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Summary

The cardiovascular system, which includes the heart, all types of blood vessels and the
blood, guarantees the optimal supply of all organs and tissues with oxygen, nutrients and other
vital metabolites. Dysfunction or weakening of this fundamental network can be life-threatening
and is mostly caused by cardiovascular diseases (CVDs) like coronary artery diseases (CADs)
or peripheral vascular diseases (PVDs), in which the blood supply is disrupted. However, in
some cases the blood vascular system is able to adapt in a protective way by providing blood
supply from a collateral circulation. Therefore, it is of huge clinical interest to gain knowledge
in the field of vascular growth and remodeling, helping to develop alternative treatments for
patients with CVDs.

Hemodynamic changes are believed to be essential in terms of blood vessel adaptation.
They occur directly upon artery restriction and occlusion, and can be sensed by
mechanosensitive receptors, like integrins. Related to this, the here presented study analyzed
the relevance of the subunit 1 integrin for endothelial function, for ischemia-induced vascular
growth as well as for cardioprotection in different clinically relevant in vivo mouse models for
CVDs. In this context, B1 integrin signaling was inhibited by intravenous injection of specific
blocking antibodies as well as by endothelium-specific depletion of the /tgh1 gene, both in adult
mice. First, investigations in a hindlimb ischemia model showed 31 integrin to be essential for
endothelial function, which was measured by flow-mediated vasodilation (FMD). However, the
flow velocity was not changed by manipulation of 31 integrin expression. Further experiments
in the hindlimb ischemia model could demonstrate that endothelial 31 integrin is also needed
for long-term vascular adaptation. Those results were strengthened by additional findings from
two different adult myocardial ischemia models. Here in the first model, transient coronary
artery occlusions contributed to cardiac endothelial cell proliferation, arteriole growth and
subsequent cardioprotection in a 31 integrin dependent manner. Finally, integrin signaling was
further investigated in an acute myocardial ischemia model, in which the relevance of
endothelial B1 integrin became even more significant. Here, it was proven that the presence
and functionality of endothelial B1 integrin is strictly needed for preservation of cardiac function
and protection from fatal cardiac rupture after myocardial infarction (Ml).

Taken together, this thesis provides evidence and new insights for the essential role of
endothelial 1 integrin in terms of endothelial function, cardioprotective vascular adaptation
and protection from cardiac death upon MI. Therefore, results exhibit clear clinical relevance,

and targeting endothelial 1 integrin in the future might be promising for patients with CVDs.



Zusammenfassung

Das Herz-Kreislaufsystem, welches aus dem Herzen, allen Arten von Blutgefalien und
dem Blut besteht, gewahrleistet eine optimale Versorgung aller Organe und Gewebe mit
Sauerstoff, Nahrstoffen und weiteren (Uberlebensnotwendigen Metaboliten. Eine
Funktionsstérung oder Schwachung dieses elementaren Systems kann lebensbedrohlich sein
und wird oft durch kardiovaskuldre Erkrankungen, wie koronare Herzerkrankungen oder
periphere Gefalerkrankungen, verursacht, die die Blutversorgung beeintrachtigen. In
manchen Fallen ist das Blutgefallsystem allerdings in der Lage, sich anzupassen, was auf
eine schitzende Weise wirkt, indem es Blut aus einer Kollateralzirkulation bereitstellt. Daher
ist es von bedeutender klinischer Relevanz, weitere Erkenntnisse auf dem Gebiet des
BlutgefaRwachstums und -umbaus zu erhalten, um alternative Therapieansatze fur Patienten
mit kardiovaskularen Erkrankungen zu entwickeln.

Es wird angenommen, dass hamodynamische Veranderungen im Hinblick auf
BlutgefaRanpassungen essentiell sind. Sie treten unmittelbar bei Arterienverengung und -
verschluss auf und koénnen von mechanosensitiven Rezeptoren, wie den Integrinen,
wahrgenommen werden. Im Zusammenhang dessen wurde in dieser Arbeit die Relevanz der
Untereinheit B1 Integrin fir die Endothelfunktion, fir das Ischamie-induzierte Blutgefal3-
wachstum, wie auch flir die Kardioprotektion in verschiedenen klinisch relevanten in vivo
Mausmodellen flr kardiovaskulare Erkrankungen analysiert. Hierbei wurde die
Signalweiterleitung des B1 Integrin Rezeptors durch intravendse Injektion eines spezifischen
blockierenden Antikérpers unterbunden sowie durch einen endothel-spezifischen Verlust des
Itgb1 Gens in erwachsenen Mausen verursacht. Als Erstes zeigten Untersuchungen in einem
Hinterlaufsischamie-Modell, dass endotheliales (1 Integrin notwendig ist fir die
Endothelfunktion, was durch flussvermittelte Vasodilatationsmessungen ermittelt wurde.
Dabei wurde die Flussgeschwindigkeit durch Beeinflussung der 1 Integrin Expression
allerdings nicht verandert. Weitere Experimente im Hinterlaufsischamie-Modell konnten
zeigen, dass endotheliales B1 Integrin auch fir die langfristige vaskuldre Anpassung
notwendig ist. DarlUber hinaus konnten diese Befunde in zwei weiteren adulten
Myokardischamie-Modellen bestatigt werden. Mit Hilfe des ersten Modells konnte gezeigt
werden, dass vorlbergehende Verschlisse eines HerzkranzgefalRes zur Proliferation von
Herzendothelzellen, zum Wachstum von Arteriolen und der anschlieRenden Kardioprotektion,
in Abhangigkeit von (1 Integrin beitrugen. Schlielllich wurde die Integrin-vermittelte
Signalweiterleitung in einem weiteren Modell fir akute Myokardischamie untersucht, indem die
Relevanz von endothelialem 31 Integrin noch deutlicher wurde. Hiermit konnte nachgewiesen
werden, dass die Anwesenheit und die Funktionalitdt von endothelialem (1 Integrin zur
Aufrechterhaltung der Herzfunktion und dem Schutz vor einer tdédlichen Herzruptur, in Folge

eines Herzinfarktes, zwingend erforderlich ist.



Zusammengefasst erbringt diese Arbeit Belege und neue Erkenntnisse zur essentiellen
Rolle von endothelialem (1 Integrin flr die Endothelfunktion, fur die kardioprotektive
GefaRanpassung und fiur den Schutz vor einem Myokardinfarkt-bedingtem Herztod. Daher
zeigen die dargelegten Daten klare klinische Relevanz und die Anvisierung von 1 Integrin

koénnte zuklnftig fur Patienten mit kardiovaskularen Erkrankungen vielversprechend sein.



1. Introduction

1.1. The cardiovascular system

1.1.1. Physiology of the cardiovascular system

The circulatory system of the body forms a network of connecting vessels and is
separated into the blood circulatory system, also called cardiovascular system and the
lymphatic system (Pugsley and Tabrizchi, 2000; Urner et al., 2018). The cardiovascular system
enables blood circulation and is furthermore divided into the systemic circulation, which
provides the organism with oxygen and nutrients to ensure vital metabolic processes (Fig. 1.1),

and the pulmonary circulation, where the gas exchange in the lungs happens.

Arterial system Venous system

Superior
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Figure 1.1: Schematic illustration of the cardiovascular system.

Separation of the blood circulatory system in (left) the arterial and (right) the venous part, only showing the systemic
circulation. The heart is located in the centrum, the inferior mediastinum, from which the aorta emerges and
separates into smaller arteries and arterioles, running into the periphery. Smaller venules and veins from the
periphery merge into the superior and inferior vena cava back to the heart. Modified from Servier Medical Art,
subpoint “Cardiovascular system” and used under the terms of the free-to-use Creative Commons Attribution 3.0

Unported License, https://smart.servier.com



Also, other metabolites like carbon dioxide, hormones and waste products are
transported via the cardiovascular system (Campbell et al., 2009; Lammert and Zeeb, 2014,
Moyes and Schulte, 2008). The heart, all types of blood vessels and the blood itself belong to
this complex system and are formed early in embryonic development due to their central role
for survival and organ homeostasis (Baldwin, 1996; Brand, 2003; Breier, 2000; Moorman et
al., 2003).

The heart is placed within the thoracic cavity, located in the inferior mediastinum,
surrounded and protected by the rib cage, next to the right and left lobe of the lung (Treuting
and Dintzis, 2012). It is characterized by its conical shape, with its lower part, the apex, located
to the left side of the thorax (Treuting and Dintzis, 2012). For protection, the heart is embedded
into the pericardium, a connective sac-like tissue surrounding the heart and further separated
into the fibrous and serous pericardium (Lange, 2013). The pericardium is essential to hold the
heart in place while moving, but also allows the heart to expand and contract during every
single heartbeat. Furthermore, the pericardium produces pericardial fluid to reduce friction
between the surface of the heart and the pericardium itself (Moyes and Schulte, 2008). The
inner layer of the pericardium, the epicardium is directly connected to the myocardium, which
is the middle layer of the heart wall and the largest one. With its cardiac muscle fibers, the
myocardium is responsible for the contractive function of the heart. Followed by the innermost
and thinnest layer of the heart wall, named endocardium (Moyes and Schulte, 2008).
Endocardial cells line the ventricles and stay in direct contact to the blood, pumped by the
ventricles. Due to these characteristics endocardial cells show high similarity to endothelial

cells, which represent the innermost layer of all blood vessels (Misfeldt et al., 2009).

In general, the physiological function of the heart is to contract regularly to supply all
organs, tissues and cells with fresh blood to maintain their metabolic function (Campbell et al.,
2009; Lammert and Zeeb, 2014; Moyes and Schulte, 2008). To ensure the function a
mammalian heart is separated into four chambers, the left and right atrium as well as the left
and right ventricle. Furthermore, the right heart side is separated by a septum from the left side
(Lammert and Zeeb, 2014; Moyes and Schulte, 2008; Treuting and Dintzis, 2012). The
chambers are additionally divided by cardiac valves, which prevent backflow of blood. The
tricuspid valve is located between the right atrium and the right ventricle, while the bicuspid or
mitral valve separates the left atrium from the left ventricle. Furthermore, the arteries leaving
the heart and the ventricles are divided by semilunar valves. The pulmonary valve is located
between the right ventricle and the pulmonary artery, while the aortic valve separates the left

ventricle from the aorta (Lammert and Zeeb, 2014; Moyes and Schulte, 2008).



The pumping process of the heart is ensured by coordinated contraction of cardiac
muscle fibers located in the myocardium, mainly performed by cardiomyocytes, representing
the central subgroup of cardiac cells (Talman and Kivela, 2018). But the heart is also
composed of other cell types, like cardiac fibroblasts, blood and lymphatic endothelial cells,
and peri-vascular cells, like smooth muscle cells (SMCs) or pericytes (Talman and Kivela,
2018; Xin et al., 2013; Zhou and Pu, 2016). Those other cell types are essential for the
maintenance of the heart homeostasis as they provide components for the extracellular matrix,
or guarantee and regulate blood supply in form of the cardiac vasculature (Talman and Kivela,
2018).

To pump blood into the circulatory system, the heart relaxes and the ventricles are filled
with blood, which is called diastole. This is followed by the systole, in which the ventricles
contract and the blood is pumped into the body via the main arteries (Lammert and Zeeb, 2014;
Moyes and Schulte, 2008). From here the blood is transported through the blood vascular
system to the regions of demand. The aorta, the largest artery in the body, carries the blood
away from the heart and separates into smaller arteries, arterioles and finally into capillaries,
the smallest blood vessels, where the gas and nutrient exchange takes place. Afterwards, the
blood flows back to the heart through venules, veins and the vena cava (Lammert and Zeeb,
2014; Moyes and Schulte, 2008; Urner et al., 2018). In general, arteries carry the blood away
from the heart. In the systemic circulation, arteries transport oxygen-rich blood into the body’s
periphery, while in the pulmonary circulation arteries provide oxygen-deficient blood for gas
exchange in the lungs. In contrast, veins transport blood back to the heart. In the systemic
circulation blood coming from the periphery is low in oxygen levels, whereas in the pulmonary
circulation veins carry oxygen-rich blood to the heart (Campbell et al., 2009; Lammert and
Zeeb, 2014; Moyes and Schulte, 2008).

Arteries are characterized by thicker vessel walls than veins as they are exposed to a
higher blood pressure generated by the heart’s contraction. Due to lower blood pressure and
gravity, most of the veins, especially in the limbs, have valves to prevent backflow of blood
(Campbell et al., 2009; Lammert and Zeeb, 2014; Moyes and Schulte, 2008). Despite these
differences all blood vessels are characterized by an inner lumen, in which the blood passes
through. The blood vessel wall consists of three layers (Fig. 1.2), the tunica intima, which is
the innermost layer made of endothelial cells (ECs) and a basal lamina. The tunica media
forms the middle layer, surrounding the tunica intima and consists of SMCs and elastic fibers,
mainly elastin. Contraction and relaxation of the SMC layer causes vasoconstriction and
vasodilation, which regulates the blood flow. The outer layer of blood vessels is called tunica
externa and is formed by layers of collagen tissue for stabilization (Lammert and Zeeb, 2014;
Moyes and Schulte, 2008).



Tunica intima

Figure 1.2: General structure of blood vessels.

Separation of blood vessels into three layers. The tunica intima, the innermost layer, formed by the endothelium
and the basal lamina, the tunica media, surrounded by internal and external elastic fibers, and the outer layer, the
tunica externa. Modified from Servier Medical Art subpoint “Cardiovascular system” and used under the terms of
the free-to-use Creative Commons Attribution 3.0 Unported License, https://smart.servier.com

The thickness of the individual layers differs between blood vessel types. However,
capillaries are only composed of the tunica intima and surrounded by contractile pericytes
(Aird, 2007b; Lammert and Zeeb, 2014; Moyes and Schulte, 2008). Capillaries are forming
networks, named capillary beds, and due to their thin vessel walls an optimal exchange of
oxygen and nutrients between blood and tissue is ensured. Three different kinds of capillary
types are known: continuous, fenestrated and sinusoidal capillaries that all differ in the
structure of their tunica intima (Aird, 2007a; Moyes and Schulte, 2008). In capillaries, ECs are
connected with each other via tight-junctions to form a monolayer of cells. Continuous
capillaries are characterized by the presence of tight-junctions connecting the ECs.
Furthermore, they miss fenestrae, which are small pores in the plasma membrane. Due to their
tight connection, the exchange of substances is limited to few molecules that can pass the
vessel wall. Therefore, continuous capillaries are found in the blood-brain barrier (Moyes and
Schulte, 2008). Fenestrated capillaries are built up similar to the continuous capillaries with the
only exception of their numerous presence of fenestra. Small molecules and fluid can pass the
pores easily, which facilitates the exchange between blood and tissue (Moyes and Schulte,
2008). ECs in sinusoidal capillaries are loosely connected with each other, have less tight-
junctions, large intercellular gaps and a discontinuous basement membrane (BM) to allow the
exchange of large molecules. Sinusoidal capillaries are found in highly specialized organs, like
the liver or spleen (Aird, 2007a; Moyes and Schulte, 2008).



As described, the cardiovascular system is highly complex with its different components,
and is specialized in its function to maintain vital processes of the organism. Therefore, the
successful interaction and adjustment of all components together, termed by the heart, all
blood vessels and the blood, are essential for the physiology and homeostasis of all organs.
Damage or disruption of one or more components could contribute to imbalance and

pathological conditions.

1.1.2. Femoral and coronary vasculature

With every heartbeat blood is pumped into the systemic circulation via the aorta. After
leaving the heart, the aorta is later divided into the thoracic and abdominal aorta. Finally, the
abdominal aorta branches into smaller arteries, the right and left common iliac artery, which in
turn separate into the external and internal iliac artery (Hwang, 2017; Swift and Bordoni, 2020).
As a continuation of the external iliac artery, the common femoral artery arises, which
distributes blood into the lower extremities, as the thigh and calf. The common femoral artery
afterwards branches into the deep femoral artery, also known as the profunda femoris and the
superficial femoral artery. The profunda femoris with its further branches, supplies the main
part of the hip and the thigh, while the superficial femoral artery ensures the transport from
oxygen-rich blood to the entire calf (Reardon et al., 2004; Swift and Bordoni, 2020).

The here presented network of vessels describes only a small section of the peripheral
blood vasculature, which includes all blood vessels except for the coronary vasculature. The
arteries of the coronary vasculature ensure the heart’s own blood supply with oxygen and
nutrients. Two main coronary arteries arise directly from the sinus aortae, the right coronary
artery (RCA) and the left coronary artery (LCA) (Fig. 1.3). More precisely, the RCA starts in
the sinus aortae dexter and the LCA directly above the aortic valve in the sinus aortae sinister
(Lange, 2013; Treuting and Dintzis, 2012). After arising from the sinus aortae dexter, the RCA
branches into the posterior descending artery, also called ramus interventricularis posterior,
and the right marginal artery or ramus marginalis dexter. On the left side of the aortic root the
LCA is early divided into the left circumflex artery (LCX), or ramus circumflexus, and the left
anterior descending artery (LAD), also known as ramus interventricularis anterior (Lange,
2013; Treuting and Dintzis, 2012).
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Figure 1.3: Schematic image of the coronary vasculature.

Heart showing both ventricles and atria, the beginning of the vena cava, the pulmonary artery and the aorta. The
aorta supplies the heart via two main coronary arteries, the right (RCA) and the left coronary artery (LCA). lllustration
of the early branch of the LCA into the left circumflex (LCX) and the left anterior descending artery (LAD). Most
cardiac veins run in parallel to the arteries. Modified from Servier Medical Art subpoint “Cardiovascular system” and
used under the free-to-use Creative Commons Attribution 3.0 Unported License, https://smart.servier.com

After branching into coronary capillaries, the oxygen-deficient and nutrient-poor blood is
transported back into coronary veins, which mainly run parallel to the arteries. They fuse
together in the sinus coronarius, which ends in the right atrium and delivers the blood back into
the pulmonary circulation (Bilazarian et al., 1991; Lange, 2013; Treuting and Dintzis, 2012).

The anatomy of the coronary vasculature can differ between humans, which was first
described decades ago (Banchi, 1904). These days, three dominant types are known. The
right-dominant circulation type is the most prominent one and is characterized by the right
coronary artery continuing into the posterior descending artery. Secondly, the left-dominant
type is defined, when the posterior descending artery is actually an extension of the circumflex
artery. And lastly, the co-dominant or balanced type exists, where the circumflex and right
coronary artery both supply the posterior descending artery with blood (Fuster et al., 2001;
Lange, 2013; Shriki et al., 2012; Treuting and Dintzis, 2012; Villa et al., 2016).

1.1.3. Cardiovascular diseases

The cardiovascular system is involved in a variety of pathological conditions, called
cardiovascular diseases (CVDs). CVDs include all diseases affecting the heart and the blood
vessels, like coronary artery diseases (CADs), stroke, peripheral vascular diseases (PVDs),
cardiomyopathies as well as rheumatic and congenital heart diseases (Collaborators, 2018).
All CVDs together represent the leading cause of death globally (Di Angelantonio et al., 2019).
In 2017, around 17.8 million people died due to CVDs, and it is predicted that in 2030 the
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number of fatalities will reach over 24 million cases (Collaborators, 2018; Di Angelantonio et
al., 2019; Fuster et al., 2011). Well known risk factors for CVDs include unmodifiable factors
like age, gender or a genetic predisposition as well as modifiable factors, which are dependent
on the person’s lifestyle, like hyperglycemia, hyperlipidemia, smoking or physical inactivity.
Also a combination of both, such as in pathological conditions like hypertension or diabetes
mellitus, which can be caused by genetic, environmental and lifestyle factors, plays an
important role in the development of CVDs (Fuster et al., 2011; Lu et al., 2015; Piepoli et al.,
2016; Yu et al., 2018).

Especially CVDs affecting the coronary vasculature, known as coronary artery diseases
(CADs), coronary heart diseases (CHDs) or ischemic heart diseases (IHDs) represent the
deadliest form, as around 9 million deaths were caused by CADs in 2017 (Collaborators, 2018).
CADs arise due to a reduction of blood flow in the coronary arteries. A narrowing or a complete
blockage of a coronary artery results in an insufficient oxygen and nutrient supply of the
myocardium, defined as ischemia (Lange, 2013; Thygesen et al., 2012). A myocardial
infarction (MI), or a heart attack is the consequence of long-lasting ischemia (Thygesen et al.,
2012). Prolonged ischemia of 20 to 30 minutes induces myocardial cells death, meaning that
the heart tissue gets necrotic and is irreversibly damaged (McCorry et al., 2019). Such an
event can lead to death, or depending on the area affected, contributes to complications like
arrhythmias, cardiogenic shock, pericarditis, myocardial rupture or heart failure (McCorry et
al., 2019). The frequency of blockage varies between the branches of the coronary arteries.
The LAD is the most affected one as it is blocked in around 50% of cases, followed by the RCA
and finally the LCX, which are both less affected (McCorry et al., 2019).

The presence of a Ml is often attended by typical symptoms like chest pain, shortness of
breath, sweating, nausea, fatigue and anxiety, and can be detected by an electrocardiogram
(ECG) (Lu et al., 2015). Thereby, it can be distinguished between a STEMI (ST elevation
myocardial infarction) or an NSTEMI (non-ST elevation myocardial infarction). The presence
of a STEMI results from a complete thrombogenic blockage of a coronary artery and is
characterized by a ST-segment elevation higher than the baseline signal (Kingma, 2018; Lu et
al., 2015; Manari et al., 2009). In contrast, NSTEMIs do not show this typical elevation,
moreover, they represent a depression, which can be explained by an incomplete blockage of
a coronary artery or the occurrence of a coronary artery spasm (Kingma, 2018; Manari et al.,
2009). Furthermore, an additional method to diagnose a MI is the detection of released
troponin |, troponin T and creatine kinase (CK-MB) from dying cardiac cells into the blood
stream (Knuuti et al., 2020; Lu et al., 2015; Roffi et al., 2016).

The most common cause of CVDs is the development of atherosclerosis, which begins
years before and is characterized by the enrichment of lipids and fibrous particles in large and
medium-sized arteries (Ambrose and Singh, 2015; Libby et al., 2019; Lusis, 2000).

Atherosclerosis starts in an initial phase, in which the tunica intima, the inner lining of the
10



arteries gets irritated and damaged, mostly due to risk factors like smoking, hypertension,
hyperglycemia or hyperlipidemia. The resulting endothelial cell damage and dysfunction
facilitates the permeability and accumulation for plasma components like low-density
lipoprotein (LDL) (Hansson and Hermansson, 2011; Hansson and Libby, 2006). Other
apolipoprotein B-containing lipoproteins like very low-density lipoproteins, intermediate density
lipoproteins or lipoprotein(a) are involved in the process of atherosclerotic plaque formation as
well (Ference et al., 2017; Goldstein and Brown, 2015; Libby et al., 2019; Wolf and Ley, 2019).
The enrichment of lipoproteins and their processing during oxidation, lipo- and proteolysis and
aggregation, initiates the second, inflammatory phase of atherosclerosis (Lusis, 2000).
Circulating monocytes and lymphocytes are recruited by the release of chemokines like
monocyte chemotactic protein-1 (MCP-1), also known as C-C motif chemokine ligand 2
(CCL2), CCL5, C-X-C motif chemokine ligand 10 (CXCL10) and C-X3-C motif chemokine
ligand 1 (CX3CL1). These trigger the migration of monocytes, T-cells and dendritic cells into
the tunica intima (Hansson and Hermansson, 2011; Zernecke et al., 2008).

Monocytes in the intima convert into macrophages, take up the oxidized LDL via their
scavenger receptors, and start phagocyting them. In a next step, known as foam cell formation,
the macrophages turn into foam cells, die and release the highly oxidized lipids into the intima,
visualized as fatty streaks (Hansson and Libby, 2006; Insull, 2009; Lange, 2013). In contrast,
it was shown that high-density lipoprotein (HDL) appears to be protective, as it inhibits the
oxidation of LDL and helps removing cholesterol (Lusis, 2000). As the core of the atheroma is
growing due to lipid, cholesterol and immune cell accumulation, a fibrous cap made of SMCs
and collagen is build up too (Hansson and Libby, 2006). All these processes together lead to
a narrowing of the artery but not yet to a full occlusion. The growing plaque is constantly
exposed to the inner blood flow, which can lead to a rupture of the fibrous cap. Therefore, the
plaque gets thrombogenic meaning thrombocytes accumulate and agglutinate, which can lead
to a complete blockage of the artery, resulting in a MI, stroke or peripheral artery occlusion
(Hansson and Libby, 2006; Lange, 2013; Libby, 2013).

As the incidence and the mortality rate of CVDs is practically high and will still rise in the
next years, research in this field is of main relevance for the entire society. To study and to
understand the processes and signaling pathways in pathological conditions, mouse models
are used due to their genetic and physiological similarities to humans (Perlman, 2016;
Rosenthal and Brown, 2007). Even for the research on CVDs, mouse models were developed
and established in the science community. To study the outcomes or the influences of an acute
M, different myocardial ischemia models were generated, in which the LAD is temporary or
permanently occluded (Lindsey et al., 2018). Similar to the human situation, mice own two
main coronary arteries, the RCA and the LCA, with comparable branches (Treuting and Dintzis,

2012). In mice, the LAD is the easiest accessible coronary artery for surgeries and is also the
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most blocked artery in humans. Additionally, other CVDs like stroke or PVDs are investigated
in mouse models as well. For experimental stroke studies a transient middle cerebral artery
occlusion (tMCAO) is performed, in which the right internal carotid artery is occluded via an
insertion of a transluminal suture (Clark et al., 1997; Liu and McCullough, 2014). Another model
to examine the impacts of pathological ischemia is the hindlimb ischemia, in which the femoral
artery is occluded. Induction of hindlimb ischemia mimics conditions of PAD and exists as an
established model for research on adult vascular growth and remodeling in vivo (Limbourg et
al., 2009; Niiyama et al., 2009). Especially studies on the latter are essential for the

investigation of revascularization strategies in the context of CVDs.

1.2. Blood vascular growth and remodeling

1.2.1. Collateral circulation existence and function

To reduce the high numbers of patients affected by CVDs, current prevention strategies
are based on changes towards a healthy lifestyle, such as diet adaptation, exercise
increasement and smoking cessation, as well as medical treatment to lower blood lipid levels
with statin intake and to regulate hypertension (Piepoli et al., 2016; Virani et al., 2020).
Furthermore, a natural or endogenous prevention system exists, called collateral circulation,
in which an alternative blood supply is provided to compensate a blockage of a major artery
(Faber et al., 2014). Collaterals are anastomotic artery-to-artery connections, and they exist in
different regions of the organism like in the brain, the heart or lower extremities (Faber et al.,
2014; Jamaiyar et al., 2019; Meier et al., 2013). More than 60 years ago the presence of
collaterals in the human heart was observed in studies that made clear that coronary arteries
were no end arteries (Baroldi et al., 1956; Fulton, 1956; Meier et al., 2013). It is believed that
a well-developed and functional collateral network can protect from ischemia injury like in
CADs or PADs (Fig. 1.4) (Faber et al., 2014; Gloekler and Seiler, 2007; McDermott et al., 2014;
Seiler, 2010). Especially in patients under life-threatening conditions like during a MI, the
existence of coronary collaterals can improve the outcome, as they can limit infarction size,
maintain cardiac function, support cardiac remodeling after an ischemic heart event and most
importantly reduce mortality rates (Cohen and Rentrop, 1986; Habib et al., 1991; Jamaiyar et
al., 2019; Kodama et al., 1996; Zimarino et al., 2014). Furthermore, the development and the
extent of a wide coronary collateral circulation differs individually, and is likely to be dependent
on genetic predisposition, exercise training and the occurrence of CADs (Gloekler and Seiler,
2007). In some clinical trials it was observed that one third of patients with CADs showed
sufficient collateralization to prevent a myocardial ischemic event, comparable to one fifth to

one quarter in people without CADs (Pohl et al., 2001; Wustmann et al., 2003).
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Several decades ago, Fulton observed collaterals or anastomoses in normal and
diseased hearts and determined larger ones in the presence of CADs (Fulton, 1963; Seiler et
al., 2013). Thus, slow and partial constriction or occlusion of coronary arteries as in the case
of CADs can initiate the process of collateral formation under pathological conditions (Jamaiyar
et al., 2019). Moreover, further studies showed a correlation between the presence of angina
pectoris and collateral recruitment. Angina pectoris, or short angina, can be a symptom of
CADs, often caused by coronary narrowing mainly due to formation of atherosclerotic plaques,
and is noticed by chest tightness and pain (Abrams, 2005; Balla et al., 2018; Bergheanu et al.,
2017). Decades ago research could show that patients with history of angina could represent
a well-developed coronary collateral network (Billinger et al., 2002; Fujita et al., 1987; Fulton,
1964; Piek et al., 1997). Furthermore, chronic angina before a Ml reduces infarction size

compared to shorter periods or absence of angina (Herlitz et al., 1993).

Non-infarcted heart
due to collateral circulation

Atherosclerotic
occlusion

Ischemia

Coronary
collaterals

Figure 1.4: Schematic illustration of coronary collaterals.

Hearts showing the main coronary arteries, in which an artery is occluded by an atherosclerotic plaque. (left) Upon
total artery blockade the supplied myocardium suffers from ischemia (gray area) and the heart region gets infarcted.
(right) By the growth of a well-developed and functional coronary collateral circulation the myocardium stays non-
infarcted. Arrows indicate the presence of coronary collaterals. Based on review (Gloekler and Seiler, 2007) and
modified from Servier Medical Art subpoint “Cardiovascular system” and used under the free-to-use Creative
Commons Attribution 3.0 Unported License, https://smart.servier.com

Physiological changes, as during exercise training, also improve the collateralization of
the heart. It was shown that months of endurance training could increase the collateral flow
index, which serves as degree of collateralization in normal and stenosed vessels (Zbinden et
al., 2007; Zbinden et al., 2004). Furthermore, another study demonstrated the benefit of
moderate and high-intensity training on the collateral flow index in patients with CADs as well

(Mobius-Winkler et al., 2016). These findings point in the same direction as previously
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reviewed that patients diagnosed with CADs can effectively improve coronary collateral
development by exercise training (Fujita and Sasayama, 2010; Heaps and Parker, 2011).
Moreover, the degree of collateralization is dependent on genetic factors and the influence of
other diseases. For instance, people affected by the metabolic disorder, diabetes mellitus,
show impaired collateral formation in the coronaries as well as in the peripheral vasculature
(Abaci et al., 1999; Hinkel et al., 2017; Ruiter et al., 2010; Shen et al., 2018).

A functional compensative collateral network is influenced by many factors, but a native
or a pre-existing collateral circulation is embryonically and postnatally developed in different
species and organs (Faber et al., 2014). The formation of native collaterals is called
collaterogenesis and defines the grade of a native collateral circulation in adults (Chalothorn
and Faber, 2010; Clayton et al., 2008; Faber et al., 2014, Lucitti et al., 2012; Zhang et al.,
2019). At this stage, native collaterals need to remodel and to enlarge to get functional as
alternative blood supply to the stenosed ischemic area (Jamaiyar et al., 2019). This increase
happens slowly over time, which can take decades. Thus, the development and remodeling of
collaterals require vascular growth, including immune cell infiltration, endothelial and smooth
muscle cell proliferation as well as extracellular matrix (ECM) degradation and rearrangement
(Meier et al., 2013; Schaper, 2009; van Royen et al., 2009).

1.2.2. Arteriogenesis

Different models and mechanisms of blood vascular growth exist during development,
adulthood and disease conditions. During early embryonic development, the first blood vessels
are formed de novo by vasculogenesis, a process in which angioblasts, vascular progenitor
cells, differentiate into endothelial cells (Carmeliet and Jain, 2011; Potente et al., 2011). After
initial induction of a primitive vascular labyrinth, vessels sprout out into a vascular network via
angiogenesis. The sprouting of vessels is mainly initiated by hypoxic conditions in the tissue
and achieves a greater capillarization (Carmeliet and Jain, 2011; Persson and Buschmann,
2011; Potente et al., 2011). Furthermore, arteriogenesis represents a third form of blood vessel
formation. During development, arteriogenesis is characterized by SMC recruitment,
specification of endothelial cells (ECs), formation of the arterial vessel wall and branching of
the arterial tree. But also the formation of native or pre-existing collaterals is defined by this
term (Simons and Eichmann, 2015). Furthermore, in adulthood, arteriogenesis is termed as
adaptation process to pathological conditions during artery occlusions. Mainly two distinct

types of adult arteriogenesis are known.
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The first type is the “classical” form of arteriogenesis, which is forced by hemodynamic
changes inducing increased shear stress in the collateral network. Thus, pre-existing
collaterals expand and enlarge (Heil and Schaper, 2004; Schaper, 2009; Simons and
Eichmann, 2015; Simons and Ware, 2003). Shortly after artery restriction or occlusion a
pressure gradient develops, leading to shear stress-dependent endothelial nitric oxide
synthase (eNOS) activation and vasodilation as acute response (Cai and Schaper, 2008;
Hoefer et al., 2013). During acute vasodilation, circumferential wall stress (CWS) increases,
adhesion molecules like vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1) are upregulated, and monocytes are recruited by MCP-1.
Those monocytes migrate and release extracellular scaffold digesting proteases. Furthermore,
the endothelium starts secreting growth factors, including basis fibroblast growth factor
(bFGF), platelet derived growth factor-B (PDGF-B) and transforming growth factor beta 1
(TGF-B1). Growth factor secretion induces EC and SMC proliferation, which is essential for
collateral expansion and remodeling days after the acute response (Carmeliet, 2000; Conway
et al., 2001; Meier et al., 2013; Simons and Eichmann, 2015; van Royen et al., 2001; van
Royen et al., 2009).

The second type is the de novo formation of arterioles, which is an arterialization of
capillaries in the skeletal muscle. These capillaries expand and become covered with mural
cells (Faber et al., 2014; Mac Gabhann and Peirce, 2010; Simons and Eichmann, 2015).

Recently, another mechanism of collateral formation was published, called artery
reassembly, in which arterial ECs migrate away from arteries to capillaries, and reassemble to
collateral arteries (Das et al., 2019). However, this process is mainly restricted to the neonatal

stage in mice and is nearly absent in the adult scenario.

So far, the underlying mechanism of blood vascular growth and remodeling is studied in
different animal models. However, in contrast to larger animal studies, murine models allow
pharmacologic as well as genetic manipulation of possible key molecules involved in these
processes. The induction of hindlimb ischemia (HI) is the most common model for peripheral
ischemia vascular adaptation and can be used to investigate adult angio- and arteriogenesis
simultaneously (Limbourg et al., 2009; Meisner et al., 2013; Simons and Eichmann, 2015).
Therefore, the femoral artery is surgically ligated, distal to the origin of the deep branch. This
ligation builds up a pressure gradient and leads to an increase of blood flow into the pre-
existing collaterals of the thigh (Limbourg et al., 2009; Schaper, 2009). Due to these
hemodynamic changes, shear stress rises to the inner vessel wall of the collaterals and triggers
the processes of collateral remodeling and expansion, meaning arteriogenesis is induced
(Hoefer et al., 2013; Limbourg et al., 2009; Schaper, 2009). Whereas, the thigh stays mainly
perfused due to fast collateral adaptation, the calf remains ischemic (Henning et al., 2019;

Limbourg et al., 2009). As arteriogenesis occurs relatively independent from hypoxia, femoral
15



artery ligation causes a local and prolonged hypoxia in the calf. Due to this hypoxic condition,
angiogenesis, the sprouting of capillaries, is initiated via hypoxia inducible factor-1a-vascular
endothelial growth factor-A (HIF-1a-VEGF-A) upregulation (Carmeliet, 2000). This means that
post hindlimb ischemia, arteriogenesis occurs in the thigh, and angiogenesis in the calf (Heil
et al., 2006; Henning et al., 2019; Limbourg et al., 2009; van Royen et al., 2009). However, the
adaptation processes by ischemia induction can quickly disappear if the affected artery is
reopened again (Fulton, 1964; Heil and Schaper, 2004).

Furthermore, the integration of mouse models to analyze coronary vascular growth is of
huge clinical relevance as revascularization strategies due to stenting and bypass surgeries
are often not applicable, and the induction of coronary vascular growth might be an alternative
cardioprotective mechanism following an ischemic heart event (Das et al., 2019). In the past,
some researchers studied arterial vessel growth in the injured mouse heart and tried to gain
knowledge of the mechanism behind (Das et al., 2019; He et al., 2017; Ingason et al., 2018;
Jamaiyar, 2020; Lavine et al., 2013; Miquerol et al., 2015; Tang et al., 2018; Zhang and Faber,
2015).

Two main adult mouse models of ischemia-induced cardiac vascular growth were used.
In the first model, transient LAD occlusions contribute to myocardial repetitive ischemia
reperfusion (Repl/R). This procedure was able to induce coronary growth in form of small
arterioles and arteries with cardioprotective properties (Lavine et al., 2013). The described
model was used to mimic the temporary ischemic events of stuttering angina, often appearing
in patients with CADs, and which are discussed as important trigger for coronary
collateralization (Lavine et al., 2013). In the second model, a permanent LAD occlusion was
applied to induce de novo formation of coronary collaterals as mice lack pre-existing collaterals
in the heart (Zhang and Faber, 2015).

Even though the research on coronary collateralization in murine hearts is ongoing, the
cellular and molecular pathways behind are still poorly understood and conclusions from other
organ or tissue studies, as the hindlimb or the brain, cannot be fully transferred to the
myocardial situation. It is conceivable that arteriogenesis can be induced under ischemic or
hypoxic conditions in the myocardium, and different signaling molecules could play a role (Heil
et al., 2006; Jamaiyar et al., 2019).
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1.3. Mechano-signaling in the endothelium

1.3.1. Influence of hemodynamic changes

It is strongly believed that physical forces released by hemodynamic changes reflect
initial triggers and are essential in the processes of adult blood vascular remodeling and growth
(Heil et al., 2006; Heil and Schaper, 2004; Schaper, 2009; Schaper and Scholz, 2003). More
than a century ago, Thoma described a connection between vessel diameter and blood flow
in the artery of chick embryos (Heuslein and Blackman, 2015; Schaper and Scholz, 2003;
Thoma, 1893). Afterwards, the knowledge about the driving forces of arteriogenesis raised,
and changes in shear stress pattern were identified as key regulators (Heuslein and Blackman,
2015; Schaper, 2009). Circumferential wall stress (CWS) and fluid shear stress (FSS) are
known as remodeling forces in this scenario (Schaper and Scholz, 2003). After an artery
occlusion a pressure gradient develops within the vasculature of the affected tissue. In the
presence of anastomosed vessels this pressure gradient develops an increase in blood flow
velocity, which initiates enhanced FSS to the collaterals. Consequently, FSS is dependent on
blood flow velocity and the internal radius of the collateral vessel (Schaper and Scholz, 2003).
Furthermore, arterial occlusion causes vasodilation, which may lead to increased CWS (Cai
and Schaper, 2008; Schaper, 2009; Simons and Eichmann, 2015). Thus, CWS relates to the
inner pressure and vessel wall thickness, and influences collateralization additionally, for
instance by smooth muscular growth (Schaper and Scholz, 2003). FSS and CWS are both
important shear stress factors for arteriogenesis, but CWS appears to be the stronger force,
as it stays over one thousand times higher (Heil and Schaper, 2004; Schaper, 2009; Schaper
and Scholz, 2003). Hereby, maximal outgrowth and manifestation of collateral vessels is
dependent on the duration and magnitude of shear stress (Eitenmuller et al., 2006; Meisner et
al., 2013; Schierling et al., 2009). With those adaptation processes the vascular system tries
to provide adequate blood flow to the occluded tissue, and it is hypothesized to stop, when
shear stress is reduced due to this vascular remodeling (Heuslein and Blackman, 2015;
Murray, 1926).

Indication of shear stress by artery occlusion can be measured in different ways. For
instance, endothelium-dependent flow-mediated vasodilation (FMD) measurements in
ultrasound investigation provide a non-invasive tool to analyze arterial response and
endothelial function due to short artery occlusion (Charakida et al., 2010; Welters et al., 2017).
In clinic, it is an established method to analyze endothelial dysfunction correlating with
atherosclerosis, cardiovascular risk or the presence of diabetes (Bonetti et al., 2003; Charakida
et al., 2010; Schuler et al., 2014). To measure FMD in mice the femoral artery is occluded for

5 min. After reopening, blood flow velocity rises, shear stress increases and causes vessel
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dilation in the heathy artery. Based on the measurement of the vessel diameter before and
after femoral artery occlusion, the FMD can be calculated (Henning et al., 2019; Schuler et al.,
2014). With the additional inclusion of flow velocity, corresponding wall shear stress influence
can be determined as well (Henning et al., 2019; Schuler et al., 2014). However, this mouse
model is mainly designed to detect hemodynamic changes and subsequent endothelium
response in the bigger femoral artery rather than in the smaller collaterals. To measure direct
shear stress changes in mouse collaterals, researchers established a trans-illuminated laser
speckle flowmetry (LSF) system (Meisner et al., 2013). With this, they could show for the first
time in mice that femoral artery occlusion causes blood velocity and shear stress increase in
hindlimb collaterals. It was demonstrated that the shear stress level was elevated around
2-folds through the length of the collaterals, and that the flow direction was reversed in some
collateral segments upon femoral artery ligation (Heuslein and Blackman, 2015; Meisner et al.,
2013). This imaging technique helps to investigate how shear stress changes influence
collateralization processes in the hindlimb model (Meisner et al., 2013). In contrast, the
detection of hemodynamic changes in the mouse coronary vasculature is potentially

detectable, but quite difficult due to size and resolution limitation.

1.3.2. Mechanotransduction via 1 integrin signaling

Changes in blood flow behavior are directly recognized by the endothelium. But how
artery occlusion-induced hemodynamic changes and corresponding increase in shear stress
levels are signaled into the endothelium is not yet exactly known. In the mechanism of shear
stress transmission, transcription factors like Kruppel-like factor 2 (KLF2) and endothelial cell-
specific junctions like platelet endothelial cell adhesion molecule-1 (PECAM-1) and VE-
cadherin as well as receptors like vascular endothelial growth factor receptor 2/3 (VEGFR2/3)
play an essential role (Baeyens et al., 2016; Henning et al., 2019; Urner et al., 2018). Changes
in mechanical forces can also be sensed by mechanosensitive integrins (Humphrey et al.,
2014; Ingber, 1991; Lorenz et al., 2018; Planas-Paz et al., 2012; Ross et al., 2013; Schwartz,
2010; Sun et al., 2019). Integrins are heterodimeric transmembrane glycoprotein receptors,
composed of an a and a B subunit, and function as “bridges” between the ECM or rather the
basement membrane (BM) and the cytoskeleton in a bidirectional way (Fig. 1.5) (Hynes, 2002;
Moreno-Layseca et al., 2019).

Furthermore, integrins lack their own kinase domain, but the cytoplasmic domain is
linked via adapter proteins, like talin, vinculin, filamin, a-actinin and the IPP-complex,
composed of integrin-linked kinase (ILK), particularly interesting Cys-His-rich protein (PINCH)
and parvin, to the cytoskeleton and enable intercellular signaling (Humphrey et al., 2014;

Legate et al., 2006). Recently, it was found that ILK impedes the interaction of integrins and
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VEGF receptors (Urner et al., 2019). Moreover, integrins are involved in many physiological
and pathological processes including cell proliferation, survival and migration but also, more
precisely, vessel growth stimulation and secretion of angiocrine factors that are important for
organ development and growth (Avraamides et al., 2008; Lorenz et al., 2018; Silva et al., 2008;
Somanath et al., 2009).

—> ECM receptor
—> Mechanotransducer

Extracellular
Plasma membrane

Cytoplasma

Figure 1.5: Integrin receptor.

Image of an integrin transmembrane receptor, composed of an a and a B subunit, in its inactive and active
conformation state, binding to the extracellular matrix (ECM). Integrins can function as mechanotransducer to signal
changes in mechanical forces. Original image was drafted by Dr. Jennifer Axnick (Axnick, 2016) based on the
reviews (Avraamides et al., 2008; Serini et al., 2008) and with permission used and modified by Carina Henning.

Especially, the subunit 81 integrin, the largest subgroup, cooperates with almost all a
subunits and is expressed on nearly every cell type, including ECs (Silva et al., 2008). Global
deletion of B1 integrin gene (ltgb1) results in an early embryonic lethality before vascularization
is induced (Fassler and Meyer, 1995; Stephens et al., 1995). Even with an endothelial specific
knockout (KO), by using Tie2- or VE-cadherin-Cre, embryonic lethality occurs, and embryos
show angiogenic sprouting defects, which implies the essential need of endothelial f1 integrin
for initial vascular formation and development (Carlson et al., 2008; Lei et al., 2008; Tanjore et
al., 2008; Zovein et al., 2010). An impaired vascular phenotype is also detectable postnatally
and under pathological conditions. It was shown that endothelial 1 integrin is important for
stable, non-leaky vessels as well as for acute function in vascular growth and maturation
(Yamamoto et al., 2015). B1 integrin signaling was also shown to be essential by transmitting
hemodynamic changes after carotid or femoral artery ligation, resulting in endothelium
activation, vascular remodeling and collateralization (Cai et al., 2009; Henning et al., 2019; Lei
et al., 2008). Furthermore, it was shown that 31 integrin is present on the basolateral and apical
side of the endothelium, which enables possible mechanotransduction and interaction with

components of the BM, VEGF receptors or shear stress-mediated activation of eNOS (Henning
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etal., 2019; Lorenz et al., 2018; Yang and Rizzo, 2013). Therefore, the presence of B1 integrin
for the crosstalk of the ECM and the endothelium can be critical in terms of mechanically-
forced signaling and is essential for appropriate vascular adaptation and activation of VEGF
receptor 2 and 3 (Avraamides et al., 2008; Urner et al., 2018). For instance, patients with
diabetes mellitus show changes in the composition and thickness of their vascular ECM, or
rather BM, resulting in elevated arterial stiffness and subsequent higher cardiovascular risk
(Goldin et al., 2006; Safar, 2018). These changes may contribute to impaired cellular integrin
signaling and decreased vascular remodeling, which could be a possible explanation for
reduced collateralization in patients with diabetes mellitus (Dincer et al., 2006; Ruiter et al.,
2010; Shen et al., 2018).

All these findings suggest 1 integrin as key player for blood vessel development and
vascular adaptation. In a clinically relevant manner, those adaptation processes could
contribute to a well-developed and functional collateral network, which could act in a
cardioprotective way in terms of CVDs. For cardiac health it is known that a global
heterozygous KO of the ltgb71 gene impairs the outcome after Ml (Krishnamurthy et al., 2006)
and overexpression of a731D in cardiomyocyte reduces infarction size after I/R (Okada et al.,
2013). However, until now it is poorly investigated whether 31 integrin, especially on the
endothelium, is actually involved in cardiac vascular adaptation and essential for

cardioprotection, in ischemic heart events.

1.4. Aims of the thesis

Remodeling and growth of the adult blood vasculature represents a powerful mechanism
to protect from ischemic injury. In this context, transduction of hemodynamic changes via the
endothelium is essential, but the relevance of specific mechanosensitive receptors in adult
ischemic tissue injury like in the hindlimb or the heart is less investigated. Therefore, the major
aim of this thesis was to analyze the role of endothelial 1 integrin for endothelial function,
ischemia-induced blood vascular adaptation and cardioprotection. To examine the relevance
of B1 integrin in the endothelium, different in vivo mouse models were used, in which a main
artery was occluded to induce local ischemia and subsequent vascular changes.

First, short hindlimb ischemia reperfusion in EC-specific 81 integrin KO mice was
triggered to evaluate the role of endothelial 81 integrin for the transfer of shear stress in the
endothelium and the acute vascular response. Therefore, the parameters flow velocity and
FMD reaction were determined. Additionally, to get insights into the relevance of endothelial
B1 integrin for ischemia-induced long-term vascular adaptation processes, the femoral artery

from EC-specific 1 integrin KO animals was permanently occluded. Afterwards, blood
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vascular changes were examined by arteriole number and capillary density quantifications in
the thigh and the calf.

Since the role of 31 integrin in myocardial ischemia with regard to vascular adaptation is
mainly unclear, two different myocardial ischemia mouse models were used, in which the LAD
was repetitively or permanently occluded. Additionally, to specify the role of B1 integrin
signaling, wild type mice were treated with blocking antibodies or EC-specific 31 integrin KO
mice were analyzed in both models. The first myocardial ischemia model, in which the LAD
was repetitively occluded, was used to examine B1 integrin-dependent EC proliferation and
arteriole formation upon ischemia. Furthermore, to discover the role of ischemia locality,
morphological changes in the vascular pattern were analyzed in the ischemic and the non-
ischemic myocardium. Since the relevance of B1 integrin for cardioprotection is less
investigated, the first, repetitive myocardial ischemia model was also used to induce cardio-
protective benefits, and further analyzed in terms of 31 integrin dependency.

Next, the second myocardial ischemia model, in which the LAD was permanently closed,
was inserted to strengthen the results and to find out whether 31 integrin is essentially needed
for vascular adaptation and preservation of cardiac function upon prolonged myocardial
ischemia. Finally, this model enabled to analyze the consequences of endothelial 1 integrin

depletion for the progression of cardiac death after acute MI.
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2. Experimental procedure

Some parts of the experimental procedure are substantially described in the publication
(Henning et al., 2019) and in the manuscript (Henning et al., 2020, in preparation), which is

prepared for publication in a peer-reviewed journal.

2.1. Mouse lines

Several adult mouse lines with different background were used and analyzed in this
thesis. To inhibit the signaling pathway of 1 integrin pharmacologically, a 81 integrin blocking
antibody (BD Bioscience, 555002) was intravenously (i.v.) injected (1 mg/ml, 100 pl) into the
tail vein of 10 to 15 weeks old wild type (wt) male C57BL/6J mice delivered from Janvier. To
check antibody application itself, control antibody treatment was performed similarly in the
same amount and frequency.

ERT2

For genetic deletion studies of 1 integrin in ECs, Cdh5-Cre mice (Benedito et al.,

2009; Wang et al., 2010) were mated with homozygous ltgb 7-loxP mice (Potocnik et al., 2000)
to generate endothelial cell specific homozygous ltgb1 KO mice (ltgb1EK°). Cdh5-CrefR™?
mice were used as controls. KOs and controls were both age-matched, male and treated with
tamoxifen by intraperitoneal (i.p.) injections (75 mg/kg bodyweight, 100 ul) for 5 consecutive
days.

All listed experiments were performed according to the German animal protection laws
(Animal Ethics Committee of the Landesamt fur Natur, Umwelt und Verbraucherschutz, North-

Rhine-Westphalia).

2.1.1. Genotyping

Tail biopsies of KO and control mice were lysed in lysis buffer containing 78 pl dH0,
2 ul Proteinase K solution (740 mAnsonU/ml, PanReac AppliChem) and 20 ul 5x Flexi buffer
(Promega) for each sample. Tails were incubated over night at 56°C and 300 rpm, and
subsequently centrifuged at 13000 rpm for 10 min before polymerase chain reaction (PCR).

Supernatant of lysates were used in the following master mixes:
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PCR compound Cdh5-CrefR72 (ul) | Itgb1-loxP (ul)
dH20 12.8 12.8
5x Green Flexi Buffer (Promega) 4 4
MgCl2 (25 mM, Promega) 1.2 1.2
dNTPs (10mM, Sigma) 0.4 0.4
Primer forward (100 pmol/ul, 0.2 0.2
Eurofins)

Primer reverse (100 pmol/ul, 0.2 0.2
Eurofins)

Taq polymerase (5 U/ul, MPI-CGB) | 0.2 0.2
Tail lysate 1 1

Listed primer sequences were used to amplify DNA in PCR.

Mouse line Primer sequence (5’ > 3) Product size
th5-Cre‘?T2 Forward: GCC TGC ATT ACC GGT CGA TGC | pos approx.700 bp
AAC GA
Reverse: GTG GCA GAT GGC GCG GCA
ACA CCATT

ltgb1-loxP Forward: AGG TGC CCTTCC CTC TAG A wt approx. 350 bp
Reverse: GTG AAG TAG GTG AAA GGT AAC | het approx. 350 bp and
approx. 450 bp

homo approx. 450 bp

The following temperature program was performed for each gene.

Mouse line Temperature program
Cdh5-CreF~'2 | 1) 94°C for 5 min

2) 94°C for 30 sec

3) 58°C for 30 sec

4) 72°C for 1 min

Repeat steps 2) - 4) for 35 cycles
5) 72°C for 5 min

6) 10°C pause
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Iltgb1-loxP 1) 94°C for 2 min

2) 94°C for 1 min

3) 58°C for 1 min

4) 72°C for 1 min

Repeat steps 2) - 4) for 35 cycles
5) 72°C for 10 min

6) 10°C pause

Resulting PCR products were run on a 1% agarose gel (Bio-Budget Technologies,
GmbH) containing 3% SYBR® Safe (Invitrogen) for DNA labeling on 120 V for around 20 min.
Subsequently, marked DNA bands were imaged under UV light in a Chemidoc™ XRS Imaging
System (Bio-Rad).

2.2. In vivo and ex vivo procedure

2.2.1. Flow-mediated vasodilation (FMD)

FMD measurements were determined to analyze endothelial function in the femoral
artery as previously described (Henning et al., 2019; Schuler et al., 2014). Therefore, male
Itgb1E°%C mice and corresponding controls were anesthetized with isoflurane (1.5% vol.,
Piramal Healthcare) and placed on a pre-heated ultrasound investigation table. To induce
temporary ischemia in the distal hindlimb a vascular occluder (5 mm diameter, Harvard
Apparatus) was placed around the lower hindlimb and the femoral artery was visualized by
ultrasound probe arrangement. Accurate positioning was confirmed by pulse wave doppler of
the blood vessel and the arterial blood flow. First baseline condition was imaged followed by
5 min occlusion of the vascular occluder. After reopening of the occluder, femoral artery
diameter and flow velocity were recorded for max. 150 seconds (s) in 30 s intervals. Images
were analyzed off-line by using a semi-automated system as previously described (Heiss et
al., 2008). FMD was calculated as:

diameter(post-ischemia) - diameter(baseline) / diameter(baseline)*100

2.2.2. Hindlimb ischemia
To analyze structural vascular remodeling processes in the hindlimb of male ltgh 1E<°
mice and corresponding controls, ligation of the femoral artery was performed as previously

described (Henning et al., 2019). Therefore, mice were anesthetized via ketamine (100 mg/kg
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bodyweight, KetanestS®, Pfizer Pharma GmbH) and xylazin (10 mg/kg bodyweight, Rompun
TM, Bayer Healthcare) by i.p. injections. During surgery respiration was ensured with oxygen-
enriched air (O2 40%) and isoflurane (1.5% - 2% vol., Piramal Healthcare). Mice were placed
on a 37°C pre-heated surgery table, hair of the hindlimb was removed, the skin was disinfected
and a small incision was made along the middle of the thigh. The femoral artery was exposed,
ligated with two knots distal to the origin of the arteria profunda femoris and the artery was
severed between the two knots. Wounds were closed with suture and mice could recover from

procedure.

2.2.3. Myocardial ischemia

To induce transient episodes of myocardial ischemia in mouse hearts, a closed-chest
ischemia reperfusion model was performed as previously described (Dewald et al., 2004;
Lavine et al., 2013; Nossuli et al., 2000). For ischemia induction, an occluder was implanted
for temporary LAD occlusion. Wt or KO mice received ketamine (100 mg/kg bodyweight,
KetanestS®, Pfizer Pharma GmbH) and xylazin (10 mg/kg bodyweight, Rompun TM, Bayer
Healthcare), i.p. for anesthesia. During surgery, respiration was ensured with oxygen-enriched
air (O2 40%) and isoflurane (2% vol., Piramal Healthcare). Mice were placed on a 37°C pre-
heated surgery table, the hair was removed and the skin disinfected. The heart was exposed
by opening the skin, the muscle layers and the rips were widened. After identification of the
LAD a 7-0 prolene suture (Ethicon, Johnson and Johnson) was placed under the proximal
artery. Suture ends were threaded through a 1 mm polyethylene (PE) tube, which later
functioned as the occluder. A loose snare was formed with the suture, the thorax was closed
again and the suture ends were stored in a subcutaneous pocket until the first ischemia
induction. When mice received a permanent LAD occlusion, the LAD was directly closed with
7-0 silk suture (Seraflex®, Serag Wiessner), and hereby ischemia was induced, modified but
previously described (Gao et al., 2005).

Some days after implantation, mice for transient LAD occlusions were anaesthetized with
isoflurane (3% vol., Piramal Healthcare) and oxygen-enriched air (O2 40%). Mice were placed
on a 37°C pre-heated surgery plate and isoflurane amount was reduced to 2%. Skin was
disinfected and ECG electrodes were placed on fore- and hind feet. After reopening of the skin,
suture ends were removed, attached to two magnets and set under tension for 15 or 60 min to
occlude the LAD. Success of ischemia induction and subsequent reperfusion was controlled
by ST-segment elevation. Ischemia reperfusion (I/R) was performed for 15 min every other
day, or in case the infarction size and cardiac function were quantified, an additional 60 min
I/R followed.
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2.2.4. Osmotic pumps implantation for proliferation detection

For the labeling of proliferating cardiac cells after transient ischemia reperfusion, osmotic
pumps (Alzet®, model 1002) filled with 20 mg/ml 5-bromo-20-deoxyuridine (BrdU, Sigma) in
PBS (Ca?', Mg?") were used. Pumps were i.p. implanted in the first ischemia induction.
Therefore, hair from the abdominal skin was removed, the skin was disinfected and a small
incision was made in the skin and the peritoneum. One filled osmotic pump was inserted and

wounds were closed again.

2.2.5. Pimonidazole treatment

Pimonidazole treatment was performed to determine hypoxic regions in the heart during
ischemia induction. For anesthesia, wt mice were i.p. injected with ketamine (100 mg/kg
bodyweight, KetanestS®, Pfizer Pharma GmbH) and xylazin (10 mg/kg bodyweight, Rompun
TM, Bayer Healthcare). Pimonidazole (60 mg/kg bodyweight, Hypoxyprobe Green Kit,
Hypoxyprobe, Inc., Burlingston) solved in PBS (Ca?*, Mg?") was injected i.p. and the LAD was
occluded as described before without reperfusion. Shortly after ischemia induction hearts were
isolated, perfused with ice-cold PBS (Ca?*, Mg?*), deep-frozen in nitrogen and embedded in

Tissue-Tek O.C.T. (Sakura Finetek GmbH) for cryosectioning.

2.2.6. Magnetic resonance imaging (MRI)

MRI was used to quantify the ischemic area by late gadolinium enhancement (LGE) and
to determine cardiac function of the left ventricle (LV) before, 1 day, 7 days and 28 days after
60 min I/R. These measurements were performed in a Bruker AVANCE 11l 9.4 T Wide Bore
NMR spectrometer (Bruker) driven by ParaVision 5.1 as previously described (Bonner et al.,
2014; Haberkorn et al., 2017). For analysis, mice were anaesthetized with isoflurane (1.5%
vol., Piramal Healthcare). For monitoring vital functions with the M 1025 system (SA
Instruments, Stony Brook) ECG electrodes were placed on fore- and hind feet and a pneumatic
pillow was placed at the back to record respiration. Values were needed to synchronize cardiac
and respiratory motions during H' MRI measurements. To quantify the size of the ischemic
area, 1 day post 60 min I/R Gd-DTPA (0.2 mmol/kg bodyweight) was i.p. injected before
measurements. 'H cine MR loops in short axis of the heart were taken for cardiac function
analysis. Therefore, an ECG- and respiration-gated segmented fast gradient echo cine
sequence with steady state precession (FISP) was used. End-diastolic (EDV) and end-systolic
volumes (ESV) were determined by manual measuring of the left ventricular borders of the
myocardium by means of the ParaVision software (Bruker) region-of-interest (ROI) tool. Base
on this, left ventricular ejection fraction (EF) was calculated by difference between EDV and
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ESV volumes divided by the EDV. Ischemic area size was quantified by manual selection of

LGE-positive area and related to the left ventricular volume.

2.2.7. Echocardiography

Transthoracic echocardiography was performed as previously described (Erkens et al.,
2015). Left ventricular cardiac function was analyzed before, 1 day, 7 days and 14 days after
permanent myocardial ischemia using a MS-400 scanhead (Vevo 2100, VisualSonics,
FUJIFILM). For analysis, mice were anaesthetized with isoflurane (1.5% vol., Piramal
Healthcare) and the long and short axis in B and M mode, the mitral valve flow and the aorta
ascendens flow were recorded. To calculate EF, EDV and ESV, long axis B mode images were

analyzed in the vevo lab software 1.7.1 (VisualSonics).

2.2.8. Triphenyl tetrazolium chloride (TTC) staining

The TTC staining was performed to determine the infarct size as well as the area at risk
(AAR), meaning the area affected by the ischemia but without necrosis after the 60 min I/R.
Therefore, mice were anesthetized via i.p. injections of ketamine (100 mg/kg bodyweight,
KetanestS®, Pfizer Pharma GmbH) and xylazin (10 mg/kg bodyweight, Rompun TM, Bayer
Healthcare). After sufficient anesthesia, hearts were exposed via thoracotomy and transferred
into ice-cold NaCl solution (0.9%, Braun). Attached organs like the lung und the thymus were
carefully removed, the heart was cannulated over the aorta and washed with NaCl solution
(0.9%, Braun) to remove remaining blood clots. Afterwards, the LAD was permanently closed
with a silk suture and the heart was perfused with 1% evens blue solution (in NaCl) via the
aorta. Hearts were removed from the cannula and frozen at -20°C for approximately 1 h. For
TTC staining hearts were transversally cut into equal sections until the suture position,
transferred into TTC solution containing 8 parts 0.1 M Na;HPO4, 2 parts 0.1 M NaH.PO4
(pH 7.4) and 10 mg/ml TTC and incubated at 38°C for 5 to 10 min shaking. Finally, heart
sections were imaged using a stereomicroscope (Leica MZ6 with Leica KL 1500 LCD) and
infarcted area and AAR were measured and analyzed with the software DISKUS (Vers. 4.30.7,
Carl H. Hilgers, DISKUS mikroskopische Diskussion).
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2.2.9. Microfil® perfusion of the coronary vasculature

To visualize the coronary vasculature, adult mouse hearts were perfused with Microfil®
compound (Flow Tech Inc.) as previously described but modified (Zhang and Faber, 2015).
Therefore, mice were anesthetized via i.p. injections of ketamine (100 mg/kg bodyweight,
KetanestS®, Pfizer Pharma GmbH) and xylazin (10 mg/kg bodyweight, Rompun TM, Bayer
Healthcare). To expose the hearts, mice were fixed in a dorsal position, the thorax and
abdomen was opened and a small incision was made in the thoracic aorta. Over the thoracic
aorta the hearts were washed with PBS (Ca®*, Mg®") and afterwards fixed with 1% PFA.
Microfil® working solution was prepared in a mixture of 40% diluent, 55% compound (here
yellow) and 5% curing agent. Finally, the washed and fixed hearts were perfused with working
solution until the entire coronary artery network was visualized. After 20 to 30 min, the solution
finished polymerization and was stable. Perfused hearts were removed and additionally fixed
in 2% PFA over night. Hearts were drained in increasing ethanol concentrations (25%, 50%,
75%, 95% and absolute ethanol, Merck) and optically cleared with methyl salicylate (Sigma
Aldrich). Cleared hearts were imaged under a stereomicroscope (Leica MZ6 with Leica KL
1500 LCD).

2.2.10. Tissue isolation

For heart and hindlimb isolation mice were i.p. anesthetized with ketamine (100 mg/kg
bodyweight, KetanestS®, Pfizer Pharma GmbH) and xylazin (10 mg/kg bodyweight, Rompun
TM, Bayer Healthcare). After sufficient anesthesia, mice were fixed in a dorsal position and a
thoracotomy was performed to expose the heart. For immunohistochemical analysis, hearts
and hindlimbs were washed over the left and right ventricle with ice-cold PBS (Ca?*, Mg®")
containing 1 M adenosine (Sigma). Afterwards, tissue was perfused with 4% PFA and
transferred to 4% PFA for fixation over night at 4°C. For molecular or biochemical analysis,
hearts were exposed, washed with ice-cold PBS (Ca?*, Mg?*) containing protease (cOmplete
Protease Inhibitor Cocktail Tablets, Roche) and phosphatase inhibitors (Phosphatase Inhibitor
Cocktail, Roche) and the left and right ventricle were separated from each other before freezing

into liquid nitrogen.
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2.3. Immunohistochemistry

2.3.1. Equilibration, embedding and cryosectioning

For equilibration, hearts and hindlimbs were transferred in 15% and subsequent 30%
sucrose solution over night at 4°C shaking. Afterwards, hearts and hindlimbs were embedded
in Tissue-Tek O.C.T embedding compound (Sakura Finetek GmbH) and stored at -80°C or
directly cryosectioned for immunohistochemical analysis. For hypoxia staining, hearts were
cryosectioned in 8 ym thickness, while for remaining immunohistochemical analysis 12 pym
thick tissue sections were prepared with a cryostat (Mictrotom HM 560, Thermo Fischer

Scientific).

2.3.2. Immunostaining

General tissue staining: After cryosectioning, sections were blocked with blocking
solution containing 5% normal donkey serum (NDS, Jackson ImmunoResearch) and
3% bovine serum albumin (BSA, AppliChem) and 0.2% Triton X-100 (AppliChem) for 1 h at
room temperature (RT). Afterwards, sections were incubated with primary antibody diluted in
blocking solution for 1 h at RT or over night at 4°C. Slides were washed 2 times for 10 min with
PBS (Ca®', Mg?*) and a last time with PBS (Ca*, Mg®") containing 0.2% Triton X-100.
Incubation with secondary antibody followed, containing DAPI (Sigma) diluted 1/1000 for
45 min at RT. Lastly, slides were washed 3 times each for 10 min with PBS (Ca?*, Mg?*) again

and mounted with Fluoroshield™ (Sigma).

Hypoxia staining: After cryosectioning, sections were fixed with acetone for 10 min and
incubated with fluorophore-coupled antibodies for hypoxyprobe-fluorescein isothiocyanate-
monoclonal antibody (HP-FITC-MAb), which detects pimonidazole adducts. The remaining

procedure to co-stain other proteins was performed as previously described.

Proliferation staining: Sections of mouse hearts, which were treated with BrdU, were
incubated in 2 M HCI solution for 30 min at 37°C and subsequently neutralized by incubation
with 0.1 M sodiumtetraborate. Afterwards, primary and secondary antibodies were applied as

previously described.
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The following table shows used primary and secondary antibodies as well as the dilution

concentrations.

Primary antibodies Dilution | Secondary antibodies Dilution

Goat anti-PECAM-1 (R&D 1/20 Donkey anti-goat/mouse/rat Alexa Fluor | 1/500

Systems, AF3628) 488 (Invitrogen Molecular Probes)
Mouse anti-aSMA (Sigma, 1/100 Donkey anti-goat/mouse/rat Alexa Fluor | 1/500
A5228) 555 or Cy3 (Invitrogen Molecular
Probes or Jackson ImmunoResearch)
Mouse anti-aSMA-Cy3 1/200 Donkey anti-goat/mouse Cy 5 (Jackson | 1/500
(Sigma, C6198) ImmunoResearch)
Rat anti-BrdU (abcam, 1/200
ab6326)

HP-FITC-MAb (Hypoxyprobe | 1/50
Green Kit, Hypoxyprobe, Inc.
Burlingston, HP6-XXX)

All mounted slides were directly imaged or stored at 4°C.

2.3.3. Microscopy and image analysis

After immunohistochemical staining, sections were scanned and imaged using a
confocal laser scanning microscope (LSM 710, Zeiss) and subsequently analyzed with the
open source program FIJI (Imaged, NIH). For quantification, the proliferating ECs and the
arterioles were counted manually and related to the myocardial or hindlimb area in mm?.
Capillary density was calculated by counts of capillaries divided by the number of muscular

fibers.

2.4. Magnetic-activated cell sorting (MACS) of ECs

ECs of hearts were isolated and purified via magnetic-activated cell sorting (MACS) from
adult /tgb1°K° and control mice. All steps were performed according to the manufacturer's
protocol from Miltenyi Biotech. Starting with ‘Preparation of single-cell suspension from mouse
hearts’ and followed by ‘CD45 MicroBeads’ and ‘CD31 MicroBeads’ coupling. Therefore,
hearts were dissociated with a gentleMACS Dissociator (Miltenyi Biotech) and digested with
collagenase Il (Worthington, CLS-2) and DNase | (AppliChem) solution to generate the single-

cell suspension. Afterwards cells were labelled with CD45 MicroBeads (Miltenyi Biotech, 130-
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052-301) to remove leukocytes and platelets as those subtypes of immune cells are also
positive for the subsequent used EC marker CD31. After labeling, CD45 positive cells were
separated in magnetic field and remaining cells were further marked with CD31 MicroBeads
(Miltenyi Biotech, 130-097-418) for EC isolation. The remaining EC pellets were used for real-

time PCR or Western blot analysis.

2.5. Molecular and biochemical methods

2.5.1. Quantitative real-time PCR

Quantitative real-time PCR was used to determine KO efficiency on RNA level.
Therefore, heart EC pellets from MACS were homogenized in 150 pl peqGold TriFast (Peqlab)
and total RNA was isolated by performing a single-step acid guanidinium thiocyanate-phenol-
chloroform extraction (Chomczynski and Sacchi, 1987). Afterwards, the RNA concentration
was determined by using a BioMate™ 3 (Thermo Fisher Scientific), and cDNA synthesis was
performed using SuperScript™ Il Reverse Transcriptase (Invitogen by Thermo Fischer
Scientific) according to the manufacturer’s protocol. For subsequent quantitative real-time PCR
analysis, the Brilliant [l Ultra-Fast SYBR® Green QPCR Master Mix (Agilent Technologies)
and the thermal cycler Stratagene Mx3000P (Agilent Technologies) were used. Samples were

analyzed in duplicates or triplicates and the following primes were used:

Primer (Eurofins) | Primer sequence (5’ 2 3’)

Mouse ltgb1 Forward: AAT GCC AAG TGG GAC ACG GG
Reverse: TGA CTA AGA TGC TGC TGC TGT GAG C

Mouse Rplp0 Forward: GAT GCC CAG GGA AGA CAG
Reverse: ACA ATG AAG CAT TTT GGA TAATCA

Mouse Hprt Forward: CAC AGG ACT AGA ACA CCT GC
Reverse: GCT GGT GAA AAG GACCTC T

Mouse 82m Forward: GAG CCC AAGACC GTC TAC TG

Reverse: GCT ATT TCT TTC TGC GTG CAT

Following temperature protocol was used for quantitative real-time PCR analysis.
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Steps Temperature program

Pre-incubation | 1) 95°C for 2 min

Amplification 2) 95°C for 5 sec

3) 60°C for 20 sec

Repeat steps 2) - 3) for 40 cycles
Melting 4) 95°C for 1 min

5) 55°C for 30 sec

6) 95°C for 30 sec

The endothelial B1 integrin KO efficiency in murine hearts were determined by means of
the AACT method, therefore AACT is defined as CT gene of interest - CT housekeeping gene
(Livak and Schmittgen, 2001). Here the genes Rpip0, Hprt and B2m were used as

housekeeping genes and normalized to ltgb1 (gene of interest).

2.5.2. Western blotting

For determination of endothelial 81 integrin KO efficiency on protein level, sorted EC
pellets from MACS were lysed in radioimmunoprecipitation assay (RIPA) buffer, containing 50
mM Tris/HCI (pH 7.4), 150 mM NaCl, 1% IGEPAL, 0.25% Na-deoxycholate, 1 mM EDTA,
protease (cOmplete Protease Inhibitor Cocktail Tablets, Roche) and phosphatase inhibitors
(Phosphatase Inhibitor Cocktail, Roche). To measure protein content, the Pierce™
bicinchoninic acid (BCA) protein assay Kit (Thermo Fisher Scientific) was performed according
to the manufacturer’s protocol and equal amounts of protein per sample were used for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separation. Therefore, [3-
mercaptoethanol (Roth) was diluted 1/10 in 4x Laemmli buffer (Bio-Rad), mixed with samples
and heated at 95°C for 5 min for protein denaturation. After denaturation, proteins were
separated to their molecular weight in 4-15% SDS-gels (Bio-Rad) by 180 V for 30 min using a
Mini-PROTEAN Tetra Cell (Bio-Rad). For semi-dry protein transfer from SDS-gel to a
polyvinylidene fluoride (PVDF) membrane, the Trans-Blot® Turbo™ Mini PVDF Transfer Pack
(Bio-Rad) and the Trans-Blot Turbo Transfer System (Bio-Rad) was used. After Western
blotting membranes were cut due to the molecular weight of the proteins of interest and
blocked for 1 h at RT in blocking solution containing 5% BSA (AppliChem) and
0.5% Tween-20 (AppliChem) diluted in PBS (Ca*", Mg?"). Afterwards, membranes were
incubated with primary antibodies over night at 4°C, washed 3 times for 10 min with PBS (Ca?*,
Mg?*) containing 0.5% Tween-20 (AppliChem) followed by incubation with secondary
antibodies for 45 min at RT and washed again. Following table shows the used antibodies and

their dilution in blocking solution.
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Primary antibody Dilution | Secondary antibody Dilution
Rat anti-B1 integrin 1/1000 | Donkey anti-rat HRP (Jackson 1/5000
(Millipore, MAB1997) ImmunoResearch)

Rabbit anti-GAPDH 1/2000 | Donkey anti-rabbit HRP 1/5000
(Abcam, ab9485) (Cell signaling)

After the last washing step, membranes were incubated with WesternBright
Chemiluminescent Substrate Quantum (Advansta, 171206-34, 1:1) for 1 min in dark and
imaged in the ChemieDoc™ MP, Imaging System (Bio-Rad). For semi-quantitative band
density analysis (performed with FIJI, Imaged NIH), B1 integrin levels were normalized to

GAPDH protein levels, needed as housekeeping protein.

2.5.3. Enzyme-linked immunosorbent assay (ELISA)

To detect endotehlin-1, neuregulin-1 and hepatocyte growth factor (HGF) protein levels
in murine plasma and heart tissue, the endothelin-1 Quantikine® ELISA Kit (R&D, DET 100),
the mouse NRG-1 (Neuregulin 1) ELISA (Novus biologicals, NBP2-68070) and the mouse/rat
HGF Quantikine® ELISA Kit (R&D, MHGO00) was used. Therefore, plasma was collected by
retrobulbar isolation of blood. Heparinized blood was centrifuged at 3000 g for 3 min at 4°C
and supernatant was removed for plasma protein analysis. Hearts were isolated as described
for molecular or biochemical analysis. For tissue lysis, 20-30 mg left ventricular heart muscle,
which was exposed to ischemia, in 500 pl lysis buffer, containing protease (cOmplete Protease
Inhibitor Cocktail Tablets, Roche) and phosphatase inhibitors (Phosphatase Inhibitor Cocktail,
Roche) diluted in RIPA buffer, was homogenized in a gentleMACS Dissociator (Miltenyi
Biotech). After centrifugation at 400 g for 3 min at 4°C to reduce foam, the supernatant was
centrifuged a second time at 4000 g for 10 min at 4°C. Protein concentration of the supernatant
was determined by using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific). Only
neuregulin-1 plasma samples were diluted 1/6. Heart tissue samples were diluted to 40 ug
protein per well. Afterwards, plasma and heart tissue samples were loaded on the
endothelin-1, neuregulin-1 and HGF ELISA plate and analyzed as duplicates. The general
assay procedures were performed according to the manufacturer’s protocol. Finally, optical
density of each well was detected by using a NanoQuant Infinite M200 Reader (TECAN) and

endothelin-1, neuregulin-1 and HGF relative protein amounts were calculated.
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2.6. Statistical analysis

To determine statistical significance, Excel (Microsoft) or Prism (GraphPad Inc.) was
used as calculation software. Therefore, an unpaired or paired two-tailed Student’s t-test was
used if two groups were compared with each other. Differences in P values less or equal 0.05
were considered as statistically significant and the values with two decimal places were shown
in the figures or the figure legends. Values are shown in dot plot graphs or as averages of all
values per group + standard error of the mean (SEM). Survival rates were described in a

Kaplan-Meier curve and the significance was calculated with a log-rank test (Mantel-Cox test).

2.7. Personal contribution

Carina Henning performed most of the here described experiments and was supervised
by Prof. Dr. Eckhard Lammert.

Anna Branoploski contributed to the cryosectioning, staining and immunohistochemical
analysis on numbers of arterioles and capillaries in the hindlimb and arterioles in the heart.
Furthermore, Anna Branopolski recorded MR images of the mouse hearts. Carina Henning

analyzed the MR images for ischemic area size and cardiac function.

Paula Follert was co-supervised by Carina Henning during her Bachelor Thesis in 2018
and performed experiments to quantify KO efficiency of endothelial cell specific homozygous
Itgb1 KO mice (ltgh1C0).

Dr. Dominik Schuler performed ultrasound-based flow velocity and FMD measurements
as well as hindlimb ischemia surgeries in endothelial cell specific homozygous lfgb1 KO mice
(Itgb1EKC) and their controls. Carina Henning performed most further experimental steps,
including tamoxifen injections, harvesting, cryosectioning, staining and immunohistochemical

analysis of the hindlimbs.
Aysel Ayhan supported the echocardiographic measurements for permanent myocardial

ischemia surgery. Carina Henning measured and analyzed the echocardiographic data for

cardiac function.
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As Carina Henning and Anna Branopolski were both involved in the project, they share
some experimental results for their theses. Carina Henning and Anna Branopolski contributed
to equal amounts to the following figures: Fig. 3.3, Fig. 3.4, Fig. 3.5, Fig. 3.6, Fig. 3.12,
Fig. 3.13, Fig. 3.21 and Fig. 3.22. Carina Henning contributed to three-quarter and Anna
Branopolski to one-quarter to the following figures: Fig. 3.16, Fig. 3.17 and Fig. 3.23.
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3. Results

Some parts and illustrations of the results are substantially described in the publication
(Henning et al., 2019) and in the manuscript (Henning et al., 2020, in preparation), which is

prepared for publication in a peer-reviewed journal.

3.1. Role of endothelial cell-specific f1 integrin in hindlimb ischemia

Endothelial B1 integrin was reported to hold a central role in embryonic and postnatal
vascular development, as its deficiency results in an impaired vascularization (Carlson et al.,
2008; Lei et al., 2008; Tanjore et al., 2008; Yamamoto et al., 2015; Zovein et al., 2010).
Therefore, in the context of adult vascular remodeling upon artery occlusion, it is conceivable
that integrins are able to signal blood flow changes to the endothelium, which is discussed to
be the initial trigger for collateralization.

To study the role of endothelium-specific 1 integrin for endothelial function and vascular
adaptation, an adult hindlimb ischemia model was used. Hemodynamic changes and flow-
mediated vasodilation (FMD) were analyzed as acute response to short femoral artery (FA)
occlusion. Furthermore, structural vascular remodeling was observed as an increase of
arteriole number. Additionally, angiogenesis, indicated by a rise of capillary numbers, was

further investigated.

3.1.1. Endothelial B1 integrin is required for flow-mediated vasodilation (FMD)

To examine the role of endothelial B1 integrin in endothelium function, flow velocity and
FMD after 5 min cuff-induced FA occlusion (Fig. 3.1 a-c) was measured, in mice selectively
deficient for ltgb1 gene in ECs. This procedure is comparable to measurements in humans
using the brachial artery (Heiss et al., 2008; Henning et al., 2019; Schuler et al., 2014).

ERT2 mice

EC-specific deletion was generated by crossing tamoxifen-inducible Cdh5-Cre
(Benedito et al., 2009; Wang et al., 2010) with homozygous ltgb1-loxP mice (Potocnik et al.,
2000). A LacZ staining of the thigh and gene expression analysis showed successful KO
induction in ECs after tamoxifen administration (Henning et al., 2019). Those Cdh5-CretR"?;
homozygous ltgb1-loxP mice (referred as ltgb15°°) were compared to tamoxifen-induced
Cdh5-CreR™2 mice (referred as control).

After reopening of the cuff in the lower leg region, reperfusion was induced, followed by
an increase in flow velocity and corresponding FMD. Both parameters were measured in
Itgb 1E°K° and control mice over 150 s after short FA occlusion. The increase in flow velocity
after reopening was the highest at 0 s in Itgb7°*° mice (Fig. 3 d), but not significantly higher

compared to control mice (Fig. 3.1 e). Over the entire measuring period, flow velocity was
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largely unaffected in the two groups. Therefore, generation of shear stress, meaning the main
trigger for FMD was not substantially influenced by the EC-specific KO of 31 integrin. However,
the dilation of the artery, indicated by FMD was clearly impaired in ltgh 75°“° mice compared
to controls. This was shown over the time of measurement as well as at 60 s after reopening,
where vasodilation was at the maximum in both mouse lines (Fig. 3.1 f, g).

In conclusion, flow velocity and hence shear stress generation was not substantially
influenced by B1 integrin deletion in the endothelium, but shear stress signaling was

interrupted and subsequent FMD response decreased.
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Figure 3.1: Endothelial cell-specific deletion of Itgh1 causes no changes in flow velocity, but impairs FMD
response upon short femoral artery (FA) occlusion.

(a) lllustration of the experimental setup with ultrasound-based flow velocity and FMD measurements. The cuff was
used to occlude the FA for 5 min and the ultrasound probe to image the FA. (b) View of longitudinal B-mode image
and (c) zoom in with better visualization of edge detection of the FA. (d, e) Quantification of flow velocity is shown
in mm/s (d) over 150 s and (e) at 0 s after 5 min of FA occlusion in control and ltgb 7E°XC mice. (f, g) Quantification
of FMD is shown in % (f) over 150 s and (g) at 60 s after 5 min of FA occlusion in control and /tgb7ECXC mice.
Reported values are means + standard error of the mean (SEM) with n = 5 mice per genotype. Statistical
significance was determined using unpaired two-tailed Students t-test. No statistical significances are shown in
(d, f). Image (a) was drafted by Carina Henning and illustrated by Yousun Koh. Carina Henning and Dr. Dominik

Schuler performed the presented experiment.

Images and results from this subitem were adapted and recently described in the publication
(Henning et al., 2019), Fig. 3 a-c and Fig. 4.
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3.1.2. Endothelial B1 integrin is required for ischemia-induced arterial and
capillary vessel growth

Ligation or permanent occlusion of the FA in mice is a well-established model to study
different types of pathological vessel growth simultaneously. Therefore, the arteria femoris or
FA was permanently closed after the branch of the arteria profunda femoris (Fig. 3.2 a),
inducing permanent hindlimb ischemia (HI). After several days pre-existing collaterals in the
thigh expand and increase to larger ones, whereas in the calf capillaries start growing
(Limbourg 2009). Furthermore, arterioles can also develop de novo from capillaries (Faber et
al., 2014; Mac Gabhann and Peirce, 2010; Simons and Eichmann, 2015). In this model,
processes of arterio- and angiogenesis were initiated and histologically analyzed by

transversal cross-sections through the thigh and calf (Fig. 3.2 b, ¢).
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Figure 3.2: lllustration of hindlimb ischemia experiments.

histological analysis in (b) the thigh and (c) the calf is visualized by squares with dotted line. (d) Overview of the
study design with the endpoint analysis at (I) 7 d and (ll) 14 d post permanent FA occlusion. Images (a-c) were
drafted by Carina Henning and illustrated by Yousun Koh.

To determine whether those processes were influenced by EC-specific deletion of
B1 integrin, again ltgb1E° and control mice were treated equally with i.p. injections of
tamoxifen to induce the KO but also to check the influence of Cre activity in control mice.
Afterwards, the FA was ligated and hindlimbs were isolated 7 days (d) and 14 d post HI for
analysis (Fig. 3.2 d |, Il).

Vascular adaptation was determined by immunohistochemical analysis of blood vessels,
in transversal cross-sections of the thigh and calf. Co-staining of PECAM-1 and a-smooth
muscle actin (aASMA) was used to detect changes in arteriole numbers and single PECAM-1

staining was used to identify modifications in capillary density.
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Figure 3.3: Hindlimb ischemia-induced arteriole vessel growth in the thigh is reduced in mice with
endothelial cell-specific deletion of Itgb1.

(a, b, d, e) Representative immunofluorescence images of the thigh 7 d after hindlimb ischemia (HI) in (a-c) control
and (d-f) ltgb TECKO mice. Mice received (a, d) sham or (b, e) HI surgery. Sections were stained for endothelial cells
(PECAM-1, red), smooth muscle cells (aSMA, green) and nuclei (DAPI, blue). Arrows indicate arterioles by co-
staining of PECAM-1 and aSMA. (c, f) Quantification of arterioles per mm? in (c) control and (f) /tgb7ECKO mice.
Reported values are means + SEM with n = 6 mice per condition. Statistical significance was determined using
paired two-tailed Students t-test. Carina Henning, Anna Branopolski and Dr. Dominik Schuler performed the

presented experiment.

Notably, before ischemia induction the vessel density of arterioles and capillaries in the
thigh and the calf was unchanged by tamoxifen treatment, as well as EC apoptosis was not
increased baseline after 1 integrin KO induction. Consequently, tamoxifen application and
therefore EC-specific B1 integrin KO in adult mice alone did not influence vascular status

before permanent FA occlusion (Henning et al., 2019).

Furthermore, 7 d post HI induction, quantification of control mice showed an increase
in arteriole numbers in the thighs, compared to thighs without intervention (sham) (Fig. 3.3 a-
c). Interestingly, this enhancement was inhibited in /tgb75°€° mice (Fig. 3.3 d-f). In contrast to
arteriole number, capillary density in the thighs of control mice was not significantly increased
after HI (Fig. 3.4 a-c). Moreover, ltgb15°° mice also did not show any changes in capillary
density by HI compared to sham procedure (Fig. 3.4 d-f). Therefore, results indicate endothelial
B1 integrin to be important for HI-induced arterial growth in the thigh. Furthermore, capillary

growth or angiogenesis was barely induced by HI in the thigh of control or /tgb15°*C mice.
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Figure 3.4: Hindlimb ischemia did not induce angiogenesis in the thigh of control and KO mice with
endothelial cell-specific deletion of Itgb1.

(a, b, d, e) Representative immunofluorescence images of the thigh 7 d after HI in (a-c) control and (d-f) ltgb 1ECKO
mice. Mice received (a, d) sham or (b, €) HI surgery. Sections were stained for endothelial cells (PECAM-1, red)
and nuclei (DAPI, blue). (c, f) Quantification of capillaries per muscle fiber in (c) control and (f) ltgb 750 mice.
Reported values are means £+ SEM with n = 6 mice per condition. Statistical significance was determined using
paired two-tailed Students t-test. Carina Henning, Anna Branopolski and Dr. Dominik Schuler performed the

presented experiment.

However, further analysis of the calf showed different vascular adaptation processes to
permanent FA occlusion compared to the thigh. In contrast to arteriole growth in the thigh, the
increase of arteriole numbers was less distinct and only visualized in a non-significant rise in
control mice (Fig. 3.5 a-c). Furthermore, this tendency of elevated arteriole numbers was no
longer observed in ltgh 7E°*° mice (Fig. 3.5 d-f).

However, compared to arteriole formation, the enhancement of capillary density in the
calf from control mice was more statistically clear (Fig. 3.6 a-c), whereas this increase was
absent in mice with EC-specific deletion of B1 integrin. Therefore, results demonstrate that
ischemia-induced angiogenesis in the calf is dependent on the presence of endothelial

B1 integrin.
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Figure 3.5: Hindlimb ischemia slightly induces arteriole vessel growth in the calf of control mice, but not in
KO mice with endothelial cell-specific deletion of Itgb1.

(a, b, d, e) Representative immunofluorescence images of the calf 14 d after Hl in (a-c) control and (d-f) ltgb 1ECKO
mice. Mice received (a, d) sham or (b, e) HI surgery. Sections were stained for endothelial cells (PECAM-1, red),
smooth muscle cells (aSMA, green) and nuclei (DAPI, blue). Arrows indicate arterioles by co-staining of PECAM-1
and aSMA. (c, f) Quantification of arterioles per mm? in (c) control and (f) /tgb7EX° mice. Reported values are
means + SEM with n = 6 mice per condition. Statistical significance was determined using paired two-tailed Students
t-test. Carina Henning, Anna Branopolski and Dr. Dominik Schuler performed the presented experiment.

Similar results were also observed after antibody-induced inhibition of 1 integrin in the same
model. Hereby, FA ligation-induced enlargement of pre-existing collaterals, the enhancement
of arteriole numbers in the thigh as well as the rise in capillary density in the calf was
suppressed by 1 integrin blocking antibody administration compared to the treatment with a
control antibody (Henning et al., 2019).

Thus, both pharmacological and genetic loss-of-function experiments showed 1 integrin
to be essential for the signaling in vascular adaptation and therefore this integrin subunit plays

a critical role in long-term vascular rearrangement in the thigh and the calf.
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Figure 3.6: Hindlimb ischemia-induced angiogenesis in the calf is reduced in mice with endothelial cell-
specific deletion of Itgb1.

(a, b, d, e) Representative immunofluorescence images of the calf 14 d after Hl in (a-c) control and (d-f) /tgb7ECKO
mice. Mice received (a, d) sham or (b, €) HI surgery. Sections were stained for endothelial cells (PECAM-1, red)
and nuclei (DAPI, blue). (c, f) Quantification of capillaries per muscle fiber in (c) control and (f) ltgb7EKC mice.
Reported values are means + SEM with n = 6 mice per condition. Statistical significance was determined using

paired two-tailed Students t-test. Carina Henning, Anna Branopolski and Dr. Dominik Schuler performed the
presented experiment.

Images and results from this section were adapted and recently described in the publication
(Henning et al., 2019), Fig. 1 f,  and Fig. 2.

3.2. Transient, repetitive myocardial ischemia reperfusion

Vascular adaptation processes due to ischemia induction can also be initiated in the
mouse heart. This represents an effective model to study cellular and molecular signals, which
trigger coronary vessel growth with the intention to reflect the situation in humans.

In the past, using a closed-chest myocardial ischemia model, short transient and
repetitive periods of ischemia with reperfusion, shortly named Repl/R, were sufficient to cause
cardiac vascular remodeling and growth (Lavine et al., 2013). Those periods of LAD occlusions
should mimic stuttering angina events, present in patients with CADs and correlating with the
development of a cardioprotective well-defined collateral circulation (Billinger et al., 2002;
Fujita et al., 1987; Fulton, 1964; Lavine et al., 2013; Piek et al., 1997).
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Figure 3.7: lllustration of the closed-chest myocardial ischemia model to induce transient, repetitive
myocardial ischemia reperfusion (Repl/R).

(a) View of the occluder implantation where a prolene suture is placed around the proximal left anterior descending
coronary artery (LAD) and threated through a polyethylene (PE) tube, which functions as an occluder. (b) Using this
closed-chest model to induce (c) 3x 15 min ischemia by setting the suture ends under tension (orange arrows) and
to induce reperfusion by releasing the tension (green arrows). The procedure is shortly called Repl/R. (d) Perfusion
changes are recorded by ECG before ischemia, baseline (black line), during ischemia indicated by ST-segment
elevation (orange line) and after reperfusion (green line). Images were drafted by Carina Henning and illustrated by
Yousun Koh.

For performance, the intervention required a pre-surgery for occluder implantation
(Fig. 3.7 a). The occluder temporarily closed the LAD and caused ischemia in the suppling
region of the coronary artery. After several days of recovery, in the here described
experiments, left myocardial ischemia was induced under closed-chest by pulling tension to
the occluder, which interrupted the blood flow through the artery (Fig. 3.7 b, c orange arrows).
After 15 min the tension was released and the myocardial tissue was perfused with fresh blood
(Fig. 3.7 c green arrows). Here, successful and complete LAD occlusion caused transmural
ischemia and ST-segment elevation (STEMI), recorded in ECG measurements (Fig. 3.7 d).
The procedure was performed for 3 times every other day and in combination with B1 integrin
blocking antibody treatment or endothelial B1 integrin KO induction (Fig 3.8 a I, II).
Furthermore, influence of Repl/R treatment was compared to mice with occluder implantation,
but without ischemia induced, referred as RepSham.

Finally, for analysis of morphological changes, transversal cross-sections of the papillary
muscle region underneath the occluder were defined as area of interest and histologically
investigated by immunofluorescence staining (Fig. 3.8 b). Those sections represent the RV
and LV, the main coronary arteries and simultaneously the myocardial tissue, which was

exposed to ischemia and which not. (Fig. 3.8 c).
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Figure 3.8: lllustration of Repl/R study design and area of interest for histological analysis.

(a) Visualization of study design 1 for (1) i.v. antibody treatment (control (ctrl-AB) or B1 integrin blocking antibodies
(B1-B-AB)) and study design 2 for (Il) EC-specific KO of 31 integrin (control or ltgb7ECXO mice). (b) Schematic
illustration of a mouse heart with implanted occluder and coronary arteries, including the right coronary artery (RCA),
the left circumflex artery (LCX) and left anterior descending artery (LAD). Dotted square indicates the cross-section
(shown in c) analyzed underneath the occluder. (c) Transversal cross-section, presenting the right (RV) and left
ventricle (LV), the coronary arteries as in (b) and the region of ischemic and non-ischemic myocardium after LAD
occlusion. Images (b, ¢) were drafted by Carina Henning and Anna Branopolski and illustrated by Yousun Koh.

Analysis of hypoxia staining showed hypoxic myocardial tissue during LAD occlusion in
the left myocardium (referred as ischemic). However, hypoxia was absent in the right and
septal myocardium (referred as non-ischemic) (Fig. 3.9 c, d), as well as in control mouse
hearts, treated with hypoxic probe and sham procedure (Fig. 3.9 a, b). Therefore, results
indicate absence of hypoxia in adult mouse hearts under baseline conditions, but is indeed
initiated by LAD occlusion in the area of blocked blood perfusion.

Due to the ischemic and non-ischemic myocardial regions, immunohistochemical

analysis was focused on these areas for the detection of blood vascular changes.
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Figure 3.9: LAD occlusion causes hypoxia and therefore ischemia in the left ventricle of the myocardium.
(a-d) Representative immunofluorescence images of the papillary muscular region of mouse hearts treated with
hypoxic probe (pimonidazole) before (a, b) sham or (¢, d) LAD occlusion (ischemia). Sections were stained for
smooth muscle cells (aSMA, red), hypoxia (hypoxic probe, green) and nuclei (DAPI, blue). For orientation the right
ventricle (RV) and the left ventricle (LV) is indicated. Carina Henning performed the presented experiment.
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3.3. Role of B1 integrin functionality in Repl/R

Vascular adaptation processes due to Repl/R procedure can be studied on different
levels. In this context, ischemia, more specifically, repeated ischemia events can change
cellular and molecular homeostasis and enable the organism to adapt. If the ischemic trigger
is sufficient in strength, morphological adaptation processes, like vasculature adaptation can
be observed. Furthermore, it was shown that coronary vessel growth was accompanied by
protection from myocardial infarction (Ml) (Lavine et al., 2013).

As in the hindlimb ischemia model, it is conceivable that artery occlusion causes
hemodynamic changes and alterations in physical forces, which can be sensed by
mechanosensitive receptors, like 31 integrins (Avraamides et al., 2008; Humphrey et al., 2014;
Schwartz, 2010). To verify the relevance of 1 integrins in ischemia-induced coronary vessel
adaptation, mice underwent Repl/R or RepSham procedure and were additionally treated with
B1 integrin blocking antibody (31-B-AB) or an isotype-matched control antibody (ctrl-AB).
Afterwards, morphological vascular changes and possible cardioprotective properties were

analyzed.

3.3.1. Repl/R-induced cardiac endothelial cell proliferation is impaired by
B1 integrin blockage

EC proliferation is discussed to be essential and initial for vascular remodeling and
growth (Meier et al., 2013; van Royen et al., 2009). Therefore, to study cardiac EC proliferation
due to Repl/R procedure, osmotic pumps were filled with the proliferation marker
bromodeoxyuridin (BrdU) and implanted i.p. in the first round of ischemia induction
(Fig. 3.8 a, I). To determine the number of proliferating cells, hearts were isolated after surgical
intervention, sectioned and stained for BrdU and PECAM-1, to detect proliferating ECs.

Notably, mice treated with ctrl-AB showed an increase in proliferating ECs in the non-
ischemic (Fig. 3.10 a-e) as well as the ischemic myocardium (Fig. 3.10 f) after Repl/R
compared to RepSham procedure. This increase was particularly stronger in the ischemic

myocardium compared to the non-ischemic myocardium.
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Figure 3.10: Repl/R treatment induces EC proliferation in the ischemic and the non-ischemic myocardium.
(a-d) Representative immunofluorescence images of the non-ischemic myocardium of mouse hearts treated with
control antibody (ctrl-AB) and (a, b) RepSham or (c, d) Repl/R procedure. Dotted squares indicate zoom in of
sections. Sections were stained for proliferation (bromodeoxyuridine (BrdU), red), endothelial cells (PECAM-1,
green) and nuclei (DAPI, blue). Arrows indicate proliferating ECs by co-staining of BrdU and PECAM-1. (e, f)
Quantification of BrdU positive ECs per mm? in (e) the non-ischemic and (g) the ischemic myocardium. Reported
values are means + SEM with RepSham n = 5 and Repl/R n = 6 mice. Statistical significance was determined using

unpaired two-tailed Students t-test. Carina Henning performed the presented experiment.

Afterwards, cardiac EC proliferation was examined in the response to p1-B-AB
treatment, as previously described (Henning et al., 2019; Planas-Paz et al., 2012). Regarding
the prior results, the Repl/R-induced increase in cardiac EC proliferation was inhibited by
B1 integrin blocking in the non-ischemic (Fig. 3.11 a-e) as well as the ischemic myocardium
(Fig. 3.11f).

Concluding, Repl/R procedure alone is sufficient to induce proliferation of ECs in the
ischemic and non-ischemic myocardium. Furthermore, this enhancement in EC proliferation
was dependent on 1 integrin functionality as inhibition by blocking AB clearly abolished

Repl/R-induced proliferation of ECs.
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Figure 3.11: Repl/R-induced EC proliferation in the myocardium is inhibited by B1 integrin blocking
antibody treatment.

(a-d) Representative immunofluorescence images of the non-ischemic myocardium of mouse hearts treated with
B1 integrin blocking antibody (81-B-AB) and (a, b) RepSham or (c, d) Repl/R procedure. Dotted squares indicate
zoom in of sections. Sections were stained for proliferation (BrdU, red), endothelial cells (PECAM-1, green) and
nuclei (DAPI, blue). Arrows indicate proliferating ECs by co-staining of BrdU and PECAM-1. (e, f) Quantification of
BrdU positive ECs per mm? in (e) the non-ischemic and (g) the ischemic myocardium. Reported values are means
+ SEM with RepSham n = 5 and Repl/R n = 4 mice. Statistical significance was determined using unpaired two-

tailed Students t-test. Carina Henning performed the presented experiment.

3.3.2. Repl/R-induced blood vascular growth is reduced by B1 integrin blockage
Structural vascular adaptation happens due to remodeling of pre-existing anastomotic

vessel (classical arteriogenesis), but can also occur due to expansion and arterialization of

capillaries (de novo arteriogenesis) (Faber et al., 2014; Simons and Eichmann, 2015).

To detect ischemia-induced vascular remodeling and growth in mouse hearts,
quantification of the arteriole amount was further analyzed after Repl/R treatment. After
ctrl-AB application and RepSham or Repl/R intervention, wt mouse hearts were isolated,
sectioned and the papillary muscle region underneath the occluder was stained for PECAM-1

and aSMA, to detect arterioles by co-staining of both markers (Fig. 3.12 a-d).
Immunohistochemical analysis represented an increase in the number of arterioles after

Repl/R procedure, in the non-ischemic (Fig. 3.12 a-e) as well as the ischemic myocardium
(Fig. 3.12f).

47



aSMA PECAM-1
| RepSham

Ctrl-AB

[ Non-ischemic myocardium ||

€ f
=0.01
40 p <0.01 t 40 p
£ £
§ 30 % 30 o
= o =
© o
5 - k]
5 10 E 10
-1
E £
20 z 0
RepSham  RepliR RepSham  Repl/R

Figure 3.12: Repl/R treatment induces arteriole nhumber increase in the ischemic and the non-ischemic
myocardium.

(a-d) Representative immunofluorescence images of the non-ischemic myocardium of mouse heart treated with
ctrl-AB and (a, b) RepSham or (c, d) Repl/R procedure. Dotted squares indicate zoom in of sections. Sections were
stained for endothelial cells (PECAM-1, green) and smooth muscle cells (aSMA, red). Arrows indicate arterioles by
co-staining of PECAM-1 and aSMA. (e, f) Quantification of arterioles per mm? in (e) the non-ischemic and (f) the
ischemic myocardium. Reported values are means +* standard error of the mean (SEM) with RepSham n = 4 and
Repl/R n =7 mice. Statistical significance was determined using unpaired two-tailed Students t-test. Carina Henning

and Anna Branopolski performed the presented experiment.

However, this ischemia-induced increase in arteriole number was no longer detectable
in mice, which underwent injections of 31-B-AB. Here, the blocking AB treatment caused an
inhibition of arteriole formation in the non-ischemic (Fig. 3.13 a-e) as well as the ischemic
myocardium (Fig. 3.13 f) in Repl/R treated mice.

Taken together, these results indicate that short periods of LAD occlusions and
subsequent ischemia induction can trigger arteriole formation in the myocardium. Interestingly,
this rise was not exclusively dependent on the location of ischemia, as the arteriole number
also increased in the non-ischemic myocardium. However, independent from the myocardial

region, B1 integrin function was essential for this process of adult arteriole growth.
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Figure 3.13: Repl/R-induced arteriole number increase in the myocardium is inhibited by B1 integrin
blocking antibody treatment.

(a-d) Representative immunofluorescence images of the non-ischemic myocardium of mouse heart treated with
31-B-AB and (a, b) RepSham or (c, d) Repl/R procedure. Dotted squares indicate zoom in of sections. Sections
were stained for endothelial cells (PECAM-1, green) and smooth muscle cells (aSMA, red). Arrows indicate
arterioles by co-staining of PECAM-1 and aSMA. (e, f) Quantification of arterioles per mm? in (e) the non-ischemic
and (f) the ischemic myocardium. Reported values are means + SEM with RepSham n = 5 and Repl/R n = 6 mice.
Statistical significance was determined using unpaired two-tailed Students t-test. Carina Henning and Anna
Branopolski performed the presented experiment.

3.3.3. Repl/R-induced cardioprotection is sensitive to 31 integrin blockage

Vascular growth in form of a collateral circulation is described to be protective in case of
an ischemia event like a myocardial infarction (MI) in patients with CADs (Faber et al., 2014;
Gloekler and Seiler, 2007; Seiler, 2010).

As vascular growth was initiated by repetitive ischemic events, next it was investigated
whether cardioprotective properties were additionally detectable with dependency on
B1 integrin functionality. Therefore, mice were treated with RepSham or Repl/R procedure as
well as antibody administration. Furthermore, these mice received an additional subsequent
60 min occlusion of the LAD to induce a left ventricular MI. Afterwards, the area of the ischemic
myocardium, indicated as area at risk (AAR) and the area of myocardial cell death, indicated
as infarction size (INF) was quantified in the left ventricle (LV) by TTC staining (Fig. 3.14 a, b).
Results from ctrl-AB treatment showed a non-significant but a tendential reduction in the AAR
per LV (Fig. 3.14 c) by Repl/R treatment, whereas the INF per AAR (Fig. 3.14 d) as well as the
INF per LV (Fig. 3.14 e) was clearly reduced by Repl/R. Therefore, results indicate that pre-
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treatment with Repl/R procedure reduces the size of the damaged myocardial tissue after Ml

compared to mice without prior Repl/R intervention.
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Figure 3.14: Repl/R treatment contributes to infarction size reduction upon myocardial infarction.

(a, b) Representative brightfield images of transversal heart sections after triphenyl tetrazolium chloride (TTC)
staining to detect the area at risk (AAR) and the left ventricular infarction size (INF) in mice treated with ctrl-AB and
(a) RepSham or (b) Repl/R procedure. Dotted lines indicate the area of the left ventricle (LV), the AAR and the INF.
(c-e) Quantification of (c) percentage of AAR per LV, (d) percentage of INF per AAR and (e) percentage of INF per
LV. Reported values are means + SEM with RepSham n = 5 and Repl/R n = 6 mice. Statistical significance was

determined using unpaired two-tailed Students t-test. Carina Henning performed the presented experiment.

In line with results from Lavine and co-workers, Repl/R procedure was sufficient to
induce cardioprotection of the heart indicated by a reduction of left ventricular infarction size
(Lavine 2013).

Furthermore, those experiments were compared to mice treated with 31-B-AB. Here,
antibody treatment alone, meaning without prior Repl/R treatment, did not influence the ratio
of the AAR per LV, INF per AAR and INF per LV compared to ctrl-AB application after MI.
Additionally, the treatment with functional 31-B-AB before MI was able to abolish the Repl/R-
induced cardioprotective properties (Fig. 3.15 a, b). Within the group of mice, which received
1-B-AB, the percentage of AAR per LV, INF per AAR and INF per LV in RepSham versus
Repl/R treatment remained unchanged (Fig. 3.15 c-e). This indicates that the cardioprotective
effect of Repl/R, in relation to AAR and infarcted area reduction, is dependent on global

B1 integrin function.
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Figure 3.15: Repl/R-induced infarction size reduction is inhibited by B1 integrin blocking antibody
treatment.

(a, b) Representative brightfield images of transversal heart sections after TTC staining to detect the AAR and INF
in mice treated with 31-B-AB and (a) RepSham or (b) Repl/R procedure. Dotted lines indicate the area of LV, AAR
and INF. (c-e) Quantification of (c) percentage of AAR per LV, (d) percentage of INF per AAR and (e) percentage
of INF per LV. Reported values are means + SEM with RepSham n = 5 and Repl/R n = 7 mice. Statistical
significance was determined using unpaired two-tailed Students t-test. Carina Henning performed the presented

experiment.

In addition to infarction analysis by TTC staining, cardioprotective characteristics of
Repl/R treatment were also investigated in a second examination method by cardiac-specific
magnetic resonance imaging (MRI). MRI is a non-invasive imaging technique, in which the
ischemic injury of the myocardium and the cardiac function can be analyzed simultaneously in
contrast to TTC staining. To quantify the injured area after a prolonged myocardial ischemia,
late gadolinium enhancement (LGE) analysis was used. Thereby, gadolinium, previously
injected into the mice, accumulates in the damaged heart tissue and is subsequently
detectable by H' MRI spectrum measurements. The degree of the gadolinium-enriched area
indicates the degree of ischemia impact and therefore the degree of damaged myocardium.
Cardiac specific MRI is an established technique, also used in the clinical setup as gold
standard for tissue characterization and primary endpoint definition (Bonner et al., 2014;
Haberkorn et al., 2017; Ibanez et al., 2019).

In the experimental setup the ischemic area (IA) and therefore the resulting infarction
size was analyzed 1 d after additional 60 min ischemia reperfusion, refereed as MI.
Representative MR images are shown in short and long axis view from mice treated with
ctrl-AB (Fig. 3.16 a-d). After analysis, results showed a decrease in IA upon Repl/R compared
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to RepSham treatment (Fig. 3.16 €). Furthermore, ejection fraction was examined as measure
for left ventricular cardiac function (Marwick, 2018). It could be observed that Repl/R procedure
constantly preserved cardiac function in the long-term over an observation period of 28 d
compared to RepSham treatment (Fig. 3.16 f).
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Figure 3.16: Repl/R treatment reduces the ischemic area and preserves cardiac function after MI.

(a-d) Representative magnetic resonance images of mouse hearts treated with ctrl-AB, (a, b) RepSham or (c, d)
Repl/R procedure and 60 min ischemia reperfusion, refereed as Ml in (a, c¢) short axis and (b, d) long axis view.
Dotted lines indicate the ischemic area by late gadolinium enhancement (LGE) in left ventricle (LV), next to the right
ventricle (RV). Quantification of (e) percentage of ischemic area (IA) per LV 1 d post Ml and (f) percentage of left
ventricular ejection fraction within 28 d. At day 0, independent wt mice without AB injection were used to determine
baseline cardiac function. Reported values are means + SEM with RepSham n = 8 and Repl/R n = 6 mice. Statistical
significance was determined using unpaired two-tailed Students t-test; hereby listed *p-values are 1 d < 0.01;
7 d <0.01; 28 d = 0.01. Carina Henning and Anna Branopolski performed the presented experiment.

Consistent with the results from TTC staining (Fig 3.14) and previous work (Lavine et al.,
2013), mice treated with Repl/R procedure exhibit cardioprotection by reduced ischemic area
and improved long-term cardiac function after MI.

Furthermore, influence of B1 integrin was investigated in the context of Repl/R-induced
cardioprotection from myocardial injury. Therefore, mice were treated with 31-B-AB before and
during Repl/R or RepSham procedure (Fig. 3.17 a-d). After additional Ml the IA was quantified,
which remained statistically unchanged between the groups (Fig. 3.17 e). Therefore, results
indicate that Repl/R-induced IA reduction was mostly abolished by 31-B-AB treatment, which
is comparable to the results from TTC staining (Fig 3.15). Notably, cardiac function was also
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critically impaired after administration of 31-B-AB in both groups (Fig 3. 17 f). In conclusion,
the cardioprotective property of Repl/R treatment is likely dependent on (1 integrin

functionality.
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Figure 3.17: Repl/R-induced myocardial protection from MI is sensitive to B1 integrin blocking antibody
treatment.

(a-d) Representative magnetic resonance images of mouse hearts treated with 31-B-AB and (a, b) RepSham or
(c, d) Repl/R procedure before 60 min ischemia reperfusion, refereed as Ml in (a, ¢) short axis and (b, d) long axis
view. Dotted lines indicate infarcted area by LGE in LV, next to the RV. Quantification of (e) percentage of |A per
LV 1 d post Ml and (f) percentage of left ventricular ejection fraction within 28 d. At day 0O, independent wt mice
without AB injection were used to determine baseline cardiac function. Reported values are means + SEM with
RepSham n =6 and Repl/R n = 7 mice. Statistical significance was determined using unpaired two-tailed Students
t-test. Carina Henning and Anna Branopolski performed the presented experiment.

3.4. Role of endothelial cell-specific B1 integrin in Repl/R

As previously reported, EC-specific deletion of 31 integrin results in embryonic lethality,
caused by defects in angiogenic sprouting (Carlson et al., 2008; Lei et al., 2008; Tanjore et al.,
2008; Zovein et al., 2010). Comprehensibly, the existence and functionality of endothelial
B1 integrin in adults is also relevant for vascular growth and adaptation under pathological
conditions. It was shown that heterozygous depletion of 1 integrin in the endothelium results
in an abnormal vascular remodeling after external carotid artery ligation (Lei et al., 2008).
Furthermore, in a hindlimb ischemia a531 integrin was upregulated in collaterals and the here
presented results showed endothelial B1 integrin to be important for shear stress signaling and

ischemia-induced arterio- and angiogenesis (Cai et al., 2009; Henning et al., 2019). However,
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the relevance of endothelial 1 integrin for adult coronary vessel growth is less investigated
and was further addressed.

3.4.1. Quantification of B1 integrin KO efficiency in cardiac endothelial cells

To check EC-specific B1 integrin KO efficiency in the coronary system, heart ECs from
tamoxifen-treated ltgb15€° and control mice were isolated by MACS procedure. Analysis of
Itgb1 gene expression showed an up to 71% reduction in /tgb1E°K° compared to control mice,
when gene expression was related to the housekeeping gene 82M (Fig. 3.18 a). By using the
housekeeping Hprt1, gene expression was also decreased to 67% (Fig. 3.18 b). Furthermore,
also a trend in gene expression reduction was visualized in relation to Rplp0 (Fig. 3.18 c).
Therefore, results indicate a solid downregulation of the ltgb1 gene in ECs-specific KO mice.
Additionally, investigation in p1 integrin protein content showed a strong 70% decline in

1iECKO

myocardial ECs from ltgb compared to control mice (Fig. 3.18 d, e).

In conclusion, B1 integrin was successfully depleted in myocardial ECs.
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Figure 3.18: Tamoxifen-induced endothelial cell-specific deletion of Itgb1 in cardiac ECs from adult mice.

(a-c) Quantification of EC-specific ltgb1 gene expression related to (a) B2M, (b) Hprt1 and (c) Rplp0 as
housekeeping genes in control and /tgb1EX° mice. (d) Representative Western blot images showing the detection
of EC-specific 1 integrin and GAPDH. (e) Semi-quantitative calculation of EC-specific 1 integrin protein
expression related to GAPDH as housekeeping protein in control and /tgb7ECXC mice. Reported values are means
+ SEM with (a-c) controls n = 11 and /tgb1E%K° n = 8 and (d, e) controls n = 8 and ltgb 7EKO n = 6 mice. Statistical
significance was determined using unpaired two-tailed Students t-test. Uncropped Western blots are shown in the

subitem supplementary information. Carina Henning and Paula Follert performed the presented experiment.
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3.4.2. Repl/R-induced cardiac endothelial cell proliferation is controlled by
endothelial B1 integrin

To examine the role of endothelial B1 integrin in Repl/R-induced proliferation of ECs, first
control mice were used and analyzed after multiple short myocardial ischemia reperfusion

ERT2

injuries. As previously described, tamoxifen-induced Cdh5-Cre mice, which express the

Cre recombinase only in endothelial cells, but hold the wt gene for ltgb 1, were used as controls.
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Figure 3.19: Repl/R treatment induces EC proliferation in the ischemic and the non-ischemic myocardium
of control mice.

(a-d) Representative immunofluorescence images of the non-ischemic myocardium of control mouse hearts treated
with (a, b) RepSham or (c, d) Repl/R procedure. Dotted squares indicate zoom in of sections. Sections were stained
for proliferation (BrdU, red), endothelial cells (PECAM-1, green) and nuclei (DAPI, blue). Arrows indicate
proliferating ECs by co-staining of BrdU and PECAM-1. (e, f) Quantification of BrdU positive ECs per mm? in the
(e) non-ischemic and (g) the ischemic myocardium. Reported values are means + SEM with RepSham n = 5 and
Repl/R n =6 mice. Statistical significance was determined using unpaired two-tailed Students t-test. Carina Henning
performed the presented experiment.

Corresponding to the wt mice experiments, genetically modified mice received BrdU filled
osmotic pumps, which were implanted in the first ischemia, to detect cell proliferation under
RepSham and Repl/R intervention. Analysis in control mice indicated an increase in ECs
proliferation in the non-ischemic (Fig. 3.19 a-e) and the ischemic myocardium (Fig. 3.19 f).
Notably, the rise in proliferating ECs was observed to be greater in the ischemic myocardium
compared to the non-ischemic one. Similar to the results from ctrl-AB administration, EC
proliferation was trigged independently from the location of ischemia, but was stronger induced

under the direct influence of ischemia.
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Next, the same analysis was performed in /tgb 75°*° mice. To induce EC-specific ltgb 1
gene deletion, animals were treated with tamoxifen and underwent RepSham or Repl/R
procedure. Quantification of proliferation by BrdU incorporation revealed no changes in cardiac
EC proliferation upon Repl/R compared to RepSham treatment in the non-ischemic (Fig. 3.20
a-e) as well as the ischemic myocardium (Fig. 3.20 f). Thus, the effect of ischemia-induced EC
proliferation was abolished by endothelium-specific ltgb1 gene deletion in both parts of the

myocardium.
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Figure 3.20: Repl/R-induced EC proliferation in the myocardium is inhibited in ltgb7ECKC mice.

(a-d) Representative immunofluorescence images of the non-ischemic myocardium of ltgb7EKC mouse hearts
treated with (a, b) RepSham or (c, d) Repl/R procedure. Dotted squares indicate zoom in of sections. Sections were
stained for proliferation (BrdU, red), endothelial cells (PECAM-1, green) and nuclei (DAPI, blue). Arrows indicate
proliferating ECs by co-staining of BrdU and PECAM-1. (e, f) Quantification of BrdU positive ECs per mm? in the
(e) non-ischemic and (g) the ischemic myocardium. Reported values are means + SEM with RepSham n = 4 and
Repl/R n =6 mice. Statistical significance was determined using unpaired two-tailed Students t-test. Carina Henning
performed the presented experiment.

3.4.3. Repl/R-induced blood vascular growth is partially influenced by
endothelial B1 integrin

Furthermore, and similar to the analysis from antibody treatment, morphologic vascular
changes were examined by arteriole number quantification in the myocardium upon Repl/R

and RepSham procedure.
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After analysis, control mice showed an increase in arteriole number by Repl/R treatment
in the non-ischemic (Fig. 3.21 a-e) as well as the ischemic myocardium (Fig. 3.21 f). Therefore,
results revealed, as previously detected in ctrl-AB treated wt mice that arteriole formation
depends on Repl/R procedure, but is also independently induced from local ischemia

influence.
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Figure 3.21: Repl/R treatment induces arteriole humber increase in the ischemic and the non-ischemic
myocardium of control mice.

(a-d) Representative immunofluorescence images of the non-ischemic myocardium of control mouse hearts treated
with (a, b) RepSham or (c, d) Repl/R procedure. Dotted squares indicate zoom in of sections. Sections were stained
for endothelial cells (PECAM-1, green) and smooth muscle cells (aSMA, red). Arrows indicate arterioles by co-
staining of PECAM-1 and aSMA. (e, f) Quantification of arterioles per mm? in (e) the non-ischemic and (f) the
ischemic myocardium. Reported values are means + SEM with RepSham n = 6 and Repl/R n = 5 mice. Statistical
significance was determined using unpaired two-tailed Students t-test. Carina Henning and Anna Branopolski
performed the presented experiment.

1ECKO mice. Here,

Furthermore, analysis of arteriole formation was investigated in lfgb
the treatment with Repl/R was not able to trigger arteriole formation in the non-ischemic
myocardium (Fig. 3.22 a-e). However, in contrast to blocking antibody treated mice, Repl/R
procedure was capable to induce arteriole growth in the ischemic myocardium (Fig. 3.22 f).
Notably, this increase was only slightly but still significant. Therefore, these findings
demonstrate that arteriole formation after Repl/R intervention is partially dependent on

endothelial 1 integrin and is mainly needed in the non-ischemic myocardium.
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Figure 3.22: Repl/R-induced arteriole number increase in the non-ischemic myocardium is inhibited in
Itgb 1ECKO mijce.

(a-d) Representative immunofluorescence images of the non-ischemic myocardium of ltgb75°KO mouse hearts
treated with (a, b) RepSham or (c, d) Repl/R procedure. Dotted squares indicate zoom in of sections. Sections were
stained for endothelial cells (PECAM-1, green) and smooth muscle cells (aSMA, red). Arrows indicate arterioles by
co-staining of PECAM-1 and aSMA. (e, f) Quantification of arterioles per mm? in (e) the non-ischemic and (f) the
ischemic myocardium. Reported values are means + SEM with RepSham n = 6 and Repl/R n = 7 mice. Statistical
significance was determined using unpaired two-tailed Students t-test. Carina Henning and Anna Branopolski
performed the presented experiment.

3.4.4. Repl/R-induced cardiac protection is impaired by endothelial B1 integrin
deletion

To study the role of endothelial B1 integrin in cardiac protection, a subsequent Ml was
performed after Repl/R procedure in control and /tgb15° mice. Notably, mice with
EC-specific KO of B1 integrin showed greater ischemic area, analyzed by LGE in MRI
measurements compared to controls (Fig 3.23 a-e). Thus, Repl/R-induced ischemic area
reduction and therefore infarction size reduction was abolished in these animals. This suggests
that protection from MI, assessed by the analysis of ischemic area, is dependent on
EC-specific B1 integrin. Furthermore, cardiac function, shown by LV ejection fraction, was

slightly decreased 1 d after Ml in ltgh1ECK°

compared to controls. Further, 7 d and 28 d post
MI changes between groups disappeared (Fig. 3.23 f). Taken together, results showed a mild
decrease of Repl/R-induced cardioprotection by EC-specific 1 integrin deletion. Therefore,
findings indicate a partial dependency on endothelial B1 integrin for protection from Ml, as the

cardioprotective influence of Repl/R treatment was not fully abolished.
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Figure 3.23: Repl/R-induced myocardial protection is partially impaired in /tgb7'E¢XC mice.

(a-d) Representative magnetic resonance images of (a, b) control and (c, d) ltgb7EX° mouse hearts treated with
Repl/R procedure and 60 min ischemia reperfusion, refereed as Ml in (a, c¢) short axis and (b, d) long axis view.
Dotted lines indicate ischemic area by LGE in LV, next to the RV. Quantification of (e) percentage of IA per LV 1 d
post Ml and (f) percentage of left ventricular ejection fraction within 28 d. Reported values are means + SEM with
control n =7 and ltgh1ECKO n = 6 mice. Statistical significance was determined using unpaired two-tailed Students
t-test; hereby listed *p-value is 1 d = 0.04. Carina Henning and Anna Branopolski performed the presented
experiment.

3.5. Myocardial ischemia-induced hepatocyte growth factor secretion is
regulated by B1 integrin

Next, it was analyzed whether initial ischemia induction could stimulate the secretion of
known cardiac EC produced growth factors with cardioprotective capacity. Furthermore, it was
determined whether this secretion was dependent on 31 integrin.

Notably, growth factors were reported to have an essential role in tissue growth and
survival, and they were released by ischemia and mechanical stimulus (Lorenz et al., 2018;
Rafii et al., 2016). For instance, endothelin-1 and neuregulin-1, secreted from cardiac ECs, are
important for cardiac function, protection, regeneration and survival (Hedhli et al., 2011;
Noireaud and Andriantsitohaina, 2014; Rafii et al., 2016). Furthermore, the release of
hepatocyte growth factor (HGF) might be relevant for the signaling of cardioprotection too. It
was reported that HGF has a critical role in cardiac function, protection and repair from
myocardial injury, as it could act as pro-survival factor for cardiomyocytes and stimulates

vascular growth in form of angiogenesis under Ml (Gallo et al., 2014; Nakamura et al., 2000).
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Furthermore, in relation to integrin signaling, it was shown that mechanical stretching of
human hepatic ECs induces proliferation and survival of human hepatocytes in a 31 integrin
dependent manner (Lorenz et al., 2018). Therefore, HGF could be important for signaling

ischemia-induced cardioprotection via 31 integrin.

To investigate the secretion of growth factor by myocardial ischemia, mice underwent a
short left ventricular ischemia stimulation of 15 min with subsequent reperfusion of 1 d.
Afterwards, plasma and ischemic heart tissue were checked for endothelin-1 and
neuregulin-1 secretion (Fig. 3.24 a-d). In the here performed experiment, short and single
myocardial ischemia did not change endothelin-1 or neuregulin-1 protein expression in the

plasma (Fig. 3.24 a, b) as well as in the ischemic myocardium (Fig. 3.24 ¢, d) compared to

sham mice.
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Figure 3.24: Endothelin-1 and neuregulin-1 secretion is not influenced by short myocardial ischemia

reperfusion.
(a-d) Quantification of percentage of protein concentration in ELISA analysis after 15 min ischemia reperfusion

versus sham procedure for (a, c) endothelin-1 (Et-1) and (b, d) neuregulin-1 (NRG-1) in (a, b) plasma samples and
(c, d) ischemic myocardium. Reported values are means + SEM with sham n = 3-4 and 1x15 min I/R n = 7 mice.
Statistical significance was determined using unpaired two-tailed Students t-test. Carina Henning performed the

presented experiment.

However, analysis of HGF in the myocardium showed an increase of protein content
(Fig. 3.25 a), which was still present after 31-B-AB treatment, but no longer significant
(Fig. 3.25 b). Furthermore, investigation in mice with EC-specific 1 integrin deletion showed
similar results. Here, in control mice HGF protein content was strongly increased in the
myocardium by ischemia reperfusion (Fig. 3.25 c) but clearly limited in /tgb7E°%° mice
(Fig. 3.25d).

In conclusion, short myocardial ischemia reperfusion of 15 min could not stimulate
endothelin-1 or neuregulin-1 protein expression, but was sufficient to trigger HGF protein

expression, which was to some extent dependent on 31 integrin function.
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Figure 3.25: Ischemia-induced HGF secretion is diminished by B1 integrin blockage and EC-specific
B1 integrin KO.

(a-d) Quantification of percentage of protein concentration in ELISA analysis after 15 min ischemia reperfusion
versus sham procedure for hepatocyte growth factor (HGF) in the ischemic myocardium of mice treated with (a)
ctrl-AB or (b) B1-B-AB as well as in (c) control and (d) /tgb7EKC mice. Reported values are means + SEM with
sham n = 3-6 and 1x15 min I/R n = 4-7 mice. Statistical significance was determined using unpaired two-tailed

Students t-test. Carina Henning performed the presented experiment.

3.6. Role of B1 integrin in permanent myocardial ischemia

As described in the previous experiments and in line with literature, short periods of
myocardial ischemia can initiate cardiac vessel growth, indicated by increased proliferation of
cardiac ECs and arteriole formation. Furthermore, those ischemic events lead to cardiac
protection in form of improved cardiac function and reduced infarction size after MIl. Notably,
these effects were influenced by B1 integrin. Therefore, these results suggest functional
B1 integrin to be relevant for myocardial ischemia-induced signaling, vascular remodeling and
further protection from myocardial damage.

Similar to the permanent occlusion in the hindlimb ischemia model, the LAD in mouse
hearts can also be fully occluded and is investigated as model for patients with acute STEMI,
not receiving proper reperfusion (Lindsey et al., 2018). However, in the past this pathological
model was further used to induce vascular adaptation by collateralization in postnatal and adult
mouse hearts (Das et al., 2019; Zhang and Faber, 2015).

To strengthen the results from Repl/R intervention and to increase the clinical relevance,
this myocardial ischemia model was used and investigated in the context of 31 integrin
dependency. In contrast to Repl/R, here the LAD was constantly occluded by a surgical knot,
resulting in left ventricular ischemia and the reperfusion of the myocardium with fresh blood
and nutrients was inhibited (Fig. 3.26 a). Before and in regular time periods after LAD
occlusion, 31-B-AB or ctrl-AB were i.v. injected in the same amount as for Repl/R or RepSham
intervention (Fig. 3.26 b I). Additionally, endothelium-specific KO of B1 integrin (/tgb15°K°) was
induced by tamoxifen injections before permanent LAD occlusion and compared to their
tamoxifen-treated controls (Fig. 3.26 b II). In both experimental approaches, mouse hearts

were checked for vascular adaptation processes and changes in cardiac function.
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Figure 3.26: lllustration of the myocardial ischemia model for permanent LAD occlusion and the study
design.

(a) Schematic illustration of a mouse heart with permanent LAD occlusion by surgical knot and the coronary arteries,
including the right coronary artery (RCA), the left circumflex artery (LCX) and left anterior descending artery (LAD).
(b) Visualization of study design 1 for (l) i.v. antibody treatment (control (ctrl-AB) or B1 integrin blocking antibodies
(B1-B-AB)) and study design 2 for (II) EC-specific KO of 1 integrin (control or ltgb7EXO mice). Image (a) was
drafted by Carina Henning and illustrated by Yousun Koh.

3.6.1. Permanent myocardial ischemia-induced vascular adaptation is regulated
by endothelial 1 integrin

To analyze the vascular morphology and the subsequent changes by total LAD
occlusion, mouse hearts were retrograde perfused over the thoracic aorta with Microfil®
compound. After perfusion and curing, the coronary vessels, mainly the larger artery branches,
which include the RCA, the LCX and the LAD, were visualized (Fig. 3.27 a). However, also
smaller branches, arteries and arterioles in a resolution of around 10 um were detectable
(Fig. 3.27 b).

Upon LAD occlusion and subsequent Microfil® perfusion, the myocardial area supplied
by the LAD stayed totally unperfused underneath the surgical knot (Fig. 3.27 c, d). In line with
a previous study, this observation indicated no pre-existing anastomotic vessels in mouse
hearts, if so filling of the affected myocardium, should have been detectable, even to a small
extent (Zhang and Faber, 2015). Due to permanent LAD occlusion over time, adult mouse
hearts initiate vascular adaptation likely to compensate and to minimize myocardial damage
of constant ischemia (Zhang and Faber, 2015). Therefore, the hearts were analyzed for
morphologic changes of the coronary system after occlusion. To investigate the role of
B1 integrin, mice were additionally treated with blocking AB or 31 integrin was deleted in the
endothelium.

Here, 14 d after coronary artery occlusion mice treated with ctrl-AB showed clear
regrowth of blood vessels or revascularization and perfusion of the ischemic myocardial area
compared to direct Microfil® perfusion upon artery occlusion (Fig. 3.27 c-f). However, these

characteristics of vascular adaptation were reduced in mice treated with (31-B-AB
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(Fig. 3.27 g, h). Less vessels in the infarcted area were observed and vessel density was
limited compared to ctrl-AB treated mice.

Furthermore, vascular adaptation was checked in EC-specific B1 integrin deficient mice.
Notably, control mice showed a similar response to total LAD occlusion as wt mice treated with
ctrl-AB. The ischemic myocardial area exhibited vascularization and perfusion (Fig. 3.27 i, j),
whereas in ltgb 15°“° mouse hearts vascularization and perfusion of the infarcted myocardium
was mostly abolished (Fig. 3.27 k, ). Furthermore, it was observed that the left ventricular wall
was dilated and thinned.

Concluding these observations, the mouse myocardium is capable to react to permanent
perfusion deficiency with revascularization of the infarcted myocardium. It is likely that the
induced vascularization and subsequent perfusion reduces myocardial damage and
contributes to tissue healing (Zhang and Faber, 2015). Notably, those processes were found

to be strongly dependent on 1 integrin function, especially in the endothelium.

Myocardial perfusion baseline Myocardial perfusion post LAD occlusion

_________

Figure 3.27: Revascularization after permanent LAD occlusion is impaired by 1 integrin inhibition and

EC-specific deletion.

(a-) Representative brightfield images of mouse hearts after perfusion with Microfil® compound and optical clearing
to image the coronary vasculature under (a, b) baseline condition, (c, d) directly after LAD occlusion and (e-l) 14 d
after permanent LAD occlusion. (a) Orientation of the heart is indicated by the left ventricle (LV) and the right
ventricle (RV) and the coronary branches, including the RCA, the LCX and the LAD. (e-l) Mice were treated either
with (e, f) ctrl-AB or (g, h) B1-B-AB or changes were visualized in tamoxifen treated (i, j) control or (k, 1) ltgb 1ECKO

mice. Dotted squares indicate zoom in of images. Carina Henning performed the presented experiment.
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3.6.2. Maintenance of cardiac function and survival after permanent myocardial
ischemia requires endothelial 1 integrin

Next, cardiac function was examined upon permanent LAD occlusion and in response to
B1 integrin dysfunction. Therefore, function of the heart was examined in echocardiography by
imaging and analyzing the parasternal long axis. Here, the left ventricular end-diastolic and
end-systolic volume as well as the ejection fraction, before and regularly after coronary artery

occlusion, were determined.

Cardiac function - 31-B-AB

a Il Ctrl-AB b 140- Il Ctr-AB c 80- W Ctri-AB
= 140 Op1-8-AB e Op1-8-AB O p1-8-AB
= 1204 = 120 =
) @ < 4
E 100- E 1001 z 60
3 3 5
804 804 o
2 o £ 404
S 60 S 60 =
[ ® S
< i 4 =]
T 40 _? 40 .a’_,‘ 204
2 204 S 204 m
I I}
0 T T T 0 T T T T 0 T T T T
1 7 14 0 1 7 14 0 1 7 14

=

Time (days post permanent occlusion) me (days post permanent occlusion) Time (days post permanent occlusion)

Cardiac function - ltgh7ECKO

I Control e Il Control 60 * [l Control
p 2401 .
d 240+ [ tgb1ECKO * ~ O itgb7ECKO f O b 15K
2 2001 * 2 2001 * I
Q =
<
5 160- 5 1601 g 401
S S g
© 1204 * o 1201 <
o K] S
k] ] £ 2 204 9
é 80 2 80 K T1%  -67%
2 404 9 2 40 us
i} 27% 121% 78% w 44% 186% 113%
04— T T T 0-— T T T 0-t— T T T
0 1 7 14 0 1 7 14 0 1 7 14

Time (days post permanent occlusion) Time (days post permanent occlusion) Time (days post permanent occlusion)

Figure 3.28: Cardiac function after permanent LAD occlusion is sensitive to pharmacological 1 integrin
inhibition and strongly declined by EC-specific deletion.

(a-f) Quantification of cardiac function by (a, d) end-diastolic, (b, e) end-systolic volume and (c, f) percentage of left
ventricular ejection fraction before and within 14 d after permanent LAD occlusion. (a-c) Mice were treated either
with ctrl-AB or B1-B-AB or changes were analyzed in (d-f) tamoxifen treated control or ltgh1E°KO mice. Reported
values are means + SEM with (a-c) ctrl-AB n = 5 and B1-B-AB n = 5 as well as (d-f) control mice n =5 and /tgb1'ECKO
mice 0d: n=5,1d:n=4,7d: n=2, 14 d: n = 2. Statistical significance was determined using unpaired two-tailed
Students t-test; hereby listed *p-values are (d) 1 d = 0.02; 7d < 0.01; 14d =0.03 (¢) 1d <0.01; 7d < 0.01;
14 =0.02 (f) 0d =0.03; 1d <0.01; 7d = 0.02; 14 d = 0.01. Carina Henning and Aysel Ayhan performed the
presented experiment.

After analysis, results revealed an impairment of cardiac function by permanent LAD
occlusion in the next 14 d, tendentially greater in mice treated with 31-B-AB compared to mice
with ctrl-AB (Fig. 3.28 a-c). Furthermore, this effect was even stronger in gene deficient mice.
Here, LAD occlusion resulted in severe cardiac dysfunction, which was substantially larger in
Itgb 1E°K° mice. These findings were indicated by a huge increase of the end-diastolic and the

end-systolic volume in /tgb1°%° mice compared to their controls (Fig. 3.28 d, e). Furthermore,
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1'ECKO mice related to control

this increase led to a strong decrease of the ejection fraction in ltgb
mice (Fig. 3.28 f).
In conclusion, these findings suggest the essential role of endothelial 31 integrin for the

maintenance of cardiac function and heart homeostasis upon acute MI.

Interestingly, most of the Itgb1=CK°

mice died in the first 4 d after artery occlusion,
whereas all control mice survived the procedure (Fig. 3.29 e). Quantification of the survival
rate in a Kaplan-Meier curve demonstrated a 60% reduction of survival in ltgb715°*° mice.

Examination of hearts from dead /tgb1EcX°

mice revealed myocardial rupture as possible
cause of cardiac death. Brightfield overview and transversal cross-section images showed that
the apex region of the heart was thinned and ripped, indicated by black arrows in the figure
(Fig. 3.29 a-d).

Taken together, results from total coronary artery occlusion, resulting in a severe MI,
indicate endothelial 1 integrin as crucial for revascularization of the infarcted myocardium,

maintenance of cardiac function and protection from fatal myocardial rupture.

High-apex region ow-ventricular region

Myocardial rupture - overview of ltgh1'ECKC heart |

1000 pm

()

—Control - - - lfgb1iECKO

| -60%
50 |

Percentsurvival _

0 I5 1‘0 1I5
Time (days post permanent occlusion)

Figure 3.29: Myocardial rupture and subsequent cardiac death after permanent LAD occlusion is strongly
dependent on endothelial B1 integrin.

(a-d) Representative brightfield images of hearts from ltgb1ECKO mice after permanent LAD occlusion in (a, b)
overview and (c, d) transversal cross-section images. Arrows show position of myocardial rupture, (b) dotted square
indicates zoom in of (a) image without coagulated blood. For orientation the LV and the RV are shown in (c, d).
(e) Quantification of the survival rate in a Kaplan-Meier curve of control mice n = 6 and /tgh1E°KO mice 0 d: n = 5,
1d: n=4 and from 4 d: n = 2. Statistical significance was determined using log-rank test (Mantel-Cox test) with
listed p-value = 0.03. Carina Henning performed the presented experiment.
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4. Discussion

Some parts of the discussion are substantially described in the publication (Henning et
al., 2019) and in the manuscript (Henning et al., 2020, in preparation), which is prepared for

publication in a peer-reviewed journal.

4.1. Role of B1 integrin in transmission of hemodynamic changes

The recognition of hemodynamic changes by the endothelium is of huge impact, as it
initiates short- and long-term vascular adaptation in the affected organs or tissues. In
pathological conditions, like in CVDs, the endothelial function, and therefore the sense and
transfer of blood flow changes, is impaired or disrupted. In clinical practice and also in research
studies, measurement of the FMD offers an effective tool to give insights in the endothelial
function, and the impairment correlates with the presence of CVDs. Until now, the mechanism
behind is not fully understood but eNOS, which functions as a vasodilatory molecule, as well
as KLF2, PECAM-1, VE-cadherin or VEGFR2/3 seem to play an important role (Baeyens et
al., 2016; Heiss et al., 2015; Henning et al., 2019).

To gain knowledge in the here described clinically important condition, the relevance of
endothelial B1 integrin functionality was determined. The receptor subunit B1 integrin is a
member of the largest group of integrins, characterized as ECM, or rather BM receptor, and is
known to transfer mechanical forces (Humphrey et al., 2014; Ingber, 1991; Planas-Paz et al.,
2012; Ross et al., 2013; Schwartz, 2010). For instance, mechanosensing by 1 integrin was
sufficient to release angiocrine signals, important for liver growth and survival, and its
impairment in hepatic stellate cells could affect liver regeneration (Lorenz et al., 2018; Rohn et
al., 2020). Therefore, it is conceivable that 31 integrin could also transmit mechanical forces
initiated by artery occlusion. Indeed, data from FMD described in this thesis showed endothelial
B1 integrin to be essential for the transmission of hemodynamic changes. Here, results
demonstrate that EC-specific depletion of 31 integrin did not inhibit shear stress generation,
which was indicated by unchanged flow velocity behavior, but the endothelial response to
shear stress, FMD, was inhibited. In conclusion, upon EC-specific 1 integrin deletion, shear
stress transfer into the FA was interrupted, the subsequent FMD response was suppressed
and normal endothelial function diminished, which was also the case when 1 integrin was
blocked by antibody application (Henning et al., 2019). Some studies before also gave hints
that integrins were involved in the signaling of vasodilation. For instance, the subunit
a1 integrin was found to be important to transmit the signal of blood flow to eNOS by activation
via peptidase inhibitor 3 kinase (P13-kinase) and protein kinase B (Akt) (Loufrani et al., 2008).

Furthermore, it was demonstrated that the EC-specific activation of a5p1 integrin contributed
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to coronary artery dilation, isolated from pigs (Hein et al., 2001), and that the binding of
B3 integrin to the ECM was important for shear stress-induced porcine coronary artery dilation
(Muller et al., 1997). In addition to this, the here presented results demonstrate for the first time
that endothelial 81 integrin is essential for in vivo mouse FMD. This suggests that endothelial
B1 integrin is strongly needed for triggering in vivo vessel vasodilation, which is fundamental
for physiological and pathological vascular adaptation also in humans. Therefore, targeting
B1 integrin in a clinically relevant manner could improve endothelial function and vascular

response to artery occlusion.

When focusing more on the appearance of integrins, the apical EC surface is directly
exposed to blood flow changes, but integrin receptor expression is mainly present on the basal
or abluminal side of the EC membrane. Conceivably, shear stress by blood flow changes is
signaled over the apical surface of the endothelium via the cytoskeleton to the connected
integrin receptors. The integrin receptors sense this tension and bind to the ECM (Katsumi et
al., 2004; Yang and Rizzo, 2013). However, it was also shown that integrins were additionally
expressed on the apical surface, although to a small extent, but with the ability of mechanistical
response (Matthews et al., 2006; Xanthis et al., 2019). Apically expressed (1 integrin was
activated, and integrin inhibition caused a reduction in shear stress-induced PI3-kinase, Akt
and eNOS signaling (Yang and Rizzo, 2013). Own data by immunostaining showed the
expression of luminal and apical B1 integrin simultaneously (Henning et al., 2019).
Furthermore, the importance of 31 integrin for eNOS activation and presence was shown in
vitro, as human artery ECs expressed less phosphorylated and total eNOS upon 1 integrin
knockdown (Henning et al., 2019). Even if both surface sides contribute to the sensing of
mechanical forces, further investigations are needed to determine the molecular mechanism

and the signaling way from the apical to the basal EC side.

Interestingly, a recently published study showed endothelial 81 integrin not only to be
critical in terms of force guiding, but also as key regulator in direction-determined flow sensing
(Xanthis et al., 2019). This was indicated by specific activation of 31 integrin in response to
unidirectional, but not bidirectional flow, in an in vitro flow system and in murine aorta samples
(Xanthis et al., 2019). To determine similar observations in vivo, the use of an ultrasound-
based method is not limited to discover endothelial function, it can also be used for the
detection of flow direction under physiological or pathological conditions. However, analyzing
smaller vessels like collaterals in the hindlimb or coronary arteries may turn out challenging
due to resolution limitations. Thus, measurements of flow changes by ultrasound are
practicable, but limited to bigger vessels. To analyze vascular adaptation of smaller arteries,
illuminated laser speckle flowmetry (LSF) might be a useful tool instead. With this method,

researchers could already show increases in blood flow velocity and shear stress in hindlimb
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collaterals in mice (Meisner et al., 2013). They could detect collateral segments with reversed
blood flow after FA ligation. More precisely, they observed morphological cell adaptation, as
indicated by EC repolarization in the new direction of blood flow. Furthermore, the lumenal
diameter and the wall area was enhanced in segments with reversed blood flow in comparison
to collateral segments without reversed blood flow (Heuslein and Blackman, 2015; Meisner et
al., 2013).

This imaging technique and the knowledge about 1 integrin as key regulator also in flow
direction might help to improve the understanding of 31 integrin activation in vivo and in the
transmission of hemodynamic changes in smaller vessels. Therefore, using LSF could give
insights into blood flow behavior in mice with 81 integrin inhibition, and might explain their
impairment of hindlimb collateralization. Derived from FMD measurements, it is likely that
B1 integrin inhibition will not influence flow velocity after FA ligation in collaterals, but limits the
transmission of shear stress into the endothelium. Therefore, it is assumed that vascular
adaptation cannot occur, meaning collateralization is abolished, and flow velocity in the
collaterals will stay constant, which should be detectable by LSF measurements. This would
prove further that endothelial 1 integrin is crucial for transmitting shear stress-induced adult

collateralization, as essential mechanism to compensate full main artery occlusion.

4.2. Role of B1 integrin in vascular adaptation

Chronic or transient rise in blood flow causes vascular adaptation in the long-term,
meaning pre-existing collaterals expand, enlarge and become functional. Furthermore, new
arterioles can also develop by arterialization of capillaries (Faber et al., 2014; Heil and
Schaper, 2004; Mac Gabhann and Peirce, 2010; Schaper, 2009; Simons and Eichmann, 2015;
Simons and Ware, 2003). Whatever process is occurring, B1 integrin seems to be involved in
this structural modification of the blood vasculature. For instance, research showed 31 integrin
to be upregulated in rabbit hindlimb collaterals after FA ligation (Cai et al., 2009). Additionally,
endothelial B1 integrin was demonstrated to be important for the growth of stable, non-leaky
blood vessels, for vascular remodeling in response to carotid artery ligation and for vascular
leakage in endotoxemia (Hakanpaa et al., 2018; Lei et al., 2008; Yamamoto et al., 2015).

All these findings support a central role of 1 integrin in connection to the vascular
system. Nevertheless, and especially with regard to clinically relevant adult blood vessel
remodeling, which might be beneficial for patients with CVDs, 31 integrin importance should
be further investigated. Therefore, different in vivo mouse models, which reflect the conditions

of human CVDs were used in this thesis for further evaluation of 31 integrin.
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4.2.1. Impact of B1 integrin for cardiac endothelial cell proliferation

One important step of arterial adaptation and remodeling is characterized by increased
proliferation of vascular derived cells, like ECs (Meier et al., 2013; Schaper, 2009; van Royen
et al.,, 2009). Also, integrins were shown to be involved in a variety of physiological and
pathological processes that contain cell proliferation (Avraamides et al., 2008; Lorenz et al.,
2018; Silva et al., 2008; Somanath et al., 2009). To analyze the relevance of 31 integrin for
vascular formation, the previously described Repl/R procedure was used to trigger cardiac EC
proliferation in different regions of the myocardium and in relation to B1 integrin inhibition.
Therefore, (31 integrin signaling was suppressed by pharmacological as well as genetic
manipulation. Interestingly, in both regions, meaning in the ischemic and in the non-ischemic
myocardium, proliferation of ECs was increased in control mice. Furthermore, this increase
was stronger in the ischemic region, but still detectable in the non-ischemic one, and mostly

abolished by 1 integrin inhibition in both regions.

Based on ischemia induction, the affected myocardial region turns hypoxic, which was
identified by hypoxia staining in this area. Studies before showed 1 integrin to be upregulated
by hypoxia via activation of HIF-1a in fibroblasts (Keely et al., 2009). In relation to cell growth,
this integrin subunit was also relevant for hypoxia-induced embryonic stem cell proliferation
(Lee et al., 2011). Furthermore, a5B1 integrin was also shown to hold a proliferating capacity
in brain ECs under hypoxic conditions (Li et al., 2012). Taken together, findings from literature
and this thesis indicate hypoxia as one effective trigger for 1 integrin-related EC proliferation
in the ischemic region.

Interestingly, results from the non-ischemic myocardium demonstrated that cardiac EC
proliferation was inducible independently from local hypoxia. However, this proliferating
capacity was indeed dependent on endothelial B1 integrin. This suspects a second trigger to
be crucial for Repl/R-induced ECs proliferation. As in the previous section discussed, changes
in hemodynamics during or shorty after artery occlusion can lead to a shear stress increase in
the surrounding vasculature. More precisely, a pressure gradient arises between the area
proximal and distal to the stenosed artery, a scenario mainly validated in other organs (Meier
et al., 2013). Therefore, it is imaginable that those gradients increase shear stress in regions
unaffected by hypoxia, but recognized by mechanosensitive receptors like B1 integrin,
targeting pathways for EC proliferation. This could explain why EC proliferation in these regions
was abolished after inhibition or depletion. In this context, also others researchers could show
the requirement of 31 integrin for cell stretch-induced lymphatic EC proliferation (Planas-Paz
et al., 2012).

69



In summary, the here presented results indicate endothelial 1 integrin to be essential
for ischemia-induced cardiac EC proliferation, which is driven by both, hypoxia and potential
shear stress alterations in the surrounding myocardial vasculature. However, to prove the

latter, further investigations in shear stress experiments with cardiac ECs are needed.

4.2.2. Impact of B1 integrin for arteriole and capillary formation

As EC proliferation is revealed as one of the first steps of vascular remodeling, further
structural changes in arteriole or capillary formation should be detectable. Therefore,
morphological alterations in the blood vasculature were analyzed next. Again, ischemia was
induced by ligation of the FA, by transient occlusions of the LAD (Repl/R) or by permanent
occlusion of the LAD. Although vascular changes were analyzed by different evaluation
methods, results from all ischemia models showed successful induction of vessel adaptation.
In more detail, first it was demonstrated that HI resulted in an increase in arteriole number in
the thigh and a rise in capillary density in the calf of mouse hindlimbs, similarly as in previous
work (Limbourg et al., 2009). Comparable to the myocardial ischemia model, FA ligation leads
to decreased perfusion and development of hypoxic regions in the hindlimb. While the thigh
recovers within a few days, the calf stays mainly unperfused (Henning et al., 2019). Notably,
different forces are relevant for vascular adaptation. Here, the thigh is mainly affected by shear
stress increase, which contributes to an enlargement of pre-existing collaterals and a rise in
arteriole number (arteriogenesis). This reflects a pathological reaction to compensate the
blockage by increasing perfusion to the ischemic calf. Therefore, absence of perfusion and
subsequent hypoxia in the calf triggers the increase of capillary density (angiogenesis), which
improves blood supply of the muscles (Heil et al., 2006; Heil and Schaper, 2004; Limbourg et
al., 2009; Schaper, 2009). Importantly, both processes are relevant to balance artery
occlusion, meaning arteriogenesis provides an increase of perfusion, and angiogenesis
improves immediate blood supply to the affected tissue (Limbourg et al., 2009; Simons and
Ware, 2003).

Regarding to this, data showed endothelial 31 integrin to be crucial for both processes.
Interestingly, induction of gene deficiency alone did not affect arteriole or capillary quantity and
was not able to initiate EC apoptosis. This indicates that the observed results were not caused
by changes in vascular viability upon EC-specific 31 integrin depletion, but rather due to the
crucial role of B1 integrin in processing a vascular adaptive stimulus (Henning et al., 2019).
Furthermore, expression and functionality of 1 integrin was also essential for blood vessel
remodeling in the murine heart. The Repl/R procedure, mimicking short episodes of ischemia

like in patients with CAD and total LAD occlusion, comparable to an acute myocardial infarction
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(AMI), was previously used to induce cardiac vessel growth (Das et al., 2019; Lavine et al.,
2013; Zhang and Faber, 2015). The here presented data showed similar results, as cardiac
vessel growth was clearly induced, but possibly different to the hindlimb situation, as mice lack
pre-existing collaterals in the heart (Zhang and Faber, 2015). One plausible scenario for this
finding might be de novo formation of arterioles by arterialization of capillaries, including mural
cell coverage and further vessel expansion (Faber et al., 2014; Mac Gabhann and Peirce,
2010; Simons and Eichmann, 2015).

According to the presented results, Repl/R procedure did not induce collateral formation,
indicated by interconnecting bigger arteries, however an increase in arteriole formation was
detectable in the ischemic and non-ischemic myocardium. Conceivably, arteriole formation
might be considered as initial step for developing collaterals, as they mature from smaller
arteries and occur in different regions of the myocardium (Faber et al., 2014; Lavine et al.,
2013; Meier et al., 2013; van Royen et al., 2001). However, full coronary artery occlusion for
several days was sufficient to induce de novo collateral formation in the infracted myocardium,
also shown by previous work (Das et al., 2019; Zhang and Faber, 2015). By comparing both
models, ischemia duration is decisive for manifestation of cardiac vessel growth. Meaning,
long-lasting ischemia impact to the myocardium, triggers vascular adaptation more effectively,
likely to reduce a massive organ damage or loss of function compared to short ischemia
influence.

Furthermore, data showed ischemia-induced hypoxia is necessary for arteriole formation
and vascularization in the ischemic myocardium. However, similar to the explanation from EC
proliferation studies, it is not the only force, as arteriole formation also occurs in the non-
ischemic myocardium. As previously discussed, hemodynamic changes in the surrounding
blood vessels might trigger vascular adaptation additionally, even if vessels have to develop
de novo and do not remodel from pre-existing ones. For instance, patients with coronary
occlusions showed an increased collateral flow index, and from measurements in dogs it is
known that coronary artery occlusion increases blood flow and shear stress in the coronary
circulation, considered as trigger for collateral remodeling, also in the heart (Guan et al., 2016;
Jamaiyar et al., 2019; Meier et al., 2013; Schwartz et al., 1983). Nevertheless, measurements
in mouse hearts are needed to prove this, since they lack native collaterals and due to the

small size of the heart generated forces might behave differently.

Furthermore, focusing on the relevance of 1 integrin, its inhibition or EC-specific
depletion impaired vascular adaptation independent of the myocardial ischemia model. Both
models indicate the central role of this specific transmembrane receptor in the process of adult
coronary modification, especially for long-term adaptation during constant myocardial
ischemia. However, one exception was detectable, in which EC-specific B1 integrin depletion

did not fully block arteriole formation in the ischemic myocardium, even though EC proliferation
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was inhibited. Upon ischemia induction and therefore tissue injury, a subsequent inflammatory
response occurs, additionally known to be relevant for vascular growth and remodeling (Heil
and Schaper, 2004; Medzhitov, 2008; Swirski and Nahrendorf, 2018). To some extent, latter
response might be able to trigger arteriole formation independently of EC proliferation and
presence of B1 integrin on ECs. In the past, it was shown that ECs from sprouting capillaries
can rearrange for the formation of arteries, and that arterial ECs can migrate towards capillaries
to reassemble to arteries, which was essential for collateralization (Das et al., 2019; Pitulescu
et al., 2017). However, those events were analyzed in postnatal or neonatal studies and not
completely isolated from EC proliferation. It was also mentioned that the mechanism of adult
cardiac collateralization might be different to some extent (Das et al., 2019). Currently, a
statement how arteriole formation in the injured myocardium is plausible without or with
reduced EC proliferation and 1 integrin existence cannot be made. Therefore, further

investigations are strongly needed.

As integrins are heterodimeric transmembrane receptors, connected over ligand-binding
to collagen, fibronectin and laminin to the ECM (Moreno-Layseca et al., 2019), further
investigations in the relevance of different heterodimers might be interesting. For instance, an
increase in vascular fibronectin and simultaneous a5B1 integrin expression was shown in
spinal cord blood vessel remodeling by chronic mild hypoxia and in growing collaterals by
hindlimb ischemia (Cai et al., 2009; Halder et al., 2018). Furthermore, in preliminary data,
laminin-B6 integrin was shown to be crucial for coronary collateral growth in rats (Joseph et
al., 2018). Interestingly, eNOS might be related to B1 integrin signaling as well, since eNOS
KO mice show a similar phenotype of impaired vascular remodeling upon HI, and KD of
B1 integrin in human ECs demonstrate a decrease in total and phosphorylated eNOS protein
expression (Dai and Faber, 2010; Henning et al., 2019; Yu et al., 2005).

Besides, targeting 1 integrin by miR-223 showed inhibition of bFGF- and VEGF-induced
growth factor receptor phosphorylation and Akt activation (Shi et al., 2013).The interaction of
B1 integrin and growth factor receptors, like VEGFRs was further revealed by others, and also
promotes the release of angiocrine factors, like HGF (Lorenz et al., 2018; Planas-Paz et al.,
2012). Here, vascular growth-related and cardioprotective HGF expression (Gallo et al., 2014;
Nakamura et al., 2000) was negatively influenced by B1 integrin inhibition or endothelium-
specific deletion, indicating a potential dependency. However, to understand the pathway
behind B1 integrin dependent vascular remodeling, possible interaction partners need to be

further addressed.
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4.3. Role of B1 integrin in cardioprotection

In line with previous work, protection from Ml was induced by Repl/R procedure, as
demonstrated by reduced infarction size and improved cardiac function (Lavine et al., 2013).
After pointing out the essential role of 31 integrin globally and in the endothelium for adult
vascular adaptation, the relevance of this specific integrin for cardioprotection was investigated
next. A few previously performed studies determined the role of 31 integrin in the adult mouse
heart. For instance, global heterozygous depletion of 31 integrin impaired cardiac outcome
after Ml (Krishnamurthy et al., 2006) and the overexpression of a731D in cardiomyocyte
reduced infarction size after I/R (Okada et al., 2013). Another study showed (1 integrin
expression to be upregulated especially in the zone of inflammation and fibrosis (Sun et al.,
2003). Furthermore, the role of EC-specific 1 integrin in mouse hearts was investigated in
lipopolysaccharide (LPS)-induced vascular leakage (Hakanpaa et al., 2018). Additionally, the
here presented data showed that pharmacological inhibition of 31 integrin abolished Repl/R-
induced cardioprotection. This was indicated by infarction size and cardiac function analysis.
In the scenario of Repl/R procedure, the effects of antibody treatment were stronger compared
to EC-specific genetic manipulation. This suggests that 1 integrin is required on other cell
types, like SMCs, cardiomyocytes or immune cells, such as monocytes and macrophages that
produce cytokines, matrix metalloproteases (MMPs) and growth factors for cardiac health and
remodeling after MI (Fung and Helisch, 2012; Lavine et al., 2013; Raffetto and Khalil, 2008).

In contrast, findings from EC-specific f1 integrin deficient mice after full coronary artery
occlusion were stronger and distinct compared to those from mice with pharmacological
inhibition of B1 integrin. Permanent artery occlusion of the LAD results in a severe acute
myocardial infarction (AMI), damaging the myocardium irreversibly, but is also sufficient to
trigger new collateral growth. These newly formed vessels likely balance the occlusion,
minimize the tissue damage and finally reduce the absolute infarction impact, even if it takes
some days after AMI (Zhang and Faber, 2015). In the process of de novo collateralization,
endothelial B1 integrin integrity is essential, which was indicated by massive impairment in
cardiac function and increased lethality in EC-specific f1 integrin KO mice compared to
controls. Therefore, endothelial 1 integrin was shown to be crucial for prevention of heart
failure and cardiac death. Morphological and histological analysis of hearts from dead mice
suggested myocardial rupture as presumable cause of death.

In general, myocardial or cardiac rupture is identified as a laceration of the heart, for
instance affecting the ventricles or the septum. After an AMI, the occurrence of cardiac rupture
represents one of the most severe and fatal consequences (Honda et al., 2014; Matteucci et
al., 2019). In postmortem examination it was shown that in up to 30.7% of all sudden deaths
after AMI, myocardial rupture was detectable (Hutchins et al., 2002) and responsible for around

10% to 20% of all in-hospital deaths upon AMI (Gao et al., 2005). In the worst case, complete
73



transmural rupture causes hemopericardium, in which blood enriches in the pericardial sac
and contributes to fast death, as body blood perfusion is no longer guaranteed (Honda et al.,
2014). As AMI decreases myocardial wall resistance, it is presumed that rupture occurs due
to permanent stretching of the infarcted and weakened myocardial wall (Gao et al., 2005). The
activation of MMPs and the degradation of collagen that stabilizes cardiomyocytes, play an
essential role, leading to destabilization of the injured myocardium with likelihood to rupture
(Gao et al., 2005).

From previous work, it is known that endothelial 1 integrin is essential for VE-cadherin
localization and stabilization of newly built blood vessels (Yamamoto et al., 2015). Therefore,
in the model of permanent LAD occlusion, growth of new blood vessels is strongly declined,
and injured vessels stay eventually leaky due to the absence of endothelial 31 integrin.
Consequently, perfusion of the infarcted myocardium is inhibited, necrosis of the tissue is
stronger processed, and healing and remodeling of the myocardium are impaired, which
increases the occurrence of cardiac wall rupture. In conclusion, the subunit B1 integrin
specifically expressed by the endothelium is urgently needed for protecting the heart from AMI-
induced cardiac death. However, further research is required to determine the exact
mechanism behind as well as investigations in the restriction of the phenotype to this specific

subunit and cell type.

4.4. Clinical relevance of targeting B1 integrin

As CVDs reflect the leading cause of deaths worldwide, research and investigations are
of huge importance to receive novel insights into the mechanisms involved. Therefore, findings
are essential to improve current therapeutic measures, but also to develop new drug
treatments and medical applications against CVDs. Besides current prevention strategies, like
healthy lifestyles changes or medical treatment of hypertension or hyperlipidemia, triggering
an endogenous growth of blood vessels might be another promising approach. In this context,
the formation of a functional collateral network can protect from severe CVDs, such as Ml or
acute peripheral artery occlusion (Faber et al., 2014; Gloekler and Seiler, 2007; McDermott et
al., 2014; Seiler, 2010). Furthermore, artery constriction or narrowing leads also to shear stress
alteration and hypoxic conditions in the affected organs, which can trigger short- and long-term
vascular remodeling. This mechanism enables to adapt and to balance the pathological
situation. Therefore, understanding the mechanism behind this endogenous protection system
could lead to the discovery of possible target molecules for improving the treatment and the

prevention of CVDs.
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Interestingly, the here presented data revealed (1 integrin to be involved in the process
of such a cardioprotective vascular adaptation, and identified this transmembrane receptor as
possible target for therapeutic application. Vascular adaptation in consequence of an ischemic
injury includes infiltration of immune cells, proliferation of vascular cells as well as degradation
and rearrangement of the ECM (Meier et al., 2013; van Royen et al., 2009). Hereby, function
of B1 integrin is critical for all processes, meaning dysfunction can lead to an insufficient
remodeling of the vasculature and consequently of the entire injured myocardium. Most
importantly, integrins enable cross-talk via mechanotransduction between the ECM or BM and
the cytoskeleton (Humphrey et al., 2014; Hynes, 2002; Ingber, 1991; Lorenz et al., 2018;
Moreno-Layseca et al., 2019; Planas-Paz et al., 2012; Ross et al., 2013; Schwartz, 2010; Sun
et al., 2019). Particularly therefore and shown in this thesis, 1 integrin presence and function
is needed for cardioprotective vascular adaptation, mainly triggered by ischemia-induced
hypoxia and potential hemodynamic changes. Furthermore, these findings might be beneficial
for patients with CVDs, but can also help to understand other physiological or pathological
conditions dealing with signaling via the ECM and vascular remodeling. For instance, aging
and the metabolic disorder diabetes mellitus are also associated with alterations in the ECM
(Goldin et al., 2006; Meschiari et al., 2017; Safar, 2018). Conceivably, those changes might
be responsible for the increase in arterial stiffness, the impairment of endothelial function and
the decrease in cardioprotective collateralization. This finally contributes to a higher
cardiovascular risk with potential threat of cardiac rupture after AMI for individuals with diabetes
mellitus compared to healthy ones (Dincer et al., 2006; Meyer et al., 2008; Nesto and Zarich,
1998; Ruiter et al., 2010; Safar, 2018; Shen et al., 2018). In this case, targeting 31 integrin to
balance those changes in the ECM, and therefore improving endogenous vascular adaptation,

might be beneficial to reduce cardiovascular risk in patients with diabetes mellitus as well.

Overall, based on the shown findings and the corresponding literature, endothelial
B1 integrin might be a possible target molecule for treating patients with CVDs, or humans
exhibiting diabetes mellitus who suffer from CVDs as comorbidity. In this scenario, endothelial
B1 integrin could be stimulated and activated by specific pharmacological treatment. Such a
stimulation might improve endothelial function and contribute to cardioprotective blood
vascular growth. Finally, in the long-term (1 integrin stimulation could reduce fatal
consequences from AMI, like cardiac rupture or furthermore is able to decrease the occurrence
of myocardial ischemia in general. Nevertheless, even if potential exists, further research is
strongly needed to investigate the mechanism behind and to develop potential

pharmacological treatments in prevention or in consequence of an infarction injury.
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4.5. Conclusion

In summary, the here presented data provide clear evidence for the essential role of
endothelial 81 integrin for artery vasodilation and therefore for endothelial function as well as
for ischemia-induced vascular growth and cardioprotection. These findings were shown by
using three different clinically relevant in vivo adult mouse models of ischemia injury, in which
B1 integrin signaling was targeted by pharmacological and genetic manipulation. Triggers like
changes in hemodynamics and hypoxia exposure were applied to stimulate endothelial
1 integrin in the hindlimb and the heart. Here, 31 integrin integrity was equally important for

acute vascular adaptation as well as for chronic adaptation with cardioprotective properties.

In detail, clinically comparable and relevant FMD measurements showed endothelial
B1 integrin-mediated mechanotransduction to be essential for vasodilation of the endothelium.
Furthermore, shown in models aiming prolonged ischemia induction, 1 integrin was also
needed for chronic vascular adaptation in the hindlimb and the heart. Focusing on the findings
in the myocardium, the murine heart represents an ideal model to perform research on CADs
due to its similarity to the human situation (Fig. 4.1 a). By transient LAD occlusions, also named
Repl/R procedure (Fig. 4.1 b), vascular growth was successfully initiated, indicated by
morphological changes in form of cardiac EC proliferation and formation of arterioles.
Interestingly, changes were detectable in the ischemic and non-ischemic myocardium, which
indicates hypoxia not to be the only stimulus. It is conceivable that changes in hemodynamics
during and shortly after LAD occlusion trigger these vascular changes as well. Furthermore,
Repl/R finally caused a protection from Ml in form of reduced infarction size and improved
cardiac function. Most importantly, those adaptation processes of the murine hearts were
mainly dependent on 31 integrin signaling, pointing out the relevant role of this specific subunit
for cardioprotection from ischemic injury (Fig. 4.1 c). With the application of another mouse
model, the observed results became even more significant. Here, permanent LAD occlusion
(Fig. 4.1 d) induced the revascularization of the infarcted myocardial region, potentially to
minimize tissue damage and to support myocardial healing. In this process, the presence of
endothelial B1 integrin was absolutely critical, as mice showed an impaired revascularization,
declined cardiac function and increased lethality by cardiac rupture, when B1 integrin was
knocked out in ECs. Therefore, findings indicate endothelial 1 integrin to be essential for the

preservation of heart function and the protection from cardiac death after AMI (Fig. 4.1 e).
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Figure 4.1: Schematic summary of 1 integrin importance in myocardial ischemia models.

(a) lllustration of a mouse heart with coronary arteries and branches similar to the human heart, including the right
coronary artery (RCA), the left circumflex artery (LCX) and the left anterior descending artery (LAD). The induction
of (b) transient LAD occlusions (Repl/R) should mimics ischemic events in patients with CADs. (c) Note that the
following Repl/R-induced blood vascular growth and cardioprotection is mainly dependent on 31 integrin. The
induction of (d) permanent LAD occlusion should images the scenario under acute myocardial infarction (AMI). (e)
Permanent LAD occlusion-induced revascularization and protection from cardiac death is dependent on endothelial
B1 integrin. Image was drafted by Carina Henning and illustrated by Yousun Koh.

Finally, all findings together indicate the substantial role of endothelial B1 integrin, for adult
vascular remodeling and adaptation as well as for cardioprotection in response to pathological
ischemia injury. Furthermore, those results suggest endothelial 1 integrin as potential target
molecule to stimulate peripheral and myocardial blood vascular growth, which might be
beneficial for patients with PVDs or CADs.
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Supplementary figure 1: Uncropped Western blot for 1 integrin protein expression analysis.

(a, b) Images of uncropped Western Blot from Fig. 3.18 to determine tamoxifen-induced /tgh7 gene deletion,
presenting protein bands for cardiac endothelial 31 integrin (top) and GAPDH (bottom) as housekeeping protein.
Controls 1-4 and ltgb1ECKC 1-3 are visualized in (b) and controls 5-8 and ltgb1EXC 4-6 are visualized in (a),

highlighted by a black frame.
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