both increments are statistically significant (single dose rhAgrin,
P =0.0003; dual dose rhAgrin, P =0.0006). Again, no further rise in PECAM-1* signals

was observed in dual compared to single dose rhAgrin treated animals. Republished
from (Baehr et al., 2020)
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8.2.4. Cardiomyocyte Size

To quantify CM size and assess cardiac hypertrophy, a WGA staining protocol was

applied to animals from the three-day group. CMs were identified, due to the central

position of their DAPI stained nuclei and size was analysed via SMASH toolbox within

the MathLab software.
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Figure 14: Cardiomyocyte Size in Saline and rhAgrin Treated Pigs

e Saline
e Agrin

Pigs underwent AMI, and reperfusion was sustained for three days. The hearts were harvested on day
three, and histological analysis was performed. Saline, n=3; rhAgrin, n=4. A and B, CM size was
assessed by WGA immunofluorescent staining in the three-day group. A, Representative images at
630-fold magnification of WGA stained sections from the border zone of saline and rhAgrin treated
animals. White arrows indicating the exemplary central position of the nucleus in CMs. White scale bar
in bottom right corner represents 10 um. B, Bar graph depicting mean + SEM of CM size in the remote,
border and infarct zone of saline and rhAgrin treated animals. AMI indicates acute myocardial infarction;
CMs, cardiomyocytes; WGA, wheat germ agglutinin; BZ, border zone; ns, nonsignificant. *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001.

CMs are enlarged in the remote compared to the infarct zone of the heart of both saline
and rhAgrin treated animals (saline, 261.10 £ 8.96 ym to 290.85 + 30.78 ym; rhAgrin
296.37 £ 25.63 ym to 340.31 £ 40.98 ym). However no significant difference in CM
size of rhAgrin treated animals compared to saline injected control animals could be

observed across the heart.
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9. Discussion

9.1. Investigative Results

9.1.1. rhAgrin Treatment Improves Heart Regeneration and Long-term Cardiac

Function after AMI in Pigs

A recent study unveiled agrin’s crucial role in the regenerative capacity of neonatal
mouse hearts and demonstrated that rrAgrin application following AMI induces CM
proliferation and cardiac repair in an ischemia/ reperfusion mouse model (Bassat et
al., 2017). Now, this investigation provides new insights to substantiate the
cardioprotective role of rhAgrin application following AMI in a large animal model and
serves as a translational approach to bridge the gap between preclinical mouse
models and clinical application.

9.1.1.1.  Prevention of Global Cardiac Dysfunction

LVEF, commonly used to appraise systolic cardiac function, was improved upon
rhAgrin treatment as early as three days after AMI. This trend was accentuated after
28 days, as LVEF was upheld in rhAgrin treated animals, but distinctly decreased in
the saline injected control. LVEF recovery after AMI is pertinent, as it is associated
with a reduction in long-term cardiovascular mortality (Otero-Garcia et al., 2021).

Additionally, LVEDP data collected suggests a regression of diastolic dysfunction in
rhAgrin treated pigs. LVEDP is significantly reduced upon rhAgrin treatment compared
to the saline injected control and nearly returns to baseline measures after 28 days.
Recent studies have demonstrated that HFpEF is the dominant type of CHF following
AMI, putting the appraisal and treatment of diastolic dysfunction to the forefront of
future investigations (Kamon et al., 2021).

Both measures of cardiac function do not remarkably change with a second dose of
rhAgrin on day three. This suggests, that agrin’s cardioprotective potential enfolds
early after AMI.
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Taken together, this study demonstrates a global improvement of cardiac function
upon rhAgrin treatment.

9.1.1.2. Enhanced Cardiomyocyte Cell Cycle Re-entry

There have previously been successes in reactivating the proliferative potential of
CMs in the adult murine heart, leading to improved cardiac repair (Bassat et al., 2017,
D'Uva et al., 2015; Eulalio et al., 2012; Morikawa et al., 2017; K. Wei et al., 2015). This

study now demonstrates a likewise capacity of cell-cycle re-entry in the porcine heart.

CM proliferation, as assessed by Ki67* CMs and BrdU incorporation, was enhanced
in both the infarct and border zone of the myocardium upon rhAgrin treatment.
Proliferative activity is increased due to an agrin mediated activation of Yap1 with
subsequent suppression of the Hippo pathway (Bassat et al., 2017; von Gise et al.,
2012). Increased CM proliferation following AMI has previously been linked to
improved cardiac function, which is in line with in vivo functional data demonstrated in
this study (Bassat et al., 2017; D'Uva et al., 2015; Eulalio et al., 2012; K. Wei et al.,
2015). Still, the proliferative stimulus should not be prolonged indefinitely, as it can
result in uncontrolled CM proliferation and lethal arrhythmias (Gabisonia et al., 2019).
Bassat et al. (2017) provided evidence for the transient retention of rrAgrin within the
murine heart for no more than three days (Bassat et al., 2017). However, these
findings need to be substantiated in the porcine or human heart prior to clinical

application.

Interestingly, both the saline and rhAgrin treated porcine hearts displayed a vast
increase in CM proliferative activity across the entire heart compared to the sham
control. This is consistent with an investigation performed on rats, which demonstrated
a re-entry of CM into the cell cycle after induction of AMI (Y. Li et al., 2013).

9.1.1.3. Reduction of Scar Formation and Fibrosis within the Heart

Scar formation and fibrosis following AMI is an ambiguous process, with both
favourable and detrimental effects on cardiac function and patient outcome.

On one hand, within the infarct zone replacement fibrosis is imperative to preserve LV

structural integrity, avoid ventricular rupture and initially maintain cardiac output
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(Barandon et al., 2003; Cohn et al., 2000; Gao et al., 2010; Gao et al., 2005). On the
other hand, ACR results in reactive fibrosis of the remote myocardium, leading to
increased tissue stiffness, potentially lethal arrhythmias, and heart failure
(Arunachalam et al., 2018; Gonzalez-Santamaria et al., 2015; Gordon et al., 2018;
Ripplinger et al., 2009; Roberts et al., 1975; Tschabrunn et al., 2016).

In this study, a relevant reduction of interstitial fibrosis was demonstrated as early as
three days post AMI in the infarct and border zone upon rhAgrin treatment. Less
fibrosis in both infarct and border zone might reflect the attenuation of both,
replacement and reactive fibrosis. This was further accentuated after 28 days,
resulting in a macroscopically reduced infarct size. Like the in vivo functional data, no
significant additive effect was observed upon dual rhAgrin injection on day three.
Taken together with the relevant reduction of interstitial fibrosis on day three already,
this suggests an early initiation of agrin’s reparative processes.

A reduction in cardiac fibrosis is strongly associated with improved diastolic function
due to lower myocardial stiffness (Moreo et al., 2009; Piccoli et al., 2017; Santos-
Gallego et al., 2021). In this study, this is reflected in a reduction of LVEDP, as
demonstrated previously. Interestingly, LOX gene expression, the enzyme responsible
for maturation of the collagen matrix and therefore enhancing myocardial stiffness,
peaks early (at day three) post AMI (Gonzalez-Santamaria et al., 2015). An interplay
of agrin and LOX is currently unknown but might be a relevant target for future

investigations.

9.1.2. rhAgrin’s Pleiotropic Mechanism of Action Ameliorates Hallmarks of ACR

Following AMI in Pigs

Agrin’s cardioprotective potential has previously been attributed to promoting CM
proliferation and diminishing scar formation (Bassat et al., 2017). This research now
demonstrates a pleiotropic mechanism of action, which additionally involves cell
survival, immune modulation, and proangiogenic pathways. Just recently, a
remarkably similar mechanism of action has been revealed in a murine cerebral

ischemia/ reperfusion model upon intrathecal injection of agrin (S. Li et al., 2020).
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9.1.2.1. Reduction of Cardiomyocyte Loss Within the Heart

Following AMI, necrotic and apoptotic cell death results in the loss of CMs and
inflammatory cells (F. Han et al., 2019; T. N. James, 1998; Whyte et al., 1993). TUNEL
staining can be utilised to detect fragmented DNA, which is characteristic for both
mechanisms of cell loss and therefore nonspecific for detection of apoptosis (Grasl-
Kraupp et al.,, 1995; Mizuta et al., 2013). In this study, histological analysis
demonstrated a significant reduction in TUNEL* CMs within the border zone upon
rhAgrin application. This might be the result of agrin inhibiting the Hippo pathway via
Yap- and ERK-mediated signalling in the heart; a repression of the Hippo pathway has
previously been linked to improved CM survival and cardiac function (Bassat et al.,
2017; J. Huang et al., 2005; Triastuti et al., 2019).

9.1.2.2. Impeding Inflammation

The initial inflammatory response following AMI is imperative for adequate wound
healing, as it allows for the clearing of cellular debris and apoptotic cells from the
infarct zone (Horckmans et al.,, 2017; Jia et al., 2022; X. Wang et al., 2018).
Suppression of the sterile inflammation following AMI can therefore lead to adverse
effects and worsening of cardiac function (Timmers et al., 2007; X. Wang et al., 2018).
Nonetheless, a prolonged inflammatory response leads to the degradation of the
ECM, progressive ACR and the development of heart failure (Dobaczewski, Xia, et al.,
2010; S. Liu et al., 2020; Sundstrom et al., 2004; Tripathi et al., 2020).

A relevant reduction of inflammatory cell infiltration in the infarct zone was
demonstrated in this study. However, HE staining only serves as a topographic
overview and cells could not be further classified. For this purpose, Baehr et al. (2020)
analysed the density of CD14" and CD68" signals across the heart and revealed a
reduction in both CD14" and CDG68" signals in the border and infarct zone upon rhAgrin
treatment (Baehr et al., 2020). CD14" is a well-known marker for monocytes and has
recently been identified as a TLR coreceptor, modulating the inflammatory response
(Baumann et al., 2010; Nielsen et al., 2020; Weber et al., 2012). A downregulation of
CD14" monocytes proves beneficial to long term patient outcome; the presence of
CD14" monocytes is positively correlated with ischemic cardiovascular events and the

suppression of TLR mediated inflammatory pathways reduces ACR and cardiac
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hypertrophy (Berg et al., 2012; X. Yuan et al., 2014). CD68" expression is commonly
used as a marker for M1 macrophages (Nakagawa et al., 2021; Wijesundera et al.,
2014). The loss of these inflammatory macrophages could be explained by an
enhanced polarisation towards a reparative (M2) type upon rhAgrin treatment. Studies
revealed that a reduction of M1 macrophages in favour of M2 improved wound healing
and cardiac function, which is in line with in vivo functional data obtained in this study
(M. Jungetal., 2017; D. Liu et al., 2019; W. Lu et al., 2019; Ma et al., 2013). However,
follow up studies are needed to determine the presence and density of M2
macrophages and substantiate this hypothesis.

9.1.2.3. Increased Density of the Capillary Network

Capillary density and microvascular integrity are compromised due to ischemia/
reperfusion injury following AMI (Campbell et al., 2013; Hollander et al., 2016). The
extent of this vascular injury positively correlates with the extent of subsequent ACR
(Gerber et al., 2000). Increasing angiogenesis has therefore proven beneficial towards
cardiac function post AMI in animal models (Hinkel et al., 2013; Kupatt et al., 2005; J.
Sun et al., 2020).

This study demonstrates an enhanced capillary network, as represented by PECAM-
1* signal density, upon rhAgrin treatment in both infarct and border zone after a three

and 28-day reperfusion period.

Proliferation of the capillary network after a 28 day reperfusion period might be
attributed to a reduction of M1 macrophages, as demonstrated previously. M1
macrophages release proinflammatory exosomes and miRNAs, such as miRNA-155,
which exert anti-angiogenic properties and exacerbate cardiac dysfunction (S. Liu et
al., 2020). Additionally, M2 macrophages mediate a potent pro-angiogenic response
via fibroblast growth factor signalling (Jetten et al., 2014; W. Lu et al., 2019). This
supports the notion, that rhAgrin application might induce macrophage polarisation

from a proinflammatory (M1) to a reparative (M2) phenotype.

Recent studies also demonstrated agrin’s potent pro-angiogenic potential in the
tumorous environment; agrin stabilises VEGFR2 and induces migration and adhesion
of endothelial cells via LRP4-MuSK pathways (Chakraborty et al., 2020; Njah et al.,
2019). Activation of VEGFR2 promotes angiogenesis and physiological cardiac growth
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(Kivela et al., 2019). It's involvement in promoting angiogenesis in the heart upon
rhAgrin treatment should be the target of future investigations.

Nonetheless, angiogenesis is a relatively slow process; basal coronary flow is only re-
established on day seven post AMI in a rat model (Nelissen-Vrancken et al., 1996).
Therefore, an increase in capillary density on day three is most likely due to a salvage
of pre-existing capillaries upon rhAgrin treatment, presumably via Yap1 mediated
inhibition of the Hippo pathway (Bassat et al., 2017). Yap1 activation has recently been
linked to a relevant reduction in cardiac microvascular endothelial cell apoptosis (Q.
Zhang et al., 2021).

Overall, rhAgrin application promotes the capillary network by protecting against
endothelial cell loss and enhancing angiogenesis.

9.1.2.4. Hypertrophic Growth

Compensatory cardiac hypertrophy following AMl is a hallmark of ACR and associated
with adverse events, such as development of CHF and enhanced mortality (Behar et
al., 1992; Rubin et al., 1983)

After a three-day reperfusion period no significant difference in CM size was observed
upon rhAgrin treatment. This is in line with agrin’s signalling pathway; Yap1 activation
has been demonstrated to induce heart growth via CM proliferation but does not seem
to influence hypertrophic growth (von Gise et al., 2012). On the contrary, Baehr et al.
(2020) demonstrated a relevant reduction of AMI induced CM hypertrophy after a 28
day reperfusion period (Baehr et al., 2020). This might be the result of a reduced
stimulus for hypertrophic growth due to a reduction in infarct size and interstitial
fibrosis, an enhancement of CM proliferation and angiogenesis, and the depletion of

the inflammatory reaction upon rhAgrin treatment.
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9.2. Clinical Implications

CADs are the primary cause for death and disability globally, accounting for 20% of
annual deaths in Europe alone (Townsend et al., 2016). Even in non-fatal cases of
AMI, more than a quarter of patients develop heart failure, which itself is associated
with a substantial rise in mortality (Sulo et al., 2016). Infarct size and LV ACR have
been identified as major determinants of long-term patient outcome following AMI
(Timmers et al., 2008). Revascularization strategies therefore aim to reduce infarct
size, preserve cardiac function, and diminish mortality (Le May et al., 2012; Olimulder
et al., 2012).

This study now demonstrates, that a single antegrade injection of rhAgrin into the
revascularized coronary artery ameliorates hallmarks of ACR, such as fibrosis, cell
death and inflammation, and promotes CM proliferation to sustain global cardiac

function in the long run.

Additionally, findings from this study suggest an evolutionary conserved mechanism
of action in mammals; agrin’s regenerative potential in mice has now been
substantiated in a porcine model with remarkably similar outcomes. Additionally,
Bassat et al. (2017) demonstrated a likewise capacity of inducing CM proliferation in
human induced pluripotent stem cell derived CMs, posing agrin’s translational

potential for clinical application. (Bassat et al., 2017)

Antegrade rhAgrin injection, as compared to retrograde or intramyocardial injection,
proves most efficient in delivering the agent into targeted ischemic regions of the heart
(Baehr et al., 2020). This provides translationality, as an antegrade injection into the
coronary artery can easily be incorporated into current procedural standards during
PCI.

Furthermore, experimental data gives the impression, that rhAgrin’s mechanism of
action enfolds early within the heart; cellular events were observed as early as three
days post AMI and no relevant additive effect could be demonstrated upon dual
injection on day three. This makes an agrin based therapy more feasible in a clinical
setting, as no additional intervention is required beyond revascularisation for its effect
to enfold properly.

All'in all, a single antegrade injection of rhAgrin can easily and readily be incorporated

into current procedural standards during PCI and has the potential to ameliorate ACR
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and progression into heart failure by means of a conserved, pleiotropic mechanisms
of action.
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9.3. Methods and Limitations

9.3.1. Advantages and Disadvantages of the Porcine Ischemia/ Reperfusion Model

The pig is an appropriate model to mimic heart disease, as the porcine cardiac
anatomy, function and response to injury are remarkably similar to that of men (Crick
et al., 1998; Lelovas et al., 2014; Mehran et al., 1991; Sahni et al., 2008). Still,
cardiovascular diseases are a challenge regarding animal models, as diverse
pathological entities and the contribution of comorbidities need to be considered.

The mean age of patients presenting with AMI varies between 55.9 and 62.9 years
(Sharif Nia et al., 2018). However, this study was performed on young pigs, as adult
pigs are very difficult to handle due to their vast size and weight. This is particularly
relevant as age impacts cardiovascular response to injury. The neonatal pig heart has
a regenerative capacity after AMI which preserves cardiac function and is attributed to
CM proliferation (L. Ye et al., 2018; Zhu et al., 2018). Within the first week of life
regenerative capacity of the porcine heart declines as CMs become post mitotic (L.
Ye et al., 2018; Zhu et al., 2018). A case study reported a similar observation in
neonate humans, where a newborn suffering from AMI recovered cardiac function to
physiological perimeters (Haubner et al., 2016). Comparable to the pig heart, CMs
become post-mitotic rapidly and CM turnover rate is less than 1% per year in young
adults (Bergmann et al., 2009; Bergmann et al., 2015). Nonetheless, there are many
reparative processes beyond CM proliferation that are age-dependent and impact
regenerative capacity and post-infarct healing; these include angiogenesis, fibrosis,
and inflammation (Hendee et al., 2021; Ma et al., 2015; Scavello et al., 2021;
Yabluchanskiy et al., 2014; Y. Yang et al., 2008). These are possible confounders and
need to be addressed prior to clinical application.

Animal models provide the optimal means for translationality, as they bridge the gap
between in vitro studies and in vivo application. This is particularly true for the porcine
ischemia/ reperfusion model. Porcine coronary anatomy is very similar to that of men;
this allows for patient like heart catheterization, clinical PCI protocols, and antegrade
injection of agents into the coronary artery (Bahr et al., 2021; Sahni et al., 2008). Prior
studies have demonstrated that antegrade delivery of agents is efficient in targeting

specific myocardial regions in pigs (Bozoglu et al., 2022; Hinkel et al., 2013; Hinkel et
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al., 2020). However, preclinical studies on large animals also come with relevant
downfalls. Ethical implications need to be considered regarding any study performed
on animals. Additionally, large animal experiments are high maintenance regarding
manpower and costs, such as nutrition, housing, and pharmacotherapy. Taken
together with fluctuating availability of swine, this limits sample size and may impact
reliability and generalizability of investigative results.

A viable alternative are murine ischemia/ reperfusion models. They are associated
with less maintenance and larger sample sizes, which promotes reproducibility and
reliability of investigative results. However, patient like heart catheterization and PCI
cannot be performed; mice are too small for instrumentation and there are significant
differences in murine and human coronary anatomy (Kumar et al., 2005). Therefore,
agents must be delivered in a clinically irrelevant manner, such as intramyocardial
injection following thoracotomy (Bassat et al., 2017; K. Wei et al., 2015). This reduces
the translational potential of the murine model.

Organs-on-chip (OOCs) are a relatively new method and a possible outlook for future
cardiovascular research. They involve in vitro engineered 3D tissue growing in a
microfluidic device, which can mimic a physiological in vivo environment to imitate one
or more organ level functions (Kurokawa et al., 2017; Leung et al., 2022; Maoz et al.,
2017; Nunes et al., 2013). There have previously been successes in OOCs containing
endothelialized myocardium with preserved function and contractility, as well as co-
cultured OOCs, which involve the autonomic nervous system and a functional
myocardium (Maoz et al., 2017; Oiwa et al., 2016; Y. S. Zhang et al., 2016). This
preservation of function within an in vitro cultured tissue is a major advancement from
cell culture experiments; a cell culture based approach is consistent, scalable, robust
and reproducible, but lacks translationality, as it cannot imitate physiological organ
level function (Arango et al., 2013; Ronaldson-Bouchard & Vunjak-Novakovic, 2018)

9.3.2. Limitations of rhAgrin

Agrin is a physiological component of the ECM in neonate mice and contributes to the
cardiac regenerative capacity by enhancing CM proliferation via Yap-mediated
signaling. However, agrin expression is rapidly downregulated postpartum. (Bassat et
al., 2017)

86



Discussion

In adults, upregulated agrin expression has been linked to the progression of various
malignant entities, such as oral-, rectal-, cholangio-, hepatocellular-, and non-small
cellular lung carcinomas (Chakraborty et al., 2015; Chakraborty et al., 2020; L. Han et
al., 2021; He et al., 2021; Rivera et al., 2018; Z. Q. Wang et al., 2021). This oncogenic
potential has been attributed to agrin promoting angiogenesis, proliferation, migration,
and invasion of tumorous cells via various signaling pathways, including LRP4-MuSK,
Yap, Erk, FAK and WNT (Chakraborty et al., 2015; He et al., 2021; Rivera et al., 2018;
Z. Q. Wang et al.,, 2021). This poses a potential adverse reaction upon rhAgrin
treatment. Nonetheless, there are several factors notably reducing the likelihood of
such adverse effects. First, agrin is only retained within the heart for up to three days
and therefore its effect is transient in nature (Bassat et al., 2017). Second, agrin could
not be detected in lung, spleen, or liver after antegrade injection in pigs; this makes a
systemic impact upon antegrade, intracoronary injection highly unlikely (Baehr et al.,
2020). Third, primary cardiac sarcomas are very rare in nature and to date, there is no
known association with Yap- or Hippo-signaling (Hamidi et al., 2010).

Nonetheless, further investigations are inevitable to assess agrin’s oncogenic potential
prior to clinical application. Additionally, pharmacokinetics, dose range and toxicity
need further evaluation; this is preferably conducted in long-term studies.

9.3.3. Advantages and Disadvantages of /n Vivo Functional Data Collection

The collection of in vivo functional data is imperative for preclinical research, as it
allows for the translation of isolated cellular events observed in cell culture to their

interaction in a complex organ structure.

LVEF obtained during ventriculography was utilized to assess in vivo cardiac function.
This proves to be a reliable and accurate method, which is comparable to LVEF data
obtained from a pressure-volume loop catheter or a thermodilution based method
(Patel et al., 2021). However, total intravenous anesthesia (TIVA) was required to
collect in vivo functional data. Prior studies have demonstrated that a propofol-fentanyl
anesthesia generates myocardial depression; propofol is a negative chronotrope and
reduces cardiac output (Fairfield et al., 1991; Monk et al., 1987; Vermeyen et al., 1991;
Vermeyen et al., 1987). TIVA therefore modulates cardiac performance and may
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lessen validity of the results. Nonetheless, inter-group comparability is not impaired,

as anesthesia set up was consistent in between groups.

A viable and less invasive alternative to assess LVEF is 3D echocardiography, in
which 2D images are reconstructed into 3D volumes (Chan et al., 2021; Nadkarni et
al., 2000). This method has already been applied in the swine and generated results
comparable to data obtained from cardiac magnetic resonance (Santos-Gallego et al.,
2019). This provides the opportunity of eliminating the need for TIVA by alternatively
using mild sedation. Another advantage is the option to analyze LV sphericity via 3D
echocardiography; LV sphericity has prognostic significance for the progression of
ACR (Karuzas et al., 2019; Santos-Gallego et al., 2019).

9.3.4. Advantages and Disadvantages of Histological Analysis

There are many advantages to histological stainings. It is a cost efficient, standardized,
and reproducible method, that allows for the analysis of large tissue sections and
provides insights into the internal architecture of functional cell groups. Additionally, a
variety of specific antigens can be targeted with immunofluorescent stains and signals
can be precisely localised within the different components of the sample by utilizing
co-staining protocols.

However, quantification of signal density can be subject to human error, as it can
involve manual counting. To bypass this issue, automated counting via ImageJ
software was applied to determine PECAM-1" signal density in an objective manner.
Furthermore, cell size and relative amount of interstitial fibrosis was analysed in a
semi-automated manner using SMASH toolbox and Imaged respectively.

Nonetheless, this is a potential source of error that needs to be addressed.

Another issue to be addressed are the antibodies used in the Ki67 cTnl co-staining
protocol. Both primary antibodies share the same origin (rabbit). This is problematic
since it reduces specificity of the secondary antibody, as it can bind to either. However,
both primary antibodies proved most specific towards their respective target during
the establishment process of the staining protocol and no appropriate replacement for
either could be identified. This is a relevant issue when conducting immunofluorescent
studies on pigs, as the number of antibodies available that specifically target porcine

antigens is very limited compared to mouse or rabbit. To circumvent this issue,
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antibody incubation was performed in a successive manner. First, sections were
incubated with the primary followed by the secondary Ki67 antibody. Therefore, any
signal elucidated from the secondary Ki67 antibody is specific to the detection of Ki67.
Afterwards, the cTnl protocol was initiated. Signals generated from the secondary cTnl
antibody are therefore nonspecific for cTnl, as they can also detect the primary Ki67
antibody. These considerations were taken into account during the analysis and signal
quantification process; signals were only identified as Ki67* CMs if the specific Ki67*
signal was surrounded on all borders by cTnl* signals with no signal crossover in the
separate channels. Therefore, validity of investigative results is not compromised.
Nonetheless, the protocol should be optimised in future investigations.

Capillary density was assessed by analysing PECAM-1* signal density. PECAM-1 is
a specific marker for endothelial cells and therefore colocalizes with blood vessels
(Kobayashi et al., 2005; Winkler et al., 2018). However, it does not provide insight into
the maturation or functionality of blood vessels present. Pericytes drive vessel
maturation via angiopoietin-1 mediated signalling; their presence can be determined
by NG2 immunofluorescent staining (Sundberg et al., 2002; Teichert et al., 2017;
Ziegler et al., 2013). Future investigations should therefore apply a PECAM-1 NG2 co-
staining protocol to determine blood vessel maturity and functionality.
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10.  Summary and Outlook

AMI and subsequent ACR progressing into CHF are a significant socioeconomic
burden. Revascularisation strategies aim to impede ACR by reducing infarct size; yet
they are unsuccessful in controlling CHF to date. Recent studies have demonstrated
that the ECM protein agrin induces cardiac regeneration by enhancing CM
proliferation in mice. However, the murine ischemia/ reperfusion model lacks

translationality, as agrin was delivered in a clinically irrelevant manner.

This study contributes to a better understanding of agrin’s cardio-regenerative
potential in a porcine ischemia/ reperfusion model. In vivo functional data and
histological analysis provided insight into agrin’s pleiotropic mechanism of action,
which involves promoting CM proliferation and angiogenesis and simultaneously
controlling cell death, inflammation, fibrosis, and hypertrophy. Further, this study
poses a single antegrade injection of rhAgrin into the coronary artery as a clinically
feasible therapy option in preserving cardiac function, preventing ACR and impeding
progression into CHF.

Now, future investigations are required to assess efficacy, safety, and
pharmacokinetics of rhAgrin treatment prior to clinical application. Large animal
studies with prolonged reperfusion periods can give further insights into long-term
patient outcome. They also provide a platform to investigate pharmacokinetics and
determine the appropriate doses required for rhAgrin to enfold its full effect. Further,
new scientific technologies like OOCs can be utilized to assess adverse effects, such

as toxicity and carcinogenesis.
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