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1. Summary

Metastasis, the spread of tumor cells from a primary site to other organs, is the most
common cause of cancer-related death. It is an inefficient multistep process, but while many
new targeted cancer therapies are available, patients diagnosed with distant organ
metastases are often not curable by current therapeutic options, facing terminal disease.
The liver is one of the organs most commonly affected by metastasis, which represent the
majority of hepatic malignancies. However, the mechanisms driving metastasis to the liver
and metastasis in general are still poorly understood, making further research in this
direction very important.

Inflammation has emerged as a new hallmark of cancer, with evidence showing its support
in tumor initiation, progression and metastasis. Former publications of our group have
revealed that the pro-inflammatory mediators lymphotoxin (LT) alpha (LTa) and beta (LTR)
support liver cancer initiation and progression. However, their role in hepatic metastasis
formation has not been shown yet.

Here, a distinct role for LT-signaling in establishing metastatic manifestations in the liver is
described. Using a murine T-cell ymphoma model, a clear correlation between increased LT-
signaling and secondary tumor manifestations in the liver is shown in mouse models and in
vitro. Similar effects are shown in human samples and using further mouse models LT-
signaling is shown to be primarily integrated by hepatic stellate cells (HSCs), who respond
with a distinct activation pattern which increases cellular adhesion and the expression of
MAdCAM-1 and MMP-9.

Database research revealed that many cancers express or overexpress LTs and that this
correlates with decreased patient survival in some cases. Human sample analysis in this
thesis shows that LT is highly expressed in secondary liver manifestations of lymphoma
patients. L-CL.5s murine T-cell lymphoma cells show a strong correlation between the level
of LT expression or LTRR activation and metastatic burden in the liver in experimental
mouse models. These models also suggest that the source of LTRR activation is not relevant
for the phenotype and that it can be induced in trans by a subset of high LT-expressing cells.

Experiments with mice lacking LTRR specifically in sinusoidal endothelial cells (LSECs), HSCs,
Kupffer cells (KCs) or hepatocytes revealed that HSCs integrate the LT signals. This activates
the HSCs in a distinct way, including the typical transition to a myofibroblast-like phenotype,
but without inducing fibrosis. This is confirmed by in vitro experiments, which, furthermore,
show that HSCs activated through LTRR enable increased adhesion and transmigration of
tumor cells in an artificial endothelial model.
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MMP-9 and MAdCAM-1 are among the most upregulated genes in HSCs after LTRR
activation. In vitro assays show that MAdCAM-1 knockout in HSC-like cells significantly
reduces the increased adhesion of tumor cells after LTRR activation and MMP-9 inhibition in
these cells reduces tumor cell transmigration but not adhesion. MAdCAM-1 upregulation on
HSCs might be involved in a retention mechanism that locks tumor cells within the space of
Disse through adhesion to HSCs, preventing them from re-entering the circulation. MMP-9
secretion of HSCs could be involved in activating LSECs by remodeling the ECM in the space
of Disse, inducing integrin-mediated LSEC activation. Evidence for LSEC activation and
cappilarization after LTRR induction with increased expression of adhesion molecules is
presented here, supporting this hypothesis.

In summary, the results in this thesis highlight a role for LTRR signaling in supporting tumor
cell metastasis to the liver through a distinct activation of HSCs. This activation is not tied to
fibrosis but supports tumor cell adhesion and transmigration, possibly through
overexpression of MAdCAM-1 and MMP-9.



2. Zusammenfassung

Metastasierung, die Streuung von Tumorzellen eines Primartumors in andere Organe, ist die
haufigste Tumor-assoziierte Todesursache. Es ist ein ineffizienter, mehrstufiger Prozess,
doch obwohl viele neue Krebstherapeutika verfligbar sind, kdonnen Patienten mit
Metastasen in fernen Organen mit den verfligbaren therapeutischen Optionen oft nicht
geheilt werden, sehen sich also einer unheilbaren, todlichen Erkrankung ausgesetzt. Die
Leber ist eines der Organe die am haufigsten von Metastasen betroffen sind, und diese
machen den Groliteil aller Lebertumore aus. Allerdings sind die Mechanismen welche der
Metastasierung in die Leber, und Metastasierung generell, zu Grunde liegen noch sehr
schlecht verstanden, was weitere Forschung in diese Richtung absolut notwendig macht.

Entziindungen haben sich als neues Schlisselmerkmal von Krebserkrankungen hervorgetan,
und es hat sich gezeigt, dass dies die Initiation, die Entwicklung und die Metastasierung von
Krebserkrankungen beeinflusst. Friihere Veroffentlichungen unserer Gruppe haben gezeigt,
dass die proinflammatorischen Mediatoren Lymphotoxin (LT) alpha (LTa) und beta (LTR) den
Beginn und die Entwicklung von Leberkrebs unterstiitzen. lhre Rolle bei der Bildung von
Lebermetastasen wurde jedoch noch nicht gezeigt.

Hier wird eine eindeutige Rolle des LT Signalwegs bei der Etablierung metastatischer
Manifestationen in der Leber beschrieben. Unter Verwendung eines murinen T-Zell
Lymphommodells wird eine deutliche Korrelation zwischen erhéhter LT Signalgebung und
sekundiren Manifestationen in der Leber in Mausmodellen und in vitro gezeigt. Ahnliche
Effekte werden in humanen Proben gezeigt und mit weiteren Mausmodellen wird
demonstriert, dass die LT Signale in erster Linie von hepatischen Sternzellen (HSCs)
integriert werden, die darauf mit einem besonderen Aktivierungsmuster reagieren, welches
unter anderem die Zelladhasion sowie die Expression von MAdCAM-1 und MMP-9 erhoht.

Datenbankrecherchen haben gezeigt, dass viele Krebserkrankungen LT exprimieren oder
Uberexprimieren, und dass dies in einigen Fallen mit einer verringerten
Uberlebenserwartung der Patienten zusammenhingt. Eigene Analysen von humanen
Proben haben gezeigt, dass LT in sekundadren Lebermanifestationen von Lymphompatienten
stark exprimiert wird. Murine L-Cl.5s T-Zell Lymphomzellen zeigen in experimentellen
Mausmodellen eine starke Korrelation zwischen dem AusmaBR der LT Expression,
beziehungsweise der LTBR Aktivierung, und der metastatischen Belastung in der Leber.
Diese Modelle legen auch nahe, dass die Quelle der LTRR Aktivierung fiir den Phanotyp nicht
relevant ist, und dass dieser auch in trans durch eine kleine Gruppe von Zellen mit hoher LT
Expression induziert werden kann.

Experimente mit Mausen, denen LTRR spezifisch in sinusoidalen Endothelzellen (LSECs),
HSCs, Kupffer-Zellen (KCs) oder Hepatozyten fehlt, zeigen, dass HSCs die LT Signale
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integrieren. Dies aktiviert die HSCs auf eine besondere Art, welche den typischen Ubergang
zu einem myofibroblastenahnlichen Phadnotyp einschlieft, ohne jedoch Fibrose zu
induzieren. Dies wird durch in vitro Experimente bestatigt, welche dariber hinaus zeigen,
dass per LTRR aktivierte HSCs eine erhohte Adhdsion und Transmigration von Tumorzellen in
einem kiinstlichen Endothelmodell erméglichen.

MMP-9 und MAdCAM-1 gehoren zu den am starksten hochregulierten Genen nach LTRR-
Aktivierung in HSCs. In vitro Assays zeigen, dass MAdCAM-1 Knockout in HSC-dhnlichen
Zellen nach LTRR-Aktivierung die erhohte Adhdsion von Tumorzellen deutlich reduziert und
Inhibition von MMP-9 im gleichen Modell die Transmigration von Tumorzellen, nicht aber
die Adhasion verringert. Die Hochregulierung von MAdCAM-1 in HSCs kénnte an einem
Retentionsmechanismus beteiligt sein, der Tumorzellen durch Adhasion an HSCs im Disse-
Raum festhalt, und sie daran hindert wieder zuriick in den Blutkreislauf einzudringen. Die
MMP-9-Sekretion von HSCs kénnte an der Aktivierung von LSECs beteiligt sein, indem MMP-
9 im Disse-Raum die extrazelluldare Matrix (ECM) umgestaltet und dadurch eine Integrin
vermittelte LSEC Aktivierung induziert. Unsere Ergebnisse zeigen eine Kappilarisierung der
LSECs nach LTRR Induktion, mit erhéhter Expression von Adhdsionsmolekiilen, was diese
Hypothese stiitzt.

Zusammenfassend zeigen die Ergebnisse dieser Arbeit das LT Signalgebung die
Metastasierung von Tumorzellen in die Leber durch eine spezielle Aktivierung von HSCs
unterstitzt. Diese Aktivierung ist unabhangig von Fibrose, aber unterstiitzt die Adhasion
und Transmigration von Tumorzellen, méglicherweise durch Uberexpression von MAdCAM-
1 und MMP-9.



Abbreviations

abbreviation(s)

full name

a-sma

alpha smooth muscle actin

BL Burkitt’s lymphoma

BMDC bone marrow-derived dendritic cell
CAC colitis-associated cancer

CAM cell adhesion molecule

CCL CC-chemokine ligand

cHL classical Hodgkin’s lymphoma
CIA collagen induced arthritis

CLL chronic lymphocytic leukemia
coll collagen-I

CTC circulating tumor cell

CXCL chemokine (C-X-C motif) ligand
DC dendritic cell

DEN diethylnitrosamine

DLBCL diffuse large B-cell lymphoma
DNA deoxyribonucleic acid

DTC disseminated tumor cell

EAE experimental autoimmune encephalomyelitis
EBV Eppstein-Barr virus

ECM extracellular matrix

EGF epidermal growth factor

EMT epithelial-mesenchymal transition
FDC mature follicular dendritic cell
GFAP glial fibrillary acidic protein
HBV hepatitis B virus

HCC hepatocellular carcinoma

HCV hepatitis C virus

HEV high endothelial venule

HGF hepatocyte growth factor

HL Hodgkin’s lymphoma

HSC hepatic stellate cell

HVEM herpesvirus entry mediator

IBD inflammatory bowel disease
ICAM intercellular adhesion molecule
ICC cholangiocellular carcinoma
IEC intestinal epithelial cell

IFN interferon

Ig immunoglobulin
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IkB inhibitor of kappa B

IKK inhibitor of kappa B kinase

IL interleukin

JNK c-Jun N-terminal kinase

KC Kupffer cell
homologous to lymphotoxins, exhibits inducible expression and

LIGHT competes with herpes simplex virus glycoprotein D for herpesvirus entry
mediator, a receptor expressed by T lymphocytes

LMP1 latent membrane protein 1

LPS bacterial lipopolysaccharide

LSEC liver sinusoidal endothelial cell

LT lymphotoxin

LTRR lymphotoxin [ receptor

MAdCAM mucosal vascular addressin cell adhesion molecule

MAP3K7, TAK1 | mitogen-activated protein kinase kinase kinase 7

MCP1, CCL2 monocyte chemotactic protein 1

MDSC myeloid-derived suppressor cell

MET mesenchymal—epithelial transition

MIF macrophage migration inhibitory factor

MMP matrix metalloproteinase

mRNA messenger RNA

NASH non-alcoholic steatohepatitis

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells

NHL non-Hodgkin lymphoma

NIK nuclear factor kB-inducing kinase

NKC natural killer cell

NO nitric oxide

PDAC pancreatic ductal adenocarcinoma

PHL primary hepatic lymphoma

PMN pre-metastatic niche

RANKL receptor activator of nuclear factor kappa-B ligand
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regulated on activation, normal T cell expressed and secreted

reéR

rough endoplasmatic reticulum

RNA ribonucleic acid

ROS reactive oxygen species

STAT3 signal transducer and activator of transcription 3
TAM tumor associated macrophage

TCRBCL T-cell rich B-cell lymphoma

TGFR1 transforming growth factor 1

TIMP tissue inhibitor of metalloproteinases

TLO tertiary lymphoid organ

TLR toll-like receptor

TNF tumor necrosis factor
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TNFR TNF receptor

TRADD tumor necrosis factor receptor type 1-associated death domain
TRAF TNF receptor associated factor

Treg regulatory T-cell

VCAM vascular cell adhesion molecule
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3. Introduction

3.1 Liver and liver cancer

3.1.1 Epidemiology and etiology of liver cancer

Cancer is already the leading cause of death before the age of 70 in most highly developed
countries and amongst the four leading causes of death in 113 of 179 countries today’. With
its rapidly growing incidence and mortality rates it is, however, predicted to become the
leading cause of death in all countries of the world within the 21 centuryl.

Estimated number of incident cases worldwide, Age-standardised 5-year net survival for men (aged 15 to 99 years)

A both sexes, all ages D diagnosed with cancer between 2011 and 2015, England
Lung Melanoma of skin
Breast: Prostate
Non-Hodgkin lymphoma
Colorectum Colorectum
Prostate Kidney
Stomach Bladder
Liver Leukaemia
Oesophagus Stomach
Cervix uteri Lung
i Liver:
Thyroid Brain
Bladder Pancreas

® o? N N a® 0® ® 0 ® & & K

incidence numbers (x10f) 5.year net survival [%]

Estimated number deaths worldwide, Age-standardised 5-year net survival for women (aged 15 to 99 years)
B both sexes, all ages E diagnosed with cancer between 2011 and 2015 , England
Lung Melanoma of skin
Breast:
Colorectum
st h Non-Hodgkin lymphoma
om.ac Kidney
Liver Colorectum
Breast: Leukaemia
Oesophagus Bladder
Pancreas Stomach
Prostat Lung
rostate Brain
Cervix uteri Liver
Leukaemia Pancreas
O O
o o ] N W ® +* ®© & *® K
mortality numbers (x10°) S-year net survival [%)]
Estimated age-standardized incidence & mortality rates
C for liver cancer in 2018, worldwide, all ages

Il mortality
W incidence

° “ N N
ASR (World) per 100000

Figure 1: Incidence, mortality and overall survival rates of cancers worldwide

A) Estimated number of incident cases for the 10 most frequent cancers worldwide in 2018 for both sexes and
all ages. Data is presented as incidence numbers (xlOG).
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B) Estimated number of deaths for the 10 most mortal cancers worldwide in 2018 for both sexes and all ages.
Data is presented as mortality numbers (x10°).

C) Estimated age-standardized incidence (blue) and mortality (red) rates for liver cancers in 2018 in males and
females of all ages worldwide. Data is presented as age-standardized rates (ASR) per 100,000.

D-E) Age-standardized 5-year net survival (%) for men (D) and women (E) (aged 15-99 years) diagnosed with a
common cancer between 2011 and 2015 followed up until 2016 in England. Data is presented as 5-year net
survival [%].

Data Source: GLOBOCAN 2018, © International Agency for Research on Cancer 2019. (A - C); Office for National
Statistics, UK: Cancer survival in England: adult, stage at diagnosis and childhood — patients followed up to
2016. Release date: 29 June 2017 (D, E)

Liver cancer is estimated to be the sixth most common cancer and the fourth most common
cause of cancer-related deaths worldwide in 2018, with an estimated 841,080 new cases
diagnosed and an estimated 781,631 deaths this year (GLOBOCAN 2018)* (Figure 1A, B).
Liver cancer is far more common in men, reflected by a 2 to 3 fold higher rate of incidence
as well as mortality (Figure 1C). The 5-year overall survival rate is 12% (Figure 1D, E), but this
is heavily influenced by the stage of the tumor at the time of diagnosis. While 5-year survival
for patients diagnosed at an early stage is around 25-31%, it drops to only 3% for patients
diagnosed with distant organ metastasis®.

Liver cancer can be primary or secondary. Primary liver cancer starts in the liver, while
secondary liver cancer has spread to the liver from another organ. Secondary liver cancer is
far more common than primary liver cancer and accounts for around 95% of hepatic
malignancies3 (World Cancer Report 2014, World Health Organization, 2014. pp. chapter 5.6).
Primary liver cancer mainly includes hepatocellular carcinoma (HCC), which comprises 75-
85% of all cases, and cholangiocellular carcinoma (ICC), which comprises 10-15% of all
cases'. Other types of liver cancer are very rare and include fibrolamellar carcinoma,
angiosarcoma and hepatoblastoma4. The main risk factors for liver cancer are chronic
infections with hepatitis B (HBV) or C (HCV), heavy alcohol intake, aflatoxin B1,
hemochromatosis, obesity and diabetes type-2'. These risk factors, however, are highly
influenced by region. While chronic HBV infection and aflatoxin exposure are the key factors
in high-risk HCC areas like China and Eastern Africa, HCV infection is the key determinant in
other high-risk areas like Japan and Egypt, but also for some low-risk HCC areas like Europe

and North America®™®

where obesity is another important and rising risk factor’. These
differences are also reflected in recent trends of incidence rates in these areas. While the
incidence of primary liver cancer has generally increased in many areas of the world
between 1973 and 2007, it has actually declined in some countries, most notably in China
and Singapore. On the other hand, there has been a steep increase of incidence in Western
Europe and Northern America within the same timeframe®. Reasons for this are improved
treatment options for HBV and decreased exposure to aflatoxin in China and Singapore on

one hand, and an increase in obesity and HCV exposure on the other hand.
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3.1.2 Liver physiology and functions

The liver is the largest solid organ in the human body, weighing around 1.4-1.5 kg in an adult.
It has critical functions in the storage and metabolism of lipids, carbohydrates and proteins
and therefore also plays a vital role in the nutrient supply of the body in general. In addition,
the liver is crucial for detoxification of extraneous substances, bile acid production for the
digestive system and has important immuno-regulatory functions®.

It is situated in the upper right abdomen, right under the diaphragm and protected by the
rib cage. It overlies the gallbladder and can be subdivided into four lobes, the bigger left and
right lobes divided by the falciform ligament, and the smaller caudate and quadrate lobes.
Two big blood vessels, the hepatic artery and the portal vein, converge in the liver funneling
around 1.5 liters of blood into it every minute, which then leaves again mainly via the left,
middle and right hepatic veins. The portal vein carries blood rich in digested nutrients from
the gastrointestinal tract, spleen and pancreas, while the hepatic artery carries oxygen-rich
blood to the liver.

Figure 2: Histological H&E staining of a hepatic lobule

Picture of an H&E staining of a mouse liver sample depicting the structure of a hepatic lobule. The central vein
(CV) in the middle is surrounded by multiple portal triads (PT) consisting of a branch of a portal vein, a hepatic
artery and bile ducts. The small pictures on the right show higher magnifications of the central vein (top) and a
portal triad (bottom).

An important feature of the liver is its unique capacity for regeneration, being able to
recover its full mass and functions even with less than 33% of tissue remaining®. This
evolutionary advantage is important for the liver, as it has vital functions for the body and a
high exposure to harmful substances and blood-borne pathogens. The most common
disorders of the liver are hepatitis mostly due to hepatitis B and C virus infections, acute and
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chronic liver damage due to alcohol or drug abuse, as well as aflatoxin exposure, fatty liver

disease and non-alcoholic steatohepatitis (NASH), haemochromatosis, cirrhosis and liver
10

cancer .

3.1.3 Liver microenvironment and sinusoids

The main structural and functional units of the liver are the hepatic lobules (Figure 2). These
are roughly hexagonal structures that consist of a central vein, portal triads, liver sinusoids
and plates of hepatocytes. The central vein is located in the middle of each lobule (Figure 2,
CV) and drains blood to the hepatic veins. The portal triads are running along each of the
lobules corners and consist of terminal branches from the hepatic artery and the portal vein,
bile ducts, a lymph vessel and a nerve fiber (Figure 2 C, PT). Between the portal triads and
the central vein are plates of hepatocytes. The hepatocytes are the parenchymal cells of the
liver and make up around 78% of the total tissue volume of the liver. They are the major
functional cells of the liver and are responsible for most of the liver’'s many metabolic
functions. Between the hepatocyte plates are the liver sinusoids. These are special blood
vessels which funnel blood from the hepatic artery and the portal vein through the
hepatocyte plates and towards the central vein (Figure 3). The sinusoids are the main access
point of the hepatocytes to the hepatic blood flow and the non-parenchymal cells. The
sinusoids contain the liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs)
and Kupffer cells (KCs) and build the interface through which these cells and the hepatocytes
may communicate with each other™* (Figure 3).

LSECs form the endothelial barrier of the sinusoids. They are highly plastic and pivotal for
regulating the liver microcirculation. In contrast to regular endothelial cells LSECs possess a
number of non-diaphragmed fenestrae that are arranged in sieve plates. These act like a
filter, but they also contribute to LSEC permeability, facilitating hepatocyte oxygenation and
exchange of macromolecules between hepatocytes and the circulation. In addition, they
have no real basement membrane and are not tightly connected to neighboring endothelial

11,13
cells

. Between the hepatocytes and the sinusoids lies the perisinusoidal space, called the
space of Disse (Figure 3). It is mostly filled with extracellular matrix (ECM) but it also
contains the HSCs'**°

interactions and communication between hepatocytes and non-parenchymal sinusoidal
16,17

. Sitting in the space of Disse, the HSCs take a pivotal role in regulating
cells Furthermore they regulate the sinusoidal microenvironment through ECM
deposition and metabolism, regulate sinusoidal lumen diameter and blood flow by

14,18,1
41819 A more recent

contraction and are critical for retinoid storage and homeostasis
discovery is their involvement in liver immunoregulation?>%%. Apart from LSECs and HSCs,
Kupffer cells are the third and final important cell type of the hepatic sinusoid. KCs are liver
resident macrophages and play an essential role in immune regulation and inflammatory

responses in the liver. They line the sinusoidal endothelial layer, where they are in a unique
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position to capture signals from the blood and elicit appropriate responses from other liver

cells®2*,

portal vein

Hepatocyte Stellate cell

sinusoid

Portal
field

Kupffer cell

Endothelial cell Space of
Disse

Hepatic artery

Figure 3: Hepatic sinusoid and surrounding microenvironment

Schematic depicting the functional units of a hepatic lobule. The portal field (to the left) includes branches
from a hepatic artery, a portal vein and a bile duct. The hepatic sinusoid (in the middle) drains blood into the
central vein (to the right). The sinusoid is wrapped with the highly specialized LSECs (green) and lined with the
liver resident macrophages, the Kupffer cells (red). Beyond the endothelial wall is the space of Disse which
separates the sinusoids from the layers of parenchymal hepatocytes, which form the bulk of the hepatic cells.
The hepatic stellate cells are located within the space of Disse.

Figure is adapted from Frevert et al., 2005".

3.1.4 Hepatic stellate cells and their role in liver fibrosis

HSCs, also known as perisinusoidal cells or Ito cells, were first described by Kupffer in the
19" century and have since emerged as very versatile mesenchymal cells that are vital to
the function of the liver in health and disease. As mentioned above, they are located in the
perisinusoidal space of the liver, called the space of Disse? and comprise around 15% of
cells in the liver®®?. They are most prominently known as quiescent vitamin A storing cells
that activate upon liver injury, turning into contractile, proliferative, and fibrogenic
myofibroblasts. Their role in liver injury and fibrosis has been studied extensively”’lg.
Beyond these well-established functions, recent research has started to uncover much more
mechanisms of stellate cells, highlighting their involvement in hepatic development,
regeneration, xenobiotic responses, intermediary metabolism and immunoregulation™?>%,
Thus, hepatic stellate cells are emerging as an important signaling hub within the sinusoidal
environment, which requires tight regulation of cellular cross-talk and rapid responses to

changing environmental cues from the liver*>*.
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Hepatic stellate cells in healthy liver

In their quiescent state, HSCs have oval or elongated nuclei and a spindle-shaped cell body
with prominent dendritic cytoplasmic processes. These processes wrap around multiple liver

sinusoids on one side and contact hepatocytes on the other side'”*

. Having intimate
contacts with the cells in their immediate vicinity, they facilitate sinusoidal communication
and substance exchangels. In a healthy liver, HSCs are mostly known for their storage of
vitamin A in cytoplasmic lipid droplets3°, where they store 50-80% of total body retinoids .
Nevertheless, recent studies suggest that a significant fraction of HSCs lack vitamin A%,
Other well-established HSC-specific markers in the liver are desmin and glial fibrillary acidic
protein (GFAP)®. In humans, desmin is mainly expressed in periportal stellate cells, but
much less in pericentral HSCs*3. In general, the HSC population is very heterogeneous with
varying amounts of stored vitamin A, differing combinations of intracellular filaments and
1534 HSCs also contribute to hepatocyte

regeneration via secretion of epidermal growth factor (EGF)*®, hepatocyte growth factor

highly adaptive gene expression patterns

(HGF)?*®, epimorphin®’ and pleiotrophin®. A surprising and only newly discovered feature of
hepatic stellate cells is their involvement in hepatic immunoregulationzo. Stellate cells
express Toll-like receptors (TLRs)*! and can thus sense bacterial lipopolysaccharide (LPS),
which stimulates the expression of a variety of chemokines, like monocyte chemotactic
protein 1 (MCP1, CCL2), CC-chemokine ligand 21 (CCL21) and regulated on activation,
normal T cell expressed and secreted (RANTES, CCL5)%°

leukocytes. Interestingly, this activation does not lead to matrix deposition in vitro®. HSCs
22,4041

, that induce the infiltration of
can also function as antigen-presenting cells to stimulate lymphocyte proliferation or
apoptosis“.

Hepatic stellate cell activation

Liver injuries activate hepatic stellate cells through a variety of mechanisms. These
mechanisms mostly revolve around changes of the extracellular matrix, paracrine signals
from neighboring cells and necroptotic and apoptotic hepatocytesl5. HSC activation is a
process of continuous evolution from quiescent vitamin A-storing cells towards fibrogenic,
proliferating and contractile myofibroblast-like cells**. This process is divided into two parts,
the initiation and the perpetuation. During the initiation, early activating mechanisms cause
the HSCs to acquire a phenotype that is much more sensitive and responsive to stimulation
from growth factors and cytokines**. Activating events include paracrine signaling from
reactive oxygen species (ROS), dying hepatocytes, injured cholangiocytes, inflammatory cells,
de-differentiating LSECs and changing ECM?**™#
can be phagocytosed by HSCs directly®. The perpetuation occurs if the injury is not cleared

. Apoptotic bodies from dying hepatocytes

and the activating signals persist. In this case, paracrine and autocrine signaling loops drive
HSCs to further evolve towards a myofibroblast-like phenotype that is marked by loss of
vitamin A droplets, proliferation, contractility, chemotaxis, inflammatory signaling,
fibrogenesis and ECM degradation™. ECM degradation is indeed just as important as ECM
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deposition in the context of fibrogenesis, as both are needed to tip the balance between
healthy ECM (e.g. collagen type-IV, laminin) and fibrotic scar ECM (e.g. collagen type-l and
type-lll) towards the latter. The balance between ECM degradation and ECM production is
heavily controlled by HSCs through the expression of various matrix metalloproteinases
(MMPs) and their inhibitors tissue inhibitor of metalloproteinases 1 (TIMP1) and 2 (TIMP2).
Increased contractility is also reflected by an upregulation of alpha smooth muscle actin (a-
SMA) expression, which is the most reliable marker for HSC activation, as no other resident
liver cell expresses it™. In their activated state HSCs have an enlarged rough endoplasmatic
reticulum (rER) and well-developed Golgi'*. Furthermore numerous microfilaments appear
beneath the cell membrane® and they establish collagen fibers around themselves. If the
liver injury subsides, HSC activation is resolved mainly through HSC apoptosis, but also

through re-differentiation towards a quiescent phenotype15’44.

3.1.5 Liver fibrosis, inflammation and cancer

Liver fibrosis is marked by an accumulation of ECM, mainly within the space of Disse and the
portal tracts™. It is a part of the natural wound healing process and meant to encapsulate
injured tissue**. Thus, fibrosis is also part of acute wound healing processes, but significant
fibrosis usually accumulates only after years**. All sinusoidal cells take part in this process,
which is quickly aggravated and perpetuated through autocrine and paracrine vicious cycles

82122 Although other resident liver

and inflammatory stimuli from invading immune cells
cells also contribute to ECM production during fibrosis, HSCs are the main source of ECM in
the liver. Activation of HSCs can occur through various mechanisms as mentioned above
(see 3.1.4). Activation of Kupffer cells and a de-differentiation of LSECs are also important

>33 The most potent pro-fibrogenic cytokine for HSCs

for supporting the fibrotic phenotype
is transforming growth factor 81 (TGFR1), making it a promising target for therapeutic
treatments®®. TGFR1 is also amongst the most prominent target genes upregulated during
HSC activation, thus contributing to the autocrine perpetuation of HSC activation and
fibrosis. Other important target genes include TGFR receptors, collagen-I (coll), MMP-2,
TIMP-1 and -2 and a-SMA™**. Fibrosis only occurs in the event of tissue damage. Although
this may happen without underlying inflammation, as in the case of haemochromatosis,
prolonged tissue damage is usually accompanied by inflammation**, as inflammation is
linked to tissue damage and regeneration®’. As described earlier, HSCs are potent mediators
of the hepatic immune system. Not only are they able to orchestrate the inflammatory
response to tissue damage through the attraction of immune cells, but they also respond
themselves to molecular cues from infiltrating immune cells. Many of the chemokines

48 Events that trigger liver

expressed by HSCs promote both inflammation and fibrogenesis
inflammation are most importantly infection with HBV or HCV or hepatocyte death due to
alcohol or drug abuse. The most important signaling mediator in this regard is nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)*. Inflammation is not only a

response to tissue damage, but prolonged inflammation may also cause significant tissue
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damage itself, triggering hepatocyte death and compensatory wound healing processes

60-62

accompanied by fibrosis . Continuous liver fibrosis leads to liver cirrhosis, marked by a

distortion of the liver architecture, inflammation and vascular dysfunction“. Furthermore,

increased vascular resistance due to increased contractility of LSECs and HSCs leads to portal

hypertension, a hallmark of liver cirrhosis*>®.

Already in the 19" century Rudolph Virchow proposed that wound healing, inflammation

and fibrosis might affect cancer formation and progression64. Since then, many studies have

65-67

corroborated his hypothesis . Chronic inflammation in general is linked, as an underlying

68,69

mechanism, to 15-20% of all cancer-related deaths™"". Although inflammation can be anti-

70,71

tumorigenic, many of its effects support tumor growth and progression”’~. Hanahan and

Weinberg summarized the hallmarks of cancer as self-sufficiency of growth signals,
insensitivity to growth inhibitory signals, evasion of apoptosis, limitless replicative potential,
tissue invasion and metastasis, sustained angiogenesis, re-programming of energy

metabolism and evading immune destruction’%”?

74,75

. Most of these processes can be affected

by inflammation™™">. The pro-inflammatory tumor stroma is a crucial contributor to cancer

76-78 |

progression, by providing pro-proliferative, anti-apoptotic and angiogenic cues n

general, cells and cytokines that mediate chronic inflammation also facilitate both tumor

initiation and metastatic progression 7983

. A good example is the activation of the NF-kB
pathway that is frequently activated in chronically inflamed tissues and tumors alike 8 In
primary liver cancer, activated HSCs contribute to tumor progression and tumor
vascularization through accumulation of tumor stroma and angiogenic cues®*®®. Other

reports also suggest a contribution of activated HSCs in hepatic metastases®”®®

. Interestingly,
estrogens are anti-fibrotic in liver, which may explain the significantly lower risk of liver

fibrosis and liver cancer in females compared to males®.

3.2 Tumor metastasis

Tumor metastasis is the spread of tumor cells from the primary tumor to other organs. It is
the main cause of cancer-related death. Stated differently, metastasis rather than the

. . . 72,7
primary tumor is responsible for around 90% of all cancer-related deaths’*’%%

. However,
despite the vast body of knowledge available around the pathologic mechanisms that drive
primary tumor formation, our knowledge of the mechanisms driving metastasis is poorgo.
Tumor metastasis is a highly inefficient process where only very few cells released from the

. . .. . 1,92
primary tumor succeed in colonizing a new site’”°*?

. This is ensured by a plethora of
homeostatic mechanisms in healthy tissues which convey an inherent hostility towards
invading tumor cells®. These mechanisms put a selective pressure on the rapidly growing,
genomically unstable tumor cells. In this regard, cancer may progress through evolution of
its genetically heterogeneous cell population driven by sequential environmental
pressures’”®?* Metastasis can thus be seen as a multistep process involving

dedifferentiation, dissociation and local invasion of primary tumor cells followed by
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intravasation into blood or lymph vessels, survival and transport in circulation, homing,
attachment and arrest in microvessels of distant organs, extravasation into the parenchyma,
proliferation and metastatic outgrowth into overt metastatic lesions’>°%**% (Figure 4). Each
of these steps is critical and can be rate-limiting™.

3.2.1 The metastatic cascade

Dedifferentiation and acquisition of a pro-metastatic phenotype

The mutability and genetic heterogeneity of a cancer is directly linked to its metastatic

|95,96

potentia , and the basis for the genetic heterogeneity of tumor cells is their intrinsic

genomic instability which stems from DNA mutations, chromosomal rearrangements,

79,95,97-99

telomeric crisis and epigenetic alterations . In healthy tissues these changes are

usually counteracted by telomere attrition and the expression of growth inhibitory,
apoptotic and senescence pathways. Overcoming these cell-intrinsic barriers is a hallmark of
all tumor cells’. Further pressures come from extrinsic barriers such as reactive oxygen

species, hypoxia, immune surveillance, inhibitory cytokines, extracellular matrix

79,100-103

components and interstitial pressure . Many of these barriers limit the progression of

primary tumors but also pose a challenge for disseminated metastasizing tumor cells. Tumor

cells that can resist, co-opt or overcome these barriers can dominate the tumor and prime it

79,95

for metastatic progression’””. Despite many years of scientific progression, no recurrent

genetic mutations have been found that might explain metastasis beyond those already

104,105

present in the primary tumor . This suggests that epigenetic changes and changes in

the microenvironment are more important for metastatic progression than DNA

0,106

mutations®>'%. This hypothesis is corroborated by recent genomic studies showing a close

genetic relationship between metastases and primary tumors, implying that all necessary

genetic mutations for successful metastatic colonization have already been present in a

fraction of primary tumor cells'®’.

Dissociation and invasion

To progress to the invasive stage, tumor cells first need to detach from the primary tumor
mass. Depending on the cell type and the site of the primary tumor, different mechanisms

can lead to the ability of tumor cells to detach from the primary tumor, disobey the rules of

108

tissue architecture and survive on their own . Many primary tumors that progress

towards a metastatic phenotype display a reduced or altered expression of cell adhesion

molecules, often as part of an epithelial-mesenchymal transition (EMT) program®®*%*%° The
111

EMT is a program usually employed during embryogenesis or wound-healing™". It is marked

by a loss of epithelial and a gain of mesenchymal properties and is frequently hijacked by

tumor cells, granting them more malignant traits critical to dissemination, such as increased

motility and invasiveness and the ability to degrade ECM components**?™***. Furthermore,
115-119

EMT can equip tumor cells with tumor-initiating capabilities , presumably a crucial trait
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of disseminated tumor cells to form new colonies®, and it has also been found to increase

120,121

the resistance of tumor cells to cytotoxic treatment . The EMT program is usually

triggered by signals from the reactive tumor stroma and is generally reversible®.
Furthermore, tumor cells often retain certain epithelial traits after their EMT, leaving them

in an intermediate state between epithelial and mesenchymal poles®®*?*7%.

Dedifferentiation & acquisition of pro-metastatic traits

basement
membrane

epigenetic alterations, diversification, microenvironment, survival
1

Dissociation & invasion

EMT, reduced adhesion, motility

4

Intravasation

primary
tumor

lymphocyte

neovascularization, proteolytic activity

v/

Survival in transit

platelets

immune evasion, shear stress resistance, tumor emboli

Homing & extravasation

Attachment, physical lodging, adhesion, interaction with
endothelial cells

Outgrowth of DTCs

PMN, dormancy, adaptation to new microenvironment, growth

metastatic tumor

Figure 4: The metastatic cascade

Schematic depicting the principal steps of the metastatic cascade. Tumor cells at the primary site
dedifferentiate and diversify through various mechanisms like epigenetic and microenvironmental changes.
Subsets of tumor cells acquire pro-metastatic traits (resistance to anoikis, increased motility) that allow them
to detach from the primary site and invade surrounding tissues. Leaky tumor neovasculature and proteolytic
activity allow them to intravasate into the circulation. In the circulation CTCs form tumor emboli by attaching
to other tumor cells, immune cells and platelets to protect themselves from immune surveillance and shear
stress. These emboli can get physically stuck in the vasculature or else attach and adhere to endothelial cells
through ligand-receptor interactions of adhesion factors or chemokines. CTCs leave the vasculature by
extravasation which can be supported by ligand-receptor interactions of adhesion factors or chemokines,
immune cells or physical force. Once in the new organ, DTCs require a suitable PMN, adapt to the new
microenvironment or else enter dormancy. If they successfully adapt to the new microenvironment they can
initiate growth and neovascularization to become a full-blown metastasis.

Figure is adapted from Cotran, R.S., Kumar, V., & Collins, T. (1999) Robbins Pathologic Basis of Disease.
Philadelphia: W.B.Saunders, Co. pp.303
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Once detached, metastatic tumor cells need to invade the adjacent tissue, which requires a
migratory phenotype. Necessary molecular changes include dynamic cytoskeletal changes,
actin-myosin contractions, focal contact disassembly, cell-matrix interactions and localized
proteolysis. These mechanisms are mainly regulated by small GTPases, integrin-containing

126-128

focal adhesions and membrane-bound proteases . Recent findings suggest that many

primary tumor cells invade surrounding tissues as part of large cohesive cell cohorts rather

than as single cells'?

. The cells in these cohorts are genetically and phenotypically diverse,
with cells at the leading edges showing more mesenchymal traits for migration and invasion,
paving the way for cells at the rear that retain more epithelial traits to stay connected to the

cells at the front3%132,

Intravasation

To intravasate and reach the circulation, invading tumor cells eventually need to breach the
epithelial basement membrane which is composed of proteoglycans and glycoproteins such
as collagens, laminin or perlecan. Breaching the basement membrane requires proteolytic
digestion of the membrane by extracellular matrix proteases’. Activity of these proteases is
usually tightly controlled through localization, autoinhibition and secreted tissue inhibitors.
Tumor cells can use various mechanisms to disrupt this control and proteolytically digest the

127133 A the basement membrane as well as the extracellular matrix

basement membrane
contains a variety of inactive, cleavable biomolecules, the tumor cell-initiated proteolysis
may also generate various bioactive molecules that can modulate the tumor cells as well as
the surrounding microenvironment. Although most of these molecules will promote tumor
cell survival, proliferation, migration or angiogenesis, some may actually antagonize tumor

79,134

progression . Apart from increased motility and proteolytic activity, intravasation is

often facilitated by the need of the growing primary tumor to establish its own neo-
vasculature to ensure a proper supply of nutrients and oxygen beyond the diffusion limit of

135

the existing blood vessels™™. This tumor vasculature is usually leakier than regular

vasculature, facilitating tumor cell intravasation>®*’,

Survival in transit, homing and extravasation

Once in the circulation, metastasizing tumor cells face several new stress factors like
hydrodynamic flow, shear forces and the immune system®®. To overcome these stress
factors, circulating tumor cells (CTCs) may move in clusters® and also interact with platelets
and host cells like neutrophils, macrophages and endothelial cells®. Aggregating into tumor
cell clusters helps CTCs to evade the immune system, apoptosis, shield them from
hemodynamic shear forces and helps with physical lodging within vessels™*°. Aggregating

140,141

with platelets helps CTCs to evade the immune system , to protect against

hemodynamic shear stress'*?, to sustain EMT programs*** and to help with adhesion and

homing to vessel walls'*. Aggregating with neutrophils helps CTCs to evade the immune

145,146 147-149

system , survive the circulation, adhere to vessel walls and extravasate . Anoikis,
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cell death induced due to loss of adhesive supports, is an additional stress factor that may
play a role, although it is likely that metastasizing tumor cells only spend mere minutes in

7990150 "Once again, the expression of more

the circulation, making anoikis a negligible factor
mesenchymal traits seems to correlate with increased treatment resistance and disease
progression in CTCs™. Many CTCs will get physically stuck in a capillary bed of microvessels
very quickly, especially as part of tumor cell clusters or emboli. Other possible means for
initial target homing are interactions between cell surface receptors and ligands expressed
by tumor cells and the target organ’®*>1°132,

To finally leave the circulation, tumor cells need to breach the vascular wall once more in a
process called extravasation. Some tumors will grow within the vasculature after getting
stuck until they physically burst through the vascular wall>3. Interactions with platelets™*,
neutrophils149 and monocytes.152 help CTCs to extravasate as well. Other known methods
revolve around interactions between cell surface receptors and ligands expressed by tumor

152,155,156

cells and the target organ vasculature . A novel mechanism is marked by the

induction of endothelial cell necroptosis®’.

The final step of the metastatic cascade is marked by proliferation and outgrowth of
disseminated tumor cells (DTCs) in a distant organ. This step will be explained in more detail
in the following section.

3.2.2 Seeding and outgrowth of disseminated tumor cells

Once the CTCs have successfully left the circulation, they still need to start proliferation and
growth in the new organ to initiate a full-blown metastasis. This, however, is counteracted
by the fact that they are missing the familiar microenvironment of their primary site, and by
the homeostatic mechanisms of the non-receptive target orgango. Already in 1889 Stephen
Paget proposed that disseminated cancer cells would only colonize compatible organ

. . . . . .1
microenvironments in his seed-and-soil hypothesis™®.

95,159-161

Clinical observations have since

corroborated this hypothesis . Thus, it is well-appreciated today that metastatic

outgrowth in the target organ requires the presence of a viable pre-metastatic niche within

the target organ as well as the expression of suitable factors from the invading tumor

79,95,162,163

cells . The formation and evolution of the pre-metastatic niche is mostly driven by

. . 162,164,1 . . .
the primary tumor itself *°>'%%1%>  The pre-metastatic niche is, therefore, one consequence

16 Some of these effects

167-169

of the far-ranging systemic effects induced by the primary tumor
are mediated by tumor-derived exosomes bearing DNA, mRNA or microRNA . How the
pre-metastatic niche is formed may vary greatly from tumor to tumor and organ to organ
and concepts for its formation have only recently started to emerge. One of these concepts
that is frequently observed involves the recruitment of hematopoietic progenitors*®* and

79 into the target organ. Another concept involves the induction of favorable

immune cells
gene expression in resident cells of the target organ164. If invading tumor cells don’t find a

suitable microenvironment in the target organ outright they can sometimes enter a state of
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dormancy. In this quiescent state they exit the cell-cycle while keeping their proliferative

|90,92,171,172

and tumor-initiating potentia . Reasons for DTCs to enter dormancy include the

173174 |

inability to induce angiogenesis or active suppression by the immune system n

general dormancy can be initiated as an active response to signals from the new

microenvironment or due to the absence of cues the DTCs depended on in their primary

175,176

site . A novel concept related to dormancy is the dormant niche. These niches support

DTC survival, their resistance to therapeutic agents and restrain their proliferationm.

Recent findings suggest that these niches may otherwise be tissue-resident stem cell

178

niches™"". In lung, bone and brain it has been shown that the perivascular niche actively

supports dormancy programs'’>*%°,

To colonize the target organ outright or to leave dormancy, the invading tumor cells need to
acquire the capacity to productively interact with the new microenvironment®™. To that end,
tumor cells may release factors that modulate the extracellular matrix or stromal cells in the
local microenvironment or express homing factors that recognize ligands in the pre-

metastatic niche. Furthermore, cells in the microenvironment may release factors that

181-183
I . Th

directly or indirectly modulate properties or gene expression of the tumor cel e

factors needed for successful colonization vary greatly depending on the target organ as

184-186

every organ has its own unique structure and microenvironment . It has been shown

that the gene expression pattern of the same parental breast-cancer cell line for successful

colonization of the bone is very different from the pattern needed for successful

187,188

colonization of the lungs . To successfully colonize the brain, disseminated tumor cells

189

need to be able to penetrate the blood brain barrier and resist reactive astrocytes™ . For

successful colonization of the liver, on the other hand, extravasation might be less of a

problem due to the fenestrated endothelium of the liver sinusoids®?, but evasion of resident

190,191 192

immune cells is more important as well as overcoming metabolic stress™™°. More

. . . . 1 .
general mechanisms include resistance to hypoxic stress'®>, ways to surrogate adhesive

194,1 . 196,197
9195 " modulation of the ECM**
199

interactions from the primary site , recruitment of

immune cells®®

and acute inflammatory responses™". Just like the target organ, the origin
of the invading tumor cell also plays an important role, as cellular properties and gene
expression patterns are significantly different between different cells of origin. The same
oncogenic mutations may predispose different cells of origin to metastasize to different
target organs’®. Furthermore the developmental stage of the cell of origin at the time of
transformation is also relevant®®, as this may significantly change its properties and gene
expression pattern. In this regard, increasing evidence is being found that DTCs need certain

stem cell traits to re-initiate tumor growth at distant sites?0%2%3

204,205

. These stem cell traits may

206,207

be conferred by EMT programs or acquired in a dormant niche

Interestingly, while the traditional “linear progression” model suggests metastasis to be a
late event in tumor progression, more recent studies have shown that dissemination and

208-211

EMT can occur even before overt malignancy of the primary tumor mass . This model is

termed the “parallel progression” model**2. However, it is still not known if and how DTCs
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can evolve into fully transformed metastatic cells in a distant hostile microenvironment in
the parallel progression model®.

3.2.3 Primary and secondary lymphomas

Lymphomas are a group of cancers that develop from lymphocytes. There are many
subtypes that can be divided into two main categories: Hodgkin’s lymphomas (HL) and non-
Hodgkin lymphomas (NHL). The vast majority are NHLs (~90%)**?*. HLs are characterized
by the presence of Reed-Sternberg cells. These are giant, multinucleated cells that mostly
derive from germinal center B cells. NHLs are all other lymphomas except HLs and they can
be further divided into mature B cell neoplasms, mature T cell neoplasms, precursor
lymphoid neoplasms and immunodeficiency-associated lymphoproliferative disorders.
Further distinctions have to be made between primary and secondary and nodal and
extranodal lymphomas. In the liver, primary lymphomas are defined as being restricted to
the liver without evidence of extrahepatic involvement for at least six month?*>28,
Secondary lymphomas develop from tumor cells disseminated from another site and thus
are usually a sign of advanced or late-stage disease’™. Nodal lymphomas arise within lymph
nodes, while extranodal lymphomas arise in tissues other than the lymph nodes, including
organs without lymphoid tissues?’’. Around 25-40% of NHL patients have extranodal
lymphoma. NHLs are the fifth leading cause of cancer in males and the seventh among
women, accounting for 3-4 % of cancer—related deaths, in the United States®’®. Incidence

rates have been rising constantly in the past two decades?* %%,

portal-dense portal-loose nodular sinusoidal

© neoplastic cell portal tract O hepaticartery bile duct

© reactive bystander cell ' hepatocyte O portal vein

Figure 5: Infiltration patterns of lymphomas

Four different infiltration patterns of lymphomas can be observed. Portal infiltrates show lymphoma cells
spread within the portal tracts, either densely packed or loose. Nodular infiltrates show lymphoma cells in
densly packed nodules throughout the liver. Sinusoidal infiltrates show lymphoma cells loosely spread within
the sinusoids.

Figure is adapted from Loddenkemper et al.,2006"*.
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The liver is most often involved in lymphomas, aside from lymph nodes, spleen and bone

marrow?***%. However, these are mostly secondary manifestations rather than primary

manifestations, as primary hepatic lymphoma (PHL) is very rare, making up less than 1% of

2247226 Chronic hepatitis and cirrhosis have been shown to be

227-229

extranodal lymphomas
relevant for the formation of PHL . In the liver, the vast majority of both primary and
secondary lymphoma manifestations are diffuse large B-cell lymphomas (DLBCLs), making

222 Other frequent lymphoma

up 63% of PHLs*** and 45% of secondary manifestations
entities in secondary hepatic lymphoma are chronic lymphocytic leukemia (CLL), classical
Hodgkin’s lymphoma (cHL) and Burkitt’s lymphoma (BL)***?*

generally much rarer than B-cell lymphomas. In the liver they make up only around 12% of
222,230

. T-cell lymphomas are

all NHLs, which is still higher than in many other organs, except skin and small intestine
T-cell rich B-cell lymphoma (TCRBCL), a variant of DLBCL that consists of 10% large neoplastic
B-cells and a dense infiltrate of non-neoplastic, reactive T-cells and histiocytes, is very rare
in all extranodal sites except liver, where it makes up around 14% of all DLBCLs?*?*.

Most of the lymphomas in the liver have a characteristic infiltration pattern (Figure 5).
Infiltrates can either be portal, nodular or sinusoidal®***?*. Portal infiltrates show tumor cells
densely clustered or loosely spread within the portal tracts. Nodular infiltrates show tumor
cells densely clustered within nodules throughout the liver, while sinusoidal infiltrates show
tumor cells loosely spread throughout the sinusoids. DLBCLs mostly show a nodular
infiltration pattern, while B-CLLs and cHLs usually show portal infiltrates. T-cell lymphomas
are amongst the few lymphomas that do not show characteristic infiltration patterns and
are thus diagnostically more challenging®*%.

3.2.4 The current lack of treatment options

Despite significant advances in the study and diagnosis of cancer and many novel targeted

cancer therapies, patients diagnosed with distant organ metastases are in many cases not

90,95,231,232

curable by current therapeutic options, facing terminal illness . Therapeutic options

for treatment of metastatic cancer are basically the same as for primary tumors®™. This
makes new strategies to fight distant organ metastases necessary. The main barrier to
fighting metastases is the genetic and biological heterogeneity of tumor cells. This
heterogeneity stems, on one hand, from the primary site, as there are more than 200
distinct cancer disease entities known in humans®’. On the other hand, it stems from the
metastatic process, as metastases evolving from a subpopulation of cells in the primary site

233-235

have their unique clonal architecture and biology . A further barrier is therapeutic

resistance, which can be influenced by the highly specific organ microenvironment in

95,236 237-239

metastatic sites and also by chemotherapeutic agents themselves . Furthermore,

almost all currently available cytotoxic therapies target proliferating cells only, making

180,240

dormant DTCs intrinsically more resistant . All these barriers make generalized and

empiric approaches to curing metastasis very hard. Therefore, in order to develop new
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intervention strategies, it is important to understand the systemic, cellular and molecular
mechanisms driving metastasis formation % Of note, dormant DTCs can stay quiescent and
undetected for years before eventually reinitiating proliferation and turning into an overt,
full-blown metastasis, making the dormant phase prime for therapeutic intervention®.

3.3 Cis- and transregulatory mechanisms during liver metastasis

The liver is one of the most common solid organs to be affected by metastasis, being a
favourite site of dissemination for malignancies such as pancreatic cancer®®, colon cancer®®,

242,243 244

breast cancer and melanoma“". Metastatic tumors in the liver are indeed around

twenty times more common than primary liver cancer. Unfortunately though, the

245
d

mechanisms underlying liver metastasis are not yet fully understood™”, and reliable

therapeutic options are lacking®*’.

As already mentioned earlier, tumor metastasis is a very complex process that involves a
multitude of cells and cellular interactions and its success is dependent on a plethora of
regulatory mechanisms. These include cis-regulatory mechanisms between disseminated
tumor cells and their current microenvironment as well as trans-regulatory mechanisms
initiated by the primary tumor or immune cells to precondition the microenvironment of
metastatic sites. These regulatory mechanisms shape the host tissue, its cellular
composition and the tumor cells to determine sites and success of tumor metastasis®****°.
Mechanisms involved in this process include, amongst others, expression of cytokines,
chemokines and chemokine receptors, adhesion molecules, shedding of extracellular

vesicles, ECM remodeling, immune deregulation, cell-cell and cell-ECM interactions 3182247

. . . . 246,24
but also more abstract mechanisms like blood circulation patterns®*®%*.

3.3.1 Metastatic niche formation and the impact of hepatic sinusoidal cells on liver
metastasis

Sinusoidal cells and their microenvironment are a key factor for the successful colonization
of tumor cells in the liver. Most of the sinusoidal cells can have pro- and anti-metastatic
roles depending on the regulatory signals they receive®. The balance between pro- and
anti-metastatic effects determines whether metastatic colonization will be successful, the
tumor cells die or if they enter dormancy®. This balance can already be tipped towards a
pro-metastatic effect by the primary tumor before disseminated tumor cells even arrive in
the liver. Although the concept of pre-metastatic niches (PMNs) is hard to verify in a clinical

setting, it is widely accepted in the scientific community®**®°

. The primary tumor can
precondition and shape the PMN through a stepwise evolution with secreted factors and
extracellular vesicles. These include pro-angiogenic factors such as vascular endothelial
growth factor A (VEGFA)**®, which lead to vascular remodeling and hyperpermeability®>°,

and inflammatory cytokines and chemokines like TGFR and CCL2, which can activate
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164,251

sinusoidal cells and attract immune cells . Tumor-derived extracellular vesicles can

contain exosomal microRNA or proteinsw’252

. Pancreatic ductal adenocarcinoma (PDAC)-
derived exosomes expressing macrophage migration inhibitory factor (MIF) have been
shown to educate Kupffer cells to express TGFR, leading to an activation of HSCs and a

fibrinogenic and pro-metastatic environment'®’

. Target organ and cell specificity of the
extracellular vesicles are regulated through receptor expression on the vesicles themselves.
Liver tissue may be targeted through expression of a,fs integrin, which binds to

fibronectin®,

LSECs have key regulatory functions in liver metastasis. Getting activated upon tumor cell
entrapment within the sinusoids, they may induce tumor cell death through release of nitric

oxide (NO) and ROS*? or tumor necrosis factor alpha (TNFa)**

and interferon gamma
(IFNy)ZSS. Furthermore they can attract immune cells like neutrophils, who in turn may
%6 On the other hand,

activated LSECs may increase cell adhesion molecule (CAM) expression and induce EMT in

activate tumoricidal activity in Kupffer cells and infiltrating T-cells

cancer cells through fibronectin secretion. Both mechanisms help cancer cells with

extravasation, migration and invasion”’, also shielding them from the toxic

258

microenvironment of the sinusoidal lumen~. If pro- or anti-metastatic effects prevail is also

regulated by the expression of surface receptors on the tumor cells 2220,

Kupffer cells usually phagocytose and kill tumor cells in the sinusoidal lumen®®*, but tumor
cells that can survive the encounter may benefit from the activated KCs, as they can help
with invasion, survival, proliferation and angiogenesis through secretion of various cytokines,
growth factors and MMPs and the induction of CAM expression on LSECs®82%%,

Hepatic Stellate cells mostly serve pro-metastatic purposes. Activated HSCs secrete cyto-
and chemokines that recruit immune cells like neutrophils, macrophages and bone marrow-

derived dendritic cells (BMDCs) which help to shape the metastatic niche®***%*

. Furthermore,
they support angiogenesis through secretion of VEGFA and Angiopoietin—1265. Their
expression of a variety of MMPs is a key factor in tumor cell invasion and ECM

remodeling15'256

. ECM remodeling may release trapped molecules that can help with homing
of BMDCs and CTCs. Furthermore, the composition of the ECM and its physical properties,
such as stiffness, can induce signaling patterns in neighboring cells which may in turn
support tumor cell seeding and outgrowth?®2%’.

Not much is known about the role of hepatocytes in liver metastasis, but binding of tumor
cells to hepatocytes has been identified as an early event in liver metastasis*®®, and it has
been shown that disseminated breast cancer cells can extend projections through the space
of Disse to contact hepatocytes before leaving the sinusoidal lumen?®°. Binding of tumor
cells to hepatocyte-derived ECM can initiate the expression of proliferation and survival

. . . 2
genes and thus serve as an autocrine growth promotion mechanism for tumor cells®®2”°.
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3.3.2 The role of cell adhesion molecules in the progression of liver metastasis

Cell adhesion molecules play an important role in liver metastasis. Not only are they
important for the initial homing of CTCs and organotropismleg, but they are also involved in

258,271

tumor cell retention, trans-endothelial migration and invasion . Furthermore certain

cell adhesion molecules are involved in cellular signaling and may change cellular expression

profiles considerablym’m.

CTC homing to the liver is mediated, amongst others, through chemokine - chemokine
receptor interactions*’*. Chemokine (C-X-C motif) ligand 12 (CXCL12) expression in the liver
may attract colorectal, prostate and breast cancer cells as well as melanoma cells expressing
CXCR4*">%"®_ E-selectin, intercellular adhesion molecule 1 (ICAM1) and vascular cell adhesion
molecule 1 (VCAM1) expression on LSECs, mediated through inflammatory responses and

TNF receptor 1 (TNFR1)*"’
272

, is an important mechanism to bind and arrest CTCs at the

sinusoidal endothelium®’“. The strength of the binding between CTCs and the vessel walls is

278

crucial for successful arrest and subsequent trans-endothelial migration of CTCs""" and

consequently for CTC survival, as it allows them to escape the toxic environment of the

circulation®®®. Due to the fenestrations in the liver sinusoidal endothelium, tumor cells can

279,280

bind directly to ECM molecules within the space of Disse . This is another important

mechanism for CTC arrest in the liver, but it is also an important mechanism of outside-in

signaling which can regulate apoptosis, proliferation, differentiation, migration and invasion,

273,281

thus playing a critical role in metastasis . Most of these tumor cell-ECM interactions are

mediated by integrins, but cadherins, immunoglobulin superfamily members, proteoglycans,

282
d=™.

glypicans and syndecans are also important in this regar E-cadherin has been

thoroughly studied in tumor metastasis for its role in EMT**%?®, While E-cadherin loss is
important in the early stages of carcinoma metastasis to enable dissociation, migration and
dissemination via EMT, recent studies have shown that more epithelial traits, obtained via a

mesenchymal-epithelial transition (MET), are beneficial for CTC survival and metastatic

284

outgrowth in distant organs like the liver*™". MET is usually marked by a re-expression of E-

cadherin and can be triggered by the liver microenvironment?®>.
3.3.3 The role of pro-inflammatory signaling and immune cells in liver metastasis

In recent years it has become evident that inflammation can be positively correlated with

285,286 287,288

tumor progression and metastatic dissemination . Indeed, chronic inflammatory

conditions are associated with increased risk of developing tumors and targeting of

inflammatory mediators in the tumor microenvironment can decrease the incidence and

289,290

spread of cancer in experimental models , While overexpression of inflammatory

285288 Similar findings have been reported for liver

cytokines promotes tumor progression
metastasis as well*". Pro-inflammatory mediators like TGFR and TNFa can activate

sinusoidal cells to induce PMN formation, creating an environment that supports CTCs with
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increased adhesion, proliferation, survival, migration and invasion®>%%?, Chemokines like

CCL2, CCL5 and CXCL12 secreted by activated liver sinusoidal cells may help with CTC
homing to the liver (s. 3.3.2), but also recruit macrophages, neutrophils, BMDCs, myeloid-
derived suppressor cells (MDSCs) and other immune cells to the liver’®®?*%? These
recruited immune cells have a critical impact on the sinusoidal microenvironment and its
metastatic capacity. Recruited blood-borne monocytes and macrophages can have pro- or
anti-metastatic effects depending on their polarity. M1 macrophages are tumoricidal

through secretion of large amounts of NO and TNFa*®®

, While M2 macrophages are pro-
metastatic through their expression of pro-angiogenic and growth factors like VEGFa,
epidermal growth factor (EGF) and TGFR***

anti-metastatic effects. They can kill tumor cells directly through cytolytic factors or

. Similarly, neutrophils may also exhibit pro- or

indirectly by activating KCs or recruiting cytotoxic CD8+ T-cells®®®?*>, On the other hand,
they can contribute to the metastatic process by shaping the metastatic niche?®.
Furthermore, they can improve tumor cell retention by anchoring them to the vessel wall or
through neutrophil extracellular traps**®. Furthermore, they can contribute to CTC adhesion,
proliferation and invasion through secretion of cytokines, chemokines, leukotrienes and
MMPs*"%2 MDSCs and regulatory T-cells (Tregs) have strong immunosuppressive

properties, thus supporting tumor cell survival and immune evasion??*%

. Platelets can help
tumor cells in circulation to survive, by forming tumor cell-platelet clusters. These clusters
are more resistant to the physical shear forces in the circulation, and the platelets also help

with immune evasion3®,
3.3.4 Lymphotoxins

Cytokines play a pivotal role in immunity, as they are a means of communication for the
highly mobile immune cells with themselves and with the surrounding tissues.
Lymphotoxins belong to the tumor necrosis factor superfamily of cytokines, which plays a
role in many pathways involving cell death, survival and differentiation but also
development and maintenance of bone, neuronal, ectodermal and lymphoid organs®*>%.
There are two different lymphotoxin molecules, lymphotoxin alpha (LTa) and beta (LTR). LTa
30339 and thought to

be redundant with TNF*%. Since then it has been shown to have functions very distinct from

was initially described as a cytotoxic factor expressed in lymphocytes

TNF. Like all TNF superfamily members, LTa is active only in a trimeric form and can form
either homo- or heterotrimers with LTR*®’. As LTa unlike all other TNF superfamily members
has no transmembrane domain, the LTas homotrimeric form is secreted?*®3% (Figure 6). It is
mainly expressed by hematopoietic cells like B- and T-lymphocytes and natural killer cells
(NKCs), but also by hepatocytes, melanocytes, acinar cells and kidney epithelial cells®0309310
LTas does not bind to LTRR, but rather to TNFR1 and TNFR23% (Figure 6). LTR is, typical for
TNF superfamily members, a type Il transmembrane protein. Like LTa it is only active as a
trimer and only forms heterotrimers with LTa, anchoring LTa to the membrane. It exists

mainly as LTa;R, (Figure 6), but can also form the much rarer LToR; (~2%)
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heterotrimer%%3!

. It is constitutively expressed on a low level in hematopoietic cells, but
can also be expressed by many other tissues during acute inflammation*2. LTaR; binds
exclusively to LTBR, which requires cell-cell contact as LTayB,is membrane-bound. A third
ligand of the LT network is homologous to lymphotoxins, exhibiting inducible expression and
competing with herpes simplex virus glycoprotein D for herpesvirus entry mediator, a

receptor expressed by T lymphocytes (LIGHT). It is very similar to LTa and LTR and binds to

the herpes virus entry mediator (HVEM) and LTRR3!3314 (Figure 6).
TNF pathway LT pathway
TNF LTalR2 LIGHT

cell membrane

Figure 6: Ligands and receptors of the TNF/LT signaling pathways

The system can be parted into two pathways. The TNF pathway is activated through the two TNF receptors
TNFR1 & 2, which bind TNF and LTa3. The LT pathway is activated by binding of LTa;R, or LIGHT to LTRR. LIGHT
can also bind to HVEM and DcR3.

Figure is adapted from Gommerman and Browning, 2003**",

The cellular receptors involved in Lymphotoxin signaling are TNFR1, TNFR2, LTBR and
HVEM3® (Figure 6). Typical for the TNFR superfamily signaling is induced by clustering of

these receptors through binding of the trivalent Iigands?'11

. Downstream signaling can lead
to cell death mediated by the interaction of tumor necrosis factor receptor type 1-associated
death domain (TRADD) with death domain containing receptors like TNFR1, or to activation
of NF-kB mediated by TNF receptor associated factors (TRAFs) binding to TNFR2, LTRR or
HVEM3®%3%> TNFR1 can also activate TRAF2 via TRADD. LTRR is a non-death receptor

member of the TNFR superfamily and shares roughly 45% homology with TNFR1 and
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TNFR23'®. It contains a TRAF domain®' and mainly activates NF-kB2 downstream, mediated
by TRAF2 and TRAF3*'738 LTRR is expressed on many cell types like fibroblasts, epithelial
320 This suggests that the LTaR-LTRR axis
provides a means of unidirectional communication between lymphocytes and the

surrounding stromal and parenchymal cells®®.

cells and myeloid cells**® but not on lymphocytes

The general role of lymphotoxins in health

Lymphotoxin signaling is involved in various important tasks revolving around the immune
system. Most prominently, it plays a crucial part during development and maintenance of

lymphoid organs>®, and mice lacking LTa, LTR or LTRR fail to develop lymph nodes, Peyer’s

322,323

Patches or mature follicular dendritic cells (FDCs) . Development of secondary lymphoid

organs is orchestrated by LTaR expressing inducer cells and LTRR expressing embryonic

324

stroma organizer cells™". LT-dependent maintenance of lymphoid organs includes keeping

the integrity of the marginal zone, function of stromal cells that recruit B-cells to the follicle,

T-cell migration to the T-zone, creation of FDC networks and the formation of germinal

centers>>>3?®_ This is achieved in part by regulating the expression of adhesion molecules like

mucosal vascular addressin cell adhesion molecule 1 (MAdCAM1), VCAM1 and ICAM13273%8
and chemokines that regulate the tissue architecture. Accordingly, a defect in LTRR signaling

leads to disrupted spleen and lymph node architecture, a reduction in high endothelial

329330 Beyond these tasks, LT signaling is also

involved in the development and maturation of NK-, NKT- and CD4 and CD8 T-cells**'=*? as

venules (HEVs), FDCs and lymphoid follicles

well as the production of immunoglobulin A (IgA) through recruitment of B-cells to the
lamina propria and the production of IgE through regulation of the Ty1:Ty2 ratio®** and
recruitment of dendritic cells (DCs) to secondary lymphoid organ5332. Furthermore LT
signaling is needed for lymphoid organ neogenesis during chronic inflammation®®> and for
negative thymic selection of T-cells and development of central tolerance®®. Decreased LT
signaling leads to a lack of chemokine production, a disruption of the thymic architecture

and decreased migration of thymocytes during the negative selection®®*¥.

Due to these crucial tasks the expression of LTs is tightly regulated. While expression of LTs
by lymphocytes is maintained in a constitutive manner within lymphoid organs325, it is only
induced after activation of lymphocytes outside of lymphoid organssss. This expression is
regulated by cytokines like interleukin 2 (IL2), 114, IL7, CCL19 or CCL21%**'°. Beyond the
expression level, the availability of secreted LTas, LIGHT as well as TNF is limited by decoy

receptors like decoy receptor 3 (DcR3) and shed forms of TNFR1 and TNFR23%.

The general role of lymphotoxins in disease

Playing a critical part in the regulation and maintenance of the immune system, deficiencies
or alterations in LT signaling can have severe consequences. Apart from disrupted
microarchitecture of lymphoid organs mentioned above, a lack of LT signaling also inhibits
the formation of tertiary lymphoid organs (TLOs) at sites of chronic inflammation®®. TLOs
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are similar to secondary lymphoid organs and appear at random sites in non-lymphoid
organs that are affected by chronic inflammation where they help the immune system by
offering a contact area for antigen presenting and responding cells and by sustaining
inflammation®>°. Overexpression of LTs on the other hand can lead to the formation of TLOs
at sites without chronic inflammation, leading to tissue damage and potentially cancer®*>3%
Increased LT signaling is also involved in certain autoimmune disorders. In experimental
autoimmune encephalomyelitis (EAE), LTRR signaling is crucial for peripheral T-cell
priming®*, while in inflammatory bowel disease (IBD) it is required for IgE*** and 1gA>*?
production. It has also been shown to be involved in collagen induced arthritis (CIA)** and
artherosclerosis®** and in all of these diseases LTRR blocking agents can successfully be used

as therapeutics339’345’346, although an increased risk for developing non-Hodgkin’s

**7 Due to their importance for the response of

lymphomas has been reported as side-effect
CD8 T-cells to alloantigens®*®, LTs are also involved in the graft-vs-host response after
transplantation®*®. Furthermore, LTs are involved in metabolic disease, type-II diabetes and
dyslipidemia as they regulate expression of 1L22 and microbial peptides that effect the

350,351

microbial milieu in the gut , and also help during liver regeneration through induction

of IL6 in hepatocytes352 and by providing communication between LT producing hepatocytes
and LTRR expressing HSCs*>3.

Interestingly, a variety of viruses (mostly large DNA viruses like pox- and herpesviridae) can
modulate the TNF/LT system in their favor through the expression of structural homologues

as part of their systemic attack of the immune system®*

. Eppstein-Barr Virus (EBV), for
instance, can activate TRAFs and subsequently NF-kB1 & 2 by expressing latent membrane
protein 1 (LMP1)**® to ensure B-cell survival and differentiation. Herpes Simplex Virus uses

HVEM as entry receptor by binding to it via glycoprotein D¥¢,

Lymphotoxins in cancer

Dysregulation of LT signaling is reportedly involved in various different cancer entities.
Decreased levels of LTa correlate with a decreased risk of high-grade bladder cancer as well
as lung and endometrial cancer®’* put also with a poor prognosis in DLBCL, highlighting
that LT signaling has different functions depending on the tissue and the receptor type that
it binds to. Increased LT levels in the liver have been shown to increase HCC incidence and
LTRR is a key factor in hepatitis induced HCC®®. As LTRR signaling has a direct role in
proliferation, increased LTRR signaling can support tumor growth as has been shown for
nasopharyngeal cancer, multiple myeloma, castration-resistant prostate cancer and

360-363

leukemia, amongst others . On the flip side, LTRR signaling has been shown to induce

cytotoxicity in colon carcinoma cells®*

, and LT signaling in NK cells supports anti-tumor
surveillance®®>. In a murine T-cell lymphoma model, LT signaling was found to be involved in
tumor cell homing to the bone marrow by inducing expression of chemokines and
subsequently activating LTRR expressing stromal cells to support tumor cell outgrowth>®.

Lastly, lymphocyte derived LT has been shown to be involved in tumor angiogenesis367.
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3.3.5 Canonical and non-canonical NF-kB signaling

Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-kB) is a group of
transcription factors consisting of five members: RelA (p65), RelB, c-Rel, NF-kB1 (p50/p105)
and NF-kB2 (p52/p100)*%3'>. As dimers they can bind to kB sites in promoter and enhancer
regions to induce or repress transcription via their shared Rel homology domain®®. NF-kB is

widely regarded as one of the key regulators of inflammation, immunity and

315,369,370

defense . It is critical for the amplification and maintenance of inflammation, but

also for its limitation and resolution®’%*"2

373,374

, a key part of tissue homeostasis. More specifically,

NF-kB is involved in proliferation , apoptosis®”, adhesion®’®, development of cells and

organs>®®?”’ cellular specialization®’®, lymphocyte differentiation and mammary gland

379,380

development . Due to its central position in many important cellular signaling pathways,

it can be activated by a vast variety of stimuli including ROS, antibacterial peptides, chemo-
and cytokines as well as infection and physical and physiological stresses®/0381382,
Considering that, it is not surprising that NF-kB can bind to almost all chemo- and cytokine
promoters®® and its dysregulation is involved in many disorders, including chronic

. . . . 70,384~
inflammation, autoimmune diseases and cancer®’%***7%

. Interestingly, although most
inflammatory conditions are correlated to increased NF-kB activity, decreased NF-kB activity
can also increase inflammation in certain scenarios due to its role in the resolution of

7
38 388 On a molecular level

inflammation™". This is most commonly observed in injured tissues
NF-kB is divided into a canonical and a non-canonical signaling pathway. The canonical
pathway activates NF-kB1/Rel-A mediated by inhibitor of kappa B kinase (IKK) complex
dependent degradation of inhibitor of kappa B (1kB), which otherwise keeps the NF-kB1/Rel-
A complex in a latent form within the cytoplasmasoe. The critical IKK complex consists of the
IKKa, IKKB and the regulatory IKKy subunits. The non-canonical pathway activates NF-
kB2/Rel-B  mediated by Nuclear Factor «kB-inducing Kinase (NIK) and IKKa

318,389 317,318 .
and results in

phosphorylation . It gets most notably activated by LTRR signaling
the expression of genes more focused on lymphoid organ development and homeostasis
than inflammation, as described earlier. Both pathways interact with each other, as NF-kB2
can attenuate the NF-kB1 response but is itself dependent on the NF-kB1 regulated

expression of its p100 precursor molecule®®®.

NF-kB in cancer

Cancer has been described as a wound that will not heal®°, and thus its close correlation to
inflammation is widely accepted and has already been mentioned earlier in this manuscript.

As a key regulator of inflammation, dysregulation of NF-kB is involved in the development

7484315310 Most of its effects are pro-tumorigenic, but it

70

and progression of many cancers

. Dysregulation of NF-kB can be tumor cell
391

can also have anti-tumorigenic functions®

intrinsic or linked to the tumor microenvironment
392

. NF-kB activating mutations in the

3

tumor cell, like the loss of 1kB**? or inhibiton of NIK turnover®®® are mostly observed in

hematological malignancies but have also been reported in glioblastoma392'394. Although NF-
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kB activating mutations are rare in carcinomas, receptor activator of nuclear factor kappa-B

ligand (RANKL) induced activation of IKKa in mammary epithelial cells has been shown to be

important for breast cancer progression and metastasis>>>~>°

397

. Notably, RANKL signaling can

also be initiated by regulatory T-cells in this case™’. Another example is the NF-kB induced

expression of anti-apoptotic genes in intestinal epithelial cells (IECs) in colitis-associated

398

cancer (CAC), giving them a survival advantage™". In that setting, NF-kB signaling in myeloid

cells also plays an important role by inducing pro-proliferative and pro-inflammatory factors

like IL-6 and signal transducer and activator of transcription 3 (STAT3)**®*%  STAT3 and NF-

84,400

kB have both similar anti-apoptotic properties as they can interfere with p53 and p53-

400,401 The effects

of NF-kB signaling in the tumor microenvironment are very widespread and complex and are
370

mediated genomic surveillance and control c-myc and cyclin D1 expression

much more common than NF-kB dysregulation within the tumor cells™". One aspect is the

increased expression of inflammatory chemo- and cytokines that shape and regulate the

70,370

tumor stroma and provide growth and survival signals , another is the polarization of

tumor associated macrophages (TAMs) from the cytotoxic M1 to the pro-tumorigenic M2

2

type4°. Its activation in tumor associated fibroblasts entails a pro-inflammatory gene

signature that leads to macrophage recruitment, neovascularization and tumor growth4°3.

404 In some

NF-kB induced expression of twist and snail could induce EMT in carcinoma cells
situations decreased NF-kB signaling can have pro-tumorigenic effects as well, highlighting
NF-kBs anti-tumorigenic capabilities. Inhibition of NF-kB in diethylnitrosamine (DEN)
induced mice potentiates liver damage and HCC incidence as it inhibits NF-kBs anti-
apoptotic effect in dying hepatocytes which in turn triggers STAT3 driven compensatory

proliferation needed for the transmission of oncogenes*®*%®

. Increased hepatocyte death,
liver damage, fibrosis and HCC incidence is also observed in mice with a hepatocyte-specific
knockout of IKKy or mitogen-activated protein kinase kinase kinase 7 (MAP3K7, TAK1),
which are both required for NF-kB1/Rel-A activation®®’*%®

where increased NF-kB signaling is the cause of liver damage, inhibition of NF-kB decreases

. It has to be noted that in models

cancer incidence and progression as observed in mice overexpressing LTal in hepatocyteseo.
Decreased NF-kB activation has been observed to enhance Ras-induced epidermal growth*®,
possibly by inhibiting Ras-induced senescence*'®. In other cases, inhibition of IKKR has been
observed to increase expression of pro-tumorigenic c-Jun N-terminal kinase (Jnk) family

members in the liver®®.

Due to its many pro-tumorigenic effects, NF-kB is a promising target for anti-cancer therapy.
But, although NF-kB inhibition has been very effective in treating cancer in many different
mouse models, it had very little success in clinical trials**!. Still, NF-kB inhibition could be
useful in combination therapies, by sensitizing tumor cells to chemotherapy due to the

inhibition of NF-kBs anti-apoptotic and antioxidant effects*!%.
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4. Aims of the thesis

It has become very evident in recent years that pro-inflammatory signaling is contributing to
the progression of primary tumors as well as metastasis. Former publications of our group
have shown that LTRR signaling specifically is involved in the initiation and progression of
primary tumors, including HCC. However, there is currently no data indicating if this
pathway is involved in metastatic spread of tumor cells to the liver. As liver metastases are
representing the large majority of hepatic malignancies and metastases are far more life-
threatening than primary tumors, this thesis aims to uncover a possible role for LTRR
signaling in hepatic metastasis formation.

The lack of treatment options for patients diagnosed with distant organ metastases has
induced a surge of new research projects aiming to increase our knowledge about the
underlying mechanisms of metastasis, and identify possible new targets for therapeutic
intervention. Agents that inhibit LTRR have already been developed and tested for clinical
use against certain autoimmune diseases, so here, the aim is to evaluate if LTRR could be a
promising target to combat liver metastasis formation.

Therefore, | want to investigate the mechanisms underlying LTRR signaling in the liver to
fully understand its implications in liver metastasis. All four resident liver cell types express
LTBR to some degree, so all of them could theoretically react to LT signaling from tumor
cells or infiltrating immune cells. Here, our broad range of available animal models are used
to generate different mouse lines that lack LTRR specifically in each resident liver cell type to
find out which cells are important to integrate LT signaling in the setting of liver metastasis.

Finally, | want to find out how the responsive cells react to LTRR signaling and how they
enable increased metastasis to the liver. This is a very important aspect of the thesis, as it is
becoming increasingly evident that many mechanisms revolving around tumor progression
and metastasis can act pro- or anti-tumorigenic depending on the circumstances. This has
been shown for LTRR and NF-kB signaling already. Here, a mix of proteome and
transcriptome screening methods is used as well as immunohistochemistry and functional in
vitro assays to evaluate the effect of LTRR activation on the responsive cells in the liver and
the pro-metastatic mechanisms they set in motion.
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5. Materials & Methods

5.1 Materials

5.1.1 Chemicals & Reagents

Compound

Company

4',6-Diamidin-2-phenylindol (DAPI)

Thermo Fisher Scientific, Waltham, USA

Acetic Acid

Roth, Karlsruhe, Germany

Acetone Merck, Darmstadt, Germany

Agarose Biozym Scientific, Oldendorf, Germany

Albumin bovine fraction V Biomol GmbH, Hamburg, Germany

Arginin Sigma Aldrich, Taufkirchen, Germany

Asparagin Sigma Aldrich, Taufkirchen, Germany

cell tracker green CMFDA Invitrogen, Thermo Fisher Scientific, Waltham, USA
Citrate Sigma Aldrich, Taufkirchen, Germany

Clodronate liposomes

Liposoma B.V., Amsterdam, Netherlands

Collagenase D

Roche, Penzberg, Germany

cOmplete™ Protease Inhibitor
Cocktail

Roche Diagnostics, Penzberg, Germany

Dimethylformamide

Sigma Aldrich, Taufkirchen, Germany

Disodium hydrogen phosphate

Sigma Aldrich, Taufkirchen, Germany

DNAse |

Roche, Penzberg, Germany

EcoMount

Biocare Medical, Pacheco, USA

Endothelial cell growth supplement
from bovine neural tissue

Sigma Aldrich, Taufkirchen, Germany

Eosin

Waldeck GmbH & Co.KG, Minster, Germany

ERK inhibitor SCH772984

Selleck Chemicals, Houston, USA

Ethanol absolute

Merck KGaA, Darmstadt, Germany

Ethylene glycol tetraacetic acid

Sigma Aldrich, Taufkirchen, Germany

Ethylenediaminetetraacetic acid

Sigma Aldrich, Taufkirchen, Germany

Eukitt® mounting medium

Sigma Aldrich, Taufkirchen, Germany

Evans Blue

Sigma Aldrich, Taufkirchen, Germany

Fast Start Universal SybrGreen ROX
Mix 2x

Roche Diagnostics, Penzberg, Germany

Formamide Sigma Aldrich, Taufkirchen, Germany
Glutaraldehyde Merck, Darmstadt, Germany

Glycerol Sigma Aldrich, Taufkirchen, Germany
Glycine Sigma Aldrich, Taufkirchen, Germany

Heparine sodium salt, from porcine
intestinal mucosa

Sigma Aldrich, Taufkirchen, Germany

Igepal-CA630

Sigma Aldrich, Taufkirchen, Germany
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Isopropyl alcohol

Carl Roth, Karlsruhe, Germany

K3Fe(CN)6 Sigma Aldrich, Taufkirchen, Germany
K4Fe(CN)6 Sigma Aldrich, Taufkirchen, Germany
Kaisers Glycerin-Gelatine Carl Roth, Karlsruhe, Germany
Ketamin ACE Surgical supply, Brockton, USA

Magnesium chloride

Fluka Analytical, Seelze, Germany

MEK inhibitor UO126

Selleck Chemicals, Houston, USA

Methanol

Merck KGaA, Darmstadt, Germany

MMP-9 inhibitor Ro-28-2653

Glixx Laboratories, In.c, Hopkinton, USA

Monopotassium phosphate

Sigma Aldrich, Taufkirchen, Germany

Mowiol 4-88 Merck, Darmstadt, Germany
Nonidet-P40 Sigma Aldrich, Taufkirchen, Germany
Nycodenz Axis-Shield, Dundee, Great Britain

Paraformaldehyde

Merck, Darmstadt, Germany

PBS liposomes

Liposoma B.V., Amsterdam, Netherlands

Phalloidin, Alexa 546-conjugated

Thermo Fisher Scientific, Waltham, USA

PhosSTOP™

Roche Diagnostics, Penzberg, Germany

Potassium chloride

Sigma Aldrich, Taufkirchen, Germany

Pronase E

Merck, Darmstadt, Germany

Proteinase K

Roche Diagnostics, Penzberg, Germany

Rac inhibitor EHT1864

Selleck Chemicals, Houston, USA

Sodium bicarbonate

Sigma Aldrich, Taufkirchen, Germany

Sodium carbonate

Sigma Aldrich, Taufkirchen, Germany

Sodium chloride

Sigma Aldrich, Taufkirchen, Germany

Sodium deoxycholate

Sigma Aldrich, Taufkirchen, Germany

Sodium dodecyl sulfate solution 20%

Sigma Aldrich, Taufkirchen, Germany

R-mercaptoethanol (R-MEtOH)

Sigma Aldrich, Taufkirchen, Germany

Tissue Tek O.C.T Compound

Sakura Finetek Europe B.V., Alphen aan den Rijn,
Netherlands

Tris(hydroxymethyl)aminomethane

VWR International GmbH, Erlangen, Germany

Triton X-100

Sigma Aldrich, Taufkirchen, Germany

Tween-20

Bio-Rad, Hercules, USA

VECTASHIELD® Antifade Mounting
Medium

Vector Laboratories, Burlingame, USA

X-gal

Promega, Fitchburg, USA

Xylazin

ACE Surgical supply, Brockton, USA

5.1.2 Buffers & Solutions

Buffer

Recipe

10x Electrophoresis Buffer

30.3g Tris-HCl, 144.2g Glycin, 10g SDS, fill to 1/ with
ddH,0
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80g NaCl, 4g KCl, 0.882g NaH,P0Qg4, 1.2g Na,HPO,,

10x HSc stock soultion 2.49 HEPES, 3.5g NaHCO; - fill up to 1/ with H,0

5ml 1M Tris-HCI, 25m/ 1M KCl, 2.5m/ Nonidet P-40,

10 tail lysis buffer 2.5m/ Tween-20, 15m/ ddH,0

0.5M Tris-HCl, 1.5M NaCl in ddH,0, set pH to 7.6

10x TBST with HCl

10x Trypsin EDTA solution (0.5%) Gibco™, Thermo Fisher Scientific, USA

1x Cell Lysis Buffer Cell Signaling Technology, Cambridge, UK

1x DPBS, sterile Gibco™, Thermo Fisher Scientific, USA
135mM NacCl, 2.5mM KCI, 10mM Na,HPO4, 1.8mM

1x PBS ,
KH,PO,

1x TAE 40mM TRIS-Cl, 20mM acetic acid, 1mM EDTA

40 mg/ml X-Gal stock (X-Gal staining) | 1g X-Gal, 25m/ Dimethylformamid

5x Nucleic Acid Sample Loading

Buffer BioRad, Miinchen, Germany

Ammonia water 40 drops 25% ammonium solution / 500mI ddH20

BD Cytofix/Cytoperm™

. e . BD Bioscience, San Jose, USA
Fixation/Permeabilization Solution loscienc

BD Perm/Was.hT'vI Buffer BD Bioscience, San Jose, USA

3g Tris-HCl, 11.25g Glycin, 10% methanol - fill up to

Blotting Buffer 1/ with ddH,0

Cell freezing medium 10% DMSO, 90% FCS
Clarity Western ECL Substrate Bio-Rad, Hercules, USA
560mg CacCl,, 500g collagenase D - fill up to 1/ with

Collagenase D solution ddH20

2mM MgCl, , 0,01% (m/V) Natriumdeoxycholat,

detergent solution (X-Gal staining) 0,02% (V/V) Nonidet-P40, 1x PBS

560mg CaCl,, 300mg pronase E, 300mg collagenase

Divestion soluti
Igestion solution D, 10mg DNAse | - fill up to 1/ with ddH20

DMEM Gibco™, Thermo Fisher Scientific, USA

EGTA solution 190mg EGTA, 900mg Glc, 1/ 1x HSc solution

60ml Eosin Stock solution 430m/ 96% ethanol

Eosin Staining Soluti
osin Staining >olution 2.2ml glacial acidic acid

Eosin Stock Solution 4qg Eosin 0.4g Phloxin 440ml ddH,0
Evans Blue stock solution 20mg/ml Evans Blue dye, 1x PBS
FBS, heat inactivated Gibco™, Thermo Fisher Scientific, USA
fixing solution (X-Gal staining) 2% paraformaldehyd, 0,2% glutaraldehyd, 1x PBS
. o 29 -
flfilr?tme solution, 2%, from bovine Sigma-Aldrich, Taufkirchen, Germany
Gill's Hematoxylin | American Master Tech Scientific, Lodi, USA
Harris Hematoxylin American Master Tech Scientific, Lodi, USA
HBSS Invitrogen, Thermo Fisher Scientific, Waltham, USA
HCl water 2.5ml 37% HCl solution / 500m| ddH20
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HEPES Gibco™, Thermo Fisher Scientific, USA
IFF 2% FCS, 1% BSA, 1x PBS
M199 Sigma-Aldrich, Taufkirchen, Germany
z\lNoEr;:sentlal amino acid solution Sigma-Aldrich, Taufkirchen, Germany
Penicillin X Ut

enicillin-Streptomycin Solution Biochrom, Merck KGaA, Darmstadt, Germany
(Pen/Strep)

Ponceau S Solution

0.1% PONCEAU-S (w/v) in 5% acetic acid solution

Pronase E solution

560mg CaCl,, 500g pronase E - fill up to 1/ with
ddH20

ready-to-use X-Gal solution

X-Gal-stock 1:40, X-Gal-staining solution, always
prepare freshly

REDTaq® ReadyMixTM PCR Reaction

Sigma Aldrich, Taufkirchen, Germany

Restore Western Blot Stripping
Buffer

Life Technologies, Frankfurt, Germany

RPMI

Gibco™, Thermo Fisher Scientific, USA

scioExtract solution

sciomics GmbH, Heidelberg, Germany

Sorensen buffer

17.8g Na,HPO, in 1/ H,0 - titrate to pH 7.45 with
4.08g KH,PO4in 0.3/-0.1% NaN3

Thermo Scientific™ Spectra™
Multicolor Broad Range Protein
Ladder

Thermo Fisher Scientific, Waltham, USA

Ultraglutamine

Lonza, Basel, Switzerland

washing solution (X-Gal staining)

2mM MgCl,, 1x PBS

X-Gal-staining solution

5mM KsFe(CN)g, 5mM K4Fe(CN)g, 2mM MgCl,,
Natrium-Deoxycholat 0.01%, NP40 0.02%, 1x PBS

Xylene solution

Medite GmbH, Burgdorf, Germany

5.1.3 Consumables

Product

Company

10% Mini-PROTEAN® TGX™ Precast
Protein Gels, 15-well

Bio-Rad, Miinchen, Germany

384 well gPCR plates colourless, ABI
type

Biozym Scientific GmbH, Oldendorf, Germany

96-,24-,12-,6-well plates polystyrene
cell culture

Corning Life Sciences, Tewksbury, USA

Adhesive Microplate Seal,
135x80mm, Sheets

Biozym Scientific GmbH, Oldendorf, Germany

Aspiration pipette

Sarstedt, Nimbrecht, Germany

Cell scraper/spatula

TPP Techno Plastic Products AG, Trasadingen,
Switzerland

Cell strainer 100pum

Corning Incorporated, Corning, USA
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Cell-Star Serological Pipets
5ml/10ml/25ml/50ml

Greiner Bio-one, Frickenhausen, Germany

Conical Sterile Polypropylene
Centrifuge Tubes 15m//50ml

Thermo Scientific™ NuncTM, Ulm, Germany

Corning™ Costar™ Transwell™
permeable Supports

Thermo Fisher Scientific, Waltham, USA

Cover Glasses, round, @ 13/15 mm

Menzel-Glaser, Braunschweig, Germany

Cryotubes 1.8ml

Thermo Scientific

Disposal Bags, autoclavable

Roth, Karlsruhe, Germany

Embedding Cassettes

Medite, Burgdorf, Germany

Extra Thick Blot Filter Paper, Precut

Bio-Rad, Miinchen, Germany

GentleMACS M-tubes

Miltenyi, Bergisch-Gladbach , Germany

Kimtech Science Professional tissues

Kimberly Clarke, Reigate Surrey, UK

Microtubes 1.1m/ Z-gel

Braun-Melsungen, Melsungen, Germany

Mouse dissection tools (scissors,
foreceps, scalpels)

Omnilab, Miinchen, Germany

Neolus Syringe Needles gauge
18/20/24/26/27

Terumo, Leuven, Belgium

Nitrex Nextgen examination gloves

Rosner-Mautby Meditrade, Kiefersfelden, Germany

Nitrocellulose Membrane, 0.2 um

Bio-Rad, Miinchen, Germany

Omnican® F fine dosage syringe, 1.0
ml

Braun-Melsungen, Melsungen, Germany

Omnifix syringes 1ml/2ml/5ml/
10ml/50ml

Braun-Melsungen, Melsungen, Germany

PCR tube stripes and lid strips

Biozym Scientific GmbH, Oldendorf, Ger-
many

Perfusor fm perfusion pump

Braun, Melsungen, Germany

Pipette filter tips (10u/; 20u/; 100ul ;
200u/; 1000u/)

VWR International GmbH, Erlangen, Germany

Pipette tips (200u//1000 u/)

VWR International GmbH, Erlangen, Germany

Reaction tubes (0.1m//0.5ml/ 1.5ml/
2ml)

Eppendorf, Hamburg, Germany

Rotilab syringe filters 0.22um/
0.45um

Roth, Karlsruhe, Germany

Superfrost Plus Microscope Slides

Thermo Fisher Scientific, Waltham, USA

Surgical blades

Schreiber, Fridingen, Germany

Surgical disposable scalpels

Braun-Melsungen, Melsungen, Germany

Tissue culture flasks with filter lid
(T15/T75/T175)

Greiner Bio-one, Frickenhausen, Germany

Transparent 96-well EIA/RIA plates

Corning Life Sciences, Tewksbury, USA

Vasofix safety, peripheral venous
catheter

Braun, Melsungen, Germany
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5.1.4 Mice
Mouse Line Background | Supplier Genetic Alteration
Charles River Germany
C57BL/6) C57BL/6) GmbH, Sulzfeld,
Germany
Charles River Germany
DBA/2 DBA/2 GmbH, Sulzfeld,
Germany
Alb-LTaR C57BL/6) |ntercro§§ed & bred in Overe>_<pressnon of Lta & LTR under
own facility albumin promoter
GEAP-LTaR C57BL/6) |ntercro§§ed & bred in Overexpression of Lta & LTR under
own facility GFAP promoter
Kristian Pietras, Lund Overexpression of SV40 large T
RIP-tag2 C57BL/6 University, Lund, antigen under rat insulin
Sweden promoter-1
Alb-Cre LTRR C57BL/6) |ntercro§§ed & bred in LTRR kn.ockout in albumin
flox own facility expressing cells
VeCad-Cre intercrossed & bred in LTRR knockout in Ve-cadherin
C57BL/6) . .
LTRR flox own facility expressing cells
NG2-Cre LTRR intercrossed & bred in LTRR knockout in NG2 expressing
C57BL/6) .
flox own facility cells
GFAP-Cre intercrossed & bred in LTRR knockout in GFAP expressing
C57BL/6) .
LTRR flox own facility cells
Lrat-Cre LTBR C57BL/6) mtercro's:sed & bred in LTBR knockout in Lrat expressing
flox own facility cells
Lrat- Robert ;chwa?be, . Expression of TdTomato under the
TdTomato Columbia University, Lrat promoter
New York, USA P
5.1.5 Cell lines
Cell line Origin Supplier Growth medium
murine
10T1/2 embryonic ATCC, Manassas, USA | DMEM, 10% FCS, P/S
fibroblasts
murine
10T1/2 . CRISPR/Cas9 mediated .
LTRR gmbryonlc LTRR deletion DMEM, 10% FCS, P/S
fibroblasts
murine
10T1/2 . CRISPR/Cas9 mediated )
MAdCAM-1 | EmPrvonic MAJCAM-1 deletion | MEM» 10% FCS, P/S
fibroblasts
10T1/2 murine CRISPR/Cas9 mediated .
MMP-9 embryonic MMP-9 deletion DMEM, 10% FCS, P/S
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fibroblasts
murine .
10T1/2 NIK | embryonic CRISPR/Casd mediated | i\ /en1 1600 Ecs pys
. NIK deletion
fibroblasts
murine
10T1/2 embryonic CRISPR/Cas9 control DMEM, 10% FCS, P/S
PX459 . construct
fibroblasts
. Dr. Anna Lorentzen,
murine .
B16F10 TU Miinchen, DMEM, 10% FCS, P/S
melanoma
Germany
ELmve murine B-cell Prof. Ulrich Keller, TU |RPMI, 10% FCS, P/S, 1x NEAA,
H-my lymphoma Minchen, Germany 50uM R-MEtOH
murine B-cell plasmid mediated RPMI, 10% FCS, P/S, 1x NEAA,
Ep-myc LTa .
lymphoma overexpression of LTa |50uM R-MEtOH
murine B-cell plasmid mediated RPMI, 10% FCS, P/S, 1x NEAA,
Eu-myc LTR .
lymphoma overexpression of LTR | 50uM R-MEtOH
human umbilical M199, 20% FCS, 2mM L-Glu, 0.25x
HUVECs cord endothelial CellWorks, San Diego, |P/S, 50;1g/m/ heparin, 30ug/ml
cells USA endothelial cell growth
supplement
murine T-cell lasmid mediated RPMI, 10% FCS, P/S, 10mM HEPES,
L-Cl.5s GFP | M gverex o cpp | 2mM L-Glu, 0.27mM Arg, 0.55mM
ymp P Asp, 50uM R-MEtOH
murine T-cell lasmid mediated RPMI, 10% FCS, P/S, 10mM HEPES,
L-Cl.5s LTa vmohoma (F;verex ression of LTa 2mM L-Glu, 0.27mM Arg, 0.55mM
ymp P Asp, 50uM R-MEtOH
murine T-cell lasmid mediated RPMI, 10% FCS, P/S, 10mM HEPES,
L-Clss LTR | M Everex ¢ 7g | 2mM L-Glu, 0.27mM Arg, 0.55mM
ymp P Asp, 50uM R-MEtOH
. . .. RPMI, 10% FCS, P/S, 10mM HEPES,
L-Cl.55 P Im;”?f);'ace" m‘;cﬁg::”éz:;g:: T mM L-Glu, 0.27mM Arg, 0.55mM
ymp ’ Y | Asp, 50uM B-MEtOH
. . RPMI, 10% FCS, P/S, 10mM HEPES,
L-Cl.55 sh38 lmr‘:]”r;i;'ace" i:z';ﬁj;n\s:'zﬁia 2mM L-Glu, 0.27mM Arg, 0.55mM
ymp Asp, 50uM R-MEtOH
. . RPMI, 10% FCS, P/S, 10mM HEPES,
L-Cl.55 sh39 [n;rl?\i;_:e“ i::?&?j:'gﬁia 2mM L-Glu, 0.27mM Arg, 0.55mM
yme Asp, 50uM R-MEtOH
murine T-cell shRNA mediated RPMI, 10% FCS, P/S, 10mM HEPES,
L-Cl.5s sh63 vmbhoma knockdown of LTa & 2mM L-Glu, 0.27mM Arg, 0.55mM
ymp LTR Asp, 50uM R-MEtOH
. . RPMI, 10% FCS, P/S, 10mM HEPES
murine T-cell shRNA mediated ’ N ’
L-Cl.5s sh88 lymphoma knockdown of LTR 2mM L-Glu, 0.27mM Arg, 0.55mM

Asp, 50uM R-MEtOH
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murine T-cell shRNA non-targetin RPMI, 10% FCS, P/S, 10mM HEPES,
L-Cl.5s shNT | 7S ] Construgct & | 2mM L-Glu, 0.27mM Arg, 0.55mM
ymp Asp, 50uM R-MEtOH
LX-2 human hepatic RWTH Aachen, DMEM, 2% FCS, P/S
stellate cells Germany
murine colon PD Dr. Lubor Borsig,
MC-38 GFP . UZH Ziirich, DMEM, 10% FCS, P/S
carcinoma .
Switzerland
murine
sinusoidal Prof. Percy Knolle - TU 0
Sk-Hepl endothelial cell- | Minchen, Germany DMEM, 10% FCS, P/
like

5.1.6 Commercial kits

Kit

Company

Bond Polymer Refine Detection

Leica Biosystems, Wetzlar, Germany

Bond Polymer Refine Red Detection

Leica Biosystems, Wetzlar, Germany

Cell Contraction Assay

Cell Biolabs, Inc., San Diego, USA

Immun-Star™ WesternC™
Chemiluminescent Kit

Bio-Rad, Miinchen, Germany

Pierce™ BCA Protein Assay Kit

Thermo Fisher Scientific, Waltham, USA

Proteome Profiler™ Human Phospho
Kinase Array Kit

R&D Systems, Bio-Techne, Minnesota, USA

Qiaquick PCR purification Kit

Qiagen, Hilden, Germany

QuantiTect reverse transcription kit

Qiagen, Hilden, Germany

QuickLyse Mini Kit

Qiagen, Hilden, Germany

RNAscope 2.0 brown FFPE Assay kit

Advanced cell diagnostics, Hayward, USA

RNEasy Mini Kit

Qiagen, Hilden, Germany

TagMan® Gene Expression Assay

Applied Biosystems, Foster City, USA

XTT Cell proliferation kit Il

Roche, Penzberg, Germany

5.1.7 Antibodies

. .. | Dilution | Dilution
Target Clone Company Reactivity WB/ICC | IHC ARC
a-SMA 1A4 Sigma M 1:5000 30°m|n EDTA,
95°C
B220 RA3- 6B2 | BD Bioscience | M 1:300 |20 Min EDTA,
100°C
CD3 sp7 NeoMarkers | M,H 1:300 Sgoré“” EDTA,
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20 min EDTA,
CD31 poly Abcam M;H 1:100 100°C
CD31 PE- .
conjugated MEC 13.3 |BiolLegend M 2ug/ml
Acetone 10 +
Collagen IV Cedarlane M 1:50 fo_rmalln 31,10
min enzymes
37°C
. 20 min citrate,
Desmin D33 Dako M,H 1:50 o
95°C
Erk 1/2 137¢5 | el Signaling |, 1:1000
Technology
BMA ) 10 min enzymes,
F4/80 BMS8 Biomarkers M 1:120 37°C
FAK ol Cell Signaling |\, 1:1000
poly Technology ’ '
GAPDH 1acr0  |Cell Signaling 1, 1:1000
Technology
GFAP
Fitzgerald .
GFP poly Industries | M 1:1000 52;(5)°rgm EDTA,
International
Isotype
control Ha4/8 Biogen ldec |M lug/ml
(ACH®)
Isotype .
control (BS-1) poly Biogenldec |H 1ug/ml
isotype
control MOPC-21 |Biogenldec |H, M 1ug/ml
(LTRR-1g)
ki67 SP6 NeoMarkers | M,H 1:200 ggfg'n EDTA,
Lta poly R&D Systems |M 50ng/ml
. 60 min EDTA,
LT B27 Biogen ldec H 1:1000 100°C
LTRR ACH6 Biogen ldec |M 1ug/ml
LTRR BS-1 BiogenIldec |H 1ug/ml
LTRR 6D66 Santa Cruz H 1ug/ml
BD 30 min EDTA,
LyeG 1A8 Pharmin- gen M 1:600 95°C
mLTRR-mIgG Biogen ldec |M 1ug/ml
mouse  IgG, Lo .
Alexa 488 poly BD Bioscience | M 1:1000
p100/p52 poly Cell Signaling |M 1:1000
- Cell Signaling
1:1
Paxillin poly Technology H,M 000
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Cell Signalin Acetone 10 +
PgfrR 28E1 Techn{:c:{)logyg M.H 1:50 formalin 30
p-Erk1/2 D13.14.4¢ | C°! Signaling |, 1:2000
Technology
-FAK Cell Signalin
576/577 poly Technilogy ° HM 1:1000
- Cell Signaling
p-Paxillin poly Technology H,M 1:1000
::s:488|g6' poly BD Bioscience | M 1:1000
Rel-A poly NeoMarkers |M,H 1:500 ;(;ocmln EDTA,
20 min EDTA,
Rel-B poly Santa Cruz M,H 1:400 100°C
VCAM-1 M/K-2 Serotec M 1:500
Vimentin
5.1.8 Primers
. Mouse Human
Primer
Forward Reverse Forward Reverse
A20 TGGTTCCAATTTTG |CGTTGATCAGAGTC | TCCTCAGGCTTTGT |TCTCCCGTATCTTCA
CT CCTT GTG AT TTGAGC C AGCTT
CCL1T TACCATGAGGTCAC | GCACTCTCGGCCTA | ACCGTTGGTGTTCA | GGCCCTTTGTGCCC
TT CAGATGC CATTGG CC GCCC AT GGCT
CCL19 GCCTCAGATTATCT | AGACACAGGGCTC
GC CAT CT TCTGGT
ccL2 TTAAAAAACCTGG |GCATTAGCTTCAGA |CTTCGGAGTTTGGG | CATTGTGGCCAAG
AT CGGAACCAA TT TACGGGT TTTGCTT GA GATCTG
oXCL1 CTGGGATTCACCTC | CAGGGTCAAGGCA
A AGAACATC AG CCTC
CXCL10 AAGTGCTGCCGTC |CCTATGGCCCTCAT
ATTTTCT TC TCAC
CXCL13 ATATGTGTGAATCC | GGGAGTTGAAGAC
TC GTGCCA AG ACTTTTGC
L6 TCGAGCCCACCGG |GCAACTGGACCGA
GA ACGAA AG GCGCT
LIGHT TCCGCGTGCCTGG |AAGCTCCGAAATA |CTGGCGTCTAGGA |CTGGGTTGACCTCG
AA A GG ACCTGG GA GATGG TG AGAC
LTa TCCACTCCCTCAGA | AGAGAAGCCATGT |CCACCCTACACCTC |AGTCTGGGCAGCT
A GCACT CG GAGAA CT CCTT GA AGGT
LTb TACACCAGATCCAG | ACTCATCCAAGCGC | GAGGACTGGTAAC |GGGCTGAGATCTG
G GGTTC CTATGA GG AGACG TTT CTGG
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LTbR GCCGAGGTCACAG |CAGGACACTGGTG |GAGAACCAAGGTC |GAGCAGAAGAAGG
AT GAAAT AA GAGCA TG GTGGA C CAGTG

TGERL ATCCTGTCCAAACT |ACCTCTTTAGCATA |CTAATGGTGGAAA |TATCGCCAGGAATT
A A GGCTCG GT AGTCCGC CC CACAACG GT TGCTG

TNF3 CGATGGGTTGTAC |CGGACTCCGCAAA |GGCGCTCCCCAAG |CCAGGCACTCACCT
CTT GTC GT CTAAG AA GACAGG CT TCCCT

lacz CAAGCCGTTGCTG  GCTCATCCATGACC
ATT CGA TG ACCAT

aSMA CCTGAGAAGCTTCT | AGCCCTGGTACCAT | TAGCACCCAGCACC | GAAGCATTTGCGGT
CC AGCTATGTG CATCA A TGAAGATCA G GACAATGGA

Desmin GACGCTGTGAACC |GCGTTCTGCTGCTC | AGGACCGATTTGCC | GATGGGGAGATTG
AG GAGTTC CAAG A GTGAG AT CCGGC

Vimenti TGAGTACCGGAGA | TAGCAGCTTCAACG

n CA GGTGCAG G CAAAGTTC

EAP CTTTGTGTTTCCTTC | CTTTGGAGTTACCA
A GGTTTG CCCTGG

TIMP-1 ACTCGGACCTGGTC | TTCCGTGGCAGGC
A TAAGGGC AA GCAAAGT

ccLs TTT GCC TAC CTC|CGA CTG CAA GAT|CCC CTC ACT ATC|TCA CGC CAT TCT
TCC CTCG TGG AGCACT CTACC CCTG

Col1al ACGCATGAGCCGA |TTGGGGACCCTTAG | GAG GGC CAA GAC|CCG TTC TGT ACG
AG CTAAC G CCATT GAA GACATC CAGGTGA

ICAM-1 ACTGCTTGGGGAA |AGGCATGGCACAC |ATGCCCAGACATCT |GGGGTCTCTATGCC
CT GGAC GT ATGTA G TGTCC CA ACAA

VCAM-1 GGCATCCTCACCTT |ACAGGTCTCCCATG | GCTGCTCAGATTGG | CGCTCAGAGGGCT
AATTGC C ACAA A GACTCA GT CTATC

PDGER TCAACGACTCACCA | TTCACAGGCAGGT
G TGCTC AG GTGCT

MMP-9 CTG GAC AGC CAG |CTC GCG GCA AGT|TGT ACC GCT ATG |GGC AGG GAC AGT
ACA CTA AAG CTT CAG AG GTTACACTCG TGCTTCT

GEAP CGGAGACGCATCA |TGGAGGAGTCATT |GGCCTGTAGGTTGC | TTGCCCCCTGTAGT
CCTCTG CG AGACAA TC CAGA GA CAAG

PPARg ATCATCTACACGAT | CTCCCTGGTCATGA
G CTGGCC AT CCTTG

Coldad GCCTGGTGTCGGG |AGCTGGAGTCAAC |AGA TAA GGG TCC|AGG TAT GCC ATC
AT CAAAG AA AATGCC AACTGG TGT TAA ACCTGG AA

Lamad ATGAGCTGCAAGG |CTGTTTCGTTGGCT |ACGCCAGGATAGC |ATCACAGCTTATGG
AA AACTATCC TCACTGA CA AGAAC TT GGGCA

EN1 GCTCAGCAAATCGT | CCATAGCAGGTAC
G CAGC AA ACCAGG

MMP13 TGTTTGCAGAGCAC | CAGTCACCTCTAAG
T ACTTGAA C CAAAGAAA

IGE-2 GTG CTG CAT CGC|ACG TCC CTC TCG
TGCTTAC GACTTGG
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CCTCTGCTGAGCCC

MAdCA
TA CATC

M

CTTGTGGTAGGTTG
CCAGGT

5.1.9 Machines & Devices

Device

Source

7900HT Fast Real Time PCR System

Applied Biosystems, Foster City, USA

Ag Protect cryostat

Leica Microsystems, Wetzlar, Germany

Biofuge Fresco table top centrifuge

Heraeus, Hanau, Germany

SBtc;ri\rc]ié\:lax Il automated  ICH/ISH Leica Microsystems, Wetzlar, Germany
ChemiDoc™ XRS System Bio-Rad, Miinchen, Germany

FACS Canto Il BD Bioscience, Redmond, USA

GelDoc 2000 Bio Rad, Miinchen, Germany

gentleMACS™ Dissociator

Miltenyi, Bergisch Gladbach, Germany

Heating plate

Eltac, Germany

Heracell CO, Incubator

Thermo Scientific, UIm, Germany

Herasafe biological safety cabinet

Thermo Scientific, UIm, Germany

HLC sucking Pump

Ditabis, Pforzheim, Germany

Hybaid Shake’n Stack Hybridization
oven

Thermo Scientific, UIm, Germany

HybEZ oven

Advanced cell diagnostic, Hayward, USA

Hyrax M25 Microtome

Zeiss, Jena, Germany

IKAMAG RCT magnetic stirrer

IKA Werke, Staufen, Germany

Incubator

Memmert, Schwabach, Germany

Infinite F200 PRO microplate reader

Tecan, Mannedorf, Switzerland

Infrared lamp

Philips, Amsterdam, Netherlands

Inverted microscope Axiovert 25

Zeiss, Jena, Germany

Ixus digital camera

Canon, Tokio, Japan

Megafuge 1.0

Heraeus, Hanau, Germany

Micro centrifuge MiniStar Silverline

VWR, Darmstadt, Germany

Microscope BX53

Olympus, Hamburg, Germany

Microscope camera DP72

Olympus, Hamburg, Germany

Microwave oven

Siemens, Germany

Milli-Q® Advantage A10 Ultrapure
Water Purification System

Merck Millipore, Darmstadt , Germany

Mini-PROTEAN® Tetra Cell

Bio-Rad, Miinchen, Germany

Mini-PROTEAN®  Tetra
System

Handcast

Bio-Rad, Miinchen, Germany

Nanodrop 2000 Spectrophotometer

Peqglab, Erlangen, Germany

Neubauer counting chamber

Paul Marienfeld GmbH & Co.
Konigshofen, Germany

KG,

Lauda-

Nugget Ice Machine AF10

Scotsman, USA
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PCR thermal cycler

Biometra, Gottingen, Germany

pH-meter Inolab

WTW GmbH, Weilheim, Germany

PipetBoy

Integra Bioscience, Zizers, Switzerland

Power 300 Power Supply

Peqglab, Erlangen, Germany

Precision scale CP153

Sartorius, Gottingen, Germany

SCN400 slide scanner

Leica Microsystems, Wetzlar, Germany

SM30C shaker

Edmund Bihler GmbH, Hechingen, Germany

Sonoplus HD200 sonicator

Bandelin, Berlin, Germany

Stemi DV4 Stereo Microscope

Carl Zeiss AG, Oberkochen, Germany

Subcell Agarose Electrophoresis
System

Bio-Rad, Miinchen, Germany

Thermomixer comfort

Eppendorf, Hamburg, Germany

Tissue drying oven TDO66

Medite, Burgdorf, Germany

Trans-Blot® Turbo Transfer System

Bio-Rad, Miinchen, Germany

UNITWIST RT shaker

UniEquip, Planegg, Germany

Varioklav autoclave

HP-Medizintechnik, OberschleiBheim, Germany

Vortexer Reax 200

Heidolph, Kelheim, Germany

Water bath

Memmert, Schwabach, Germany

Water bath B3

Thermo Haake, Karlsruhe, Germany

5.1.10 Software

Software

Company

Adobe Photoshop CS5

Adobe Systems, San Jose, USA

Digital Image Hub (DIH)

Leica Biosystems, Wetzlar, Germany

DIH- TissuelA

Leica Biosystems, Wetzlar, Germany

Mendeley Desktop

Elsevier, Amsterdam, Netherlands

GraphPad Prism

GraphPad Software Inc., San Diego, USA

Image Lab™

Bio-Rad, Miinchen, Germany

Imagel

Open Source (NIH)

Magellan™ - Data Analysis Software

Tecan Group, Mannedorf, Schweiz

Microsoft Office

Microsoft Corporation, Redmond, USA

NanoDrop2000 Thermo Fisher Scientific, Waltham, USA
PrimerBlast Open Source (NCBI)

Quantity One™ Bio-Rad, Miinchen, Germany

SCN400 viewer Leica Biosystems, Wetzlar, Germany
spDs2.4™ Applied Biosystems, Foster City, USA

Genevestigator® V3

Nebion AG, Zirich, Switzerland

CellSense Dimensions 1.7

Olympus, Hamburg, Germany
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5.2 Methods

5.2.1 Database research

Genevestigator

Compendium-wide analysis of expression levels of Lta and Ltb of all available neoplasms was
performed using the Genevestigator® search engine (Nebion AG, Switzerland) following the
user manuals instructions. Homo sapiens was chosen as species, the automatically chosen
platform was kept and neoplasms was chosen as only condition. In the gene selection panel,
either Lta (probeset: 206975 _at) or Ltb (probeset: 1559754 at) were entered. Within the
condition search tools, the cancer tool was selected. Results were exported into an excel file
displaying path from root, neoplasm category, probeset, mean signal intensity as log2 value,
median value, standard error, lower and upper whisker and lower and upper quartile for
each of the 573 neoplasms included. Neoplasms were plotted and sorted according to their
expression level using the Prism (Graphpad Software, Inc., USA) software. Neoplasms were
manually grouped into lymphomas, leukemias or other tumor entities. Raw data acquisition
was done by Dr. Nicole Simonavicius, data processing and presentation was done by me.

TCGA

Kaplan Meier plots were generated using the Xena Functional Genomics Explorer
(https://xenabrowser.net, University of California, Santa Cruz). TCGA Large B-cell lymphoma
(DLBC), TCGA Acute Myeloid Leukemia (LAML) or TCGA Ocular melanomas (UVM) were
selected as studies. Gene expression of LTA or LTB was selected as first and second variable.
Kaplan Meier Plot was selected from the dropdown menu above each gene. The option 2
groups was used and then the plot was downloaded as pdf.

5.2.2 Molecularbiological methods

Protein lysate preparation from tissue samples

Protein homogenates from frozen tissue samples were homogenized using a GentleMACS
dissociator (Miltenyi) and Cell Lysis Buffer (Cell Signaling Technology) with 1x cOmplete™
protease inhibitor (Roche) and 1x PhosSTOP™ phosphatase inhibitor (Roche) at a ratio of
100ul buffer per 10mg tissue sample. After homogenization, lysates were transferred into
tubes and sonicated two times for 10-15 seconds at medium energy level and then
centrifuged for 10 min at 4°C and 13,000 rpm in a Heraeus Biofuge fresco (Heraeus) table
top centrifuge. Supernatant was transferred to a fresh tube and stored at -20°C until further
used.
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Protein lysate preparation from cell lines

Cells were washed once with ice-cold PBS and then lysed using Cell Lysis Buffer (Cell
Signaling Technology) with 1x cOmplete™ protease inhibitor (Roche) and 1x PhosSTOP™
phosphatase inhibitor (Roche). 100ul lysis buffer were used for a 6-well plate and volumes
adjusted accordingly for different plate/flask sizes. Cells with lysis buffer were incubated on
ice for 5 min and then scraped, collected into a fresh tube and kept on ice. Cells were
disrupted by pipetting lysates up and down several times and then vortexing them for 30-60
seconds. Finally, lysates were centrifuged for 10 min at 4°C and 13,000 rpm in a Heraeus
Biofuge fresco (Heraeus) table top centrifuge. Supernatant was transferred to a fresh tube
and stored at -20°C until further used.

Determination of protein concentration

Protein concentration was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Briefly, standard dilutions were
prepared ranging from 25ug/ml to 2,000ug/ml protein in PBS. Samples were diluted 1:3 -
1:20 in PBS depending on expected protein concentration. Working reagent was prepared
as described in the protocol. 25ul of sample or standard solution were incubated with 200yl
of working reagent for 30 min at 37°C. Results were analysed using a Tecan infinite200 pro
(Tecan Group Ltd.) at 560nm. Concentrations were determined by linear regression of
standard curve absorption using Microsoft Excel.

Preparation of self-cast SDS-PAGE gels

Self-cast gels were made using a Mini-PROTEAN® Tetra Handcast System (Bio-Rad). Stacking
gel (5% PAA) and separating gel (10% PAA) were prepared without adding TEMED. 1.5mm
spacer plates and short plates were assembled and placed in the Mini-PROTEAN® Tetra
Handcast System. TEMED was added to the separating gel solution and the gel was
immediately added to the plates so that it filled roughly 80% of the volume. 1ml of
isopropanol was added onto the gel. The gels were left to polymerize for 20 minutes. Then
the isopropanol was removed, TEMED was added to the stacking gel solution and the
stacking gel was immediately added onto of the polymerized separating gel. 1.5mm thick 15
well combs were gently pushed into the stacking gel and the gel was left to polymerize for
another 20 minutes. Thereafter the gels were wrapped in tissue soaked with running buffer
and then placed inside a sealed plastic bag to keep them from drying out.

Western Blots

Protein lysates were diluted to appropriate concentrations with lysis buffer and 5x SDS
Loading buffer (Bio-Rad) was added. Samples were boiled for 5 min at 95°C, spun down
shortly and then loaded into handcast or precast Mini-PROTEAN® Tetra Cell TGX™ (Bio-Rad)
10% SDS-PAGE gels. Spectra™ Multicolor Broad Range Protein Ladder (Thermo Fisher
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Scientific) was used as standard. Electrophoresis was performed in a Mini-PROTEAN® Tetra
Cell (Bio-Rad). The electrophoresis chamber was filled with 1x electrophoresis buffer and
the gels were placed into the chamber. Gels were run at 30 mA for 10 min, and then the
electric current was increased up to 60 mA. After completed electrophoresis, indicated by
the standard ladder reaching the bottom, gels were taken out and equilibrated for 3 min in
blotting buffer. Pre-cut Whatman paper blocks (Bio-Rad) and 0.2um nitrocellulose
membranes (Bio-Rad) were also shortly soaked in blotting buffer. Blotting was performed in
a Trans-Blot Turbo (Bio-Rad) semi-dry blotting system by placing the gels onto the
membrane between 2 stacks of soaked Whatman papers. Gels were blotted onto the
membrane at 25V constant and up to 1.0 A for 30 min. Successful protein transfer was
determined by a Ponceau-S stain. Ponceau-S was removed by washing once with 1x TBST,
and membranes were blocked for at least 1 hour at room temperature with 5% BSA in 1x
TBST. Afterwards membranes were shortly washed with TBST and primary antibodies (s.
5.1.7) diluted in 5% BSA in 1x TBST were added. Membranes were incubated with primary
antibody solutions over night at 4°C with gentle rocking. Membranes were washed 3 times
for 5 min with TBST and incubated with respective secondary antibodies (s. 5.1.7) diluted in
5% BSA in 1x TBST for 2h at room temperature and gentle rocking. Membranes were again
washed three times with TBST for 5 min and then incubated with 2ml Clarity Western ECL
Substrate (Bio-Rad) for 2 - 5 min. Chemiluminescence was measured and visualized by a
ChemiDoc XRS+ (Bio-Rad) with ImagelLab software. Densitometric analysis was done using
the Imagelab software.

RNA isolation from tissue samples

Up to 20mg of frozen tissue samples were homogenized using 350ul of RLT buffer (Qiagen,
RNeasy Mini Kit) and a gentleMACS™ Tissue Homogenizer (Miltenyi Biotec). Total RNA was
the isolated using an RNEasy Mini Kit (Qiagen) according to the manufacturer’s instructions.
Briefly, homogenized tissues were spun down at full speed for 3 min and the supernatant
was transferred into a fresh microcentrifuge tube. 1 volume of 70% ethanol (50% ethanol
for liver tissues) was added and the mix was transferred into an RNEasy spin column.
Samples were spun down, flow-through was discarded and the column was kept.
Subsequently, the column was washed with buffer RW1 and twice with buffer RPE.
Thereafter, the columns were dried by centrifugation for 1 min at full speed. Finally, RNA
was eluted by adding 30ul RNAse-free water directly onto the column and spinning it down
into a fresh tube. Isolated RNA was stored at -80°C until further used.

RNA isolation from cell lines

Isolation of total RNA from cell lines was done using the RNeasy Mini Kit (Qiagen) according
to the manufacturer’s instructions. In brief, cells were washed once with PBS and then 350ul
of buffer RLT were added. Cell lysates were collected and transferred to fresh tubes. One
volume of 70% ethanol was added for RNA precipitation and solutions were transferred to
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RNEasy spin columns. Samples were spun down, flow-through was discarded and the
column was kept. Subsequently, the column was washed with buffer RW1 and twice with
buffer RPE. Thereafter, the columns were dried by centrifugation for 1 min at full speed.
Finally, RNA was eluted by adding 30ul RNAse-free water directly onto the column and
spinning it down into a fresh tube. Isolated RNA was stored at -80°C until further used.

Reverse Transcription

RNA concentration was determined using a NanoDrop 2000 photospectrometer (VWR).
Generation of cDNA was performed using the Qiagen QuantiTect reverse transcription kit
(Qiagen) according to the manufacturer’s instructions. In brief, 1ug of RNA in 12ul RNase
free water was incubated with 2ul of genomic DNA wipeout buffer for 10 min at 42°C.
Thereafter, 6ul of master mix containing reaction buffer, primers and reverse transcriptase,
were added and the mix was incubated for another 30 min at 42°C. Reverse transcription
was stopped by incubating samples for 3 min at 95°C. Samples were diluted 1:40 with PCR-
grade water and then stored at -20°C until further used.

Quantitative PCR analysis

Quantitative PCR analysis was performed using an Applied Biosystems 7900HT real time PCR
cycler (Applied Biosystems) and Fast Start Universal SybrGreen ROX Mix 2x (Roche). In brief,
9ul of master mix containing 6l of 2x SybrGreen Mix, 0.12pl of forward and reverse primers
each (100uM stock concentration) and 2.76ul PCR-grade water, and 3ul of cDNA were
added to each well of a 384 well plate. The standard cycling procedure consisted of a pre-
heating step of 5 min at 95°C to activate hot start polymerase. Then, each cycling step
consisted of 15 seconds double strand dissociation at 95°C and 15 seconds annealing and
elongation at 60°C. In total 40 cycles were run. A melting curve ramping from 65°C to 95°C
was added after the last cycle to control for primer specificity. Data analysis was performed
using the SDS 2.4 software (Applied Biosystems). RT-qPCR in figures 11, 12 and 14 was
supported by Dr. Jan Kosla.

lacZ TagMAn

Quantitative lacZ gene expression analysis was performed using an Applied Biosystems
7900HT real time PCR cycler (Applied Biosystems) and TagMan lacZ gene expression assay
(Applied Biosystems). In brief, for each sample 1ul 20x TagMan lacZ Gene Expression Assay,
10ul 2x TagMan Universal Master Mix, 4ul cDNA sample (2 10ng cDNA) and 5ul RNAse-free
water were pipetted into a fresh reaction tube for each well. Each sample and control was
run in quatruplicates. The tubes were gently mixed and then 20ul were transferred per well
of a 384-well reaction plate. The plate was sealed, briefly centrifuged and then placed into
the PCR cycler. The standard cycling procedure consisted of a pre-heating step of 5 min at
95°C to activate hot start polymerase. Then, each cycling step consisted of 15 seconds
double strand dissociation at 95°C and 15 seconds annealing and elongation at 60°C. In total
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40 cycles were run. A melting curve ramping from 65°C to 95°C was added after the last
cycle to control for primer specificity. Data analysis was performed using the SDS 2.4
software.

5.2.3 Histology and immunohistochemistry

Human samples

All study samples were obtained by informed consent and transferred, stored and archived
in a de-identified manner using sample IDs. ldentifiers that could link samples to
corresponding patients were not transferred from the suppliers. Human liver samples from
patients were obtained from the Department of Molecular Pathology, Universitatsspital
Basel; the Department of Pathology, Universitdtsklinikum Aachen; the Institute of Human
Nutrition, Irving Medical Center, Columbia University and the Department of Hematology
and Oncology, Klinikum rechts der Isar, Technische Universitat Minchen.

Hematoxylin-Eosin (HE) staining

Paraffin slides were baked 15 min at 70°C. Slides were deparaffinized by incubating them
three times for 5 min in xylene solution and three times for 1 min in absolute ethanol.
Afterwards slides were shortly washed with ddH,0 and immersed in Harris hematoxylin
solution for 5 min. Following three ddH,0 washing steps, slides were dipped several times
into ammonia water (40 drops 25% ammonium solution per 500ml ddH20). Slides were
washed with ddH,0 and dipped in HCl-water (2.5ml 37% HCI solution per 500ml| ddH20) 1-2
times. Slides were washed with running tap water and then once more dipped in ammonia
water several times, washed again two times with ddH,O and one more time with 70%
ethanol. Slides were stained with eosin for 2 min and slides were subsequently washed with
absolute ethanol three times. Subsequently, slides were dehydrated with xylene solution
three times for 2 min and afterwards mounted with Eukitt medium. Staining procedures
were often supported by the technical staff.

Immunohistochemistry

Paraffin sections were stained on a Bond-MAX immunohistochemistry robot (Leica
Biosystems) with antibodies at concentrations listed in 5.1.7. For immunohistochemical
detection the Bond MAX DAB-kit (Bond Polymer Refine Detection, Leica) was used, for
double stainings in combination with the Bond MAX Fast Red-Kit (Bond Polymer Refine Red
Detection, Leica). Depending on the primary antibody, citrate (H1) or EDTA (H2) based
antigen retrieval was performed before staining. Slides were scanned using a SCN400 slide
scanner (Leica Biosystems) and analysed using Tissue IA image analysis software (Leica
Biosystems). Staining procedures were supported by the technical staff.
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In situ hybridization

RNA in situ hybridization was performed using the RNAscope 2.0 brown FFPE Assay
(Advanced Cell Diagnostics) according to the manufacturer’s protocol. Summarized, 2 um
paraffin-embedded tissue sections were baked in a dry oven for 1 h, 60°C, followed by de-
paraffinization and blocking of endogenous peroxidases. Slides were cooked for 15 min in
pre-treatment solution 2 and protease digestion was performed for 30 min using
pretreatment solution 3. In situ probes specific for human LTA, murine Lta, Vcaml,
Madcam1 or Tek were incubated with the tissues for 2 hrs at 40°C in a hybridization oven,
followed by signal amplification and detection according to manufacturer’s protocol.
Counterstaining was done using Gill’'s Hematoxylin | (American Master Tech Scientific, USA)
and slides were mounted using EcoMount mounting medium (Biocare Medical) and scanned
into digital images using a Leica SCN400 Slide Scanner. Staining procedures were supported
by the technical staff.

Analysis and quantification of immunohistochemical stainings

Immunohistochemical stainings were quantified either as positive cells per total cells or
positive area per total area. The number of cells positively stained for nuclear or
cytoplasmatic markers was determined using SlidePath TissuelA (Leica) image analysis
software and was then normalized to the total cell number analyzed. Cell analysis
algorithms were established once for each staining and then kept with the same settings for
all groups of each staining. Alternatively, five different and independent areas were
randomly selected, analyzed manually and normalized to the total analyzed tissue area
using the Digital Image Hub viewer (Leica).

The area positively stained for cytoplasmatic, membrane-bound or extracellular markers
was determined using SlidePath TissuelA (Leica) image analysis software and was then
normalized to the total area analyzed. Area analysis algorithms were established once for
each staining and then kept with the same settings for all groups of each staining.

Images for representation were either taken with an Olympus BX53F Microscope (Olympus)
equipped with a DP72 camera (Olympus) using CellSense Dimensions 1.7 software (Olympus)
or by scanning of whole tissue sections using a Leica SCN400 slide scanner and TissuelA
imaging software (Leica).

3D reconstruction

Cryo-blocks of liver samples of Lrat-TdTomato or Lrat-TdTomato Col-GFP mice were
provided by the lab of Prof. Robert Schwabe (Columbia University, New York, USA). Anti-
CD31 immunofluorescent staining was established by fixing 5 um liver cryo-sections on glass
coverslips in icecold 100% acetone for 10 minutes. Sections were then blocked for 10
minutes in 2% fetal calf serum (Gibco) in 1x PBS and then incubated for 60 minuntes with
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anti-CD31 PE-conjugated antibody (BioLegend) diluted 1:100 in 1% BSA, 0.25% Triton-X100
in 1x PBS. Sections were then washed in 2% FCS in PBS solution and mounted with
fluorescence mounting medium and then imaged using an Olympus BX53 Microscope
(Olympus) equipped with DP72 camera (Olympus) using CellSense Dimensions 1.7 software
(Olympus).

For 3D reconstruction, 30 consecutive cuts of each cryo-block were stained with CD31 or not
further stained and then passed on to Dr. Simone Joers from the lab of PD Dr. Fabian Geisler
(Klinikum rechts der Isar, TU Miinchen, Germany) where the 3D reconstruction was done.

5.2.4 Animal experiments

Mice

Mice were maintained under standard housing conditions and experiments were performed
according to the German Animal Protection Law and approved by the Regierung von
Oberbayern (TVA 55.2-1-54-2532-196-13) or the Regierungsprasidium Karlsruhe (TVA 35-
9185.81/G-1/18). C57BL/6 and DBA/2 mice were bought from Charles River (Charles River
Laboratories Germany GmbH, Sulzfeld, Germany). Transgenic mouse lines were bred and
intercrossed within our mouse facilities.

Genotyping of transgenic mice

For genotyping of transgenic mice, tail biopsy samples were digested in 200 ul 1x tail lysis
buffer containing proteinase K (20mg/ml, Roche) over night in a Thermomixer comfort
(Eppendorf) at 56°C with vigorous shaking. Lysates were boiled for 15-30 minutes at 95°C
and then centrifuged at 13,000 rpm for 3 min in a Heraeus Biofuge fresco (Heraeus) table
top centrifuge and stored at 4°C. For long-term storage supernatant was transferred to a
new tube and frozen at -20°C. 15ul of forward and 15ul of reverse primer stock (c = 100uM)
were mixed and 1.6ml of PCR-grade water was added to prepare the primer mix solution.
Then, 5ul of RedTaq Ready Mix PCR Reaction Mix (Sigma-Aldrich) were added to 4ul of
primer mix. Finally, 2ul of tail lysate were added. PCR amplification was done in a PCR
thermal cycler (Biometra) according to the mouse strain specific protocols. Genotyping of
transgenic mice was often done by the technical staff.

Dissection and tissue preparation

Animals were euthanized using CO, as recommended by the German animal protection law.
Skin and fur were moisturized with 80% ethanol. The abdomen was opened by a central cut.
Organs were taken out, dissected as required and directly immersed in 4% PFA for paraffin
embedding, immersed in Tissue Tek O.C.T. compound (Sakura Finetek) for cryo embedding
or deep frozen in liquid nitrogen for RNA or protein analysis. Cryoblocks were evenly frozen
by immersion in cold (-80°C) isopropyl alcohol. Frozen tissue samples were stored on -80°C
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until further processing. Tissues for paraffin embedding were kept in 4% PFA for up to 5
days, then they were cut as required and stored in PBS on 4°C. Tissues were dehydrated
overnight and then embedded in paraffin. A microtome was used for cutting paraffin
embedded tissues into 2um ultrathin sections adhered to Superfrost glass slides. Tissue cuts
were incubated at 37°C overnight to allow dehydration before staining. Dissection and tissue
preparation of mice used for figures 11, 12, 13, 15, 16, 21 and 24 was fully or partly done by
Dr. Nicole Simonavicius and Dr. Bastian Seubert.Dissection of mice was usually done in small
groups with colleagues.

Antibody and inhibitor treatments

ACH6 or IgG were injected intraperitoneally twice a week for two weeks prior to the
experiment and once more on the day of the experiment. 50ug of antibody solved in 100ul
PBS were injected with each injection. 100ug LTRR-Ig or MOPC21 in 200ul PBS were injected
intraperitoneally once a day before and once a day after tumor cell injection.

Experimental metastasis

C57BL/6 and DBA/2 mice were purchased from Charles River Laboratories, Germany.
Transgenic mice were bred in our own mouse facilities at the Helmholtz-Zentrum Miinchen
or the DKFZ Heidelberg. C57BL/6 and DBA/2 mice of 8-12 weeks of age or transgenic mice of
10-24 weeks of age were intravenously injected with either 1.5x10° cells for 24 hours (L-
CL.5s, L-CL.5s GFP, L-Cl.5s LTa, L-CL.5s LTR, L-Cl.5s sh38, L-Cl.5s sh39, L-Cl.5s sh63, L-Cl.5s
sh88, L-Cl.5s shNT), 1.0x10* cells for 7 days (L-CI.5s, L-Cl.5s GFP, L-Cl.5s LTa, L-CI.5s LTR, L-
Cl.5s sh38, L-Cl.5s sh39, L-Cl.5s sh63, L-Cl.5s sh88, L-Cl.5s shNT), 0.5x10° cells for 14 days
(Ep-myc) or 0.3x10° for 20 days (MC-38 GFP). 0.4x10° MC-38 GFP cells were injected for 16
days in case of the intrasplenic injection. Mice were sacrificed and livers, lungs, spleen,
kidney, pancreas and thymus were resected and prepared as described above. Metastatic
burden was evaluated using immunohistochemistry or X-gal stained liver lobes, as described
below. Intravenous injections were done by Dr. Bastian Seubert, Dr. Tracy O Connor or Gaia
Bianco.

Metastases counting

Metastatic foci were counted macroscopically after X-gal staining of liver lobes or
microscopically using immunohistochemical stainings. Macrometastases of the liver were
counted using X-gal stained liver lobes. Liver lobes were observed through a dissecting
microscope (Carl Zeiss) and macroscopically visible X-gal stained metastatic foci were
counted manually on the frontside and backside of each liver lobe. This was mostly done by
Dr. Nicole Simonavicius. Micrometastases and macrometastases were counted using H&E
and ki67 stained tissue sections. Metastatic foci were identified by their strong hematoxylin
staining without intermittent eosin stained areas as compared to the liver parenchyma and

58



Materials & Methods

by aggregations of ki67 positive cells. The number of metastatic foci was counted and then
normalized to the analyzed tissue area.

The amount of seeded tumor cells in the liver 24h after tumor cell injection was counted
using ki67, CD3, B220 and X-gal stained tissue sections. The amount of stained cells per total
cells (ki67, CD3, B220) or stained area per total area (X-gal) was calculated using Tissue IA
and DIH software (Leica Biosystems, Germany) using manually refined and specific algorithm
preferences.

X-gal staining

Freshly dissected liver lobes or frozen liver pieces were put into a Greiner vessel with fixing
solution for up to 30 minutes. The tissue was washed with PBS three times by filling the
vessel with PBS and shaking gently. Then the vessel was filled with up to 5ml of ready-to-use
X-Gal solution, such as to cover the whole tissue. The tissue was then incubated with the
ready-to-use X-Gal solution for 3-7h at 37°C until blue stained metastatic foci were clearly
visible. The tissues were then washed once more with PBS and then analysed.

X-Gal staining of freshly cut cryosections was performed by incubating the slides for 10
minutes in fixing solution and thereafter 10 minutes in washing solution. Then the slides
were incubated for another 10 minutes in detergent solution before they were incubated
over night with ready-to-use X-Gal solution at room temperature. Counterstaining with
eosin was done by lowering the slides 2-3 times shortly into eosin solution and then washing
them with water. The slides were then sealed with Kaisers Glycerin-Gelatine (Carl Roth).
Staining procedure was often supported by the technical staff.

Clodronate treatment

C57BL/6 or DBA/2 mice were injected intraperitoneally with either clodronate or control
(PBS) liposomes (Liposoma B.V.). 100ul of liposomes were injected three times over the
course of eight days. Injections were done at days one, four and 6 and mice were sacrificed
and dissected on day 8. Efficiency of clodronate treatment was measured using F4/80
stained liver tissue sections of clodronate liposome or PBS liposome treated mice. This was
done by Dr. Nicole Simonavicius.

Vascular permeability assays

Permeability of the liver microvasculature was determined with Evans Blue dye
extravasation technique (Reutershan et al., 2006). Mice were pretreated with ACH6 for 7
days or left untreated prior to the experiment or were subjected to a 7 days experimental
metastasis assay with L-ClL.5s cells. 2mg Evans Blue dye in 200ul PBS were injected
intravenously into the tail vein. 60 minutes later mice were sacrificed using CO, and the liver
was perfused with 10ml of PBS using a peristaltic pump at 5ml/min to control liquid flow.
The livers were dissected, photographed and then homogenized in 500ul PBS using a
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gentleMACS Dissociator tissue homogenizer (Miltenyi Biotec). Evans Blue was extracted with
700ul formamide at 70°C for 48 hours. The suspension was centrifuged at 5000g for 30
minutes and 100ul of supernatant were analyzed spectrophotometrically with an infinite
f200 pro (Tecan) microplate reader at 620nm and corrected against heme absorption
measured at 740nm. Extravasated Evans Blue was calculated as pg/g liver tissue using a
calibration curve. This was done by Dr. Nicole Simonavicius.

5.2.5 Cell culture, cell-based assays and microscopy

Cell lines

Parental LCI5s were provided by Prof. Achim Kriger (Insitut flir Molekulare Immunologie,
Klinikum rechts der Isar, TU Miinchen, Germany). Parental Eu-Myc murine B-cell lymphoma
cells were provided by Prof. Ulrich Keller (lll. Medizinische Klinik, Klinikum rechts der Isar, TU
Minchen, Germany). LCI5s and Ep-myc LT knockdown cells were created by Dr. Jan Kosla
using shRNA transfection. LCI5s and Eu-myc LT overexpressing cells were created by Dr. Jan
Kosla using plasmid transfection. C3H 10T1/2 murine fibroblast cells were bought from ATCC.
C3H 10T1/2 MAdCAm-1, NIK and LTRR knockdown as well as PX459 control cells were
created by Dr. Jan Kosla using CRISPR/Cas9 guided excision. Human immortalized hepatic
stellate cell line LX-2 was kindly provided by Prof. Weiskirchen (Institut fiir klinische Chemie
und Pathobiochemie, RWTH Aachen, Germany). HUVECs were purchased from Cellworks
(San Jose, USA). Sk-Hepl human immortalized LSEC cell line was kindly provided by Prof.
Percy Knolle (Institut fir Molekulare Immunologie, Klinikum rechts der Isar, TUM, Germany).
Primary murine hepatic stellate cells were freshly isolated by Dr. Silvia Affo (Columbia
University, New York, USA) (RNA sequencing) or Dirk Wohlleber (Institut fir Molekulare
Immunologie, TU Miinchen, Germany) (RT-qPCR). MC-38 GFP murine coloncarcinoma cell
line was kindly provided by Prof. Lubor Borsig (Institute of Physiology, University of Zurich,
Switzerland).

Immunocytochemistry

10T1/2 or LX-2 cells were grown on sterile 13mm tissue culture coverslips placed in 24-well
plates to the desired confluency. Antibody and inhibitor treatments were done as indicated
in the figures. Antibodies and inhibitors were always diluted in the respective cell culture
media. After reaching the desired confluency, cells were washed once with PBS and then
fixed in 4% paraformaldehyde (in PBS, pH 7.4) for one hour at room temperature. Cells were
then rinsed twice with PBS and once with IFF. Cells were permealized with 0.5% Triton X-100
in PBS for 10 minutes and then again rinsed twice with PBS and once with IFF. Thereafter,
the cells were incubated with the primary antibody suitably diluted in IFF for 40 minutes at
room temperature. Cells were then washed with PBS three times for 5 minutes and then
incubated with a secondary Alexa488-conjugated antibody diluted 1/1000, Phalloidin 546
diluted 1/500 and DAPI diluted 1/10000 in IFF. Cells were washed again three times in PBS
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for 5 minutes then the coverslips were dipped in water and drained on a paper tissue. The
coverslips were mounted on a microscope glass slide with 4ul Vectashield® mounting
medium (Vector Laboratories) and then sealed with nail varnish. Mounted samples were
then visualized and analyzed using an Olympus BX-53 fluorescence microscope (Olympus)
with a DP-72 camera (Olympus). For analysis of eccentricity and size 10 random pictures
were taken and all single cells on each picture were analysed using Photoshop CS5 (Adobe
Systems) software.

XTT assay

Cell viability and proliferation were tested using the XTT Cell proliferation kit Il (Roche)
according to the manufacturer’s instructions. Briefly, cells were seeded into a 96-well plate
in 100ul of culture medium and left to settle and attach overnight. Cells were then treated
with antibodies and/or inhibitors at their indicated concentrations or left untreated.
Immediately afterwards the 0 day time-point was measured. Therefore, 50ul of XTT labeling
mixture were added to each well and left to incubate for 4 hours in a cell culture incubator
at 37°C. Absorbance was measured using an an infinite f200 pro (Tecan) microplate reader
at 492nm with reference wavelength set to 690nm. Further measurements were done on a
daily basis for seven days in the same manner.

Contraction assay

Contractility of C3H 10T1/2 and LX-2 cells was measured using a Cell Contraction Assay (Cell
Biolabs, Inc., CBA-201) according to the manufacturer’s instructions. Briefly, cells were
harvested and resuspended in the desired medium at 2x10° cells/ml. The collagen lattice
was prepared by mixing two parts of cell suspension with 8 parts of cold Collagen Gel
Working Solution. 0.5ml of the cell-collagen mix were added per well of a 24-well plate and
incubated for one hour at 37°C. After collagen polymerization, 1.0 ml of culture medium
containing 1gG, ACH6, IviIG or BS-1 was added atop each collagen lattice. Cultures were
incubated for two days to develop stress. Then, contraction was initiated by gently releasing
the collagen gels from the well walls using a sterile spatula. The collagen lattices were left in
the wells to contract for 24 hours. Then a picture of the collagen lattices was taken using a
digital camera and the contraction was measured as area of the collagen lattice versus the
area of the well bottom.

Adhesion assay

C3H 10T1/2 or LX-2 cells were grown to near confluence in 12-well plates and then treated
with antibodies (IgG/ACH6 or BS-1/IviG) and inhibitors (NIKc2, Ro-28, EHT1864, UO126,
SCH77) for 48 hours. Antibodies and inhibitors were refreshed after 24 hours. Tumor cells
(LCI5s P, LCI5s shLTaR, LCI5s EGFP, LCI5s LTa, LCI5s LTR) were stained with cell tracker green
CMFDA (Life Technologies) for 20 minutes, then recovered in their specific growth medium
for at least 3 hours. Thereafter 2x10° tumor cells were added in 10T1/2 medium (DMEM +
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10%FCS + P/S) to the 10T1/2 cells for 30 minutes. Non-adherent cells were then aspirated,
and wells were carefully washed 3 times with PBS to remove any remaining non-adherent
cells. Then the remaining cells were fixed with 4% PFA for at least 1 hour. Five 4x pictures
were taken on the green channel of a CKX41 fluorescent microscope (Olympus) with an
Olympus XM10 camera and the CellSense Dimensions software (Olympus) for each well and
pictures were analyzed with ImageJ using a batch analysis macro.

Migration assay

C3H10T1/2 or LX-2 cells were starved in DMEM + 2% FCS overnight. Cells were then
detached with Trypsin/EDTA and then stained with 2uM cell tracker green CMFDA (Life
Technologies) for 20 minutes and then recovered in DMEM + 2% FCS for at least 3 hours.
Stained cells were then added to the upper chamber of a 24-well transwell dish (Thermo
Fisher scientific) with 8 um pore size and 6.5mm diameter in DMEM + 2% FCS, while the
lower chamber contained 600ul DMEM + 10% FCS. Cells were left to migrate to the lower
chamber for 24h. Then, cells remaining in the top chamber were removed using a cotton
swab and the cells on the bottom side of the transwell membrane were fixed with 4%
paraformaldehyde for 30 minutes. Transmigrated cells were then imaged using a 10x
objective on a CkX41 (Olympus) microscope with an Olympus XM10 camera using the
CellSense Dimensions software (Olympus). Seven randomly taken images per well were
analyzed using the ImageJ software. All n values represent biological replicates performed
as technical duplicates and averaged.

Trans-endothelial migration assay

Trans-endothelial migration was measured in transwell dishes (Thermo Fisher scientific)
with 8 um pore size and 6.5mm diameter. Inserts were coated with 0.1% gelatine (Sigma-
Aldrich) for 30 min and then turned upside down to plate 3500 C3H 10T1/2 cells in 100pl
DMEM + 10%FCS on the bottom side of the inserts and then inserts were placed in an
incubator at 37°C. Medium was refreshed after 15 minutes if needed. After 30 minutes
inserts were turned back around and put back into 24-well plates with 600ul HUVEC
medium in the bottom well. 3.5x10* HUVECs (Cellworks, ZHC2301) were added in 10pl
HUVEC medium and left to grow into a monolayer for 3 days. Medium was exchanged once
during that time. Tumor cells were stained with 2 uM Cell Tracker Green CMFDA (Life
Technologies) for 30 min and recovered in their specific growth medium for 3h. Cells were
spun down and resuspended in HUVEC growth medium. 1 x 10° tumor cells were seeded
into the top chamber and incubated as indicated and then fixed with 4% formaldehyde.
Cells on the top of the membrane were removed with a cotton swab and membranes were
mounted on a glass slide using Mowiol (Merck). Seven random images were obtained of Cell
Tracker Green using a 10x objective on an Olympus CKX41 with an Olympus XM10 camera
using the CellSense Dimensions software (Olympus). Cell numbers were quantified using
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Imagel). All n values represent biological replicates performed as technical duplicates and
averaged; all experiments were normalized to an untransfected control.

Wound healing assay

LX-2 or C3H 10T1/2 cells were seeded into 12-well plates and incubated until they reached
full confluency. Wells were divided into two groups and treated with either BS-1 or IvIG (LX-
2) or ACH6 or I1gG (10T1/2). Four scratches were cut through the monolayer in a foursquare
pattern using a yellow 200ul plastic pipette tip. Pictures of the cuts were made at 10x
resolution using an Olympus CKX41 microscope with an Olympus XM10 (Olympus) camera
using the CellSens Dimensions software (Olympus). One picture was made per cut (4 per
well) and the location was marked. Cells were then incubated at 37°C with 5% CO, for 24
hours. Thereafter, pictures of the cuts were taken again at the marked locations. Pictures
were then analyzed using the ImageJ software. Wound healing potential was determined by
dividing the area not covered by cells after 24 hours through the area not covered with cells
at 0 hours for each picture series.

Atomic Force Microscopy

Atomic force microscopy measurements were done in collaboration with Prof. Dr. Jochen
Guck (Institute of Cellular Machines, TU Dresden, Germany). C3H 10T1/2 cells were spread
on glass-bottom dishes and kept in CO, independent medium. Cells were treated with IgG or
ACH6 for 24 hours and then subjected an atomic force microscopy indentation
measurement. An Arrow™ T1 cantilever (NanoWorld AG) tip with 5um diameter was used. 6
positions per cell were measured on average and 70 cells were measured for each condition.
Statistical significance was tested with a student’s t-test.

Conditioned media

C3H 10T1/2 cells were seeded in 6-well plates and left to grow to around 50% confluency.
Cells were then treated with ACH6 or IgG for 24 hours. Thereafter the medium above the
cells was taken above and transferred into a 15 ml Falcon Tube. Medium from at least 3
different wells was pooled for each condition. Medium was then filtered through a 0.45 um
syringe filter (Roth) and frozen down at -20°C until further used.

Electron microscopy

Freshly prepared tissue was immersed in 3% glutaraldehyde solved in Sérensen buffer and
fixed for 2h at room temperature. Afterwards, tissue was cut into small cubes of roughly
Imm x Imm x 1mm size and fixed for a further 20h in 3% glutaraldehyde solution. After
fixation, tissue cubes were immersed in Sorensen buffer and stored at 4°C until further
processed. Embedding, further processing and electron microscopy was performed at the lab
of Prof. Marco Prinz (Institute of Neuropathology, University Hospital Freiburg, Germany).
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Isolation and culture of primary HSCs

Isolation of primary HSCs was done in collaboration with Dr. Dirk Wohlleber (Institut fiir
Molekulare Immunologie, Klinikum rechts der Isar, TUM, Germany). Mice used for HSC
isolation were at least 6 month old. Mice were anesthetized by intraperitoneal injection of
roughly 100ul (according to their weight) Ketamin/Xylazin solution (3:1) and exposed to an
infrared lamp. A small peripheral venous catheter (PVC) was inserted into the inferior vena
cava (IVC) and immediately afterwards the portal vein was cut. The liver was perfused
through the PVC at a rate of 5ml/min first with 10 ml EGTA solution, then with 10 ml
pronase E solution and finally with 20 ml collagenase D solution. The livers were then
resected and stored on ice in HBSS + 10% FCS. Livers of 2-3 animals were pooled and then
the livers were transferred to a petridish and minced in a digestion solution containing
pronase E, collagenase D and DNase. Cells were transferred into a 200ml flask with 100ml of
the digestion solution and stirred at room temperature for 3-5 minutes. The digested livers
were then filtered through a 100um cell strainer and transferred to 50ml Falcon tubes. Then
they were centrifuged at 500g for 7 minutes at 4°C. The supernatant was discarded and
each pellet was washed with 10 ml HBSS containing 10ml FCS, Pen/Strep and 30ul DNAse |
and then recollected in 50ml Falcon tubes. HBSS containing 10% FCS was added to fill the
tubes up to 50ml and the tubes were centrifuged at 500g for 7 minutes at 4°C. Supernatant
was discarded and the pellets again resuspended in 10 ml HBSS containing 10ml FCS,
Pen/Strep and 30ul DNAse |. HBSS containing 10% FCS was added to fill the tubes up to 34ml
and 13.5 ml Nycodenz solution were added. The solution was mixed well and transferred to
four 15ml Falcon tubes (12ml each). 1ml of HBSS + 10% FCS was carefully added on top of
each solution. Then the tubes were centrifuged at 1400g for 24 minutes at 4°C. No breaks
were used to slow the rotor after the centrifugation. A white layer below the clear HBSS
layer indicated the hepatic stellate cells. These were transferred to a 50ml Falcon tube with
HBSS containing 10% FCS and soun down at 500g for 7 minutes at 4°C. The supernatant was
discarded again and the pellet resuspended in DMEM containing 10% FCS, Pen/Strep and L-
Glutamine. Cell count was determined using trypan blue staining to determine dead cells
and a Neubauer counting chamber. Cells were then seeded into 6-well plates in a density of
0.5-1x10° cells per well.

5.2.6 Transcriptomics and proteomics

RNA sequencing

RNA sequencing (RNA Seq) of Lrat-TdTomato mice was done in collaboration with the lab of
Prof. Robert Schwabe (Columbia University, New York, USA). Mouse preparation, HSC
isolation and RNA Seq were done at the Columbia University. Data analysis was done by me.
Lrat-TdTomato mice were treated with ACH6 or IgG for 2 weeks. 5 injections of 50ug
antibody were used per mouse every 3" or 4t day. Mice were then euthanized and HSCs
were isolated. Isolated HSCs were pooled for each treatment group, lysed and RNA was
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isolated. RNA samples were then sent to the RNA Seq core facility at the Columbia
University. Data for each gene, including base mean, log2 fold change, fold change, standard
error, p-value and adjusted p-value were send to us for further analysis.

Protein and phosphorylation profiling

Whole proteome and phospho-proteome profiling was done in collaboration with the
sciomics GmbH (Heidelberg, Germany). LX-2 or C3H 10T1/2 cells were grown to around 50%
confluency in T75 flasks and then treated with BS-1 or IvIG (LX-2 cells) or ACH6 or IgG
(10T1/2 cells) for 48h. Cells were rinsed with ice cold PBS and then lysed using 300ul freshly
prepared ready-to-use scioExtract (sciomics GmbH, Germany) solution per flask for 20
minutes on ice. Cells and extraction buffer were collected using a cell scraper and
transferred into a 1.5 ml reaction tube. Samples were pipetted up and down carefully 20
times using a syringe with a 27 Gauge needle. The vessel was centrifuged at 15,000g and 4°C
for 20 minutes. Using a syringe, the protein containing fraction, lying between the pellet at
the bottom and the lipid fraction on top, was aspirated and transferred into a fresh reaction
tube. The pellet and lipid layer were discarded. The protein sample was frozen down at -
20°C and send to the sciomics GmbH for proteome and phospho-proteome profiling. A full
report, including methods used, protein expression analysis and protein phosphorylation
analysis was sent back thereafter. Protein expression and protein phosphorylation
expression analysis contained cluster analysis, differential expression analysis, cellular
component and biological process analysis.

Phospho-kinase array

The Proteome Profiler™ Human Phospho Kinase Array Kit (R&D Systems) was used following
the manufacturer’s instructions. Briefly, LX-2 or C3H 10T1/2 cells were grown to around 50%
confluency and then treated with BS-1 or IvIG (LX-2 cells) or ACH6 or IgG (10T1/2 cells) for 4
hours. Then cells were lysed with Lysis Buffer 6, pipetted up and down several times and
then rocked gently for 30 minutes at 4°C. Cells were spun down at 14,000g for 5 minutes
and transferred to a fresh tube. Protein concentration was determined using a Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific) as described earlier (5.2.2). 1ml of Array Buffer 1
(blocking buffer) was added to each well of the 8-well multi-dish and for each sample one
Part A membrane and one Part B membrane were added to a well each and then incubated
for one hour on a rocking platform shaker. Meanwhile 500ug protein of each sample was
diluted in 2ml of Array Buffer 1. Array Buffer 1 was removed from the wells and 1ml of each
sample solution was added to a Part A and a Part B membrane each. Samples were
incubated at 4°C on a rocking shaker overnight. Membranes were washed 3 times for 10
minutes in 1x Wash Buffer and the dish was cleaned. Part A membranes were then
incubated for 2 hours at room temperature on a rocking shaker with 20ul of reconstituted
Detection Antibody Cocktail A diluted in 1x Array Buffer 2/3. Part B membranes were
incubated for 2 hours at room temperature on a rocking shaker with 20ul of reconstituted
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Detection Antibody Cocktail B diluted in 1x Array Buffer 2/3. Membranes were washed
again 3 times for 10 minutes in 1x Wash Buffer. Streptavidin-HRP was suitably diluted in 1x
Array Buffer 2/3 and 1 ml was added to each membrane and incubated for 30 minutes on a
rocking platform shaker. Membranes were washed again 3 times for 10 minutes in 1x Wash
Buffer. Membranes were put onto a plastic sheet protector and 1 ml of Chemi Reagent Mix
was added evenly onto each membrane. Membranes were covered with the top of the
plastic sheet protector, air bubbles were removed from between the sheets and the
membranes were incubated for one minute. Chemi Reagent Mix was removed, and any
excess blotted off with an absorbent lab wipe. Membranes were wrapped in plastic wrap,
air bubbles were smoothed out and chemiluminescence was measured and visualized by a
ChemiDoc XRS+ (Bio-Rad) with ImageLab software (Bio-Rad). Densitometric analysis was
done using the ImagelLab software.

5.2.7 Statistics

Statistical analyses were performed with Prism software (Graphpad Prism version 5.0a). The
standard error of the mean (SEM) was calculated from the average of at least 3 independent
samples per group. To evaluate statistical significance between two groups, data was
subjected to Student’s t test (unpaired or paired, two-tailed test). A p-value of less than 0.05
was considered significant. Xy scatter plots were evaluated by linear regression analysis with
R2 representing the strength of the correlation. A p-value of less than 0.05 was considered
significant.
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6. Results

6.1 Lymphotoxin modulates lymphoma manifestations in the liver

6.1.1 LT expression positively correlates with secondary liver manifestations and disease
severity in human lymphoma and leukemia patients

To find out whether lymphotoxin signaling is implicated in hepatic metastasis, first,
lymphotoxin expression levels in human malignancies were investigated. The
Genevestigator search engine (Nebion AG) was used to scan collective microarray data from
573 different tumor entities for expression levels of lymphotoxins (Figure 7). All datasets of
human tumor tissues were included in the analysis and subjected to a search for the
expression of LTA or LTB. The neoplasms were sorted according to their mean expression
levels from highest (left) to lowest (right). Analysis of mean LTA expression of all neoplasms
revealed that lymphomas (red bars) especially but also leukemias (green bars) were by far
the highest LTA expressing entities on average (Figure 7A). The 30 highest LTA expressing
entities contain 19 lymphomas and 4 leukemias and only 7 non-hematopoietic cancer types
(Figure 7B). Thus, almost 77% of the top 30 LTA expressing entities are either lymphomas or
leukemia. In total 56 of the 573 tumor entities (9.8%) included in the analysis were of
lymphoid or hematopoietic origin. Expression levels for LTB were also highest in lymphomas
and leukemia on average (Figure 7C), although to a lesser extent than for LTA. This is also
reflected when looking at the 30 highest LTB expressing entities, which contain 5
lymphomas and 7 leukemias (Figure 7D), making up 40% of the top 30 LTB expressing
entities.

The data from Figure 7 show clearly that lymphomas and leukemias express the highest
levels of LTA and LTB on average. Next, it was investigated whether these genes were
overexpressed in neoplastic tissues compared to healthy control tissues. a TCGA (The
Cancer Genome Atlas) database search was performed. All available datasets for LTA or LTB
overexpression in tumor tissues were included. Of the 33 tumor entities included in the
search, only DLBCL (DLBC) showed a significant overexpression of LTA in tumor tissue (red
dots) when compared to healthy control tissue (green dots) (Figure 8A, not all data shown).
Others, such as AML (LAML) showed a trend towards increased LTA expression in tumor
tissues, but no statistical significance was observed. Most showed no difference in
expression levels and one (Testicular Germ Cell Tumors (TGCT)) showed decreased LTA
expression in tumor tissues compared to healthy controls. For LTB, 19 of 33 tumor entities
showed a significantly increased expression in tumor tissue (Figure 8B, not all data shown).
Amongst those were DLBCL, AML as well as TGCT. One (Chromophobe renal cell carcinoma
(KICH)) showed a decreased LTB expression in tumor tissue (not shown). The remaining 13
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entities showed no significant changes. Certain tumors, such as adrenocortical carcinoma
(ACC), showed almost no expression of LTA or LTB in either healthy or tumor tissue.
Interestingly, TGCT showed an upregulation of LTB but also a downregulation of LTA in
tumor tissue compared to healthy control tissue.
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Figure 7: LTA and LTB expression levels of different tumor entities

Relative expression of LTA and LTB as extracted from the Genevestigator platform for 573 different types of
neoplasms. Mean expression levels are shown as log2 signal intensity. Lymphomas are shown in red, leukemias
are shown in green and other tumor entities in black.

A) Expression levels of LTA for all 573 types of neoplasms.

B) LTA expression levels of the 30 highest LTA expressing neoplasms.

C) Expression levels of LTB for all 573 types of neoplasms.

D) LTB expression levels of the 30 highest LTB expressing neoplasms.
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Figure 8: LT overexpression correlates with overall survival in human DLBCL and AML patients

A, B) mRNA expression levels of LTA (A) or LTB (B) as assessed by TCGA database research of samples from
patients with ACC, DLBCL, AML or TGCT (red dots) and respective healthy control tissues (green dots). Mean
expression levels are shown as transcripts per million. Each dot represents one sample.
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C, D) Overall survival of DLBCL (C) or AML (D) patients with high (red graph) or low (blue graph) expression of
either LTA (top) or LTB (bottom) as assessed by TCGA database research. Relative survival rate (Y axis) is
plotted against time in days (X axis). Sample sizes for both groups and expression level thresholds for high or
low expression are indicated in the graphs.

The data from Figure 8A and 8B show that some hematopoietic tumor entities (DLBCL, AML)
not only express high levels of LTs, but also overexpress them in malignant tumor cells.
Further TGCA database research was done to investigate whether the expression of LTs in
these malignancies also correlates with overall survival of patients. Overall survival for
patients with either DLBCL or AML was investigated. Patients were split into high (red bars)
and low (blue bars) expressing groups based on their expression levels of either LTA or LTB.
Unfortunately, the sample sizes were very low for DLBCL, ranging from 1-14 patients per
group and time point. Still, a clear trend could be observed for a decrease in overall survival
with higher LTA expression at late timepoints (past 3500 days) (Figure 8C). LTB does not
seem to have an effect on patient survival (Figure 8C). For AML, no effect on overall survival
can be seen with increased LTA expression, but a significant decrease in overall survival can
be correlated with increased LTB expression already at early time points (~250 days) (Figure
8D).

To corroborate the data gathered from the database researches, tissues from human
leukemia and lymphoma patients were analysed regarding their expression of LTs (Figure 9).
Peripheral blood from CLL and AML patients was analysed using RT-qPCR, and the results
were compared to peripheral blood from healthy control patients (Figure 9A). The
expression of LTA was significantly increased in CLL patients. A similar trend was observed
for LTB expression, but it did not reach statistical significance due to the large variation
between samples.

Furthermore, LTB expression in human primary and secondary liver manifestations of
various lymphomas was analysed via immunohistochemical staining of LTR (Figure 9B).
Compairing LTR staining intensity of primary and secondary liver manifestations, LTR
staining was found to be much stronger in secondary manifestations when compared to
primary manifestations. These differences could be observed in cases of DLBCL, TCRBL, cHL
and pTCL. There were a lot more secondary manifestations with medium to strong LTR
expression, while most primary manifestations had low LTR expression. Taken together,
these results corroborate that human lymphomas and leukemias can express high levels of
LTs and that more advanced malignancies usually show a stronger LT expression.

LT is expressed in uveal melanoma and correlates with overall survival

Metastatic uveal melanoma is known to spread to the liver in the vast majority of

casest3A14

. This preference makes uveal melanoma an interesting subject for our studies.
Searching the Genevestigator data on LTA and LTB expression in 573 neoplasms shown in

Figure 7 revealed that LTA and LTB expression of uveal melanoma is above average
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compared to all other neoplasms (Figure 10A). Immunohistochemical stainings against LTR
of biopsies from liver metastases or primary sites of human uveal melanoma confirmed the
expression of LTR in primary sites as well as hepatic metastases. Primary tumors as well as
liver metastases show sites with low and sites with high expression of LTR (Figure 10B). The
strength of LT expression correlates strongly with overall survival for LTA and LTB (Figure
10C, D). In both cases strong LT expression of primary uveal melanomas correlates
significantly with reduced overall survival of patients according to TCGA research. Together
these data indicate that LT is expressed in human uveal melanomas metastasizing to the
liver, and that its expression in the primary site reduces overall survival of patients.
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Figure 9: LT expression in human leukemias and lymphomas

A) Relative mRNA expression of LTA or LTB as assessed by RT-gPCR from human peripheral blood samples of
CLL, AML or healthy control (HC) patients. mRNA expression was normalized to GAPDH housekeeping gene.
Sample sizes are n=3 for HC and n=16 for CLL.
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B) Representative pictures of immunohistochemical stainings against LTR of liver biopsies from patients with
primary (left column) or secondary (right column) liver manifestations of DLBCL, TCRBL, cHL or pTCL. LTR
expression was graded manually into low, medium and high expressing groups (upper graph) or calculated
densitometrically using histological software (DIH) (lower graph). Sample sizes are n=9 for primary and n=29
for secondary manifestations. Scale bar is 100um.

Data are expressed as number of cases with low, medium or high expression (upper right graph) or as mean +
SEM. Statistical significance was calculated using Student’s t-Test (* p < 0.05, ns=non-significant).
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Figure 10: LTA and LTB expression correlates with overall survival in uveal melanomas

A) Relative expression of LTA and LTB as extracted from the Genevestigator platform for 573 different types of
neoplasms. Mean expression levels are shown as log2 signal intensity. Lymphomas are shown in red, leukemias
are shown in green and other tumor entities in black. Uveal melanoma is shown in purple and highlighted by a
purple arrow.

B) Representative pictures of immunohistochemical stainings against LTR of eye biopsies from patients with
primary uveal melanoma (left column) or liver biopsies from patients with liver metastases of uveal melanoma
(right column). Insets show higher magnification of selected areas. Scale bars are 500um and 50um (inset).

C, D) Overall survival of uveal melanoma patients with high (red graph) or low (blue graph) expression of LTA
(C) or LTB (D) as assessed by TCGA database research. Relative survival rate (Y axis) is plotted against time in
days (X axis). Sample sizes for both groups and expression level thresholds for high or low expression are
indicated in the graphs.

73



Results

6.1.2 Functional interference of LT signaling in preclinical mouse models leads to a
reduction of secondary lymphoma manifestations in the liver

L-Cl.5s murine T-cell lymphoma cells show a high propensity to colonize the liver

To start with in vivo and in vitro research, a suitable preclinical model to study the role of
lymphotoxins in secondary lymphoma manifestations in the liver was searched. One suitable
model were the L-CI.5s murine T-cell lymphoma cells*. These highly metastatic lymphoma
cells have a transgenic lacZ gene cassette, which allows for cell tracking using X-Gal staining

solution*®®

. To test the dynamics and general capability of these cells to metastasize to the
liver, a timecourse experimental metastasis assay was performed. 5000 L-CI.5s lymphoma
cells were injected into the tail vein of syngeneic DBA/2 mice and the mice were sacrificed 3
days, 5 days or 7 days thereafter (Figure 11A). Uninjected mice were used as a control. A
staining against LTa was performed to analyse the formation of LT expressing metastatic
foci (Figure 11B). Macroscopic tumor nodules expressing LTa could be found by 5 days after
tumor cell injection. Furthermore, RelB translocation could be found in parenchymal (black
arrows) as well as non-parenchymal (blue arrows) liver cells within the tumor nodules
(Figure 11C). As expected, L-Cl.5s cells within the metastatic nodules in the liver still
expressed the T-cell marker CD3 (Figure 11D). To corroborate the results gained so far, RT-
gPCR analyses of whole liver homogenates of these mice were done (Figure 11E). LacZ and
Lta expression levels were increased significantly with the increase of tumor load after 5 and
7 days, respectively. A trend towards increased Ltb expression could also be seen, but
statistical significance was not acquired. Ltbr expression levels did not change at all.

LTRR signaling interference reduces lymphoma manifestations in the liver

To investigate whether LT expression of L-Cl.5s lymphoma cells has an effect on their ability
to metastasize to the liver, several L-Cl.5s knockdown cell lines were created. Either LTa
(shLTa38, shLTa39) or LTR (shLTR88) or both (shLTaR63) were knocked down using shRNA.
A non-targeting shRNA (shNT) was used as control. RT-qPCR analysis of these cell lines
revealed a reduction in Lta expression levels of at least 50% in all four LT knockdown cell
lines when compared to the non-targeting control (Figure 12A). Ltb expression was reduced
in all four cell lines as well (Figure 12A). However, results were statistically significant only
for shLTa39 and shLTaR63 when compared to shNT. ShLTa38 showed a 30% reduction and
shLTR88 a 50% reduction, but both lacked statistical significance after 3 independent
experiments. To supplement our results from the RT-qPCR we performed an ELISA assay
against LTa (Figure 12B). The concentration of LTa in the supernatant of all four LT
knockdown cell lines was 40-70% lower when compared to the shNT control. However, the
results were not statistically significant for shLTR88. To make sure that the transgenic LT
knockdown cells had no growth impairment, a CellTiter-Blue™ cell viability assay was
performed over a period of 7 days (Figure 12C). All four LT knockdown L-CL.5 cell lines
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showed very similar growth kinetics when compared to the non-targeting control as well as
the parental L-Cl.5s, with a sharp increase in cell numbers between day 3 and day 5.
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Figure 11: L-C1.5s lymphoma cells form liver manifestations in DBA/2 mice

A) Schematic of the experimental setup for the experimental metastasis assays. 5000 L-Cl.5s were injected into
the tail vein of DBA/2 mice. The mice were sacrificed 3, 5 or 7 days later.

B) Representative pictures of immunohistochemical stainings against LTa of paraffin-embedded liver samples
from mice injected with 5000 L-Cl.5s into the tail vein and sacrificed 3, 5 or 7 days later. Untreated mice were
used as control. Inset shows higher magnification of selected area. Scale bars are 100um and 20um (inset).

C, D) Representative picture of immunohistochemical stainings against RelB (C) or CD3 (D) of paraffin-
embedded liver samples from mice injected with 5000 L.CI.5s into the tail vein and sacrificed 7 days later. Inset
shows higher magnification of selected area. Black arrows indicate RelB stained hepatocytes, blue arrows
indicate RelB stained non-parenchymal cells. Scale bars are 100um and 10um (inset).
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E) Relative mRNA expression of lacZ, Lta, Ltb or Ltbr as assessed by RT-qPCR of mice injected with no or 5000 L-
Cl.5s into the tail vein and sacrificed 3 hours, 3, 5 or 7 days later. mRNA expression was normalized to GAPDH
housekeeping gene.

Data are expressed as mean fold change + SEM relative to the mean of the no L-Cl.5s control. Sample sizes
were n23 for all groups. Statistical significance was calculated for all timepoints against no L-Cl.5s control using
Student’s t-Test (* p < 0.05).

Experimental metastasis assays were performed to investigate the capacity of LT
knockdown L-CI.5s cells to metastasize to the liver. 5000 L-Cl.5s of each strain were injected
into the tail vein of untreated DBA/2 mice. The mice were sacrificed 7 days after and the
amount of macrometastases in the liver was analyzed with H&E stainings (Figure 12E). L-
ClL.5s with reduced LT expression showed less liver macrometastases in general. The
reduction was not statistically significant for shLTR88 and shLTaa38, but it was significant for
shLTa39 and shLTaRk63. Of note, shLTalR63 showed a much stronger reduction than the
single knockdowns, with multiple animals showing no macrometastases in the liver at all. To
test whether the effect was also visible at early timepoints the experimental setup was
repeated, but mice were sacrificed after 24h already. Only shNT, shLTa38 and shLTaR63
cells were used for this experiment to reduce mouse numbers. The amount of
micrometastases was analysed by staining whole liver lobes with X-gal staining solution and
then counting the blue stained micrometastases (black arrowheads) using a dissecting
microscope (Figure 12D). The results were similar to the 7 days experiment, with reduced
micrometastases in shLTa38 and shLTaR63. Again, a strong and significant reduction was
observed for shLTalR63 but not for shLTa38.

To corroborate the findings with a second model and evaluate if systemic depletion of LTs
can reduce hepatic metastasis formation of L-Cl.5s, the artificial decoy receptor LTBR-Ig was
used to deplete LTs in experimental metastasis assays. Mice were treated 1 day before and
1 day after tumor cell injection with either LTRR-Ig or the control antibody MOPC21. 5000 L-
Cl.5s were injected into the tail vein of DBA/2 mice and the mice were sacrificed 7 days later
(Figure 13A). The amounts of macrometastases in each liver were counted using
histochemical H&E stainings. Mice treated with LTRBR-Ig showed significantly fewer
macrometastases in the liver than mice treated with MOPC21 (Figure 13A). A CellTiter-
Blue™ cell viability assay was performed over a period of 5 days (Figure 13B) to exclude
reduced viability or growth impairment of LTRBR-Ig treated cells as reason for reduced
metastasis formation. Cells were treated with either MOPC21 or LTRR-Ig at the start of the
experiment. There were no differences in growth kinetics of cells treated with MOPC21 or
LTBR-Ig. Both showed slightly faster growth during the log-phase when compared to
untreated cells.

76



Results

A Lta Ltb B secreted LTa

-
o
-
o
n
[=]

LTa expression (rel. to shNT)
-
=
LTR expression (rel. to shNT)
-
(=
ng/ml LTa in Supernatant

o
1)
o
)

g
o

c M VQ VG\. \5‘\. \’0 \9 \’G\» \5)\' \fo\' VO\ \40\. \,CJ\'
T
S 201, | c1.55 Parental X-gal
3 ® shNT D
3 ® shLTa38 L-Cl.5s P L-Cl.5s shLTa39
8 15]oshLTa39
— ® shLTbh88
§ ® shLTab63
3 10
(7]
2 <
S N
= 5
o
2
k]
2 0

150,

L-Cl.5s shlTab63

shlLTa39

100

-
o

o
o

24h
number of micrometastases

focilcm2 tissue area
-
(=]
*

0

Figure 12: Knockdown of LT expression in L-Cl.5s lymphoma cells reduces liver metastasis

A) Relative mRNA expression of Lta or Ltb as assessed by RT-gqPCR of cell lysates from L.CI.5s shNT, shLTR8S,
shLTa39, shLTa38 or shLTaR63 cells. mMRNA expression was normalized to GAPDH housekeeping gene. Sample
sizes are n23 for all groups.
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B) LTa protein secretion as assessed by ELISA of cell culture supernatant from L.CI.5s shNT, shLTR88, shLTa39,
shLTa38 or shLTalk63 cells. Sample sizes were n23 for all groups.

C) Cell viability as assessed by CellTiter Blue assay of cell cultures from L.CI.5s shNT, shLTR88, shLTa39, shLTa38
or shLTaR63 cells over 7 days. Viability is expressed by mean fluorescence [560/590nm] and was measured at
0, 2, 3, 5 and 7 days. n23 replicates were done for all groups.

D) Representative macroscopical pictures of X-gal stained livers from DBA/2 mice injected with either L-CIl.5s P,
shLTa39 or shLTaR63 i.v. and sacrificed 24h later. Micrometastases were always calculated from the same
lobes and are indicated by arrows. n=5 mice were used for all groups.

E) Representative histochemical pictures of H&E stainings of paraffin-embedded liver samples from DBA/2
mice injected with L-CI.5s shNT, shLTR88, shLTa39, shLTa38 or shLTaR63 i.v. and sacrificed 7 days later. Lower
row shows higher magnifications of selected areas. Metastatic foci were annotated and counted manually and
normalized to the tissue area analyzed. n=6 mice were used for all groups. Scale bars are 200pum and 40um
(magnification).

Data are expressed as mean + SD (A, B) or SEM (D, E). Statistical significance was calculated using Student’s t-
Test (* p<0.05, ** p <0.01, *** p <0.001, ns=non-significant).
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Figure 13: Antagonizing LTRR with LTBR-Ig reduces liver metastases of L-Cl.5s cells

A) Representative histochemical pictures of H&E stainings of paraffin-embedded liver samples from DBA/2
mice pretreated for 1 day with LTRR-Ig or MOPC21, injected with L-CI.5s and sacrificed 7 days later. Lower row
shows higher magnifications of selected areas. Metastatic foci were annotated and counted manually and
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normalized to the tissue area analyzed. n=6 mice were used for both groups. Scale bars are 200um and 40um
(inset).

B) Cell viability as assessed by CellTiter Blue assay of cell cultures from L.CI.5s untreated (UT) or treated with
LTRR-Ig or MOPC21 for 5 days. Viability is expressed by mean absorbance [492-690nm] and was measured at 0,
1, 2, 3 and 5 days. n23 replicates were done for all groups.

Data are expressed as mean + SEM. Statistical significance was calculated using Student’s t-Test (** p < 0.01).

6.1.3 Overactivation of LT signaling in preclinical mouse models leads to an increase of
secondary lymphoma manifestations in the liver

To further investigate the role of tumor cell-derived LT and LTRR signaling in mediating liver
metastasis of L-Cl.5s, it was investigated whether increased LT expression and LTRR signaling
can exacerbate metastasis formation in the liver. Stably LTR overexpressing L-Cl.5s were
created via plasmid transfection. LCI.5s LTB overexpressed LTR 7.7-fold compared to L-Cl.5s
parental cells, while LTa expression remained unchanged (Figure 14E). A 7-day experimental
metastasis assay was performed using DBA/2 mice. Mice were injected with either 5000 L-
CL.5s LTR or L-CL.5s EGFP (control) and sacrificed 7 days after (Figure 14A). Mice injected
with L-Cl.5s LTR showed a 5-fold higher number of macrometastases in the liver compared
to L-Cl.5s EGFP. To corroborate the data with a second model, the experiment was repeated
with a murine B-cell lymphoma cell line derived from Ep-myc mice*!® (Figure 14C). Ep-myc
cells are much less metastatic towards the liver and also express much less LTs compared to
L-CL.5s. Nontheless, increasing LTR expression in these cells (Eu-myc LTR) also led to a
significantly increased number of metastatic foci in the liver after 14 days. A roughly 40%
increase in the fraction of ki67+ cells within metastatic foci of mice injected with L-Cl.5s LTR
compared to L-Cl.5s EGFP indicates, that L-Cl.5s LTR have a small growth advantage
compared to control cells in vivo (Figure 14B). However, the difference is much smaller than
the difference in number of metastases. On the other hand, no increase in ki67+ cell fraction
was observed in Eu-myc LTRB cells when compared to their control cells (Figure 14D).

To investigate whether tumor cell-derived LT is required for increased hepatic metastasis
formation or if exogenous sources for LTRR activation can supplement it, DBA/2 mice were
pretreated with either the LTRR agonizing antibody ACH6 or the control antibody IgG for 14
days and then subjected to an experimental metastasis assay with parental L-Cl.5s for 7 days
(Figure 15A). Mice pretreated with ACH6 showed a roughly 2-fold higher amount of liver
metastases after 7 days compared to mice pretreated with IgG. Neither ACH6 nor IgG
treatment had any measurable effect on the viability and growth of L-Cl.5s in vitro up to 5
days after treatment initiation as assessed by XTT assays (Figure 15D). The fraction of ki67+
cells within the macrometastatic foci in the livers of ACH6 pretreated mice was not different
compared to IgG pretreated mice (Figure 15B), indicating that the ACH6 treatment had no
effect on tumor cell outgrowth. A 24h experimental metastasis assay was performed to
investigate whether the pretreatment with ACH6 also affects early steps during liver
colonization, like tumor cell seeding. Mice were pretreated with either ACH6 or IgG for 14
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days, then injected with parental L-Cl.5s and then sacrificed 24h afterwards (Figure 15C).
Counting the amount of X-gal stained micrometastases on the liver lobes of each animal, the
amount of micrometastases was found to be increased nearly 2-fold in the ACH6 pretreated
mice compared to the IgG pretreated mice, similar to the 7 days experiment.
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Figure 14: Overexpression of LTR in L-Cl.5 and Ep-myc lymphoma cells increases liver metastasis

A-D) Representative (immuno-)histochemical pictures of H&E (A, C) or ki67 (B, D) stainings of paraffin-
embedded liver samples from DBA/2 mice injected with L-Cl.5s (A, B) or Eu-myc (C, D) EGFP (mock) or LTR cells
and sacrificed 7 days (L-CI.5s) or 14 days (Eu-myc) later. Right column (for H&E) shows higher magnifications of
selected areas. Metastatic foci were counted manually and normalized to the tissue area analyzed. Ki67+ area
was assessed using histological software (DIH) and normalized to the metastatic area analyzed. Sample size is
n>6 for all groups. Scale bars are 200um and 40um (magnification, ki67).

E) Relative mRNA expression of Lta or Ltb as assessed by RT-qPCR of cell lysates from L.CI.5s P or LTR cells.
MRNA expression was normalized to GAPDH housekeeping gene. Sample size is n=1 for all groups.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
** p<0.01, ¥**** p <0.0001, ns=non-significant).
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Figure 15: Pretreating mice with an LTRBR agonizing antibody increases liver metastasis of L-CL.5 cells

A, B) Representative (immuno-)histochemical pictures of H&E (A) and ki67 (B) stainings of paraffin-embedded
liver samples from DBA/2 mice pretreated for 14 days with ACH6 or IgG, injected with L-CI.5s and sacrificed 7
days later. Right column (for H&E) shows higher magnifications of selected areas. Metastatic foci were counted
manually and normalized to the tissue area analyzed. Ki67+ area was assessed using histological software (DIH)
and normalized to the metastatic area analyzed. Sample size is n>6 for all groups. Scale bars are 200um (HE),
40um (inset) and 80um (ki67).

C) Representative macroscopical pictures of X-gal stained livers from DBA/2 mice pretreated for 14 days with
ACHS6 or IgG, injected with L-CI.5s and sacrificed 24h later. Micrometastases were always calculated from the
same lobes and are indicated by arrows. n=4 mice were used for all groups.

D) Cell viability as assessed by CellTiter Blue assay of cell cultures from L.Cl.5s untreated (UT) or treated with
ACHS6 or I1gG for 5 days. Viability is expressed by mean absorbance [492-690nm] and was measured at 0, 1, 2, 3
and 5 days. n>3 replicates were done for all groups.
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Data are expressed as mean + SEM. Statistical significance was calculated using Student’s t-Test (** p < 0.01,
**** p < 0.0001, ns=non-significant).

6.1.4 The source of LTs has no impact on the number of hepatic lymphoma
manifestations

Lack of tumor cell-derived LT can be compensated by other sources of LT8R agonization

Delving further into the question whether the source of LTs affects the phenotype of
increased liver metastases, two experiments with different methods to supplement LT
signaling of L-Cl.5s shLTall were performed (Figure 16). In both cases 7 day experimental
metastasis assays with DBA/2 mice were used. In the first experiment, the metastatic
potential of L-Cl.5s parental and L-Cl.5s shLTaR cells pretreated with IgG or ACH6 for 14 days
was compared (Figure 16A). ACH6 pretreatment for 14 days increased the number of
metastatic foci in the liver for both cell lines, as expected. More importantly, ACH6
pretreatment allowed the L-Cl.5s shLTaR cells to form a similar amount of liver metastases
as the L-Cl.5s parental cells with IgG treatment. This suggests that exogenous LT
supplementation can alleviate the effects of reduced LT expression in L-Cl.5s. As before, L-
CL.5s shLTal cells formed significantly fewer metastases as L-Cl.5s parental cells. In the
second experiment, a different model of LT supplementation of L-CI.5s shLTafRR cells in
experimental metastasis was used. GFP-expressing L-Cl.5s parental (L-CI.5s GFP) cells were
co-injected together with L-Cl.5s shLTaR in equal amounts (Figure 16B). Solo injections of L-
CL.5s GFP or L-CL.5s shLTall were used as controls. To analyze the number of metastases
formed by either the parental GFP expressing or the shLTaR cells, the amount of ki67+/GFP+
double-positive metastases, indicative of L-Cl.5s GFP, was compared to the amount of
ki67+/GFP- metastases, indicative of L-Cl.5s shLTaR cells. Interestingly, the number of GFP+
and GFP- metastases was similar, indicating that the shLTall cells benefited from the LT
expressed by the parental cells to a similar degree as the parental cells themselves. This
shows that the LT expressed from the tumor cells acts in trans, and high LT-expressing cells
can support low LT-expressing cells during liver metastasis formation. The control mice that
were solely injected with either L-Cl.5s GFP or shLTall showed a large difference in the
number of hepatic metastasis, as already seen before.

Endogenous LT expression in mouse tissues can also compensate for lack of tumor cell-
derived LT

Albumin-LTaR mice (Alb-LTaR) overexpress LTa and LTR constitutively in hepatocytes via the
albumin promoter, and they have an increased propensity to develop primary HCC due to
the increased LT expression®®. RT-gPCR analysis of whole liver lysates of Alb-LTaR mice
revealed that these mice express LTa 20-fold and LTR 7-fold compared to wild-type mice
(Figure 17C). Expression of LTRR is not altered.
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Figure 16: LT supplementation recovers phenotype in L-Cl.5s shLTaR cells

A) Representative histochemical pictures of H&E stainings of paraffin-embedded liver samples from DBA/2
mice pretreated for 14 days with ACH6 or IgG, injected with L-Cl.5s P or shLTaR and sacrificed 7 days later.
Lower row shows higher magnifications of selected areas. Metastatic foci were counted manually and
normalized to the tissue area analyzed. Sample size is n=4 for all groups. Scale bars are 200um and 40um
(magnification).

B) Representative immunohistochemical pictures of GFP (red) + ki67 (brown) co-stainings of paraffin-
embedded liver samples from DBA/2 mice injected with GFP-expressing L-Cl.5s P or shLTaR or co-injected with
both and sacrificed 7 days later. RIght picture shows higher magnifications of selected area. Ki67 single positive
and ki67 + GFP double-positive metastatic foci were counted manually and normalized to the tissue area
analyzed. Sample size is n=5 for all groups. Scale bars are 200um and 160um (inset).

Data are expressed as mean + SEM. Statistical significance was calculated using Student’s t-Test (* p < 0.05,
ns=non-significant).
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To test whether the Alb-LTaR mice also show an increased propensity for hepatic metastasis
formation, a short-term experimental metastasis assay was performed (Figure 17A). Alb-
LTald or wild-type control mice were injected with parental L-Cl.5s and sacrificed 24h later.
The Alb-LTaRR mice showed a lot higher number of blue X-gal stained micrometastases on
whole liver lobes compared to wild-type control mice. Plotting LTa expression of these mice
against the amount of micrometastases, a significant linear correlation between LTa
expression and the number of micrometastases could be observed, as indicated by a linear
regression analysis (Figure 17B). Taken together, these results indicate that endogenous LT
expression has similar effects on the metastasis formation of L-Cl.5s as tumor cell-derived LT.

A X-gal

wild-type AlbLTaR

24 h
number of micrometastases

B Lta vs micrometastases C Lta
(7] —_—
o o257
8 60{ R?=0.68 E . Bt
2 p=0.0005 5§20 [ AIbLTab
()] o
5 S 15
0 40 s
o x
3 < 10
Y Z etk
S 20 z
3 E S
5 0 o
2> ) Py
0 5 10 15 20 25 & X P

Lta mRNA expression (FC)

Figure 17: Hepatocyte-derived LT drives hepatic metastasis formation of L-CL.5 cells

A) Representative macroscopical pictures of X-gal stained livers from Alb-LTal8 or wild-type mice injected with
L-CI.5s and sacrificed 24h later. Micrometastases were always calculated from the same lobes and are
indicated by arrows. n=7 mice were used for all groups.

B) Linear correlation between number of micrometastases (y axis, shown in A) and relative mRNA expression
of Lta as assessed by RT-qPCR of whole liver homogenates of the same Alb-LTaR mice (x axis, shown in C). Ctrl
animals are shown with black dots, Alb-LTalR animals are shown with orange dots. Correlation was analyzed by
linear regression analysis showing r2 and p values.

C) Relative mRNA expression of Lta or Ltb as assessed by RT-qPCR of cell lysates from L.CI.5s P or LTR cells.
MRNA expression was normalized to GAPDH housekeeping gene. Sample size is n=1 for all groups.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
** p<0.01, ¥*** p < 0.0001, ns=non-significant).
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6.1.5 Increased LT signaling also increases liver metastasis in B-cell leukemia, colorectal
cancer and spontaneous insulinoma models

GFAP-LTalR mice overexpress LTa and LTR constitutively via the GFAP promoter, which is
expressed in various cells including hepatic stellate cells, pericytes and astrocytes. These
mice show a higher number of hepatic metastases when injected with Eu-Tcll cells after 14
days compared to wild-type control mice (Figure 18A). Eu-Tcll cells are murine B-cell
leukemia cells transgenic for Tcl1 driven by the IgH enhancer Eu‘m. The result corroborates
our finding that endogenous LT expression can drive hepatic metastasis formation of tumor
cells. Furthermore, it indicates that LTRR signalling is involved in formation of hepatic
manifestations of B-cell leukemia.

To investigate if LTRR signalling affects hepatic metastasis formation of further tumor
entities, a 16 day experimental metastasis assay using GFP-tagged MC-38 colon carcinoma
cells was performed (Figure 18B). C57BL/6 mice were pretreated with either IgG or ACH6 for
14 days before injecting them intrasplenically with 400,000 MC-38 GFP murine colorectal
carcinoma cells. Intrasplenic injection was used, as intravenous injection of MC-38 GFP cells
mostly yields lung metastases with very few liver metastases (data not shown). ACH6
pretreatment increased the amount of liver metastases significantly as assessed by
immunohistochemical stainings of GFP (Figure 18B). This was corroborated by RT-qPCR
analysis of Gfp of whole liver homogenates from the same mice, showing a massive increase
in Gfp mRNA in ACH6 compared to I1gG pretreated livers (Figure 18B, lower bar graph).
These results indicate that colon carcinoma cell metastasis to the liver is also affected by
LTRR signalling.

RIP-tag2 mice express the SV40 large T antigen (Tag) under the rat insulin promoter-1*%.

This leads to the development of tumors originating from beta-cells in a very time-
predictable manner. The RIP-tag2 mice form solid insulinomas from week 10 onwards and
can start to metastasize a short while later. To recreate the conditions used for the
experimental metastasis assays, the mice were pretreated with either IgG or ACH6 for 2
weeks beginning at 10 weeks of age (Figure 19A), shortly before they can start to
metastasize. The mice were sacrificed two weeks later at 12 weeks of age and the
metastatic burden in the liver was determined. ACH6 pretreatment significantly increased
the number of metastatic foci in the liver by nearly 10-fold (Figure 19B). On the other hand,
a slightly but significantly lower number of metastatic foci in the liver was observed when
the mice were pretreated with LTRR-Ig for 2 weeks when compared to MOPC21 pretreated
mice (Figure 19C). These data suggest that the spontaneous and endogenous insulinomas
formed in RIP-tag2 mice have a higher propensity to metastasize to the liver after LTRR
agonization.
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Figure 18: LT signaling also affects liver metastasis formation of Eu-Tcll and MC38-GFP cells

A) Representative histochemical pictures of H&E stainings of paraffin-embedded liver samples from GFAP-LTaR
or wild-type mice injected with Ep-Tcll lymphoma cells and sacrificed 14 days later. Metastatic foci were
counted manually and normalized to the tissue area analyzed. Sample size is n=5 for all groups. Scale bars are
80um.

B) Representative macroscopical liver pictures or immunohistochemical pictures of GFP stainings of paraffin-
embedded liver samples from C57BL/6 mice pretreated with ACH6 or IgG for 14 days injected with MC38-GFP
cells and sacrificed 16 days later. GFP+ metastatic foci were counted manually. Gfo mRNA expression was also
assessed by RT-gPCR of whole liver homogenates of the same mice and was normalized to GAPDH
housekeeping gene. n=5 mice were used for all groups. Scale bars are 200um and 40um (inset). Intrasplenic
injection was performed by Dr. Lubor Borsig (UZH Ziirich, Switzerland).

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
**p<0.01, *** p <0.001).
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Figure 19: LTBR agonization increases spontaneous hepatic metastasis formation in Rip-Tag2 mice

A) Schematic of the experimental setup for the Rip-Tag2 spontaneous metastasis experiments. Rip-Tag2 mice
were pretreated with IgG or ACH6 from 10 until 12 weeks of age by i.p. injection. Mice were injected with 50ug
antibody every 3-4 days (5 total injections). The mice were sacrificed thereafter (12 weeks old).

B, C) Representative histochemical pictures of H&E stainings of paraffin-embedded liver samples from Rip-Tag2
mice treated with IgG or ACH6 (B), or MOPC21 or LTRR-Ig (C) from 10 until 12 weeks of age and sacrificed
thereafter. Insets show higher magnifications of selected areas. Metastatic foci were counted manually and
normalized to the tissue area analyzed. Sample size is n>6 for all groups. Scale bars are 80um. Animals were
bred, treated and sacrificed at the lab of Kristian Pietras (Lund University, Sweden).

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
*** p <0.001).

Taken together, all above results show clearly that LT signalling affects liver metastasis
formation of L-CL.5 lymphoma cells. It is clear, that the amount of LT expression is directly
correlated to the amount of metastasis in the liver and that the source of LT is irrelevant for
the outcome. Furthermore, the effect is not restricted to L-CI.5 lymphoma cells but can be
observed in B-cell lymphomas, colon carcinomas and insulinomas as well.

87



Results

6.2 Hepatic Stellate Cells integrate LT signals from the blood to
orchestrate physiological changes in the liver sinusoids which
facilitate secondary lymphoma manifestations

6.2.1 Functional interference of LTRR signaling in different liver cell types reveals that
only HSC-specific LTBR signaling is needed to increase lymphoma manifestations in the
liver

To determine the mechanism by which LT increases liver metastasis formation, the cell type
integrating LT in the liver in this model first had to be identified. The liver consists of 4 major
cell types: hepatocytes, liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs)
and Kupffer cells (KCs) (Figure 20A). For each cell type a treatment or mouse model to
delete LTRR signaling in a cell-type specific manner was used (Figure 20B).
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Figure 20: Strategy to identify the LT responsive cell type in the liver

A) Schematic depicting a hepatic sinusoid and the 4 major cell types of the liver. LSEC - liver sinusoidal
endothelial cells, HSC - hepatic stellate cells.

B) List of strategies used to delete LTRR cell-type specific in all 4 major cell types of the liver. Ve-Cad - Ve-
Cadherin, Alb — Albumin.

C) Relative mRNA expression of Ltbr as assessed by RT-qPCR of primary cell lysates from hepatocytes, HSCs,
LSECs, Kupffer cells (KCs) and L-Cl.5s. mRNA expression was normalized to GAPDH housekeeping gene. Sample
size is n=3 for all groups. Data are expressed as mean + SEM.
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Clodronate depletion was used to remove Kupffer cells entirely, and thus Kupffer cell-
specific LTRR signaling as well. For LSECs, Ve-Cadherin-Cre (Ve-Cad-Cre) mice were
intercrossed with LTRR loxP/loxP (floxed) mice to gain mice with endothelial cell-specific
LTRR deletion. Aloumin-Cre (Alb-Cre) mice were intercrossed with LTRR floxed mice to gain
mice with hepatocyte-specific LTRR deletion. For hepatic stellate cells three different mouse
models were used. LTRR floxed mice were intercrossed with either NG2-Cre, GFAP-Cre or
Lrat-Cre mice. All three Cre models are specific for HSCs in the liver. LTRR was found to be
expressed in all 4 major cell types of the liver as determined by RT-qPCR analysis of isolated
primary hepatocytes, LSECs, HSCs and KCs, respectively (Figure 20C). LTRR is not expressed
on L-CL5 lymphoma cells, arguing against the possibility of autocrine signaling as a
mechanism for increased liver metastasis formation of L-Cl.5s.

Kupffer cells and Kupffer cell-specific LTBR signaling do not affect hepatic metastasis
formation

To deduce whether Kupffer cell-specific LTRR signaling is needed for the LT-induced increase
in liver metastasis, clodronate liposomes were used to remove Kupffer cells from the mice.
C57BL/6 mice were chosen for this experiment and treated with ACH6 and clodronate or
PBS control liposomes for 7 days (Figure 21A). ACH6 and liposomes were both administered
intraperitoneously on an alternating 2-day schedule. Both were injected a total of 3 times.
The clodronate treatment very efficiently removed Kupffer cells from the liver, as
demonstrated by an F4/80 staining (Figure 21B). F4/80 staining in the liver was reduced to
about 6% of the control mice in the clodronate treated mice. On the 8™ day of the
experiment an Evans Blue assay was performed with the mice. Mice were injected
intravenously with 100ul of 20 mg/ml Evans Blue and sacrificed 1 hour later. After perfusion
with PBS, the livers were analysed for Evans Blue dye retention. No significant difference in
the retained Evans Blue dye in the livers of clodronate-treated mice compared to the
control mice was found. As LTRR agonization increases liver metastasis and Evans Blue dye
retention compared to control mice (data not shown), this suggests that Kupffer cells do not
play a role in the LT-induced increase in hepatic metastasis of L-Cl.5s, although final proof
has to be made with an experimental metastasis assay.

Hepatocyte specific LT3R signaling does not affect hepatic metastasis formation of L-Cl.5s

To deduce whether hepatocyte-specific LTRR signaling is needed for the LT-induced increase
in liver metastasis, Alb-Cre LTRR floxed mice were used. These mice express the Cre
recombinase under the hepatocyte-specific alobumin promoter, thus knocking out the loxP
flanked LTRR gene specifically in hepatocytes. This was shown by a Western Blot against
LTRR using cell lysates from isolated hepatocytes from either Albumin-Cre LTRR floxed mice
or cre-negative littermate controls (Figure 22A). The signal intensity was clearly lower for
Alb-Cre LTRR floxed mice when compared to their littermate controls. Signal intensity for
the GAPDH control was similar throughout all samples.
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Figure 21: Kupffer cells are not important for LT induced metastasis formation in the liver

A) Schematic of the experimental setup for the clodronate depletion LTRR agonization experiments. C57BL/6
mice were treated with 50 ug ACH6 (red syringe) and 100 pl clodronate or control liposomes (dark blue syringe)
every other day in turn for one week. On the g™ day mice were injected with 2mg Evans Blue (light blue syringe)
intravenously and sacrificed 60 minutes later. Livers were perfused with PBS and analysed.

B) Representative immunohistochemical pictures of F4/80 stainings of paraffin-embedded liver samples from
mice pretreated with ACH6 and clodronate or control liposomes for 7 days and sacrificed 1 day later. F4/80
positive area was assessed by histological software (DIH). Sample size is n=4 for all groups. Scale bars are 80um.
C) Representative macroscopical pictures of EvansBlue stained livers from DBA/2 mice subjected to an
EvansBlue assay as described in A. Retained EvansBlue dye was extracted from homogenized livers and
assessed by absorbance at 620nm. n=4 mice were used for all groups.

Animal experiments and pictures were done by Dr. Nicole Simonavicius and Dr. Bastian Seubert, data
processing and presentation was done by me.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (*** p <
0.001, ns=non-significant).
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Figure 22: Hepatocytes are not important for LT induced metastasis formation of L-Cl.5s in the liver

A) Representative immunoblot analysis of LTRR and GAPDH protein expression in isolated hepatocytes of
Albumin-Cre LTRR floxed and Cre negative littermate control mice. Western Blot was done by Dr. Monika Wolf.
B, C) Representative immunohistochemical pictures of CD3 stainings of paraffin-embedded liver samples from
Alb-Cre LTRR floxed or littermate control mice pretreated with ACH6 or IgG (B) or untreated (C), injected with
L-CI.5s cells and sacrificed 24 hours later. CD3 positive cells were assessed by histological software (DIH) and
normalized to total cells analyzed. Sample size is n=6 for all groups. Scale bars are 80um.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (** p < 0.01,
*** p < 0.001, ns=non-significant).

When subjected to a 24h experimental metastasis assay using L-CL.5 parental cells, no
significant differences in the amount of tumor cells in the liver were found between cre- and
cre+ animals, as assessed by immunohistochemical CD3 stainings (Figure 22B, C). Cre- and
cre+ animals both showed roughly 3% of total cells with CD3+ staining when pretreated with
IgG for 14 days. Pretreatment with ACH6 increased the relative amount of CD3+ cells to
around 6% in both cases (Figure 22B). As an additional control, mice which received no
pretreatment were used (Figure 22C). Like the IgG control group, cre- and cre+ animals were
found to have roughly 3% CD3+ cells in the liver without pretreatment, suggesting that the
IgG control antibody has no effect on its own. The results from the Albumin-Cre LTRR floxed
mice suggest that hepatocyte-specific LTBR signaling is not relevant for the LT-induced
increase of hepatic metastasis.
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Figure 23: LSECs are not important for LT induced metastasis formation of L-CI.5s in the liver

A) Representative immunohistochemical pictures of ki67 stainings of paraffin-embedded liver samples from
Ve-Cad-Cre LTRR floxed or littermate control mice pretreated with ACH6 or IgG, injected with L-Cl.5s cells and
sacrificed 24 hours later. Ki67 positive area was assessed by histological software (DIH) and normalized to total
cells analyzed. Sample size is n=6 for all groups. Scale bars are 80um.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (** p < 0.01,
*** p < 0.001, ns=non-significant).

LSEC specific LT3R signaling does not affect hepatic metastasis formation of L-Cl.5s

To deduce whether LSEC specific LTRR signaling is needed for the LT-induced increase in
liver metastasis, Ve-Cad-Cre LTRR floxed mice were used. These mice express the Cre
recombinase under the endothelial cell-specific Ve-cadherin promoter, which leads to a
deletion of the loxP flanked LTRR gene specifically in endothelial cells. This, however, had no
effect on LT-induced hepatic metastasis formation as shown by a 24h experimental
metastasis assay (Figure 23A). Tumor cells in the liver were assessed by
immunohistochemical staining against ki67. Evaluating ki67+ liver area relative to the whole
tissue area analysed, cre- and cre+ animals showed no significant differences after either
IgG or ACH6 pretreatment for 14 days. Both showed roughly 0,25% ki67+ area in the liver
after 1gG pretreatment and 0,6 and 0,7% ki67+ area respectively after ACH6 pretreatment.
This suggests that LSEC-specific LTRR signaling is not important for the LT-induced increase
in hepatic metastasis.

Hepatic stellate cell-specific LTBR signaling significantly affects hepatic metastasis
formation of L-Cl.5s

Lastly, to deduce whether LSEC-specific LTRR signaling is needed for the LT induced increase
in liver metastasis, GFAP-Cre LTRR floxed mice were used as a first model. These mice
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express Cre recombinase under the GFAP promoter, which leads to a knockout of the loxP
flanked LTRR gene in all GFAP expressing cells. In the liver this is specific to HSCs. However,
outside of the liver it is also expressed in multiple other cell types, in the central nervous
system*®*®  put also in kidney fibroblasts*!, keratinocytes*?, osteocytes and

chondrocytes*? and pancreatic stellate cells***

, amongst others. When pretreated with
ACH6 for 14 days, GFAP-Cre LTRR floxed mice subjected to a 24h experimental metastasis
assay with L-CI.5s showed a substantial decrease in the number of micrometastases as
compared to cre- littermate control mice (Figure 24A). X-gal stained micrometastases
dropped from 11 to 2 on average, indicating a critical role for HSC-specific LTRR signaling in

LT-induced hepatic metastasis formation.

GFAP-Cre LTRR flox
A Cre- Cre+

X-Gal

number of micrometastases

ACH6

NG2-Cre LTRR flox
B Cre- Cre+

X-Gal

number of micrometastases

ACH6

Figure 24: HSC specific LT signaling is crucial for LT induced hepatic metastasis of L-Cl.5s

A, B) Representative macroscopical pictures of X-gal stained livers from GFAP-Cre LTRR floxed (A) or NG2-Cre
LTRR floxed (B) or cre- littermate control mice pretreated for 14 days with ACH6, injected with L-Cl.5s and
sacrificed 24h later. Micrometastases were always calculated from the same lobes and are indicated by arrows.
n>4 mice were used for all groups.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
**p<0.01).

As a second model for LTRR knockout in HSCs, NG2-Cre LTRR floxed mice were used. These
mice express cre recombinase under the NG2 promoter. Like GFAP, NG2 is expressed
exclusively in HSCs in the liver but is also expressed in various cell types outside the liver?.
These cell types include mainly progenitor cell types like pericytes426, oligodendrocyte
progenitor cells*’, chondroblasts and myoblasts, but also cardiomyocytes, aortic smooth

muscle cells and several tumors*®™*°, 24h experimental metastasis assays with NG2-Cre
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LTRR floxed mice showed very similar results as GFAP-Cre LTRR floxed mice (Figure 24B).
Again, cre+ LTRR floxed mice showed substantially fewer X-gal stained micrometastases in
the liver when compared to cre- littermate controls. This corroborates the data from the
GFAP-Cre LTRR floxed mice and strengthens the suggestion that HSC specific LTRR signaling
is critical for LT-induced hepatic metastasis formation of L-Cl.5s.

6.2.2 LT activates hepatic stellate cells in a non-fibrotic manner

To find out how hepatic stellate cells influence LT-mediated hepatic metastasis formation of
L-CL.5s, cellular, morphological and functional changes of HSCs upon LTRR agonization were
assessed as a first step. As a second step, molecular alterations and changes in expression
patterns and protein phosphorylation were assessed, to identify potential signaling
pathways mediating these effects.

LT induces classical activation markers in HSCs

Classical activation of hepatic stellate cells is accompanied by a strong upregulation of type-

431432 | ivers of mice that

[Il intermediate filament proteins desmin (des) and vimentin (vim)
were treated with ACH6 for 14 days before being subjected to a 24h experimental
metastasis assay with L-Cl.5s showed a significant increase in both desmin and vimentin
when compared to IgG pretreated animals (Figure 25A). Desmin staining was increased
roughly 3-fold, while vimentin staining was only increased by around 40%. Furthermore, the
same liver samples were analysed for expression of glial fibrillary acidic protein (GFAP)
(Figure 25A). GFAP is expressed in quiescent HSCs and is downregulated during HSC
activation®. Accordingly, ACH6 pretreated mice showed a roughly 4 times weaker GFAP
staining than IgG pretreated control mice, corroborating the results from the desmin and
vimentin stainings. Together, these results indicate that ACH6-induced LTRR agonization
activates HSCs in a classical manner. 3D reconstruction of liver tissues from Lrat-tdTomato
mice, which express the fluorescence marker tdTomato under the HSC-specific Lrat
promoter, further corroborated these results (Figure 25B). Relative fluorescence of
tdTomato was increased after ACH6 treatment compared to 1gG, suggesting an increase in
HSCs and/or morphological changes. Proliferation and morphological changes are both
hallmarks of classical HSC activation, supporting the previous results.

To corroborate these findings in the other mouse models, and to make sure that HSC
activation is not an artifact of ACH6 treatment but is directly related to HSC-specific LTRR
signaling, desmin and vimentin expression was evaluated in additional mouse models
(Figure 25C-E). When desmin expression was compared between livers of mice that had
been subjected to a 7 day experimental metastasis assay using parental L-Cl.5s, no tumor
cells or L-Cl.5s shLTaB, desmin expression was found to be significantly higher in mice
injected with parental L-Cl.5s (Figure 25C). These findings show that tumor cell-derived LT
has a similar effect on desmin expression as ACH6. Of note, desmin expression was
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unchanged in mice injected with L.CI-5s shLTaR compared to mice that were not injected at

all.
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Figure 25: LTRR agonization on HSCs leads to increased expression of classical HSC activation markers

A) Representative immunohistochemical pictures of vimentin, desmin or GFAP stainings of paraffin-embedded
liver samples from DBA/2 mice pretreated with ACH6 or IgG for 14 days, injected with L-CI.5s cells and
sacrificed 7 days later. Vimentin, desmin and GFAP stained area was assessed by histological software (DIH)
and normalized to total area analyzed. Sample size is n26 for all groups. Scale bars are 40um.

B) Representative pictures of 3D reconstructed DAPI stainings of Lrat-tdTomato mice treated for 14 days with
either IgG or ACH6. TdTomato expressing HSCs are shown in red, DAPI stained nuclei in blue. TdTomato
fluorescence intensity per DAPI fluorescence intensity was assessed by Imagel software. 3D reconstruction and
images were done by Simone Joers (AG Geisler, Klinikum rechts der Isar, TU Miinchen, Germany).

C-E) Representative immunohistochemical pictures of vimentin or desmin stainings of paraffin-embedded liver
samples from DBA/2 (C), GFAP-Cre LTRR floxed (D) or Rip-Tag2 (E) mice pretreated with ACH6 or IgG for 14
days (D, E) or untreated (C), injected with L-Cl.5s cells (C, D) or not (E) and sacrificed 24 hours (D), 7 days (C) or
14 days (E) later. Vimentin and desmin stained areas were assessed by histological software (DIH) and
normalized to total area analyzed. Sample size is n>5 for all groups. Scale bars are 40um.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
**p<0.01, **** p <0.0001).
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Mice lacking LTRR on HSCs specifically (GFAP-Cre LTRR floxed) showed no increase of desmin
or vimentin expression after 14 days ACH6 pretreatment when compared to cre- littermate
controls pretreated with IgG (Figure 25D). Consequently, desmin and vimentin expression
were significantly lower than in cre- littermate controls pretreated with ACH6. Together
these data support the hypothesis that HSC-specific LTBR agoinzation leads to the activation
of HSCs in our mouse models.

A significant increase in expression of desmin and vimentin was also visible in the livers of
14 days ACH6 treated RIP-tag2 mice when compared to I1gG treated RIP-tag2 mice (Figure
25E). This corroborates the previous data, and also indicates that HSC activation is not
dependant on L-Cl.5s application.

LTR-induced HSC activation is not fibrogenic

Besides the upregulation of desmin and vimentin, classical activation of HSCs is
accompanied by a pro-fibrogenic phenotype, marked by a strong upregulation of alpha
smooth muscle actin (a-sma) and fibrogenic collagens like collagen type-1, as already
mentioned in the introduction. Surprisingly, no sign of fibrosis could be found after 2 weeks
of ACH6 treatment, as evidenced by Sirius Red stainings (Figure 26A). Neither ACH6 nor IgG
pretreated mice showed significant amounts of Sirius Red-stained collagen fibers within the
liver parenchyma or sinusoids, as opposed to positive control mice with non-alcoholic
steatohepatitis (NASH) pathology. We found similar results in mice that were subjected to a
7-day experimental metastasis assay with either parental, shLTaR or LTS overexpressing L-
Cl.5s (Figure 26B). None of the liver sections from these mice showed any significant
amount of Sirius Red staining outside of vessel walls, and therefore much less than the
control mice with NASH pathology.

As Sirius Red sensitive fibrotic collagen depositions only appear after HSCs have been fully
activated and transformed, stainings for a-sma, one of the earliest markers of HSC activation
and pro-fibrogenic transformation, were done as well. However, similar to the Sirius Red
stainings, no significant amount of a-sma staining outside of vessel walls was found in either
ACHS6 or IgG pretreated mice (Figure 26C). In comparison, clearly visible a-sma staining was
found around liver sinusoids in the positive control mice with NASH pathology. Finally, a
small amount of collagen expression was detected using Lrat-TdTomato x col-GFP mice
(Figure 26D). These mice express the fluorescence marker TdTomato under the HSC-specific
Lrat promoter and the fluorescence marker GFP under the Collal promoter. A small
amount of GFP expression was detected in I1gG as well as ACH6 pretreated mice. The GFP
expression colocalized with the TdTomato expressing HSCs and was around 30% higher in
ACHG6 treated mice, indicating an increase in collagen-I expression. However, TdTomato
expression was also increased by around 30% (Figure 25B), indicating no net increase in
collagen-l expression per HSC. Together, these results indicate that LTRR agonization leads
to HSC activation in a non-fibrotic manner.
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Figure 26: LT induced stellate cell activation does not lead to a fibrotic phenotype

A, B) Representative histochemical pictures of collagen stainings (Sirius Red) of paraffin-embedded liver
samples from DBA/2 mice pretreated with ACH6 or IgG for 14 days (A) or untreated, injected with L-CI.5s P (A,
B), shLTal or LTR (B) cells and sacrificed 7 days later. Sirius Red stained area was assessed by histological
software (DIH) and normalized to total area analyzed. Liver samples from mice with NASH pathology were used
as positive control (+ ctrl). Sample size is n26 for all groups and n=2 for + ctrl. Scale bars are 80um.
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C) Representative immunohistochemical pictures of a-sma stainings of paraffin-embedded liver samples from
DBA/2 mice pretreated with ACH6 or IgG for 14 days, injected with L-CI.5s cells and sacrificed 7 days later. A-
sma stained area was assessed by histological software (DIH) and normalized to total area analyzed. Liver
samples from mice with NASH pathology were used as positive control (+ ctrl). Sample size is n>6 for all groups
and n=1 for + ctrl. Scale bars are 40um.

D) Representative fluorescence microscopic images of collagen expressing cells and HSCs from cryo sections of
liver samples from Lrat-TdTomato x col-GFP mice treated for 14 days with IgG or ACH6. Lrat expressing HSCs
are stained red (TdTomato), collagen expressing cells are stained green and nuclei are stained blue (DAPI). GFP
(col-GFP) fluorescence intensity per DAPI fluorescence intensity was assessed by Imagel) software. Sample size
is n26 for all groups. Scale bars are 40um. Samples were provided by the lab of Prof. Robert Schwabe (Columbia
University, New York, USA), pictures were made by Dr. Nicole Simonavicius, data processing and presentation
was done by me.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05).

6.2.3 LTRR agonization conveys pro-metastatic functions to HSCs in vitro

Murine C3H 10T1/2 and human LX-2 cells respond to LTRR agonization in a fashion similar
to HSCs in vivo

To investigate the underlying mechanisms of LTRR-mediated HSC activation more
thoroughly, in vitro assays were utilized. Therefore, murine C3H 10T1/2 (ATCC® CCL-226™)
33 were used to model HSCs in the in vitro assays. C3H 10T1/2 cells
treated with ACH6 for 24 hours showed a significant change in morphology compared to

or human LX-2 cells

IgG-treated cells (Figure 27A). The size of the cells, as evaluated by multiplying length and
width of each cell was decreased, while eccentricity, as evaluated by dividing length through
width was increased. This change was accompanied by an increase in elasticity, as assessed
by atomic force microscopy (Figure 27C). Cells treated with ACH6 showed a significant
reduction in Apparent Youngs Modulus when compared to cells treated with IgG, indicating
a decrease in cellular stiffness, and thus an increase in elasticity.

Real-time monitoring of the morphological changes using an xCELLigence (OLS OMNI Life
Science) cell analyzer confirmed the morphological changes after ACH6 treatment (Figure
27D). Furthermore, real-time monitoring revealed that the changes started roughly four
hours after ACH6 administration (t=21h). The morphological effect lasted roughly 15 hours
(t=36h), whereafter it slowly declined back to the level of IgG treated cells (at t=44h). Similar
results were observed with LX-2 cells treated with BS-1 (human LTRBR agonist) or IvIG
(control antibody) (Figure 27B). Cells treated with BS-1 showed a significant increase in
eccentricity compared to cells treated with IviG. However, size was not changed in LX-2 cells
after BS-1 treatment. Taken together, both cell lines showed morphological signs of
myofibroblastic transformation upon LTRR agonization.
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Figure 27: C3H 10T1/2 and LX-2 cells show transformation to myofibroblast-like cells after LTBR agonization
A, B) Representative fluorescence microscopy pictures of vimentin, phalloidin and DAPI stained 10T1/2 (A) or
LX-2 (B) cells treated with ACH6 or 1gG (10T1/2s) or IvIG or BS-1 (LX-2) for 24 hours. Lower row (A) shows
higher magpnifications. Eccentricity (length/width) and size (length x width) were assessed by manually
measuring length and width of single cells in Photoshop software. Each dot (n260) represents one cell. Samples
from at least 3 biological replicates were used for each group. Scale bars are 50um and 20um (inset).

C) Cellular stiffness of 10T1/2 cells treated with ACH6 or IgG for 24 hours as assessed by atomic force
microscopy. Cellular stiffness is expressed by Apparent Youngs Modulus for each cell. Each dot represents one
cell. Experiments were done in the lab of Prof. Guck (TU Dresden, Germany).

D) Morphological changes of 10T1/2 cells treated with ACH6 or I1gG or untreated as assessed by an xCelligence
cell analyzer. 1gG or ACH6 treatment was done at t=17 hours (dotted line). Cell index was measured every 15
minutes (0-17 hours) or every minute (17-60 hours). No cells control was added to account for effects of cell
culture medium. 1 representative experiment is shown. 6 biological replicates were done for each group.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (** p < 0.01,
*** p < 0.001, ns=non-significant).
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Figure 28: C3H 10T1/2 and LX-2 cells show increased contraction and wound healing capacity after LTRR
agonization

A, B) Representative light microscopy pictures of a wound healing assay of 10T1/2 (A) or LX-2 (B) cells treated
with ACH6 or IgG (10T1/2) or IvIG or BS-1 (LX-2) taken 24 hours after inducing the wound (scratch). Wound
healing capacity (regrown area) was assessed by measuring the cell-free area between the growth fronts
(dotted red lines) on each side with Image) software and substracting it from the cell-free area at wound
induction (t=0). 3 biological replicates were done for all groups. Scale bars are 100um.

C, D) Representative digital camera picture of collagen lattices (dotted black lines) from a collagen | contraction
assay of C3H 10T1/2 (C) or LX-2 (D) cells treated with ACH6 or IgG (10T1/2) or IvIG or BS-1 (LX-2) taken after 24
hours of contraction. Contractility was assessed by calculating reduction of lattice circumference relative to
lattice circumference before contraction (t=0, 2well circumference). 3 biological replicates were done for all
groups.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05).
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Furthermore, experiments investigating functional properties of myofibroblastic
transformation in these cell lines were performed. During liver regeneration and wound-
healing processes in vivo, activated stellate cells need to proliferate and acquire a migratory
phenotype as part of their myofibroblastic transformation and to reach the site of tissue

#3443 To analyze these properties in 10T1/2 and LX-2 cells in vitro, wound healing

damage
assays were performed. Both celllines showed an increased capacity to recolonize a
scratched area when treated with LTRR agonists during the process as compared to cells
treated with the respective control antibodies (Figure 28A, B). In both cases the growth
front of the re-growing monolayers was significantly farther advanced after 24h as indicated
by the dotted red lines in Figure 28 A and B. A second feature of activated stellate cells and

1543 Using a collagen-lI contraction assay kit, LTRR

myofibroblasts is their contractility
agonization via ACH6 or BS-1 was found to significantly increase the contractility of 10T1/2
or LX-2 cells (Figure 28 C, D). In both cases pretreatment with LTBR agonist caused a
significantly stronger contraction of the collagen-I discs after 24h, as indicated by a stronger
reduction in diameter (black dotted lines in Fig. 22 C, D). Taken together, C3H 10T1/2 as well
as LX-2 cells show two typical functional changes towards a myfibroblastic phenotype after

LTRR agonization, corroborating their usefulness as in vitro models for primary HSCs.

LTBR agonization increases pro-metastatic functional properties in C3H 10T1/2 cells in
vitro

To unravel the role of hepatic stellate cell specific LTRR signaling during liver metastasis
formation, functional changes that are tied to tumor cell metastasis were investigated.
Adhesion and transmigration at the site of metastasis are crucial events during the

79152155271 - p simple adhesion assay was

metastatic cascade and potentially rate-limiting
used to show that LTRR agonization increases the capacity of C3H 10T1/2 cells to bind tumor
cells in vitro (Figure 29 A). 10T1/2 cells that had been pretreated with ACH6 for 48 hours
could bind roughly twice as many tumor cells as 10T1/2 cells pretreated with 1gG control
antibody within 30 minutes of tumor cell seeding. Surprisingly, pretreating 10T1/2 cells with
2.5ng/ml TGFR1, one of the main drivers of fibrogenic HSC activation, did not increase their
ability to bind tumor cells but rather decreased it (Figure 29 B). Still, a change towards a
strong myofibroblastic phenotype, even more pronounced than after LTRR agonization,
could be observed on the brightfield images (Figure 29 B). A strong morphological change
upon TGFR1 stimulation could also be measured using an xCelligence cell analyzer (Figure
29D). Similar results were obtained when using L-Cl.5s shNT and L-Cl.5s shLTal cells instead
of parental L-CI.5s. ACH6 induced LTRR agonization in 10T1/2 cells increased their potential
to bind L-CI.5s shNT as well as shLTalR (Figure 29 C). Interestingly, a significantly lower
number of L-Cl.5s shLTaR adhered to 10T1/2s when compared to L-CI.5s shNT after ACH6 or
IgG pretreatment, indicating a direct role of tumor cell-derived LT in this process. This was
corroborated by the finding that LTB overexpressing L-Cl.5s show increased binding to
10T1/2s when compared to L-Cl.5s EGFP control cells (Figure 29E). Finally, BS-1-mediated
LTRR agonization of LX-2 cells also increased the adhesion of L-Cl.5s two-fold (Figure 29F),
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indicating that the mechanism is not unique to C3H 10T1/2 cells but also applies to human
immortalized stellate cells. Together these data indicate that LTRR agonization directly
correlates with the potential of C3H 10T1/2 or LX-2 cells to bind lymphoma cells in vitro and
that preemptive LTBR agonization but also direct effects of tumor cell-derived LT play a role.
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Figure 29: LTRR agonization of C3H 10T1/2 or LX-2 cells increases adhesion of tumor cells
A, B) Representative overlays of light and fluorescence microscopy pictures of adhesion assays showing green
stained L-Cl.5s adhered to 10T1/2 cells pretreated with ACH6 or I1gG (A) or TGFR1 (B). 4 biological replicates
were done for all groups. Scale bars are 100um.
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C) Representative fluorescence microscopy pictures of adhesion assays showing green stained L-Cl.5s P, shNT
or shLTaR adhered to 10T1/2 cells pretreated with ACH6 or 1gG. 3 biological replicates were done for all groups.
Scale bars are 100um.

D) Morphological changes of 10T1/2 cells treated with 1gG, ACH6 or TGFR1 as assessed by an xCelligence cell
analyzer. 1gG, ACH6 or TGFR1 treatment was done at t=19 hours (dotted line). Cell index was measured every
15 minutes (0-19 hours) or every minute (19-60 hours) and later normalized to the cell index at t=19 hours. 1
representative experiment is shown. At least 3 biological replicates were done for all groups.

E) Representative fluorescence microscopy pictures of adhesion assays showing green stained L-Cl.5s EGFP or
LTR adhered to 10T1/2 cells. At least 4 biological replicates were done for all groups. Scale bars are 100um.

F) Representative fluorescence microscopy pictures of adhesion assays showing green stained L-Cl.5s adhered
to LX-2 cells pretreated with IviG or BS-1. At least 4 biological replicates were done for all groups. Scale bars
are 100pm.

For all adhesion assays five random pictures were taken per well and adherent cells were counted using Image)
software and normalized to IgG (10T1/2) or IvIG (LX-2) control group. Data are expressed as mean + SEM and
statistical significance was calculated using Student’s t-Test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001).

Alongside the increased capacity to bind tumor cells, ACH6-stimulated C3H 10T1/2 cells also
enable an increased transmigration of tumor cells through a synthetic endothelial barrier in
vitro, as evidenced by a trans-endothelial migration assay (Figure 30A). For this assay a
classical transwell inset was used and 10T1/2 cells were grown on the bottom side of the
membrane while a HUVEC monolayer was grown on the top side, recreating to some extent
the cellular structure of the endothelium in the liver. Pretreating the 10T1/2-HUVEC
endothelial layer with ACH6 for 24 hours increased the amount of cell tracker green-stained
L-ClI.5s that were able to transmigrate to the bottom side of the transwell membrane within
24 hours almost two-fold, similar to the increase in adhesion seen in Figure 29A. As ACH6
only targets murine LTRR and not human LTRR, ACH6 pretreatment can only affect 10T1/2
cells but not HUVECs. Therefore, the data suggests that 10T1/2 specific LTRR signaling
increases the potential of tumor cells to transmigrate in this setting. Supporting this
hypothesis, ACH6 pretreatment was found to have no effect when using a HUVEC
monolayer (EC) in the upper chamber only, without the support of 10T1/2 cells grown on
the bottom side (ECPC) of the transwell membrane (Figure 30B, EC). There was no
significant difference in transmigrated L-Cl.5s after 24h between the ACH6-pretreated and
the IgG-pretreated group, in contrast to the significant difference between ACH6 and IgG
pretreated groups when using a 10T1/2-HUVEC endothelial layer (Figure 30B, ECPC).
Interestingly, the number of tumor cells that were able to transmigrate within 24 hours was
much higher when using the 10T1/2-HUVEC layer as compared to HUVECs only, irrespective
of the treatment used (Figure 30B). The amount of transmigrated tumor cells was two-fold
higher when comparing the IgG pretreated groups and four-fold higher when comparing the
ACH®6 pretreated groups. This finding corroborates the hypothesis that the 10T1/2 cells are
crucial for the process of tumor cell transmigration in this setting. Additional transmigration
assays using a 10T1/2-HUVEC endothelial layer (ECPC) and L-Cl.5s with LTa, LTR or LTaR
knockdown or control cells showed that tumor cell-derived LT affects their trans-endothelial
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migration (Figure 30C). All four LT-knockdown cell lines showed a 30-50% reduced number
of transmigrated cells when compared to the non-targeting control cells.
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Figure 30: LTRR agonization of C3H 10T1/2 cells increases trans-endothelial migration of tumor cells

A) Representative fluorescence microscopy pictures of trans-endothelial migration assays showing green
stained L-Cl.5s after 24 hours transmigration period through a 10T1/2-HUVEC endothelial layer pretreated with
ACHS6 or IgG. At least 9 biological replicates were done for all groups. Scale bars are 100um.

B) Representative fluorescence microscopy pictures of trans-endothelial migration assays showing green
stained L-Cl.5s after 24 hours transmigration period through a HUVEC monolayer (EC) or a 10T1/2-HUVEC
endothelial layer (ECPC) pretreated with ACH6 or IgG. At least 3 biological replicates were done for all groups.
Scale bars are 100um.

C) Representative fluorescence microscopy pictures of trans-endothelial migration assays showing green
stained L-ClI.5s shNT, shLTR88, shLTa38, shLTa39 or shLTalk63 after 24 hours transmigration period through a
10T1/2-HUVEC endothelial layer. At least 3 biological replicates were done for all groups. Scale bars are 100um.
For all trans-endothelial migration assays five random pictures were taken per inset, transmigrated cells were
counted using Imagel software and then normalized to IgG (ECPC) control group. Data are expressed as mean
+ SEM and statistical significance was calculated using Student’s t-Test (** p < 0.01, ns=non-significant).
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6.3 Downstream signaling and effector functions are mediated by
NIK and NF-kB2/RelB translocation

6.3.1 LTRR agonization induces NF-kB2 processing and RelB translocation in C3H 10T1/2
and LX-2 cells

LTRR agonization most prominently leads to activation and translocation of NF-kB2/Rel-B

downstream38

. Using protein lysates of 10T1/2 or LX-2 cells treated with LTRR agonist or a
control antibody for four hours, western blots against p100/p52 and GAPDH were
performed (Figure 31A). LTRR agonization led to a strong increase in p100 to p52 processing,
which is also shown by the strong increase in p52/p100 ratio. A 5-fold increase of p52/p100
ratio in LX-2 and a 10-fold increase in 10T1/2 cells were observed. This suggests increased
p52/RelB translocation into the nucleus, indicative of increased non-canonical NF-kB
signaling. This was corroborated by immunocytochemical staining of phosphorylated RelB in
ACH®6 treated 10T1/2 cells (Figure 31B). Phosphorylated RelB could be observed in the nuclei

of ACH6 treated cells but not in IgG treated cells.
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Figure 31: LTRR agonization of C3H 10T1/2 or LX-2 cells increases p100 processing and RelB translocation

A) Representative immunoblot analysis of p100, p52 and GAPDH protein expression in LX-2 or 10T1/2 cells
treated with IvIG or BS-1 (LX-2) or IgG and ACH6 (10T1/2). Protein expression was assessed densitometrically,
p52/p100 ratio was calculated and normalized to IgG control group. At least 9 biological replicates were done
for all groups.

B) Representative fluorescence microscopy pictures of phospho-RelB, phalloidin and DAPI stained 10T1/2 cells
treated with ACH6 or IgG for 24 hours. Scale bars are 50um.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (** p < 0.01,
*** p <0.001).
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Figure 32: NIK inhibition in C3H 10T1/2 cells blocks morphological and functional effects of ACH6 stimulation
A) Representative fluorescence microscopy pictures of vimentin, phalloidin and DAPI stained 10T1/2 cells
treated with ACH6 or I1gG and with or without NIK inhibitor for 24 hours. Eccentricity (length/width) and size
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(length x width) were assessed by manually measuring length and width of single cells with Photoshop
software. Each dot (n>60) represents one cell. Samples from at least 3 biological replicates were used for each
group. Scale bars are 50um.

B) Morphological changes of 10T1/2 cells treated with 1gG or ACH6 with or without NIK inhibitor as assessed by
an xCelligence cell analyzer. Treatments were administered at t=18 hours (dotted line). Cell index was
measured every 15 minutes (0-18 hours) or every minute (18-60 hours). 1 representative experiment is shown.
At least 3 biological replicates were done for all groups.

C) Representative fluorescence microscopy pictures of adhesion assays showing green stained L-Cl.5s adhered
to 10T1/2 cells pretreated with 1gG or ACH6 with or without NIK inhibitor. At least 7 biological replicates were
done for all groups. Scale bars are 100um.

D) Representative fluorescence microscopy pictures of trans-endothelial migration assays showing green
stained L-Cl.5s after 24 hours transmigration period through a 10T1/2-HUVEC endothelial layer pretreated with
IgG or ACH6 with or without NIK inhibitor. At least 3 biological replicates were done for all groups. Scale bars
are 100pm.

For all adhesion and trans-endothelial migration assays five random pictures were taken per well or inset,
adhered or transmigrated cells were counted using ImagelJ software and then normalized to IgG control group.
Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
** p <0.01, ¥*** p < 0.0001, ns=non-significant).

6.3.2 NIK is critical for mediating morphologic changes and downstream effector functions
after LTRR agonization in vitro

One of the key molecules in mediating non-canonical NF-kB signaling through LTRR is NIK38,
To investigate whether the LTRR-induced morphological and functional changes in 10T1/2
cells described above were mediated by non-canonical NF-kB signaling, a NIK inhibitor was
used (Figures 32, 33, 34). Neither the ACH6-induced increase of eccentricity nor the
reduction of size could be observed when NIK inhibitor was added alongside ACH6 (Figure
32A). No difference in eccentricity or size was measured between ACH6- or IgG-treated
groups when NIK inhibitor was administered in addition. NIK inhibitor itself had no effect on
these morphological features, as no difference was measured between IgG + NIK inhibitor
and 1gG only treated groups. Real-time monitoring of morphological changes using an
xCelligence cell analyzer confirmed that NIK inhibition suppressed ACH6-induced
morphological changes throughout the entire duration of the experiment, up to 40 hours
post antibody administration (Figure 32B). Suppression of morphological changes following
LTBR agonization was also observed in LX-2 cells when NIK inhibitor was administered
alongside BS-1 (Figure 33C). When NIK inhibitor was added alongside ACH6 during the 48
hours pretreatment period of an adhesion assay, ACH6-induced increase in adhesion of L-
Cl.5s towards a 10T1/2 monolayer was prevented (Figure 32C). A similar result was
observed for trans-endothelial migration of L-Cl.5s through a 10T1/2-HUVEC endothelial
layer. Administration of NIK inhibitor alongside ACH6 completely abrogated the ACHG6-
induced increase in trans-endothelial migration (Figure 32D).
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Figure 33: NIK inhibition in C3H 10T1/2 cells blocks morphological and functional effects of ACH6 stimulation

A, B) Representative fluorescence microscopy pictures of adhesion assays showing green stained L-Cl.5s (A) or
Ep-myc (B) cells adhered to 10T1/2 PX459, LTRR ko or NIK ko cells pretreated with 1gG or ACH6. 5 (A) or 4 (B)
biological replicates were done for all groups. Scale bars are 100um.

C) Representative fluorescence microscopy pictures of vimentin, phalloidin and DAPI stained LX-2 cells treated
with IvIG or BS-1 with or without NIK inhibitor for 24 hours. Eccentricity (length/width) and size (length x width)
were assessed by manually measuring length and width of single cells with Photoshop software. Each dot
(n>60) represents one cell. Samples from at least 3 biological replicates were used for each group. Scale bars
are 50um.

For all adhesion assays five random pictures were taken per well, adhered cells were counted using Image)
software and then normalized to 10T1/2 PX459 IgG control group. Data are expressed as mean + SEM and
statistical significance was calculated using Student’s t-Test (* p < 0.05, ** p < 0.01, ns=non-significant).
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Figure 34: Adhesion of MC-38 GFP and B16F10 tumor cells towards C3H 10T1/2 cells after LTRR agonization

A, B) Representative fluorescence microscopy pictures of adhesion assays showing green stained MC38-GFP (A)
or B16F10 (B) cells adhered to 10T1/2 cells pretreated with 1gG or ACH6 with or without NIK inhibitor. 4 (A) or
2 (B) biological replicates were done for all groups. Scale bars are 100um. Five random pictures were taken per
well, adhered cells were counted using ImageJ software and then normalized to IgG control group. Data are
expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05, **** p <
0.0001).

To exclude that the results gained with the NIK inhibitor were caused by experimental
artifacts or side-effects from the NIK inhibitor unrelated to LTRBR agonization, LTBR or NIK
were knocked out in C3H 10T1/2 cells using CRISPR/Cas9 recombination. Adhesion assays
using 10T1/2 NIK ko or LTRR ko showed that ACH6 stimulation had no effect anymore on
subsequent adhesion of L-Cl.5s cells towards these 10T1/2s. In contrast, ACH6 stimulation of
10T1/2 cells transfected with a control construct (PX459) increased adhesion of L-Cl.5s
compared to 1gG treatment (Figure 33A). These effects could be fully recreated using Ep-
myc B-cell lymphoma cells instead of L-Cl.5s. LTBR as well as NIK knockout suppressed the
ACH6-induced increase in adhesion (Figure 33B) observed in the PX459 control cells,
corroborating the crucial role of NIK in mediating LTRR downstream signaling.

The effects of ACH6 and NIK inhibition on adhesion to 10T1/2 cells were completely
reproducible using MC-38 GFP colon carcinoma cells (Figure 34A). ACH6 pretreatment of
10T1/2 cells increased subsequent adhesion of MC-38 GFP cells within 30 minutes of
seeding by around 35%. This effect was again fully abrogated by adding NIK inhibitor
together with ACH6. The murine B16F10 melanoma cell line on the other hand showed no
reaction following ACH6 or NIK inhibitor treatment (Figure 34B). Neither ACH6 only nor
ACH6 + NIK inhibitor pretreatment of 10T1/2 cells showed a significant change in
subsequent adhesion of B16F10 melanoma cells to the 10T1/2 cells when compared to 1gG
control treated cells. Together these results indicate the importance of NIK in the
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downstream transmission of LTRR signaling following LTRR agonization in 10T1/2 and LX-2
cells, and suggest that the effects of LTRR agonization in this model are mediated by NF-kB2
translocation. Furthermore, they show that this mechanism applies to other tumor entities
than T-cell lymphoma as well, although not to all.

6.3.3 HSC-derived MMP-9 and MAdCAM-1 affect pro-metastatic downstream effector
functions

Gene expression profiling of 10T1/2s, LX-2s and primary HSCs reveals potential
downstream effector molecules

To discover potential downstream effector targets that mediate the effects observed after
LTBR agonization, several different gene expression analyses were performed using isolated
mRNA samples from 10T1/2, LX-2 or isolated primary hepatic stellate cells after LTRR
agonization (Figure 35A). Quantitative real-time PCR was performed with 10T1/2 and LX-2
samples, a real-time PCR-based TagMan LDA assay was done with 10T1/2 and primary
stellate cells and RNA sequencing was done with primary hepatic stellate cells from Lrat-
TdTomato mice. At this point, not all of the selected genes have been tested with all
methods for all samples yet. Genes were selected with respect to their role in HSC activation,
fibrosis, cytokine signaling, chemotaxis or adhesion. HSC activation genes showed only small
differences in expression in 10T1/2 and LX-2 cells but much more pronounced differences in
primary HSCs. As already observed with IHC staining, Acta2 (a-sma) was not or only
marginally upregulated after LTRR stimulation. Des, Vim, Edn1 (endothelin-1) and Lox were
all strongly upregulated in primary HSCs but only marginally or not at all in 10T1/2s or LX-2s.
Myocd (myocardin) was slightly upregulated in 10T1/2s and LX-2 and not tested in primary
HSCs and Uchl1 was unchanged in 10T1/2s and LX-2s but slightly increased in primary HSCs.
Gfap was consistently downregulated in 10T1/2s and primary HSCs while Pparg showed no
significant changes in mRNA expression in either sample group. These results corroborate
data shown earlier that LTRR agonization activates HSCs in vivo.

Collal, in some contrast to data shown earlier, and Col4a4 were slightly upregulated in
primary HSCs but mostly unchanged in cell culture samples. Fn1 (fibronectin) showed no
significant change in expression. Mmp2 and Mmp3 showed a slight upregulation in cell
culture and in vivo, while Mmp13 was strongly reduced in primary HSCs and not tested in
vitro. Surprisingly, Mmp9 showed a very strong upregulation in all 3 cell types. Timp1 and
Timp3 showed reduced or unchanged expression in vitro and in vivo, which fits well to the
increased expression of some of their target MMPs. Pro-inflammatory and pro-fibrotic
cytokines 116, Pdgfb and Tgfbl as well as Pdgfrb showed only mild changes. /l6 was
consistently slightly upregulated, but Pdgfb, Pdgfrb and Tgfbl were slightly upregulated in
some and slightly downregulated in other cases, not allowing for any clear correlation with
LTBR stimulation. Together, these results indicate, in line with results shown earlier, that
LTRR agonization does not induce a strong pro-fibrotic response in HSC, but a mild at most.
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Figure 35: LTRR agonizatioin of C3H 10T1/2 cells, LX-2 cells or hepatic stellate cells in vivo leads to a unique
gene expression signature

A) Relative mRNA expression of selected genes as assessed by RT-qPCR (10T1/2, LX-2), TagMan LDA assay
(10T1/2, prim. HSC) or RNA-Seq (prim. HSC) of cell lysates from 10T1/2s, LX-2s or isolated primary HSCs.
Results show log2 fold change (log2FC) of cells treated with LTRR agonist (ACH6 or BS-1 (LX-2)) compared to
control antibody (1gG or IvIG (LX-2)). mRNA expression was normalized to GAPDH housekeeping gene. Results
of RT-qPCR and LDA assay (10T1/2) and LDA assay and RNA-Seq (prim. HSC) were pooled. RNA Seq was done at
the lab of Prof. Robert Schwabe (Columbia University, New York, USA), LDA assay was done by Dr. Nicole
Simonavicius, RT-qPCRs, data processing and presentation was done by me.

Data are expressed as heat map with expression levels being shown as color code with red indicating increased
expression, green indicating reduced expression and black indicating unchanged expression. Statistical
significance is not indicated.

Vegfa and Lta were slightly upregulated in most cases, whereas Ltbr was slightly
downregulated and Tnfa and Tnfrl were unchanged. All tested chemokines were
upregulated to some degree. Cc/2 and Ccl5 were strongly upregulated in vitro and to a lesser
extent in vivo. Ccl17, Ccl20 and Cxcl1 were slightly upregulated consistently with all used
methods. Furthermore, Icam1, Madcam1 and Vcam1 were upregulated to varying degrees
in vitro and in vivo, supporting immune cell infiltration together with the increase in
chemokines. ltgb3 (integrin-B3) expression was not chganed significantly. Taken together,
these results suggest MMP-9 as a downstream effector molecule of LTRR agonization in
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HSCs as it is the strongest and most consistently upregulated gene. Chemokines in general
and CCL2 and CCL5 in particular were also substantially upregulated, suggesting immune cell
infiltration as part of the mechanism. The consistent upregulation of pro-inflammatory
adhesion molecules ICAM-1, VCAM-1 and MAdCAM-1 support this hypothesis. The strong
upregulation of MAdACAM-1 in vivo was very striking, as MAdCAM-1 is not usually expressed
in HSCs.
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Figure 36: Influence of MMP-9 and MAdCAM-1 on ACH6 induced functional changes of C3H 10T1/2 cells

A) Representative fluorescence microscopy pictures of trans-endothelial migration assays showing green
stained L-Cl.5s after 24 hours transmigration period through a 10T1/2-HUVEC endothelial layer pretreated with
IgG or ACH6 with or without MMP-9 inhibitor (Ro-28). At least 3 biological replicates were done for all groups.
Scale bars are 100um.

B) Representative fluorescence microscopy pictures of adhesion assays showing green stained L-Cl.5s adhered
to 10T1/2 cells pretreated with IgG or ACH6 with or without MMP-9 inhibitor (Ro-28). At least 3 biological
replicates were done for all groups. Scale bars are 100um.
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C) Morphological changes of 10T1/2 cells treated with 1gG or ACH6 and with or without MMP-9 inhibitor (Ro-
28) as assessed by an xCelligence cell analyzer. Treatments were administered at t=20 hours (dotted line). Cell
index was measured every 15 minutes (0-20 hours) or every minute (20-60 hours). At least 3 biological
replicates were done for all groups.

D, E) Representative fluorescence microscopy pictures of adhesion assays showing green stained L-Cl.5s (D) or
Eu-myc cells (E) adhered to 10T1/2 PX459 or MAdACAM1 ko cells pretreated with IgG or ACH6. 5 (L-CI.5s) or 4
(Ep-myc) biological replicates were done for all groups. Scale bars are 100um.

For all trans-endothelial migration and adhesion assays five random pictures were taken per well, adhered or
transmigrated cells were counted using ImageJ software and then normalized to (10T1/2 PX459) IgG control
group. Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p
<0.05, ** p <0.01, **** p < 0.0001, ns=non-significant).

MMP-9 and MAdCAM-1 affect ACH6 induced functional changes in C3H 10T1/2 cells by
increasing adhesion or transmigration of tumor cells

To investigate a possible role of MMP-9 as a downstream effector upon LTRR agonization of
HSCs, functional trans-endothelial migration and adhesion assays were performed using the
selective MMP inhibitor Ro 28-2653 (Ro-28). Addition of the MMP inhibitor alongside ACH6
in trans-endothelial migration assays completely negated the ACH6-induced increase in
transmigration of L-Cl.5s through a 10T1/2-HUVEC endothelial layer (Figure 36A). On the
other hand, Ro-28 had no effect on adhesion of L-Cl.5s to 10T1/2 cells when administered
alongside ACH6 to pretreat the 10T1/2 cells (Figure 36B). This result was supported by the
fact that MMP inhibitor administration did not affect ACH6-induced morphological changes
in C3H 10T1/2 cells, as assessed by an xCelligence cell analyzer (Figure 36C). Taken together,
these results support a role for MMP-9 in mediating trans-endothelial migration of L-Cl.5s
and that the underlying mechanism is not directly dependant on morphological changes or
adhesion to HSCs.

To investigate a possible role of MAdCAM-1 as downstream effector after LTRR agonization
of HSCs, functional adhesion assays were performed using 10T1/2 cells with CRISPR/Cas9
mediated MAdCAM-1 knockout (MAdCAM1 ko). Indeed, ACH6 pretreatment of 10T1/2
MAdCAM1 ko cells did not increase subsequent adhesion of L-Cl.5s compared to IgG treated
MAdCAM1 ko cells (Figure 36D). In contrast, 10T1/2 cells transfected with a control
construct (PX459) showed a significantly increased adhesion of L-Cl.5s after ACH6
pretreatment compared to IgG pretreatment. These results could be fully reproduced using
Ep-myc B-cell lymphoma cells instead of L-Cl.5s (Figure 36E), corroborating the effect of
MAdCAM-1 knockout on adhesion. Accordingly, these results support a role for MAdCAM-1
as downstream effector after LTBR agonization in HSCs by increasing adhesion of L-Cl.5s to
HSCs.
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6.3.4 ERK1/2 phosphorylation is potentially involved in mediating downstream signals
after ACH6 stimulation in C3H 10T1/2 and LX-2 cells

To screen for signaling molecules involved in mediating downstream effects of LTRR
agonization in HSCs, a phospho-kinase array (RnD Systems, USA) was performed using
protein lysates from 10T1/2 cells treated for four hours with ACH6 or IgG or LX-2 cells
treated for four hours with BS-1 or IvIiG (Figure 37A). Six proteins showed differences in
phosphorylation between ACH6 and IgG treated groups as illustrated by differing
densitometric signal instensities. Phosphorylation of ERK-1 and -2 was increased after LTRR
agonization in 10T1/2 and LX-2 cells, although the increase was very small between the LX-2
groups. GSK3a/R, Aktl/2/3, CREB and RB-catenin also showed increased phosphorylation
after ACH6 treatment in 10T1/2 cells but showed very little phosphorylation in LX-2 cells
with no detectable differences between IviG and BS-1 treated groups. On the other hand,
increased phosphorylation at 3 different sites was detected for p53 in LX-2 cells after LTRR
agonization but not in 10T1/2 cells. Taken together, only ERK1/2 showed increased
phosphorylation in both 10T1/2 and LX-2 cells. To confirm this result, western blots against
phospho-ERK1/2 (p-p44/p-p42) and total ERK1/2 were performed with protein lysates from
10T1/2 (Figure 37B) and LX-2 (Figure 37C) cells treated with LTRR agonist or control
antibody. Both LX-2 and 10T1/2 cells showed significantly increased ERK1 and ERK2
phosphorylation relative to total ERK1 or ERK2 after LTRR agonisation. Total ERK1 and ERK2
levels were not increased significantly in 10T1/2 or LX-2 cells.

To confirm the role of ERK1/2 signaling in mediating downstream effects of LTRR
agonization in HSCs, functional adhesion assays were performed using a MEK (UO126) or
ERK1/2 (SCH77) inhibitor alongside ACH6 (Figure 37D). While ACH6 pretreatment of 10T1/2s
again increased subsequent adhesion of L-Cl.5s significantly, this effect was significantly
reduced when administering MEK or ERK1/2 inhibitor in addition. Administering either
inhibitor together with IgG did not have an effect on adhesion. Taken together, these results
suggest a possible role for ERK1/2 in mediating downstream signals after LTRR agonisation
in HSCs.

6.3.5 FAK but not Paxillin or Racl might be involved in mediating LTBR signaling-induced
downstream effects

As earlier results in this thesis showed that LTRR agonization of 10T1/2 and LX-2 cells
changed their morphology and increased motility, further experiments were performed to
evaluate the contribution of morphology- and motility-related proteins FAK, Paxillin and
Racl towards the downstream effects observed after LTRR agonization in 10T1/2 and LX-2
cells. Protein levels of FAK were not increased after LTRR agonization in 10T1/2 or LX-2 cells,
but phosphorylation of tyrosines 576 and 577 was increased relative to total FAK levels in
both cell lines after LTRR agonization (Figure 38A, B).
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Figure 37: Activation of ERK1/2 may be involved in mediating downstream effects of LTRR agonization in
C3H 10T1/2 and LX-2 cells

A) Representative RnD Proteome Profiler phospho-kinase array showing protein phosphorylation of various
proteins in 10T1/2 (left) or LX-2 (right) cells treated with IgG and ACH6 (10T1/2) or IvIG or BS-1 (LX-2). Proteins
with visible changes in phosphorylation signal strength between groups are highlighted with coloured boxes
(see legend). 1 biological replicate was done for all groups.

B, C) Representative immunoblot analysis of p42, p44, phospho-p42 (p-p42), phospho-p44 (p-p44) and GAPDH
protein expression in 10T1/2 (B) or LX-2 (C) cells treated with IgG or ACH6 (10T1/2) or IvIG or BS-1 (LX-2).
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Protein expression was assessed densitometrically and normalized to 1gG (10T1/2) or IvIG (LX-2) control group.
Phospho-protein signals were normalized to respective unphosphorylated protein signals. At least 4 biological
replicates were done for all groups.

D) Representative overlays of light and fluorescence microscopy pictures of adhesion assays showing green
stained L-Cl.5s adhered to 10T1/2 cells pretreated with 1gG or ACH6 and with or without MEK (UO126) or
ERK1/2 (SCH77) inhibitor. At least 4 biological replicates were done for all groups. Scale bars are 100um. Five
random pictures were taken per well, adhered cells were counted using ImagelJ software and then normalized
to 1gG control group. Data are expressed as mean + SEM and statistical significance was calculated using
Student’s t-Test (* p < 0.05, ** p < 0.01, *** p < 0.001, ns=non-significant).
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Figure 38: Influence of migration related proteins FAK, Pax and Racl on LTBR agonization induced functional
changes in C3H 10T1/2 or LX-2 cells

A-D) Representative immunoblot analysis of FAK, phospho-FAK (p-FAK) and GAPDH (A, B) or phospho-pax (p-
pax) and GAPDH (C, D) protein expression in 10T1/2 (A, C) or LX-2 (B, D) cells treated with IgG and ACH6
(10T1/2) or IvIG or BS-1 (LX-2). Protein expression was assessed densitometrically and normalized to IgG
(10T1/2) or IvVIG (LX-2) control group. Phospho-protein signals were normalized to respective
unphosphorylated protein signals. At least 3 biological replicates were done for all groups.
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E) Representative fluorescence microscopy pictures of adhesion assays showing green stained L-Cl.5s adhered
to 10T1/2 cells pretreated with IgG or ACH6 with or without Racl (EHT1864) inhibitor. At least 4 biological
replicates were done for all groups. Scale bars are 100um. Five random pictures were taken per well, adhered
cells were counted using Imagel software and then normalized to 1gG control group.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
**p<0.01, **** p < 0.0001, ns=non-significant).

Phosphorylated paxillin levels were reduced in LX-2 (Figure 38D) cells following LTRR
agonization but were unchanged in 10T1/2s (Figure 38C). Racl effects were tested using the
Racl inhibitor EHT1864 (Selleckchem). Racl inhibition had no effect on adhesion of L-Cl.5s
to 10T1/2 cells when administered together with ACH6 to pretreat 10T1/2 cells (Figure 38E).
These results, although far from being complete, hint at a possible role for FAK in mediating
LTRR-induced effects downstream.

6.3.6 ACH6-induced LTRR signaling leads to capillarization of sinusoidal endothelium in the
liver

Capillarization of sinusoidal endothelium is a common feature of chronic liver damage**®. As
HSCs interact very closely with LSECs in the liver sinusoids, experiments were performed to
investigate changes in LSECs after ACH6 treatment in mice (Figure 39). The classical
endothelial marker CD31 was significantly increased after 2 weeks of ACH6 treatment on
immunohistochemical level, indicating a transition from the highly specialized sinusoidal
endothelium to normal endothelium. This was corroborated by a concomitant increase in
collagen-IV staining, suggesting an increase in basement membrane, which is a feature of
capillarized but not sinusoidal endothelium (Figure 39B). Furthermore, an increase in ICAM-
1 and VCAM-1 staining was observed in 2 weeks ACH6-treated mice. While both adhesion
molecules were also upregulated in HSCs (Figure 35A), the increase observed in
immunohistochemical stainings (Figure 39A) was much more pronounced, especially in the
case of ICAM-1. Lastly, to visualize the structure of sinusoidal endothelium after 2 weeks of
ACH®6 treatment, electron microscopic images of liver sinusoids from 2 weeks ACH6-treated
mice were acquired in collaboration with the group of Prof. Marco Prinz (Universitatsklinik
Freiburg, Germany) (Figure 39C). While IgG-treated mice showed the distinct fenestrated
endothelium of a healthy liver, no fenestrations could be observed in the mice treated with
ACHS6 for 2 weeks, indicating a capillarization of the sinusoidal endothelium. Taken together,
these results suggest that LTRR agonization in mice also changes morphology and function
of LSECs.
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Figure 39: LTBR agonization leads to capillarization of liver sinusoidal endothelium in mice

A, B) Representative immunohistochemical pictures of VCAM-1 or ICAM-1 (A) or CD31 or collagen-IV (B)
stainings of paraffin- (ICAM-1, CD31, collagen-IV) or cryo-embedded (VCAM-1) liver samples from DBA/2 mice
pretreated with ACH6 or IgG for 14 days, injected with L-Cl.5s cells and sacrificed 7 days later. Stained area was
assessed by histological software (DIH) and normalized to total area analyzed. Sample size is n>3 for all groups.
Scale bars are 100um.

C) Representative electron microscopic pictures from liver samples of DBA/2 mice treated with 1gG or ACH6 for
14 days. Pictures show cross-sections of liver sinusoids. Fenestrae are indicated by red arrows. Electron
microscopy and pictures were done by the lab of Prof. Marco Prinz (University of Freiburg, Germany).

D) Morphological changes of 10T1/2 cells treated with 1gG, ACH6 or TNFa as assessed by an xCelligence cell
analyzer. Treatments were administered at t=19 hours (dotted line). Cell index was measured every 15 minutes
(0-19 hours) or every minute (19-60 hours). At least 3 biological replicates were done for all groups.

Data are expressed as mean + SEM and statistical significance was calculated using Student’s t-Test (* p < 0.05,
*** p <0.001, **** p < 0.0001).
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7. Discussion

Distant organ metastasis is responsible for the vast majority of cancer-related deaths. The

liver is one of the organs most commonly affected by metastasis, and most hepatic

malignancies are metastases and not primary hepatic cancers®’

90,95,231,232
d

. Still, therapeutic options
for distant organ metastasis are very limite , owing in part to the fact that the
underlying molecular and cellular mechanisms are still unclear. Here, evidence is presented
that hepatic stellate cell-specific LTRR signaling is supporting metastatic spread of
lymphoma and other tumor cells to the liver. The presented database research indicates
that LT overexpression can be found in several human primary tumor entities with
correlation to decreased overall patient survival in some of these, like AML and uveal
melanoma. This is also supported by results from other groups showing that increased LT
expression increases tumor incidence and disease severity in liver®, Iung357, bladder®*®,

361 3 and leukemia®,

prostate™" and endometrial®*® cancer and also in multiple myeloma36
Unfortunately, while a large amount of database research can be done on primary
malignancies, the data available for metastatic cancers is virtually non-existent.
Nevertheless, experimental data from human samples in this manuscript show that LT
expression is significantly higher in secondary lymphoma manifestations in the liver than in
primary manifestations. Even though the term “metastasis” is not used for lymphomas in a
clinical setting, secondary lymphoma manifestations have much in common with metastasis,
as both represent the spread of tumor cells from a primary to a secondary site. Therefore,
the fact that LT is highly expressed or overexpressed in a variety of cancers, and the fact that
the results in this thesis show LT expression correlates with secondary spread to the liver,
suggests that LT can support metastatic spread of tumor cells to the liver. Although very few
results have been published on the role of LTRR signaling in tumor metastasis, there is
published evidence that LTRR signaling may support lymph node metastasis**® and homing
of T-cell leukemia cells to the bone marrow>®®. This is also supported by the finding that
overexpression of LTs in some primary tumor entities (uveal melanoma, AML) correlates
with decreased patient survival. Provided LT overexpression facilitates metastatic spread to
the liver, overexpression of LT in the primary site would decrease patient survival by
increasing the risk of hepatic metastasis. Taken together, the presented data supports the
hypothesis that LT signaling is involved in hepatic metastasis in human cancer patients, but

only by correlative means, not by clear causative evidence.

To investigate the role of lymphotoxins in hepatic metastasis, a murine T-cell lymphoma line
(L.CI-5s) is successfully used as a model. As lymphoma cells, they express high levels of LTa
and LTR and evidence is presented that these cells colonize the liver after intravenous
injection into the tail vein, making them a very suitable model for this thesis. Using this
model it is shown that lymphotoxin expression is closely correlated to the amount of
lymphoma manifestations in the liver after tail vein injection. This holds true for increased
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but also decreased tumor cell-derived lymphotoxin expression, and similar results were
obtained when triggering LTRR signaling by means of agonizing antibodies and host-derived
LTal. These results not only support the hypothesis that LT facilitates hepatic metastasis
formation, but also show that the source of LT does not affect the outcome. This finding is
meaningful from a clinical perspective, as increased LT levels can be readily provided by host
cells in a plethora of conditions, like inflammatory disorders or infections. It gains even more
relevance in light of the findings that the same phenotype can be observed using B-cell
lymphoma or even colon carcinoma cells, and that it also applies to the spontaneous
formation of liver metastasis from insulinomas in Rip-Tag2 mice.

Furthermore, increased hepatic metastasis is not only observed after 7 days, but also
increased seeding of tumor cells in the liver after 24h. The differences between the treated
and control groups are very similar at both time points in the same experimental setting,
indicating that the pro-metastatic effect of LT in the liver acts on the early steps of liver
infiltration, such as extravasation and seeding. The data from in vitro XTT assays and ki67
stainings from murine liver samples show that LT is not involved in metastatic outgrowth
and tumor cell proliferation in a significant manner in this model, although its direct effect
on cell proliferation has been shown to promote tumor growth in nasopharyngeal cancer,
multiple myeloma, castration-resistant prostate cancer and leukemia, amongst others%9733,
Whether LT acts directly during tumor cell extravasation and seeding or is involved in
creating a favourable niche even before the tumor cells enter the liver cannot be deduced
from these results. The short timeframe that tumor cells injected via tail vein spend in the
circulation and the fact that differences in tumor cell-derived lymphotoxin have a significant
effect on hepatic metastasis formation suggests a direct effect. On the other hand, it is
perfectly possible that the effect occurs only after the tumor cells have left the circulation
and supports tumor cell migration and survival within the postendothelial space of Disse
and the liver parenchyma, arguing in favor of LTs supporting metastatic niche formation.
Interestingly, no difference in the number of metastatic foci was detected when co-injecting
low and high LT-expressing L-Cl.5s lymphoma cells. This, alongside the data from our ACH6
and Alb-LTaR experiments shows that LT can also act in trans, allowing the possibility that
the phenotype is triggered by a small subset of disseminated tumor cells with high LT
expression.

In the second part of the project evidence is provided that LT, regardless of the source is
first integrated by hepatic stellate cells in this model. However, the lack of an experimental
metastasis assay after clodronate treatment leaves the possibility that Kupffer cells can also
contribute to the mechanism by integrating LT signals. On the other hand, the strong
inhibition (80-90%) of ACH6-induced hepatic metastasis formation in GFAP-Cre LTRR floxed
or NG2-Cre LTRR floxed mice compared to their wild-type littermate controls suggest that
hepatic stellate cells are the most important LT-responsive cells in this model. Previous
studies have shown that activated hepatic stellate cells may support the formation of a

263,264

favourable niche through immune cell recruitment , angiogenesis265 and tumor cell
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15256 Here, an activation of

invasion through regulation and expression of MMPs and TIMPs
hepatic stellate cells following increased LTRR agonization in HSCs is shown as well, with
increased expression of HSC activation markers like desmin, vimentin, endothelin-1 and Lox,
and decreased expression of quiescence marker GFAP. Surprisingly, the activation did not
entail a strong upregulation of fibrogenic genes, as the classical activation model would
predict. Acta2, collal and col4a4 were only marginally upregulated in vivo and unchanged
in vitro. Other important pro-fibrotic markers like Timp1 and Mmp13 were not upregulated,
or even downregulated. This was also confirmed with immunohistochemical stainings
against a-sma and collagen (Sirius Red), which showed no significant amount of staining at
all, especially when compared to fibrotic livers from mice with NASH. Furthermore, the HSC-
activating pro-fibrotic cytokines TGFR1 and PDGFR as well as the PDGFRR, which are also
produced by HSCs during fibrosis to fuel the self-perpetuating vicious cycle of HSC activation,
are not consistently increased. These results suggest that LTBR agonization in hepatic
stellate cells leads to an activation of HSCs without induction of fibrosis. While these
findings are not supported by the classical model of HSC activation, similar results where
333 showing that LTR had no effect on HSC
expression levels of Acta2, Timp1, Tgff31 or collal.

presented by Ruddell et al. already in 2009

The finding that LTRR mediates LT-induced downstream effects in HSCs implies that
membrane-bound LTa;R, and not secreted LTas is important for the observed phenotype.
Therefore, the signaling requires cell-cell contact between LT-expressing tumor cells and
LTRR-expressing HSCs. Thus, signaling from the primary site in the context of pre-metastatic
niche formation is unlikely to play a role. This fits to the observation that LT expression in
human patients is higher in secondary compared to primary tumor sites. However, as
disseminated tumor cells are constantly shedded from the primary site, and early CTCs
could induce LTRR signaling in HSCs via cell-cell contact to initiate the crucial changes in the
sinusoidal microenvironment needed for later CTCs to metastasize successfully, metastatic
niche formation is still a possible mechanism. On the other hand, we observe clear
differences in experimental metastasis between LT overexpressing, LT knockdown and
parental tumor cells without preconditioning the mice. In this model all tumor cells are
injected into the blood stream simultaneously, so the timeframe in which the critical
changes are bound to happen has to be quite short. Another option is that direct and
indirect (preconditioning, PMN) effects both support hepatic metastasis formation,
independent from another. Interestingly, a preliminary xCelligence experiment with 10T1/2
cells suggests that TNFa stimulation can induce similar morphologic changes as ACH6,
indicating that TNFR signaling, and thus LTas as well, might be involved in an alternative
route.

The in vitro assays shown in this thesis were performed using murine C3H 10T1/2 or human
LX-2 cells as surrogates for primary HSCs. While LX-2 cells are derived from a spontaneously

433

immortalized human HSC line™?, C3H 10T1/2 are murine embryonic fibroblasts. Nontheless,

both cell lines display several features of activated stellate cells after LTRR agonization.
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These include morphologic changes like increased eccentricity and decreased size, but also
increased contractility and migration. These are all features of activated HSCs and
myofibroblast-like cells. On a transcriptional level, the response to LTRR agonization of many
genes involved in HSC activation was much more attenuated compared to the results from
primary HSCs. The reason for that could be the well-known auto-activation that many cells
undergo when seeded on plastic. This auto-activation might well interfere with LTRR-
mediated activation by already triggering the upregulation of some of the LTRR target genes.
Nontheless, gene expression levels in general were quite comparable between 10T1/2, LX-2
and primary HSCs. This, together with the similarities in morphological and functional
changes, indicates that both cell lines can serve as suitable surrogates for primary HSCs in
cell culture experiments.

At this point we know that LTs and LTRR signaling support metastatic spread of tumor cells
to the liver and that this happens through an alternative, non-fibrotic activation of HSCs.
Still, the question remains how HSC-specific LTRR signaling actually supports hepatic
metastasis formation on a cellular and molecular level. In this thesis, data is provided
supporting several different modes of action, although in the end, none can be proven
completely within the scope of this thesis.

LTRR most prominently signals via the non-canonical NF-kB signaling pathway, activating NIK
and NF-kB2/RelB. Here, NF-kB2 (p100) processing and phospho-RelB translocation into the
nucleus are observed in vitro, suggesting that downstream effects are dependent on non-
canonical NF-kB signaling. This is further corroborated by the fact that NIK inhibition almost
completely negates all morphological and functional changes induced by LTRR agonization in
vitro, showing that NIK activation is critical for mediating downstream effects. Further
results in this manuscript suggest an involvement of MAPK/ERK signaling in mediating
downstream effects. Phosphorylation of ERK1/2 is consistently observed after LTRR
agonization, and blocking MEK (MAP2K) or ERK1/2 attenuates functional changes after LTRR
agonization. Other studies have already shown that ERK1/2 can be activated downstream of
NF-kB**°. Furthermore, its central role in controlling cell proliferation and cell death**® make
it a likely candidate in activated hepatic stellate cells, as proliferation is one of the key
features of activated HSCs. Nonetheless, these results only show a correlation between
LTRR signaling and ERK1/2 activation, and ERK1/2 activation and downstream effects. This is
no direct proof of causation, and so the possibility remains that ERK1/2 activation is not
required for mediating downstream effects of LTRR agonization, but is rather involved in a
parallel pathway. This might seem unlikely, but it is important to keep in mind that only one
downstream effect (adhesion) was tested, and that the central role of the MEK-ERK
signaling pathway in many cellular mechanisms makes it hard to exclude side-effects when
evaluating its effects using inhibitors.

The increased activation of focal adhesion kinase that we observe after LTBR agonization
might be involved in mediating downstream effects, or be involved in effector functions
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itself, as FAK plays a role in morphologic changes. The data set presented in this manuscript
does not allow a more detailed analysis, and more experiments would be needed to
understand how FAK activation is involved in the processes we observe or if it is only a side-
effect.

A very interesting result is the strong upregulation of Madcam1 in hepatic stellate cells after
LTRR agonization. Historically, MAdCAM-1 is known for its role in the recruitment of
integrin-a48; expressing lymphocytes to the gut. More recently its expression has been
discovered in HEVs during lymphoid organ neogenesis335 and in chronically inflamed liver
endothelium as well**4*, Expression of MAdCAM-1 on HEVs is regulated by LTs during this
process®%** indicating that MAdCAM-1 can be activated by NF-kB signaling. This is
supported by the data from the adhesion assays shown here, which indicate a consistent
and significant increase of adhesion from lymphoma cells to 10T1/2 cells after LTRR
stimulation. This increase in adhesion is abgrogated when MAdCAM-1 is knocked out in
10T1/2 cells, just as it is abrogated when LTRR or NIK are knocked out or inhibited,
indicating that MAdCAM-1 could be one of the effector molecules downstream of the LTRR-
NF-kB2 pathway responsible for the increased adhesion. As the main function of MAdCAM-1
is the binding of lymphocytes, it is well conceivable that an increase in MAdCAM-1
expression may help lymphoma cells or other integrin-ayl3; expressing cells to infiltrate the
liver by facilitating their adhesion to the vessel wall. Here however, expression is observed
in hepatic stellate cells and not in endothelial cells. Nonetheless, it is possible that increased
MAdCAM-1 expression on hepatic stellate cells within the subendothelial space of Disse can
increase retention of extravasated tumor cells by preventing their re-entry into the
circulation. As intra- and extravasation are less of an obstacle in the fenestrated
endothelium of the liver sinusoids, such a retention mechanism might be a large advantage
for the tumor cells. The perivascular space not only protects DTCs from shear stress and
immune surveillance, but it has recently emerged as an important niche often found to
support DTCs and metastasis’ .

Another interesting result is the strong upregulation of Mmp9 in hepatic stellate cells after
LTRBR agonization. The ability of HSCs to express significant amounts of MMP-9 in the liver
besides macrophages and Kupffer cells has already been described in other studies 344,
However, the role of MMP-9 in liver fibrosis or indeed in fibrosis in general is not clear yet.
No difference in fibrosis was observed in this thesis despite the strong increase in MMP-9.
This is in line with other studies showing that MMP-97" mice have reduced fibrosis in the
kidney, presumably due to reduced a-sma expression and reduced myofibroblast

446,447

activation*”®, but show no change in fibrosis in the liver or lung . Its ability to activate
448,449

latent TGFR1 has pro-fibrotic effects , but other studies show that MMP-9

450 and Kupffer cell-derived MMP-9 supports

overexpression attenuates fibrosis in the lung
fibrosis resolution in the liver”*. MMP-9 supports HSC transdifferentiation*** but also HSC
apoptosis**® thus supporting both fibrosis initiation and resolution. Multiple studies have

highlighted the role of MMP-9 in chemokine activation and lymphocyte influx in the lung
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and liver***°®

. Furthermore, several studies show its role in supporting metastatic spread
29 This thesis shows that

MMP-9 increases tumor cell trans-endothelial migration in vitro on one hand, but has no

of tumor cells to the Iung164 by inducing vascular remodeling

impact on adhesion of tumor cells to 10T1/2 cells in vitro on the other hand. This implies,
that while MMP-9 has a potential effect on hepatic metastasis formation, it acts via a
mechanism different from the one proposed for MAdACAM-1. One possibility is that MMP-9
induces changes in endothelial cells that promote increased tumor cell trans-endothelial
migration. LSECs, just as HSCs, are very reactive to the surrounding ECM and ECM

remodeling, which is known to affect LSEC differentiation®’

. Here, data is presented that
indicates LTRR agonization leads to transdifferentiation and capillarization of LSECs.
Capillarization is a well-established mechanism in chronic liver injury and usually preceeds
fibrosis. As LT signaling is first integrated by HSCs and not LSECs in the models presented
here, the changes in LSECs that affect tumor metastasis would have to be mediated by HSCs.
This is also supported by the results of the transmigration assays shown here, where the
effect of ACH6 treatment is only observed when using a HUVEC-10T1/2 layer but not with
HUVECs alone. MMP-9 is a likely candidate to induce the observed LSEC capillarization, as it
would also explain the results from the in vitro experiments, where MMP-9 inhibition only
influences the EC containing trans-endothelial migration assay but not the adhesion assay,

as no ECs are used in the latter.

Capillarization could facilitate tumor cell metastasis in various ways. While loss of
fenestrations makes extravasation arguably more difficult for tumor cells, it also makes it
more difficult for tumor cells to intravasate back across the endothelial barrier. Furthermore,
the transdifferentiation of LSECs during capillarization changes their gene expression
signature. This also affects adhesion molecules, whose presence can be critical for tumor
cell survival and extravasation. A four- to five-fold increase of VCAM-1 and ICAM-1 in liver
sinusoids after LTRR agonization is reported here using immunohistochemical stainings. This
increase is only partially reflected by the marginal increase of Icam1 and the two- to three-
fold increase of Vcam1 we observe in HSCs on the transcriptional level. Therefore, it is likely
that ICAM-1 and VCAM-1 are also upregulated in endothelial cells. Both molecules are
known to be constantly expressed on LSECs and upregulated under inflammatory

458-460

conditions . Furthermore, both are important mediators of trans-endothelial migration

of leukocytes, and their expression on LSECs has been correlated with liver metastasis** .
In summary, a possible mechanism based on the data we have could be the following: LTRR
signaling in HSCs induces expression and secretion of MMP-9, the secreted MMP-9 induces
a remodeling of the ECM in the space of Disse, triggering integrin-mediated
transdifferentiation and capillarization of LSECs. Capillarized LSECs increase expression of
ICAM-1 and VCAM-1, amongst others, thereby facilitating tumor cell attachment, adhesion
and transmigration, while the loss of fenestrations makes re-entry of tumor cells into the

circulation more difficult.
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Figure 40: Possible mechanisms for increased hepatic metastasis after HSC-specific LTBR agonization

Two possible molecular mechanisms are conceivable and supported by the data shown in this manuscript.

Top schematic: Tumor cell derived LTa1R2 binds to HSC expressed LTRR, activating NIK and NF-kB2/RelB. NF-
kB2/RelB translocates into the nucleus

Hypothesis 1: NF-kB2/RelB translocation activates HSCs leading to a strong upregulation of MAdCAM-1.
MAdCAM-1 retains extravasated tumor cells in the space of Disse preventing them from re-entering the
circulation.

Hypothesis 2: NF-kB2/RelB translocation activates HSCs leading to a strong upregulation of MMP-9. MMP-9
remodels the ECM in the space of Disse, which leads to integrin-mediated transdifferentiation and
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capillarization of LSECs with increased expression of adhesion molecules, facilitating tumor cell attachment
and adhesion and thus subsequent extravasation as well.

Another interesting path to explore would follow the increased expression of chemokines
observed after LTRR agonization. A strong increase of CCL-2 and CCL-5 and more moderate
increases in CXCL-1, CCL-20 and CCL-17 are shown here. All of these chemokines have the
potential to increase tumor cell metastasis in several ways, by supporting tumor cell homing
and retention or by inducing immune cell infiltration and niche formation. However, without
further experiments no conclusive remarks can be made on their role here.

In conclusion, this thesis shows that LT-LTRR signaling supports tumor cell metastasis to the
liver for several different tumor entities in humans and in mice. Furthermore, it shows that
hepatic stellate cell-specific LTRR signaling is most important to integrate LT and provide
downstream effects. Interfering with HSC-specific LTRR signaling or reducing LT in the
system reduces metastatic spread to the liver, making LTRR a potential target for
therapeutic intervention. HSCs get activated in a non-fibrotic manner upon LTRR stimulation
with subsequent transdifferentiation to a myofibroblast-like phenotype. Potential molecular
mechanisms that would explain increased hepatic metastasis formation include MAdCAM-1-
mediated tumor cell retention in the space of Disse, MMP-9-mediated transdifferentiation
and capillarization of LSECs and chemokine-chemokine receptor interactions. These options
open up exciting opportunities for further research on these mechanisms.
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