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Parts of this thesis have been published in ‘Identification of ILK as a critical regulator of

VEGFRS signalling and lymphatic vascular growth’ by Dr. Sofia Urner, Dr. Lara Planas-Paz,

Laura Sophie Hilger et al. (Urner et al. 2019). Some figures in this thesis were adapted from
and some of the presented experiments were performed by different authors of the mentioned
article. Therefore, some results of this thesis are also to be found in Dr. Sofia Urner’s
Dissertation with the title ‘Role of integrin-linked kinase (ILK) in VEGFR3 signaling and

lymphatic vascular growth’ (Urner 2018a).
Parts of this thesis were adapted from results of the Master’s thesis presented by Laura Sophie
Hilger, which was performed from 2016-2017 in the Institute of Metabolic Physiology under

supervision by Prof. Dr. Eckhard Lammert.

The specific contributions to each figure are indicated in the respective figure legends.



List of abbreviations

Il. List of abbreviations

A

AD Alzheimer’s disease

AF Alexa Fluor

ANOVA Analysis of variance

APP Amyloid precursor protein

B

B2M Beta-2-microglobulin

BACE B-site of APP cleaving enzyme or B-secretase
BCA Bicinchoninic acid

BrdU 5-bromo-2’-deoxyuridine

BSA Bovine serum albumin

C

C3 B-Secretase Inhibitor IV

Ca*" Calcium

cDNA Complementary DNA

CNS Central nervous system

CSF Cerebrospinal fluid

CO2 Carbon dioxide

D

DAPI 4’ 6-Diamidino-2-Phenylindole

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DNER Delta and notch-like epidermal growth factor-related receptor
E

E Embryonic day

EBM-2 Endothelial cell basal medium

ECL Enhanced Chemiluminescence

ECM Extracellular matrix

EGM-2 MV Endothelial cell growth factor medium MV2



List of abbreviations

F

FGFR1 Fibroblast growth factor receptor 1

Flk1 Fetal liver kinase 1

Flt1 Fms-like tyrosine kinase 1

Flt4 Fms-like tyrosine kinase 4

Fwd Forward

G

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
H

h Hour

H.O Water

HCI Hydrogen chloride

HDLEC Human dermal lymphatic endothelial cell
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HEV High endothelial venule

HMVEC-dLyAd Human microvascular endothelial cell — dermal, lymphatic, adult
HPRT1 Hypoxanthine phosphoribosyltransferase
HRP Horseradish peroxidase

|

IAPP Islet amyloid polypeptide

IgG Immunoglobulin G

ILK Integrin-linked kinase

IPP ILK/PINCH/parvin

ISF Interstitial fluid

J

JH Juxtamembrane helix

jls Jugular lymph sac

K

K.D. Knockdown

K.O. Knockout

\



List of abbreviations

L

LECs Lymphatic vascular endothelial cells
LEZ Lymphatische Endothelzelle(n)
LSM Laser scan microscopy

M

M Molar

Mg Microgram

Mg** Magnesium

Min Minute

MM Micromolar

mM Millimolar

MOPS 3-(N-morpholino)propanesulfonic acid
mRNA Messenger RNA

N

NacCl Sodium chloride

NaF Sodium fluoride

NazVO4 Sodium orthovanadate

NDS Normal donkey serum

ng Nanogram

nM Nanomolar

o

o/n Over night

P

PBS Phosphate-buffered saline
PCR Polymerase chain reaction
PFA Paraformaldehyde

PINCH Particularly interesting new cysteine-histidine-rich protein
PLA Proximity ligation assay
PLXDC2 Plexin domain containing 2
pTD Primordial thoracic duct

p-Tyr Phosphorylated tyrosine

Vi



List of abbreviations

rcf

Rev
RNA
ROS
RPLPO
rpm
RT
RTK

Sec
SEM
siRNA
SMCs

T
Tyr

\"

\Y
VCAM1
VEGF-C
VEGF-D
VEGFR2
VEGFR3
Vol

Relative centrifugal force
Reverse

Ribonucleic acid

Reactive oxygen species
Ribosomal phosphoprotein PO
Revolutions per minute

Room temperature

Receptor tyrosine kinase

Seconds
Standard error of the mean
Silencing interfering RNA

Smooth muscle cells

Tyrosine

Volt

Vascular cell adhesion molecule 1

Vascular Endothelial Growth Factor-C
Vascular Endothelial Growth Factor-D
Vascular Endothelial Growth Factor Receptor 2
Vascular Endothelial Growth Factor Receptor 3

Volume

Vi



Summary

1. Summary

The lymphatic vascular system maintains the body’s fluid homeostasis and accounts for
brain drainage and detoxification. Due to its multiple functions, the lymphatic system is
associated to pathologic conditions like lymphedema and cancer, but also to
neurodegenerative diseases like Alzheimer’'s disease. Regardless of the state of health,
lymphangiogenesis — the formation and growth of lymphatic vessels from preexisting ones —
is required in both the embryonic and the adult body. Lymphangiogenesis is mainly driven by
phosphorylation and signaling of the vascular endothelial growth factor receptor 3 (VEGFR3)
in lymphatic endothelial cells (LECs). VEGFR3 phosphorylation can be activated by ligand
binding of vascular endothelial growth factors C and D (VEGF-C and -D), as well as via
mechanical stimulation sensed and translated by e.g. B1 integrin. Since excessive VEGFR3
signaling might cause non-physiologic LEC proliferation and lymphatic overgrowth, it requires

strict regulation.

This study focused on the identification of mechanisms facilitating the attenuation of VEGFR3
activity in quiescent adult human LECs and thereby uncovered both extracellular and
intracellular ones. In detail, the ILK-PINCH-parvin (IPP) complex proved to be an intracellular
regulator of VEGFRS signaling as it binds to B1 integrin and thereby attenuates interactions
between B1 integrin and VEGFR3. Silencing of the integrin-linked kinase (ILK) as the central
part of the IPP complex significantly stimulated interactions between 31 integrin and VEGFR3,
followed by significantly increased VEGFR3 phosphorylation and LEC proliferation. In
addition, silencing of ILK significantly decreased the protein levels of its complex partner a-
parvin. Supporting these results, mechanical stimulation of adult human LECs decreased the
interactions between ILK and B1 integrin and further caused a significant decrease in a-parvin
protein levels. Notably, silencing of PARVA in adult human LECs also resulted in slightly
increased VEGFR3 phosphorylation and increased LEC proliferation, supporting the role of a-
parvin in this intracellular mechanism for attenuation of VEGFRS3 signaling in quiescent adult
human LECs.

The B-site of amyloid precursor protein cleaving enzyme 2 (BACE2) on the other hand
transpired to be a potential extracellular regulator of VEGFRS3 signaling. BACE proteases are
required for amyloid production, which forms oligomers or plaques involved in the
development and worsening of Alzheimer’'s disease and type 2 diabetes mellitus. The

unspecific pharmaceutical inhibition of BACE proteases in adult human LECs increased total
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VEGFRS3 levels, as well as VEGFR3 phosphorylation and LEC proliferation. More selective
inhibition of BACE1, as well as BACET silencing via siRNAs did not lead to the described
effects. In comparison, BACEZ2 silencing was sufficient to increase VEGFR3 phosphorylation
and LEC proliferation. Thus, rather BACE2 than BACE1 might be part of an extracellular

mechanism causing attenuation of VEGFRS3 signaling in quiescent adult human LECs.

In summary, my thesis describes ILK and a-parvin as parts of an intracellular mechanism, and
BACE2 as a potential part of an extracellular mechanism which both attenuate VEGFR3
activity in quiescent adult human LECs. Thereby, the named candidates prevent LECs from
non-physiologic proliferation. The obtained results are linked to pathological conditions such
as lymphedema and Alzheimer’'s disease. The results obtained from silencing of BACE2
further point to potential adverse effects of unselective BACE1 inhibition, unintentionally
affecting BACE2 during the treatment of Alzheimer’s disease. The results point into the
direction that BACEZ2 inhibition might impact the functionality of lymphatic vessels, which is

especially important for brain drainage and detoxification.
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Zusammenfassung

2. Zusammenfassung

Lymphgefale regulieren und stabilisieren den korpereigenen Wasserhaushalt und tragen
zur Drainage und Entgiftung des Gehirns bei. Durch ihre vielschichtigen Aufgaben sind
Krankheitszustande wie Lymphédeme, Krebs und neurodegenerative Erkrankungen wie
Morbus Alzheimer mit der Funktionalitat der Lymphgefale assoziiert. Die Entstehung und das
Wachstum der Lymphgefale (Lymphangiogenese) ist — unabhangig von Gesundheitszustand
und Alter — ein wichtiger Prozess, um die Funktionalitat der Lymphgefalie zu gewahrleisten.
Kontrolliert wird dieser Vorgang hauptsachlich Uber den vaskularen endothelialen
Wachstumsrezeptor 3 (VEGFR3). Dieser ist hauptsachlich auf lymphatischen Endothelzellen
(LEZ) exprimiert und induziert nach seiner Aktivierung und Phosphorylierung die Proliferation
der LEZ. Die Phosphorylierung des VEGFR3 kann sowohl durch die Bindung der vaskularen
endothelialen Wachstumsfaktoren C und D (VEGF-C und VEGF-D) als Liganden an den
VEGFRS3, als auch durch mechanische Reize aktiviert werden. Letztere werden durch
Mechanorezeptoren wie B1 Integrin empfangen und Gber entsprechende Interaktionen an den
VEGFR3 weitergeleitet. Um ein Gbermaliges Wachstum der Lymphgefale aufgrund von
unkontrollierten Signalen durch den VEGFR3 zu vermeiden, muss die Aktivitat des Rezeptors

kontrolliert werden.

Diese Arbeit zielte auf die Identifikation von Mechanismen ab, welche die Signalaktivitat des
VEGFRS3 im physiologischen Zustand abschwachen und somit regulieren. Dabei konnte
sowohl ein intrazellularer, als auch ein moglicher extrazellularer Mechanismus aufgedeckt
werden. Auf intrazellularer Seite ist der sogenannte IPP Komplex, bestehend aus der ,integrin-
linked kinase* (ILK), dem ,particularly interesting new cystein-rich protein‘ (PINCH) und parvin,
besonders interessant. Im IPP Komplex bildet ILK das Zentrum und bindet an den
Mechanorezeptor 31 Integrin. Die Reduktion des Proteingehalts von ILK, durch den Einsatz
von siRNAs in adulten humanen LEZ, resultierte sowohl in signifikant erhéhten Interaktionen
zwischen 31 Integrin und VEGFRS3, als auch in stark erhdhter VEGFR3 Phosphorylierung. Als
Folge dessen, konnte auch eine stark erhdhte Proliferationsrate der LEZ beobachtet werden,
welche mit sehr wenig ILK Protein auskommen mussten. Vergleichbare Effekte wurden durch
das mechanische Strecken der LEZ erzielt, wobei nicht nur erhohte Interaktionen zwischen
B1 Integrin und VEGFRS3, sondern auch signifikant verringerte Interaktionen zwischen ILK und
B1 Integrin beobachtet werden konnten. Wahrend bei diesem Prozess die
Gesamtproteinmenge von ILK nahezu unverandert blieb, sank der Proteingehalt von ILKs
Komplexpartner a-parvin jedoch signifikant ab. Da die Gesamtproteinmenge von a-parvin

auch in den LEZ reduziert wurde, welche mit siRNAs gegen ILK behandelt wurden, wurde

11



Zusammenfassung

anschliefend eine Beteiligung von a-parvin an der Regulation der VEGFR3 Signalwege
gepruft. Auch die Reduktion der a-parvin Proteinmenge durch den Einsatz von siRNAs |oste
einen leichten Anstieg der VEGFR3 Phosphorylierung, sowie einen signifikanten Anstieg der
LEZ Proliferation aus. Somit konnten sowohl ILK, als auch a-parvin als Teil eines
intrazellularen Mechanismus fiir die Abschwachung der VEGFR3 Signalaktivitat in adulten,

humanen LEZ identifiziert werden.

Auf der anderen Seite konnte in dieser Thesis das sogenannte ,3-site of amyloid precursor
protein cleaving enzyme 2‘ (BACE2) als Teil eines moglichen extrazellularen Mechanismus
der Abschwachung der VEGFR3 Signalaktivitat in LEZ identifiziert werden. Die Aktivitat der
BACE Proteasen wurde als einflussnehmend auf die Entwicklung von Morbus Alzheimer und
Typ 2 Diabetes mellitus beschrieben. Der erste Hinweis auf eine mogliche Beteiligung von
BACE2 an der Regulation der VEGFR3 Signalaktivitdt wurde durch die unspezifische
pharmakologische Inhibition der BACE Proteasen in adulten humanen LEZ erhalten. Diese
resultierte in einer gesteigerten VEGFR3 Gesamtproteinmenge, sowie einer signifikant
erhohten VEGFR3 Phosphorylierung und LEZ Proliferation. Sowohl die selektivere
pharmakologische BACE1 Inhibition, als auch die Reduktion der BACE1 Proteinmenge mittels
des Einsatzes von siRNAs, zeigten jedoch keinen Effekt auf VEGFR3 oder die LEZ
Proliferation. Im Gegensatz dazu, resultierte die gezielte Reduktion der BACE2 Proteinmenge
Uber den Einsatz von siRNAs in einer gesteigerten VEGFR3 Phosphorylierung und LEZ
Proliferation. Diese Ergebnisse deuten auf eine Beteiligung von BACE2, nicht aber BACE1,

am Mechanismus der extrazellularen Abschwachung von VEGFRS3 Signalen hin.

Zusammenfassend beschreibt meine Thesis, wie ILK und a-parvin Teil eines intrazellularen
Mechanismus und BACE2 Teil eines extrazellularen Mechanismus fir die Abschwachung der
VEGFRS3 Signalaktivitat sind. Auf diesem Weg nehmen beide Mechanismen Einfluss auf die
Proliferation humaner LEZ und somit moglicher Weise auch auf die humane
Lymphangiogenese. Dariber hinaus konnte diese Arbeit auf mdgliche Nebenwirkungen der
gegen Morbus Alzheimer entwickelten BACE1 Inhibitoren hinweisen, welche bislang auch
BACEZ2 inhibieren. Somit ist es moglich, dass der Einsatz dieser Inhibitoren Einfluss auf die
Funktionalitat der Lymphgefalte nimmt, welche wichtig fur die Drainage und Entgiftung des

Gehirns und somit auch flr dessen Funktionalitat sind.
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Introduction

3. Introduction

3.1 The lymphatic vasculature has essential functions

3.1.1 Fluid homeostasis, immunity and uptake of dietary lipids

The human body’s vascular systems are named the blood and lymphatic vasculature
and complement each other because of their synchronized functions (Pepper and Skobe
2003). The closed and circulatory system of blood vessels serves for the provision of all
tissues with oxygen, heat, hormones and nutrients, while removing waste products from their
origin and transporting them to places of disposal (Potente and Makinen 2017). In order to
fulfil these functions, there needs to be an exchange between blood capillaries and the
surrounding tissues. During this exchange phase, a small amount of fluids and solved
molecules remain in extracellular spaces, which are also called the interstitium (reviewed in
(Wiig and Swartz 2012)). To counteract this constant lack of water, which would otherwise
increase the blood viscosity and reduce the blood volume dramatically, the blind-ended
lymphatic system steadily takes up interstitial fluid (ISF) and transports it back to the blood
vasculature (Figure 1A). Together with immune cells, this solution of ISF, antigens, proteins
and small cells is collectively called ‘lymph’ (Mayerson 1963; Schulte-Merker et al. 2011). Due

to this function, the lymphatic system is essential for the body’s fluid homeostasis.

The lymphatic system is also relevant for the body’s immunity (Forster et al. 1999). During its
unidirectional transport, the lymph is filtered in interconnected lymph nodes and cleaned from
potentially harmful particles. Lymph nodes are secondary lymphoid organs as e.g. also the
spleen (Figure 1B) (Randall et al. 2008). Lymph nodes consist of a fibrous capsule and the
medulla, and further contain several immune cells and their germinal centers. The transported
lymph of several afferent lymph vessels intermingles inside of one lymph node, where its
antigens are concurrently presented to immune cells (reviewed in (Drayton et al. 2006)). The
immune cells can subsequently activate reactions of the adaptive immune system and are
further able to interchange between lymph flow and blood stream via high endothelial venules.
This location of exchange also enables fluid to pass from the lymph into the blood stream,
which also gives the lymph nodes a role in maintenance of the body’s fluid homeostasis. After
passing these different segments, the lymph leaves the lymph node via one efferent lymphatic
vessel (Girard et al. 2012; Randolph et al. 2017) (Figure 1C).

13



Introduction

A C

Afferent lymphatic
vessels
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Heart
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capillaries
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Figure 1: The lymphatic vascular system maintains the body’s fluid homeostasis and
includes secondary lymphoid organs.
(A) Lymphatic capillaries take up interstitial fluid (ISF) which remains in the interstitium around blood

capillaries during their exchange phase. Lymphatic collectors transport the lymph from both the
systemic and the pulmonary circulation through the interconnected lymph nodes towards lymphatic
trunks. The latter drain the filtered lymph back into the blood circulation. (B) The network of blind-
ending lymphatic vessels collects ISF from all over the body and transports it back to the blood
vasculature in order to maintain the body’s fluid homeostasis. The lymphatic vascular system further
includes secondary lymphoid organs and tissues such as lymph nodes and the spleen. (C) Lymph
nodes and their enclosed immune cells filter the lymph from potentially harmful particles before the
lymph is drained into the blood circulation. The fibrous capsule of lymph nodes is enlarged via
trabeculae into the cortex and thereby divides the lymph nodes into nodules. Lymph nodes are
connected to several afferent lymphatic vessels which drain the lymph into the subcapsular sinus.
From there, the lymph moves towards the medullary sinuses and thereby passes the T cells of the
cortex. B cell follicles contain inactivated B cells as a part of the adaptive immune response. Modified
from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 3.0 Unported
License.

Interestingly, lymphatic vessels are also included into the villi of the small intestine where they
are named lacteals. Those specialized lymphatic structures are able to take up dietary lipids
and fat-soluble vitamins in the form of chyle from the gut, which is then drained with the rest
of the lymph into the blood circulation (Choe et al. 2015). Due to their important functions,
lymphatic vessels can be found in most of the human tissues, except from avascular tissues
like the cornea (Figure 1B). Even in the retina (Nakao et al. 2012) and parts of the central
nervous system (CNS) lymphatic vessels can be found (Aspelund et al. 2015; Louveau et al.
2015).
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3.1.2 The glymphatic system and meningeal lymphatic vessels drain the brain

The CNS is known to be a very sensitive organ, which is protected by its tight blood
brain barrier (BBB). Hence, it was assumed for a long time that the brain would not be drained
by lymphatic vessels (lliff and Nedergaard 2013). Nevertheless, cerebrospinal fluid (CSF),
produced by the choroid plexus before moving to the subarachnoid space, was known to be
drained from the CNS. From the subarachnoid space, CSF would for example be absorbed
by arachnoid granulation villi for the final transport via cerebral venous sinuses (Figure 2)
(Pollay 2010). Later, a so called ‘glial’ lymphatic system (the glymphatic system) was
identified, which is an additional, but paravascular way to drain the CNS (lliff et al. 2012; Xie
et al. 2013). It is built up by perivascular tunnels formed by astroglial cells in the brain
parenchyma and both removes waste products from the CNS and distributes several
compounds to it. Interestingly, it only works during sleep, which makes sleep essential for the

prevention of neurological diseases (reviewed in (Jessen et al. 2015)).

Subarachnoid space

Arachnoid

Superior sagittal sinus granulation villi

Arachnoid
trabeculae

Dura mater
Meninges | Arachnoid mater
Pia mater

Perivenous space Longitudinal fissure

Cerebral vein

Cerebral cortex

Figure 2: Anatomy of the meninges and their contribution to the glymphatic drainage system.
Closely attached to the skin covered skull one finds the meninges. The meninges consist of three

layers; the dura mater, arachnoid mater and pia mater. The dura mater is attached to the skull and
contains a number of lymphatic and blood vessels, while the arachnoid mater is avascular. The
arachnoid mater spans the subarachnoid space which is streaked by arachnoid trabeculae.
Arachnoid granulation villi grow from the arachnoid space into the superior sagittal sinus, allowing
the diffusion of fluids between the two spaces. The meninges additionally form the longitudinal
fissure, which separates the two brain hemispheres. Cerebral veins and arteries are located in the
subarachnoid space and further grow directly into the cerebral cortex. They are surrounded by a
small perivascular space, from and into which cerebrospinal fluids (CSF) and also interstitial fluids
(ISF) diffuse from the cerebral cortex. Those fluids move into the subarachnoid space and via the
arachnoid granulation villi into the superior sagittal sinus. Modified from Servier Medical Art and
used under the free-to-use Creative Commons Attribution 3.0 Unported License.
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Additionally, a part of the CSF was also shown to be drained into cervical lymph nodes, but
the exact mechanism remained unclear (Koh et al. 2005; Weller et al. 2009). Recently it could
be shown that functional lymphatics in the meninges drain the CNS into deep cervical lymph
nodes, a finding which emphasizes the essential functions of lymphatic vessels (Aspelund et
al. 2015; Louveau et al. 2015). The meninges consist of three layers; while the pia mater is
closely attached to the surface of the brain, the avascular arachnoid mater is overlying the
subarachnoid space. The highly vascularized dura mater is attached to the cranial bones or
the skull (Figure 2) (Ghannam and Al Kharazi 2019) and contains a significant number of
lymphatic vessels. The latter complement ways of major blood vessels and form an extensive
network at the base of the skull. Meningeal lymphatic vessels absorb brain ISF and CSF, as
well as macromolecules from the subarachnoid space and transport them into deep cervical

lymph nodes (Aspelund et al. 2015).
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Figure 3: Meningeal lymphatics drain CSF from the subarachnoid space.
The meninges consist of three layers; the dura mater, arachnoid mater and pia mater. The dura

mater is attached to the skull and contains a number of lymphatic vessels, while the arachnoid mater
is avascular. The arachnoid mater spans the subarachnoid space in which cerebral veins and
arteries are located. Those grow directly into the parenchyma containing astrocytes, microglia,
oligodendrocytes and neurons. The arterioles and venules are surrounded by a small perivascular
space (Virchow-Robin space) and a discontinuous basement membrane, draining cerebrospinal
fluids (CSF) from the arterial side towards the parenchyma and taking up interstitial fluids (ISF) from
the parenchyma on the venous side. This circular flow of CSF and ISF moves through the
subarachnoid space from which it is drained by meningeal lymphatics in the dura mater. Reprinted
from Da Mesquita, Fu and Kipnis 2018 with permission from Elsevier, provided by Rightslink®
Copyright Clearance Center (License Number 4900080146144).
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3.2 The hierarchic network of differently specialized lymph vessels

In the peripheral lymphatic vasculature, three different vessel types can be found that
form a hierarchical network. Those vessel types are subdivided into lymphatic capillaries or
initial lymphatics, pre-collectors and collectors which are all adapted to their respective
functions (Schulte-Merker et al. 2011). The different lymphatic vessels all share the feature of
lymphatic endothelial cells (LECs) facing the lymphatic lumen, while functional segments of
the lymphatic system are divided by lymphatic valves into so called lymphangions (Figure 4)
(Mislin 1976).

The smallest of all lymphatic vessel types are the lymphatic capillaries, which are also called
lymphatic initials. Initial lymphatics are morphologically specialized for the uptake of ISF.
Therefore, they end blindly within the interstitium and reveal a single layer of LECs surrounded
by a discontinuous basement membrane (Leak 1970). The discontinuity of this basement
membrane is important for the uptake of ISF, because it leaves the cell edges of adjacent
LECs uncovered. In addition to this feature, LECs of the lymphatic capillaries are oak leaf like
shaped and connected to each other loosely via button-like junctions (Murfee et al. 2007;
Baluk et al. 2007). Those junctions enable the overlapping cell edges to build valve like
structures which open towards the lumen of lymphatic capillaries. Accordingly, ISF flows
unidirectionally from the interstitium into the vessel and backflow is impeded. For the opening
of those valve-like structures, there needs to be a certain pressure of ISF working on the
endothelial cells (Pepper and Skobe 2003). In order to prevent the vessel from collapsing due
to this pressure, the LECs are connected to the extracellular matrix (ECM) via anchoring
filaments (Leak and Burke 1968) and integrins (Gerli et al. 2000). The pressure gradient
between interstitium and lumen of the lymphatic capillary guides the way for the ISF influx
(Breslin 2014) and the lymph is further transported into pre-collecting lymphatic vessels. This
vessel type combines the features of small lymphatic capillaries and the bigger lymphatic
collectors (Figure 4) (Sacchi et al. 1997). Big collecting lymphatic vessels converge the
transported lymph of several pre-collectors. On its way towards the abdomen, lymph has to
pass multiple lymphatic valves, which are preventing lymphatic backflow and support

lymphatic propulsion (Sabine et al. 2012).
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Figure 4: Lymphatic vessels are adapted to their functions and LECs face several mechanical
forces.
During the exchange phase of blood capillaries some fluid remains in the interstitium (Interstitial

fluid, ISF) and needs to be taken up by lymphatic capillaries. (A) Lymphatic capillaries are built by
oak-leaf like shaped LECs interconnected by button-like junctions and covered by a discontinuous
basement membrane to allow influx of ISF into the vessel. To prevent the lymphatic capillary from
collapsing due to the ISF pressure, LECs are connected to the extracellular matrix (ECM) via
anchoring filaments and integrins. The pressure of ISF is higher than the intraluminal pressure of
lymphatic capillaries, which is generated by lymphatic valves further downstream. Therefore, the
ISF uptake works along a pressure gradient towards the lumen of lymphatic capillaries. Lymphatic
valves separate the lymphatic vessels into so called lymphangions and impede backflow of the
entered fluid. This fluid, referred to as lymph, is transported from lymphatic capillaries through pre-
collecting and collecting lymphatic vessels, and finally returns to the blood vasculature. (B) LECs of
lymphatic valves are heterogeneous in their morphology. Depending on their site at the valve and
the respective lymph flow pattern they are exposed to, LECs can either appear to be elongated or
cuboidal. (C) In collecting lymphatic vessels, LECs are tightly connected to each other via zipper-
like junctions and are surrounded by a continuous basement membrane to prevent lymphatic
leakage. Collecting lymphatic vessels are further equipped with a thick layer of lymphatic smooth
muscle cells, which enforce lymphatic flow via phasic contractions and are therefore named the
intrinsic pump of the lymphatic system. The intrinsic pump is supported by extrinsic pump forces
generated by surrounding tissues and by opening and closing of lymphatic valves. LECs experience
circumferential stretch created by systolic and diastolic lymph pressure (1) and hydrostatic pressure
(2) as well as shear stress and longitudinal stretch created by lymph flow (3) in the region of
collecting lymphatic vessels. Modified from Urner et al. 2018b with permission from Elsevier,
provided by Rightslink® Copyright Clearance Center (License Number 4893661328147).
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Lymphatic collectors are characterized by a large vessel diameter and elongated LECs. They
are further equipped with zipper-like LEC junctions, a continuous basement membrane and
additional mural cells to prevent lymphatic leakage (Baluk et al. 2007; Yao et al. 2012). The
thick layer of lymphatic SMCs surrounding lymphatic collectors serves as an intrinsic pump
(Benoit et al. 1989; von der Weid and Zawieja 2004) and is supported by contractions and
movements of the surrounding organs and muscles, referred to as the extrinsic pump (Figure
4) (Zawieja 2009). A pump like this is necessary for the lymphatic collectors to be compressed
and thus for the transport of lymph back into the abdomen, where the largest lymphatic vessels
are to be found. Those are the thoracic duct and the right lymphatic trunk which drain the
lymph into the blood vasculature via the subclavian veins. The latter are separated from the

lymphatic trunks by specialized lymphovenous valves (Yang and Oliver 2014).

3.3 LECs face different mechanical forces

As the human body moves constantly due to the necessity of breathing, heartbeat, gut
peristalsis as well as blood and lymph flow (Zawieja 2009), cells are always facing diverse
mechanical forces. The lymphatic vasculature is highly sensitive towards mechanical forces,
because it needs to adapt to changes in their environment to maintain the body’s fluid
homeostasis. Consequently, lymphatic vessels are able to sense mechanical changes such
as ISF pressure and fluid flow to adjust their function, as it already happens during embryonic
development (Daems et al. 2020). On LECs, mechanoreceptors such as 31 integrins play an
important role for both sensing of and adaption to changes in mechanical forces (Planas-Paz
et al. 2012). Possible ways of adaption are either vessel growth or lymphangiogenesis,
adjusted ISF uptake via lymphatic capillaries or adjustments in the lymph transport by

collecting lymphatic vessels (reviewed in (Urner et al. 2018b) and (Hilger and Lammert 2019)).

LECs of lymphatic capillaries are directly confronted with both the ISF pressure on the outside
and the intraluminal pressure on the inside of the vessel (Figure 4). Between those
compartments, there is a constant pressure gradient towards the lumen of lymphatic
capillaries guiding the way for ISF influx (Benoit et al. 1989; Rahbar et al. 2014). The amount
of ISF that is taken up by lymphatic capillaries can be adjusted via the intercellular spaces
between LECs. Anchoring filaments and integrins connect LECs to the ECM and therefore
transduce a swelling of the ECM caused by increased ISF volume to the LECs. The latter are
consequently pulled apart from each other and thereby enlarge intercellular spaces to allow

increased ISF influx into the lymphatic capillary (Gerli et al. 2000). The intraluminal pressure
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can be further regulated via the opening and closing of lymphatic valves downstream of
lymphatic capillaries (Davis et al. 2011; Scallan et al. 2012). LECs of lymphatic valves are
morphologically adapted to the different flow patterns they are facing, induced by turbulences
which occur due to the valve protruding into the lymphatic stream. LECs facing the regular
lymph stream are morphologically elongated, whereas the LECs facing the turbulences

beneath the valve appear to be more cuboidal in shape (Figure 4) (Sabine et al. 2012).

After the influx of ISF, the transport of lymph needs to be propelled by both the intrinsic pump,
facilitated by contractions of lymphatic SMCs (von der Weid and Zawieja 2004) and the
extrinsic pump, thus movements and pressure by the surrounding tissues and organs
(Olszewski et al. 1977). Those forces from the outside of the lymphatic vessel are
accompanied by intraluminal mechanical forces. The systolic and diastolic pressure by the
lymph within collecting lymphatic vessels circumferentially stretch the surrounding LECs
(Figure 4 (1)), while the lymph creates hydrostatic pressure (Figure 4 (2)). In addition, the
LECs experience shear stress and longitudinal stretch (Figure 4 (3)) due to the lymph flow
(Dixon 2010; Breslin 2014). In summary, LECs throughout the lymphatic system face several

different mechanical forces which often cause a stretching of the respective LECs.

3.4 The lymphatic system is of clinical relevance

3.41 Lymphedema is caused by impaired lymphatic drainage

As every organ in the human body, the lymphatic system can be associated with
pathological conditions. Those are mostly related to dysfunctions of the lymphatic system
which can be identified by a swelling of tissues due to a pathological accumulation of lymph.
This phenomenon is called lymphedema and can be caused by different circumstances. In
addition to genetic defects causing primary lymphedema, some extrinsic factors can cause
edema which are then classified as secondary lymphedema (reviewed in (Rockson 2001)). A
disruption of lymphatic vessels, e.g. due to the removal of an organ such as the appendix or

lymph nodes, stops the lymph flow at this point or from this point onwards (Figure 5).
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Figure 5: Secondary lymphedema and its effects on lymphatic vessels.

Secondary lymphedema can be caused by (surgical) disruption of the lymph flow, causing a
retrograde flow within the lymphatic vasculature. Collecting lymphatic vessels consequently dilate,
while lymphatic smooth muscle cells (SMCs) gradually lose their ability to contract. Lymphatic valves
further become dysfunctional, resulting in impaired lymph propulsion. Due to lymph accumulation,
lymphatic capillaries experience high intraluminal pressure which manifests in lumen enlargement
and hyperplasia, as lymphatic endothelial cell (LEC) proliferation is initiated. Additionally, lymphatic
capillaries lose their ability to take up interstitial fluid (ISF) fluid, because the intercellular junctions
between LECs of the lymphatic capillaries become dysfunctional. This leads to lymphatic stasis
characterized by excessive ISF accumulation, further resulting in high ISF pressure and progressive
fibrosis. Moreover, the extracellular matrix (ECM) stiffens, because it becomes rich in collagen
fibers, but low in elastic fibers. A strong accumulation of adipocytes and fibroblasts as well as high
infiltration of immune cells can additionally be observed along with increased inflammatory
cytokines. Reprinted from Urner et al. 2018b with permission from Elsevier provided by Rightslink®
Copyright Clearance Center (License Number 4893661328147).

Therefore, lymph from afferent locations cannot be transported further towards the blood
vasculature of the abdomen and either remains in the interstitium or in the lymphatic vessels
which are now cut off from the remaining of the lymphatic network (reviewed in (Mortimer and
Rockson 2014)). This is why the collecting lymphatic vessels on the site of impaired lymph
flow dilate and lymphatic capillaries in edematous tissues appear to be hyperplastic due to
increased LEC proliferation. Even though LECs proliferate excessively, the functionality of

lymphatic capillaries remains impaired (Rutkowski et al. 2006; Gousopoulos et al. 2016).
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retrograde flow within the lymphatic vasculature. Collecting lymphatic vessels consequently dilate,
while lymphatic smooth muscle cells (SMCs) gradually lose their ability to contract. Lymphatic valves
further become dysfunctional, resulting in impaired lymph propulsion. Due to lymph accumulation,
lymphatic capillaries experience high intraluminal pressure which manifests in lumen enlargement
and hyperplasia, as lymphatic endothelial cell (LEC) proliferation is initiated. Additionally, lymphatic
capillaries lose their ability to take up interstitial fluid (ISF) fluid, because the intercellular junctions
between LECs of the lymphatic capillaries become dysfunctional. This leads to lymphatic stasis
characterized by excessive ISF accumulation, further resulting in high ISF pressure and progressive
fibrosis. Moreover, the extracellular matrix (ECM) stiffens, because it becomes rich in collagen
fibers, but low in elastic fibers. A strong accumulation of adipocytes and fibroblasts as well as high
infiltration of immune cells can additionally be observed along with increased inflammatory
cytokines. Reprinted from Urner et al. 2018b with permission from Elsevier provided by Rightslink®
Copyright Clearance Center (License Number 4893661328147).

Therefore, lymph from afferent locations cannot be transported further towards the blood
vasculature of the abdomen and either remains in the interstitium or in the lymphatic vessels
which are now cut off from the remaining of the lymphatic network (reviewed in (Mortimer and
Rockson 2014)). This is why the collecting lymphatic vessels on the site of impaired lymph
flow dilate and lymphatic capillaries in edematous tissues appear to be hyperplastic due to
increased LEC proliferation. Even though LECs proliferate excessively, the functionality of

lymphatic capillaries remains impaired (Rutkowski et al. 2006; Gousopoulos et al. 2016).
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Furthermore, lymphedema itself can cause several other health issues. Due to its composition,
an accumulation of lymph does not only cause swellings and a degradation of elastic fibers,
but later on also leads to inflammation, fibrosis and even necrosis due to adipocyte and
fibroblast accumulation, immune cell infiltration and the release of inflammatory cytokines
(Figure 5) (Saito et al. 2013; Ghanta et al. 2015; Ly et al. 2017). To avoid the development of
fibrosis or even necrosis, the drainage of the edematous region needs to be restored. This
can either be done surgically with the reconnection of preexisting lymphatic vessels (Aschen
et al. 2014; Maeda et al. 2018), further triggered by vascular endothelial growth factor-c
(VEGF-C) treatment (Schindewolffs et al. 2014) or solved by bypassing ligated areas (Slavin
et al. 1999). As the hypoxia inducible factor 2 a (HIF-2a) protein expression was found to be
decreased upon mouse lymphedema and thereby caused lymphatic dysfunction, its
restoration could possibly stabilize lymphatic function and drainage capacity, which might also
be a future target for lymphedema treatment (Jiang et al. 2020). Another way of treating
lymphedema and stimulating lymph flow is the manual lymph drainage therapy. During this
therapy, the therapist massages the ISF manually from the most distant part of the lymphatic
disruption towards the remaining functional lymphatic vessels. The therapy further increases
the pumping activity of lymphatic collectors (Hutzschenreuter et al. 1989), implicating

beneficial effects of external mechanical stimulation on lymphatic function.

Clinical relevance of the lymphatic vasculature is further underlined by its association with
obesity (Harvey et al. 2005; Escobedo et al. 2016), tumor supply (He et al. 2004) and cancer
progression (He et al. 2004; Saharinen et al. 2004; Karaman and Detmar 2014; Dieterich and
Detmar 2016). Also ocular glaucoma (Thomson et al. 2014), myocardial infarction (reviewed
in (Vuorio et al. 2017)) as well as myocardial edema, fibrosis (Brakenhielm et al. 2020) and
inflammation due to myocardial infarction (Vieira et al. 2018) were shown to be associated

with the lymphatic vasculature.

3.4.2 Lymphatic drainage capacity is associated with neurological diseases

The body’s drainage systems might also be associated with neurological diseases,
e.g. Alzheimer's disease. The latter is caused and its progression worsened by the
accumulation of the neurotoxic substance B-amyloid to so called amyloid plaques (Revesz et
al. 2009; Musiek and Holtzman 2015; Selkoe and Hardy 2016). This substance is produced in
the CNS by cleavage of amyloid precursor protein (APP) by B-site of APP cleaving enzymes
(BACE) which were found to be upregulated in Alzheimer's disease patients and the

respective mouse model (Vassar et al. 1999; Yang et al. 2003; Devraj et al. 2016). To avoid
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such neurotoxic effects, B-amyloid is usually eliminated via the BBB (Deane et al. 2004;
Tarasoff-Conway et al. 2016) and — especially during sleep — by the glymphatic system (lliff et
al. 2012). Impaired sleep pattern thus might accelerate the progression or worsening of
Alzheimer’s disease due to the inevitable accumulation of B-amyloid, as it also happens during
aging due to reduced paravascular CNS clearing (Kress et al. 2014). Interestingly, not only
the glymphatic system but also the meningeal lymphatics might be associated with
Alzheimer’s disease (Sweeney and Zlokovic 2018). A mouse model lacking any meningeal
lymphatic vessel admittedly did not reveal any changes in ISF pressure or water content of
the CNS, but nevertheless, the macromolecule clearance from the brain was attenuated. Thus,
meningeal lymphatics are important for removal of macromolecules (Aspelund et al. 2015)
and therefore, the functionality of meningeal lymphatics is important to protect the body from
neurological diseases caused by accumulation of neurotoxic substances such as (-amyloid
(Louveau et al. 2016; Da Mesquita et al. 2018; Zinchenko et al. 2019). The brain-to-cervical
lymph node pathway is further involved in systemic inflammation and brain injury after stroke
(Esposito et al. 2019), aspects which highlight the importance of lymphatic drainage capacity

in neurological diseases.

3.5 Vascular endothelial growth factor receptor 3 (VEGFR3)

3.5.1 The vascular endothelial growth factor (VEGFR) family

For the induction of lymphangiogenesis, the formation and growth of lymphatic vessels
from preexisting ones, LECs need a trigger to increase their proliferation (reviewed in
(Tammela and Alitalo 2010)). Multiple factors are able to activate the most important regulator
of LEC proliferation, which is known as the vascular endothelial growth factor receptor 3
(VEGFRS3) or fms-like tyrosine kinase 4 (FIt4) (Makinen et al. 2001; Karkkainen et al. 2004).
In the adult, VEGFR3 expression is mainly restricted to LECs (Kaipainen et al. 1995) and only
a few VECs such as fenestrated cells (Partanen et al. 2000) and tip cells (Tammela et al.
2008) express this receptor. Additionally, a number of non-endothelial cells including neuronal
progenitors (Le Bras et al. 2006), osteoblasts (Orlandini et al. 2006) and macrophages

(Schmeisser et al. 2006) were shown to express VEGFR3.
In humans, three different VEGFRs with different expression patterns are known. Amongst

VEGFRS, there is also VEGFR1 or fms-like tyrosine kinase 1 (FIt1) to be named, which is
expressed on vascular endothelial cells (VECs) (Fong et al. 1995). In addition, VEGFR2 or
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fetal liver kinase 1 (FIk1) (Terman et al. 1991; Terman et al. 1992) is found on VECs and LECs
(Feng et al. 2000; Nagy et al. 2002). Nevertheless, both VEGFR1 and VEGFR2 are also
expressed on non-endothelial cells such as hematopoietic stem cells (Katoh et al. 1995;
Hattori et al. 2002). VEGFR2 activity is important for both vasculogenesis and angiogenesis
(Shalaby et al. 1995) and interestingly, the main function of VEGFR1 is to regulate VEGFR2
signaling (Hiratsuka et al. 1998). On the structural level, all VEGFRs share the features of an
extracellular N-terminal part, a short transmembrane domain as well as an intracellular part.
Within the intracellular part, the carboxyl-terminal (C-terminal) tail is accompanied by a short
juxtamembrane domain and two tyrosine-kinase domains (reviewed in (Simons et al. 2016)).
Despite of these shared features, the extracellular part of VEGFR3 differs from the other
VEGFREs. In detail, the fifth immunoglobulin-like domain is replaced by a disulfide bridge as a
consequence of proteolytic cleavage (Pajusola et al. 1992; Lee et al. 1996; Takahashi and
Shibuya 2005).

3.5.2 Ligand induced VEGFR3 signaling

Signaling activity of receptor tyrosine kinases (RTKs) is usually initiated by ligand
binding to the extracellular part of the receptor (reviewed in (Lemmon and Schlessinger
2010)). As a member of the RTK family, VEGFRS3 shares this feature and is therefore activated
by ligand binding of vascular endothelial growth factors ¢ and d (VEGF-C and VEGF-D) to its
extracellular part (Figure 6) (Joukov et al. 1996; Achen et al. 1998). The VEGFs build a family
of five, including VEGF-A, -B, -C and -D but also the placental growth factor (PIGF) (reviewed
in (Alvarez-Aznar et al. 2017)). Ligand binding of VEGF-C and VEGF-D to VEGFRS3 induces
the immediate dimerization of its extracellular domain, which either results in homodimers, or
in heterodimers consisting of VEGFR3 and VEGFR2 (Ullrich and Schlessinger 1990; Heldin
1995; Dixelius et al. 2003; Schlessinger 2003; Leppanen et al. 2013). Dimerization of VEGFRs
subsequently induces trans-phosphorylation between the partners in the dimer and thereby
regulates their kinase activity (Dixelius et al. 2003). Multiple tyrosine residues in the C-terminal
tail of VEGFR3 have been described to be phosphorylation sites until now, all inducing
different intracellular signaling pathways upon their phosphorylation. VEGFR3 tyrosine
phosphorylation creates docking sites for adapter proteins of downstream signaling pathways,
inducing LEC survival, migration and proliferation (Salameh et al. 2005; Favier et al. 2006).
Those signaling pathways likely include Akt and Erk1/2 being activated in a phosphoinositide
3-kinase (PI3K)- or in a protein kinase C (PKC)-dependent manner, respectively (Pajusola et
al. 1994; Fournier et al. 1995; Makinen et al. 2001).
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Figure 6: Ligand binding by VEGF-C or VEGF-D induces VEGFR3 phosphorylation in LECs.

Binding of either the vascular endothelial growth factor ¢ (VEGF-C) or vascular endothelial growth
factor d (VEGF-D) to the extracellular domains of vascular endothelial growth factor receptor 3
(VEGFR3) of lymphatic endothelial cells (LECs) results in immediate receptor dimerization.
VEGFR3 dimerization causes conformational changes of its intracellular part to induce
autophosphorylation of tyrosine residues (P). This creates docking sides for adapter proteins,
inducing downstream signaling for LEC survival, migration and proliferation. Modified Figure 4 of
Sofia Urner’s dissertation (Urner 2018a) using Servier Medical Art and used under the free-to-use
Creative Commons Attribution 3.0 Unported License.

Interestingly, VEGFR3 signaling was further shown to be coupled with its internalization, a
mechanism which is controlled by ephrinB2 (Olszewski et al. 1977; Wang et al. 2010;
Nakayama et al. 2013). VEGFR3 internalization might lead to a prolonged signaling activity,
as it has been shown for VEGFR2 (Lampugnani et al. 2006).

3.5.3 Interaction with B1 integrin induces VEGFR3 signaling activity

As already mentioned above, LECs experience different kinds of mechanical forces
throughout the lymphatic system (3.3). All of those forces need to be monitored and processed
by LECs in order to maintain vessel functionality. For this purpose, LECs are equipped with
mechanosensitive adhesion proteins such as integrins. Integrins are a group of
transmembrane proteins which form multiple heterodimers consisting of a- and B-subunits. In
endothelial cells, integrins function as a scaffold between the outside and inside of cells,
thereby facilitating ‘outside-in’ and ‘inside-out’ signaling (Fernandez et al. 1998; Giancotti and
Ruoslahti 1999). Binding of integrin to parts of the ECM leads to a structural transformation of
its extracellular domain towards its activated state, thereby increasing its affinity for ECM
binding (Luo et al. 2007; Su et al. 2016). This leads to a clustering of integrins at the plasma
membrane (X. Sun et al. 2016) and is followed by the recruitment of signaling molecules and

F-actin towards integrin’s intracellular domain (Z. Sun et al. 2016).
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Intracellularly, integrins directly or indirectly bind to the F-actin cytoskeleton (Maniotis et al.
1997; Galbraith et al. 2007) and multiple other adapter proteins (Giancotti and Ruoslahti 1999)
receptive for integrin signaling. This strong integration into complex protein structures allows
integrins to sense all kinds of mechanical changes from the ECM, as well as from the F-actin
cytoskeleton, and to modify their signaling as a response to them (Giancotti and Ruoslahti
1999).
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Figure 7: Interaction with B1 integrin induces VEGFR3 phosphorylation in LECs.

The mechanosensor 31 integrin is activated upon binding to the extracellular matrix (ECM) and is
able to transduce signals from the ECM to the vascular endothelial growth factor receptor 3
(VEGFR3) by its interaction with the receptor. This interaction induces phosphorylation of tyrosine
residues (P) in the intracellular part of VEGFRS, which triggers downstream signaling resulting in
LEC survival, migration and proliferation, a mechanism which is independent from ligand binding to
VEGFR3. Modified Figure 5 of Sofia Urner’s dissertation (Urner 2018a) using Servier Medical Art
and used under the free-to-use Creative Commons Attribution 3.0 Unported License.

Focusing on LEC functions, B1 integrins are particularly important. To induce lymphatic
adaption processes, 1 integrin e.g. stimulates LEC proliferation upon binding to its ligand
fibronectin, which is a part of the ECM (Zhang et al. 2005). The special importance of (31
integrins for the adaption of the lymphatic vasculature to fluid pressure could be demonstrated
later. It could be shown that injection of fluids increased embryonic ISF fluid pressure, which
resulted in stretched LECs, increased VEGFRS3 signaling, as well as increased LEC
proliferation and lymphatic vascular growth. Those adaptions to the changes in pressure
environment were sufficient to finally normalize the ISF fluid pressure (Planas-Paz et al. 2012).
Nonetheless, endothelial cell specific deletion of B1 integrin dramatically reduced VEGFR3
signaling and LEC numbers. In vitro stretch experiments with LECs revealed that stretching
indeed increased VEGFRS3 signaling but did not change VEGF-C expression and this is why
it is likely that B1 integrin itself induces the monitored VEGFR3 signaling (Planas-Paz et al.
2012).
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To induce an LEC reaction such as LEC proliferation to mechanical changes, 31 integrins are
able to transactivate VEGFR3, both in absence and presence of VEGF-C (Figure 7) (Wang et
al. 2001; Zhang et al. 2005). This transactivation process is probably facilitated indirectly by a
recruitment of c-src family kinases, which consequently leads to VEGFR3 tyrosine
phosphorylation and thus activates signaling cascades towards LEC survival, proliferation and

migration (Zhang et al. 2005; Galvagni et al. 2010).

3.5.4 Regulation of VEGFR3 signaling

Taking into account that LECs constantly experience mechanical stimuli (3.3), regulation
of the previously described mechanism of 31 integrin mediated VEGFR3 activation (3.5.3) is
strictly required. Otherwise, the mechanical stimuli would probably cause excessive growth of
lymphatic vessels due to uncontrolled LEC proliferation triggered by B1 integrin mediated
VEGFRS signaling. In addition, also VEGFRS3 activity due to ligand binding needs to be
regulated in order to maintain proper lymphatic function (Geng et al. 2020). Therefore,
intensive investigation of potential regulators of VEGFR3 signaling has been done throughout

the last years and by now, several ways to attenuate VEGFR3 activity have been described.

In the avascular cornea for example, it could be shown that soluble VEGFR3 and VEGFR2
trap or capture VEGF-C produced by the corneal tissue. This mechanism prevents the growth
factor from binding to VEGFR3 of LECs in the highly vascularized limbus, a tissue that
provides the corneal tissue. Induction of lymphangiogenesis in the limbus due to ligand binding
of VEGF-C would otherwise cause lymphatic vessels to grow into the cornea and thereby to
reduce the clarity of vision through the cornea (Albuquerque et al. 2009; Singh et al. 2013).
Despite of this local regulation of VEGFRS3 signaling, other and more globally working
mechanisms have been described. As an example, suppression of vascular endothelial
phosphotyrosine phosphatase but no other phosphotyrosine phosphatase could remarkably
increase VEGF-C induced VEGFR3 activation. This indicates that the vascular endothelial
phosphotyrosine phosphatase dephosphorylates VEGFR3'’s tyrosine residues and thereby
regulates VEGFR3 activity under physiologic conditions (Deng et al. 2015). In addition, the
protein tyrosine phosphatase PTPN14 is likely to contribute to the regulation of
lymphangiogenesis, but its definite role in VEGFRS3 activity remains undescribed until now (Au
et al. 2010). Moreover, RTKs such as VEGFR3 can be internalized and degraded or recycled,
processes which end VEGFR3 signaling (reviewed in (Bahram and Claesson-Welsh 2010)).

Interestingly, specialized lipid rafts of endothelial cells, named caveolae, also seem to play an
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intracellular role in VEGFR3 regulation. Caveolae are built by caveolin-1, a protein which is
highly expressed in LECs (Podgrabinska et al. 2002; Sohn et al. 2016) and was further
described to associate with VEGFR3 and to inhibit its activation by this (Galvagni et al. 2007).
Especially during lymphatic valve development and collecting lymphatic vessel maturation (Liu
et al. 2014), as well as for lymphangiogenesis under diabetic conditions (Wu et al. 2018),
VEGFRS3 regulation by epsins has been described. Epsins are multifunctional endocytic
adapter proteins, involved in vascular development and functions (reviewed in (Bhattacharjee
et al. 2020)). In LECs, epsins 1 and 2 potentially regulate VEGFR3 expression and signaling
by binding to the RTK and inducing its internalization and degradation (Liu et al. 2014). Upon
diabetic conditions, epsins 1 and 2 could be shown to induce VEGFR3'’s degradation in the
Golgi compartment and thereby decrease its availability at the plasma membrane (Wu et al.
2018).

Despite from these mechanisms to attenuate VEGFRS3 activity on protein levels, the RTK’s
activity can also be attenuated on transcript levels. In this context it has e.g. been reported
that Notch signaling may regulate VEGFR3 expression in lymphatic endothelial cells and
thereby the latter's reactivity to VEGF-C ligand binding, especially during tumor
lymphangiogenesis (Shawber et al. 2007; Thomas et al. 2013). Another study on tumor
lymphangiogenesis also indicated that CCAAT/enhancer-binding protein-6 (C/EBP-3) might
influence both VEGF-C and VEGFRS3 expression in LECs and therefore contributes to the
regulation of VEGFRS signaling (Min et al. 2011). Another very interesting player in the
regulation of VEGFR signaling in general is the tumor necrosis factor superfamily-15
(TNFSF15), which e.g. simultaneously downregulates plasma bound VEGFR1 levels and
upregulates soluble VEGFR1 in vascular endothelial cells. Thereby, as it has been described
for the mechanism of maintaining corneal clarity above, signals switch from pro-angiogenic to
anti-angiogenic. Interestingly, TNFSF15 could be shown to stimulate VEGFRS3 expression and
signaling in LECs (reviewed in (Yang and Li 2018)). Furthermore, the matrix metalloproteinase
(MMP)-9 might be involved in the regulation of VEGFR3 expression, as MMP-9 inhibition after
induction of corneal inflammation, a process which usually triggers lymphangiogenesis,
reduced VEGFR3 expression levels and corneal lymphangiogenesis (Du et al. 2017).
Accordingly, lymphatic drainage capacity in mouse secondary lymphedema models was
further reduced upon deletion of MMP-9 (Rutkowski et al. 2006).
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3.6 The IPP complex and its association with 1 integrin

3.6.1 Integrin-linked kinase (ILK) is the center of the IPP complex

As B1 integrins are intracellularly bound to several proteins and protein complexes
(Giancotti and Ruoslahti 1999), it is likely that one of those proteins or complexes might be
involved in regulation of B1 integrin mediated VEGFRS3 signaling. One of those candidates is
the integrin-linked kinase (ILK) which functions as the central part of a protein complex called
ILK/PINCHY/parvin complex (IPP complex) (Tu et al. 2001; Legate et al. 2006). ILK is reported
to be a pseudokinase with no catalytic capacity (Hanks et al. 1988; Fukuda et al. 2009;
Wickstrom et al. 2010) and scaffolds the (in)direct integrin-actin connection. Therefore, ILK
binds to 1 integrin with its C-terminal kinase-like domain (Hannigan et al. 1996) while on the
other hand, ILK binds adapter proteins with connection to the F-actin cytoskeleton (Figure 8)
(Boudeau et al. 2006; Dobreva et al. 2008; Wickstrom et al. 2010). This is why ILK is supposed
to play an essential role in microtubule organization, cell-matrix and focal adhesions, cell
spreading as well as cell migration and cell survival (reviewed in (Legate et al. 2006; Qin and
Wu 2012) and (Widmaier et al. 2012)).

In vivo analyses of ILK in mice revealed that global genetical deletion of /lk is embryonic lethal
between embryonic day (E) E5.5 and E6.5 (Sakai et al. 2003), by which it is comparable to
the deathly consequences of global embryonic lfgb1 deletion (Fassler and Meyer 1995;
Stephens et al. 1995). Furthermore, deletion of ILK was shown to cause caveolin-1 mislocation
and thus impact RTK signaling (Malan et al. 2013). For the study of ILK’s role in VEGFR3
signaling, endothelial cell specific llk deletion in mouse embryos, as well as inducible
endothelial cell-specific /lk deletion in the adult mouse system were performed (both referred
to as ILK K.O.") (Urner et al. 2019). As the endothelial cell-specific deletion of ltgb1 caused a
dramatic reduction in VEGFR3 signaling and lymphatic vascular growth (Planas-Paz et al.
2012) a comparable phenotype upon deletion of the 31 integrin adaptor protein /lk has been
hypothesized. Surprisingly, experiments revealed ILK as a critical regulator of VEGFR3
signaling (Urner et al. 2019). This conclusion was supported by the results that VEGFR3
phosphorylation, as well as LEC proliferation and lymphatic vascular growth were significantly
increased in the ILK K.O., both in the adult and the embryonic model. Even the usually
avascular corneas of adult /lk deficient mice revealed lymphatic vessels growing in from the
highly vascularized limbus. Induction of myocardial infarction (MI) in these mice caused

increased lymphatic vascular expansion when compared to wild-type mice upon MI (Urner et
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al. 2019). Further, endothelial cell-specific ltgb1 deletion on top of endothelial cell-specific Ik
deletion in mouse embryos genetically ‘rescued’ the ILK phenotype. Therefore, we concluded
that ILK regulates VEGFRS3 signaling in mice, in a 1 integrin dependent manner (Urner et al.
2019).

=
T — ECM

Extracellular

TN W \/"\_\‘/‘ o,

plasma membrane

B1 integrin

L. 8.0 0, 8 8, 8 0

s 8. e 9. 9, 0. 0 0. 98 9. 9
Intracellular

Figure 8: The ILK/PINCH/parvin (IPP) complex connects B1 integrin to the F-actin
cytoskeleton of LECs.

The mechanosensor 31 integrin is able to transduce signals from the extracellular matrix (ECM)
towards the F-actin cytoskeleton of lymphatic endothelial cells (LECs), as well as it transduces
signals from the F-actin cytoskeleton towards the ECM . Therefore, 31 integrin binds to components
of the ECM with its extracellular part, while the intracellular tail of 1 integrin is (in)directly connected
to the F-actin cytoskeleton. This connection can be facilitated by the IPP complex, with ILK being
the central part which interacts with 1 integrin and a-parvin binding to the F-actin cytoskeleton.
Modified Figure 6 of Sofia Urner’s dissertation (Urner 2018a) using Servier Medical Art and used
under the free-to-use Creative Commons Attribution 3.0 Unported License.

Most functions of ILK nevertheless critically depend on the successful IPP complex formation,
thus on ILK’s binding to particularly interesting new cysteine-histidine-rich proteins (PINCH)
and parvin. Successful complex formation ensures the stability of each complex member
(Zhang et al. 2002b; Fukuda et al. 2003a). With both of ILK’s complex partners having
additional adapter proteins, the complex is consequently involved in many cellular functions

and of high interest (Figure 8) (Legate et al. 2006).
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3.6.2 PINCH and parvin complete the IPP complex

Two isoforms of PINCH exist that are able to interact with the C-terminal domain of
ILK, but only one isoform can form this connection at a time (Legate et al. 2006). Both PINCH-
1 and PINCH-2 are expressed throughout several tissues and are required for ILK to localize
properly at focal adhesion sites (Li et al. 1999; Velyvis et al. 2001; Zhang et al. 2002b; Zhang
et al. 2002c; Zhang et al. 2002a; Braun et al. 2003). Loss of Pinch-1, but not of Pinch-2 causes
embryonic lethality between E6.5 and E7.5 (Li et al. 2005; Liang et al. 2005; Stanchi et al.
2005), an effect which seem similar to the embryonic lethality upon loss of llk (Sakai et al.
2003). Interestingly, Pinch-1 expression was found to be upregulated upon loss of Pinch2,
thus suggesting overlapping functions or a compensatory mechanism between the isoforms
(Stanchi et al. 2005).

The third IPP complex member is parvin, a protein with three mammalian isoforms of different
distribution throughout the human tissues. The parvin family is divided into a-, B- and y-parvin,
of which a-parvin (Parva), also known as actopaxin or CH-ILKBP (Nikolopoulos and Turner
2000; Tu et al. 2001), seems to be the most important. While the highest 3-parvin expression
is to be found in the heart and skeletal muscles, y-parvin expression is restricted to
hematopoietic cells (Korenbaum et al. 2001; Yamaiji et al. 2001). ILK is able to bind all three
isoforms of the parvin family, by which it indirectly connects to the F-actin cytoskeleton
(Nikolopoulos and Turner 2000; Olski et al. 2001; Yamaji et al. 2004). Out of all the ILK binding
proteins, a-parvin reveals the most specific interaction with ILK (Dobreva et al. 2008). It is
further expressed in almost all tissues (Korenbaum et al. 2001; Olski et al. 2001) and does not
only bind F-actin filaments directly but also indirectly via F-actin binding protein paxillin
(Nikolopoulos and Turner 2000). Global genetic deletion of Parva results in embryonic lethality
between E10.5 and E14.5 due to severe cardiovascular issues. Parva-deficient embryos e.g.
reveal dilated blood vessels, hemorrhages and severe edema (Montanez et al. 2009).
Endothelial cell-specific deletion of Parva shifts the embryonic lethality to E14.5 onwards, but
Parva-deficient embryos also reveal cardiovascular abnormalities and hemorrhages
(Fraccaroli et al. 2015). These findings indicate that a-parvin is important for endothelial
functions. Detailed analyses of the first lymphatic tissues in Parva-deficient embryos further
supported this hypothesis. The first lymphatic structures in mouse embryos are the jugular
lymph sacs (jls) or primordial thoracic ducts (pTD) (referred to as ‘jls/pTD’). In Parva-deficient
embryos the jls/pTD showed an increased LEC proliferation and LEC number, as well as
increased VEGFR3 signaling, all pointing towards a role of a-parvin in LECs and

lymphangiogenesis (Urner et al. 2019).
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Summarizing it is to say that IPP complex members — especially ILK and a-parvin — link the
ECM via B1 integrin to the F-actin skeleton and thereby provide crucial cellular functions for
B1 integrin signaling in LECs (Figure 8). As in vivo findings of IPP complex functions in
endothelial cells of mice are very promising, it is likely that they also play a role in human

endothelial cells.

3.7 B-site of amyloid precursor protein cleaving enzymes (BACE)

3.7.1 The amyloidogenic pathway in the brain requires B-site of amyloid precursor

protein cleaving enzyme 1 (BACE1) and y-secretase

Alzheimer’s disease (AD) is a neurodegenerative disease leading to dementia (Kang et
al. 2017) and there are several hypotheses explaining its development (Du et al. 2018). In one
of these hypotheses, the (B-site of amyloid precursor protein cleaving enzyme (BACE) family
members are of special interest, because they are described to play a crucial role in AD
development and worsening (Selkoe and Hardy 2016). In detail, this hypothesis describes AD
to be caused by the formation of amyloid plaques (Wisniewski and Silverman 1997) due to the
accumulation of B-amyloid (Selkoe and Hardy 2016; Zhang and Song 2017). During this so
called amyloidogenic pathway, the amyloid precursor protein (APP) is first cleaved by B-site
APP cleaving enzyme 1 (BACE1) to release either C-terminal fragment C89 or C99,
depending on the B-cleavage site (Deng et al. 2013; Zhang et al. 2017). C99 is further cleaved
by y-secretase to shed the N-terminal fragment called B-amyloid (Figure 9) (Schenk et al.
1995; Selkoe et al. 1996; Zhang et al. 2017). With this, y-secretase is of main responsibility
for the generation of 3-amyloid (Selkoe 1994; Szaruga et al. 2017; Voytyuk et al. 2018a) from
APP and has therefore previously been targeted in order to lower 3-amyloid production in the
brain (De Strooper and Chavez Gutierrez 2015). Unluckily, the targeting of y-secretase in
clinical trials caused severe side effects and therefore the studies had to be dropped (Doody
et al. 2013; De Strooper 2014).

Together with its family member y-secretase, BACE1 facilitates the generation of f-amyloid
from APP (De Strooper et al. 1998; Vassar et al. 1999; Hardy and Selkoe 2002). BACE1 is an
integral membrane protein and a member of the pepsin family (Haniu et al. 2000), which
mainly expressed in the brain (Bennett et al. 2000), as well as in the BBB endothelium and is

further upregulated during AD (Devraj et al. 2016).
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Therefore, BACE1 is considered to be the most promising target for AD treatment (Cole and
Vassar 2007; Yan and Vassar 2014; Vassar et al. 2014; Barao et al. 2016). A Bace1 deficient
mouse model for AD did not reveal any B-amyloid in the brain (Luo et al. 2001; Cai et al. 2001)
and pharmacological inhibition of BACE1 further highlighted BACE1 as a potential target for
AD treatment (Chen et al. 2012; Ly et al. 2013). BACE inhibition by use of the inhibitor NB-
360 e.g. was sufficient to reduce p-amyloid amounts, as well as neuroinflammation and other
pathogenic conditions related to AD in an AD mouse model (Neumann et al. 2015; Keskin et
al. 2017).
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Figure 9: Simplified schematic overview of the amyloidogenic pathway.

(A,B) During the amyloidogenic pathway, the amyloid precursor protein (APP) is cleaved by [3-site
APP cleaving enzyme (BACE1) at its B-site. (C) This process separates the N-terminal from the C-
terminal domain and the latter can be shed by y-secretases at the respective y-site. (D) The
remaining C-terminus is released into the cytosol, while the shedded part of the transmembrane
domain facing the extracellular site is released as B-amyloid. (E) Accumulated B-amyloid builds
amyloid plaques, causing dementia. Modified from Servier Medical Art and used under the free-to-
use Creative Commons Attribution 3.0 Unported License.

Nevertheless, BACE1 has different other substrates amongst APP (Kuhn et al. 2012; Zhou et
al. 2012; Dislich et al. 2015), which makes it risky to cause side effects upon targeting BACE1
as an AD treatment. Due to its close homology to BACE2, many recently developed BACE1
inhibitors also target BACE2 (Bennett et al. 2000; Farzan et al. 2000; Alexander et al. 2014;
Neumann et al. 2015; Kennedy et al. 2016; Scott et al. 2016; Cebers et al. 2017) and therefore
probably cause BACE?2 inhibition related side effects. One of the BACE1 inhibitors tested in
phase Il clinical trials is Merck’s verubecestat or MK-8931, shown to decrease (3-amyloid
amounts both in treated mice brains and human AD patients. Nonetheless, it also targets
BACE2 and treatment of AD patients with verubecestat caused severe side effects (Kennedy

et al. 2016; Scott et al. 2016). Reported side effects of verubecestat treatment were increased
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risk for falls or injuries, as well as rash, hair color change, weight loss, sleep disturbances and
suicidal ideation. The treatment further did not improve clinical ratings of dementia in patients
and the outcome worsened upon increased verubecestat dosage, so that cognition and daily
function of AD patients upon verubecestat treatment was worse when compared to the
placebo treated control group (Egan et al. 2019b; Egan et al. 2019a; Egan et al. 2018).

Consequently, these clinical trials were stopped (Hawkes 2017).

3.7.2 BACE2 has several functions in different tissues

BACE2 shares 45% of BACE1’s amino acid residues, as well as the feature of being
a type | transmembrane protein in the pepsin family of aspartyl proteases (Bennett et al. 2000).
Despite of this homology, the expression patterns of BACE1 and BACE2 differ from each
other. BACE2 expression is to be found in several peripheral tissues such as the colon, kidney
and also in the pancreas (Bennett et al. 2000). BACE2 is involved in melanosome formation
in pigment cells (Rochin et al. 2013) and this is why BACE2 deficient mice appear to have a
depigmented fur color (Dominguez et al. 2005). Direct pharmacological inhibition of BACEZ2,
as well as indirect BACE2 inhibition via unspecific inhibition of BACE1 also caused this
phenotype in preclinical trials (Cebers et al. 2016; Shimshek et al. 2016; Voytyuk et al. 2018a).
Further examination of BACE2 distribution later revealed that BACE2 is also expressed in
parts of the CNS, including subsets of neurons, oligodendrocytes and astrocytes (Voytyuk et
al. 2018b).

Nevertheless, due to the structural homology between BACE1 and BACE2, BACE2 was
suggested to be a second B-site APP cleaving enzyme (Yan et al. 1999; Farzan et al. 2000;
Lin et al. 2000). Later studies however demonstrated that BACE2 cleaves APP within the -
amyloid domain and thereby prevents B-amyloid generation (Sun et al. 2006), speaking
against the hypothesis of BACE2 being a B-secretase (Yan et al. 2001; Fluhrer et al. 2002;
Basi et al. 2003). Only a damage of APP’s juxtamembrane helix (JH) can trigger a B-secretase
activity of BACEZ2, hence labeling it a conditional B-secretase (Wang et al. 2019). JH damage
can e.g. happen due to binding of clusterin, a neuronal chaperone (McGeer et al. 1992), to
the JH of APP (Wang et al. 2019). Clusterin is considered a top 3 sporadic AD risk gene (Wang
et al. 2019), because itis induced by multiple AD risk factors and is further upregulated during
AD (May et al. 1990; Kida et al. 1995; Lidstrom et al. 1998; Beeg et al. 2016). Interestingly,
the B-secretase activity and BACE2 expression, as well as clusterin expression are
upregulated during aging, while BACE1 expression is not altered (Fukumoto et al. 2004). The

combination of these findings point into the direction, that BACE2 is responsible for the
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increase in B-secretase activity of aging brains, due to increased clusterin expression (Wang
et al. 2019). This hypothesis is further supported by the increased BACE2 activity during
preclinical AD, correlating with AD pathogenesis (Holler et al. 2012). In its function as a
protease, BACE2 has several different substrates depending on the tissue type it is expressed
in. In the CNS, BACE2 cleaves vascular cell adhesion molecule 1 (VCAM1), delta and notch-
like epidermal growth factor-related receptor (DNER), fibroblast growth factor receptor 1
(FGFR1) and plexin domain containing 2 (PLXDC2) (Voytyuk et al. 2018b). Interestingly, the
study on BACEZ2 distribution throughout the brain also highlighted a connection between
BACE?2 activity and Alzheimer’s disease. Vyotyuk et al. found the cleavage of VCAM1 by
BACE2 to be strongly upregulated both in vitro and in vivo upon inflammatory conditions
(Voytyuk et al. 2018b), an environment which is also present in the periphery and brains of
AD patients (Akiyama et al. 2000; Sastre et al. 2006; Wang et al. 2015; Lai et al. 2017).

In the periphery, BACE2 processes e.g. melanocyte protein in pigment cells (Rochin et al.
2013) and islet amyloid polypeptide (IAPP) in the pancreas (Rulifson et al. 2016; Alcarraz-
Vizan et al. 2017). In the latter, BACEZ2 is involved in the regulation of 3-cell mass and function
(Esterhazy et al. 2011), but also in the regulation of glucose tolerance and 3 cell survival
(Rulifson et al. 2016; Alcarraz-Vizan et al. 2017). Therefore, BACE2 might be a target for
diabetes treatment (Esterhazy et al. 2011; Stutzer et al. 2013). Detailed analyses of the
mechanisms, how BACE2 impacts diabetic conditions, revealed that it is involved in the
pancreatic amyloidogenic pathway (Alcarraz-Vizan et al. 2017). Thereby, BACE2 mediated
processing of IAPP and the latter's misfolding and accumulation causes the formation of
amyloid plaques in type 2 diabetes (Mukherjee et al. 2015; Cooper et al. 1987; Clark et al.
1996). This formation of amyloid plaques in the pancreas causes an increase in the
abundance of reactive oxygen species (ROS) (Zraika et al. 2009). In LECs of diabetic mice,
ROS could be shown to both mediate VEGFR3 phosphorylation and degradation in the Golgi
apparatus, reducing VEGFR3 availability at the plasma membrane in an epsin dependent
manner (Wu et al. 2018). Epsins are known to be involved in several endocytic processes. In
LECs, epsins 1 and 2 interact with VEGFR3 and thereby induce its internalization and
degradation (Liu et al. 2014). According to this, the increased ROS production due to BACE2
mediated amyloid accumulation causes a reduced VEGFR3 abundance at the LEC surface
and hence the reactivity of VEGFR3 to possible ligand binding by VEGF-C or -D is decreased.
As a result, lymphangiogenesis is impaired under diabetic conditions, a phenotype which could

be rescued by genetical deletion of epsin 1 and 2 in diabetic mice (Wu et al. 2018).
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In summary, the BACE proteases are critically involved in amyloid plaque formation and
therefore in AD and type 2 diabetes development and worsening. While y-secretase and
BACE1 are mainly responsible for APP processing to neurotoxic f-amyloid in the brain,
BACE2 has several peripheral substrates and only functions as a conditional p-secretase
upon AD conditions. In the periphery, BACE2 is involved in a pancreatic amyloidogenic
pathway and thereby indirectly in the regulation of lymphangiogenesis under diabetic
conditions. Therefore, unintentional BACE2 inhibition by unspecific BACE1 inhibitors is likely

to cause peripheral side effects.

3.8 Aims of this study

Regulation of VEGFRS signaling in LECs is required to prevent the lymphatic vasculature
from uncontrolled overgrowth and to maintain its physiological functions. One way to activate
VEGFRS signaling is its interaction with the mechanoreceptor 31 integrin, triggered by
mechanical stimuli. This is why injection of additional fluid into mouse embryos
morphologically stretched the LECs and thereby induced both VEGFR3 phosphorylation and
LEC proliferation, resulting in enlarged jls/pTDs as a sign for increased lymphatic vascular
growth. Further, genetical deletion of /tgb1 in endothelial cells of mice dramatically reduced
VEGFR3 signaling and lymphatic vascular growth (Planas-Paz et al. 2012). ILK is an
intracellular adapter protein of 1 integrin which forms the IPP complex together with PINCH
and parvin and thereby connects B1 integrin to the F-actin cytoskeleton. Previous
investigations questioned whether genetical deletion of /lk would result in similar issues with
regards to VEGFR3 signaling and vascular growth as it could be shown for ltgb1 deficient
mice. Surprisingly, endothelial cell specific deletion of /lk resulted in the opposite phenotype;
VEGFRS3 signaling was strongly increased, as it was LEC proliferation and lymphatic vascular
growth. Therefore, we concluded that ILK functions as a critical regulator of VEGFR3 signaling
in mice (Urner et al. 2019). The endothelial cell specific deletion of Parva in mouse embryos
further revealed that a-parvin contributes to the regulation of VEGFR3 signaling. We found
increased VEGFR3 phosphorylation, LEC proliferation and enlarged jls/pTD, even though this
phenotype was milder than the ILK phenotype (Urner et al. 2019). Nevertheless, little was
known about the role of the IPP complex in adult human LECs and human VEGFRS signaling
and therefore one main aim of this thesis was to determine whether the IPP complex would

be an intracellular mechanism to attenuate VEGFR3 activity in the human system.
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On the other hand, BACE1 is meant to play an impelling role in the development and
worsening of Alzheimer's disease (AD) (Cole and Vassar 2007). This is why several
companies are currently developing inhibitors against this B-secretase, but BACE1 inhibition
with inhibitors such as verubecestat caused severe side effects in human patients. One reason
for these side effects might be the unintended inhibition of BACE1’s close homologue BACE2
(Egan et al. 2018; Egan et al. 2019a). The latter works as a conditional 3-secretase in the
brain (Wang et al. 2019) and therefore plays no major role in AD, but still has several peripheral
substrates which might be impaired by BACEZ2 inhibition. For this reason, institutions are
aiming to both discover more specific inhibitors against BACE1, but also to uncover additional
substrates of BACE2. Those substrates could function as a potential read-out to shed light on
the specificity of the newly developed inhibitors and therefore to prevent adverse effects
caused by unintentional BACEZ2 inhibition. On the search for potential substrates of BACE2,
the group of Prof. Dr. Lichtenthaler at the DZNE e.V. in Munich found VEGFRS to be altered
upon BACE inhibition and in Bace2 deficient mice, but not in Bace? deficient mice
(unpublished data). Since VEGFR3 is known to be primarily expressed on LECs, the question
arose, whether side effects of verubecestat treatment would be caused due to unintended
BACE2 inhibition causing VEGFR3 alterations and impairment of lymphatic drainage capacity.
By now, little is known about VEGFR3 as a possible BACE2 substrate and more importantly,
whether BACE2 might attenuate VEGFRS3 signaling in human LECs. As we provide an
established in vitro cell culture of adult human LECs, we aimed to support the Lichtenthaler
group with answering these questions. Consequently, the major aim of this thesis was to
analyze the attenuation of VEGFRS activity in adult human LECs, both via intracellular and

extracellular mechanisms.
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4. Experimental procedures

4.1 In vitro methods

4.1.1 Adult human LEC culture and transfections

All in vitro studies were performed with primary adult human dermal microvascular
LECs (either HMVEC-dLyAd by Lonza, CC-2810 or HDLEC-c adult by PromoCell, C-12217).
For this purpose, LECs were cultured in endothelial cell growth medium (EGM-2, PromoCell
or Lonza) at 37°C, 5% CO:2 atmosphere in a humidified incubator. LECs were used at
passages < P7 with a confluence of 80-90% and for all transfections, the 4D Nucleofector
System™ (Lonza) was used. To achieve knockdowns of either ILK, PARVA, BACE1 or
BACE2, LECs were transfected with three different stealth siRNAs (Invitrogen), respectively
as listed below. As control, non-targeting siRNAs with similar GC contents as the used stealth
siRNAs were used (Invitrogen). Stealth siRNAs and control siRNAs were transfected to

500.000 LECs per transfection in the listed concentrations:

Target siRNA siRNA sequence (5'23’) Concentration
ILK 1 GCCUGUGGCUGGACAACACGGAGAA
ILK ILK 2 CAGCCAGUCAUGGACACCGUGAUAU 500 nM

ILK 3 GCAUUGACUUCAAACAGCUUAACUU
PARVA 1 | CAAGCUGAAUGUGGUGAAA
PARVA PARVA 2 | CCUGAAAUCUACACUACGA 100 nM
PARVA 3 | GAACUGAUGAAGGUAUUAA
BACE11 | GGGUGGAGAUCAAUGGACAGGAUCU
BACE1 BACE12 | UCCCAGUCAUCUCACUCUACCUAAU 100 nM
BACE13 | GCAGCUUUGUGGAGAUGGUGGACAA
BACE21 | GGACCAACGGAGGUAGUCUUGUCUU
BACE2 BACE2 2 | GCCUUAAUCUGGACUGCAGAGAGUA 100 nM
BACE23 | GCUCAGUCUUUGAGCGAGCCCAUUU

Transfected LECs were subsequently resuspended in fresh EGM-2 MV and distributed into
previously coated cell culture dishes. Coating was performed with fibronectin in a

concentration of 2.5 pg/cm? (Human Plasma Fibronectin Purified Protein, Millipore).
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For stainings and proliferation assays, LECs were plated on fibronectin coated coverslips
(VWR), while for quantitative real-time PCR or Western Blotting LECs were cultured on
fibronectin coated tissue culture plates (SARSTEDT or VWR). After an incubation of 48-72

hours LECs were used for further analyses (see 4.1.5-4.4.1).

For co-immunoprecipitation (Co-IP) (see 4.3.1) after mechanical stretch experiments, human
LECs were transfected with a plasmid encoding the expression of C-terminally Human
influenza hemagglutinin (HA)-tagged B1 integrin (Sino Biological, HG10587-CY). The plasmid
was previously transformed into DH5a competent cells (Invitrogen), and amplified using a
QIAGEN Plasmid Midi Kit according to the manufacturer’s protocol. Afterwards, 1 pug plasmid
was used for transfection of 500.000 human LECs. Cells were subsequently distributed into
fibronectin-coated STREX stretch chambers (BioCat, ST-CH-04-BR), and used for

mechanical stretch experiments 48 hours after transfection (see 4.1.2).

4.1.2 In vitro mechanical stretch experiments

For mechanical stretch experiments, STREX stretch chambers (BioCat, ST-CH-04-
BR) were coated with fibronectin in a concentration of 2.5 ug/cm? (Human Plasma Fibronectin
Purified Protein, Millipore). Cultured LECs and LECs transfected with the (HA)-tagged 31
integrin plasmid (see 4.2.1) were distributed into stretch chambers and left to attach o/n before
mechanical stretch was carefully induced the next day. Upon the maximum level of stretching,
LECs were kept in culture for 30 — 120 minutes. Afterwards, the chambers were left in
stretched conditions and immediately put on ice for subsequent RNA isolation, cell lysis or
stainings (see 4.2.1, 4.3.1,4.3.3 and 4.4.1).

4.1.3 In vitro inhibitor treatments

For inhibitor treatments, LECs were cultured as described in 4.2.1 and distributed to
fibronectin coated (Human Plasma Fibronectin Purified Protein, Millipore, 2.5 ug/cm?) cell
culture plates or coverslips as required for the respective analyses (4.1.5,4.2.1, 4.3.3, 4.4.1).
Adherent LECs were treated for 6 — 24h with the respective inhibitor diluted in endothelial

growth medium (EGM-2, PromoCell or Lonza). Following inhibitors were used:

39



Experimental procedures

Inhibitor Concentration

B-Secretase Inhibitor IV — CAS 797035-11-1 (Calbiochem, 565788) 500 nM

Verubecestat — CAS 1286770-55-5
(provided by the Institute of Neuroproteomics, DZNE Munich)

100 nM

As control, DMSO was diluted in EGM-2 in the same concentration as in the treatment
medium. After the treatment, cells were briefly washed with PBS (Gibco® by Life
Technologies™) and placed on ice for subsequent RNA isolation, cell lysis or staining (see
415,42.1,4.3.3,4.4.1).

4.1.4 In vitro treatments with recombinant proteins

For treatment with BACE recombinant proteins, LECs were cultured as described in
4.2.1 and distributed to fibronectin coated (Human Plasma Fibronectin Purified Protein,
Millipore, 2.5 pg/cm?) cell culture plates. Once LECs were attached, they were treated for 6
hours with 250 ng/ml Recombinant Human BACE-2 Protein, CF (R&D Systems, 4097-ASB-
020) diluted in endothelial growth medium (EGM-2, PromoCell or Lonza), which was renewed
after 6 hours of incubation, if treatment was necessary for a longer period of time. As a control,
EGM-2 only was used, because the recombinant proteins were solved in dH20. After the
treatment, cell culture plates were put on ice and LECs could be lysed for Western Blotting
(see 4.3.3).

4.1.5 In vitro proliferation assays

Proliferation of in vitro cultured adult human LECs was determined by performing 5-
bromo-2’-deoxyuridine (BrdU) incorporation assays. After transfections and the incubation
time of 48 hours, medium was removed and LECs were incubated with 10 yM BrdU (Sigma)
and 100 ng/ml VEGF C156S (R&D Systems, 752-VC-025) diluted in endothelial basal medium
(EBM-2, PromoCell or Lonza) for 1-3 hours. For the case of inhibitor treatments, the BrdU
incorporation was performed during the inhibitor treatment. First, a pre-incubation of 3 hours
with the respective inhibitor or DMSO control diluted in endothelial growth medium (EGM-2,
PromoCell or Lonza) was performed. Afterwards, 10 yM BrdU (Sigma) were added to the
EGM-2 containing the respective inhibitor or DMSO control. After a brief shaking, LECs were

incubated for additional 3 hours.
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After the respective incubation time, LECs were fixed with ethanol fixative, consisting of 70%
absolute ethanol (Honeywell Riedel-de Haen) and 30% glycine (50 nM, AppliChem), for 20
minutes on ice. For cell denaturation, LECs were incubated with 2M HCI (Sigma- Aldrich) for
20 minutes at room temperature (RT), followed by a neutralization step with 0.1M sodium
tetraborate (pH 8.5, Aldrich Chemistry) for 2 minutes at RT. In between, cells were washed
with buffer containing 0.5% bovine serum albumin (BSA, AppliChem) in PBS (Gibco® by Life
Technologies™), which was further used for antibody dilutions. Following primary and

secondary antibodies were used:

Primary antibody Dilution Secondary antibodies Dilution
Donkey anti-mouse AF488-conjugated
Mouse anti-BrdU 1/500
1/500 | (Molecular probes)

(BD Bioscience, 555627)

DAPI (Sigma) 1/1000

Cells were incubated under agitation with primary antibody for 1 hour (at RT), while the
secondary antibody was incubated for 30 minutes at RT, also under agitation. In addition,
DAPI was used to counterstain cell nuclei. Coverslips were mounted with Fluoroshield™
(Sigma), and subsequently analyzed by use of Fluorescence microscopy (Zeiss LSM 710) and
the ImageJ/Fiji software. Proliferation rates of each condition were determined by the number
of BrdU-positive LECs divided by the total number of LECs.

4.2 Molecular biological methods

4.2.1 Quantitative real-time PCR

For analysis of knockdown efficiencies and treatment effects in vitro, human LECs
were briefly washed with PBS (Gibco® by Life Technologies™) and RNA was isolated by use
of High Pure RNA Isolation Kit (Roche) according to manufacturer’s protocol. The subsequent
cDNA synthesis was performed using SuperScript™ Il Reverse Transcriptase (Invitrogen by

Thermo Fisher Scientific) according to manufacturer’s protocol.
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Following master-mix was used for quantitative real-time PCR per sample:

5 ul Mix1 (FastStart Essential DNA Green Master, Roche)

2 ul Primer-Mix (fwd and rev, pre-diluted to 3uM, see below)

2 ul dH20 (Mix2, FastStart Essential DNA Green Master, Roche)
1 ul cDNA

Primers with following sequences were used:

Primer Primer sequences

fwd: 5'- AAG GTG CTG AAG GTT CGA GA -3’

rev: 5- ATA CGG CAT CCA GTG TGT GA -3’

fwd: 5- TTC TTG GGG AAA CTC GGA GG -3’

rev: 5- TCT TGA AGC TTG GGG TCA CT -3

fwd: 5'- GGT GGA GAT CAA TGG ACA GG -3

rev: 5- CGT GGA TGA CTG TGA GAT GG -3

fwd: 5- TGG AGA CCT TCT TCG ACT CCC TGG -3’
rev: 5- TCC ACC CAA GAC AAG ACT ACCTCC G -3
fwd: 5'- CAA CAG ACC CAC ACA GAACT -3
rev:5-TTT CCATCC TTG TAC CAC TG -3’

fwd: 5- TTT CAT CCA TCC GAC ATT GA -3

rev: 5- CCT CCATGA TGC TGC TTACA -3

fwd: 5’- AAA-TTC-TTT-GCT-GAC-CTG-CTG -3’

rev: 5- TGA-CCA-AGG-AAA-GCA-AAG-TCT-G -3’
fwd: 5'- GAA-GAC-AGG-GCG-ACC-TGG-AA -3’

rev: 5- CCA-CAT-TGT-CTG-CTC-CCA-CA -3

Human ILK (Eurofins)

Human PARVA (Eurofins)

Human BACE1 (Eurofins)

Human BACEZ2 (Eurofins)

Human VEGFR3 (Eurofins)

Human B2M (Eurofins)

Human HPRT1 (Eurofins)

Human RPLPO (Eurofins)

Quantitative real-time PCR was run on the LightCycler Nano Device (Roche) with following

protocol:
Step Repetition Temperature Duration

Pre-Incubation 1x 95 °C 10 min

95 °C 20 sec

Amplification 45x 60 °C 20 sec
72°C 20 sec

Melting (initial stage) 1x 65 °C 60 sec
Melting (final stage) 1x 95 °C 1 sec
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All experiments were performed in duplicates or triplicates. For analysis of knockdown
efficiencies and general effects of treatments on mRNA levels, acquired mRNA levels were
always at least normalized to the housekeeping gene beta-2-microglobulin (B2M).
Quantitative real-time PCRs in experiments dealing with BACE inhibition were even performed
with two additional housekeeping genes ribosomal phosphoprotein PO (RPLP0O) and
hypoxanthine phosphoribosyltransferase (HPRT1).

For all analyses, the comparative CT method was used, in which 2-ACT is presented (with
ACT defined as CT gene of interest — CT housekeeping gene), as previously described (Livak
and Schmittgen 2001; Schmittgen and Livak 2008).

4.3 Biochemical methods

4.3.1 Co-immunoprecipitation (Co-IP)

Co-immunoprecipitation (Co-IP) experiments were performed with LECs that were previously
transfected with HA-tagged B1 integrin plasmids. Transfected LECs were placed on stretch
chambers and allowed to attach o/n at 37°C, 5% CO2, as described in 4.1.2. The next day,
transfected LECs were stretched for 30 minutes and afterwards kept on ice for a brief washing
with PBS (Gibco® by Life Technologies™). LECs were immediately lysed in following lysis

buffer (300 ul / chamber) for 20 minutes on ice:

50 mM HEPES pH 7.0 (Fisher Scientific)

150 mM NaCl (Fisher Chemical)

10% glycerol (Roth)

1% Triton X-100 (AppliChem)

1 mM Na3VO4 (Aldrich)

1x cocktail of protease inhibitors (25x, Roche)

1x cocktail of phosphatase inhibitors (10x, Roche or 100x, Sigma)
in dH20

LECs were scraped off the chambers using cell scraper (SARSTEDT), and lysates were
centrifuged for 10 minutes at 13.000rpm at 4°C. The supernatants were collected and protein
concentrations were determined using the Pierce™ BCA Protein Assay (Thermo Fisher
Scientific). 300 ug protein of each sample were taken for a pre-clearing step with 30 pl Protein

G Plus/Protein A Agarose Suspension (Millipore, IP05-1.5ml) for 1 hour at 4°C under rotation.

43



Experimental procedures

After centrifugation for 10 minutes at 5.000g and 4°C, supernatants were incubated with 3 pl
rabbit anti-HA tag antibody (Cell Signaling, 3724) at 4°C o/n under rotation. On the next day,
15 ul Protein G Plus/Protein A Agarose Suspension were added to the lysates, and incubated
for 3 hours at 4°C under rotation. Afterwards, supernatants were removed. The remaining
beads were washed three times using the lysis buffer and short centrifugation steps (1 minute
at 5.000q, 4°C) in between, in which the supernatants were discarded. For Western Blotting,

beads were finally collected in 2x Laemmli buffer following the protocol described in 4.3.3.

4.3.2 ELISA

To determine VEGFR3 tyrosine phosphorylation levels in adult human LEC lysates,
transfected LECs were starved after their required incubation time o/n in EBM-2 (0.5% Fetal
Bovine Serum, FBS, Gibco® by Life Technologies™), washed with PBS (Gibco® by Life
Technologies™), and stimulated with 100 ng/ml VEGF-C156S (R&D Systems, 752-VC-025)
diluted in EBM-2 only (PromoCell or Lonza). After 5 minutes of incubation, cells were put on
ice, immediately washed with ice-cold PBS (Gibco® by Life Technologies™), and incubated

with lysis buffer on ice:

50 mM HEPES pH 7.0 (Fisher Scientific)

150 mM NaCl (Fisher Chemical)

10% glycerol (Roth)

1% Triton X-100 (AppliChem)

1 mM Na3VO4 (Aldrich)

1x cocktail of protease inhibitors (25x, Roche)

1x cocktail of phosphatase inhibitors (10x, Roche or 100x, Sigma)
in dH20

After 30 minutes of incubation, lysates were scratched off the plates and centrifuged for 10
minutes at 13.000rpm at 4°C, supernatants were collected. Protein content was subsequently
determined using the Pierce™ BCA Protein Assay (Thermo Fisher Scientific) to load equal
amounts of protein on ELISA plates within each experiment. The human phosphotyrosine
VEGFR3 ELISA (RayBiotech) was used for all experiments and ELISA results were
determined by using a NanoQuant Infinite M200 Reader (TECAN). Since the same protein
amounts were used for all conditions of the experiments, no further normalization needed to

be done.
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4.3.3 Western Blotting

Western Blotting was performed to determine knockdown efficiencies, effects of
inhibitor treatments, recombinant protein treatments and for Co-IP experiments. After siRNA
transfections, as well as after inhibitor treatments and recombinant protein treatments, LECs
were briefly washed with PBS (Gibco® by Life Technologies™), and either directly collected
with 1x Laemmli buffer or with ice-cold Laemmli-free lysis buffer (for subsequent BCA assay)

of following composition:

1x Laemmli buffer Laemmli-free buffer
_ . 50 mM HEPES pH 7.0 (Fisher
10 mM NaF (Sigma-Aldrich) L
Scientific)
1 mM NasVO;4 (Aldrich) 150 mM NaCl (Fisher Chemical)
1x cocktail of protease inhibitors (25x, Roche) 10% glycerol (Roth)
1x cocktail of phosphatase inhibitors 1x cocktail of phosphatase inhibitors
(10x, Roche or 100x, Sigma) (10x, Roche or 100x, Sigma)
. . 1x cocktail of protease inhibitors (25x,
1x Laemmli Sample Buffer (4x, Bio-Rad)
Roche)
1% 2-Mercaptoethanol (Roth) 1% Triton X-100 (AppliChem)
in dH20 in dH20

Lysates collected in 1x Laemmli buffer were immediately heated at 95°C for 5 minutes, and
Western Blotting was either started directly, or lysates were stored at -80°C, and heated up
again before starting the Western Blot. Lysates collected in Laemmli-free lysis buffer were
either directly used for protein content determination via Pierce™ BCA Protein Assay (Thermo
Fisher Scientific) or stored at -80°C before they were used for Western blotting. Therefore,
they were additionally supplemented with Laemmli to a final concentration of 1x Laemmli and
then heated at 95°C for 5 minutes before starting the process of protein separation. For protein
separation of experiments that were used for analysis of potential intracellular regulators of
VEGFR3 signaling (see 5.1) Invitrogen Novex Mini-Cell Device (Thermo Fisher Scientific) was
used with 1x MOPS buffer (Novex by Life Technologies). Gels (NUPAGE™ 4-12% Bis-Tris
Gel, Invitrogen by Thermo Fisher Scientific) were loaded with 20-25 ul lysate, and protein
separation was run for around 90 minutes at 180 V. Afterwards, gels were briefly incubated in

2x Transfer buffer (Novex by Life Technologies) containing 10% methanol.
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For experiments that were used for the analysis of potential extracellular regulators of
VEGFRS signaling (see 5.2), protein separation of 20ug sample was performed by use of the
Mini-PROTEAN® Tetra Vertical Cell device (Bio-Rad) and the respective combination of Mini-
PROTEAN® TGX Stain-Free™ Precast Gels (4-15%, Bio-Rad) and 1x Tris/Glycine/SDS Buffer
(Bio-Rad). In both cases, gels were subsequently used for Western Blotting with Trans-Blot®
Turbo™ Mini PVDF Transfer Packs (Bio-Rad) and the Trans-Blot Turbo Transfer System (Bio-
Rad). The high molecular weight program was run twice for 13 minutes each. Membranes
were blocked with PBS (Ca**, Mg?*) containing 5% BSA (AppliChem) and 0.5% Tween-20
(AppliChem) for 1 hour at RT under agitation, and blocking buffer was used for the dilution of

following primary and secondary antibodies:

Primary antibodies Dilution Secondary antibodies Dilution
rabbit anti-ILK
1/1000
(Cell Signaling, 3862)
rabbit anti a-Parvin 1/1000 donkey anti-rabbit HRP-
Cell Signaling, 4026 conjugated
( o J ) . e 1/2000
rabbit anti BACE1 111000 (Dianova, Jackson
(Invitrogen by ThermoFisher, PA1-757) ImmunoResearch)
rabbit anti-BACE2
1/500
(Abcam, ab5670)
rabbit anti VEGF Receptor 3
1/1000

(Abcam, ab154079)
rabbit anti phospho-VEGFR3
(Cell Applications, CY1115)
rabbit anti GAPDH
(Abcam, ab9485)

goat anti-rabbit HRP-
1/1000 conjugated 1/5000
(Cell Signaling, 70745)

1/5000

Primary antibodies were diluted in blocking solution and incubated o/n at 4°C under agitation.
After washing with 0.5% Tween-20 (AppliChem) in PBS (Ca?, Mg®"), Horse Radish
Peroxidase (HRP)-conjugated secondary antibodies were incubated for 1 hour at RT under
agitation on the next day, diluted in blocking solution. For detection, Clarity™ Western ECL
Substrate solution (Bio-Rad) and the Chemidoc™ MP Imaging System (Bio-Rad) were used.
The amounts of detected protein levels were normalized to the amount of detected GAPDH
levels within the respective sample. Analysis of protein bands was performed with ImageJ/Fiji

software using the gel analysis tool.
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4.4 Immunohistochemistry

4.4.1 Proximity ligation assays (PLA)

Proximity ligation assays (PLA) were used to detect VEGFR3 tyrosine phosphorylation
as well as interactions between VEGFR3 and 1 integrin. PLAs were performed using the
Duolink In situ reagents (Sigma-Aldrich) according to the manufacturer’s protocol. PBS (Ca**,
Mg**) was used for washing steps. Stretch chambers or glass coverslips in cell culture dishes
with human LECs were blocked in PBS (Ca*, Mg?) containing 5% NDS (Jackson
ImmunoResearch), 1% BSA (AppliChem) and 0.2% Triton X-100 (AppliChem) for 1 hour at
RT, cell culture dishes under agitation and stretch chambers by use of humidified chambers.

Blocking buffer was used for the dilution of following primary and secondary antibodies:

Primary antibodies Dilution Secondary antibodies Dilution
goat anti-human VEGFR3
(R&D Systems, AF349)

1/100 AF488-conjugated Phalloidin
(Invitrogen by Thermo Fisher 1/200
1/100 Scientific, A12379)

mouse anti-human 31 integrin
(Millipore, MAB19887)
mouse anti-phospho-Tyrosine
4G10 Platinum (Millipore, 05-1050)

1/100 DAPI (Sigma) 1/1000

An antibody against Phalloidin was used for co-staining of the F-actin cytoskeleton. Primary
antibodies were incubated o/n at 4°C. In addition, DAPI was used to counterstain cell nuclei.
After stainings, the stretch chambers were cut, and only the thin part containing the cell layer
was mounted on slides using Fluoroshield™ (Sigma). Glass coverslips were removed from
cell culture dishes and mounted with Fluoroshield™ (Sigma) on slides in a way that the cell
monolayer faces the slide. All slides were stored at -20°C until imaging and analysis (Urner
2018a, see 4.4.2).

4.4.2 Imaging and image analysis

Images were acquired using Laser Scan Microscopy (LSM 710, Zeiss), and analyzed
using the ImageJ/Fiji Software. PLAs were imaged as z-stacks. Maximum intensity projections
were performed for all z-stacks before analysis. Standardized macros were established and

used in ImageJ/Fiji to determine cell numbers and BrdU positive cells in in vitro studies.

47



Experimental procedures

If macros did not fit, cell numbers and/or BrdU positive cells were quantified manually. PLA
sites were analyzed by using standardized macros for all images within one experiment, or
quantified manually if the macros did not fit. The number of PLA dots was normalized to the

number of cells in the analyzed image.

4.5 Statistics

Statistical significance was determined by using Prism software (GraphPad Inc.). For
comparisons of two groups, unpaired two-tailed Student’s t-test was performed. For multiple
comparisons, one-way ANOVA followed by Dunnett’'s post hoc-test was used. Statistical
differences were considered significant with a P value less than or equal 0.05 and the exact
P values are shown in the figures. All quantified data are presented as mean + standard error
of the mean (SEM). Significant outliers were detected by the extreme studentized deviate

method (Grubbs’ test) and excluded from the statistical analysis.
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Laura Sophie Hilger performed most of the presented experiments and was supervised
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presented in this thesis; funded by the DFG, LA-1216/5-1. Dr. Sofia Urner continued the ILK
project and performed some of the in vitro experiments presented in this thesis; funded by the
DFG, IRTG1902.

Ida Marie Stoppelkamp was co-supervised by Laura Sophie Hilger during an internship of

three months in 2019, and contributed to some in vitro results.

Laura Isabelle Hofmann and Andree Schmidt are part of the Institute for Neuroproteomics
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in DUsseldorf under supervision of Laura Sophie Hilger.
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5. Results

5.1 Intracellular mechanism for attenuation of VEGFR3 activity

VEGFR3 is known to be a key regulator of LEC behavior such as LEC survival, migration
and proliferation. Especially LEC proliferation is crucial for the development and growth of
lymphatic vessels, also known as lymphangiogenesis, both in health and disease. Regulation
of VEGFRS3 signaling is required to prevent lymphatic overgrowth and maintain physiologic
lymphatic function. In this context our lab could point to the importance of the
mechanoreceptor B1 integrin for VEGFR3 signaling in LECs and lymphatic development,
since its endothelial cell-specific deletion in in vivo mouse models (referred to as ‘B1 integrin
K.Q.") caused severe developmental issues and decreased VEGFR3 signaling (Planas-Paz
et al. 2012). In further studies we suggested that ILK might have similar functions as 31
integrin, because it is known to be one of the latter's intracellular adapter proteins.
Nevertheless, the endothelial cell-specific deletion of /lk (referred to as ‘ILK K.O.”) in mouse
embryos surprisingly resulted in increased VEGFR3 phosphorylation, LEC proliferation and
enlarged jugular lymph sacs (jls) or primordial thoracic ducts (pTD) (jls/pTD). The inducible
ILK K.O. in lymphatic endothelial cells of adult mice furthermore resulted in increased VEGFR3
phosphorylation, LEC proliferation and lymphatic vascular growth as it was detected in adult
mouse ear skins. The combination of the ILK K.O. and the 31 integrin K.O. caused a ‘genetic
rescue’ of the ILK phenotype. We concluded that ILK regulates mouse VEGFR3 signaling and

lymphatic vascular growth in a 1 integrin dependent manner (Urner et al. 2019).

5.1.1 ILK regulates VEGFR3 signaling and adult human LEC proliferation

To transfer the obtained results on ILK from the in vivo mouse system to the adult
human system, we chose the in vitro culture of primary adult human LECs. As the first step,
we silenced human /LK via transfection with siRNAs in these LECs. Aiming for an increased
precision of the results, we used three different ILK siRNAs (ILK siRNA 1, 2, 3) and a non-
targeting control siRNA with comparable GC content (control). As determined by Western
Blotting (Figure 10A), we observed a significant reduction of ILK protein levels by around 46-
83% upon use of all three ILK siRNAs (Figure 10B).
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This ILK silencing system was further used to investigate the influence of ILK on VEGFR3
signaling in adult human LECs. As an indicator for VEGFRS3 signaling activity, we analyzed
VEGFR3 phosphorylation in lysates of /LK silenced adult human LECs upon stimulation with
VEGF-C C156S for 5 minutes by use of ELISA. We detected a significant increase of VEGFR3
phosphorylation by around 73-121% after transfection with ILK siRNAs (Figure 10C).
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Figure 10: Silencing of ILK increases VEGFR3 phosphorylation in adult human LECs.
(A) Representative Western Blot image of adult human LEC lysates 72 hours after transfection with

control siRNA (Control) or one of three different ILK siRNAs (ILK siRNA 1, 2, 3) showing protein
bands of ILK and GAPDH serving as loading control. (B) Quantifications of ILK protein levels in adult
human LECs 72 hours after transfection with control and ILK siRNAs, shown as percentage of
control siRNA. (C) Quantifications of phosphorylated VEGFR3 upon VEGF-C C156S stimulation as
determined by ELISA in adult human LECs 72 hours after transfection with control and ILK siRNAs,
shown as percentage of control siRNA. (B, C) All values are shown as means + SEM with n = 3
independent transfections per siRNA; statistical significance was determined by one-way ANOVA
and Dunnett’s multiple comparisons test. Dr. Sofia Urner performed presented experiments and
Laura Sophie Hilger reproduced them with comparable results.

These results indicate that ILK might be relevant for the regulation of VEGFRS signaling in
adult human LECs. To further determine whether the increased VEGFR3 phosphorylation in
ILK silenced adult human LECs (Figure 10) also affects LEC proliferation, we next performed
BrdU incorporation assays. BrdU is a thymidine analogue and is therefore incorporated into
the newly synthesized DNA of proliferating cells. BrdU-positive and the total number of nuclei
were detected by use of immunohistochemistry (Figure 11A,B). Via normalization of BrdU-
positive cells to the total number of nuclei, we quantified a significant increase of LEC
proliferation by around 59-130 % upon silencing of ILK (Figure 11C). The significantly
increased VEGFR3 phosphorylation (Figure 10) and adult human LEC proliferation upon
silencing of /LK (Figure 11) indicate that ILK plays an important role in the regulation of
VEGFRS signaling in adult human LECs. We therefore next aimed to uncover the underlying

mechanism.
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Figure 11: Silencing of ILK results in increased adult human LEC proliferation.
(A, B) Representative images of human LECs 72 hours after transfection with control siRNA (A) or

ILK siRNA (ILK siRNA 3) (B) and incubation with VEGF-C156S and the proliferation marker BrdU
for 1 hour. Staining of nuclei is shown in blue and staining of BrdU is shown in green. Scale bars 50
pm. (C) Quantifications of BrdU positive LECs normalized to total LECs that were transfected with
either control or one of three different ILK siRNAs (ILK siRNA 1, 2, 3), shown as percentage of
control siRNA. All values are shown as means + SEM with n = 3 independent transfections per
siRNA; statistical significance was determined by one-way ANOVA and Dunnett’'s multiple
comparisons test. Dr. Sofia Urner performed the presented experiments and Laura Sophie Hilger
reproduced them with comparable results.

5.1.2 ILK controls the number of interactions between VEGFR3 and 1 integrin in adult
human LECs

As Planas-Paz et al. could already show with the respective in vivo mouse models, VEGFR3
signaling depends on its interactions with B1 integrin (Planas-Paz et al. 2012). We therefore
questioned whether ILK — as an integrin adapter protein — might control those interactions
between VEGFR3 and 1 integrin and thereby regulate VEGFRS3 signaling. To answer this
question, we silenced /LK in adult human LECs with ILK siRNAs and analyzed the interactions
between VEGFR3 and 31 integrin by use of proximity ligation assay (PLA) (Figure 12A,B). A
PLA is capable to combine signals of two different antibodies bound to their respective

antigens to one signal, labeling the site where both antibodies are located in close proximity
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to each other (referred to as ‘PLA site’). With this method, we could show that silencing of ILK
leads to increased interactions between VEGFR3 and (1 integrin in adult human LECs, as
indicated by the increase in the number of PLA sites per LEC by around 30-82% (Figure 12C).
The increased interactions between VEGFR3 and 1 integrin upon silencing of ILK (Figure
12) indicate that ILK regulates the 31 integrin mediated VEGFRS3 signaling in adult human
LECs.
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Figure 12: Silencing of ILK leads to increased interactions between 31 integrin and VEGFR3
in adult human LECs.
(A, B) Representative LSM images of human LECs 72 hours after transfection with control siRNA

(A) or ILK siRNA 3 (B), showing VEGFR3/B1 integrin proximity ligation assay (PLA) sites (red) and
nuclei (blue). Scale bars 10 ym. (C) Quantifications of VEGFR3/B1 integrin proximity ligation assay
(PLA) sites per LEC. LECs were transfected with either control (Control) or one of three different
ILK siRNAs (ILK siRNA 1, 2, 3), shown as percentage of control siRNA. All values are shown as
means * SEM with n = 5 independent transfections per siRNA; statistical significance was
determined by one-way ANOVA and Dunnett’'s multiple comparisons test. Dr. Sofia Urner performed
the presented experiments and Laura Sophie Hilger reproduced them with comparable results.

5.1.3 Mechanical stretching of adult human LECs affects B1 integrin’s interactions

with VEGFR3 and ILK

In the in vivo mouse model, B1 integrin functions as a mechanoreceptor on LECs. This
enables mechano-induced VEGFR3 signaling and lymphatic vascular growth upon the
application of e.g. increased fluid pressure in the system, leading to visibly stretched LECs
(Planas-Paz et al. 2012). To mimic these mechanical forces and to further test this mechanism
in vitro, we next cultured adult human LECs on silicone membranes of stretching chambers.

After the subsequent mechanical stimulation by stretch for 30 minutes, LECs were fixed on
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the membranes and a PLA assay for VEGFR3/B1 integrin interactions was performed (Figure
13A-D). The mechanical stretch of adult human LECs resulted in significantly increased
interactions between VEGFR3 and (1 integrin by around 126% when compared to
unstretched controls (Figure 13E). According to our results, mechanical stimulation by stretch
of adult human LECs seems to have similar effects on the interactions between VEGFR3 and

B1 integrin as the silencing of ILK (Figure 12 and Figure 13).
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Figure 13: Mechanical stretching of adult human LECs leads to increased interactions
between 1 integrin and VEGFR3.
(A-D) Representative LSM images of adult human LECs that were either kept unstretched (A, B) or

were mechanically stretched for 30 minutes (C, D), showing VEGFR3/B1 integrin proximity ligation
assay (PLA) sites (red). Co-stainings for F-actin (green) and nuclei (blue) are also shown. Scale
bars, 10 um. (E) Quantification of VEGFR3/B1 integrin PLA sites per adult human LEC; cells were
either unstretched (-) or mechanically stretched (+); shown as percentage of unstretched cells. All
values are shown as means + SEM with n = 6 independent stretch experiments; statistical
significance was determined by an unpaired two-tailed Student’s t-test. Laura Sophie Hilger and Dr.
Sofia Urner performed the presented experiments.
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For the support of our hypothesis that ILK regulates the interactions between VEGFR3 and
B1 integrin and thereby most importantly regulates VEGFR3 signaling, we next aimed to show
that mechanical stretching of adult human LECs affects the interactions between (1 integrin
and ILK. Since a reliable immunostaining of ILK was technically impossible, we used the
method of co-immunoprecipitation (referred to as ‘co-IP’) instead of PLA to show that 1
integrin’s adapter protein ILK loses its contact to 1 integrin upon mechanical stretching for
30 minutes (Figure 14). We expressed HA-tagged 1 integrin via transfection with plasmids in
adult human LECs and immunoprecipitated it from unstretched versus stretched LECs by use
of antibodies against the HA-tag. In the subsequently performed Western Blot with the
precipitated lysates we detected both the HA-tagged B1 integrin and ILK (Figure 14A) and
normalized the protein expression of ILK to the immunoprecipitated amounts of HA-tagged 1
integrin. The quantification revealed a significant decrease of ILK co-immunoprecipitated with
HA-tagged B1 integrin by 48% in lysates of adult human LECs after 30 minutes of mechanical
stretch (Figure 14B).
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Figure 14: Mechanical stretching of adult human LECs results in decreased interactions
between ILK and 1 integrin.
(A) Representative Western Blot image of adult human LECs that were either kept unstretched or

were mechanically stretched for 30 minutes, subsequently lysed and used for Immunoprecipitation
(IP) of HA-tagged B1 integrin from whole cell lysates. Immunoprecipitation was performed with
antibodies against HA-tag and HA-tagged (1 integrin was detected in Western blot (WB) by
antibodies against B1 integrin. ILK protein interacting with immunoprecipitated HA-tagged (31
integrin was detected by antibodies against ILK. (B) Quantification of the amount of detected ILK
protein in immunoprecipitated LEC lysates, normalized to the respective amount of HA-tagged 31
integrin in unstretched or mechanically stretched LECs; shown as percentage of unstretched LECs.
All values are shown as means + SEM with n = 4 independent stretch experiments; statistical
significance was determined by an unpaired two-tailed Student’s t-test. Dr. Sofia Urner performed
the presented experiments.
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The reduction of ILK/B1 integrin interactions upon mechanical stretching of adult human LECs
(Figure 14) suggests an inverse correlation between ILK/B1 integrin interactions and
VEGFR/B1 integrin interactions. Accordingly, we detected increased VEGFR3/B1 integrin

interactions and VEGFR3 signaling, when ILK lost contact to 31 integrin.

5.1.4 a-parvin protein levels are affected by mechanical stretch and depend on ILK

protein levels

After we found these correlations, we next questioned whether protein levels of IPP
complex members would be impacted by mechanical stretching of adult human LECs in
general. This is why we tested lysates of adult human LECs, which were mechanically
stretched for 30 minutes, for the total protein amounts of ILK — as the central IPP complex
protein — and its complex member a-parvin (Figure 15A). Our Western Blot analyses showed
that both ILK and a-parvin protein levels decreased upon mechanical stretching of LECs. We
noticed the reduction of a-parvin protein levels by around 33-42% to be significant (Figure
15C), while the reduction of ILK protein levels by around 10-22% was only by trend (Figure
15B).
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Figure 15: Mechanical stretching of adult human LECs has no major effect on ILK protein
levels, but reduces protein levels of a-parvin.
(A) Representative Western Blot image of adult human LEC lysates that were either kept

unstretched (-) or were mechanically stretched for 0.5 — 2 hours, showing protein bands of ILK and
a-parvin with GAPDH serving as loading control. (B) Quantifications of ILK protein levels in adult
human LEC lysates, normalized to the respective amount of GAPDH in unstretched or mechanically
stretched LECs; shown as percentage of unstretched LECs. (C) Quantifications of a-parvin protein
levels in adult human LEC lysates, normalized to the respective amount of GAPDH in unstretched
or mechanically stretched LECs; shown as percentage of unstretched LECs. All values are shown
as means + SEM with n =4 independent stretch experiments; statistical significance was determined
by one-way ANOVA and Dunnett’'s multiple comparisons test. Laura Sophie Hilger performed the
presented experiments.
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The significant reduction of a-parvin protein levels upon mechanical stretching of adult human
LECs (Figure 15) indicates that not only ILK as the central part of the IPP complex and
especially its interactions with 31 integrin gets affected by mechanical stretch (Figure 14).
Thus, we next aimed to analyze the potential role of IPP complex member a-parvin in the
regulation of VEGFR3 signaling.
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Figure 16: Silencing of ILK in adult human LECs leads to a parallel reduction of a-parvin
protein levels.

(A) Representative Western Blot image of human LEC lysates 72 hours after transfection with
control siRNA (Control) or one of three different ILK siRNAs (ILK siRNA 1, 2, 3) showing protein
bands of ILK, a-parvin and GAPDH serving as loading control. (B) Quantifications of ILK protein
levels in adult human LECs 72 hours after transfection with control and ILK siRNAs, shown as
percentage of control siRNA. (C) Quantifications of a-parvin protein levels in adult human LECs 72
hours after transfection with control and ILK siRNAs, shown as percentage of control siRNA. All
values are shown as means + SEM with n = 3 independent transfections per siRNA; statistical
significance of (B) was determined by Kruskal-Wallis and Dunn’s multiple comparisons test, while
statistical significance of (C) was determined by one-way ANOVA and Dunnett's multiple
comparisons test. Laura Sophie Hilger performed the presented experiments.

Based on the interesting result, that a-parvin protein levels were more strongly decreased
upon mechanical stretching of adult human LECs than the protein levels of its complex partner
ILK (Figure 15), we wondered whether a-parvin and ILK protein levels might depend on each
other. Therefore, we analyzed ILK silenced LEC lysates for a-parvin protein levels via Western
Blotting (Figure 16A). The siRNA mediated knockdown of /LK reduced ILK protein levels by
around 37-74% (Figure 16B) and the simultaneous analysis of a-parvin protein levels revealed
a significant reduction of a-parvin protein levels by around 32-73% (Figure 16C). The parallel
reduction of a-parvin protein levels to ILK protein decrease (Figure 16) indicates that a-parvin
protein levels depends on the ILK protein amount present in adult human LECs. This finding
is in line with previously published studies on the interdependency of IPP complex members
in other cell types (Xu et al. 2005; Fukuda et al. 2003a).
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5.1.5 Efficient silencing of PARVA in adult human LECs has no major effect on ILK

protein levels

As we found out that a-parvin protein levels decrease upon both mechanical stretching
(Figure 15) and upon silencing of ILK (Figure 16) — two processes shown to affect VEGFR3
signaling — we suggested a coherence between a-parvin levels and VEGFRS signaling. To
further examine this hypothesis, we silenced human PARVA by use of transfection with
PARVA siRNA in adult human LECs. Aiming for more precise results, we used three different
PARVA siRNAs and a non-targeting control siRNA. The success of PARVA silencing was
confirmed on mRNA levels, which revealed a downregulation of PARVA mRNA expression
levels by around 78-92% depending on the siRNA (Figure 17A). Further Western Blotting of
LEC lysates (Figure 17B) revealed a significant decrease of a-parvin protein levels upon
transfection with PARVA siRNAs by around 61-97% (Figure 17C).
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Figure 17: PARVA is efficiently silenced in adult human LECs by use of PARVA siRNAs.
(A) Quantifications of PARVA mRNA expression levels in adult human LECs 48 hours after

transfection with control siRNA (Control) or one of three different PARVA siRNAs (PARVA siRNA
1, 2, 3), shown as percentage of control siRNA. (B) Representative Western Blot image of adult
human LEC lysates 48 hours after transfection with control and PARVA siRNAs showing protein
bands of a-parvin and GAPDH serving as loading control. (C) Quantifications of a-parvin protein
levels in adult human LECs 48 hours after ntransfection with control and PARVA siRNAs, shown
as percentage of control siRNA. All values are shown as means + SEM with n = 3 independent
transfections per siRNA; statistical significance of (A) was determined by one-way ANOVA and
Dunnett’'s multiple comparisons test, while statistical significance of (C) was determined by Kruskal-
Wallis and Dunn’s multiple comparisons test. Laura Sophie Hilger performed the presented
experiments.
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After the successful silencing of PARVA in adult human LECs (Figure 17), we next analyzed
ILK protein levels in the respective lysates (Figure 18A). With this, we tested whether the
dependency of a-parvin protein levels on ILK protein levels was also true for the opposite
case. When compared to controls, a-parvin protein levels were significantly decreased by
around 61-97% upon transfection with PARVA siRNAs (Figure 18B), whilst ILK protein levels

in the same samples were only non-significantly reduced by around 37-52% (Figure 18C).
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Figure 18: Silencing of PARVA has no major effect on ILK protein levels in adult human LECs.
(A) Representative Western Blot image of adult human LEC lysates 48 hours after transfection with

control (Control) and one of three different PARVA siRNAs (PARVA siRNA 1, 2, 3) showing protein
bands of a-parvin, ILK and GAPDH serving as loading control. (B) Quantifications of a-parvin protein
levels normalized to respective GAPDH levels in adult human LECs 48 hours after transfection with
control and PARVA siRNAs, shown as percentage of control siRNA. (C) Quantifications of ILK protein
levels normalized to respective GAPDH levels in adult human LECs 48 hours after transfection with
control and PARVA siRNAs, shown as percentage of control siRNA. All values are shown as means
+ SEM with n 2 3 independent transfections per siRNA; statistical significance of (B) was determined
by Kruskal-Wallis and Dunn’s multiple comparisons test, while statistical significance of (C) was
determined by one-way ANOVA and Dunnett’'s multiple comparisons test. Laura Sophie Hilger
performed the presented experiments.

The reduction of ILK protein levels by trend upon silencing of PARVA in adult human LECs
(Figure 18) reveals an uneven interdependency between protein levels of ILK and a-parvin. In
this interdependency, a-parvin protein levels seem to depend more strongly on ILK protein
levels (Figure 16) than ILK protein levels depend on a-parvin protein levels, which indicates

that ILK might be upstream of a-parvin.
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5.1.6 a-parvin contributes to the regulation of VEGFR3 signaling and adult human LEC
proliferation

Nevertheless, the dependency of a-parvin protein levels on ILK protein levels (Figure
16) and the further dramatical reduction of a-parvin protein levels upon mechanical stretching
(Figure 15) indicated a potential role of a-parvin in the 1 integrin dependent regulation of
VEGFRS signaling in adult human LECs by ILK. To increase our knowledge about the
indicated coherences, we next analyzed PARVA silenced LEC lysates in phospho-VEGFR3
ELISAs (Figure 19A) and by use of Western Blotting (Figure 19B). Both methods revealed an
increase in VEGFR3 phosphorylation upon silencing of PARVA with siRNA 3 when compared
to controls. Upon transfection with PARVA siRNA 3, we detected a significant increase in
VEGFRS3 phosphorylation by about 102% as detected by ELISA while the effect of the two
other siRNAs was milder and not statistically significant (Figure 19A). PARVA silencing with
siRNA 3 also lead to the strongest increase in VEGFR3 phosphorylation by around 63% by
trend as detected by Western Blotting (Figure 19B,C).
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Figure 19: PARVA silencing increases VEGFR3 phosphorylation in adult human LECs by
trend.

(A) Quantifications of phosphorylated VEGFR3 in PARVA silenced adult human LEC lysates as
determined by ELISA. Adult human LECs were either transfected with control siRNA (Control) or
with one of three different PARVA siRNAs (PARVA siRNA 1, 2, 3) and incubated for 48h before lysis
and subsequent determination of protein content. Values are shown as percentage of control siRNA.
(B) Representative Western Blot image of adult human LEC lysates 48 hours after transfection with
control and PARVA siRNAs showing protein bands of phosphorylated VEGFR3 (phospho-
VEGFR3), a-parvin and GAPDH serving as loading control. (C) Quantifications of phosphorylated
VEGFR3 protein levels normalized to respective GAPDH levels in adult human LECs 48 hours after
transfection with control and PARVA siRNAs, shown as percentage of control siRNA. All values are
shown as means + SEM with n = 3 independent transfections per siRNA; statistical significance of
(A) was determined by one-way ANOVA and Dunnett’s multiple comparisons test, while statistical
significance of (C) was determined by Brown-Forsythe and Welch ANOVA tests. Laura Sophie
Hilger performed the presented experiments.
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As increased VEGFR3 phosphorylation usually leads to increased LEC proliferation, we
wondered whether the mild increase in VEGFR3 phosphorylation upon silencing of PARVA
(Figure 19) would be sufficient to induce adult human LEC proliferation. Therefore, we used
the BrdU incorporation assay to monitor LEC proliferation and further compared proliferation
rates of PARVA silenced LECs to those which were transfected with control siRNAs (Figure
20A,B). Normalization of BrdU-positive LECs to the total nuclei count revealed that silencing
of PARVA with PARVA siRNA 2 increased the LEC proliferation by about 71%, an increase
which was close to significance. Transfections with PARVA siRNAs 1 and 3 also lead to

increased LEC proliferation rates by around 44-61% by trend (Figure 20C).
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Figure 20: Silencing of PARVA results in slightly increased adult human LEC proliferation.
(A, B) Representative images of adult human LECs after transfection with control siRNA (A) or

PARVA siRNA 2 (B) and incubated with VEGF-C156S and the proliferation marker BrdU for 3 hours.
Staining of nuclei is shown in blue and staining of BrdU is shown in green. Scale bars 50 ym. (C)
Quantifications of BrdU positive LECs normalized to total LECs that were transfected with either
control (Control) or one of three different PARVA siRNAs (PARVA siRNA 1, 2, 3), shown as
percentage of control siRNA. All values are shown as means + SEM with n = 5 independent
transfections per siRNA,; statistical significance was determined by one-way ANOVA and Dunnett's
multiple comparisons test. Laura Sophie Hilger performed the presented experiments.
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Our findings suggest that even the increase of VEGFR3 phosphorylation by trend upon
silencing of PARVA (Figure 19) could be sufficient to induce increased adult human LEC
proliferation (Figure 20). Our experiments thus support the hypothesis that a-parvin might be
involved in the regulation of VEGFR3 signaling in adult human LECs as a downstream IPP

complex partner of ILK.

5.2 Extracellular mechanism for attenuation of VEGFR3 activity

In addition to the previously described intracellular mechanism of VEGFRS3
attenuation, there might also be extracellular proteins contributing to the attenuation of
VEGFRS signaling in adult human LECs. In studies on B-site of amyloid precursor protein
cleaving enzymes (referred to as ‘BACE’), which play a crucial role in the development and
worsening of Alzheimer’s disease (Selkoe and Hardy 2016), there was one BACE family
member found which turned out to be potentially important for this study. In general, BACE1
is supposed to be responsible for the bad outcome and worsening of Alzheimer’s disease and
this is why several institutions are currently searching for effective inhibitors of this protease
(Cole and Vassar 2007; Yan and Vassar 2014). Common BACE1 inhibitors nevertheless
target also its close homologue BACE2, which potentially causes side effects (Bennett et al.
2000; Alexander et al. 2014; Neumann et al. 2015; Cebers et al. 2017; Hawkes 2017). BACE2
was shown to have no major impact on the development and progression of Alzheimer’'s
disease because its B-secretase activity is only conditional (Wang et al. 2019). Due to its
diverse functions in the CNS and the periphery (Bennett et al. 2000; Esterhazy et al. 2011;
Rochin et al. 2013; Voytyuk et al. 2018b), unintentional BACEZ2 inhibition might have severe
side effect in human patients. The group of Prof. Dr. Stefan Lichtenthaler at the DZNE e.V. in
Munich therefore investigates potential BACEZ2 substrates in order to find a physiologic marker
of BACE2 activity. With this, they aim to predict unintended BACE2 inhibition by newly
developed BACE1 inhibitors. During their research they found VEGFR3 to be a potential
candidate as a measurable BACE2 substrate and handed parts of the required experiments

concerning this hypothesis over to us.
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5.2.1 Unspecific BACE inhibition affects VEGFR3 protein and signaling in adult
human LECs

In order to evaluate whether VEGFR3 might be a target of one of the BACE family
proteases, we started our analyses by use of one of the common BACE1 inhibitors named [3-
Secretase Inhibitor 1V (referred to as ‘C3’). C3 blocks the proteolytic activity of BACE1 by
binding to its active site, but also targets BACE2 and can therefore be used as a non-specific
BACE inhibitor (Stachel et al. 2004; Ben Halima et al. 2016). We treated cultured adult human
LECs with C3 for 6 hours. Afterwards, we lysed the LECs and detected total VEGFR3 protein
levels in the lysates via Western Blotting (Figure 21A). Interestingly, the total VEGFR3 protein
levels were non-significantly upregulated by around 91% upon C3 treatment, when compared
to the DMSO control (control) treatment (Figure 21B).
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Figure 21: B-Secretase Inhibitor IV (C3) mediated BACE inhibition increases VEGFR3 protein
levels in adult human LECs.
(A) Representative Western Blot image of adult human LEC lysates after 6 hours of treatment with

DMSO control (Control) or the B-Secretase Inhibitor IV (C3) showing protein bands of VEGFR3 and
GAPDH serving as loading control. (B) Quantification of VEGFR3 protein levels in adult human
LECs normalized to respective GAPDH amount after 6 hours of treatment with either DMSO control
or C3, shown as percentage of control. All values are shown as means + SEM with n = 6
independently treated sets of LECs per condition, statistical significance was determined by an
unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented experiment.

The finding, that unspecific BACE inhibition causes increased VEGFR3 protein levels (Figure
21) already indicates a potential role of one of the proteases in the regulation of VEGFR3
protein content in adult human LECs. Since we are interested in the regulation of VEGFR3
signaling and not only total VEGFR3 protein content, we next questioned whether the C3

treatment also affects VEGFR3 phosphorylation.
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Therefore, we repeated the Western Blotting (Figure 22A) and found VEGFR3
phosphorylation to be non-significantly upregulated by around 77% in adult human LECS upon
the treatment with the unspecific BACE inhibitor C3 when compared to respective DMSO
controls (Figure 22B).
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Figure 22: C3 mediated BACE inhibition increases phosphorylated VEGFR3 protein levels in
adult human LECs.
(A) Representative Western Blot image of adult human LEC lysates after 6 hours of treatment with

DMSO control (Control) or the BACE inhibitor C3 (C3) showing protein bands of phospho-VEGFR3
and GAPDH serving as loading control. (B) Quantification of phospho-VEGFR3 protein levels
normalized to respective GAPDH levels in adult human LECs after 6 hours of treatment with either
DMSO control or C3, shown as percentage of control. All values are shown as means + SEM with
n = 5 independently treated sets of LECs per condition, statistical significance was determined by
an unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented experiment.

In parallel, we also used the method of PLA to detect phosphorylated VEGFR3 on adult human
LECs. We used this method to label sites on the C3 treated and fixed adult human LECs which
were both positive for phosphorylated tyrosine residues (referred to as ‘pTyr’) and VEGFRS,
thus indicating phosphorylated VEGFR3 (referred to as ‘pTyr/VEGFR3’). The amount of
counted PLA sites was normalized to the cell count of each image. Comparison of the number
of pTyr/VEGFR3 PLA sites on DMSO control treated LECs (control) (Figure 23A) and C3
treated LECs (Figure 23B) revealed a significant increase in the number of pTyr/VEGFR3 PLA
sites on LECs which were previously treated with the BACE inhibitor C3 by around 194%
(Figure 23C).
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Figure 23: C3 mediated BACE inhibition significantly increases number of pTyr/VEGFR3 PLA
sites in adult human LECs.
(A,B) Representative LSM images of adult human LECs after 6 hours of treatment with DMSO

control (Control) or the BACE inhibitor C3 (C3) showing pTyr/VEGFR3 proximity ligation assay (PLA)
sites (red). A co-staining for nuclei (blue) is also shown. Scale bars, 20 ym. (C) Quantification of
pTyr/VEGFRS3 PLA sites per adult human LEC after 6 hours of treatment with either DMSO control
or C3, shown as percentage of control. All values are shown as means *+ SEM with n = 5
independently treated sets of LECs per condition, statistical significance was determined by an
unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented experiment.
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The quantification of pTyr/VEGFR3 PLA sites on C3 treated adult human LECs (Figure 23)
revealed a stronger result than Western Blotting of phosphorylated VEGFR3 in C3 treated
adult human LEC lysates (Figure 22). Together, these results indicate that unspecific BACE
inhibition by use of inhibitor C3 increases VEGFR3 phosphorylation and therefore at least one
of the inhibited proteases of the BACE family might impact VEGFR3 signaling in adult human
LECs.

On the other hand, we also analyzed the VEGFR2 phosphorylation in C3 treated adult human
LECs. As VEGFR2 and VEGFR3 have been described to be of redundant roles during
lymphangiogenesis (Goldman et al. 2007), we aimed to distinguish between the two RTKs.
After the C3 treatment we fixed the LECs and detected the number of pTyr/VEGFR2 PLA
sites, indicating phosphorylated VEGFR2 on adult human LECs (Figure 24A,B). Upon
treatment with the unspecific BACE inhibitor C3 versus DMSO control (control), the number

of pTyr/VEGFR2 PLA sites was not significantly altered (Figure 24C).
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Figure 24: C3 mediated BACE inhibition does not remarkably alter number of pTyr/VEGFR2
PLA sites in adult human LECs.
(A,B) Representative LSM images of adult human LECs after 6 hours of treatment with DMSO control

(Control) (A) or the BACE inhibitor C3 (C3) (B) showing pTyr/VEGFR2 proximity ligation assay (PLA)
sites (red). A co-staining for nuclei (blue) is also shown. Scale bars, 20 um. (C) Quantification of
pTyr/VEGFR2 PLA sites per adult human LEC after 6 hours of treatment with either DMSO control or
C3, shown as percentage of control. All values are shown as means + SEM with n = 5 independently
treated sets of LECs per condition, statistical significance was determined by a Mann-Whitney test.
Laura Sophie Hilger performed the presented experiment.

The obtained results on VEGFR3 and VEGFR2 phosphorylation in adult human LECs upon
unspecific BACE inhibition therefore revealed that at least one of the BACE proteases might
influence VEGFRS signaling (Figure 22 and Figure 23) but none of the targeted BACE family

members seems to influence VEGFR2 signaling (Figure 24).

5.2.2 C3 mediated BACE inhibition increases adult human LEC proliferation

Increased VEGFR3 signaling in adult human LECs normally correlates with increased
LEC proliferation. As we have seen a regulation of VEGFR3 signaling by one of the BACE
family members targeted by the unspecific inhibitor C3 (Figure 22 and Figure 23), we next
analyzed adult human LEC proliferation upon this treatment. Therefore, we added BrdU to the
medium of the LECs in parallel to the treatment with either DMSO control (control) or the
BACE inhibitor C3 and incubated the LECs for 6 hours. The immunostaining for BrdU and
nuclei (Figure 25A,B) and the normalization of BrdU-positive LECs to the total amount of nuclei
revealed a non-significant increase of adult human LEC proliferation by around 21% upon

treatment with C3 when compared to respective DMSO controls (Figure 25C).
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Figure 25: C3 mediated BACE inhibition increases adult human LECs proliferation.
(A,B) Representative LSM images of adult human LECs after 6 hours of treatment with either DMSO

control (Control) (A) or the BACE inhibitor C3 (C3) (B). The proliferation marker BrdU was added to
the medium for the last 3 hours of the respective treatment. Staining shows BrdU (magenta) and
nuclei (blue). Scale bars, 50 uym. (C) Quantification of BrdU-positive LECs normalized to total cells
after 6 hours of treatment with either control or C3, shown as percentage of control. All values are
shown as means + SEM with n = 6 independently treated sets of LECs per condition, statistical
significance was determined by an unpaired two-tailed Student’s t-test. Laura Sophie Hilger
performed the presented experiment.

As a conclusion we can therefore say that the unspecific inhibition of BACE family proteases
via the inhibitor C3 results in increased total VEGFRS3 protein levels (Figure 21), increased
VEGFRS3 phosphorylation (Figure 22 and Figure 23) and finally also in increased adult human
LEC proliferation (Figure 25), while VEGFR2 phosphorylation was not significantly influenced
(Figure 24). Thus, the unspecific inhibitor C3 seems to target at least one of the BACE family

proteases which might have a regulating role in VEGFR3 signaling of adult human LECs.
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5.2.3 Verubecestat treatment reduces BACE1 but neither BACE2, nor VEGFR3 mRNA

expression levels in adult human LECs

Aiming for a more precise knowledge about which of the BACE proteases possibly
contributes to the regulation of VEGFR3 signaling in adult human LECs, we next treated the
adult human LECs with the BACE1 inhibitor named verubecestat (Kennedy et al. 2016; Scott
et al. 2016). Verubecestat was already used for clinical trials with human patients and turned
out to cause severe side effects which might be due to a co-inhibition of BACEZ2 in addition to
the intended inhibition of BACE1 (Hawkes 2017). To determine whether verubecestat targets
BACE1 and BACEZ2 in adult human LECs, we treated the LECs in vitro for 6 hours with either
a DMSO control (control) or verubecestat and subsequently isolated RNA. The analysis of
BACE1 mRNA expression levels by use of gPCR revealed a significant downregulation of
BACE1 mRNA expression in adult human LECs upon treatment with verubecestat (Figure
26A-C). For a more precise normalization of BACET mRNA levels, we used the mRNA
expression levels of three different housekeeping genes. Normalization to the mRNA
expression levels of Ribosomal phosphoprotein PO (RPLPO) revealed a significant
downregulation of BACET mRNA expression levels by around 22%, while the normalization
of BACET mRNA expression levels to expression levels of the housekeeping gene Beta-2-
microglobulin (B2M) revealed a trend towards downregulation of BACET mRNA expression
levels by around 18% (Figure 26B). As a third housekeeping gene, we used the mRNA
expression levels of Hypoxanthine phosphoribosyltransferase (HPRT1) for the normalization
of BACE1 mRNA expression levels and the quantification revealed a significant
downregulation of BACET mRNA expression levels by around 26% upon verubecestat
treatment in adult human LECs (Figure 26C). The presented analyses of BACET mRNA
expression after verubecestat treatment suggest that verubecestat functions as a BACE1

inhibitor on mRNA expression levels in adult human LECs (Figure 26).
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Figure 26: Verubecestat mediated BACE inhibition decreases BACE7T mRNA expression
levels in adult human LECs.
Quantification of BACET mRNA expression levels in lysates of adult human LECs treated for 6 hours

with either DMSO control (Control) or the BACE inhibitor verubecestat normalized to three different
reference genes; (A) BACET mRNA expression normalized to the expression of reference gene
36b4, (B) BACET mRNA expression normalized to the expression of reference gene B2M, (C)
BACE1 mRNA expression normalized to the expression of reference gene HPRT1 in adult human
LECs. All values are shown as means + SEM with n = 5 independently treated sets of LECs per
condition, statistical significance was determined by unpaired two-tailed Student’s t-tests. Laura
Sophie Hilger performed the presented experiments.

On the contrary, we also investigated the mRNA expression levels of BACEZ2 after 6 hours of
treatment with verubecestat in adult human LEC lysates. The normalization to the expression
levels of all of the housekeeping genes (RPLPO, B2M and HPRT1) did not show a significant
alteration of BACE2 mRNA expression levels upon treatment with verubecestat (Figure
27A,C). Nevertheless, the BACE2 mRNA expression levels upon verubecestat treatment
normalized to B2M mRNA expression levels were increased by around 18% by trend when

compared to control (Figure 27B).
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Figure 27: Verubecestat mediated BACE inhibition has no major effect on BACE2 mRNA
expression levels in adult human LECs.
(A-C) Quantification of BACE2 mRNA expression levels in lysates of adult human LECs treated for

6 hours with either DMSO control (Control) or the BACE inhibitor verubecestat normalized to three
different reference genes; (A) BACE2 mRNA expression normalized to the expression of reference
gene 36b4, (B) BACE2 mRNA expression normalized to the expression of reference gene B2M, (C)
BACE2 mRNA expression normalized to the expression of reference gene HPRT1 in adult human
LECs. All values are shown as means + SEM with n = 6 independently treated sets of LECs per
condition, statistical significance was determined by unpaired two-tailed Student’s t-tests. Laura
Sophie Hilger performed the presented experiments.

To obtain a better understanding of the way verubecestat may possibly affect signaling within
adult human LECs, we next analyzed VEGFR3 mRNA expression patterns in the same LEC
lysates as before. We normalized the mRNA expression levels of VEGFR3 to the ones of three
different housekeeping genes (RPLPO, B2M, HPRT1) and could not detect a significant
alteration of VEGFR3 mRNA expression levels upon the treatment with verubecestat in adult
human LECs (Figure 28A-C). As an exception, the VEGFR3 mRNA expression upon
verubecestat treatment was decreased by around 15% by trend, when normalized to HPRT1
mMRNA expression levels and compared to control (Figure 28C). This finding leads to the
suggestion that VEGFR3 mRNA expression levels are not majorly affected by the treatment
with BACE inhibitor verubecestat (Figure 28). Since only BACET mRNA expression levels
were significantly altered in adult human LECs upon treatment with verubecestat (Figure 26-
28), these results further support the hypothesis that BACEZ2 rather than BACE1 regulates
VEGFRS signaling in adult human LECs.
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Figure 28: Verubecestat mediated BACE inhibition has no major effect on VEGFR3 mRNA
expression levels in adult human LECs.
(A-C) Quantification of VEGFR3 mRNA expression levels in lysates of adult human LECs treated

for 6 hours with either DMSO control (Control) or the BACE inhibitor verubecestat normalized to
three different reference genes; (A) VEGFR3 mRNA expression normalized to the expression of
reference gene 36b4, (B) VEGFR3 mRNA expression normalized to the expression of reference
gene B2M, (C) VEGFR3 mRNA expression normalized to the expression of reference gene HPRT1
in adult human LECs. All values are shown as means + SEM with n = 6 independently treated sets
of LECs per condition, statistical significance was determined by unpaired two-tailed Student’s t-
tests. Laura Sophie Hilger performed the presented experiments.

5.2.4 Verubecestat treatment significantly decreases BACE1 protein levels and

BACE2 protein levels by trend in adult human LECs

In addition to our analyses on mRNA expression levels, we next analyzed BACE1 and BACE2
protein levels in adult human LECs upon treatment with the BACE1 inhibitor verubecestat. We
hypothesized that BACE1 protein levels but not BACE2 protein levels would be reduced upon
verubecestat treatment, as indicated on mRNA levels before (Figure 26 and Figure 27). In
these experiments we again treated adult human LECs for 6 hours with either the BACE
inhibitor verubecestat or the respective DMSO control (control) and lysed the LECs
subsequently. Via Western Blotting we could detect the protein bands of BACE1 and GAPDH
serving as loading control (Figure 29A). The quantification revealed a significant decrease of
BACE1 protein levels by around 82% in adult human LECs after 6 hours of treatment with
verubecestat (Figure 29B). The finding of a significant BACE1 protein level decrease in adult
human LECs after treatment with the BACE inhibitor verubecestat (Figure 29) matched the
previously described result on BACE1 mRNA levels (Figure 26) and indicates that

verubecestat treatment reduces BACE1 both on mRNA and on protein level.
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Figure 29: Verubecestat treatment significantly decreases BACE1 protein levels in adult
human LECs.
(A) Representative Western blot image of human LEC lysates after 6 hours of treatment with DMSO

control (Control) or the BACE inhibitor verubecestat showing protein bands of BACE1 and GAPDH
serving as loading control. (B) Quantification of BACE1 protein levels in adult human LECs
normalized to respective GAPDH levels after 6 hours of treatment with either DMSO control (Control)
or BACE inhibitor verubecestat, shown as percentage of control. All values are shown as means +
SEM with n = 6 independently treated sets of LECs per condition, statistical significance was
determined by an unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented
experiment.

To test whether the same is true for BACE2 protein levels, we analyzed the lysates of
verubecestat treated adult human LECs for BACEZ2 protein levels via Western Blotting (Figure
30A). The normalization of BACEZ2 protein levels to the respective GAPDH content revealed
a non-significant decrease of BACE2 protein levels by around 46% upon treatment of adult

human LECs with verubecestat (Figure 30B).

As it was already indicated on BACE1 and BACE2 mRNA expression levels (Figure 26 and
Figure 27), the effect of verubecestat treatment on BACE1 protein levels (Figure 29) was more
intense, than the effect of verubecestat treatment on BACE2 protein levels (Figure 30). The
data on BACE1 (Figure 26), BACEZ2 (Figure 27) and VEGFR3 (Figure 28) mRNA expression
levels as well as on BACE1 (Figure 29) and BACE2 (Figure 30) protein levels suggest that the
inhibitory effect of verubecestat is more effective towards BACE1 than towards BACE2.
Nevertheless, the result that verubecestat affects BACE2 in adult human LECs fits to
previously published studies about the selectivity of verubecestat towards BACE1 (Kennedy
et al. 2016; Scott et al. 2016).
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Figure 30: Verubecestat treatment decreases BACE2 protein levels in adult human LECs.
(A) Representative Western blot image of human LEC lysates after 24 hours of treatment with

DMSO control (Control) or the BACE inhibitor verubecestat showing protein bands of BACE2 and
GAPDH serving as loading control. (B) Quantification of BACE2 protein expression levels in adult
human LECs normalized to respective GAPDH expression after 24 hours of treatment with either
control or verubecestat, shown as percentage of control. All values are shown as means + SEM with
n = 6 independently treated sets of LECs per condition, statistical significance was determined by
an unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented experiment.

5.2.5 Verubecestat treatment induces no major changes in VEGFR3 protein levels but

decreases VEGFR3 phosphorylation

Since we hypothesized that at least one of the BACE proteases contributes to
extracellular VEGFR3 attenuation, we additionally aimed to analyze VEGFRS protein levels in
adult human LECs upon treatment for 24 hours with either verubecestat or DMSO control
(control). We suggested total VEGFR3 protein levels to accumulate in the LEC plasma
membrane upon inhibition of BACE as proteases which potentially cleave VEGFR3. Via
Western Blotting we could detect total VEGFRS3 protein bands, while GAPDH was serving as
loading control (Figure 31A). The normalization of VEGFR3 protein levels to the respective
GAPDH amounts revealed that the verubecestat treatment for 24 hours increased total
VEGFRS3 protein levels by around 34% by trend (Figure 31B).
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Figure 31: Verubecestat treatment increases VEGFR3 protein levels in adult human LECs by

trend.
(A) Representative Western blot image of human LEC lysates after 24 hours of treatment with

DMSO control (Control) or the BACE inhibitor verubecestat showing protein bands of VEGFR3 and
GAPDH serving as loading control. (B) Quantification of VEGFR3 protein levels in adult human
LECs normalized to respective GAPDH levels after 24 hours of treatment with either control or
verubecestat, shown as percentage of control. All values are shown as means + SEM with n = 6
independently treated sets of LECs per condition, statistical significance was determined by an
unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented experiments.

We next analyzed the phosphorylated VEGFR3 (phospho-VEGFR3) protein levels in the same
adult human LEC lysates by Western Blotting (Figure 32A). When normalized to the respective
amounts of GAPDH, the quantification revealed a significant downregulation of VEGFR3
phosphorylation by around 44% after treatment for 24 hours with verubecestat (Figure 32B).
The presented results on total VEGFR3 (Figure 31) and phospho-VEGFRS3 protein levels
(Figure 32) in adult human LECs after 24 hours of treatment with the BACE inhibitor
verubecestat indicate that the treatment has no major effect on VEGFRS3 protein levels but

significantly reduces VEGFR3 phosphorylation.
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Figure 32: Verubecestat significantly decreases phospho-VEGFR3 protein levels in adult
human LECs.
(A) Representative Western blot image of human LEC lysates after 24 hours of treatment with

DMSO control (Control) or the BACE inhibitor verubecestat showing protein bands of phospho-
VEGFR3 and GAPDH serving as loading control. (B) Quantification of phospho-VEGFR3 protein
levels in adult human LECs normalized to respective GAPDH levels after 24 hours of treatment with
either DMSO control (Control) or verubecestat, shown as percentage of control. All values are shown
as means + SEM with n = 6 independently treated sets of LECs per condition, statistical significance
was determined by an unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the
presented experiment.

We further used the pTyr/VEGFR3 PLA (Figure 33) to verify the results concerning VEGFR3
phosphorylation after verubecestat treatment (Figure 32). The result of significantly reduced
phosphorylated VEGFR3 protein levels in adult human LECs after 24 hours of treatment with
either the BACE inhibitor verubecestat or the respective DMSO control (control) (Figure 32)
could be reproduced via PLA by trend (Figure 33A,B). After the treatment, the fixed adult
human LECs were immunostained and the counted pTyr/VEGFR3 PLA sites were normalized
to the number of nuclei. The quantification resulted in a decrease by trend of VEGFR3
phosphorylation by around 30% after 24 hours of verubecestat treatment (Figure 33C). We
therefore concluded that 24 hours of verubecestat treatment was not sufficient to significantly
increase total VEGFR3 protein levels (Figure 31), but to decrease VEGFR3 phosphorylation
(Figure 32 and Figure 33).
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Figure 33: Verubecestat mediated BACE inhibition reduces the number of pTyr/VEGFR3 PLA
sites in adult human LECs by trend.
(A,B) Representative LSM images of human LECs after 24 hours of treatment with DMSO control

(Control) (A) or the BACE inhibitor verubecestat (B) showing pTyr/VEGFRS3 proximity ligation assay
(PLA) sites (red). A co-staining for nuclei (blue) is also shown. Scale bars, 20 ym. (B) Quantification
of pTyr/’VEGFR3 PLA sites per adult human LEC after 24 hours of treatment with either DMSO
control (Control) or verubecestat, shown as percentage of control. All values are shown as means
+ SEM with n = 5 independently treated sets of LECs per condition, statistical significance was
determined by a Mann-Whitney test. Laura Sophie Hilger and Ida Stoppelkamp performed the
presented experiment.

5.2.6 Short-term Verubecestat treatment does not induce major changes in VEGFR3

phosphorylation and adult human LEC proliferation

Changes in VEGFRS3 phosphorylation are usually a short-term effect, meaning that this
receptor tyrosine kinase (referred to as ‘RTK’) is able to adapt its activity within minutes after
a certain stimulus. Therefore, we decided to repeat the verubecestat treatment on adult human
LECs again and to use a shorter incubation time. We thus incubated the adult human LECs
with either the DMSO control (control) or verubecestat for 20 minutes only and fixed them
subsequently. To detect VEGFR3 phosphorylation, we performed a pTyr/VEGFR3 PLA and
normalized the number of pTyr/VEGFR3 PLA sites to the cell count of each image (Figure
34A-D). The comparison between the number of pTyr/VEGFR3 PLA sites of verubecestat and
control treated adult human LECs revealed an increase in VEGFR3 phosphorylation by around

32% by trend upon treatment with verubecestat for 20 minutes (Figure 34E).
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Figure 34: Short-term verubecestat treatment slightly increases the number of pTyr/VEGFR3

PLA sites in adult human LECs.
(A,B) Representative LSM images of human LECs after 24 hours of treatment with DMSO control

(Control) (A) or the BACE inhibitor verubecestat (B) showing pTyr/VEGFR3 proximity ligation assay
(PLA) sites (red). A co-staining for nuclei (blue) is also shown. Scale bars, 20 pm. (B) Quantification
of pTyr/VEGFR3 PLA sites per adult human LEC after 24 hours of treatment with either DMSO
control (Control) or verubecestat, shown as percentage of control. All values are shown as means
+ SEM with n 2 4 independently treated sets of LECs per condition, statistical significance was
determined by an unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented
experiments in cooperation with Laura Isabelle Hofmann and Andree Schmidt.

Even though the analyses on VEGFR3 phosphorylation did not reveal consistent effects
induced by the verubecestat treatment (Figure 32, Figure 33 and Figure 34), we next aimed
to analyze adult human LEC proliferation after verubecestat treatment (Figure 35). We did
this, because we could detect both a reduction and the tendency towards an increase of
VEGFR3 phosphorylation, which might also result in either decreased or increased adult
human LEC proliferation. Via BrdU incorporation assay, we visualized the proliferated LECs
after 6 hours of DMSO control (Control) or verubecestat treatment (Figure 35A,B) and
normalized the BrdU-positive LECs to the total number of nuclei. Thereby, we could not see

any changes in adult human LEC proliferation after treatment with verubecestat (Figure 35C).
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Figure 35: Verubecestat treatment does not affect adult human LEC proliferation.
(A,B) Representative LSM images of adult human LECs after 6 hours of treatment with either DMSO

control (Control) (A) or the BACE inhibitor Verubecestat (Verubecestat) (B). The proliferation marker
BrdU was added to the medium for the last 3 hours of the respective treatment. Staining shows BrdU
(magenta) and nuclei (blue). Scale bars, 50 ym. (C) Quantification of BrdU-positive LECs normalized
to total cells after 6 hours of treatment with either control or Verubecestat, shown as percentage of
control. All values are shown as means + SEM with n = 6 independently treated sets of LECs per
condition, statistical significance was determined by an unpaired two-tailed Student’s t-test. Laura
Sophie Hilger and Ida Stéppelkamp performed the presented experiment.

At this point of the study, we were able to say that verubecestat treatment decreases BACE1
mMRNA and protein levels significantly (Figure 26 and Figure 29) while it only reduces BACE?2
mRNA and protein levels by trend (Figure 27 and Figure 30). Therefore, we could conclude
that verubecestat seemed to be more specifically inhibiting BACE1, rather than BACE2.
Further analyses could not show significant effects of verubecestat treatment on the total
amount of VEGFR3 protein levels (Figure 31), while VEGFR3 phosphorylation was
significantly downregulated after 24 hours of treatment with verubecestat (Figure 32, Figure
33) and upregulated by trend upon 20 minutes of verubecestat treatment (Figure 34). Adult
human LEC proliferation further remained unchanged upon verubecestat treatment (Figure
35). These findings lead us to the suggestion that rather BACE2 than BACE1 would be
contributing to the regulation of VEGFR3 signaling in adult human LECs. Nevertheless, effects

of verubecestat treatment on VEGFR3 signaling seem to be time dependent.
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5.2.7 Silencing of BACE1 neither changes VEGFR3 phosphorylation nor adult human
LEC proliferation

Since the unspecific BACE inhibition with C3 revealed effects on total VEGFR3 protein
content (Figure 21) and its phosphorylation (Figure 22 and Figure 23), as well as on adult
human LEC proliferation (Figure 25), while the verubecestat treatment was more specific for
BACE1 and did not show consistent effects on VEGFR3 levels and its phosphorylation or LEC
proliferation (Figures 26-35), we next aimed to analyze the roles of both BACE1 and BACE2

independently from each other.

Therefore, we chose the method of siRNA mediated silencing and started with silencing of
human BACE1 in adult human LECs. Aiming for a high precision in our results, we decided to
use three different BACE1 siRNAs (BACE1 siRNA 1, 2, 3) and a non-targeting control siRNA
with a similar GC content (control). We isolated the RNA of adult human LECs 48 hours after
the transfections. For the analyses of BACET mRNA expression levels, we normalized to the
MRNA expression levels of three different housekeeping genes (RPLPO, B2M, HPRTT)
(Figure 36A-C). We could detect a significant downregulation of BACET mRNA expression
levels by around 37-61% upon transfection with BACE1 siRNA 1, after normalization to all
housekeeping genes (Figure 36A-C). When normalized to the mRNA expression levels of
RPLPO, B2M and HPRT1, BACE1 siRNA 2 reduced BACE1 mRNA expression levels by trend
by around 20-43% (Figure 36A-C). When normalized to the mRNA expression of
housekeeping gene RPLPO, BACE1 siRNA 3 silenced BACET mRNA expression levels
significantly by around 46% (Figure 36A), while the reduction by 28-36% when normalized to
B2M or HPRT1 was only by trend (Figure 36B,C). As we could see a reduction in BACE1
MRNA expression levels upon transfection with BACE1 siRNAs (Figure 36) we further looked

into the protein levels in respective adult human LEC lysates.
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Figure 36: BACET mRNA expression is efficiently silenced in adult human LECs by use of

BACE1 siRNA 1.
(A-C) Quantificantions of BACE1 mRNA levels in adult human LECs 48 hours after transfection with

control siRNA (Control) or one of three different siRNAs against BACE1 (BACE1 siRNA 1, 2, 3),
shown as percent of control siRNA. BACET mRNA expression levels were normalized to three
different reference genes; in (A) BACET mRNA expression is normalized to RPLPO mRNA
expression, while in (B) BACET mRNA expression is normalized to B2M mRNA expression and in
(C) BACE1T mRNA expression is normalized to HPRT1 mRNA expression. All values are shown as
means + SEM with n = 3 independent transfections per siRNA; statistical significance was
determined by one-way ANOVA and Dunnett’s multiple comparisons test. Laura Sophie Hilger and
Ida Stoppelkamp performed the presented experiments.

Therefore, we performed Western Blotting with BACE1 silenced LEC lysates and detected
protein bands of VEGFR3, BACE1 and GAPDH serving as loading control (Figure 37A). The
quantification of BACE1 protein content after transfection with the three different BACE1

siRNAs and after normalization to the respective GAPDH protein content revealed a decrease
in BACE1 protein levels by around 9-54% by trend (Figure 37B). Notably, transfection with
BACE1 siRNA 2 was sufficient to significantly decrease BACE2 protein levels by around 54%.

We subsequently analyzed the total VEGFR3 protein levels in the same Western Blot (Figure
37A) and did not detect any changes in total VEGFR3 protein levels upon silencing of BACE1
in adult human LECs (Figure 37C).
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Figure 37: Silencing of BACE1 does not affect VEGFR3 protein levels in adult human LECs.
(A) Representative Western Blot image of adult human LEC lysates 48 hours after transfection with

either control siRNA (Control) or one of three BACE1 siRNAs (BACE1 siRNA 1, 2, 3) showing protein
bands of VEGFR3, BACE1 and GAPDH serving as loading control. (B) Quantification of BACE1
protein levels in adult human LECs normalized to respective GAPDH levels 48 hours after
transfection with either control siRNA or one of three BACE1 siRNAs, shown as percentage of
control. (C) Quantifications of VEGFR3 protein levels in LEC lysates 48 hours after transfection with
either control or one of three BACE2 siRNAs, shown as percentage of control. All values are shown
as means + SEM with n = 2 independently treated sets of LECs per condition, statistical significance
was determined by one-way ANOVA and Dunnett’'s multiple comparisons test. Laura Sophie Hilger
performed the presented experiment.

The unchanged total VEGFR3 protein levels (Figure 37C) upon silencing of BACE1 (Figure
37B) point to the hypothesis that BACE1 does not regulate VEGFR3 protein content in adult
human LECs. To further determine the role of BACE1 in VEGFRS signaling of adult human
LECs, we fixed BACE1 silenced (referred to as ‘BACE1 KD’) LECs 48 hours after transfection
with the most efficient BACE1 siRNA, which was BACE1 siRNA 1 (Figure 36). We
subsequently performed a co-staining for F-actin and used the pTyr/VEGFR3 PLA to visualize
sites of phosphorylated VEGFR3 on LECs either transfected with control siRNA (control) or
BACE1 siRNA 1 (BACE1 KD) (Figure 38A,B). The normalization of pTyr/VEGFR3 PLA sites
to the number of nuclei and the comparison between control treatment and BACE1 KD

revealed no major changes in the number of pTyr/VEGFR3 PLA sites after silencing of BACE1
(Figure 38C).

80



Results

F-actin pTyr/VEGFR3 Nuclei
| Control

m

p =0.2739

-

a1

o
|

m
4

VEGFR3/pTyr PLA sites per
[¢))
o
1

adult human LEC (% of control siRNA)

O Control @ BACE1
KD

Figure 38: Silencing of BACE1 induces no major changes in the number of pTyr/VEGFR3 PLA

sites in adult human LECs.
(A,B) Representative LSM images of adult human LECs 48 hours after transfection with either

control siRNA (Control) (A) or BACE1 siRNA 1 (BACE1 KD) (B) showing pTyr/VEGFRS3 proximity
ligation assay (PLA) sites (red). A co-staining for F-actin (green) and nuclei (blue) is also shown.
Scale bars, 20 ym. (B) Quantification of pTyr/VEGFR3 PLA sites per adult human LEC 48 hours
after transfection with either control or BACE1 siRNA 1 (BACE1 KD), shown as percentage of
control. All values are shown as means + SEM with n = 6 independently transfected sets of LECs
per condition, statistical significance was determined by an unpaired two-tailed Student’s t-test.
Laura Sophie Hilger and Ida Stoppelkamp performed the presented experiment.

Even though BACET1 silencing did neither result in altered VEGFR3 protein, nor altered
VEGFRS signaling, we next aimed to analyze adult human LEC proliferation upon silencing of
BACE1. With this, we aimed to exclude the a VEGFR3-independent way by which BACE1
might possibly influence LEC proliferation. We therefore performed BrdU assays with adult
human LECs which were transfected with either control siRNA (control) or BACE1 siRNA 1
(BACE1 KD) 48 hours in advance (Figure 39A,B). The normalization of BrdU-positive LECs to
the total number of cells and the comparison between the two groups revealed no major

changes in adult human LEC proliferation rates of BACE1 silenced LECs (Figure 39C).
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Figure 39: Silencing of BACE1 does not alter adult human LEC proliferation.
(A,B) Representative LSM images of adult human LECs 48 hours after transfection with either

control siRNA (Control) (A) or BACE1 siRNA 1 (BACE1 KD) (B). The proliferation marker BrdU was
added for 3 hours to the medium of the respective treatment. Staining shows BrdU (magenta) and
nuclei (blue). Scale bars, 50 uym. (C) Quantification of BrdU-positive LECs normalized to total cells
48 hours after transfection with control or BACE1 siRNA 1 (BACE1 KD), shown as percentage of
control. All values are shown as means + SEM with n = 6 independently transfected sets of LECs
per condition, statistical significance was determined by an unpaired two-tailed Student’s t-test.
Laura Sophie Hilger and Ida Stoppelkamp performed the presented experiment.

The unaltered proliferation rates of BACE1 silenced adult human LECs compared to control
LECs (Figure 39) suggest that BACE1 does not influence adult human LEC proliferation.
These results fit to the suggestion we made after the C3 and verubecestat treatment of adult
human LECs, in which the more selective BACE1 inhibition by verubecestat had no increasing
effect on VEGFR3 signaling (Figure 32, Figure 33 and Figure 34) while the unspecific inhibition
of all BACE proteases by C3 increased VEGFR3 phosphorylation (Figure 22 and Figure 23).
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5.2.8 Recombinant BACE2 protein addition significantly reduces total VEGFR3

protein levels in adult human LECs

We concluded that BACE1 has no regulatory functions concerning the VEGFR3
signaling in adult human LECs and next aimed to analyze the functions of BACE2. Therefore,
we first added recombinant human BACE2 protein to the adult human LEC culture and
incubated the LECs for 6 hours. After lysis, LEC lysates were subsequently analyzed via
Western Blotting for VEGFR3 and BACE?2 protein levels, while GAPDH served as loading
control (Figure 40A). Addition of recombinant human BACE2 protein lead to a significant
increase in BACE2 protein levels by around 3522% in adult human LEC lysates (Figure 40B)
and to a correlating dramatic and also highly significant decrease by around 93% of total

VEGFRS protein levels in the same lysates (Figure 40C).
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Figure 40: Addition of recombinant BACE2 to adult human LECs decreases VEGFR3 protein
levels dramatically.

(A) Representative Western Blot image of adult human LEC lysates after 6 hours of treatment with
control (Control) or recombinant BACE2 protein (recombinant BACE2), showing protein bands of
VEGFRS3, BACE2 and GAPDH serving as loading control. (B) Quantification of BACE2 protein levels
in adult human LECs normalized to respective GAPDH levels after 6 hours of treatment with control
or recombinant BACE2 protein shown as percentage of control. (C) Quantification of VEGFR3
protein levels in adult human LEC lysates after 6 hours of treatment with control or recombinant
BACE2 protein, shown as percentage of control. All values are shown as means + SEM with n = 6
independently treated sets of LECs per condition, statistical significance was determined by
unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented experiment.

According to the result, that VEGFRS3 protein levels were strongly reduced in adult human LEC
lysates treated with recombinant human BACE2 protein (Figure 40), we suggested that
VEGFRS3 might be a possible substrate of BACE2.
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5.2.9 SiRNA mediated silencing of BACE2 in adult human LECs does not alter
VEGFRS3 protein levels

In addition to the hint that VEGFR3 might be a substrate of BACE2 (Figure 40), we
have also seen altered VEGFRS3 signaling upon unspecific inhibition of BACE proteases by
C3 treatment (Figure 22 and Figure 23). The decreased or unchanged VEGFRS signaling after
more selective inhibition of BACE1 (Figure 32, Figure 33 and Figure 34) or even BACE1
silencing (Figure 38), also pointed in the direction of rather BACE2 than BACE1 being a
possible regulator of VEGFR3 signaling in adult human LECs. To further test this hypothesis,
we next aimed to silence human BACEZ2 in adult human LECs by transfection with BACE2
siRNAs. To obtain more specific results, we used three different BACE2 siRNAs (BACE2
siRNA 1, 2, 3) and a non-targeting control siRNA (control) and isolated the RNA of these adult
human LECs 48 hours after transfection. The mRNA expression levels of BACE2 were
furthermore normalized to the mRNA expression levels of three different housekeeping genes
(RPLPO, B2M, HPRTT). Our quantifications revealed a (non-)significant downregulation of
BACEZ2 mRNA expression levels by around 64-71% upon silencing with BACE2 siRNA 2 when
normalized to all of the three of housekeeping genes, while the other siRNAs only silenced

BACE2 mRNA expression by trend (Figure 41A-C).
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Figure 41: BACE2 is silenced in adult human LECs by use of BACE2 siRNA 2.
(A-C) Quantifications of BACE2 mRNA expression levels in adult human LECs 48 hours after

transfection with control siRNA (Control) or one of three different siRNAs against BACE2 (BACE2
siRNA 1, 2, 3), shown as percentage of control siRNA. BACE2 mRNA expression levels were
normalized to the mRNA expression levels of three different reference genes; in (A) BACE2 mRNA
expression is normalized to RPLPO mRNA expression, while in (B) BACE2 mRNA expression is
normalized to B2M mRNA expression and in (C) BACE2 mRNA expression is normalized to HPRT1
mMRNA expression. All values are shown as means + SEM with n = 3 independent transfections per
siRNA; statistical significance was determined by one-way ANOVA and Dunnett's multiple
comparisons test. Laura Sophie Hilger and Ida Stoppelkamp performed the presented experiments.
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As the next step, we analyzed BACE2 and VEGFRS3 protein content in adult human LECs
which were transfected with BACE2 siRNA 2 (referred to as ‘BACE2 KD’). We therefore lysed
the BACE2 KD LECs and the respective control LECs 48 hours after transfection and
performed Western Blotting for total VEGFR3 and BACEZ2, while GAPDH served as loading
control (Figure 42A). According to the Western Blot analysis, BACE2 protein levels were by
trend reduced by around 77% when transfected with BACE2 siRNA 2 and compared to control
(Figure 42B), while this mild silencing had no major effect on total VEGFR3 protein levels
(Figure 42C).

K
=a 400+ p=0.1797 250 p=05700
| g — 52 -
= =]
VEGFR3| - P e e 135 3% o B % 200+ b
' S5 3004 £5
0 c o c
238 3 S 150 o o
25 5
BACE2 - - 56 < ¢ 200 o oo
a0 » ©
22 100 i
-1 [T
CAPDH 37 e é o é 504 o0°© o
o >
3 3
< <
o 8o o8 0
Treatment Control BACE2 Control BACE2 OControl © BACE2 OControl © BACE2
KD KD KD KD

Figure 42: Mild silencing of BACE2 has no major effect on VEGFR3 protein levels in adult
human LECs.
(A) Representative Western Blot image of adult human LEC lysates 48 hours after transfection with

either control siRNA (Control) or a siRNA against BACE2 (BACE2 KD) showing protein bands of
VEGFRS3, BACE2 and GAPDH serving as loading control. (B) Quantification of BACE2 protein levels
in adult human LECs normalized to respective GAPDH levels 48 hours after transfection with either
control siRNA or a siRNA against BACE2 (BACE2 KD), shown as percentage of control. (C)
Quantification of VEGFRS protein levels in LEC lysates 48 hours after transfection with either control
or BACE2 siRNA (BACE2 KD), shown as percentage of control. All values are shown as means +
SEM with n = 6 independently treated sets of LECs per condition, statistical significance of (B) was
determined by a Mann-Whitney test, while the statistical significance of (C) was determined by an
unpaired two-tailed Student’s t-test. Laura Sophie Hilger performed the presented experiment.

5.2.10 BACE2 contributes to the regulation of VEGFR3 phosphorylation and adult

human LEC proliferation

Since the total VEGFRS3 protein levels do not necessarily give a hint on the VEGFR3
signaling activity, we next aimed to analyze the latter. As the level of VEGFR3 phosphorylation
can be used as an indicator for VEGFR3 signaling, we performed a pTyr/VEGFR3 PLA assay
on adult human LECs 48 hours after BACE2 KD with BACE2 siRNA 2.
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We performed a co-staining for F-actin in addition to the nuclei and pTyr/VEGFR3 PLA sites
(Figure 43A,B) and normalized the counted pTyr/VEGFR3 PLA sites to the total nuclei count.
The comparison of the amount of pTyr/VEGFR3 PLA sites per nuclei between control and
BACE2 KD revealed a non-significant increase in VEGFR3 phosphorylation by 32% upon
BACE2 KD in adult human LECs (Figure 43E).
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Figure 43: Silencing of BACE2 increases the number of pTyr/VEGFR3 PLA sites in adult
human LECs.
(A-D) Representative LSM images of adult human LECs 48 hours after transfection with either

control siRNA (Control) (A,B) or a BACE2 siRNA (BACE2 KD) (C,D) showing pTyr/VEGFR3
proximity ligation assay (PLA) sites (red). A co-staining for F-actin (green) and nuclei (blue) is also
shown. Scale bars, 20 ym. (E) Quantification of pTyr/VEGFR3 PLA sites per adult human LEC 48
hours after transfection with either control or BACE2 siRNA (BACE2 KD), shown as percentage of
control. All values are shown as means + SEM with n = 6 independently transfected sets of LECs
per condition, statistical significance was determined by an unpaired two-tailed Student’s t-test.
Laura Sophie Hilger and Ida Stoppelkamp performed the presented experiment.
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As a potential effect of this increased VEGFR3 phosphorylation in BACE2 KD adult human
LECs (Figure 43) we next analyzed their proliferation rates. Therefore, we used the BrdU
incorporation assay and normalized BrdU-positive LECs to the total number of nuclei per
image. In this experiment we again compared adult human LECs transfected with control
siRNA (control) to adult human LECs transfected with BACE2 siRNA 2 (BACE2 KD) 48 hours
after transfection (Figure 44A,B). The comparison of proliferation rates between control and
BACE2 KD LECs revealed a significant increase in adult human LEC proliferation by around
76% upon BACE2 KD (Figure 44C).

BrdU Nuclei

| Control | BACE2 KD
A Merge B Merge

300— p = 0.0022
cC
S )
922
£82
i X
O£ 0o
w2 e oo
s88 g °
+ =

© 1004
£33 5950
c =9
:@,C
=8 ¢
©
<

0

O Control © BACE2
KD

Figure 44: Silencing of BACE2 significantly increases adult human LEC proliferation.
(A,B) Representative LSM images of adult human LECs 48 hours after transfection with either

control siRNA (Control) (A) or one BACE2 siRNA (BACE2 KD) (B). The proliferation marker BrdU
was added for 3 hours to the medium of the respective treatment. Staining shows BrdU (magenta)
and nuclei (blue). Scale bars, 50 uym. (C) Quantification of BrdU-positive LECs normalized to total
cells 48 hours after transfection with control or BACE2 siRNA, shown as percentage of control. All
values are shown as means + SEM with n = 6 independently transfected sets of LECs per condition,
statistical significance was determined by an unpaired two-tailed Student’s t-test. Laura Sophie
Hilger and Ida Stoppelkamp performed the presented experiment.

87



Results

Summarizing it is to say that BACEZ2 silencing in adult human LECs by use of BACE2 siRNA
2 efficiently decreased BACE2 mRNA expression levels (Figure 41) and BACE2 protein levels
(Figure 42). Further, BACEZ2 silencing did not change total VEGFRS3 protein levels (Figure 42)
but nevertheless increased VEGFR3 phosphorylation (Figure 43) and finally lead to a
significantly increased adult human LEC proliferation (Figure 44). In addition to that, the
treatment of adult human LECs with recombinant human BACE2 protein dramatically reduced
the total VEGFRS3 protein content within the LEC lysates (Figure 40) and therefore indicates
that VEGFR3 is a substrate of BACE2. Thus, we can conclude that BACE2 might use VEGFR3
as a substrate in adult human LECs and thereby extracellularly contributes to the regulation
of VEGFR3 signaling.
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6. Discussion

The aim of this study was to examine mechanisms for intracellular versus extracellular
attenuation of VEGFRS3 activity in adult human LECs. To achieve this, in vitro cultured adult
human LECs were transfected with siRNAs to silence either ILK, PARVA, BACE1 or BACEZ2.
Upon these conditions, VEGFR3 phosphorylation and LEC proliferation were quantified and
compared to control treated LECs. In addition, mechanical stretch, as well as two different
protease inhibitors were applied to support the hypotheses. In this context, treatment of adult
human LECs with recombinant BACE2 protein further indicated that VEGFR3 might be a
potential BACE2 substrate. In summary, ILK, a-parvin and BACE2 were found to attenuate
VEGFRS3 activity and LEC proliferation, from which ILK and a-parvin function via an

intracellular and BACEZ2 via an extracellular mechanism.

6.1 Attenuation of VEGFR3 activity by an intracellular mechanism in
LECs

6.1.1 ILK attenuates VEGFR3 signaling by preventing its interaction with g1 integrin

in adult human LECs

ILK is known to be an intracellular adapter protein of 31 integrin (Hannigan et al. 1996),
a mechanoreceptor with critical functions for proper vascular development and VEGFR3
signaling (Planas-Paz et al. 2012). In our previously published research article, we already
identified ILK as a critical regulator of VEGFRS3 signaling and lymphatic vascular growth in
embryonic and adult mouse models (Urner et al. 2019). This thesis hence aimed to transfer
the analyses on ILK, obtained in mice, to the adult human system and to extend our knowledge

about the underlying mechanism.

In in vitro cultured adult human LECs, we first silenced human /LK by transfection with ILK
siRNAs and analyzed behavior of these LECs in comparison with LECs transfected with non-
targeting control siRNAs. VEGFR3 phosphorylation, as an indicator for VEGFRS3 signaling
activity, was strongly upregulated upon silencing of ILK, as determined by ELISA. As a
consequence of this increased VEGFR3 signaling, we accordingly found significantly
increased LEC proliferation upon silencing of /LK. With these results, we obtained first

evidence that ILK might regulate VEGFR3 signaling in adult human LECs. Nevertheless,
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VEGFRS activity can be triggered via several axes including ligand binding (Joukov et al. 1996;
Achen et al. 1998) and mechanical stimulation transduced via interactions between 31 integrin
and VEGFR3 (Wang et al. 2001; Zhang et al. 2005; Planas-Paz et al. 2012).

To gain more insight into the underlying mechanism by which ILK regulates VEGFR3
signaling, we next analyzed the interactions between VEGFR3 and 31 integrin. Interestingly,
silencing of ILK also resulted in increased interactions between B1 integrin and VEGFR3. ILK
hence seems to have an attenuating effect on VEGFR3 signaling and LEC proliferation along
the B1 integrin axis. We could support this conclusion via experimental stimulation of LECs in
vitro by use of mechanical stretch. With this, we induced a mechanical stimulation of LECs
which is comparable with increased interstitial fluid pressure in vivo. In mouse embryos,
increased interstitial fluid pressure applied by fluid injections notably stretched the LECs of
jugular lymph sacs (jls) or primordial thoracic ducts (pTD) as the first lymphatic structures and
thereby increased their VEGFR3 phosphorylation and proliferation to adjust lymphatic function
(Planas-Paz et al. 2012). In the lysates of mechanically stretched adult human LECs, ILK
could here be shown to lose its connection to 31 integrin (performed by Dr. Sofia Urner), while
the interactions between B1 integrin and VEGFR3 increased significantly upon the same

conditions.

The presented results in adult human LECs indicate that ILK attenuates interactions between
B1 integrin and VEGFRS3 and thus 1 integrin mediated VEGFR3 signaling in a quiescent,
physiological state. Mechanical stretch however stimulates the LECs and thereby disrupts the
connection between ILK an (1 integrin, resulting in increased B1 integrin and VEGFRS3
interactions, followed by increased VEGFRS3 activity and LEC proliferation. Earlier in vitro
studies e.g. in vascular smooth muscle cells also described silencing of ILK as a pro-
proliferative trigger (Ho et al. 2008) and especially for angiogenesis in cancer development
and progression ILK has been described as an important player (Tan et al. 2004; Zheng et al.
2019).

6.1.2 a-parvin contributes to the intracellular attenuation of VEGFR3 signaling in adult
human LECs

For a more detailed analysis of the mechanism by which ILK facilitates the intracellular
attenuation of VEGFRS signaling in adult human LECs, we had a closer look on ILK’s complex
partner a-parvin (Tu et al. 2001; Legate et al. 2006; Fukuda et al. 2009). The latter (in)directly

connects 31 integrin to the F-actin cytoskeleton and thereby contributes to the inside-out and
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outside-in signaling of the mechanoreceptor (Nikolopoulos and Turner 2000). Mechanical
stimuli from the ECM can be translated into the cell via this axis, as well as in the opposite
direction (Maniotis et al. 1997). The F-actin cytoskeleton is responsible for cell shape and
adhesion processes and is therefore highly impacted upon mechanical stimulation such as
mechanical stretching (Z. Sun et al. 2016). Accordingly, mechanical stimuli which induce 1
integrin mediated VEGFR3 activation might also impact a-parvin due to its (in)direct
connection to the F-actin cytoskeleton. In general, a-parvin’s functions are associated with cell
survival, adhesion, migration, as well as cellular junctions, vascular integrity and mural cell
recruitment (Nikolopoulos and Turner 2000; Fukuda et al. 2003b; Montanez et al. 2009;
Fraccaroli et al. 2015). Endothelial cell-specific deletion of Parva in mouse embryos was
further shown to induce VEGFR3 phosphorylation, LEC proliferation and lymphatic vascular

expansion (Urner et al. 2019).

The decreased interactions between B1 integrin and ILK in adult human LECs upon
mechanical stretching indicated changes in the whole IPP complex upon mechanical
stimulation, which is why we also analyzed the total protein levels of ILK and a-parvin in these
cell lysates. Whilst the total protein levels of ILK were only tendentially reduced upon
mechanical stretching, a-parvin protein levels were significantly reduced. Thus, the same
stimulus which decreases the interactions between ILK and B1 integrin and thereby increases
interactions between B1 integrin and VEGFRS3, finally causing increased VEGFR3 signaling
and LEC proliferation, is sufficient to significantly reduce a-parvin protein levels. In our in vitro
system we furthermore found silencing of ILK to cause a significant reduction of a-parvin
protein levels in adult human LECs, highlighting a potential interdependency between the
complex partners in this cell type. We furthermore noticed ILK protein levels to not being
majorly altered upon silencing of PARVA, while silencing of /LK caused a significant decrease
in a-parvin protein levels. This uneven interdependency between the two complex partners
lead us to the assumption that ILK, as the central component of the IPP complex (Qin and Wu

2012), functions upstream of a-parvin.

This interdependency between the IPP complex partners has been described before in studies
concerning focal adhesion assembly. The assembly requires IPP complex localization at the
cell surface, a process which is only successful upon fully completed IPP complex formation.
It could be shown that IPP complex formation is disturbed upon silencing of one of the complex
partners (Xu et al. 2005), which consequently impacts focal adhesion assembly (Zhang et al.
2002b; Fukuda et al. 2003a; Fukuda et al. 2009). Hence, a mechanical stimulus which is
sufficient to alter the protein levels of IPP complex members and the ILK/B1 integrin

connection might consequently also impact the LEC focal adhesion assembly and therefore
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the cell’s adaption to the initial stimulus. In addition to that, failed IPP complex formation might
also impair the negative regulation of VEGFR3 signaling by its association with caveolin-1. It
has been reported that impaired IPP complex formation also disturbs the correct localization
of caveolin-1 to the so called caveolae which are lipid rafts in endothelial cells. As the
association of caveolin-1 with VEGFR3 at this lipid rafts inhibits VEGFR3 activation, the
impaired localization of caveolin-1 thus might exaggerate VEGFR3 activation (Malan et al.
2013).

For all of these reasons, we suggested a-parvin to potentially contribute to regulation of
VEGFRS activity in adult human LECs, as our previously described in vivo findings already
indicated (Urner et al. 2019). In PARVA silenced adult human LECs, VEGFR3 phosphorylation
was significantly upregulated upon use of siRNA 3, even though silencing of PARVA did not
majorly change ILK protein expression levels. Interestingly, also the LEC proliferation was
upregulated in these LECs by trend. The described effects were therefore comparable, but
less relevant than the effects we noticed upon silencing of /LK in adult human LECs.
Nevertheless, the results demonstrate that a-parvin is involved in the intracellular attenuation
of VEGFRS activity by ILK in adult human LECs and therefore also to ILK’s regulation of
physiologic LEC proliferation. Physiologic LEC proliferation is e.g. required for lymphatic
vessels to adapt to increased fluid pressure and thus ensure proper lymphatic drainage
(Planas-Paz et al. 2012).

6.1.3 Simplified model of an intracellular mechanism for attenuation of VEGFR3

signaling in adult human LECs

We here propose a model of how ILK and a-parvin intracellularly attenuate VEGFR3
activity (Figure 45). According to our model, ILK and its IPP complex members PINCH and a-
parvin bind to B1 integrin intracellularly, thereby preventing interactions between the ECM
bound mechanoreceptor 1 integrin and VEGFRS3 in quiescent LECs. With this, the IPP
complex intracellularly attenuates (1 integrin mediated VEGFR3 signaling (Figure 45A).
Furthermore, the IPP complex connects (1 integrin to the F-actin cytoskeleton and therefore
facilitates the cellular inside-out and outside-in signaling. Upon mechanical stimulation such
as increased interstitial fluid pressure or mechanical stretch by use of in vitro stretching
chambers, the connection between B1 integrin and ILK, as well as the IPP complex, disrupts
(Figure 45B). Therefore, B1 integrin is free to interact with VEGFR3 and the subsequently
increased interactions between (1 integrin and VEGFR3 induce VEGFR3 activity, finally

stimulating LEC proliferation and physiologic lymphatic growth. As a result of the IPP complex
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disruption, a-parvin loses its stability ensured by IPP complex formation and gets degraded
(Figure 45C). Artificial silencing of /LK mimics the effect of mechanical stretching on the
interactions between B1 integrin and VEGFR3, as well as it causes the degradation of a-
parvin. In contrast to the physiologic stimulus of mechanical stretch, which does not majorly
impact the protein levels of ILK in LECs, silencing of ILK of course diminishes the ILK protein
content and therefore induces an excessive LEC reaction as manifested by strongly increased

VEGFRS signaling and non-physiologic lymphatic overgrowth (Figure 45D).
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Figure 45: Simplified model of an intracellular mechanism to attenuate VEGFR3 activity.
(A) In quiescent LECs, ILK and a-parvin (as members of the IPP complex) are intracellularly bound

to B1 integrin. With this, the IPP complex links B1 integrin to the F-actin cytoskeleton to facilitate
inside-out and outside-in transduction of mechanical stimuli. (B) Upon mechanical stimulation such
as LEC stretching due to increased interstitial fluid pressure, the connection between ILK and 1
integrin disrupts, releasing both 31 integrin and the IPP complex members. (C) While a-parvin gets
degraded, (1 integrin interacts increasingly with VEGFR3 and thereby causes its
autophosphorylation, which subsequently activates VEGFR3 signaling for LEC proliferation and
physiologic lymphatic vascular growth. (D) Artificial silencing of /LK in LECs diminishes ILK protein
from LECs and thereby enables excessive interactions between (1 integrin and VEGFR3, finally
causing strongly increased LEC proliferation and non-physiologic lymphatic vascular growth.
Modified from Urner et al., 2019 with permission from John Wiley and Sons provided by Rightslink®
Copyright Clearance Center (License Number 4926991273484).
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6.2 Extracellular mechanism for attenuation of VEGFR3 activity in
LECs

The second part of my thesis focused on the investigation of a potential candidate, which
might be part of an extracellular mechanism for the attenuation of VEGFR3 signaling in adult
human LECs. By now, little is known about extracellular mechanisms which regulate VEGFR3
signaling in LECs. The most prominent extracellular mechanism which attenuates VEGFR3
activity in lymphatic vessels of the limbus is the presence of soluble VEGFRs in the cornea,
which capture VEGF-C in the same tissue and therefore prevent the growth factor from binding
to VEGFRS3 on LECs of the limbus. Thereby, the soluble VEGFRs attenuate VEGFR3 activity
and thus lymphangiogenesis from the limbus into the cornea to maintain a clear vision
(Albuquerque et al. 2009; Singh et al. 2013). Despite of this, the matrix metalloproteinase
(MMP)-9 has also been described as a potential extracellular regulator of VEGFR3 activity, as
MMP-9 inhibition reduced VEGFR3 expression levels and corneal lymphangiogenesis in

abundance of corneal inflammation as a pro-lymphangiogenic trigger (Du et al. 2017).

This part of the project was initiated by our cooperation partner, the Institute of
Neuroproteomics at the DZNE in Munich and its head Prof. Dr. Lichtenthaler during a study
on Alzheimer’s disease (AD) and the included screening of potential inhibitors to attenuate the
progression of this neurological disease. The candidates were developed to inhibit the activity
of B-secretases or (B-site of amyloid precursor protein cleaving enzyme 1 (BACE1). BACE1 is
involved in the development and worsening of AD, as it is crucial for the development of
dementia causing amyloid plaques (Wisniewski and Silverman 1997; Selkoe and Hardy 2016;
Kang et al. 2017). However, in the past years several phase lll trials with inhibitors targeting
BACE1 have been quit due to multiple reasons (Mullard 2017). It is known that most of the
common BACE1 inhibitors also target BACE1’s close homologue BACEZ2 (Bennett et al. 2000;
Alexander et al. 2014; Neumann et al. 2015; Cebers et al. 2017), which has no major impact
on AD development (Farzan et al. 2000; Sun et al. 2006) but is described to have important
functions in the periphery (Bennett et al. 2000; Esterhazy et al. 2011; Alcarraz-Vizan et al.
2017; Rochin et al. 2013). Consequently, research groups are now both trying to develop more
specific inhibitors for BACE1 which do not target BACE2 and also screen for potential BACE2
substrates causing the adverse effects due to BACE2 inhibition. With this, potential adverse

effects of BACE1 inhibition will be more easily to predict.
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Screening of blood plasma from BACE inhibitor treated AD patients and BaceZ2 deficient mice
uncovered cleaved VEGFR3 levels to be altered upon BACE2 impairment, which labels
VEGFRS3 as a potential substrate of BACE2. Notably, plasma levels of VEGFR3 in Bace1
deficient mice were not changed, when compared to controls (unpublished data). Due to these
findings and the knowledge, that adult VEGFR3 expression is mainly restricted to LECs, we
analyzed in how far BACE inhibition impacts VEGFRS3 signaling and LEC behavior in this

thesis.

6.2.1 Effects of BACE inhibitor treatments in VEGFR3 activity

6.2.1.1 B-Secretase Inhibitor IV (C3)

As a first step, we treated cultured adult human LECs with the general BACE inhibitor
‘B-Secretase Inhibitor IV’ (Stachel et al. 2004) (referred to as ‘C3’). As VEGFR3 expression in
the adult is mainly restricted to LECs and AD occurs in the adult system, this cell type was our
favorite choice. Treatment of adult human LECs with C3 resulted in increased total VEGFR3
protein levels, indicating that either a protease which usually cleaves VEGFR3 has been
successfully inhibited, or VEGFR3 expression has been increased. Increased VEGFR3
protein levels were accompanied by increased VEGFR3 phosphorylation as a marker for
VEGFRS activity. Notably, VEGFR3 phosphorylation of each sample has been normalized to
the respective VEGFR3 protein content, excluding the suggestion that increased VEGFR3
activity was due to its increased protein level. This conclusion was further supported by
increased LEC proliferation upon C3 treatment, a consequence usually triggered by VEGFR3
signaling in LECs (Makinen et al. 2001). We further excluded a potential contribution of the
VEGFR2 axis, whose activation was reported to induce lymphangiogenesis independently
from VEGFRS signaling (Hong et al. 2004; Kunstfeld et al. 2004; Goldman et al. 2007), by
demonstrating no major effects of C3 treatment on VEGFR2 phosphorylation in adult human
LECs. This is why we concluded that the inhibition of at least one BACE protease causes
changes in VEGFR3 protein levels and also in the receptor’s signaling. Thus, at least one of
the targeted proteases might be involved in an extracellular mechanism which usually

attenuates VEGFRS signaling in adult human LECs.
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6.2.1.2 Verubecestat

Keeping in mind that one of the initial questions was to identify possible BACE2
substrates to predict potential adverse effects caused by BACE1 inhibition, we next aimed to
distinguish between the different proteases and their effects on VEGFR3. Hence, we used a
more specific BACE1 inhibitor, which has already been used in phase lll trials and was shown
to reduce B-amyloid amounts in CNS of treated animals and AD patients — Merck’s
verubecestat or MK-8931. Even though the trials needed to be stopped due to no improvement
of patient’s clinical ratings and occurring side effects, the inhibitor is still a proper tool for
examination of our hypothesis (Scott et al. 2016; Kennedy et al. 2016; Egan et al. 2018; Egan
et al. 2019b; Egan et al. 2019a). Treatment of cultured adult human LECs with verubecestat
significantly decreased BACET mRNA expression but not BACE2 mRNA expression, while
also the VEGFR3 mRNA expression remained stable upon the treatment. The latter finding
seems to be reasonable, since BACE proteases cleave proteins and a reduction of protease
activity due to application of an inhibitor such as verubecestat might rather cause increased
substrate levels due to decreased cleavage than due to increased mRNA expression of the
respective substrate. For confirmation of this hypothesis, analysis of the supernatants of
treated LECs for cleaved VEGFR3 protein was considered but yet technically impossible as
we could not detect measurable amounts of VEGFR3 in supernatants at all. On mRNA levels,
these results suggest that BACE1 but not BACE?2 is a target of verubecestat, speaking for its
BACE1 selectivity. To evaluate whether the reduced BACET mRNA expression upon the
treatment with verubecestat also alters BACE1 protein levels, we next performed Western
Blots. Interestingly, 6 hours of verubecestat treatment decreased both BACE1 and BACE2
protein levels, indicating that also BACE2 might be targeted by verubecestat in adult human
LECs. Nevertheless, BACE1 protein levels were more strongly decreased than BACE2 protein
levels. This cross-targeting has already been described as a potential cause for adverse

effects of verubecestat treatment (Scott et al. 2016; Egan et al. 2019b).

For the analysis of verubecestat treatment effects on VEGFR3 protein levels, we decided to
increase the duration of treatment from 6 to 24 hours, as we assumed VEGFR3 protein to
accumulate in the LEC’s plasma membrane over time once potential BACE mediated
cleavage was inhibited. Notably, VEGFR3 protein levels remained stable even after this longer
period of treatment. The protein levels of phosphorylated VEGFR3 protein however were
significantly decreased in this setting. To verify the reliability of this strong result, we repeated
the treatment and used a proximity ligation assay (PLA) instead of Western Blotting to

determine the level of VEGFR3 phosphorylation in adult human LECs. The results of these
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PLA experiments were comparable with the results of Western Blotting, as the relative
VEGFR3 phosphorylation was decreased by trend in comparison to DMSO control treated
adult human LECs.

As phosphorylation of RTKs such as VEGFR3 occurs subsequently after stimulation, we also
tested a much shorter treatment of adult human LECs with verubecestat. This short-term
treatment was restricted to a verubecestat incubation for 20 minutes and did not result in
decreased VEGFR3 phosphorylation, but in more or less unchanged VEGFR3
phosphorylation levels. As a more downstream indicator of VEGFR3 signaling activity, we
additionally quantified adult human LEC proliferation after 6 hours of incubation with
verubecestat and could not find changes in LEC proliferation when compared to DMSO control
treated LECs. We therefore conclude that even in the early time points of verubecestat
treatment, VEGFR3 signaling is not sufficiently activated to increase LEC proliferation and
therefore will most probably have no major effect on lymphatic vascular growth. The significant
decline in VEGFRS3 phosphorylation after 24 hours of verubecestat treatment together with the
unchanged VEGFR3 protein levels hint towards the assumption that verubecestat treatment
does not induce VEGFR3 activity in adult human LECs.

6.2.2 Effects of separately silenced BACE1 and BACE2 expression

Verubecestat treatment affected both BACE1 and BACE2 protein levels, and therefore
it was not possible to distinguish between the proteases and describe the potential role of
BACE1 in this context. This is why we decided to specify the analyses by use of transfection
with siRNAs against BACE1 and BACE?Z in separate experiments. The mild siRNA mediated
BACE1 knockdown (BACE1 KD) we achieved thereby neither affected VEGFR3 protein
expression, nor VEGFR3 phosphorylation or LEC proliferation. This is why we conclude that
BACE1 has no major role in the potential extracellular mechanism of VEGFRS3 attenuation in
adult human LECs.

On the other hand, siRNA mediated BACE2 knockdown (BACE2 KD) increased VEGFR3
phosphorylation in adult human LECs and the respective LEC proliferation was further
significantly increased. These findings suggest that BACE2 plays a role in the attenuation of
VEGFRS activity in adult human LECs. Interestingly, the effects on VEGFR3 activity occurred
without affected total VEGFR3 protein levels, which might be due to the weak BACE2 KD
efficiency in some of the samples. In contrast to the more or less unchanged total VEGFR3

protein levels upon BACE2 KD, the addition of recombinant human BACE2 protein to adult
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human LECs dramatically reduced VEGFR3 protein levels. Since the addition of recombinant
BACE?2 protein increased BACEZ2 protein levels within the LEC lysates to more than 3000%,
the observed effect on VEGFR3 protein levels might also be due to these unphysiological
protein amounts. Therefore, a controlled overexpression of BACE2 might be a more reliable

tool for future experiments.

6.2.3 Potential extracellular mechanism to attenuate VEGFR3 activity

Taken together with the results obtained from C3 treatment, the results on BACE2
silencing might indicate a proteolytic activity of BACE2 with VEGFR3 being a potential
substrate in adult human LECs. According to this hypothesis, BACE2 inhibition would stop
proteolytic cleavage of VEGFR3 on the plasma membrane and the accumulated amounts of
VEGFRS3 then would be more likely to be activated upon both ligand binding by VEGF-C and
via B1 integrin due to mechanical stimuli. Nevertheless, this hypothesis must be further tested
in the future by analysis of the VEGFRS3 content in supernatants of BACEZ silenced or inhibited
LECs. According to the current hypothesis, cleaved VEGFR3 amounts should be drastically
decreased in the supernatants of BACEZ2 inhibited LECs, because of the inhibited proteolytic
BACE?2 activity.

It should also be considered that the mechanism by which BACE2 potentially attenuates
VEGFR3 activity might be a secondary effect. As BACE2 substrates in adult human LECs are
yet fairly unknown, one cannot exclude that a processed BACE2 substrate or the respective
product might be the direct cause for the attenuation of VEGFR3 activity in a physiological
state. According to this, BACEZ2 inhibition or silencing attenuates this substrate processing
and therefore the decreasing amounts of the respective product or the increasing amounts of
the substrate might stop the attenuation of VEGFRS3 signaling. As an example, it has been
described that in diabetic pancreatic B-cells, BACE2 produces the islet amyloid polypeptide
(IAPP) via a similar amyloidogenic pathway like BACE1 produces -amyloid in the brain during
AD (Clark et al. 1996; Cooper et al. 1987; Rulifson et al. 2016). IAPP does not only form
pancreatic plaques which are comparable to amyloid plaques in the brain, but also induces
the production of reactive oxygen species (ROS) (Zraika et al. 2009). The latter in turn triggers
the expression and activity of epsin-1 and epsin-2, which are known to be involved endocytosis
(reviewed in (Sen et al. 2012)) and bind to VEGFR3 in LECs (Wu et al. 2018). By this, epsins
induce VEGFRS internalization and degradation, hence attenuating VEGFRS3 signaling by
restricting its availability at the plasma membrane (Liu et al. 2014). This pathway is considered

to be responsible for the diabetic condition of impaired lymphangiogenesis (Wu et al. 2018)
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and it is likely that, apart from the pancreatic tissue, a comparable mechanism attenuates
VEGFRS activity via BACE2.

In addition to the proposed in vitro supernatant analysis for reduced VEGFR3 levels, we also
consider the analysis of lymphatic vessel in BaceZ2 deficient (BACE2 K.O.) mice. According to
our hypothesis, the global deletion of BaceZ2 should lead to significantly increased VEGFR3
activity and thus also increased lymphangiogenesis. Potential tissues for these analyses can
e.g. be the inner ear skin, as it allows a beautiful view on complete lymphatic and blood vessels
across its whole surface, but also corneas which are usually avascular and therefore are
perfect for the analysis of lymphangiogenesis. As meningeal lymphatics also play an important
role for the detoxification of the brain, analyses of these vessels are also interesting.
Preliminary data obtained from one BaceZ2 deficient mouse cohort in cooperation with the
Lichtenthaler group already revealed interesting results. Furthermore, analysis of blood and
lymphatic vasculature in mouse embryos might also to be promising, since VEGFR3 is
expressed in both vessel types during embryonic development (Kaipainen et al. 1995).
Genetical deletion of Bace2 or pharmacological inhibition of BACE2 in wildtype mouse
embryos during whole embryo culture might reveal effects of VEGFR3 activation during

development.

6.3 Conclusion

Based on the results we obtained during my thesis, two different mechanisms could be
identified, which both contribute to the attenuation of VEGFRS3 activity in adult human LECs.
On the one hand, the IPP complex intracellularly prevents interactions between VEGFR3 and
B1 integrin and thereby attenuates 1 integrin induced VEGFR3 activity. Under physiological
conditions, only a sufficient mechanical stimulus overcomes this blockage and thereby
removes the IPP complex from 1 integrin, followed by subsequent interactions between (31
integrin and VEGFR3, as well as VEGFR3 activity and physiologic LEC proliferation.
Extracellularly, we could find indications for the assumption that BACE2 is involved in the
attenuation of VEGFR3 activity. In its function as a protease, BACE2 probably cleaves certain
amounts of VEGFR3 from the plasma membrane and releases the cleaved part into the
extracellular space. Upon inhibition of BACE2 activity by use of BACE inhibitors such as C3
and to a lower extent also verubecestat, the VEGFR3 protein levels hence increase at the
plasma membrane and are therefore more likely to be activated by ligand binding or

mechanical stimuli.
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9. Supplementary information

Fully unedited gel images used for representative Western Blot images in this thesis:

ILK
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Supplementary Figure 1: Unedited gel images used for Figure 10. Cropped region used for

representative image is indicated by red framing.
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Supplementary Figure 2: Unedited gel images used for Figure 14. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 3: Unedited gel images used for Figure 15. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 4: Unedited gel images used for Figure 16. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 5: Unedited gel images used for Figure 17. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 6: Unedited gel images used for Figure 18. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 7: Unedited gel images used for Figure 19. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 8: Unedited gel images used for Figure 21. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 9: Unedited gel images used for Figure 22. Cropped regions used for

representative image are indicated by red framing.

Supplementary Figure 10: Unedited gel images used for Figure 29. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 11: Unedited gel images used for Figure 30. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 12: Unedited gel images used for Figure 31. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 13: Unedited gel images used for Figure 32. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 14: Unedited gel images used for Figure 37. Cropped regions used for

representative image are indicated by red framing.

Supplementary Figure 15: Unedited gel images used for Figure 40. Cropped regions used for

representative image are indicated by red framing.
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Supplementary Figure 16: Unedited gel images used for Figure 42. Cropped regions used for

representative image are indicated by red framing.
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