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1. Thesis in an abstract

Introduction:  Abdominal aortic aneurysm (AAA) is a pathological saccular
enlargement most often of the infrarenal aorta. Eventual rupture is fatal, making
preemptive surgical therapy upon a diameter threshold of >50mm the treatment of
choice. The pathophysiology, especially the initial trigger aortic remodeling is still
largely unknown. However, some characteristic features involved in aneurysm growth
have been established, such as medial angiogenesis, low-grade inflammation,
vascular smooth muscle cell (VSMC) phenotype switch, extracellular remodeling,
altered hemodynamics and an eventual humoral immune answer. Currently, no
medical treatment options are available. RNA therapeutics and drug repurposing offer
new possibilities to overcome this shortage. Using such to target angiogenesis in the
aneurysm wall and investigate their potential mechanisms is the aim of this thesis.
Material and Methods: We test our hypothesis by targeting the long non-coding RNA
H19 and re-use the anti-cancer drug Lenvatinib in two murine inducible AAA models
and one preclinical large animal model in the LDLR" pig. Furthermore, a H19" mouse
is included to verify the results. AAA and control samples from a human biobank along
with a primary human cell culture are used to verify results ex vivo by gPCR,
WesternBlot, live cell imaging, histo- and immunohistochemistry along with gene array
analysis, RNA knockdown, pull-down- and promotor assays.

Results: H19 is significantly upregulated in AAA mice models and its knockdown
limited aneurysm growth. It is well known that H19 interacts with several transcription
factors. We found that cytoplasmic interaction between H19 and hypoxia-inducible
factor 1-alpha (HIF1a) increased apoptosis in cultured SMCs associated with
sequential p53 stabilization. In contrast, the knockdown of H19 was associated with
markedly decreased apoptotic cell rates. Our data underline that HIF1a was essential
in mediating the pro-apoptotic effects of H19.

Secondly, Lenvatinib was applied both systemically and locally by endovascular
means in mice with an established AAA. The drug significantly halted aneurysm growth
and array analysis revealed myosin heavy chain 11 (MYH11) as the most differentially
regulated target. This was shown to be up regulated after Lenvatinib treatment of
primary AAA smooth muscle cells suggesting a salvage mechanism to obtain a
contractile phenotype based on gene expression and immunohistochemistry. The
same results were shown upon a local endovascular Lenvatinib-coated balloon
angioplasty in the established aneurysmatic lesion of a novel atherosclerotic LDLR™
Yucatan minipig model. Decreased phosphorylation of extracellular-signal regulated
kinases 1-2 (ERK1-2) is the downstream effect of Lenvatinib-specific blockage of the
vascular endothelial growth factor receptor (VEGFR2).

Conclusion: Taking into account the heterogeneity of the disease, inhibition of VSMC
phenotype switch, extracellular remodeling and angiogenesis seem promising targets
in some if not all AAA patients. Together with surveillance and surgical therapy, these
new non-invasive treatment strategies would allow for a more personalized approach
to treat this disease.



1. Die Arbeit auf einer Seite

Einleitung: Das abdominale Aortenaneurysma (AAA) ist eine Erweiterung der
infrarenalen Aorta. Die grote Gefahr ist eine Ruptur, sodass eine prédemptive
chirurgische Ausschaltung ab 50mm Durchmesser empfohlen wird. Insbesondere die
initialen Triggermechanismen zur AAA Entstehung sind weiterhin unklar. Einige
charakteristische Eigenschaften des Aneurysmawachstums sind z.B. Angiogenese in
der Media, low-grade Entziindung, die vascular smooth muscle cell (VSMC) Phanotyp-
Anderung, Remodelling der extrazellularen Matrix, eine veranderte Hamodynamik und
eine humorale Immunantwort. Gegenwartig sind neben den chirurgischen, keine
medikamentésen Therapiealternativen vorhanden. RNA-Therapien und drug
repurposing koénnten dies andern. Ziel dieser Arbeit ist die Beeinflussung der
Angiogenese, um das Wachstum von AAAs zu verandern.

Material und Methoden: Um diese Hypothese zu Uberprifen wurden zwei
verschiedene Ansatze verfolgt: Inhibition der long non-coding RNA H19 und die
Verwendung von Lenvatinib in zwei Mausmodellen mit induzierbarem AAA und einem
praklinischen GroRtiermodell im LDLR” Schwein. Zusétzlich wurden Versuche in einer
H197" Maus durchgefiihrt. AAA und Kontrollen aus einer humanen Biobank in
Kombination mit der Verwendung einer primaren Zellkultur aus AAA Patientenproben,
wurden mittels qPCR, WesternBlot, live cell imaging, Histo- und Immunhistochemie
sowie Microarray Analysen und RNA knockdown untersucht.

Ergebnisse: Wir zeigen, dass experimenteller knockdown von H19, mittels antisense
Oligonukleotiden (LNA-GapmeRs) in vivo das AAA Wachstum signifikant einschrankt.
In vitro reduziert dieser knockdown deutlich die Apoptoserate von menschlichen
aortalen VSMCs. Mittels array Analyse wurde hypoxia-inducible factor 1-alpha (HIF1a)
als Zielgen identifiziert. Zytoplasmatische Interaktion zwischen H19 und HIF1a fuhrt zu
einer Stabilisierung von p53. Dieser Mechanismus konnte auch in H19" Mausen
bestatigt werden, die nach AAA Induktion kein Aneurysma entwickelten.

Zweitens konnte Lenvatinib sowohl bei systemischer, wie auch bei lokaler Applikation
in M&usen mit etabliertem AAA deren Wachstum signifikant einschranken. In einer
Microarray Analyse wurde hier myosin heavy chain 11 (MYH11) als am deutlichsten
verandertes Gen identifiziert. In primdren humanen AAA Zellen war dies nach
Lenvatinib Behandlung deutlich hochreguliert und deutet damit einen Erhalt des
kontraktilen VSMC Phanotyps an. Der gleiche Effekt konnte im Groftiermodell nach
lokaler endovaskularer Behandlung mit einem Lenvatinib-coated balloon in einem
neuen LDLR” Yucatan minipig Modell gezeigt werden. Reduzierte Phophorylierung
von ERK1-2 ist das Ergebnis der Lenvatinib-spezifischen Blockade von vascular
endothelial growth factor receptor (VEGFR2).

Schlussfolgerung: Zieht man die Heterogenitat der Erkrankung AAA in Betracht, ist
die Inhibiton von VSMC Phanotyp Anderung, Remodelling der Matrix und
Angiogenese mdglicherweise ein guter Mechanismus um die Aneurysmen einiger
Patienten zu behandeln. Diese neuen Ansatze werden moglicherweise in Kombination
mit Uberwachung und chirurgischer Therapie einen personalisierten Ansatz in der
Therapie erlauben.
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2. Introduction
2.1. The abdominal aortic aneurysm

The abdominal aortic aneurysm (AAA) is best defined as a diameter enlargement of
1.5 fold of the normal age- and sex-matched diameter." With this being rather
complicated, an aorta up to 15mm in diameter is considered to be of normal size, 15 —
30mm as ectasia and >30mm as aneurysmatic (fig.1). These numbers might differ
slightly in women and Asian populations, having a lower mean baseline aortic
diameter.?

Fig.1: 3D reconstructions from CT-angiograms: Different types of abdominal aortic aneurysms with
different parts of the aorta being dilated are shown (source: own material from our department).

Once exceeding 30mm in diameter, the course of each patient’'s aneurysm is very
distinct and difficult to predict. Some might grow rapidly over a short timeframe,
whereas some might never grow any further.® On average an AAA would grow approx.
2.2mmlyear in both men and women, increased by continued smoking and eventually
decreased in the presence of diabetes.* However, with increasing diameter, the growth
rate expands in a non-linear way from approx. 1.3 mm at 30mm diameter to approx.
3.6mm annual growth at 50mm.°

Based on these numbers, the well accepted European and US guidelines recommend
annual ultrasound control of a known AAA and eventual CT-follow up for thoracic or
thoraco-abdominal aneurysms before reaching a surgical threshold (s. 2.1.2.).%’
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2.1.1. Epidemiology

Although aneurysmatic dilation can occur at any vessel and especially any part of the
aorta, it is the abdominal aorta where approx. 80% of all aneurysms are seen.® This is
followed by aneurysms of the ascending aorta (8%) and then descending aortic (4%)
and thoraco-abdominal aortic (4%) aneurysms.® About 1% of aneurysms described
and eventually operated on are seen in the visceral and peripheral arteries. The most
frequent pathology here is the popliteal artery aneurysm which accounts for 4 out of 5
non-aortic aneurysms, followed by the hepatic and splenic artery aneurysms, only very
rarely seen in daily practice.®""

Additionally, a generalized vessel phenotype prone to aneurysm formation has been
proposed several times with patients showing aneurysms at different localizations, yet
no clear genetic link or consistent phenotype has been found.'* '3

For exact numbers of AAA patients please see 2.1.4.3.

2.1.2. Clinical relevance

AAAs are usually clinically silent and often detected coincidently on abdominal
ultrasound or CT angiography. The imminent threat of an aortic aneurysm is rupture,
most often into the retroperitoneum (fig.2A), only rarely into the abdominal cavity, the
vena cava or the small intestine. Symptoms or signs of an intact AAA, if present, are
mainly pain or tenderness on palpation, localized to the AAA or radiating to the back or
to the genitals. Symptoms may be related to complications, either by compression of
nearby organs or distal embolism.® About 10% of patients admitted for AAA are
supposed to be symptomatic." Symptomatic AAAs compared to elective non-
symptomatic AAAs have worse long-term survival, especially in women and 2fold
increased risk of perioperative mortality.” '® However, urgent repair is indicated due to
a supposed prodromal state of rupture in these patients.® Whereas e.g. increased peak
wall stress in aneurysms of such patients could be proven, no direct link to an
increased rupture risk is currently available."” '®

40 /[
'/
30 /'
20 /[/
104 _ perlope ative mortality OR 4.7%

Estimated AAA rupture risk % [0

<dcm 4= Scrn 5=6cm 6=Tcm 7=8cm >8em
AAA diameter in cm

Fig.2: Ruptured AAA. CT-angiography showing an AAA with retroperitoneal rupture (A). Note the
interrupted aortic aneurysm wall and the large retroperitoneal hematoma (#) (author’'s own material).
The annual risk of rupture increases with AAA diameter (B). Currently the cut-off for surgical repair is
based on comparison with the perioperative mortality from open repair (OR) (blue line) (graph modified
from Chaikof et al.19).
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For rupture, the signs are usually more dramatic (hemodynamic collapse, pallor,
abdominal and/or back pain, abdominal distension, and rarely primary aorto-enteric or
arterio-venous fistula). As mentioned above, the average growth rate increases non-
linear with diameter, also increasing the risk of rupture (fig.2B).° Therefore, the cut-off
for pre-emptive surgical repair is calculated in comparison to the risk of perioperative
death undergoing open repair. Hence, the 2019 European and the 2017 US guidelines
for AAA treatment recommend repair of non-symptomatic elective cases in men at
55mm diameter and in women at 50-54mm diameter.® '® Naturally, for ruptured AAA
immediate repair is recommended and for symptomatic AAA urgent repair within 24-
72hours is recommended.

2.1.3. AAA pathogenesis
2.1.3.1. The non-aneurysmatic infrarenal aorta

The normal infrarenal aorta is a so-called elastic type artery and consists of three
distinct layers: the intima, the media and the adventitia (fig.3A/fig.4A).

The intima is a thin layer comprising the internal elastic membrane, a thin
subendothelial space with collagens type I, Il and XVIII and finally the endothelium as
a single cell layer with crucial barrier function allowing undisturbed blood flow. The
latter is also the first to respond in case of vascular injury.?® Endothelial cells (EC) have
a high plasticity and various metabolic and signaling functions. Hence endothelial
dysfunction is defined as an altered phenotype with impaired vasoreactivity and an
eventual thrombogenic surface.?’

The media consists of a varying number of 20-50 layers of helically interwoven elastic
fibers made of elastin. Elastic fibers and fibrillar collagen comprise approx. 50% of the
dry weight of larger arteries.?? In between are the vascular smooth muscle cells
(VSMCs) in single layers. This combination allows the aorta to exert its “Windkessel”
function to propulse the blood volume and pulse wave ejected from the left ventricle
with every heartbeat.?® 2 Up to approx. 30 units of elastic layer and VSMC layer,
sufficient oxygen supply is provided by diffusion from the luminal blood. Everything
above requires vasa vasorum for nutritional supply.?® The normal contractile apparatus
of a VSMC consists of a variety of specific proteins dominated by a-smooth muscle
actin and myosin as well as vimentin, desmin and others.?* In addition to their
contractile function, VSMCs have a high plasticity, especially in response to eventual
damage or stress.?* 2

The adventitia contains fibroblasts, some elastic fibers and collagen type | and Ill. Here
is where private vessels (vasa vasorum), vessel nerves and lymphatic vessels lie.°
Naturally, the adventitia is a vascular surgeon’s best friend, since this is the only layer
remaining after a thrombendarterectomy has been performed to resect e.g. stenosis in
a heavily calcified vessel.

This very orderly anatomy is subject to severe changes as observed in AAA specimen
(fig.3A/BIfig.4). These observations described in detail below are, however, limited by
the restricted access to tissue samples from advanced stages of disease. Since
patients with ectasia or small aneurysms never get operated on, not much is known
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about the specific hallmarks of such early disease. Additionally, the initial trigger of
aneurysm formation remains elusive and can only be speculated on (s.2.1.3.9.).

Fig.3: Comparison of normal aorta and AAA: The non-aneurysmatic infrarenal aorta (A) has a
contained structure with approx. 28 layers of elastic fibers with VSMC in between (upper row). No
intraluminal thrombus (ILT) and some calcification of the aortic wall is seen on CT-angiography (lower
row). In AAA (B), the aneurysm wall shows a more diffuse organization of the layers with less cells and
more extracellular matrix content (upper row). On CT, the circumference is unevenly covered with ILT
(lower row). (source: own material from laboratory and clinical unit)

2.1.3.2. Fibrosis

Fibrosis, e.g. collagen deposition of the aortic wall, is a key feature of AAA and has led
to a grading based on fibrosis and inflammation by Rijbroek et al. in 1994.%” These
changes are however seen with great variance between individuals, but seem to be
independent of AAA diameter or sex 242829

The adventitia can also be the site of an important fibroblastic reaction, probably driven
by transforming growth factor 8 (TGFf), leading to collagen accumulation, and thus
delaying the risk of rupture.” Fibroblasts play a critical role in the adventitial response
and secrete procollagen-1.

Such fibrosis, however, usually remains limited to the aortic wall and does not affect
the surrounding retroperitoneum.?® The typical collagen I/lll predominance in the
normal aortic wall is altered towards deposition of different types of mature and

14



premature collagens with hence a deficit in crosslinking.*® While elastin is fragmented
or absent, the amount of collagen increases and the number VSMCs, as well as their
phenotypic function, changes significantly, rendering the above described mechanical
aortic function towards a stiffer tube.®" 3 Again, this composition of the extracellular
matrix and VSMCs seems to be independent of diameter (fig.4B).*

However, changes differ depending on the amount of thrombus coverage of the aortic
wall.**

2.1.3.3. Intraluminal thrombus formation

The intraluminal thrombus (ILT) is a biologically active compartment with a laminated
structure, containing several layers of fibrin clot, underlying a fresh, red hematic
luminal layer containing undegraded cross-linked fibrin and an actively fibrinolysed
abluminal Iayer.1 A multitude of canaliculi allows passive and active transport between
the ILT and the aortic wall.** The luminal layer is highly biologically active and releases
free hemoglobin and fibrin formation secondary to platelet and thrombin activation
(fig.4D). Tissue-plasminogen activator and plasminogen and neutrophils are also
trapped here (s.2.1.3.9.).36 These proteins in combination with the neutrophil
enrichment are considered to be the major source of active matrix metalloproteinases
(MMPs), elastase and other serine proteases and correlate positively with thrombus
volume.*” *® The amount of proteases and plasma proteins found within the aortic wall
correlates strongly with AAA growth.39 Haller et al. have demonstrated that smaller
AAAs with less ILT layers rupture earlier than bigger aneurysms where the aortic wall
is farther away from the biologically active luminal layer.*° Concordantly, higher
oxidative stress in the aortic wall has been linked to thinner thrombus coverage.*' In
general, a declining gradient of active enzymes from inner to outer layers must be
considered.*? Higher circulating levels of fibrin degradation products such as D-Dimers
in AAA patients suggest a constant fibrinolysis at the thrombus site.*®

From a mechanical view, the ILT, apart from its biological role (s. above) must be
considered a viscoelastic element mediating peak wall stress aneurysm growth.** 4°
Approx. 30% of the thrombus are fluids, making it a porous diluted structure (biphasic
solid-fluid material).46’ *" Thus, hemodynamics on the aortic wall vary depending on the
amount of thrombus (fig.4C).>* The ILT and the aneurysm wall harbor the blood
pressure difference from intraluminal (e.g,100 mmHg) and the interstitial pressure in
the adventitia (10 mmHg).*° Of note, up to 5% of AAAs do not show any ILT. Vice
versa, the thrombus apposition depends on hemodynamics and is unevenly distributed
over the AAA circumference.*®

2.1.3.4. Altered hemodynamics

Hemodynamic forces relevant to AAA pathogenesis are wall shear stress (WSS), the
tangential force exerted by moving blood along the axis of flow, hydrostatic pressure,
the perpendicular force acting on the vascular wall and relative wall strain (RWS), the
circumferential stretch of the vessel wall exerted by cyclic luminal pressure changes
and the resulting tensile stress (fig.4C).*°

15



The physiological centrifugal convection in the aorta is disturbed in AAA due to the ILT,
the lack of endothelium, elastic fiber degradation and a high amplitude of pulsatility due
to dilatation.”® The latter might be influenced by iliac outflow, e.g. due to stenosis or
major amputation, causing aneurysm bulging and tortuosity.® ** In experimental
studies, simulation of blood flow was used as one out of many parameters to predict
directional growth of AAAs.>® Such hemodynamics interact closely with the ILT and
vice versa, ILT thickness depends on wall shear stress.**

The hemodynamic alterations described must be considered in combination with the
above-described local changes in the aortic wall. Especially reduced distal aortic
elasticity, in combination with augmented pressure due to pulse wave reflections from
the aortic bifurcation and other downstream arteries, may increase wall strain and
aneurysm susceptibility.*® Many of the following cellular effects have been shown to be
altered under the influence of varying hemodynamics.

Interestingly, Suh et al. published on preliminary data on how exercise-induced
alteration of blood flow might stabilize AAA growth.*®

2.1.3.5. Proteolysis vs. synthesis

In a non-aneurysmatic aorta, there is a physiological balance with an equilibrium of
proteolytic and synthetic enzymes orchestrating a turnover of cells and extracellular
matrix (ECM).*® However, this balance is gradually changed in AAA with supremacy of
proteolytic enzymes and cells.*

The phenotypic switch of VSMCs has a crucial role in this. Losing their contractile
abilities, they show secretory properties concerting the proteolytic nature of
macrophages, neutrophils and mast cells.”’ MMPs, produced by neutrophils are the
main effector of this imbalance (fig.4E) (reviewed in detail®’). Naturally, their
counterparts, tissue inhibitors of MMP (TIMPs), are to dampen the effect, but these are
significantly reduced in the aneurysm wall.*® Further proteases, released during AAA
formation, include cathepsins stored in mast cell granules.*® In addition to the above-
mentioned oxidative stress from the Iluminal layer of the ILT, neutrophil
myeloperoxidase creates further reactive oxygen species within the aneurysm wall.®°
These are also activators of MMPs.

MMP2 and 9 are the two most critical players in AAA development. MMP2 is
predominantly derived from VSMCs and fibroblasts, whereas MMP9 is predominantly
derived from macrophages and to a lesser extent neutrophils.®” Macrophages are
recruited mostly from circulating monocytes, however, recently this has been
challenged by the concept of trans-differentiation of e.g. VSMCs to macrophages.“ 62
Exposure to elastin breakdown products has been shown to trigger phenotype
switching towards the M1 phenotype, considered pro—inflammatory.24’ 63

2.1.3.6. Humoral immune answer

T- and B-cells are found in abundance in the aortic wall.?*** Since B-cell clonality is
observed, extensive research has been conducted to provide an exogenous
(s.2.1.3.9.) or intrinsic pathogen (e.g. oxidized low density lipoprotein) triggering this.®®
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In a minority of cases, lymphoid follicle-like structures are seen in the adventitia with T-
cell subpopulations, B-cells, dendritic cells and macrophages accumulating. This is
referred to as vascular associated lymphatic tissue (VALT), however, its role in AA is
unclear (fig.4G).%® %’

AAA tissues also contain large amounts of immunoglobulin protein and IgG extracted
from human AAAs exhibits immune-reactivity with aortic wall matrix proteins.®®
Recently, our group demonstrated that absence of IgG results in an increased severity
of aneurysm formation in mice.?® The triggers of adaptive immunity in AAAs are
unknown and immune responses against aortic wall structural components may arise
secondary to long-standing inflammation and connective tissue destruction through
proteolytic exposure of neo-epitopes.®® While some active forms of complement factors
are seen, the role of the complement cascade in AAA remains largely unknown.”
Conflicting experimental results suggest both a pro-inflammatory component of this
innate immune answer — but even more important, a macrophage mitigating clearance
of inflammation, eventually promoting tissue healing (modified from®).”
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Fig.4: AAA Pathomechanisms: The normal aortic wall (A) changes its morphology over time upon
AAA formation. Samples from open repair show distinct pathologic features: medial disruption and
fragmentation of elastic fibers with fibrosis and wall thickening (B); rarefication of VSMCs and the elastic
units along with calcification changing hemodynamics (C); ILT formation in most aneurysms with a
layered structure and an enzymatically active luminal surface (D); proteolytic imbalance with MMP up-
regulation orchestrated by VSMCs, macrophages and mast cells (E); hypoxic micromilieu with
adventitial and medial neoangiogenesis allowing homing of inflammatory cells in the media (F);
infiltration of B-/T-cells with formation of tertiary lymphoid structures (G); (modified from Busch et al.
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201872) (tPA=tissue-type plasminogen activator; MMP=matrix metalloproteinase; TIMP=tissue inhibitor
of MMP; VSMC=vascular smooth muscle cell; NET=neutrophil extracellular trap;)

2.1.3.7. Angiogenesis

In 1995, Holmes et al. first reported on medial neovascularization in abdominal aortic
aneurysms as a histopathologic marker of AAA, increased in comparison to patients
with occlusive disease.”

Our group has previously demonstrated that the thickness of the aneurysm wall
depends on the amount of inflammation, the number of CD34 positive cells and
vessels increases with wall thickness.?* Increased expression of hypoxia inducible
factor 1a (HIF1a) as reported by others and us suggests a hypoxic micromilieu in the
thickening aneurysm wall with vascular endothelial growth factor (VEGF) and its
receptors (mainly VEGFR1 and R2) mediating further downstream mechanisms.” "
HIF1a is supposed to be secreted mainly by adventitial fibroblasts and VSMCs
(fig.4F).”® ”" Alterations in the HIF-pathway have also been suggested to be crucial for
other disease entities involving the arterial vessel wall.”®

Additionally, there is similar data for ascending and thoracic aortic aneurysms.
Recently, angiogenesis has been tracked by non-invasive imaging techniques using
specific MRI tracers and has been suggested to be important for rupture risk
prediction.®” 8 On an experimental background, blockage of VEGF has been shown to
decrease aneurysm growth in mouse models.*

Of note, little is known about lymphangiogenesis in AAA. Immunohistochemical studies
identified inflammation-dependent infiltration of lymphatic vessels in the media and
adventitia probably resulting in insufficient lymph drainage.®* °

79, 80

2.1.3.8. Aneurysm and atherosclerosis

Atherosclerosis to a greater or minor extent is observed in almost every AAA patient
and the associated diseases like coronary artery disease and carotid artery disease,
as well as, peripheral arterial occlusive disease (PAOD) are observed more frequently
in this cohort.®® 8" Hence, vascular surgery textbooks typically classify the origin of
aneurysms with one category being “idiopathic/atherosclerotic”.

Thus, it is justified to look for similarities in both conditions. However, AAA is observed
in patients with different degrees of atherosclerosis and not every patient with severe
infrarenal sclerotic lesions suffers from AAA — on the contrary, some might even
experience aortic occlusion. In addition, many different aortic diseases, such as
dissection, penetrating ulcer or intramural hematoma are independently associated
with the degree of atherosclerosis and typical high risk factors for both diseases vary
considerably.® 8°

Atherosclerosis is commonly considered a disease of the intima, since the early stages
of the disease are seen here.®® AAA on the other hand is considered a disease of the
media based on the early changes observed in animal models since human early
stage material is missing (s.2.2.)." "°
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Similarly, VSMC phenotype switch (s.2.1.3.2.) is observed in both diseases, however,
probably to a different extent and with heterogeneous clonality.?> °* Concordantly, the
role of T- and B-lymphocytes, observed in both atherosclerotic and dilated aortas, is a
matter of discussion.®® Experimental screening studies comparing tissue or plasma
samples from patients with the respective disease have also found inflammatory
processes or markers as the least common denominator.>** Considering the
variability of inflammatory processes and the plethora of inflammatory markers, this
data can on the other hand also be interpreted to mark AAA and atherosclerosis as
different entities.®® In a small study, McMillan et al. found higher MMP9 plasma levels
in AAA patients compared to PAOD patients and healthy volunteers.?® Shireman et al.
found differing levels of tissue-type and urokinase-type plasminogen activator
(tPA/UPA) (s.2.1.3.9.).%°

2.1.3.9. Speculations on the origin of AAA

Why does the majority of aneurysms occur at the infrarenal part (s.2.1.1.) of the aorta?
The answer to this question remains largely elusive and open for speculation.

Since no gene with e.g. tissue-specific expression was identified to be responsible for
AAA formation (s.2.1.3.10.), the next consideration is the special hemodynamic
situation at the aortic bifurcation continuing to the iliac vessels. A variety of studies
have suggested disturbed flow at the aortic bifurcation, probably in combination with
previous atherosclerosis leading to endothelial “micro damage” propagating medial
disruption.®” ® Such flow conditions could also cause an initial ILT formation according
to Virchow’s triad.*

Again, a central role falls probably to VSMCs. Experimental data from animals and
human tissues suggest a unique phenotype of the aortic VSMC in comparison to
others, eventually causing early elastin disruption enhanced by accidental macrophage
homing.mo' 97 This uniqueness is also reflected by the origin of cells in this specific
part of the aorta. The infrarenal aorta is derived from the splanchnic mesoderm in
comparison to the aortic bulb (second heart field), the aortic arch (cardiac neural crest)
and the descending and visceral segment of the aorta (somatic mesoderm.'® This
comes with a distinct responsiveness to various stimuli, such as TGFf signaling, early
in embryogenesis, but also later during adult life.'* 1%

However, primary triggers might also appear via private vessels and e.g. extravasation
of inflammatory agents or cells.®® This might e.g. be the origin of bacterial antigens
triggering a low-grade inflammation speculated to be responsible for aortic dilation as
exogenous weak pathogens.” In the past, various bacterial pathogens such as C.
pneumoniae, P. gingivalis or S. mutans have been described but could never be
proven.1°5* 106

Another theory is a transient local proteolytic imbalance causing initial tissue
destruction. This might happen in the endothelium or in the media. In the endothelium,
cleavage of human plasmin or collagen XVIII (part of the infrarenal aortic basement
membrane) would lead to the enzymatically active cleavage products angiostatin and
endostatin resulting in endothelial cell (EC) apoptosis and inflammation.'®”-'%°
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2.1.3.10. Risk factors associated with AAA

Nicotine consumption, dyslipidemia, male gender, age >65 vyears, genetic
predisposition and possibly also Caucasian descent are established risk factors for
AAA formation." ® These originate from big retrospective association studies and only
very rarely have a biological background regarding AAA.

As such, diabetes mellitus, in the absence of positive association often called
"aneurysm-protective"”, causes glycosylation of the ECM proteins and thus an
increased stability of the aortic wall. This effect was particularly seen in patients under
metformin (s.2.1.5.)."'% 1"

Genetic predisposition means an increased prevalence in a first- and second-degree
relative of an AAA patient. A brother or son might have a 2fold increased risk of also
developing an aneurysm."'> '3 Genome wide association studies (GWAS) have
identified a couple of risk alleles, such as LDLR, LRP1, DAB2IP, DCKNB-AS1 or
CNTN3 in AAA individuals, however a universal candidate actually causing the disease
could never be verified.""""® The disease must therefore be considered polygeneic.'"
Exemptions are patients with genetic diseases resulting in a weakened aortic wall as
seen in Marfan, Ehlers-Danlos or Loeys-Dietz syndrome, eventually presenting with
aortic aneurysms. 29122

Nicotine has been identified as risk factor with the highest odd’s ratio for AAA
development.'® Molecular mechanisms include an impaired endothelial nitric oxide
synthesis and production of MMPs and a1-anti-trypsin, hence pro-proteolytic
processes. It is highly probable that smoking is a more detrimental risk factor in women
than in men, perhaps modulated by the effect of smoking on reproductive function in
women.”® '?* Additionally, in both sexes, continued smoking accelerates aneurysm
growth above the normal rate of 2.5mm/year in aneurysms 4-5cm in diameter.'?®

As described above, the likelihood of having an AAA increases with age, making age
an independent risk factor. Additionally, longer telomere lengths were shown to be
associated with a decreased risk of AAA."?® Low HDL, independent of total cholesterol,
is associated with the presence of AAA.'” As precursor in the 5-lipoxygenase
signaling pathway, it is crucial for inflammatory processes in the vessel wall.'?®

2.1.3.11. Aneurysm rupture

Molecular studies in ruptured aneurysms must be interpreted with caution, since
samples taken from the rupture site — if identified at all, vary in location and distance
and reporting is not standardized.?*

Wilson et al. reported a locally increased expression of MMPs1/8/9 in ruptured AAAs,
hence speculating on a dysbalanced proteolysis.”*® '*' The same group demonstrated
these findings to be independent of inflammatory activity in the aortic wall in general.132
In general, contradicting results have been reported for inflammatory cells, cytokines
and pathways, which seem to vary on genetic, protein and cellular levels.'® When
comparing AAA histology to peak wall stress via finite element analysis, rupture is
associated with higher “disintegration” of the wall represented by lower VSMC and
elastic fibers number and increased plaque number with more calcification.”™* With
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increasing calcification, the load bearing capacity of the aortic wall is reduced.'® Also
angiogenesis and hypoxia are speculated to be up-regulated at sites of rupture,
eventually resulting in altered intracellular energy homeostasis affecting protein
synthesis.®® 3" Additionally, increased FDG-uptake upon PET-CT imaging at the
rupture site might point towards increased cellular activity.”*® A study comparing
ruptured and intact cerebral aneurysms identified a higher density of the M1 subtype of
macrophages thought to be pro-inflammatory.’®® Our group however, also
demonstrated this for intact AAA.'*°

In general, rupture seems to involve more than a mere physical aspect of a non-
withstanding containment due to increased wall stress, but the exact factors remain
unknown.'” 141

2.1.4. Current treatment
2.1.4.1. Open surgical aortic repair

The word “aneurysm” is derived from the ancient greek word for “widening”. The first
documented description of an aneurysmal pathology appears ca. 1550 BC in the
Papyrus Ebers.'*? The term “aorta” was first applied by Aristotle in the 4™ century BC.
In the 3™ century, Antyllus introduced a method of aneurysm ligation."** However, only
with the birth of modern surgery in general in the early 19" century, also vascular
surgery advanced.

Sir Astley Cooper was the first to ligate the abdominal aorta for a ruptured iliac
aneurysm in 1817 — however, the patient survived only four hours.'** A major advance
in the treatment of aneurysms came in 1923 with Rudolf Matas’s concept of
endoaneurysmorrhaphy after gaining proximal and distal bleeding control as a modern
concept in vascular surgery. Henceforth, preservation of blood flow and an intact
circulatory system were dogmas.? In 1944, Crafoord et al. published the first ever
aorto-aortic anastomosis in a patient with aortic coarctation.’*® And in 1947 Rea et al.
suggested a technique of external wrapping of aneurysms in cellophane.'*® This
procedure was finally performed on Albert Einstein by Rudolf Nissen and he survived
for 5 years.

Modern AAA surgery, still in large parts unchanged, started in 1951 when C. Dubost
first resected the aneurysm and then made a graft interposition (fig.5)."’ After looking
for the right graft material, this procedure soon became the standard of treatment and
in 1953 Cooley and DeBakey published >200 procedures, shortly followed by Crawford
et al., bringing the 30-day-mortality to under 5% narrowing in on our modern day
standard.’® '*® Attempts at full laparoscopic and laparoscopic assisted AAA repair
have been made, but never reached clinical relevance.'® '*°

Thus, open repair of AAA as performed today is a technique developed and evaluated
for over almost 70 years (table 1). Along with the improvement of anesthetics and
complimentary care immediate, and long-term results are good and well accepted

(fig.6).
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AAA open repair AAA endovascular repair

Fig.5: Graphic depiction of the two AAA repair procedures: open repair (OR) and endovascular
aortic repair (EVAR) (https://www.mayoclinic.org/ und http://www.uhs.nhs.uk/Media/)

2.1.4.2. Endovascular aortic repair

In 1964, C. Dotter performed the first endovascular balloon angioplasty of the
superficial femoral artery as a vascular procedure from a remote access site.! After
Werner ForBmann’s 1929 first right heart catheter examination, this must be
considered the beginning of the non-cardiac endovascular era.'*?

In 1984, unfortunately behind the iron curtain and thus not visible to the western world,
Nikolay Volodos published his first implantation of a stentgraft into the thoracic aorta
from a bilateral femoral access and in 1987 into an AAA.™? ' |n 1991 finally, Julio
Palmaz and Juan Parodi took the fame in the western world after implanting a primitive
stentgraft consisting of a Dacron tube with a proximal fixation by a Palmaz stent.’®®
Ever since, physicians and the medical device industry have driven and accelerated
the development of this technique hand in hand: in 1994, the first bifurcated graft was
implanted (fig.5). Rapid improvements including suprarenal fixation, fenestrations,
branches, scallops, iliac branches and endo-anchors followed."? 1%

Today EVAR is a standard procedure that has long surpassed open repair in broad
applicability in both intact and ruptured AAA (fig.6). Introducing total percutaneous
access, preemptive AAA exclusion is not limited to vascular surgeons any more, but
also performed by interventionalists.’™ However, since the AAA is not completely
excluded from the circulation and the aortic branches (inferior mesenteric artery,
lumbar arteries) remain open, specific complications, e.g. endoleaks have to be
considered and patients have to undergo scheduled lifelong follow-up imaging.®
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Advantage Disadvantage
- in-hospital mortality 1% - longevity of material unclear
- reduced mortality in rupture - graft migration
- less invasive - endoleaks
°<‘ - discharge after 2-3 days - secondary rupture
E - percutaneous access possible - life-long follow-up: radiation/cost
- no general anesthesia required - cost-effectiveness unclear
- high re-intervention rate
- increased cancer risk?
- longevity of material/results good - proximal/distal anastomotic aneurysm
- no radiation - incisional hernia in 20%
no‘ - no follow-up necessary - possible impotence
- higher in-hospital complication rates | - in-hospital mortality 2-5%
- longer hospital/ICU stay

Table I: Comparison of endovascular aortic repair (EVAR) and open repair (OR).
2.1.4.3. Clinical practice in Germany

In Germany, according to the Federal Bureau of Statistics, approx. 24.000 patients are
admitted annually to a hospital with the diagnosis AAA (based on the ICD10 code
171.x). Thereof, 15.000 undergo AAA surgery, either open repair (OR) or endovascular
aortic repair (EVAR), and approx. 2.000 patients are operated in the state of rupture
(status quo 2014)."° Since the effectiveness of AAA screening programs has been
proven useful in many countries and is being offered with increasing density, AAA
ruptures have declined, whereas surgery for intact AAA has increased (fig.6A).% '’
While the overall prevalence since the 1970s due to improved diagnostics and
changing disease awareness has risen, it has fallen back somewhat in recent years."®
This could be due to the change in smoking behavior as the main associated risk
factor.”™ "% Worldwide, AAA is thus among the 20 leading causes of death, with
prevalence in western countries slightly decreasing, whereas in many developing
countries it is progressive.161' 162

In the last years, as mentioned above, the in-hospital mortality has gone down in both
men and women receiving either OR or EVAR, even if corrected for the type of
procedure applied (fig.6B)."*® However, the percentage of EVAR in both intact and
ruptured AAA has significantly increased over the last years, with EVAR outperforming
OR approx. 10 years ago (fig.6C)." In Germany, approx. 500 hospitals are
performing aortic procedures, yet there is good evidence, that outcome is clearly
associated with the number of procedures performed annually.’® This is currently not
reflected by legislative authority.

Despite the short- and midterm advantages and better survival of EVAR patients,
adding to the ongoing debate of which procedure to be applied preferentially, we have
learned in past years, that upon long-term follow-up, OR seems to outperform EVAR
(fig.6D)."® All major studies comparing both procedures that have reported 10 and 15
years follow-up see no advantage of EVAR, but a significantly higher re-intervention

23



rate and procedural or aneurysm-related death rate.'® '®” Only in ruptured cases, after
surviving the initial procedure, EVAR is clearly superior, however, only when EVAR is
possible without too many compromises.'®® '8

A Hospital Incidence B Hospital Mortality
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Fig.6: Comparison of OR and EVAR incidence and outcomes. Explanations in the text. Graphs are
modified from Kuhnl et al. and Paolini et al."* '®

2.1.5. Overview and shortcomings of previous non-surgical treatments

In the past 20 years, a variety of drugs have been tested for the treatment of AAA in
human trials, mostly to abrogate growth. Some of them are based on experimental
trials from animal models, some have been proposed by observations of associated
concurrent treatments (e.g. hypertension). Recently, a timely and accurate review has
been performed by Lindeman et al. in Circulation Research in 2019."%° This provides
the basis for the following overview and critical appraisal (table II).

Included here are only in-man studies that have reported outcomes on AAA growth
rates or rates of rupture.

Most of the studies from table Il report on AAA growth measured by either CT or
ultrasound with an anticipated growth of approx. 2mm/year as a natural growth rate.
However, both, CT and ultrasound have a threshold of 2-5mm false diameter
measurement depending on the cardiac cycle and the observer, respectively.®
Basically, none of the listed studies report on a core lab analysis of radiological data or
similar to overcome this issue.

Another critical point is that most of the above-mentioned studies have their origin in
studies in mouse models poorly taking into account the numerous limitations and
specific time-dependent features of those models (s. 2.2.7.).1%%1""
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drug of interest

type of study

major findings

Propanolol
B-blocker

case-control studies
2xRCT

- poor adherence to propranolol’’*

173

- underpowered for endpoint
- no effect on AAA growth'?

Ramipril, Perindopril
ACE-inhibitor

case-control studies
1 RCT

- contradictory results in studies'*
175

- no effect on AAA growth'’®

Simva-/Atorvastatin
statin

retrospective studies
case-control studies

- beneficial to cardiovascular risk
- no effect on AAA growth1691 177

Aspirin cohort studies - contradictory results in studies'’®
NSAID/anti-platelet - no effect on AAA growth'’”17®
Mefcfo.rmln. retrospective studies _ decreased growth 110,111
anti-diabetic AAA

Roxy/Azithromycin
macrolide antibiotic

case-control studies

- underpowered for endpoint
- no effect on AAA growth'®®

Doxycycline
tetracycline antibiotic

case-control studies
1 RCT

- reduced MMP expression

- contradictory results in studies'®
181

- eventually dose dependent
effect’®

Pemirolast
mast cell stabilizer

case-control study

- no effect on AAA growth'®?

Canakinumab
IL-1B neutralization

case-control study

- no effect on AAA growth'®®

Table Il: Completed studies on pharmacological treatment to abrogate AAA growth. Wherever
RCTs are available, only those are included in the table. For further reference including non-RCT

studies, please see reference.” (ACE = angiotensin converting enzyme; NSAID = non-steroid anti-

169

inflammatory drug; MMP = matrix metalloproteinase)

Additionally, there are currently some trials recruiting for this very purpose of non-
surgical aneurysm treatment (table IllI). Although some have been completed, no

results have been reported yet.
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drug of interest name status type of study
Telmisartan TEDY - .
AT, — R antagonist recruiting case-control study (22 patients)
Doxycycline N-TA(3)CT .
tetracycline antibiotic completed RCT (261 patients)
Metformin enrolling by . :
anti-diabetic - invitation single center RCT (170 patients)
Metformin " ,
anti-diabetic MAAAGI recruiting RCT (500 patients)
Metformin not yet .
anti-diabetic - recruiting two more studies currently planned
Epl

plerenone i unknown | RCT (172 patients)
spirolactone
Ticagrelor ,
anti-platelet - completed case-control study (145 patients)
Cyclosporine A i unknown | RCT (360 patients)

immune-supressive

Table lll: Currently active studies on pharmacological treatment to abrogate AAA growth. This list
is based on a thorough research on clinicaltrials.gov (January 2020).
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2.2. Animal models in aortic aneurysm research

Over the last 15 years, a variety of animal models for the purpose of AAA research has
been proposed. Those will be reviewed here in detail and their advantages and
disadvantages are summarized in table IV.

2.2.1. Angiotensin Il model

Although based on the initial description of aortic lesions in angiotensin Il overloaded
mice by Nishijo et al. in 1998, the model as we know it today is attributed to Daugherty
et al., who published on “Unexpectedly, pronounced abdominal aortic aneurysms were
present in ApoE”" mice infused with Ang II” in 2000 while looking for a way to increase
blood pressure in atherosclerotic mouse models (fig.7D)."* '8

The model is based on the subcutaneous infusion of angiotensin Il via surgically
implanted osmotic mini-pumps in a concentration of 1000ng/kg bodyweight/min into
ApoE"" mice. Mice can be either ApoE” or LDLR" best given a fat enriched diet.
Although hypercholesterolemia is not specifically needed, it increases the incidence of
the phenotype by 3-4x.'® Development of AAA also occurs in C57BL/6 mice, the
background of e.g. ApoE", but the frequency is much lower."®® Antagonizing the
angiotensin Il receptor 2 (AT2) was demonstrated to augment the phenotype and
knockout of AT1a was shown to inhibit aneurysm formation, especially with a
endothelial-specific knockout."®”'®® Mechanistically, early medial disruption at the
suprarenal aorta with subsequent dissection, lumen enlargement and secondary
hemorrhage is seen by timely resolution.'® After 10-14 days continuous remodeling
with characteristic features of pronounced leukocyte infiltration of macrophages, T and
B lymphocytes, collagen deposition and neovascularization occurs as a more chronic
phase.’ These observations seem to be independent from the animal’s blood
pressure.’®” 192 Additionally, the aneurysmatic formations were bigger in obese
animals and decreased with weight loss.'® 19

Most notably, closer studies of the time course and the appearance of the aortic
lesions have led to the conclusion that many of the aneurysms are indeed preceded by
an aortic dissection with secondary hemorrhage.'® Moreover, also the ascending
aorta shows dilatation.'®® Unfortunately, all these observations are very heterogeneous
from animal to animal, even within study groups under the same conditions. To
overcome these issues and the inherent discrepancies of different groups reporting on
their outcome using the model, the initial authors have even proposed a classification
system to describe the variation among phenotypes:'®°

* Type | represents a small single dilation (1.5-2.0 times of a normal diameter)

* Type Il denotes a large single dilation (> 2 times of a normal diameter)

* Type lll is multiple dilations

* Type IV is aortic rupture that leads to death over bleeding into the peritoneal cavity
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However, if more than one, most groups using the model report on three different
experimental readouts in a heterogeneous way:

* rupture rate of the dissected aorta

* overall survival

* aneurysm/dissection diameter

With regards to treatment strategy evaluation, the model has been used in many
different assays by many groups and shown good responses to e.g. doxycycline, oral
vitamin E or amlodipine and many more, but only if given at the time of aneurysm

induction and not when administered to an already established lesion (s. 2.1.5).""" 19¢-
199

large aneurysm at the treated position with a thinned aortic wall with vast inflammatory infiltration (A)

(modified from2°°). The PPE aneurysm at the infrarenal position shows medial disruption with adventitial

fibrosis, angiogenesis and chronic inflammation (B) (modified from®®'). Spontaneous development of a
thoracic aneurysm in a LDLR" mouse with semi-circumferential intramural thrombus after dissection (C)
(modified fromzoz). Note the apparent difference between dissection models C,D and matrix disruption in
A,B. The angiontensin Il induced aneurysm is typically seen at a suprarenal position, too, with a similar
dissection morphology (D) (modified from2°3). The normal mouse aorta consists of 4 elastic layers with a
fine endothelial lining and a homogeneous adventitia (E) (own unpublished work).

2.2.2. De-cellularized aortic xenograft

Transplantation of the infrarenal aorta from one species to another, for example guinea
pig to rat, induces aneurysms. This model was first introduced by Allaire et al. in
1994 204

Prior to implantation of the aorta, the donor aorta is de-cellularized with a detergent,
such as sodium dodecyl sulphate (SDS) to slow the immunological response and
prevent an acute fatal rejection. Only the ECM collagen and elastin network is
preserved. This, however, still triggers an immunity response ultimately causing aortic
dilation.?*® Pre-immunization of recipient animals with donor aortic ECM accelerates
xenograft destruction.?®

The model has gained most attention for studying the role of VSMCs and endothelial
cells on ECM remodeling in the context of aneurysms and the role of Porphyromonas
gingivalis.?°" 2%
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2.2.3. Topical chemical aneurysm induction

Calciumchloride CaCl,: This model was also found by mistake by Gertz et al. in
1988.2%°

Looking to induce Prinzmetal angina-like vasospasm, they used CaCl, as an agent
topically in the rabbit carotid artery. Signs of vasospasm including endothelial damage
were observed in the short-term, however, after >3 days they did not find the
anticipated stenosis, yet a diameter enlargement.?'® The model was then translated to
the mouse aorta in 2001 by Chiou et al. (fig.7A).?"" Mechanistically, a CaCly-elastin
complex with subsequent attraction of inflammatory leucocytes is described at a
concentration of 0.25-0.5 M for 15 min.

The model was slightly modified by Yamanouchi et al. by applying additional PBS after
the CaCl, procedure, hence adding phosphate to produce bigger aortic dilation along
calcifications.?'?

Elastase: The topical application of elastase to the murine aorta was introduced by
Bhamidipati et al. in 2012.%"

Instead of calcium chloride, they applied porcine elastase to the ventral aorta and
hence did not have to dissect and clamp the aorta. The changes observed include
acute inflammation and macrophage infiltration meanwhile aortic dilation. The
technique was later also applied to the descending aorta via a lateral thoracotomy.?™*
Injecting elastase intrathecally can reproducibly induce cranial aneurysms and
subarachnoidal hemorrhage. ?'°

Despite there often being a misunderstanding of the common pathophysiology of
intraluminal (s.2.2.4.) and topically administered elastase, our group was able to
demonstrate distinct forms of inflammation in both models and a much higher
concentration of elastase needed when applied from the outside.?’" In the latter we see
severe ongoing acute inflammatory infiltrates resulting in excessive retroperitoneal
inflammation in the animals.

2.2.4. Porcine pancreatic elastase perfusion

This surgically challenging model was first performed and described by Anidjar et al. in
1990 in rats and later translated to mice by Pyo et al. in 2000 (fig.7B).?'® 2"’

Via a midline abdominal incision, the aorta is dissected and an atraumatic clamp or
suture is positioned below the renal arteries and at the bifurcation. Via a catheter, the
isolated part of the aorta is perfused with porcine pancreatic elastase. After the
perfusion is finished, the catheter is removed and the blood flow is restored before the
abdomen is closed. This results in degradation of the medial elastic lamellae with an
inflammatory response followed by aneurysmal dilatation. Across publications, the
concentration of elastase and the time of perfusion vary tremendously from 10min to
2h and 2U/ml to 15U/ml. %" 27 28 However, the exogenously infused PPE is
undetectable 48 hours after infusion and heat inactivated elastase does not cause
aneurysms..219 Increased expression of various MMPs, cathepsins and other proteases
was observed and chemical or genetic depletion of MMP activity was shown to halt
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aneurysm induction, suggesting a macrophage-dependent increased elastolysis and
extracellular matrix (ECM) turnover.?'” ?? |nterestingly, the plasminogen-urokinase-
plasmin axis seems to be critically involved in aneurysm formation, placing a certain
emphasis on elastin breakdown products, like e.g. collagen XlIl and endostatin.'%® 2%!
Upstream of increased MMP production, the leukotriene pathway is believed to
enhance aneurysm formation and anti-asthmatic therapies have been successfully
tested in the PPE model."®® 222 Moreover, digoxin, cilostazol and doxycycline have
been shown experimentally to protect from aneurysm formation.??>??®* The model can
be performed on basically any mouse strain and the phenotype can be enhanced by
additional external stimuli like e.g. nicotine.??°

Finally, due to the surgical nature of the model, it can be modified by e.g. iliac ligation
to trigger aneurysm bulging or even to juxta-/suprarenal aneurysm formation by careful
dissection of the visceral segment of the aorta as shown by our group.®™ 7°

In many reviews, this model is accepted to have the most resemblance to features
observed in human AAA disease.??” The main limitation is of course the microsurgical
challenge to manipulate the 500pm murine aorta and the fact that no intraluminal
thrombus is seen in mice.

2.2.5. Spontaneous AAA in animals

All models described above have an artificial stimulus to induce aneurysm formation as
a common denominator. Apart from that, a variety of (genetically modified) animals
with spontaneous aneurysm formation are described throughout the literature. Here,
only the ones that could be re-evaluated in mice are listed. Generally, most of these
models have only been described once or cannot be considered a reliable model due
to low penetrance of the phenotype and a very heterogeneous distribution of the
described lesions (fig.7C).?*

* The so-called blotchy or mottled mice, with an X-chromosome mutation resulting in
abnormal copper absorption, developed spontaneous aortic aneurysms. Copper is
an important co-factor of the lysyl oxidase (Lox) crosslinking elastin and collagen
and the affected mice were shown to have less crosslinking.?*® >*° Hence, mice
with @ homo- or heterocygote Lox knockout were observed to die perinatally due to
rupture of the thoracic aorta.?®'

* Apolipoprotein E (ApoE) and low-density lipoprotein (LDLR) receptor knockout mice
fed a high-fat diet may also spontaneously develop aortic aneurysms as reported
sparsely.?*? Reports are about aneurysms forming under mature atherosclerotic
lesions with medial elastolysis, dilatation of the lumen, and the presence of necrotic
cores with a predominant lipid component. To our current understanding, this would
rather resemble a plaque-rupture, eventually also observed in humans and leading
to aortic dissection or aortic ulcer.?*

* The spontaneous development of an aortic aneurysm was shown to be more
frequent in an ApoE/TIMP-1 double knockout mouse on a high-fat diet. >4
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2.2.6. Large animal models

Over the years, modifications of the above-described models have been performed

and reported in mice, rats, hamsters, guinea pigs, rabbits, turkeys, sheep, dogs and

pigs.?’ In none of these species, an aortic dilation of clinical relevance of >50% was
achieved.

For this thesis only the pig models will be introduced further since during the work

performed, we have established such in our lab. Basically, two different types of pig

models have to be considered.

AAA models with surgically created aneurysm-like formations:

* Initially introduced by Parodi et al. in 1991 in a dog, it was Whitbread et al. in 1996
who created a fusiform aneurysm by interpositioning a bovine jugular vein at the
infrarenal position.’*® 2% Such models with artificial aneurysms at this very position
were used in the early days of endovascular aortic repair to test newly developed
deployment techniques and stentgrafts as such.

* In the “patch model” not the complete aorta is interpositioned, but a patch is sewn
into a longitudinal aortotomy to increase the diameter at the operated area. This
potects the animals from eventual paraplegia since the lumbar arteries remain
patent. The model cannot be assigned to a specific group. A plethora of materials
have been used including vein, prosthetic graft material, fascia, jejunum or
peritoneum.??’ By using different shapes of patches, this model can even simulate
juxta- and suprarenal aneurysms for deploying branched or fenestrated grafts.?*®

* In addition, Riber et al. have taken the de-cellularized aortix xenograft to the next
level and created a pig model with a 90% diameter increase after orthotopic
transplantation of a decellularized sheep aorta and followed up the animals over 47
days.?*’

AAA models with chemically induced aneurysms:

* Most models are a combination of chemically induced intraluminal perfusion with
elastase and/or collagenase for 10-30minutes.?*® Additionally, most groups use at
least a pre-, some also a post-perfusion angioplasty with a common, slightly
oversized percutaneous transluminal angioplasty (PTA) balloon.?*® Variations are
made by e.g. additional distal lumen narrowing by ligature of cuff for additional
turbulent flow conditions resulting in a bigger diameter increase.?*>*' An additional
swab soaked with CaCl, and placed on the aorta after intraluminal angioplasty and
perfusion has also been shown to increase diameter.?*?

* A purely endovascular approach did not cause sufficient damage to the healthy pig
aorta since the diameter only changed by approx. 15% when applying perfusion
between two balloons.?*?

* Gertz et al. have suggested a laparoscopy-based pig model using laparoscopic
delivery of CaCl, to the periadventitial surface of the aorta combined with
angiotensin-Il infusion in the setting of a 1-month high fat diet. ?’°They have
observed variable degrees of luminal dilation, associated with disruption of the
media, fragmented elastin, inflammatory infiltrates including giant cells and
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depletion of smooth muscle cells with replacement by intercellular matrix and
neovascularization.

* A different approach of intra-adventitial injection of elastase has been chosen by
Tian et al. lately.?** They operated on 6 pigs and saw a diameter increase of 60%
over 3 weeks in the descending aorta.

* Most recently, Shannon et al. have suggested a perfusion model with a
combination of balloon angioplasty, elastase and collagenase intra- and
extraluminal, and, in addition, a lysyl oxidase inhibitor, called B-aminopropionitrile
(BAPN), that is given orally in addition.?*®

2.2.7. A critical appraisal

Most models, and especially their modifications, have been restricted to singular
groups.??’ Only the Angiotensin Il model (2.2.1.), the PPE model (2.2.4.) and the
topical application of CaCl; or elastase models (2.2.3.) have been reported by different
groups. Considering the size of the murine aorta (approx. 500um), the learning curve
on both, surgical intervention, but also accurate diagnostics is steep, taking into
account the average diameter increase across the different models of about 70%.

In terms of imaging, nowadays even mouse models are very accessible by ultrasound
with high frequency probes allowing a resolution of up to 30um.?** 2% Therefore, size
is not a restriction in terms of choice of animal. Even pulse wave velocity and
ultrasound speckle tracking has become possible to map local wall distress.?*’
Moreover CT, MRI and PET-CT studies are reported more frequently.?*® #*° Thus,
other than murine models allowing for a plethora genetic strains and modifications do
almost not deserve a role any more — except for endovascular treatment evaluation.
Moreover, the incidence of aneurysms after induction varies between the models from
ca. 50% (Angiotensin Il in ApoE™" mice) to 100% (topical intra-/extraluminal elastase
application).?®

Mural thrombus, calcific deposits, intramural hemorrhage are features observed in
human disease (s.2.1.3.) that are currently missing in most, if not all, animal models.?'
To exclude model specific effects, the aim of any in vivo experiment should always be
to have two mechanistically different models involved (table IV).

In 2017, Ailawadi et al. suggested to increase the phenotype of their periadventitial
elastase mouse model by feeding the animals additionally with B-aminopropionitrile
(BAPN) in their drinking water.?*® BAPN is the toxic constituent of peas from Lathyrus
plants and results in dissection and rupture of the abdominal aorta by interfering with
lysyl oxidase activity necessary for cross-linking in collagen and elastin.?*' For the first
time, they observed intraluminal thrombus formation in a mouse model.?* Also, bigger
aneurysms and a higher incidence of aneurysms were seen when orally fed to mice in
the angiotensin Il model.?*®

From a sex perspective it was demonstrated that orchidectomy, but not ovarectomy
resulted in a less pronounced phenotype, hence androgens being involved in the
pathomechanism in a yet to be elucidated way.?** ?** For the PPE model, Ailawadi et
al. reported a difference in the mean aortic diameter increase 14 days after elastase
perfusion in male versus female mice and a 100% incidence of AAA in male but only
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29% in female mice.?®® This apparent protection of female mice from AAA formation
was further validated when estrogen treatment of male rats significantly decreased
AAA formation indicating protection from AAA formation by estrogen.?®” Vice versa,
exposure to testosterone in female mice led to increased AAA development.?*®
Considering the evaluation of a specific treatment or drug of interest, the natural
course of the developmental steps after aneurysm induction in the different models has
to be considered.'”®

In many reviews, the PPE model is accepted to have the most resemblance to features
observed in human AAA disease.??” %% 2° The main limitation is of course the
microsurgical challenge to manipulate on the 500um murine aorta and the fact that no
intraluminal thrombus is seen in mice.

Advantages Disadvantages

Angiotensin || model

angiotensin |l receptor A mediated medial disruption at the suprarenal aorta with subsequent dis-
section, lumen enlargement and secondary hemorrhage followed by remodeling;

- reproducible and reliable - expensive compared to others

- good background in literature - different readouts

- little microsurgical skills needed - heterogeneous outcome reports in literature
- well investigated, yet complicated mechanism - the location is rarely seen in humans

- dissection, rather than aneurysm model
- incidence of aneurysm 50-85%

Decellularized aortic xenograft

auto-immunological transplant rejection with destruction of the graft;

- 100% aneurysm incidence - surgically challenging
- based on immune system response

Topical chemical aneurysm induction

CaCly-elastin complex with subsequent attraction of inflammatory leucocytes resulting in an ongoing
acute inflammation;

- surgically easy - limited features of human disease
- 100% aneurysm incidence - uneven distribution of enlargement across aorta
- aneurysm induction in designated locations

Spontaneous AAA models

supposed to result from ECM disruption with elastolysis;

- low incidence of AAA development
- unclear mechanism

Porcine pancreatic elastase perfusion

intraluminal elastase perfusion and pressure lead to macrophage dependent increased elastolysis and
extracellular matrix (ECM) turnover;

- best mimicry of human disease - surgically challenging
- good background in literature

- well investigated mechanism

- 100% aneurysm incidence

- can be done on any mouse strain

Table IV: Summary of the mechanisms and characteristics of the most frequently used mouse models.
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In their 2016 Review, Lysgaard Poulsen et al. have very nicely phrased it:

“The mechanisms triggering rupture may be very different from the mechanisms
underlying aneurysmal progression, and the mechanisms behind progression may be
very different from triggering factors. (...) Inflammation and proteolysis may be
involved in both aneurysm formation and expansion, although with different
contributions relative to other phenomena, such as angiogenesis and wall remodeling.
Furthermore, the mechanisms behind terminal rupture are mostly unknown, although
some similarities exist to the mechanisms of progression.”?*’
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2.3. New and alternative treatment strategies
2.3.1. Non-coding RNA

Non-coding RNA (ncRNA) represents a large segment of the human transcriptome and
has been shown to play important roles in cellular physiology and disease
pathogenesis.?®® Over the last few years, it has been established that only 3% of the
human genome codes for protein. Approx. 80% of the genome is, however, transcribed
regularly (fig.8A).?*" RNA and genomic deep sequencing have revealed that the ever
growing number of non-coding transcripts by far exceeds protein-coding mRNA. This is
believed to shape complexity in species, since the proportion of ncRNA increases with
higher rank in evolutionary development (fig.8B).?** #°* With the complexity of this
regulatory machinery, defects in non-coding regions of genes and regulatory genomic
regions are common in genetic disease and are also the most common site of variation
conferring susceptibility to common, complex disease.?®* 2°°

Based on their nucleotide (nt) lengths, a vast classification into small (<200nt) and long
non-coding RNA (>200nt) is made.
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Fig.8: Overview of ncRNAs. Of the whole human genome (A), only a small portion is protein coding
RNA (pink). Almost 80% are transcribed regularly (pink+ turquoise). This ratio of coding (red) and non-
coding (blue) transcripts increases with the complexity of species (B). (Graphs modified from
Parasramka et al. 2016 and Liu et al. 2013)?%* 2%

2.3.1.1. Small non-coding RNAs

The first microRNA (miRNA) was described in 1993 and since then, approximately
1800 of these 16-22 nucleotide (nt) long transcripts have been annotated, with great
uncertainty about the final number. 267 268 They are most often located in the promoter
regions of distinct genes, either singly or in clusters. One molecule can have hundreds
of (often functionally related) mRNA targets, thus miRNAs constitute dense regulatory
networks.?®® Additionally, there is growing evidence suggesting numerous interactions
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between the different classes of RNAs due to complementary binding sites.?’% '

These closely interwoven relationships emphasize the likely involvement of a network,
rather than a single gene, when investigating ncRNA changes in disease.?’?

In addition to miRNAs, short interfering RNAs (siRNA) have been identified with a
length of 20-24nt. Both miRNAs and siRNAs bind to complementary sites in their target
mRNA, regulating post-transcriptionally gene expression in both plants and animals.?”®
While both act as relative mRNA silencers, their biogenesis is different, since miRNAs
are built from stemloop-precursors and siRNAs from double stranded linear
precursors.’’

The biogenesis of different kinds of ncRNA, however, is not the actual matter of this
thesis and thus not summarized in this introduction. Two nice and timely reviews on

the subject are provided by e.g. Wang et al. in 2019 or Gangwar et al. in 2018.27> 2
2.3.1.2. Long non-coding RNAs

Long ncRNA (IncRNA) includes transcripts >200nt. This number is believed to be
around 9000.%°" LncRNAs multiply the challenge to the central dogma of nuclear DNA-
transcription and subsequent cytoplasmic mRNA-translation. They comprise multiple
mechanisms including histone modification, transcript regulation, alternate splicing,
mRNA fragmentation, endo-sponge activity and direct protein interaction. One
molecule can have hundreds of (often functionally related) targets. LncRNAs have a
more heterogeneous distribution in the genome, with nested and overlapping, sense
and antisense transcripts.?”” Although their structure is not as evolutionary conserved
as that of miRNAs, their function within the regulatory network is.?’® 2"

Recently, a novel type of ncRNA, circular RNA (circRNA) has been described.?° A
large portion of circRNAs is generated from exons of coding genes, and most do not
express protein.”®" Most circRNAs are formed by a specific form of splicing from
mRNA precursors with joining of 3- and 5-end at a certain step.?®? Due to this
complex process there is only little conservation across species.?®® Circular RNAs are
speculated to be stable because of their resistance to degradation and might thus have
a special role in slowly dividing tissues.?®* Their regulatory role is a matter of ongoing
research but includes regulation of transcription and splicing, miRNA sponge function,
direct protein interaction and eventual protein translation.?®

2.3.1.3. Non-coding RNA for therapeutic use

The best evidence for the possible therapeutic options for ncRNA stems from cancer
research. Numerous ncRNAs have also shown potential as therapeutic targets
because of their differential expression patterns between cancerous and normal
tissues.?%> 28¢

Due to their earlier discovery, miRNAs are the most extensively investigated, and are
to function as either oncogenes or tumor suppressors, causing inhibition or
degradation of their target mRNAs.?®” MiRNA mimics and anti-miRNAs are two major
forms used to mimic these functions.?®® Ongoing clinical trials cover a broad variety of
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cancer types including colorectal cancer, melanoma, breast, bladder and
hepatocellular carcinoma (reviewed in detail by Wang et al.).?”®

The role of IncRNAs in this context is much more subject to basic research due to their
heterogenic abilities to interfere with the tumor microenvironment, but also due to their
pleiotropic effects of unknown 3ignificance.285 Additionally, therapeutic induction or
repression appears to be less straightforward compared to miRNAs.?®® Double-
stranded RNA-mediated interference (RNAi) and single-stranded antisense
oligonucleotides are two major approaches to target IncRNAs. They can reduce the
levels of oncogenic isoforms by regulating alternative splicing, modulating RNA-
protein interactions, or causing IncRNA degradation.289 Despite some promising
reports, a commercial human attempt for such is currently not possible.?”> Coherently,
only two studies looking for IncRNA as biomarkers are currently listed on
clinicaltrials.gov (NCT03057171; NCT03469544).

Similar to cancer, a variety of dysregulated ncRNA has been reported for
cardiovascular disease (CVD) in general. A well-written and timely review on individual
candidates, especially miRNAs, with experimental evidence of influencing
atherosclerosis, hypertension and myocardial infarction is provided by Gangwar et al.
2018.27 Noteworthy, the first publication reporting a IncRNA in CVD in 1996, identified
H19 expression in human atherosclerosis (s. 4.1.).2° To my best knowledge, no actual
interventional studies using ncRNA in human cardiovascular disease are currently
underway. However, various trials investigating the potential of miRNAs as biomarkers
in cardiovascular disease (e.g. myocardial infraction) are being performed.?*°

Delivery of non-coding RNA for therapeutic purposes in humans remains challenging,
especially avoiding possible side effects in other than the target tissues and low
bioavailability limits systemic delivery. Due to the small size, exogenously delivered
siRNAs providing RNA interference by mRNA decay seem to be the most promising
candidate currently.?®' In 2018, Patisiran®, a siRNA-based drug, has been approved by
the Food and Drug Administration (FDA) under the orphan drug status (s. 2.3.2.).2% It
is designed to reduce the transthyretin protein levels by clearing its mMRNA levels in the
liver and thus providing a treatment for certain forms of amyloidosis. Similar is
Custirsen®, a second-generation phosphorothioate antisense oligonucleotide in clinical
trials for various types of cancer.?®

Recently, bio-conjugation is reported as a powerful delivery strategy to confer siRNA a
variety of functionalities for efficient delivery by targeting ligands for cell type-specific
delivery, lipids for better pharmacokinetics, cell-penetrating peptides and magnet
nanoparticles for imaging and diagnosis.291 Apart from this classic approach with
single-stranded antisense oligonucleotides (MiIRNA and siRNA), stabilization of
specific single-stranded oligonucleotides is achieved by flanking such sequences with
locked nucleic acids (LNAs) leading to RNase-mediated degradation of the target
sequence.?** Similar mRNA decay can be induced by so called morpholinos, where a
different non-DNA background is coupled with short DNA sequences.?*®
Nanoparticle-based oligonucleotide delivery including lipid, inorganic and polymeric
nanoparticles as a strategy showed e.g. higher efficiency in delivering siRNA into
hepatocellular carcinoma cells than into normal hepatocytes.?*® Similar effectiveness
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can be achieved by conjugation of the RNA-molecule with cell-specific ligands.?®’

However, cytotoxicity induced by delivery carriers such as cationic liposomes, which
can trigger pulmonary inflammation and the production of reactive oxygen
intermediates is described a major problem induced not by the RNA but the delivery
system.?®® Stable RNA silencing via oncolytic adenovirus transfer is a different
approach for a permanent, non-transient, sustaining effect of gene silencing.?*® Newly,
stable delivery of ncRNA into the genome is provided using the CRISPR/CAS
technique and thus allowing site-specific DNA-/RNA-editing.>*

2.3.1.4. Non-coding RNA in experimental use for AAA

In experimental studies, usually a screening with heterogeneous “deepness” is
performed in either human AAA samples vs. non-dilated samples or in tissue samples
from animal models of AAA. In those approaches, a variety of non-coding RNA
candidates has been identified and described in the literature. However, only few of
those, especially miRNAs, have been validated by knockdown- or overexpression
experiments in animal studies or in genetically modified animals. Only such are
summarized in table V. However, a variety of additional candidate ncRNAs have been
linked to disease mechanisms potentially relevant to AAA. Such have been reviewed
by our group in the past extensively.?*'-%

So far, circRNA has only been reported in the context of VSMC fate and in patients
with intracranial aneurysms.3%4-3%

sncRNA

- overexpression decreases expression of PTEN, leading to increased
miR-21 phosphorylation and activation of AKT, a component of a pro-
proliferative and antiapoptotic pathway307

- regulates cytokine synthesis in macrophages and survival

miR-24 - promotes VSMC migration and cytokine production®®®
miR-29a/b/c | - reduce expression ECM proteins (elastin, collagen I/111)3°% 3™
miR-155 - promotes vascular inflammation®"

miR-195 - regulates ECM (COL1A1/2, COL3A1, FBN1, ELN, MMP2/9 )**?
miR-205 - reduces biosynthesis of TIMP3>"

IncRNA

- regulates VSMC apoptosis and aortic inflammation’”
H19 - miR148b inhibition, regulating the Wnt/B-catenin pathway®'*

- increase levels of macrophage chemoattractant protein-1 and IL-6°"°
- i -tri i ts of Angiotensin-II tosi
PVT1 promotes disease-triggering effects of Angiotensin-Il and a%%p osis,

- elevates MMP-2/-9 and promotes VSMC phenotypic switch

Table V: Overview of ncRNA well characterized in experimental use for AAA in human tissues and in
vivo animal studies.
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Due to this stability towards external and internal stimuli, non-coding RNAs from
several classes have been suggested as potential biomarkers for cardiovascular
disease including AAA. However, none of these have made it to clinical use so far.
This has been extensively reviewed by our group in the past.?*°

2.3.1.5. Non-coding RNA in clinical use for AAA

Currently no interventional studies with non-coding RNA in AAA patients, or aneurysm
patients in general, are registered at clinicaltrials.gov as of January 2020. In an
extended bio banking approach, two studies are registered to analyze the diagnostic
value of selected circulating miRNAs as a profile in degenerative aneurysmal aortic
remodeling comparing AAA to PAOD patients (NCT03974958) or to the general
population (NCT03090763).

2.3.2. Drug repurposing and orphan drug use

Drug repurposing is the re-usage of drugs already approved for clinical use in humans
for other than the original purpose. This is to bypass the classical time- and money-
consuming course of drug development supposed to easily exceed 1 billion USD per
substance. However, of such drugs only about 10% successfully reach the clinical
track.’’ This is what makes new medications cost-intensive for both the
pharmaceutical industry, but especially the public and private healthcare systems.*'®

Orphan drug usage refers to the facilitated approval of medications for special
indications.®'® It originates from the special clinical need of certain drugs in the
treatment of otherwise untreatable rare diseases. These medications are of no interest
to pharmaceutical companies due to the small market potential — the very nature of
rare diseases.>'® Many countries, including the European Union (EU) and the USA
have thus facilitated the approval process. For almost 20 years now, both governments
have enacted a special agency and juridical act to speed up clinical approval in such
cases:

EU: www.ema.europa.eu/en/committees/committee-orphan-medicinal-products-comp
USA: www.fda.gov/about-fda/office-special-medical-programs/office-orphan-products-development
Examples for such could be valproate, initially used as an anti-convulsive drug, in a
phase-ll-clinical trial for Wolfram Syndrome (approx. 300 cases worldwide), or the
chemotherapeutic everolimus in the context of Tuberous Sclerosis (worldwide
prevalence 1:8000).%2 321

Compassionate use finally, is the application of non-approved drugs in emergency
cases with an imminent vital threat, where no other medication can usefully be applied
or is available. In Germany for example, this is regulated in Art. 83, Absatz 2,
Verordnung (EG) Nr. 726/2004 of the pharmaceutical law.®"®

All of these methods have been boosted by modern approaches of system biology.
The use of multi-omics (protein, RNA, transcriptome, etc.) in combination with large
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data sets on mechanisms, side effects, abandoned mechanisms and test lineages for
a multitude of old and newly discovered drugs, helps to visualize and predict potential
indications and effector mechanisms, previously not anticipated.®?% 32® This has been
extensively reviewed by e.g. Jin et al. or Hodos et al.*'"3* Additional benefit is to be
expected from the combination of different medications, previously applied alone, in
old or new contexts.3?% 3%

The modern endovascular therapies in vascular surgery finally harbor new and
promising ways of administering such potential drugs of interest by e.g. drug coated
balloons or stents(grafts).>*’ This could even avoid systemic side effects “frequently”
observed in basically every drug. Considering that for many vascular diseases like the
aortic aneurysm or the popliteal aneurysm, prevalence and incidence are rather low
and approaching the definition of a rare disease (<5:10.000 EU citizens affected),
eventual clinical approval could thus be facilitated tremendously.'® '*® The most
prominent example currently is obviously Metformin, which is to be administered for
AAA growth reduction in non-diabetic patients, with 3 different multicenter trials in
planning.3?® 32

Already known from previous experimental studies in the context of cancer, we aimed
to apply the concept of drug repurposing to Lenvatinib® to study its anti-angiogenic
capabilities in the context of aortic aneurysm.

2.3.2.1. Lenvatinib®

Lenvatinib® is a commercially available drug distributed by Eisai, Japan
(www.eisai.com). It is also known by the name E7080. The drug is a multityrosin-
kinase inhibitor inhibiting signaling via the vascular endothelial growth factor receptors
(VEGFR) 1, 2, 3 and fibroblast growth factor receptors (FGF-R) 1-4 as well as the
platelet derived growth factor receptor (PDGFR) alpha.330 For experimental purposes it
had been used in our lab before in a rodent model of colorectal cancer metastasis.>*’

It entered a phase | clinical trial in 2006 and was finally approved for its first clinical use
in progressive, radioiodine refractory differentiated thyroid cancer by the U.S. Food
and Drug Administration and the European Medicines Agency (EMA) in 2015.33% 333
Before, it was granted an orphan drug status in 2012. In 2016, it was approved for the
treatment of renal cell carcinoma and in 2018 for the treatment of hepatocellular
carcinoma.****® Common side effects include hypertension, proteinuria, fatigue,
diarrhea and palmar-plantar erythrodysesthesia syndrome.>**3%* Additionally, from the
Japanese adverse drug event report database, one case of aortic dissection under
treatment with Lenvatinib is described compared to 59 cases in total treated with
VEGF-inhibitors for malignant disease.**® By December 2019, clinicaltrials.gov lists
111 clinical trials including Lenvatinib®, all of them for anti-cancerous treatments (table
VI).
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Indication of use Lenvatinib # trials
hepatobiliary cancers alone 25
+ Pembrolizumab
+ Nivolumab
+ TACE
+ Sorafenib
+ PD1 antibody
+ Sintilimab
+ Toripalimab
+CS1003
thyroid cancer alone 16
+ Pembrolizumab
+ Denosumab
+ Everolimus
solid tumors alone 13
+ Pembrolizumab
+ Eribulin
+ Everolimus
+ Etoposide
NSCLC alone 6
non small cell lung carcinoma + Pembolizumab
+ Docetaxel
+ Carboplatin/Cisplatin
renal cell carcinoma + Everolimus 5
+ Pembrolizumab
metastatic melanoma alone 5
+ Pembrolizumab
+ Dacarbazine
endometrial and ovarial cancer alone 4
+ Paclitaxel
+ Doxorubicin
+ Carboplatin
Lymphomas alone 3
Osteosarcoma + Ifosamide and Etoposide 2
carcinoids/neuroendocrine npl. alone 2
+ Everolimus
gastric cancer + Pembrolizumab 2
adenoid cystic carcinoma alone 2
squamous cell carcinoma + Pembrolizumab 2
+ Cetuximab
breast cancer alone 1
lung adeno carcinoma alone 1
soft tissue sarcoma + Eribulin 1
pheochromocytoma/paraganglioma alone 1
urothelial carcinoma + Pembrolizumab 1
rectal adenocarcinoma + Capecitabine/RTX 1
GIST alone 1
glioma + Bevacizumab 1

Table VI: Overview of the number clinical trials including Lenvatinib alone or in combination sorted after
the indication for use from clinicaltrials.gov (December 2019).

Other tyrosine kinase inhibitors, such as Pazopanib® have been suggested to reduce
bleeding in hereditary hemorrhagic telangiectasia.**' Imatinib and erlotinib were shown
to halt aneurysm growth in ApoE " mice infused with Angiotensin 11.3***** However, no
data or clinical trial applying Lenvatinib for other than anti-cancer treatments is
available to my best knowledge.
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2.4. Research aim

During my postdoctoral lecture qualification, | have identified angiogenesis as an
important feature in aneurysm development. This is reflected in the currently available
animal models, especially the PPE model.

The aim of this thesis was to study the modification of the angiogenic
environment and its potential to influence aneurysm growth.

Therefore, two different approaches are chosen: On the one side, a candidate long
non-coding RNA and its mechanistic role in the hypoxic microenvironment of the
aneurysm wall is investigated. On the other side, applying the concept of drug
repurposing, we investigate the translational value of the anti-angiogenic agent
Lenvatinib® on aneurysm growth that is already in clinical use for a different indication.
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3. Material and Methods
3.1. Mouse experiments
3.1.1. PPE model

Compliance and ethics:

All procedures involving were carried out in accordance with the protocols approved by
the animal care committee of the Karolinska Institute (N119/15 and Amendment
N229/15) and in compliance with the guidelines on animal welfare of the Committee for
Animal Experiments.

Animals:

The PPE model has been described various times by us and others.?" 2'® Briefly, ten-
week-old male C57BL/6J wild type mice (Charles River, Sulzfeld, Germany) on normal
chow diet (R36; Lantmannen, Stockholm, Sweden) were kept under standard
conditions (temperature 22 °C, humidity 56%).

Anesthaesia and PPE Procedure:

Anaesthesia was induced with isoflurane and analgesia was provided with Temgesic
(4 mg/kg) before and after surgery. The aorta was isolated and a temporary proximal
and distal suture were placed. Aneurysms were then induced with porcine pancreatic
elastase (PPE) (SigmaAldrich, Stockholm, Sweden) at a final concentration of 2 U/mL
for 10 min by inserting a microcatheter into the aortic lumen. The aorta was then
flushed with warm saline, and a single knot suture (10-0) was placed to seal the
catheter entry site. After layered closure of the abdomen, the animal was allowed to
recover under infrared heat.

Murine ultrasound:

B-mode ultrasound was performed under general anaesthesia with isoflurane using a
Vevo 770 system and a Vevo Imaging Station (both Visualsonics, San Antonio, TX,
USA\). Our protocol for diameter assessment has been described before.'” (ultrasound
data s. 6.5.1.).

3.1.2. Angiotensin Il model

Compliance and ethics:

All procedures involving were carried out in accordance with the protocols approved by
the animal care committee of the Karolinska Institute (N119/15) and in compliance with
the guidelines on animal welfare of the Committee for Animal Experiments.

Animals:
Animals were purchased from The Jackson Laboratory (Bar Harbor, ME). All
experiments were performed with ten-week-old male apolipoprotein E—deficient
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(ApoE-/-) C57BL/6J mice with a bodyweight between 25-29 grams. Animals were
kept under standard conditions (temperature 22 °C, humidity 56%).

Angiotensin |l infusion model:

Osmotic mini-pumps (model 2004, Alzet) containing either Angll (1 pg/kg/min, A9525,
Merck, Germany) or PBS were implanted in 10-week old ApoE™ male mice. All pumps
were put in 50ml tubes containing PBS overnight (at least 12h). The concentration of
Angll was adopted according to bodyweight, range from 25to 29g (1.1mg/g
bodyweight). The pumps were injected with 230ul Angll solution, spun down for 5s and
then put in PBS overnight. Anesthesia was induced as described before (s. 3.1.1.). A
small incision on the back of the mice was performed and a subcutaneous pocket was
created to insert the pump. The skin was closed free of tension with a single layer
suture. The animal was allowed to recover under infrared light. 0.1mg/kg bodyweight of
buprenorphine was provided subcutaneously.

Ultrasound was performed on days 0, 7, 14 and 28 after surgery. Aneurysmal
(proximal to the renal arteries) and control segments (distal to the renal arteries) of the
aorta were harvested after 28 days.

3.1.3. Lenvatinib experiment

Oral Lenvatinib treatment:

Anesthesia was induced with isoflurane. Subsequently, each animal was fed an
individual bodyweight dependent dose (5mg/kg) of 2.5mg/ml E7080 (Catalog No
S1164, Selleckchem, Germany, s.6.5.1.) solution dissolved in DMSO (SigmaAldrich,
Sweden).**" Intraoral administration was secured by placing a pipet tip in glucose and
then down the animals throat. This procedure was repeated on a daily basis from day
7 until day 24 after PPE induction. The procedure was performed on 7 animals, no
animal died (procedure time approx. 4min).

Local Lenvatinib treatment:

Anesthesia was induced with isoflurane and analgesia was provided with Temgesic (4
mg/kg) before and after surgery on day 7 after PPE AAA induction. The
retroperitoneum was re-exposed and the established AAA was carefully dissected from
adherent soft tissue. Temporary proximal and distal silk ligatures were placed.
Proximally to the initial aortic incision a second incision was made using a 30G needle.
Aneurysms were then perfused with a 2.5mg/ml E7080 solution in DMSO for 10 min by
inserting a microcatheter. The aorta was then flushed with warm saline, and a single
knot suture (10-0) was placed to seal the catheter entry site. After layered closure of
the abdomen, the animal was allowed to recover under infrared heat. The procedure
was performed on 6 animals, one animal died due to surgical bleeding during
dissection (procedure time approx. 55min).
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3.1.4. LNA-Anti-H19 GapmeR Injection

Either an LNA-anti-H19 GapmeR or scr-GapmeR (LNA negative control GapmeR from
Exiqon) was injected intra-peritoneally (in 0.2 mL of PBS over 3—6 seconds). The
concentration of anti-GapmeR or scrambled GapmeR was 20 mg/kg. Injections were
carried out at 0, 7, and 14 days after AAA induction in the PPE or the Angll AAA
models. The custom-made LNA-anti-H19 GapmeR sequence was 5'-
GACGGAGATGGACGAC-3'. The LNA scrambled GapmeR control sequence was 5'-
GTGTAACACGTCTATACGCCCA-3'.

The procedure time was approx. 4min per mouse. Procedures were carried out in
combination with the routine ultrasound measurement under general anesthesia (s.
3.1.1.). No animal died from i.p. injections (data not shown).

3.1.5. H19 knockout mouse experiment

H19 deficient mice were obtained from Professor Karl Pfeifer (Division of Intramural
Research, Eunice Kennedy Shriver National Institute of Child Health and Human
Development, National Institutes of Health, Bethesda, MD, USA) and were
backcrossed to C57BL/6J background at the Karolinska Institute (Dr. A. Baecklund).***
After successful genotype quality control 10 homozygote knockout animals and 7
wildtype littermates underwent the PPE procedure as described above (s. 3.1.1.). Two
animals died during the PPE procedure. The phenotype and gross appearance of the
H19 deficient mice was not different from the wildtype animals upon surgery (data not
shown).

Ultrasound was performed on days 0, 7, 14 and 28 after the PPE procedure under
general anesthesia. The infrarenal part of the aorta (AAA) was harvested at day 28
after sacrifice.

3.1.6. Tissue processing

In all experiments presented in this study, animals were sacrificed 4 weeks after
aneurysm induction by CO, based method. Operations and images were performed
using the operating microscope LEICA EZ4HD with a built-in camera and the Leica
Acquire Version 3.1 software (both Leica Microsystems, Buffalo Grove, IL, USA).
Tissue samples were collected at the time of animal sacrifice. The dilated part of the
aorta was carefully dissected and then cut in half. One part was kept for formalin
fixation for histochemistry and the second part was placed in RNAlater (SigmaAldrich)
and stored at -80°C until further use. Control tissue was non-dilated infrarenal aorta
from an additional six animals (also ten-week-old male C57BL/6J wild type mice
[Charles River]) sacrificed explicitly for this purpose.

Mouse RNA extraction:

Approximately 1 mm long pieces of mouse aortic tissue were homogenized in Qiazol
using Multi-Gen probes (Pro-Scientific, Stockholm, Sweden) and RNA extraction was
performed using the Qiagen miRNeasy Micro Kit (Qiagen, Sollentuna, Sweden)
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following the manufacturer’s protocol. Total RNA concentration was assessed using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

In the MTA analysis (Affymetrix, Sweden), samples from N=6 PPE, N=7
PPE+Lenvatinib and N=5 control aortae were included with RIN numbers 5.7-9.8 (data
not shown). The MTA procedure was performed by the CMM (Affiliation 2) core facility
according to the manufacturer’s protocol.

Mouse transcriptomic array (MTA) analysis:

RNA profiling was performed using the Mouse Transcriptome Assay 1.0 (Affymetrix,
Santa Clara, CA, USA). Differential expression analysis was performed using
Transcriptome Analysis Console v4.0.1.36 (Affymetrix) using the manufacturers default
settings and SST-RMA summarization method. Three separate groups (as described
above) of mouse aortic tissues were analyzed for differential expression. The results
were exported and further processed using RStudio v1.1.463/Rv3.5.3. Raw exported
data and R Script files used can be found in the Supplement section. Standard filtering
was performed (p>0.05, absolute fold change > 2). Only annotated genes that were
not immunoglobulins were included in further analysis. Plotting was performed using
the ggplot2 v3.2.1 library.>*°

Mouse Immunohistochemistry:

5 um sections were stained for different targets with an overnight protocol with primary
antibodies (Table VII). Endogenous peroxidase activity was quenched with hydrogen
peroxide for 10 min (Merck, Darmstadt, Germany). Target staining was done with the
Vectastain ABC and the Peroxidase Substrate kit (both Vector Laboratories,
Burlingame, CA, USA) after species-specific secondary antibody incubation.
Counterstaining was done with Mayer's hematoxylin (both Carl Roth, Karlsruhe,
Germany). Negative control, including incubation with phosphate buffered saline
instead of primary antibody, was done for each antibody. Slides were then
photographed with a Keyence BZ9000 microscope (Keyence, Kyoto, Japan) or
scanned with a NanoZoomer 2.0-HT Digital slide scanner C9600 and pictures were
taken with the NDP.view2 software (both Meyer Instruments, Hamamatsu, Japan).
Image analysis was performed with AZ Analyserll software (Keyence).

Mouse OCT frozen sections were fixed in 4% paraformaldehyde PBS buffered solution
and incubated with primary Ki-67 antibodies (Abcam, ab16667) 1:200 overnight. To
visualize staining TSA Plus Cyanine 5 Evaluation Kit (PerkinElmer, NEL745E001KT)
was applied in 1:50 dilution. Sections were mounted with ProLong Gold (Thermofisher)
and pictures were taken using confocal microscope Leica SP5.

target | used in | antibody | manufacturer | dilution
mouse mouse mouse mouse mouse mouse mouse mouse mouse mouse
Kle7 IHC ab16667 Abcam 1:50
MYH11 IHC ab224804 Abcam 1:100
o smooth muscle actin IHC ab119952 Abcam 1:200
CD31 IHC ab28364 Abcam 1:200
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pig and human pig and human pig and human pig and human pig and human
SMA l.HC ab7817 Abcam 1:200
prim IF
CD31 IHC ab28364 Abcam 1:500
IHC 1:300
MYH11 prim IF ab53219 Abcam 1:200
WB 1:500
Alexa Fluor 488 husnfgn'/':pig A11034 Invitrogen 1::1”:(’;08“;‘;}“93)”)
Alexa Fluor 594 S‘;‘i’g”: A11032 Invitrogen 1:500
Alexa Fluor 647 ﬁ'ec IF A21236 Invitrogen 1:300
uman
B-actin wB A1978 Sigma-Aldrich 1:5000
Phospho-p44/42 MAPK (Erk1/2) wB 4370 Cell Signaling 1:2000
p44/42 MAPK (Erk1/2) WB 4695 Cell Signaling 1:1000
SAPK/JNK WB 9252 Cell Signaling 1:1000
Phospho-SAPK/JNK WB 9255 Cell Signaling 1:2000
Phospho-Akt WB 9271 Cell Signaling 1:1000
Akt wB 9272 Cell Signaling 1:1000

Table VII: Antibody list. The table shows the list of antibodies used in the study for
immunohistochemistry (IHC), double immunofluorescence (IF; prim = primary; sec = secondary) and
Western Blot (WB). Additionally, the final dilution for the primary antibody is shown.

In Situ Hybridization (ISH):

ISH for H19 and the HIF1a promoter region was performed using the miRCURY LNA
microRNA ISH Optimization Kit (Exigon), according to the manufacturer’s protocol. The
sequence of the H19 probe was 5-DIG/ ATACAGCGTCACCAAGTCCA/DIG-3’ and 5'-
Biotin/ATACAGCGTCACCAAGTCCA/-3'. The sequence of the HIFA promoter region
probe was 5’-Biotin/TGAGGAGCTGAGGCAGCGTCAGGGGGCGGGCAAGGGCGGA
GGCG/-3'. The signal was captured and analyzed using a Leica Confocal Microscope
(CMM, Karolinska Institute).

3.2. Pig experiments
3.2.1. Pig PPE experiments

Compliance and ethics:

The study was performed in compliance with the EU Directive 2010/62/EU for animal
experiments and the German Animal Welfare Act (2018). All procedures and animal
handling were approved by the Animal Research Ethical Committee of the
Government of Upper Bavaria (Munich, Germany; protocol No. ROB-55.2-
2532.Vet_02-18-53).

Animals:

13-month-old female and castrated male LDLR™ Yucatan Miniature Pigs from
Exemplar Genetics (Coralville, IA, United States) with 77.8+5.1kg body weight were
used. They were housed in groups of 2-4 under conventional hygienic conditions and
acclimatized to the new environment for a period of at least 9 days prior to surgery
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(temperature 19+2°C; humidity 50-60%; 12h/12h light—-dark cycle; Environmental
enrichment provided). Animals were fed with a pelleted high-fat diet (Altromin, Lage,
Germany) twice a day and received water ad libitum. Prior to anesthesia, animals were
starved for 12 hours with free access to water.

Anesthesia:

The basic anesthesia regime included: Sedation by combination of ketamine 15mg/kg,
azaperone 2mg/kg and atropine 0.1mg/kg intramuscularly. An intravenous catheter
was placed in the lateral auricular vein. Induction of anesthesia by Propofol (4-8
mg/kg) and oral intubation with a 7.0-8.5 mm cuffed endotracheal tube. Anesthesia
was maintained by continuous infusion of propofol (2.5-7mg/kg/h). Pigs were
mechanically ventilated in volume-controlled mode (6-10ml/kg) with 40-50% oxygen (1-
2l/min) and breathing rate 11-13x/minute. Parameters were adjusted to maintain
normocapnia (end-tidal CO2: 35-45mmHg). Saline was infused at a maintenance rate
of ~10 ml/kg/h. Intraoperative monitoring included reflex status, heart rate and
peripheral arterial oxygen saturation. External warm-air supply was provided. A single-
shot Cefuroxim (750mg) was administered before skin incision. For multimodal
analgesia during the surgery, metamizole (50mg/kg), carprofen (4mg/kg) and fentanyl
(0.001-0.01mg/kg) were administered.

Ultrasound:

Ultrasound was performed immediately after anesthesia before any further procedure
by 2 independent examiners using a GE Logiq S7 system equipped with a 4-5MhZ
abdominal ultrasound probe (GE, Frankfurt). The aortic trifurcation and the renal
arteries were identified and aortic diameter was acquired using the leading edge
method in transverse and longitudinal sections at the point of maximum diameter (s.
6.5.1.).°

PPE procedure:

Via a left lateral flank access, retroperitoneal exposure of the aorta was achieved.
Preparation included anteflexio of the left kidney and complete dissection of the aorta
from the left renal artery to the aortic trifurcation. 2-3 pairs of lumbar arteries were
clipped and cut off. 3000IE heparin were administered before clamping of the aorta
over a distance of 3-4cm. A 9-11x20mm PTA balloon (Medtronic Admiral Xtreme)
depending on the previous ultrasound measurement (diameter+2mm) was inserted via
a puncture incision and inflated to 10atm for 1min for pre-dilation of the aorta in order
to allow better elastase perfusion. Afterwards, a blunt 5G needle was inserted and
perfusion with 101U/ml elastase (porcine pancreatic elastase, SigmaAldrich, Germany)
was started after a tourniquet secured the needle at the puncture site. The aorta was
perfused to maximum diameter before effusion of elastase through the vessel for
10min. Afterwards, the aorta was flushed with heparinized saline (1000IE/L) and the
incision closed with 5-0 suture before opening the clamps. Layer-by-layer closure
including 2xmuscle, fat and skin were done and the wound was coated with spray on
dressing (Aqueos, UK).
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3.2.2. Local Lenvatinib experiment

Experimental design:

In general, the experiment consists of three distinct procedures: day 0 (ultrasound and
AAA induction by PPE procedure), day 8+2 (ultrasound and endovascular coated
balloon treatment via femoral access) and day 2813 (ultrasound, euthanasia and
tissue collection). Detailed protocols for anesthesia and ultrasound measurements can
be found in the Supplement.

Endovascular coated balloon treatment:

The animal was put in a supine position. A 4cm incision in the right groin was made
and the common femoral artery was surgically exposed. 3000IE heparin were
administered. The vessel was then ligated distally and with Seldinger technique a 5F
introducer sheath (TerumoAortic, Germany) was placed in retrograde direction. Using
a Terumo® guide wire and a mobile C-arm a 4F pig tail catheter (Aimecs, Germany)
was advanced into the aorta. An angiography was made using 6ml contrast agent
(Imeron, Bracco, Germany) to identify aortic landmarks and the aneurysm lesion. A 10-
12x20mm PTA balloon (Medtronic Admiral Xtreme) was then spray coated with 50mM
E7080 solution. Using a special introducer sheath to protect the coated area, the
balloon was advanced to the identified aneurysm site and inflated to 10atm for 3min.
Afterwards, the balloon was retrieved, and a control angiography was done to exclude
aortic occlusion or dissection. The introducer sheath was retrieved and the common
femoral artery ligated proximally to the puncture site. Layer-by-layer closure was
performed and coated with spray on dressing. Postoperative analgesia, blood
sampling, and euthanasia protocols can be found in the Supplement.

Postoperative analgesia:

After each surgery, carprofen (4mg/kg) orally for at least 5 days and a single dose of
buprenorphine (0.005-0.1mg/kg) shortly before the end of anesthesia. After the first
surgery (induction of aneurysm), the administration of buprenorphine was continued for
at least 2 days.

Blood sampling:

Blood sampling (10ml) under anesthesia was performed at day 0, day 8%2
(catheterization) and day 28+3 (euthanasia) via lateral auricular vein or femoral arteria.
Parameters: Blood cell count, alkaline phosphatase, AST, ALT, y-GT, GLDH, bilirubin
total, creatinine, urea, albumin, total protein, glucose.

Euthanasia:
After a final ultrasound examination, the animals were sacrificed under general
anesthesia with pentobarbital (>50mg/kg) and 40ml of 1M KCI solution.
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3.2.3. Tissue processing

Pig Tissue collection and processing:

Directly after euthanasia, the incisional wounds were reopened and access to the
infrarenal aorta was gained in order to identify the area of the aneurysmatic lesion.
Samples were collected from the AAA, the surgically untouched pararenal aorta (no
additional animals were sacrificed for control tissue sampling), the common carotid, the
iliac and the coronary arteries, the aortic valve, the left ventricle myocardium, a jugular
lymph node, liver, kidney, spleen and lung parenchyma as well as whole blood in
EDTA and serum. All samples were divided for RNA isolation and snap frozen in liquid
nitrogen and formalin fixation.

Pig RNA extraction and gPCR experiments:

Approx. 3mm sections of aortic tissue were homogenized with the Bio-Gen PRO200
Homogenizer and Multi-Gen 7XL Probes (PRO Scientific, Oxford, CT, USA) after
adding Qiazol. RNA extraction was performed using the miRNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer's protocol and total RNA
concentration was determined with the NanoDrop2000c (Thermo Fisher Scientific,
Waltham, MA, USA).

300ng RNA were reverse-transcribed using the High-Capacity RNA-to-cDNA Kit
(Thermo Fisher Scientific, Waltham, MA, USA). mRNA expression was measured
based on quantitative polymerase chain reaction using TagMan FAM labelled assays.
Amplification was performed on a QuantStudio 3 PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) and all samples were normalized to RPLPO (Ribosomal
Protein Lateral Stalk Subunit PO). RNA expression was calculated by the AACt method
and displayed as fold change compared to untreated pig aortas from above the
surgically treated segment with a relevant distance.

Pig Immunohistochemistry:

2um sections of paraffin-embedded tissue were mounted on SuperFrost slides
(Thermo Fisher Scientific, Waltham, MA, USA) and standard hematoxylin-eosin (HE)
and Elastica van Gieson (EVG) stainings were performed.

For immunohistochemistry (IHC), sections were mounted on 0.1% poly-L-lysine
(Sigma-Aldrich, St. Louis, MO, USA) pre-coated SuperFrost Plus slides (Thermo
Fisher Scientific, Waltham, MA, USA). For antigen retrieval the slides boiled in a
pressure cooker with 10nM citrate buffer (distilled water with citric acid monohydrate,
pH 6.0) and endogenous peroxidase activity was blocked with 3% hydrogen peroxide.
Samples were incubated with primary antibodies (Table VII) diluted in Dako REAL
Antibody Diluent (Dako, Glostrup, Denmark). Slides were then treated with biotinylated
secondary antibodies and target staining was performed with peroxidase conjugated
streptavidin and DAB chromogen (Dako REAL Detection System Peroxidase/DAB+,
Rabbit/Mouse Kit; Dako, Glostrup, Denmark). Mayer's hematoxylin (Carl Roth,
Karlsruhe, Germany) was used for counterstaining and appropriate positive and
negative controls were done for every target antibody. All slides were scanned with
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Aperio AT2 (Leica, Wetzlar, Germany) and images were taken with the Aperio
ImageScope software (Leica, Wetzlar, Germany).

Pig double immunofluorescence staining:

4um sections of paraffin-embedded samples were mounted on pre-coated SuperFrost
Plus slides (Thermo Fisher Scientific, Waltham, MA, USA). Antigen retrieval and
blocking of peroxidase activity was performed as described for IHC. Additional blocking
with 1%BSA and 2%FBS was applied for 1h. Primary and secondary antibodies (Table
VII) were diluted in 1%BSA and 2%FBS. Both primary antibodies were incubated
together for 1h at room temperature, followed by both secondary antibodies for 1h.
TrueBlack® Lipofuscin Autofluorescence Quencher (Biotium, Fremont, CA, USA) was
used to reduce background fluorescence. Sections were counterstained with 4,6-
diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, Waltham, MA, USA) and
images were taken under a confocal microscope (TCS SP5 Il, Leica, Wetzlar,
Germany).

Proteinisolation, Concentration Measurement and WB:

AAA tissue of 25mM Lenvatinib-treated (n=4) and control-treated pigs (n=3) was cut in
~50mg pieces on dry ice. Tissue was homogenized in 200ul Tissue Extraction
Reagent | (Thermo Fisher, USA). After homogenization with the Bio-Gen PROZ200
Homogenizer and Multi-Gen 7XL Probes (Pro Scientific, USA), samples were
centrifuged for 20 min, 14.000 rpm at 4°C and the supernatant was frozen down at -
80°C in aliquots of total protein lysate. Total protein concentration was measured using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher, USA) following the
manufacturer’s instruction.

7.5ug of protein of each sample was denatured and reduced at 70°C for 10 minutes,
then separated in a NuPage™ 3-8% Tris Acetate-Gel and transferred onto Trans-Blot®
Turbo™ Mini-Size LF-PVDF Membranes (BioRad, USA). The blots were blocked with
5% BSA in Tris-buffered saline+0.1% Tween-20 for 1h, followed by overnight
incubation with the primary Rabbit Anti-smooth muscle Myosin heavy chain 11
antibody (ab53219, Abcam, United Kingdom) in TBS-T+5%BSA. After washing with
TBS-T, blots were incubated with anti-mouse and rabbit HRP (horseradish
peroxidase)-conjugated secondary antibody and visualized using Enhanced
Chemiluminescence (Pierce® Fast Western Blot Kit ECL Substrate, Thermo Fisher,
USA) in the Intas ECL Chemocam Imager (Intas, Germany) using the Intas ChemoStar
Imager Software (Intas, Germany). Blots were stripped using Restore™ Plus Western
Blot Stripping Buffer (Thermo Fisher, USA) and incubated with the loading control
primary antibody in TBS-T+5%BSA for 1h. After washing with TBS-T, blots were again
incubated with anti-mouse and rabbit HRP (horseradish peroxidase)-conjugated
secondary antibody and visualized using Enhanced Chemiluminescence (Pierce® Fast
Western Blot Kit ECL Substrate, Thermo Fisher, USA) in the Intas ECL Chemocam
Imager (Intas, Germany) using the Intas ChemoStar Imager Software (Intas,
Germany).
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3.3. Human sample experiments
3.3.1. Primary cell culture

Establishing a primary human cell culture:

Human AAA material was harvested during open surgery repair of the abdominal
aorta, and transported to the laboratory in complete DMEM/F12 Medium (Sigma
Aldrich, USA, containing 5%FBS and 1%PS). Written and informed consent was
obtained from the patients and approved by the local ethics committee.>*® Tissue was
placed in a sterile petri dish and washed with PBS. Adventitia, neo-Intima and
calcifications were removed and the remaining media was cut into small pieces using a
sterile scalpel. These were placed in digestion medium (1.4mg/ml Collagenase A,
Roche, Germany, in complete DMEM/F12 Medium) in a humidified incubator at 37°C
and 5%CO2 for 4-6h. Cells were strained using a 100um cell strainer to remove
debris. After 2 washing steps (centrifuge 400g, 5min; discard supernatant, re-
suspended in 15ml complete DMEM/F12 Medium) cells were re-suspended in 7ml
complete DMEM/F12 Medium and placed in a small cell culture flask of 25cm? in a
humidified incubator at 37°C and 5%CO0O2. Medium was changed every other day. After
1 week, when cells started to grow, the medium was replaced by SMC Growth Medium
(PeloBiotech, Germany). Medium was changed every other day until confluence. Cells
were subsequently transferred into bigger flasks (75cm?) and stored in liquid nitrogen if
not processed immediately. In this study, primary cells (strains #1-3) from 3 different
patients with AAAs (diameter 6.7+0.4cm) were obtained.

Primary patient-derived SMCs were used between passages 3-7 in all experiments.
Primary SMCs from healthy donors (control SMCs) were purchased at Cell
Applications (USA, 354-05a) and used between passages 5-7 in all experiments.

Primary human AAA cells RNA isolation and qPCR:

Cells were placed in 6well plates (triplicates each) and treated with 0.1uM Lenvatinib in
OptiMEM (Thermo Fisher, USA, Lenvatinib-treatment) or 0.1% DMSO in OptiMEM
(control-treatment) for 6, 24 and 48h. Cells were washed with PBS and harvested with
350ul RLT Lysis Buffer (Qiagen, Netherlands). Total RNA was isolated using the
RNeasy Mini Kit (Qiagen, Netherlands) according to manufacturer’s instruction. RNA
concentration and purity were assessed using the NanoDrop. Next, first strand cDNA
synthesis was performed using the High-Capacity-RNA-to-cDNA Kit (Applied
Biosystems, USA), following the manufacturer’s instruction.

Quantitative real-time TagMan PCR was then performed using primers for the
following genes: Tagln, Cnn1, Myocd, Itga8, Col3A1, Cald1, S100A1, Kdr, Vcan, Hif1a,
Acta2, Smtn and Mmp2 (Suppl.TablelV). PCR was run on a QuantStudio5 Cycler
(Applied Biosystems, USA) using 384 well plates. Gene expression was normalized to
Rplp0 and Gapdh and quantified with the 222! method.

For Myh11 SYBR Green based quantitative real-time PCR was performed. PCR was
run on a QuantStudio5 Cycler using 384 well plates. Gene expression was normalized
to Rplp0 and Gapdh and quantified with the 222! method.
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Kinetic live-cell culture experiments:

All dynamic live-cell imaging experiments were performed following the instructions
provided by Essen Bioscience using the IncuCyte ZOOM system.

Dose finding experiment: Cells were plated in 24well plates (Corning/Falcon). The next
day medium was changed to Optimem 10%FBS+1%PEST. Lenvatinib was dissolved
in 2.3ml DMSO (according to commercial protocol). Stock - 10mM. This stock was
diluted for working concentrations 10uM, 1uM and 0.1uM. 1yl DMSO was added to
control wells. Cell confluence was checked on Incucyte over 72h.

Proliferation and Apoptosis: Cells were placed with 30% confluence in a 96-well plate
and treated with 0.1uM Lenvatinib in OptiMEM (Thermo Fisher, USA, Lenvatinib-
treatment) or 0.1% DMSO in OptiMEM (control-treatment) for 72h. The IncuCyte®
Caspase-3/7 Apoptosis Reagent (Essen Bioscience, USA) was added at a final
concentration of S5uM. The plate was monitored in the IncuCyte ZOOM System (Essen
Bioscience, USA) with phase/fluorescence and a 2h imaging pattern. Images were
auto-collected and analyzed using the IncuCyte ZOOM software (Essen Bioscience,
USA)

Migration: Cells were placed with 100% confluence in a 96-well ImagelLock plate
(Essen Bioscience, USA) and homogeneous, 700-800um wide wounds were created
using the WoundMaker (Essen Bioscience, USA). Cells were treated with 0.1uM
Lenvatinib in OptiMEM (Thermo Fisher, USA, Lenvatinib-treatment) or 0.1% DMSO in
OptiMEM (control-treatment) for 72h and the plate was monitored in the IncuCyte
Z0OOM System (Essen Bioscience, USA) with phase and a 2h imaging pattern. Images
were auto-collected and analyzed using the IncuCyte ZOOM software (Essen
Bioscience, USA)

Protein isolation and WesternBlot:

Cells: Cells were placed in 75cm? flasks and treated with 0.1uM Lenvatinib in OptiMEM
(Thermo Fisher, USA, Lenvatinib-treatment) or 0.1% DMSO in OptiMEM (control-
treatment) for 6 and 48h. Cells were washed with ice-cold PBS and harvested with
750ul freshly prepared complete RIPA Buffer (RIPA Lysis and Extraction Buffer,
Thermo Fisher, USA) containing Phosphatase Inhibitor Cocktail 2 and 3 (Sigma
Aldrich, USA) and Halt™ Protease Inhibitor Cocktail (Thermo Fisher, USA). After
homogenization with a pistil, and centrifugation for 20 min, 14.000rpm at 4°C the
supernatant was frozen down at -80°C in aliquots of total protein lysate. Total protein
concentration was measured using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher, USA) following the manufacturer’s instruction.

Western Blot for signaling cascade: 10ug of protein from each sample was denatured
and reduced at 70°C for 10min, then separated in a Bolt™ 4-12% Bis-Tris Plus Gel
(Thermo Fisher, USA) and transferred onto Trans-Blot® Turbo™ Mini-Size LF-PVDF
Membranes (BioRad, USA). The blots were blocked with 5% BSA in Tris-buffered
saline+0.1% Tween-20 for 1h, followed by overnight incubation with the primary
antibody against the un-phosphorylated Kinase in TBS-T+5%BSA. After washing with
TBS-T, blots were incubated with anti-mouse and rabbit HRP (horseradish
peroxidase)-conjugated secondary antibody and visualized using Enhanced
Chemiluminescence (Pierce® Fast Western Blot Kit ECL Substrate, Thermo Fisher,
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USA) in the Intas ECL Chemocam Imager (Intas, Germany) using the Intas ChemoStar
Imager Software (Intas, Germany). Blots were stripped using Restore™ Plus Western
Blot Stripping Buffer (Thermo Fisher, USA) and incubated overnight with the primary
antibody against the phosphorylated Kinase in TBS-T+5%BSA. After washing with
TBS-T, blots were again incubated with anti-mouse and rabbit HRP (horseradish
peroxidase)-conjugated secondary antibody and visualized using Enhanced
Chemiluminescence (Pierce® Fast Western Blot Kit ECL Substrate, Thermo Fisher,
USA) in the Intas ECL Chemocam Imager (Intas, Germany) using the Intas ChemoStar
Imager Software (Intas, Germany).

The blots were quantitated by using Fiji ImageJ Software.

Western Blot for MYH11: 10ug of protein of each sample was denatured and reduced
at 70°C for 10min, then separated in a NuPage™ 3-8% Tris Acetate-Gel and
transferred onto Trans-Blot® Turbo™ Mini-Size LF-PVDF Membranes (BioRad, USA).
The blots were blocked with 5%BSA in Tris-buffered saline+0.1%Tween-20 for 1h,
followed by overnight incubation with the primary Rabbit Anti-smooth muscle Myosin
heavy chain 11 antibody (ab53219, Abcam, United Kingdom) in TBS-T + 5% BSA.
After washing with TBS-T, blots were incubated with anti-mouse and rabbit HRP
(horseradish peroxidase)-conjugated secondary antibody and visualized using
Enhanced Chemiluminescence (Pierce® Fast Western Blot Kit ECL Substrate, Thermo
Fisher, USA) in the Intas ECL Chemocam Imager (Intas, Germany) using the Intas
ChemosStar Imager Software (Intas, Germany). Blots were stripped using Restore™
Plus Western Blot Stripping Buffer (Thermo Fisher, USA) and incubated with the
loading control primary antibody against B-Actin (A1978-200ul, Sigma Aldrich, USA) in
TBS-T+5% BSA for 1h. After washing with TBS-T, blots were again incubated with
anti-mouse and rabbit HRP (horseradish peroxidase)-conjugated secondary antibody
and visualized using Enhanced Chemiluminescence (Pierce® Fast Western Blot Kit
ECL Substrate, Thermo Fisher, USA) in the Intas ECL Chemocam Imager (Intas,
Germany) using the Intas ChemoStar Imager Software (Intas, Germany).

3.3.2. Human tissue biobank

Ethics:

Human aortic aneurysm samples and control aortic wall samples (non-aneurysmatic)
were taken from our Munich biobank described previously with patients’ informed
consent.**® The Biobank is approved by the local Hospital Ethics Committee (2799/10,
Ethikkommission der Fakultat fir Medizin der Technischen Universitdt Munchen,
Munich, Germany) and in accordance with the Declaration of Helsinki.

Sample Acquistion:

Briefly, AAA samples were acquired during open repair from the left anterior wall of the
aneurysm, control, non-aneurysmatic samples included donor patients from kidney
transplants and samples from PAOD procedures. Samples were divided for both
formalin-fixation and paraffin embedding, and snap frozen in liquid nitrogen until further
use.
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Immunohistochemistry human tissue:

2um sections of paraffin-embedded human aortic samples were mounted on
SuperFrost slides (Thermo Fisher Scientific, Waltham, MA, USA) for HE and EvG
stainings. For IHC, sections were stained with different target antibodies (Table VII)
following the protocol described previously for pig sections.

Slides (including immunohistochemistry) were scanned with Aperio AT2 (Leica,
Wetzlar, Germany), and pictures were taken with the Aperio ImageScope software
(Leica).

Human immunofluorescence (IF) double staining:

4um sections of paraffin-embedded human aortic samples were mounted on pre-
coated SuperFrost Plus slides. Antigen retrieval and blocking of peroxidase activity
was performed as described previously for IHC. In addition, slides were blocked with
5% horse serum for 30 min and all antibodies were diluted in 5% horse serum. Two
primary and appropriate secondary antibodies (Table VII) were added subsequently to
the slides, with the primary antibody of interest (MYH11) being incubated overnight at
4°C and the following primary antibody for co-staining (SMA) for 1h at room
temperature. Secondary antibodies were incubated for 1h each. Autofluorescence
quenching, counterstaining and imaging were performed as described in the pig
double IF section.

Human tissue RNA extraction and gPCR:

Tissues were cut in ~50mg pieces on dry ice. Tissue was homogenized in 700ul Qiazol
lysis reagent and total RNA was isolated using the miRNeasy Mini Kit (Qiagen,
Netherlands) according to manufacturer’s instruction. RNA concentration and purity
were assessed using the NanoDrop. RIN number was assessed using the RNA
Screen Tape (Agilent, USA) in the Agilent TapeStation 4200. Next, first strand cDNA
synthesis was performed using the High-Capacity-RNA-to-cDNA Kit (Applied
Biosystems, USA), following the manufacturer’s instruction.

Quantitative real-time TagMan PCR was then performed using primers for the
following genes: TAGLN, CNN1, MYOCD, ITGA8, COL3A1, CALD1, S100A1, KDR,
VCAN, HIF1a, ACTA2, SMTN and MMPZ2 (Table VIII). PCR was run on a
QuantStudio5 Cycler (Applied Biosystems, USA) using 384 well plates. Gene
expression was normalized to Rplp0 and Gapdh and quantified with the 222" method.
For Myh11 SYBR Green based quantitative real-time PCR was performed. PCR was
run on a QuantStudio5 Cycler using 384 well plates. Gene expression was normalized
to Rplp0 and Gapdh and quantified with the 222! method.

target name sequence/name supplier

TAGLN transgelin Hs01038777_g1 Thermo Fisher

change and transformation sensitive actin-binding protein; belongs to calponin family; ubiquitously
expressed in vascular smooth muscle; early marker of smooth muscle differentiation

CNN1 calponin 1 | Hs00959434 m1 Thermo Fisher

an actin filament-associated regulatory protein; role in contractile functions;
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MYOCD | myocardin | Hs00538076_m1 | Thermo Fisher

nuclear protein, expressed in heart, aorta, and smooth muscle cell-containing tissues; modulates
expression of smooth muscle-specific SRF-target genes; crucial role in differentiation of the smooth
muscle cell lineage

ITGA8 | integrin subunit alpa 8 | Hs00233321_mf1 | Thermo Fisher

Integrins are heterodimeric transmembrane receptor proteins that mediate numerous cellular processes;
the integrin alpha8beta1 protein thus plays an important role in wound-healing and organogenesis;

COL3A1 | collagen type lll alpha 1 chain | Hs00943809 mA1 | Thermo Fisher

fibrillar collagen extensible in connective tissues such as the vascular system; Mutations are associated
with Ehlers-Danlos syndrome types IV and with aortic and arterial aneurysms

CALD1 | caldesmon 1 | Hs00921987 mf1 | Thermo Fisher

calmodulin- and actin-binding protein that plays an essential role in the regulation of smooth muscle and
nonmuscle contraction

S100A1 | $100 calcium binding protein A1 | Hs00984741_m1 | Thermo Fisher

S100 proteins are localized in the cytoplasm and/or nucleus of a wide range of cells and involved in the
regulation of a number of cellular processes such as cell cycle progression and differentiation

KDR | kinase insert domain receptor | Hs00911700_mf1 | Thermo Fisher

VEGEF receptor 2 functions as the main mediator of VEGF-induced endothelial proliferation, survival,
migration, tubular morphogenesis and sprouting

RPLPO Hesaiiel [ses)n el szl HS00420895_gH Thermo Fisher
subunit PO
housekeeping gene for PCR
VCAN | versican | HS00171642_M1 | Thermo Fisher

aggrecan/versican proteoglycan family; major component of the extracellular matrix; nvolved in cell
adhesion, proliferation, proliferation, migration and angiogenesis;

HIF1a hypoxia inducible factor 1

. Hs 00153153 m1 Thermo Fisher
subunit alpha — —

HIF-1 functions as a master regulator of cellular and systemic homeostatic response to hypoxia;
essential role in embryonic vascularization, tumor angiogenesis and ischemic disease;

ACTA2 | actin alpha 2 | HS00426835_G1 | Thermo Fisher

smooth muscle actin that is involved in vascular contractility;

GAPDH CJ | e PR 121 HS03929097 G1 Thermo Fisher
dehydrogenase
housekeeping gene for PCR

SMTN | smoothelin | Hs01022255_g1 | Thermo Fisher
structural protein that is found exclusively in contractile smooth muscle cells;

MMP2 | matrix metallopeptidase 2 | Hs_01548727 | Thermo Fisher
zinc-dependent enzymes capable of cleaving components of the extracellular matrix; type IV
collagenase;

GAPDH | s. above |  Hs GAPDH 1 SG | Qiagen
housekeeping gene for PCR in pig tissues
MYH11_human_fwd | myosin heavy chain 11 TCGAAGAAGAAGCTGCAGGA | Thermo Fisher
MYH11_human_rev GTACTGCTGGGTGAGGTTCT | Thermo Fisher
smooth muscle myosin; major contractile protein
RPLPO human_fwd s. above ATGGCAGCATCTACAACCCT | Thermo Fisher
RPLPO_human_rev TTGGGTAGCCAATCTGCAGA | Thermo Fisher

housekeeping gene for PCR in pig tissues

Table VIII: Primer list and target gene description The table shows all primers used for target
analysis. The target gene function is briefly described with data available from NCBI's gene identifier:
https://www.ncbi.nim.nih.gov/gene
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3.4. Statistics and figure composition

Ultrasound data from animals is shown normalized to the individual baseline diameter
of the aorta. QPCR gene expression data is shown using the AACt-method normalized
to housekeeping genes and individual control vessel (fold change=2-24°1 34" A Welch
t-test for unpaired samples of small numbers (parametric) was used with a level of
<.05 considered significant on gene expression data.

GraphPad Prism or Excel® was used to prepare graphs. Composite figures were
assembled using PowerPoint®.
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4, Results

4.1. Partl: Repurposing Lenvatinib®
4.1.1. Systemic oral Lenvatinib halts aneurysm growth in murine AAA

In a first attempt, mice with PPE induced AAA were orally given Lenvatinib (adjusted to
their bodyweight) daily, starting at day 7 after aneurysm induction when an aneurysm
was already established. This resulted in a significant reduction of aneurysm growth
and a stable aortic diameter over the next 3 weeks until sacrifice (week 2: 1.54x vs.
1.35x; p=0.01; week 4: 1.63x vs. 1.38x; p=0.004) (fig.9A).
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Fig.9: Both, systemic oral and local endovascular Lenvatinib treatment, starting day 7 after PPE
aneurysm induction block aortic diameter enlargement (local: red; N=5; systemic: dark red; N=7) based
on ultrasound measurement compared to non-treated PPE mice (blue; N=22). (A) HE staining revealed
a disrupted media with pronounced cellular infiltrates in PPE-AAA compared to control aortae (B,C).
After systemic Lenvatinib treatment, cellular infiltrates were reduced and the media was more compact
with, however, a thickened adventitia with marked fibrosis (D). SMA stained positive in all three groups,
emphasizing a more linear organized media in control aortae and importantly upon Lenvatinib treatment.
MYH11 (red target staining) in contrast was absent in PPE, and positive in the media of Lenvatinib-
treated mice. CD31 staining indicates intact endothelial lining in all three groups, but only in PPE-AAA
few positive cells are also present in the media and adventitia (B-D). (MYH11: red target staining;
CD31/SMA: brown target staining; magnification 10x/40x; scale bar 1mm) The Lenvatinib target
receptors as taken from the datasheet show a time-dependent up-regulation after initial suppression in
normal PPE mice compared to non-treated control animals over 8 weeks (N=5 control animals, PPE 1
week, PPE 4 weeks and N=4 PPE 8weeks; *=p<0.05) (E).
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Based on previous experiments by others and us, we knew that VEGF and its
receptors (VEGFR1/2/3) are dysregulated in a time-dependent manner in mice with
PPE-induced aortic aneurysms."”® The same could be demonstrated for the other
Lenvatinib target receptors (s.6.5.1.) (fig.9E). All mice gained weight over the course
of the experiment, and no alterations in basic blood laboratory assessment could be
detected (s. 6.5.1.).

4.1.2. Array analysis identifies MYH11 as altered transcript

Mouse transcriptome array (MTA, 2.0) gene expression analysis comparing control
animals (no aneurysm), normal PPE animals (aneurysm) and Lenvatinib treated
animals (aneurysm+treatment) revealed Myh11 as the most significantly changed
transcript (downregulated in controls vs PPE aneurysms, then upregulated in PPE
aneurysm + Lenva vs PPE aneurysm) (fig.10). MYH11 is an established marker with
importance in contractile VSMCs and known to be decreased in AAA compared to
non-aneurysmal controls.**
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Fig.10: Double Fc plot depicts results of a mouse transcriptomic array (MTA). Areas with light-grey
background represent genes that were regulated in opposite directions (e.g. rescue effect) upon
Lenvatinib treatment. Myh11 was seen with the most pronounced changes comparing log2 fold changes
(Fc) of gene expression in PPE vs control and PPE+Lenva vs PPE. The bar chart highlights and
indicates direction (up or down) of the most prominent changes in gene expression from the Fc plot
(MTA analysis: N=6 PPE; N=7 PPE+Lenvatinib; N=5 untreated control aortae).

Immunohistochemical analysis revealed that MYH11 was present in the media of
control aortae as well as in PPE+Lenvatinib, however, completely absent in regular
PPE-induced aneurysms (fig.9B-D). CD31 staining showed signs of angiogenetic
activity in the PPE aneurysms’ media and endothelium, whereas only the endothelium
stained positive in control and Lenvatinib treated animals with AAA. Thus, gene
expression and protein analysis based on immunohistochemistry, along with basic
morphologic analysis upon HE staining suggested a phenotypic aortic wall restoration
upon Lenvatinib treatment with reduced angiogenesis, re-established MYH11 levels
and signs of increased fibrosis (fig.9B-D).
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4.1.3. Mimicking local Lenvatinib delivery in mice

Secondly, unable to locally deliver Lenvatinib by a drug-coated balloon due to size
restriction of the model, we performed a re-operation and local perfusion of the
established AAA on day 7 after PPE induction in mice (fig11A). This also resulted in a
significant diameter reduction compared to normal sham-intervened PPE mice at the
time of sacrifice at week 4 (week 2: 1.54x vs. 1.44x; p=0.3; week 4: 1.63x vs. 1.45x;
p=0.03) (fig.11B). Similar characteristics as described above for a phenotypic salvage
with a more contained aortic structure and MYH11 positivity after local Lenvatinib
treatment could be observed (fig.11C/D). These effects were not seen after local
reperfusion with PBS as a surgical (sham) control experiment.
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Fig.11: To simulate local endovascular Lenvatinib treatment, mice are re-operated on day 7 after
aneurysm induction (A). The established AAA (arrow indicates the previous aortic suture from the initial
procedure) is prepared from the retroperitoneum, and a local perfusion with Lenvatinib is performed
(asterisk indicates the perfusion catheter). This procedure (red; N=5) significantly reduced aortic
diameter growth compared to regular PPE (blue; N=22) (B). In contrast, re-operation with sham re-
perfusion (PBS; light blue; N=3) did not show any significant effect. Comparable to Fig.9, histologic and
IHC analysis showed a more condensed aorta with MYH11 positive cells in the media (C). PPE+Sham
re-operation showed a disrupted media with remaining CD31 and aSMA positivity 4 weeks after the
initial aneurysm induction (D). (MYH11: red target staining; CD31/axSMA: brown target staining;
magnification 10x/40x; scale bar Tmm)
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4.1.4. MYH11 is similarly involved in human AAA pathogenesis

The phenotype switch in VSMCs in AAAs has been demonstrated several times
before.>*®3%° We analyzed human AAA samples from an advanced disease state (6-
7cm diameter) from patients undergoing open aortic repair in our department.

The morphology of AAA compared to non-dilated aorta is completely altered in terms
of degradation of the elastic fibers, disruption of the media and adventitia,
angiogenesis in the aortic media and inflammatory infiltrates (fig.12A,B). CD34
positive cells and neo-angiogenesis were found abundantly in diseased aortic media
layers (data not shown). Further, different vascular endothelial growth factors as well
as their receptors (VEGF/VEGFR1/2) were identified for being increased in human
AAA?* A gene expression analysis of characteristic SMC markers showed a definite
loss of contractile features in AAA compared to non-dilated control aorta (fig.12C;
Table VIII).
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Fig.12: The non-aneurysmatic human aorta has a densely organized media with approx. 30 layers of
elastic fibers organized in parallel with the SMA- and MYH11-positive VSMCs (A). This morphology is
completely altered in AAA, with the media and the elastic fibers being disrupted (B). SMA positivity
remains, whereas MYH11 positivity is lost in the media. New small vessels are found in the media with
CD34 positivity and marked expression of VEGFR2. The contractile VSMC phenotype genes ACTA2,
TAGLN and MYH11 are significantly reduced, whereas HIF1a is highly overexpressed (C). (Lu=Lumen;
Adv=Adventitia; Med=Media; Th=Thrombus; magnification 2.5x/40x in IHC; scale bar 200um; *=p<0.05)
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Smooth muscle cell a-actin (SMA), a major component of the contractile apparatus is
highly prevalent in the media and adventitia of dilated and control aorta with, however,
a more organized structure in non-aneurysmatic vessels (fig.13). Double
immunofluorescent staining confirmed MYH11 being co-localized with SMA in non-
dilated aortas, but interestingly completely absent in AAA (fig.13).

A normal aorta : B normalaorta

Fig.13: Double immunofluorescence reveals the distribution pattern of the two filaments SMA and
MYH11 in the aortic media and the disruption of this co-localization in AAA in comparison in low (A) and
high magnification (B). (Lu=Lumen; Adv=Adventitia; Med=Media; Th=Thrombus; magnification 2.5x/40x
in IHC; 63x in IF; scale bar 200um; *=p<0.05)

4.1.5. Primary human AAA cell culture experiments
We found a dose dependent anti-proliferative effect of Lenvatinib in cell culture on
human aortic smooth muscle cells using the Incucyte live-cell imaging system (fig.14).

Since already for 0.1uM Lenvatinib a markedly reduced mobility was seen, this was
further used for cell-based assays.
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Fig.14: To estimate the least harmful concentration of Lenvatinib with a distinct effect on cell
proliferation, a dose-response wound scratch assay and proliferation assay was performed. (AAA

control=treatment with 0.1% DMSO; *=p<0.05; ****=p<0.001; for list of genes and explanation s. Table
VII)

For better validation, additionally to this commercially available cell culture (fig.15), a

primary VSMC culture derived from three different AAA patients, was obtained (age:
71+3y; diameter: 65+5mm; only two cell strains shown) (fig.16/17).
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Fig.15: Commercial aortic smooth muscle cells: Live-cell imaging with automated cell counting
comparing cells treated with 0.1%DMSO (control) vs. 0.1uM Lenvatinib showed impaired VSMC mobility
upon wound scratch assay over 3 days (A). Lenvatinib decreases proliferation, whereas the number of
apoptotic cells does not differ. At 48h after Lenvatinib treatment, e.g. CALD1 any MYCD are significantly
up regulated (B). (* = p<0.05, *** = p<0.01)

Cell mobility in a wound scratch assay and cell proliferation were markedly reduced
after Lenvatinib treatment compared to controls treated with vehicle (DMSO) only
(fig.15-17). Apoptosis was low in general, and not overly affected by Lenvatinib in all
four cell strains. Of the investigated genes, a subset typically involved in the contractile
function of VSMCs was up regulated upon Lenvatinib treatment in a time-dependent
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manner. VEGFR2 (KDR), a direct and established target of Lenvatinib was significantly
down-regulated in all three cell strains after 48h treatment. Primary cells showed a
better reactivity to Lenvatinib in all live-cell assays, with more significant effects based
on altered gene expression (fig.15-17).
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Fig.16: Lenvatinib treatment in primary human AAA cells strain #1: Live-cell imaging with
automated cell counting comparing cells treated with 0.1%DMSO (control) vs. 0.1uM Lenvatinib showed
impaired VSMC mobility upon wound scratch assay over 3 days (A). Lenvatinib decreases proliferation,
whereas the number of apoptotic cells does not differ. At 48h after Lenvatinib treatment, e.g. ACTA2,
CNN1 and CALD1 are significantly up regulated, whereas e.g. KDR is significantly down regulated (B).
(* = p<0.05, *** = p<0.01)
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Fig.17: Lenvatinib treatment in primary human AAA cells strain #2: Live-cell imaging with
automated cell counting comparing cells treated with 0.1%DMSO (control) vs. 0.1uM Lenvatinib showed
impaired VSMC mobility upon wound scratch assay over 3 days (A). Lenvatinib decreases proliferation,
whereas the number of apoptotic cells does not differ. At 48h after Lenvatinib treatment, e.g. ACTA2,
and CNNT1 are significantly up regulated, whereas e.g. KDR is significantly down regulated (B). (* =
p<0.05, *** = p<0.01)
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In accordance with immunohistochemistry and gene expression, Western Blot analysis
also detected MYH11 being substantially more abundant upon Lenvatinib stimulation
(fig.18/19/20). Exploring possible downstream signaling pathways affected by
Lenvatinib, we discovered phospho-ERK1-2 significantly decreased compared to total-
ERK1-2 in all 4 cell strains, 6h and 48h after cells were exposed to treatment
(fig.18/19/20).
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Fig.18: Summary of gene expression and WB data for cell strain #1: At 48h after Lenvatinib
treatment, e.g. ACTA2, CNN1 and CALD1 are significantly up regulated, whereas e.g. KDR is
significantly down regulated (A). On protein level, MYH11 is found in higher abundance normalized to £3-
actin at 6h after Lenvatinib. Markedly less phosphorylated ERK1-2 is seen after Lenvatinib treatment at
6h and 48h (B). (* = p<0.05)
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Fig.19: The two membranes show the WB experiment for ERK1-2/pERK1-2 for the 3 primary human
AAA cell lines (#1-3) and the commercial non-aneurysmatic aortic SMCs (A). Total ERK1-2 and B-actin
for loading control are shown as inlay. A cell strain #1 blow-up is shown in fig.4. Additionally, the
quantification of the staining intensity comparing pERK1-2/ERK1-2 is shown for all conditions DMSO
6h/48h and Lenvatinib 6h/48h (B).
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Fig.20: The two gels show the membranes experiment for MYH11 for the 3 primary human AAA cell
lines (strain #1-3) and the commercial non-aneurysmatic aortic SMCs (A). B-actin for loading control and
for normalization is shown as inlay. A cell strain #1 blow-up is shown in fig.4. Additionally, the
quantification of the staining intensity comparing MYH11/B-actin is shown for all conditions DMSO
6h/48h and Lenvatinib 6h/48h (B).

4.1.6. Establishing a new Yucatan LDLR" mini-pig AAA model

To further test the potential of a local endovascular delivery of Lenvatinib to halt
aneurysm growth, we established a novel large animal model with inducible AAA in
hypercholesterolemic LDLR" Yucatan mini-pigs (fig.21). The animals show severe
atherosclerosis throughout the vascular system, with the infrarenal aorta mimicking an

“aged” vascular phenotype compared to wildtype littermates, and thus perfectly
351

matching prototypical human AAA disease.

", |PPEDay28 s SR

Fig.21: 12 months old LDLR" (bottom) and wildtype (top) Yucatan minipigs demonstrating an obese
phenotype upon gross appearance (A). On an en face preparation, the aorta shows severs
atherosclerosis at the branching sites at the supra-aortic level and at the aortic trifurcation (blow-ups).
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HE staining shows a plaque formation with foam cells and cholesterol depositions in the endothelium
and media in an LDLR" compared to a wildtype aorta (B). Note the cell-rich infiltrate at the border of
plaques. Pigs are lying on their right side and a left retroperitoneal approach is used to expose the
infrarenal aorta form the lower renal artery ($) to the aortic trifurcation (C). After ligation of the lumbar
arteries, a Satinsky clamp (arrow) is applied, and the isolated segment is pressure-perfused with
elastase via a blunt 5G needle (#) secured by an additional vessel loop tourniquet (asterisk). Abdominal
ultrasound is used to follow-up the diameter of the infrarenal aorta based on leading-edge measurement
at baseline (top) and at 1 and 4 weeks after aneurysm induction (bottom; 4 weeks). (scale bar 200um;

Adv=adventitia; Lu=lumen; Med=Media)

The PPE procedure resulted in a significant increase of the aortic diameter at 1 and 4
weeks (week1: 21£15%, p=0.0004; week4: 56+21%, p=0.000002; N=12; fig.22; s.
6.5.1.) compared to the sham-operation (saline instead of elastase perfusion; at week
4: 10£9% diameter increase). Compared to non-dilated LDR” mini-pig aortas, PPE-
induced aneurysms showed reduced MYH11 expression and CD31 positive
neovessels in the aortic media of the dilated vessel (fig.22).
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Fig.22: The aorta of LDLR" knockout pigs shows an aortic wall with parallel-orientated elastic fibers in
the media and plaque formation in the intima/media in HE and EvG stains (upper row). The VSMCs in
the media are positive for SMA and MYH11 but don't show any CD31 positivity. After PPE treatment, the
elastic fibers are mostly disrupted, and the parallel-layered structure of the media vanished (lower row).
Vast positivity for SMA remains, whereas only a few cells show MYH11. CD31 positive neovessels are
seen in the media and the thickened adventitia (C blow-up). The PPE procedure results in a 56%
diameter increase of the treated aorta compared to untreated animals. Intraluminal saline perfusion
(grey) instead of PPE (dark blue) does not lead to aortic diameter enlargement. (magnification 5x; scale
bar 100um)

4.1.7. Lenvatinib coated balloon angioplasty blocks aneurysm progression

The development of AAA was put to halt with a Lenvatinib coated balloon treatment at
day 7, significantly reducing the aortic diameter after 4 weeks (568+24% vs. 23+8%,
p=0.001; N=4) (fig.23A,B). Histological and immunohistochemical analysis revealed
again abundance of MYH11 co-localizing with SMA in the aortic media. Consistently, a
similar trend was confirmed by western blot: Lenvatinib-treated pig aortas seem to
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have a higher MYH11 protein amount as compared to untreated animals (DMSO only)
(fig.23C,D; fig.24). Animals’ weights remained stable over time and no alterations in
blood parameters (cell count; liver, kidney function) were detected (s. 6.5.1.). Control
treatment with a vehicle (DMSO) coated balloon did not show a significant effect on the
aortic diameter (data not shown).
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Fig.23: Transfemoral angiography of the infrarenal aorta (right renal artery seen on upper end) shows a
dilated segment of the aorta. Radiopaque markers guide the coated balloon (12x20mm) to the lesion.
Note the surgical clips from the aneurysm induction procedure sealing the lumbar vessels. The photo
shows the dilated part of the aorta (arrow) at the time of sacrifice (no more blood circulation) next to the
caval vein (asterisk) (A). Treatment with a Lenvatinib-coated balloon on day seven after AAA induction
showed significant diameter reduction and halt of aneurysm growth at sacrifice on day 24 upon
ultrasound assessment (red; N=4) compared to non-treated control animals (blue; N=12) (B). Upon
Lenvatinib treatment, MYH11 positivity is restored (C). Of note, CD31 stains positive only the endothelial
layer. A similar trend was confirmed by western blot: Lenvatinib-treated pig aortas seem to have a
higher MYH11 protein amount as compared to untreated animals (DMSO only) (D). (*: p<0.05;
magnification 5x/20x/40x; scale bar 200um; vessel lumen oriented upwards)
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Fig.24: Double immunofluorescence reveals the distribution pattern of the two filaments SMA and
MYH11 in the aortic media of the pig aorta and the disruption of this co-localization in AAA in
comparison in low (A) and high magnification (B). (Lu=Lumen; Adv=Adventitia; Med=Media;
Th=Thrombus; magnification 2.5x/40x in IHC; 63x in IF; scale bar 200um; *=p<0.05)
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4.2. Partll: Long non-coding RNA H19 in AAA formation

The majority of data presented in this section has been published already in a paper by
our group in 2018 (s. supplement 6.5.3. for the published paper).®**> The doctoral
student performed a variety of experiments as part of his PhD thesis that are
presented here. Section 4.2.4. contains data that is currently followed up on for a
possible additional publication.

4.2.1. Murine AAA tissues for RNA profiling
For the purpose of screening for INcRNA candidates in mouse AAA tissues, infrarenal

aortic tissue of PPE or Angiotensin Il induced AAAs and the respective control tissues
were provided by the doctoral student (fig.25).
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Fig.25: The murine infrarenal aorta is exposed 4 weeks after the PPE procedure (A) (arrow indicates
the suture for closure of the catheter perfusion). The aorta is significantly dilated at 1, 2 and 4 weeks
after the procedure (B). Ultrasound is used to follow up the dilation (Ao = aorta; CV = caval vein).
Normalized to the baseline diameter at day 0, the treated part of the aorta dilates by 40+14% at week 1
(N=22 animals), 54+13% at week 2 and 63+16% at week 4 (C). Of note is the completely altered
histomorphology of a PPE-induced AAA in comparison to a normal untreated aorta. The aortic media,
typically consisting of 4-5 layers of elastic fibers becomes a fibrotic layer after the procedure. The
adventitia consists of collagenous tissue with only little cellular content and also shows fibrosis and
inflammatory infiltrates after the procedure. Carefully dissected and flushed tissue to rinse away debris
and intraluminal blood cells from the PPE aneurysm model was provided for RNA profiling in this project
(D) (modified from Li et al.72). Similarly, tissue from the Angiotensin Il model (s. 3.1.3.) was provided.
This is a standard model in our group and has been described and published various times before.*®"
308,310 (scale bar 500pm; HE staining; own unpublished data and pictures)
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4.2.2. Modifying H19 expression in experimental murine AAA models

To test the hypothesis of H19 knockdown limiting aneurysm growth in the PPE model,
a knockdown experiment using specific LNA—-anti-H19 GapmeR (intervention) or scr-
GapmeR (negative control) was designed (s. 3.1.4.). Treatment was started
immediately after aneurysm induction (1" injection) and was continued at days 7 (2"
injection) and 14 (3" injection) after the procedure before ultrasound examination.
While animals injected with scr-GapmeR (week 1: 46+9%, p=0.14; week 2: 50+8%,
p=0.85; week 4: 64+15%, p=0.5) did not show a significant difference in aortic diameter
compared to standard PPE only animals (week 1: 40£14%; week 2: 54+13%; week 4:
63+14%), injection of LNA-anti-H19 GapmeR did (fig.26). Normalized baseline
ultrasound diameters were 20+12% (week 1: p=0.04), 25£15% (week 2: p=0.06) and
27+16% (week 4: p=0.03).
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Fig.26: The infrarenal aortic diameter displayed normalized to the baseline diameter does not show a
difference for the control experiment (scr-GapmeR injection) compared to the standard PPE procedure.
Injection of LNA—anti-H19 GapmeR (red arrows) at three consecutive time points resulted in a significant
decrease of the aortic diameter. (*= p<0.05; N= 22 for standard PPE; N=5 for scr control; N=7 for LNA—
anti-H19 GapmeR)

To confirm sufficient H19 knockdown in the LNA-anti-H19 GapmeR group, qPCR
(data not shown — not performed by the doctoral student) and in situ hybridization
(ISH) were performed. H19 was not detected in the aorta of animals treated with a H19
knockdown (fig.27). This was confirmed by qPCR results.”” Using standard
immunohistochemistry, the co-localization with aSMA and HIF1a was investigated.
Whereas co-localization with aSMA positive cells confirmed medial VSMCs as the
major cellular effector of H19 under both conditions, HIF1a was not detected in the
absence of H19 in the knockdown aortic tissue (fig.27).
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Fig.27: In situ hybridization of H19 (purple) and immunochemistry staining of smooth muscle cell a-actin
(SMA, brown) and HIF1a (brown) shows abundant H19 located in the aortic media after injection of scr-
GapmeR (control) in comparison to LNA—-anti-H19 GapmeR (intervention: H19 knockdown). The number
of SMA positive cells in the aortic media does not differ, but HIF1a in the media and the surrounding
adventitia is markedly reduced in the absence of H19. (magnification 10x/45x; scale bar=100 pm;
modified from Li et al.72)

4.2.3. H19 and HIF1 in an experimental pig AAA model

Our new pre-clinical AAA model in Yucatan LDLR™ pigs has been extensively
introduced in Part | of the results section (s. 4.1.6.). Tissue from these animals has
also been used to confirm the role H19 in aneurysm formation across species.

Here, gPCR confirmed the significant up-regulation of H19 and HIF1a in animals,
where the PPE procedure was performed and showed aneurysmatic dilation of the
infrarenal aorta (fig.28). The control group consisted of sham-operated pigs (perfusion
with saline instead of elastase) (fig.22). Hence H19 was present in AAAs in mice, pigs
and humans.”?
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Fig.28: qPCR results show a significant up-regulation of H19 and HIF1a after the PPE procedure
instead of the sham procedure. (*= p<0.05; N=4 sham procedures and N=8 PPE procedures; additional
information is provided in the online supplement of our paper on this subject’?)
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4.2.4. PPE aneurysm induction in H19 knockout mice

An additional, so far unpublished, experiment included the PPE aneurysm induction in
H19 knockout mice for confirmation of the results using a systemic H19 knockdown by
GapmeR injection (s. 3.1.5. and 4.2.2.).

Here, markedly reduced aneurysm formation was seen after the procedure in
comparison to PPE AAA induction in a standard C57BL/6J animal (fig.29) (values s.
figure legend).
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Fig.29: In comparison to normal wildtype animals, performance of the PPE procedure in H19 knockout
animals resulted in a significant decrease of the aortic diameter at weeks 2 and 4 (week 1: 30+21%, p =
0.32; week 2: 35+£14%, p = 0.04; week 4: 35+16%, p = 0.03; N=22 animals for standard wildtype PPE,
N=10 H19 knockout animals)
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5. Summary and concluding remarks

5.1. Discussion Part I: Repurposing Lenvatinib®
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Fig.30: Graphic abstract: Treatment of AAA with Lenvatinib® significantly changes the course of
disease. The multityrosine kinase inhibitor has the highest affinity to the VEGFR2 and reduces
angiogenesis and influences ECM remodeling with preservation of MYH11 and the contractile
phenotype of VSMCs in the aortic wall. Intracellularly this happens via reduced phosphorylation of
ERK1-2.

In this current study, we successfully “re-purpose” the anti-cancer drug Lenvatinib to
halt growth of experimental abdominal aortic aneurysms in two species and patient-
derived primary human cells via reconstitution of VSMC contractility (fig.30).

Our study provides evidence for the first non-cancer application of Lenvatini
We further successfully for the first time treat animals with an already existing AAA, 7
days after aneurysm induction (fig.9A,11B,23B). Previous drug interaction studies
start treatment with the time of aneurysm induction (day 0), which tremendously
counteracts inflammatory processes seen in the most initial phases of all animal AAA
models."'"® ?%23% As sych, Imatinib and Erlotinib, both tyrosine kinase inhibitors with
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different target receptors (c-abl and epidermal growth factor receptor, respectively),
have previously been shown to attenuate experimental aneurysm growth in the Angll
dissection model in mice.*** 3

In cancer therapy, Lenvatinib is employed mainly for its anti-angiogenic effect.>*® Neo-
angiogenesis in the aortic media is a feature commonly observed in human AAA, as
well as in the murine PPE model (fig.11,22).** ™ We observed no CD31/CD34
positivity as a hallmark of reduced angiogenesis in all samples from treated animals
and reduced expression of e.g. VEGFR2 in human primary cells (fig.15-17). Similarly,
we have previously demonstrated aneurysm abrogation in the murine PPE and Angll
model by blocking the long non-coding RNA H19, which represses HIF1a expression
and subsequent angiogenesis.”” Interference with the HIF1a-VEGF-VEGFRs axis has
been shown multiple times to hinder aneurysm growth in mouse models.”* 8% 3%
Lenvatinib has the highest affinity for VEGFR2, found abundantly in both, human and
experimental AAA .24 3% 3%

Despite angiogenesis, or perhaps in combination with, the fate of VSMCs in the aortic
media seems to determine aneurysm expansion. HIF1a overexpression seems to link
angiogenesis with VSMC phenotype fate.”” 3*” Along with fragmentation of the elastic
fibers and reorganization of the collagen architecture, the number of VSMCs
decreases in AAA compared to non-aneurysmatic aorta, while their turnover increases
and cells lose their contractile phenotype.” **® These effects are here strongly opposed
by treatment with low dose Lenvatinib, both on a cellular level and in experimental AAA
in mice and minipigs (fig.9,11,23). While apoptosis is not increased, mobility and
proliferation are markedly decreased and many genes suggestive of the contractile
phenotype (e.g. TAGLN; CNN1; MYOCD; ITG8; CALD1) are upregulated upon
treatment (fig.15-18; Table VIII). However, COL3A17, a main fibrillar component of a
non-diseased aorta appeared down-regulated upon Lenvatinib in all cell strains,
suggesting a reconstitution different from the non-dilated phenotype (fig.15-17).
MYH11 becomes substantially restored through the Lenvatinib application (fig.9-
11,13,20,23,24). Its regulatory role and contribution to an intact aortic wall, other than
being a marker of the contractile apparatus, is largely unknown. However, it is well
established for being dysregulated in various aneurysmatic conditions via genetic and
proteomic profiling approaches.>*¢"

Interestingly, the magnitude of differential gene expression and the responsiveness to
Lenvatinib on cellular assays was markedly enhanced in diseased (patient-derived,
primary) as compared to control (non-aneurysmatic donor) cells, suggesting the
diseased state to be more susceptible to an external stimulus or treatment (fig.15-17).
Hence, a higher extent of intracellular damage has been observed in primary AAA cell
cultures.>*® This may support our initial attempt to start treatment not at the time of
AAA induction, but with an established lesion."® Targeting VSMC by RNA-based
therapies or chemotherapeutics to change the course of aneurysm growth has been
proven to be effective in various animal models.3%% 362

Apart from the systemic application, we demonstrate the effectiveness of a local
endovascular application of Lenvatinib in mice and a novel atherosclerotic minipig
model (fig.9,11,23). The PPE procedure in pigs has successfully been performed
before.?*® However, by using the LDLR"" animals with severe atherosclerotic lesions
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one can achieve a closer mimicry of advanced human vascular disease (fig.21).>’

While only male mice have been utilized to exclude sex-specific effects, a mixed group
of female and castrated male pigs was used, however, a very uniform aneurysm
formation was observed (s. 6.5.1.).%%

From a translational point of view, the local treatment with a Lenvatinib-coated balloon
or stent(-graft) could be an amendment to difficult AAA morphologies with problematic
proximal or distal sealing zones, as well as for otherwise inoperable patients
(fig.32).%%* %% |n ophthalmology, intraviteal bevacizumab, a monoclonal VEGF-blocker
is already in common use for retinal artery aneurysm treatment.**® We did not observe
any side effects based on overall survival or organ function, as indicated by our blood
tests, however, possible, currently not expected, side effects should be further
evaluated in a more chronic experimental setup (6 months instead of 4 weeks) with
greater sample size.>®’

In conclusion, the multityrosine kinase inhibitor Lenvatinib, administered orally or by
local endovascular means, successfully abrogates aneurysm growth in elastase-
induced aneurysmatic lesions in mice and a novel LDLR™ preclinical minipig model.
Array analysis identified MYH11 as the most deregulated target. In primary human
AAA cell culture, Lenvatinib reduces VSMC proliferation and migration and restores a
contractile phenotype. Hence, MYH11 is restored upon Lenvatinib treatment in the
aortic media in both animal models, along with reduced angiogenesis and marked
fibrosis.

5.2. Discussion Part ll: Long non-coding RNA H19 in AAA formation

Most of the results in this part have been published by our group in 2018, so a vivid
peer review and discussion has been provided already (s. 6.5.3.). Hence, in the
following section a more unifying discussion for a common theory and a further
translational use of the results presented in part | and Il of the result section is
provided.

As for the data not previously published (s. 4.2.4.), additional experiments are needed
before this singular result can be put into context.

5.3. Unifying theory
5.3.1. HIF1a signaling

As shown in the previous chapters, a special role for AAA development, but also for
influencing aneurysm growth lies within the HIF1a — VEGF — VEGFR signaling axis
(s.3.1.12.).

The expression of the transcription factor HIF1a or better the prevention from decay of
HIF1a is triggered by hypoxia at the cellular level from the very embryologic beginning
of vascular development.®® 3%° We and others have previously shown that AAA
development is linked to a thickening of the aortic wall and hence up-regulation of
HIF1a, responsible for angiogenesis.?* " 3% 37" gGimilar results have been
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demonstrated for other than the infrarenal aorta.”® After nuclear translocation, HIF1a
triggers VEGF expression (s.2.1.3.7.). This process is an immediate reaction after
exposure to hypoxia and both mRNAs resume to normal levels upon re-establishing
normoxia.>®® It was shown to be exerted by various cell types including VSMCs and
ECs.”® %8 372 Additionally, a variety of genes have been demonstrated to be
transcribed after HIF1a translocation, a large subset being involved in AAA

pathogenesis (reviewed in detail e.g. by Lim et al. 2013).”®
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Fig.31: Graphic Summary: The figure summarizes the mechanisms elucidated in this thesis. Modified
from fig.4 and Busch et al. 2018 and Li et al. 2018.7% 3%

Influencing HIF1a — VEGF - VEGFR signaling axis and studying the effects of
such will provide valuable insights for future medical AAA therapy and basic
translational research.

5.3.2. Angiogenesis and VSMC plasticity

In Part Il of the results, we demonstrate the effect of H19-modification on VSMCs and
in Part |, we show that Lenvatinib alters the VSMC phenotype and reduces
angiogenesis upon treatment.

Apart from triggering angiogenesis or perhaps in close crosstalk with it, HIF1a was
shown as a major inductor of VSMC phenotype switch, t00.%%” Loss of HIF1a was even
shown to increase VSMC contractility in pulmonary artery hypertension patients.>”® Up
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regulation promotes VSMC migration and proliferation.>’* "> Based on experimental
data from Angiotensin Il AAA model mice, HIF1a might also have an aneurysm-limiting
effect.>® This has, however, never been confirmed and HIF1a deficient mice are
unable to develop experimental aneurysms.®”’ Short-term additional supplementation
of oxygen has even been suggested to reverse diseased vascular phenotypes by
reducing VSMC proliferation.>”® VSMCs have been called “the broken bricks in the
aortic wall”.3"®

Similar as in Part | of this thesis, many tyrosine kinase inhibitors (TKIls) were shown to
have different effects despite their original anti-angiogenic use (s.2.3.2.1.). Nilotinib
has potent anti-inflammatory and immunomodulatory effects.**° Imatinib has negative
effects on worm physiology by influencing TGF( signaling.381 Apart from ECs and
VSMCs, also different kinds of stromal cells, like pericytes and lymphatic tissue are
affected by e.g. Sunitinib.3®?

In this matter, the use of anti-angiogenic treatments, such as cancer therapies
affecting VEGF and its receptors have been shown to have pleiotropic effects and a
variety of vessel-associated side effects, such as arterial hypertension, thrombo-
embolic events and cardiac dysfunction.®®® However, most of this data again comes
from cancer research and only little is known about the pleiotropic effects of e.g. TKls
on the vasculature.

The VSMCs in the aortic wall and their central role in important signaling
pathways, such as angiogenesis, make them both, recipient and transmitter of
pleiotropic acting drugs, such as RNA therapeutics or tyrosine kinase inhibitors.

5.3.3. Common denominators — a role for transforming growth factor 3?

The transforming growth factor 3 (TGF) signaling pathway is involved in many cellular
processes in both the adult organism and the developing embryo, including cell
growth, cell differentiation, apoptosis, cellular homeostasis and other cellular
functions.*** Basically every cell is able to use this mechanism started by the binding of
TGFp to its receptor TGFB R1 or R2 and thus starting a cascade of phosphorylated
SMADs, transcription factors that activate transcription of TGFf target genes.385

Most prominently, mutations in the TGFBR1 or R2 genes are held responsible for
Loeys-Dietz syndrome, a novel rare disease entity characterized by fragile connective
tissue and specifically aneurysm formation at any part of the aorta or the peripheral
arteries." Similar has been described for Marfan and Shprintzen—Goldberg syndrome
(Aortic root aneurysms).*®® Despite these resulting loss-of-function mutations, TGF@
signaling and its downstream gene expression is activated in the aortas of such
patients (TGFf3 paradoxon).387 In the classic canonical TGFf signaling, phosphorylated
SMADs lead to overexpression of e.g. MMPs and degradation of elastic fibers,
enhanced proliferation and migration of VSMCs, and excessive collagen secretion and
deposition.®

Hypoxia was shown to trigger epithelial-to-mesenchymal-transition, a key factor in
VSMC differentiation, by HIF1a depending non-canonical TGFB signaling.®® Similarly,
TGFB can directly start the release of VEGFA from VSMCs.>*°
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The very central implication of the TGFB pathway in cellular homeostasis and
the many proposed and proven connections to VSMC plasticity and
angiogenesis along with the myriad of deregulated TGFB genes in various
aneurysm diseases and heritable aneurysm conditions suggest a crucial role for
this pathway in future research.

5.4. Future translational aspect

Currently, not every patient is considered “fit for surgery”. Some are too sick or too
frail, especially when open surgery is planned.*®" Especially cardiac and pulmonary
conditions and nutritional status are limitations.>*? Risk prediction models have been
implicated to better stratify patients, however, these might not be perfect for the
individual.>%% 3%

Additionally, the current surgical threshold for operating on AAAs is based on large
population studies, showing that interventions on smaller diameters do not provide any
benefit in terms of overall mortality (s.2.1.2.).% **° However, these are based on the
assumption of perioperative morbidity and mortality from OR and EVAR.

A new approach with a less invasive drug coated balloon treatment as suggested in
Part | of this thesis might thus help to provide additional options in patients with smaller
AAA diameters or those considered unfit for surgery. Additionally, based on personal
experience, not every patient feels comfortable with waiting of treatment until reaching
the surgical threshold.

Currently, there is an ongoing debate on the long-term effectiveness of drug-coated
balloons in vascular surgery, due to the observation that Paclitaxel-coated devices
used for PAOD interventions came with an increased risk of death following application
in the femoro-popliteal artery.*?” This meta-analysis by Katsanos et al. gained huge
impact, since the patency of target vessels was shown to be superior to non-coated
balloons previously and has even gained acknowledgement in current guidelines.® 3%
Although being challenged by comparing different statistical models to estimate the
relevant endpoints, it clearly raised the issue of long-term side effects, previously not
considered.?’

Our data cannot currently provide any answers on long-term side effects. Although
RNA-therapeutics, as well as, e.g. local Lenvatinib at the lesion site, might have a
short half-life, this needs to be considered. Today, already a large variety of RNA-
therapeutics is under clinical consideration or even trial. Different forms of delivery
have already been discussed (s.2.3.1.3.). The general assumption regarding off-target
effects is a short-lived local interference at the site of interest, due to a specific set of
genes, RNAs or ncRNAs, only presenting themselves to be altered at the very site.3%
By contrast, Paclitaxel is a non-selective cytoskeleton inhibitor preventing cells from
going into mitosis and thus, despite local delivery, can exert its function everywhere in
the body, upon entering the blood stream.?%°

Another debate on AAA treatment does concern cost-effectiveness of screening and
treatment. Despite the individual medical benefit, in many countries screening and
treatment of AAA has been proven to be cost-effective.*” “*' Additionally, in most
countries, EVAR has proven to be more cost-effective than open repair.*°* 4% This
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might, however, only be true for simple EVAR procedure, whereas due to the high
manufacturing costs for a fenestrated or branched endograft, this advantage is
completely lost.*** These results have to be interpreted carefully, since healthcare
systems differ from country to country.*®> % Generally, due to the specific
complications following EVAR (s.2.1.4.) associated with serious follow-up intervention
rates, in the long-term (<2 years), there is no difference in cost-effectiveness for the
two procedures.*”*% The cost of an anti-H19-coated balloon or a Lenvatinib-coated
balloon is currently difficult to estimate, but since the procedure can be performed
under local anesthesia in an ambulatory setting, it is pretty much determined by the
drug cost.

Despite drug-coated balloon angioplasty, another way of local delivery would be drug-
coated stentgrafts, especially at the sealing zones. Today a large proportion of EVAR
procedures are performed in patients outside instructions for use (IFU), with only
scarcely published results.*'®*'" They refer to neck length and diameter especially and
imply complications of type | endoleaks and stentgraft dislocation.*'>*'* But also the
iliac sealing zones might be compromised when violating the IFUs.*"® Thus, having a
stentgraft with an active biological inducing fibrosis at the sealing zones could help to
provide additional sealing (fig.31/32).

drug coated balloon drug coated stentgraft

off-target effects?

long-term effects?

F-——————-
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Fig.32: Graphic abstract of translational use. For the AAA treatments proposed in this thesis, a future
translational use in drug-coated devices, e.g. balloons or stentgrafts, is proposed (dotted green line =
drug-coating). However, some major concerns remain with question marks.
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In conclusion, novel non-surgical treatment strategies, especially considering
minimally invasive, local endovascular delivery, will provide the vascular
clinician with a valuable tool to treat their AAA patient. The future challenge and
responsibility will be to identify those patients eligible for such treatments and
those benefiting more from a classical surgical approach. For such, dedicated
clinician scientists, overseeing both vascular surgery and experimental biology,
will be able to tailor a patient-specific approach!
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Gabriele Blum-Ohler, Katrin Lichosik and Jennifer Heilig from the Graduate School
of Life Science in Wurzburg for their help throughout the 5 years of this endeavor off
the beaten track.

Sonja Bleichert has not only become my No.1 student on the PPE model but also
volunteered to see through this thesis for typos and inconclusive content.
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6.2. Funding

The doctoral student received funding for travels from the European Society of
Vascular and Endovascular Surgery (2017 ESVS Educational Travel Grant: 3000€)
and the youngDZHK (Deutsches Zentrum fur Herz-/Kreislaufforschung Travel Grant:
2400,-€).

Additionally, from 2015 — 2016 he was granted a DFG Research fellowship entitled
»,The role of miR-19b, miR-194 and miR-362-3p in development, expansion and
rupture of abdominal aortic aneurysm® which was spent the Center for Molecular
Medicince CMM at the Karolinska Institute in Stockholm, Sweden under the
supervision of Prof. L. Maegdefessel, who is also a member of this doctoral committee.
Large parts of the presented research was conducted in this period, followed by part
time laboratory work at the Klinikum rechts der Isar in Munich meanwhile finishing
residency.

The research was enabled by funding provided by Prof. Maegdefessel including the
Swedish Heart-Lung-Foundation (20120615, 20130664, and 20140186), the Ragnar
Soéderberg Foundation (M55/14), the Swedish Research Council (2015- 03140), the
European Research Council (ERC-StG NORVAS) and a Deutsches Zentrum fir Herz-
Kreislaufforschung (DZHK) Junior Research Group (JRG_LM_MRI).
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6.3. Dissemination of results

Publications:
So far one manuscript was successfully published in Circulation.”” At the time of
finalization of this thesis, two more manuscripts are being submitted.

Other presentations:
The results shown here were content of various poster (P) and oral (O) presentations
throughout the last three years. These include:

MAC, December 2017 (The Munich Vascular Conference)

ATVB, May 2018 (Annual Meeting)

The Vienna Vascular Symposium, June 2018, Vienna

The SVS Meeting, June 2018, Boston

The DZHK Summer School, July 2018, Munich

The ESC (European Society of Cardiology) Meeting, August 2018, Munich
The ESVS Meeting, September 2018, Valencia

DGG Jahreskongress, October 2018, Bonn

MAC, December 2018 (The Munich Vascular Conference)

The Young MHA Meeting, May 2019, Munich

The ESVS Meeting, September 2019, Hamburg

Dreildndertagung, October 2019 (DGG Jahreskongress), Mannheim
MAC, December 2019 (The Munich Vascular Conference)

OO0OO0OO0O TOUTUUTOTUTOT O
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name Busch, Albert Franz Jakob
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place of birth Weiden i.d. Opf., Germany

academic career

2003 university entrance diploma
2003 — 2004 civilian service
2004 - 2010 Medical School Julius-Maximilians-University Wirzburg
2007 — 2010 German National Academic Foundation Scholar
2010 license to practice medicine
2012 medical doctorate
2018 UEMS Fellow of the European Board of Vascular Surgeons
2019 BLAEK specialist vascular surgery
2019 postdoctoral lecture qualification (Habilitation)
2011 - 2016 Department of Visceral, Vascular and Pediatric Surgery
(Prof. C.-T. Germer), University Hospital Wirzburg, Germany
2015 - 2016 DFG Research Fellow Karolinska Institute Stockholm
(Prof. L. Maegdefessel), Sweden
from 2016 Department of Vascular and Endovascular Surgery

(Prof. H.-H. Eckstein), Rechts der Isar Munich, Germany

additional qualifications

2012 FELASA B scientific animal surgery

2013 ATLS® Advanced Trauma Life Support

2013 DEGUM | vascular ultrasound

2014 DEGUM | abdominal ultrasound

2015 BLAEK technical qualification: genetic counseling surgery
2018 MediTUM certificate medical didactics

memberships

German Society of Vascular and Endovascular Surgery DGG
European Society for Vascular and Endovascular Surgery ESVS
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scientific expertise

2008 - 2009
2007 — 2010
2012 - 2019
2015 -2016

scientific internship:
~Stem Cell Therapy and Regenerative Medicine”
Karolinska Institute Stockholm (Prof. K. Spalding)

medical doctorate:

,Charakterisierung nukledrer Transportvorgénge bei Lamino-
pathien”

University of Wirzburg (PD Dr. S. Hubner)

postdoctoral lecture qualification (Habilitation):

,Deduktive Analyse arterieller Aneurysmen zur Translation
spezifischer Pathomechanismen im Tierversuch®

Technical University Munich (Prof. H.-H. Eckstein)

DFG Research fellowship:

»The role of miR-19b, miR-194 and miR-362-3p in development,
expansion and rupture of abdominal aortic aneurysm*

Karolinska Institute Stockholm (Prof. L. Maegdefessel)

funds granted by third-party donors

2013 -2014

2014

2014

Starting Grant IZKF Wirzburg: ,/dentifikation neuer Mechanismen
bei der Entstehung von Bauchaorten-aneurysmen®

Research grant DGG: ,Die Rolle des TGFR Signalweges fiir die
Pathogenese von Aortenaneurysma und Poplitealaneurysma“

Clinical Trial Support Eva Luise und Horst Kdhler Foundation:
,Blutgerinnung bei EDS-Patienten”
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6.5. Supplement Material

6.5.1. Supplement data on Part |

Ultrasound measurements mice
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Laboratory Analysis mice
stan FPE 4.4 34 o1 o9 rrr &6
stan PFPE 3.6 29 ni 0.6 Bi8 BB
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Ultrasound measurements pigs
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Lenvatinib (E7080)

Catalog No.S1164

Lenvatinib (E7080) Chemical Structure

Technical Data

O NH;
Molecular Weight (MW) 426.85 Storage 3years -20°C powder o
Formula C24H49CIN4O4 6 months -80°C in solvent 0 HN /A
N | /§
CAS No. 417716-92-8 Synonyms N/A H ¢}
cl
DMSO 40 mg/mL warming (93.7 mM

9 9l ) Return Policy
Solubility I vitro Water <1 mg/mL (<1 mM) Selleck Chemical’s Unconditional Return
(25°C) ~ Ethanol <1 mg/mL (<1 mM) Policy ensures a smooth online shopping

experience for our customers. If you are
In vivo 0.5% methylcellulose 30 mg/mL in any way unsatisfied with your

purchase, you may return any item(s)
within 365 days of its original purchase

* <1 mg/ml means slightly soluble or insoluble.
* Please note that Selleck tests the solubility of all compounds in-house, and the actual solubility may differ slightly from published values.

This is normal and is due to slight batch-to-batch variations. date.
Toll Free:
Chemical Name 1-(4-(6-carbamoyl-7-methoxyquinolin-4-yloxy)-2-chlorophenyl)-3-cyclopropylurea (877) 796-6397
-- USA and Canada only --
Preparing Stock Solutions Fax:
+1-713-796-9816
1mg 5mg 10 mg
Orders:
1mM 2.3427 mL 11.7137 mL 23.4274 mL +1-832-582-8158
5mM 0.4685 mL 2.3427 mL 4.6855 mL sales@selleckchem.com
10 mM 0.2343 mL 1.1714 mL 2.3427 mL Tech Support:
+1-832-582-8158 Ext:3
50 mM 0.0469 mL 0.2343 mL 0.4685 mL
tech@selleckchem.com
(Please provide your Order Number in
Biological Activity the email. We strive to reply to all email

inquiries within one business day.)
Lenvatinib (E7080) is a multi-target inhibitor, mostly for VEGFR2(KDR)/VEGFR3(FIt-4) with IC50 of 4 nM/5.2 nM,

Description less potent against VEGFR1/FIt-1, ~10-fold more selective for VEGFR2/3 against FGFR1, PDGFRa/B in cell-free Website:

assays. Phase 3. www.selleckchem.com
Targets VEGFR2 VEGFR3 VEGFR1 FGFR1 PDGFRa PDGFRB
IC50 4nM 5.2 nM 22nm 1] 46 nm 1l 51nM T 39 nm 1

E7080, as a potent inhibitor of in vitro angiogenesis, shows a significantly inhibitory effect on VEGF/KDR and
SCF/Kit signaling. According to the in vitro receptor tyrosine and serine/threonine kinase assays, E7080 inhibits Flt-
1, KDR, Flt-4 with IC50 of 22, 4.0 and 5.2 nM, respectively. In addition to these kinases, E7080 also inhibits FGFR1
and PDGFR tyrosine kinases with IC50 value of 46, 51 and 100 nM for FGFR1, PDGFRa and PDGFR},
respectively. [l E7080 potently inhibits phosphorylation of VEGFR2 (IC50, 0.83 nM) and VEGFR3 (IC50, 0.36 nM)
in HUVECSs which is stimulated by VEGF and VEGF-C, respectively. (2 A recent study shows that E7080 treatment
(both at 1 uM and 10 uM) results in a significant inhibition of cell migration and invasion by inhibiting FGFR and
PDGFR signaling. [°]

In vitro

When orally administrated in a H146 xenograft model, E7080 inhibits the growth of H146 tumor at 30 and 100
mg/kg in a dose-dependent manner and leads to tumor regression at 100 mg/kg. Furthermore, E7080 at 100 mg/kg
In vivo decreases microvessel density more than anti-VEGF antibody and imatinib treatment. 1 E7080 significantly inhibits
local tumor growth in a MDA-MB-231 mammary fat pad (m.f.p.) model with RTVs (calculated tumor volume on day
8/tumor volume on day 1) of 0.81, and reduces both angiogenesis and lymphangiogenesis of established metastatic

nodules of MDA-MB-231 tumor in the lymph nodes. 2]

Features

Protocol (Only for Reference)
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Lenvatinib (E7080) Datasheet

Kinase Assay: M

In vitro kinase
assay ']

Cell Assay: 2

Cell lines
Concentrations

Incubation Time

Method

Animal Study: 0l

Animal Models
Formulation
Dosages

Administration

Tyrosine kinase assays are performed by HTRF (KDR, VEGFR1, FGFR1, c-Met, EGFR) and ELISA (PDGFRB),
using the recombinant kinase domains of receptors. In both assays, 4 uL of serial dilutions of E7080 are mixed in a
96-well round plate with 10 pL of enzyme, 16 uL of poly (GT) solution (250 ng) and 10 pL of ATP solution (1 uM
ATP) (final concentration of DMSO is 0.1%). In wells for blanks, no enzyme is added. In control wells no test article
is added. The kinase reaction is initiated by adding ATP solution to each well. After 30-minute incubation at 30°C,
the reaction is stopped by adding 0.5 M EDTA (10 pL/well) to the reaction mixture in each well. Dilution buffer
adequate to each kinase assay is added to the reaction mixture. In the HTRF assay, 50 pL of the reaction mixture is
transferred to a 96-well 1/2 area black EIA/RIA plate, HTRF solution (50 uL/well) is added to the reaction mixture,
and then kinase activity is determined by measurement of fluorescence with a time-resolved fluorescence detector
at an excitation wavelength of 337 nm and an emission wavelengths of 620 and 665 nm. In the ELISA, 50 pL of the
reaction mixture is incubated in avidin coated 96-well polystyrene plates at room temperature for 30 minutes. After
washing with wash buffer, PY20-HRP solution (70 pL/well) is added and the reaction mixture is incubated at room
temperature for 30 minutes. After washing with wash buffer, TMB reagent (100 uL/well) is added to each well. After
several minutes (10-30 minutes), 1 M H3PO,4 (100 uL/well) is added to each well. Kinase activity is determined by
measurement of absorbance at 450 nm with a microplate reader.

HUVECs
0-10 pM
72 hours

HUVECSs (1,000 cells in each well in serum-free medium containing 2% fetal bovine serum) and L6 rat skeletal
muscle myoblasts (5,000 cells in each well in serum-free DMEM) are dispensed in a 96-well plate and incubated
overnight. E7080 and either VEGF (20 ng/mL) or FGF-2 (20 ng/mL) containing 2% fetal bovine serum and PDGFf3
(40 ng/mL) are added to each well. Cells are incubated for 3 days and then the ratios of surviving cells are
measured by WST-1 reagent. For proliferation assay, samples are duplicated and three separate experiments are
done.

H146 tumor cells are implanted subcutaneously (s.c.) into the flank region of female BALB/c nude mice.
E7080 is dissolved in suspended in 0.5% methylcellulose.
<100 mg/kg

Administered via p.o.

Conversion of different model animals based on BSA (Value based on data from FDA Draft Guidelines)

Species Mouse Rat Rabbit Guinea pig Hamster Dog
Weight (kg) 0.02 0.15 1.8 0.4 0.08 10
Body Surface Area (m2) 0.007 0.025 0.15 0.05 0.02 0.5
Ky factor 3 6 12 8 5 20

Animal A (mg/kg) = Animal B (mg/kg) multiplied by

For example, to modify the dose of resveratrol used for a mouse (22.4 mg/kg) to a dose based on the BSA for a rat, multiply 22.4 mg/kg by the

Animal B K,
Animal AK,,

Ky factor for a mouse and then divide by the K, factor for a rat. This calculation results in a rat equivalent dose for resveratrol of 11.2 mg/kg.

mouse Ki(3)

Rat dose (mg/kg) = mouse dose (22.4 mg/kg) x —————— = 11.2 mg/kg

References

rat Kp,(6)

[1] Matsui J, et al. Int J Cancer. 2008, 122(3), 664-671.
[2] Matsui J, et al. Clin Cancer Res. 2008, 14(17),5459-5465.
[3] Glen H, et al. BMC Cancer. 2011, 11, 309.
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Lenvatinib (E7080) has been referenced in 5 publications.
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Data from [Data independently produced by Asian
Pac J Cancer Prev, 2014, 15(7), 3113-21]
Lenvatinib (E7080) purchased from Selleck

Dot Plot Distribution of Live, Preapoptotic and
Apoptotic Cells after Administration of DuP-697 and
E7080 Combination.

Data from [Chin J Cancer Res, 2013, 25(5), 572-
84]

Lenvatinib (E7080) purchased from Selleck
Real-time monitoring of cytotoxic effect on HT29
cells using RTCA. (A) E7080

BRAF Inhibition Stimulates Melanoma-Associated Macrophages to Drive Tumor Growth [Wang T, et PubMed: 25617424

al. Clin Cancer Res, 2015, 21(7):1652-64]

E7080 (lenvatinib), a multi-targeted tyrosine kinase inhibitor, demonstrates antitumor activities against PubMed: 25425971

colorectal cancer xenografts [Wiegering A, et al. Neoplasia, 2014, 16(11):972-81]

Activation of coagulation by lenalidomide-based regimens for the treatment of multiple myeloma. PubMed: 23696885

[Isozumi Y, et al. PLoS One, 2013, 8(5):e64369]

Anticancer Effect of COX-2 Inhibitor DuP-697 Alone and in Combination with Tyrosine Kinase PubMed: 24815456

Inhibitor (E7080) on Colon Cancer Cell Lines. [Altun A, et al. Asian Pac J Cancer Prey,

2014, 5(7):3113-21]

Effects of tyrosine kinase inhibitor E7080 and eNOS inhibitor L-NIO on colorectal cancer alone and in PubMed: 24255582

combination. [Altun A, et al. Chin J Cancer Res, 2013, 25(5):572-84]

PLEASE KEEP THE PRODUCT UNDER -20°C FOR LONG-TERM STORAGE.

NOT FOR HUMAN, VETERINARY DIAGNOSTIC OR THERAPEUTIC USE

Specific storage and handling information for each product is indicated on the product datasheet. Most Selleck products are stable under the
recommended conditions. Products are sometimes shipped at a temperature that differs from the recommended storage temperature. Short-

term storage of many products are stable in the short-term at temperatures that differ from that required for long-term storage.

We ensure that the product is shipped under conditions that will maintain the quality of the reagents. Upon receipt of the product, follow the

storage recommendations on the product data sheet.
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