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Zusammenfassung

Chronische Lebererkrankungen stellen eine erhebliche Belastung fiir die 6ffentliche Gesundheit dar und
verursachen jahrlich zwei Millionen Todesfalle. Diese sind Gberwiegend auf die Endstadien der chronischen
Lebererkrankung, Leberzirrhose und das hepatozelluldre Karzinom (HCC), die haufigste Form von primarem
Leberkrebs, zurlickzufiihren. Das Chemokin (C-X-C-Motiv) Ligand 12 (CXCL12) spielt eine wichtige Rolle bei
der Progression von Leberfibrose und primarem Leberkrebs. Zusammen mit seinen beiden Rezeptoren (C-
X-C-Motiv) Rezeptor 4 (CXCR4) und atypischer Chemokin Rezeptor 3 (ACKR3) begtlinstigt CXCL12 sowohl
die Bildung von fibrotischem Narbengewebe als auch Wachstum, Progression und Metastasierung von
Tumoren. Dariiber hinaus steuert CXCL12 die Auswanderung von Immunzellen aus dem Knochenmark und
ihre Rekrutierung in den Tumor und begtinstigt dadurch eine tumorfreundliche Mikroumgebung.

Ziel dieser Studie war es, die Rolle von CXCL12 bei Leberfibrose und primarem Leberkrebs naher zu
untersuchen und zu testen, ob sich die Inhibition von CXCL12 therapeutisch zur Verminderung von
Leberfibrose und zur Behandlung von HCC nutzen lasst. Um dies bei der Leberfibrose zu untersuchen,
wurde das CXCL12 neutralisierende RNA-Oligomer NOX-A12 in zwei experimentellen Mausmodellen der
Leberfibrose eingesetzt, die entweder durch chronische CCls-Injektionen oder durch Fitterung mit einer
Methionin-Cholin-Mangel-Didt (MCD-Diat) ausgelost wurde. Um die Wirkung von CXCL12 auf primdren
Leberkrebs zu untersuchen, wurde NOX-A12 in einem Diethylnitrosamin (DEN)-induzierten
Leberkrebsmodell eingesetzt, das entweder mit CCls kombiniert wurde, um ein fibrotisches Milieu zu
erzeugen, oder mit einer fett-, zucker- und cholesterinreichen Diat, um eine nicht-alkoholische
Fettlebererkrankung (NAFLD) zu induzieren.

Die Inhibition von CXCL12 mit NOX-A12 hatte keinen Einfluss auf den Schweregrad der Leberfibrose,
beeintrachtigte jedoch die Entziindungsresolution nach Beendigung der Schadenswirkung. Darliber hinaus
verursachte NOX-A12 einen Anstieg der myeloiden Zellen im peripheren Blut, einhergehend mit einem
Anstieg von Chemokinen im Blutplasma. In der Leber konnte ein Einfluss von NOX-A12 auf Monozyten
abstammende Makrophagen (MoMF) gezeigt werden, was sich durch eine Verringerung von
differenzierten CD11c*MHC-II* MoMF und eine relative Zunahme von unreifen Ly6C* MoMF &duRerte.
Darliber hinaus fihrte die Inhibition von CXCL12 zu einer drastischen Abnahme von Eosinophilen in CCls-
behandelten Lebern, nicht jedoch in NAFLD-Lebern. Interessanterweise forderte NOX-A12 das
Tumorwachstum sowohl im fibrotischen als auch im NAFLD-assoziierten Modell des DEN-induzierten
Leberkrebses, obwohl die tumorinfiltrierenden MoMF reduziert und die zytotoxischen CD8* T-Zellen in
Tumoren erhéht waren. Zudem aktivierte NOX-A12 den Umbau von Mikrogefaf3en der Tumoren, was sich
in einer Hochregulation von CXCR4 auf Endothelzellen und einer verstarkten Genexpression von
Angiogenese-assoziierten Markern zeigte. Dies war besonders ausgepragt bei NASH-HCC nach
therapeutischer Behandlung mit NOX-A12. Insgesamt legen die in dieser Studie erhobenen Daten nahe,

dass CXCL12 die Entziindungsresolution nach chronischem Leberschaden beeinflusst. Dariiber hinaus



deuten die Ergebnisse darauf hin, dass CXCL12 bei primdrem Leberkrebs eine wichtige tumorbegrenzende

Rolle spielt, die durch eine vielschichtige Beeinflussung des Tumormikromilieus hervorgerufen wird.



Abstract

Liver disease causes two million deaths annually and represents a significant and growing public health
burden, with cirrhosis and primary liver cancer accounting for the majority of these deaths. Liver cirrhosis,
resulting from chronic inflammation and fibrosis of the liver, is a significant risk factor for the most
prevalent type of primary liver cancer, hepatocellular carcinoma. The pleiotropic chemokine (C-X-C motif)
ligand 12 (CXCL12) has been implicated in both liver fibrosis and primary liver cancer. By signaling through
its two cognate receptors, C-X-C motif receptor 4 (CXCR4) and atypical chemokine receptor 3 (ACKR3),
CXCL12 may promote both liver fibrosis and tumor growth, progression, and metastasis. In addition,
CXCL12 can also control immune cell egress from the bone marrow and their recruitment to the tumor,
which may shape a pro-tumorigenic tumor microenvironment. In this study, the role of CXCL12 on liver
fibrosis and primary liver cancer was further investigated, using experimental settings intended to explore
CXCL12 inhibition as a potential target for novel interventions in these disease conditions.

To address this in liver fibrosis, NOX-A12, a CXCL12-neutralizing RNA oligomer, was applied in two
experimental mouse models, induced either by chronic carbon tetrachloride (CCls) injections or by feeding
a high fat methionine-choline deficient (MCD) diet. To explore the impact of CXCL12 on primary liver
cancer, NOX-A12 was used in a model of diethylnitrosamine (DEN) induced liver cancer combined with
either CCls to create a fibrotic environment or with a high-fat, high-sugar, and high-cholesterol Western
diet (WD) to induce non-alcoholic fatty liver disease (NAFLD).

CXCL12 inhibition with NOX-A12 had no impact on liver fibrosis but led to a prolonged inflammation after
injury cessation. Furthermore, NOX-A12 increased chemokine levels in blood plasma, which was
accompanied by an increase of peripheral blood myeloid cells. In the liver, CXCL12 inhibition provoked
changes in hepatic monocyte-derived macrophage (MoMF) populations characterized by a decrease of
CD11c*MHC-II* MoMF and a relative increase of immature Ly6C* MoMF. In addition, CXCL12 inhibition
drastically reduced eosinophils in the liver of CCls-treated, but not in NAFLD livers. Intriguingly, NOX-A12
promoted tumor growth both in the fibrosis- and in the NAFLD-associated model of DEN-induced liver
cancer, despite reducing tumor-infiltrating MoMF and increasing cytotoxic CD8* T cells in tumor lesions.
Moreover, CXCL12 inhibition activated vascular remodeling in tumor microvessels, evident by an
upregulation of CXCR4 on endothelial cells and increased expression of angiogenic and anti-angiogenic
genes, particularly pronounced in NASH-HCC after therapeutic treatment with NOX-A12. Taken together,
these data suggest a role for CXCL12 in chronic inflammation resolution, and in limiting primary liver cancer,

mediated by a multi-faceted re-shaping of the tumor microenvironment.



Material and Methods

1. Introduction

Liver fibrosis and liver cirrhosis are regarded as major risk factors for hepatocellular carcinoma (HCC)
and represent a major and increasing public health burden. Liver disease is responsible for two million
deaths annually, with cirrhosis and HCC accounting for the majority of deaths. (1) Etiologies leading to
liver fibrosis include viral hepatitis, exposure to environmental toxins, chronic and excessive alcohol
consumption, and metabolic diseases. In recent years, non-alcoholic liver disease (NAFLD) resulting
from obesity and metabolic disorders is emerging as a major cause of liver fibrosis and cirrhosis. (1, 2)
Liver cirrhosis, the most advanced form of liver fibrosis, is a strong risk factor for HCC, independent of
the underlying etiology. (3, 4) Although extensive research in the field of liver fibrosis and liver cancer
over the past decades has led to a deep understanding of the pathological mechanisms and the
identification of many promising drug targets, no effective curative treatment has been approved for
the treatment of liver fibrosis and advanced liver cancer. (5) This may be due to previously overlooked
complexity and dynamism of the liver microenvironment, where a variety of infiltrating and resident
immune cells interact with hepatic stromal and mesenchymal cells. (6) Therefore, a profound
understanding of the cellular and immunological mechanisms shaping the tumor-promoting
microenvironment in liver fibrosis and HCC is essential for the development of safe and effective new

therapies.

1.1 Liver immune homeostasis

1.1.1. The liver architecture

The liver is a vital organ with not only crucial functions in metabolism, detoxification, and immune
tolerance but which also possesses remarkable regenerative capacities. Due to its unique anatomical
location, the liver receives a dual blood supply, with a large amount of blood coming from the
intestines and rich in nutrients as well as gut-derived, food-borne toxic compounds and microbial
antigens, making the liver anatomically well positioned for having the role of a crucial immunological
gatekeeper for the organism. In the liver, oxygenated arterial blood mixes with the venous portal blood
in a ratio of about 20% to 80%, and passes through a network of capillary-like vessels, the sinusoids,
before being drained in central veins. These sinusoids are formed by specialized liver sinusoidal
endothelial cells (LSECs) and are populated by Kupffer cells, the largest collection of resident
macrophages in the body, that are equipped with a multitude of scavenger receptors allowing for an

effective clearance of food-derived antigens and aged red blood cells, as well as pathogens and
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microbial components. (6-8) The liver sinusoids are fenestrated and organized in so-called sieve plates,
forming a selectively permeable barrier that separates the blood stream from the hepatocytes, but
also allows for the passage of selected molecules and hepatocyte interactions with immune cells
located in the sinusoids. (8) LSECs lack a basement membrane which is accountable for a small gap
between sinus endothelium and hepatocytes, called the space of Disse. Within the space of Disse
reside the hepatic stellate cells (HSCs) formerly known as Ito cells, a minor cell population of dendritic-
shaped pericytes wrapped around the sinusoids. In homeostasis, their main function is the storage of
retinoids as well as the production of growth factors and extracellular matrix (ECM). (9) Hepatocytes
comprise the main parenchymal cells in the liver with crucial roles in detoxification, metabolism, and
protein synthesis, as well as bile production. (7) Bile produced by hepatocytes flows in small ducts
formed by hepatocyte membranes, the canaliculi, into bile ducts in the portal areas. These bile ducts
are formed by cholangiocytes, specialized epithelial cells that further modify the bile, and ultimately

transport it through the biliary tree to the gallbladder and to the intestines. (10)

1.1.2 Hepatic immune cell populations

Despite the constant exposure to a multitude of antigens such as pathogen-associated molecular
patterns (PAMPs) including lipopolysaccharides (LPS), the liver is cellular microenvironment generally
mediates immunotolerance towards harmless antigens, while also being capable of sensing and
eliminating potential threats. Enriched in immune cells of both the innate and the adaptive branch of

the immune system, the liver is considered as an immune sentinel. (6)

Innate immunity describes a highly conserved first line of defense against pathogens. Innate immune
cells comprise mainly phagocytic myeloid cells, such as macrophages and neutrophils that engulf and
remove potential threats to the organism. Phagocytes carry pattern recognition receptors (PRRs) on
their surface that bind to signature molecules found on bacteria, fungi, viruses, or parasites, but are
also necessary for the phagocytosis of targets tagged by antibodies or certain plasma proteins of the
complement system. Adaptive immunity, on the other hand, is a highly specific but slow-responding
immune response at first antigen encounter, mainly carried out by T and B cells, lymphocytes that can
effectively control and eradicate infections by killing infected cells and producing pathogen-specific

antibodies. (11-13)

All blood cells originate from common multipotent hematopoietic stem cells in the bone marrow that
give rise to two different lineages of progenitor cells, the common lymphoid progenitors (CLPs) and
the common myeloid progenitors (CMPs). While CLPs can generate all types of lymphocytes (i.e., T
cells, B cells and NK cells), the myeloid lineage, derived from CMPs, incudes monocytes, granulocytes
(neutrophils, eosinophils, and basophils) but also megakaryocytes and erythrocytes. Dendritic cells, on

the other hand, can derive from both CLPs and CMPs. (14)
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T cells carry highly specific and unique receptors designed to recognize and bind non-self antigens, that
are presented to them through certain protein complexes, called major histocompatibility complex
(MHC). There are two major classes of MHC with different functions, MHC class | (MHC-I) and MHC
class Il (MHC-I1), which are recognized by two distinct subsets of T cells. MHC-I is present on almost all
cells in the body and is used primarily to present intracellular antigens of self or foreign origin, the
latter inducing a cytotoxic immune response. Indeed, MHC-I binds to cluster of differentiation (CD)8*
T cell receptors on cytotoxic (CD8*) T cells, that, upon stimulation, release cytolytic and cytotoxic
molecules and effectively neutralize infected cells. MHC-II, however, is only expressed on professional
antigen-presenting cells (APCs), such as macrophages and dendritic cells, and presents to T cells with
a CD4 T cell receptor (CD4* T cells) antigens that have been endocytosed and processed. As their
primary function is to stimulate and activate other immune cells, CD4* T cells are also known as T

helper (Th) cells. (15, 16)

The liver contains several immune cell subsets capable of presenting antigens and activating T cells. (6,
7) Dendritic cells, a rare and heterogeneous population of highly effective professional APCs comprise
a small population in the liver. Dendritic cells internalize and present antigens through MHC-II but can
also present antigens to CD8* T cells through MHC-1, a mechanism called antigen cross-presentation,
making them powerful orchestrators of the immune response. (16, 17) Kupffer cells and LSECs similarly
express MHC-II and co-stimulatory molecules and thus, function as professional APCs. Additionally,
LSECs have been reported to be able to cross-present to CD8* T cells. (7, 18) Another population of
APCs present in the liver are B cells. As antibody-producing cells of adaptive immunity, B cells are key
to mount a specific immune response to control infections and acquire immunity. B cells recognize
specific antigens through their B cell receptor that contains a distinct membrane-bound antibody, but
also express MHC-II through which they present captured antigens to CD4* T cells which in turn activate

B cells to produce and secrete large amounts of antibodies. (19, 20)

The liver harbors a large population of natural killer cells (NK cells) and natural killer T cells (NKT cells).
(7) NK cells are innate lymphocytes that recognize and eliminate infected or malignant cells. Such cells
are detected by NK cells due to their typical downregulation of normal self-molecules such as MHC-I.
A lack of MHC-I on target cells, but also inflammatory cytokines activate NK cells to release cytotoxic
granules and to eradicate the affected cells. NKT cells are immunomodulatory cells that express both
NK cell markers and an a,/B T cell receptor (TCR) with a restricted TCR repertoire. Unlike other T cells,
NKT cells can recognize and respond to lipid antigens presented through the MHC-I-like molecule
cluster of differentiation (CD)1d on APCs. (21) Nonetheless, in homeostasis, the liver displays a state
of immune hyporesponsiveness and tolerance due to a constitutive expression of anti-inflammatory
cytokines such as interleukin (IL) 10, as well as the presence of T cell inhibitory molecules like

programmed death ligand 1 (PD-L1) on Kupffer cells and LSECs. (7)
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In contrast to the liver resident Kupffer cells, that colonize the fetal liver during development and
maintain their number by self-renewal, most macrophages in the body derive from circulating blood
monocytes that originate from common myeloid progenitor cells in the bone marrow. (22, 23) Besides
the bone marrow-derived monocytes patrolling in the blood, there are also few monocyte-derived
macrophages found in the healthy liver, that can mostly be found in the portal areas, where they exert
metabolic functions, and in the liver capsule, where they shield the liver from pathogens that might

enter from the peritoneal cavity. (24, 25)

1.1.3 Immune cells in liver inflammation and regeneration

Liver injury of any etiology induces liver inflammation initially characterized by a pronounced
infiltration of myeloid cells from the circulation. (26) Macrophages are key orchestrators of both
initiation and resolution of liver inflammation. Upon injury, damaged hepatocytes release pro-
inflammatory molecules, including damage-associated molecular patterns (DAMPs). These
endogenous danger signals, among others free DNA, heat shock proteins, or high mobility group box 1
protein (HMGB1) are sensed by PRRs on Kupffer cells and other cells and induce an immune response.
(26, 27) Activated Kupffer cells produce a large variety of pro-inflammatory cytokines as well as
chemokines that attract neutrophils and monocytes from the circulation to assist in rapid removal of
pathogens or dead hepatocytes and to support liver repair. (24, 26) Neutrophils are important first
responders in sterile or pathogen-induced inflammation. Following recruitment by Kupffer cell-derived
chemoattractants, such as CXC-chemokine ligand (CXCL)1 and CXCL2 that bind to CXC-chemokine
receptors (CXCR)1 and CXCR2, respectively, neutrophils phagocytose cell debris or bacteria. However,
neutrophils also release inflammatory mediators like reactive oxygen species (ROS) and proteases that
can further damage hepatocytes and aggravate inflammation. (24, 28) Furthermore, activated Kupffer
cells are an important source of CC-chemokine ligand (CCL)2 that recruits pro-inflammatory CC-
chemokine receptor (CCR)2* monocytes to the liver. (29) Pro-inflammatory monocytes, typically
identified by their expression of CD14 in human and Ly6C in murine blood, infiltrate the tissue where
they differentiate into pro-inflammatory monocyte-derived macrophages (MoMF) that further
promote inflammation by releasing complex and varying mixtures of chemokines and cytokines
depending on the environmental cues. (24, 26) Cytokines are small, secreted proteins that serve as
signaling molecules between cells and are key orchestrators of inflammatory and developmental
processes. Cytokines is a general term that includes many different signaling protein classes such as

interleukines (IL), chemokines, interferons (IFN), and growth factors. (30)

Pro-inflammatory and pro-fibrotic cytokines, such as tumor necrosis factor alpha (TNF-a), IL-1pB, IL-6,
platelet-derived growth factor (PDGF) and transforming growth factor beta (TGF-B), produced by
Kupffer cells and infiltrated pro-inflammatory MoMFs, but also DAMPs from dying hepatocytes, result

in the activation of HSCs, the key effector cells in hepatic fibrosis. Activated HSCs (aHSCs) proliferate
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and transdifferentiate into contractile alpha-smooth muscle actin (aSMA) expressing myofibroblasts
that produce large amounts of ECM, especially the fibrillar collagens | and Ill, and thus lead to scar-
formation. (5, 31) However, in mouse models it was demonstrated that once the cause of injury is
removed, the liver is highly efficient in resolving inflammation and fibrosis until homeostasis

restoration. (27, 31)

MoMFs can both promote fibrosis progression and resolution and thus exert a dual but crucial role in
liver fibrosis, as discovered in various experimental mouse models of liver diseases. (24, 26) In mice, it
has been shown that pro-inflammatory Ly6C"8" MoMF eventually mature in the tissue and
downregulate Ly6C expression, while changing their expression profile to adopt an anti-inflammatory,
restorative phenotype. Ly6C°" pro-restorative MoMFs do not only terminate inflammation by
releasing anti-inflammatory cytokines and clearing the debris by phagocytosis, but also produce ECM-
degrading proteins, such as matrix metalloproteinases (MMPs), and growth factors and thus, are
crucial for tissue remodeling and repair (Figure 1). (27, 32) Phagocytosis of dead cells (efferocytosis) in
combination with exposure to IL-4 and IL-13 are critical cues for the phenotype switch of macrophages.

(33)
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Figure 1: Key immune mechanisms driving liver inflammation initiation and resolution. The healthy liver contains a
large population of Kupffer cells, tissue-resident macrophages that are located in the lumen of the blood sinusoids, and
exert important homeostatic functions. The sinusoids are lined by liver sinusoidal endothelial cells (LSECs) that separate
the blood flow from hepatocytes, the main parenchymal cells in the liver. Between hepatocytes and LSECs is a small
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gap, termed space of Disse, in which hepatic stellate cells (HSCs) reside. Natural killer (NK) and natural killer T (NKT)
cells patrol the sinusoids, maintaining immunosurveillance. Upon insult, injured and dying hepatocytes release damage-
associated molecular patterns (DAMPs) that activate Kupffer cells, LSECs and HSCs to release chemokines and cytokines.
HSCs then transdifferentiate into collagen-producing, fibroblast-like activated HSCs (aHSCs). The released cytokines
recruit neutrophils and monocytes from the circulation, which elicit an inflammatory reaction, resulting in increased
tissue damage. Infiltrating monocytes differentiate into pro-inflammatory monocyte-derived macrophages (MoMF),
which release inflammatory and pro-fibrotic cytokines, stimulating further activation of HSCs and production of
extracellular matrix (ECM). Phagocytosis of dead material promotes the switch from pro-inflammatory to pro-
regenerative MoMFs, which promote tissue repair and degradation of the scar-tissue. Pro-regenerative MoMF can also
stimulate aHSCs to undergo apoptosis or return to a quiescent state.

The notion that macrophages can acquire a pro-inflammatory or an anti-inflammatory phenotype and
can be polarized in vitro by prototypical stimuli has led to the concept of M1 (pro-inflammatory) and
M2 (anti-inflammatory) macrophages, based on the Thl and Th2 paradigm. (34) Although this
dichotomy is widely used and still well accepted, it is vastly oversimplified. Over the last years it
became increasingly evident, that macrophages display a potent plasticity and diversity, and that their
functions as well as marker expression are highly context dependent and versatile. Moreover,
macrophages can simultaneously express so-called M1- and M2-markers, making the M1/M2

classification even less relevant in many circumstances. (24, 35)

Still, there are common markers both in mice and in humans that are generally associated with a rather
pro-inflammatory, immunogenic macrophage phenotype, such as MHC-II, CD86, inducible nitric oxide
synthetase (iNOS) and CD80, while expression of CD206, PD-L1, Arginase 1 (ARG1) and CD301 are

indicative of anti-inflammatory, pro-restorative macrophages. (36, 37)

1.2 Liver fibrosis and primary liver cancer

1.2.1 Liver fibrosis as a dynamic hallmark of chronic liver diseases of various etiologies

Liver inflammation and fibrosis are well-organized and protective mechanisms to preserve function
and structural integrity of the damaged organ but also support tissue regeneration. However, when
the cause of injury persists, as it occurs during chronic infections, autoimmune diseases, cholestasis,
or following continuous exposure to metabolic stress or toxins like alcohol, fibrosis becomes
progressive and represents a pathological condition. Progressive fibrosis is an aberrant, yet dynamic
wound healing process characterized by excessive ECM deposition or scarring, with concomitant
matrix remodeling and degradation, and impaired regenerative capacity. Progressive scarring
culminates in cirrhosis, the final stage of liver fibrosis, with high risks of liver failure and other life-
threatening complications. (5, 27, 31) The pathological manifestations of NAFLD on the other hand
range from steatosis, the accumulation of fat in the liver, to steatohepatitis, characterized by

ballooning of fat-overloaded hepatocytes and lobular inflammation, to cirrhosis. (38)
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1.2.2 The impact of immune cells on liver fibrosis

While the underlying cellular responses resemble the physiological wound healing response, chronic
inflammation fails to terminate and deteriorates over time. Senescent hepatocytes, unable to
regenerate, accumulate and secrete an array of chemokines, cytokines, and growth factors that further
attractimmune cells and activate fibroblasts and HSCs. (27, 39) In non-alcoholic steatohepatitis (NASH)
and alcohol-associated liver disease (ALD) the chronic inflammatory response was shown to be
aggravated by an increased presence of microbial components stemming from a defective intestinal
barrier, promoting and amplifying the pro-inflammatory response of macrophages. (27, 40, 41) As in
acute inflammation and regeneration, hepatic macrophages can promote both fibrosis progression
and resolution. In mice, freshly infiltrating pro-inflammatory Ly6C" MoMF are attributed pro-fibrotic
functions, while matured Ly6C'®* MoMF are thought to support fibrosis regression and to inactivate
aHSCs, that subsequently undergo apoptosis, become senescent or return to a quiescent state. (27,

31)

Various other immune cells participate in chronic liver inflammation, facilitating either fibrosis
progression or resolution. Dependent on distinct environmental cues, unstimulated, naive CD4* T cells
can differentiate into many different effector subtypes that promote different immune responses. For
instance, upon stimulation with IL-12, CD4* T cells differentiate into Th1 effector cells and produce pro-
inflammatory cytokines, such as interferon gamma (IFNy). IFNy induces the expression of MMPs and
is therefore considered to have an antifibrotic effect. Th2 cells on the other hand, are induced upon
stimulation with IL-4 and produce IL-4 and IL-13 which are important for wound closure, but also drive
fibrosis. (15, 42, 43) IL-4 and IL-13 induce collagen production by fibroblasts but also stimulate
macrophages to release growth factors that act on aHSCs, such as fibroblast growth factor (FGF),
connective tissue growth factor (CTGF) and platelet-derived growth factor (PDGF). (44) Thus, the
balance between Thl and Th2 adaptive immune responses can skew fibrosis either towards
progression or regression. NK cells and yd T cells, a small subset of unconventional T cells that is
abundant in the liver, eliminate aHSCs and senescent hepatocytes and thus limit fibrosis. (27, 31) The
role of NKT cells in liver fibrosis on the other hand, is contradictory. NKT cells secrete cytokines that
stimulate TGF-B production in HSCs and therefore play a rather profibrogenic role. However, NKT cells
have also been reported to produce IFNy and to be involved in the removal of senescent hepatocytes.

(45, 46)

The unique lipotoxic and inflammatory environment in NAFLD/NASH causes an accumulation of
immune cells with a distinct inflammatory signature. Besides an increase in dendritic cells,
NAFLD/NASH bear an increased number of metabolically activated CD8* T cells with an auto-aggressive

phenotype inducing hepatocellular death in an MHC-I independent manner. In addition, the
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macrophage compartment is expanded by a MoMF population with a unique metabolically activated
phenotype, characterized by a high expression of both pro-fibrotic and anti-inflammatory genes,
resembling macrophages in lipid tissues. (38, 47-49) Chronic inflammation and fibrosis are
characterized by repeated cycles of hepatocyte death and compensatory regeneration together with
cellular stress, which facilitates the accumulation of replicative errors and mutations in hepatocytes.
(50, 51) As a result, both chronic liver inflammation and fibrosis are strongly predisposing to
tumorigenesis, and more than 90% of HCCs develop in the presence of cirrhosis. (4) Figure 2 provides

an overview over the inflammatory responses in liver fibrosis.
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Figure 2: Liver inflammation and fibrosis exacerbation upon chronic injury. Chronic inflammation leads to continuous
recruitment of inflammatory cells, activation of hepatic stellate cells (aHSC) and extracellular matrix (ECM) deposition.
A defective intestinal barrier, present in some chronic liver diseases, increases bacteria and pathogen-associated
molecular patterns (PAMPs) in the portal blood, which further aggravates inflammation. Failure to resolve inflammation
and initiate regeneration gradually worsens fibrosis. Over time, functional parenchymal cells are progressively replaced
by scar tissue. Chronic inflammation and fibrosis also promote the development and growth of hepatocellular
carcinoma (HCC). MoMF, monocyte-derived macrophages; LSECs, liver sinusoidal endothelial cells.

1.2.3 Hepatocellular carcinoma

Primary liver cancers currently rank for the third most common cause of cancer related death
worldwide. HCC is the most prevalent form of primary liver cancer and accounts for 80% of all cases,
followed by cholangiocarcinoma, a tumor that arises from bile ductular cells, representing about 15%
of primary liver cancers. (52) Early-stage HCC is in some cases curable by resection, or ablation,
potentially followed by liver transplantation. (4, 53) However, HCC is often diagnosed at an advanced
stage and in a cirrhotic liver, when curative treatment is no longer possible. Despite recent advances
in palliative treatment options, there is still an unmet need for the therapy of advanced HCC. Although
it provides only a small survival benefit of about three months compared with best supportive care
and has a high incidence of serious adverse events, the multikinase inhibitor sorafenib has been the
standard of care for unresectable HCC for more than a decade. (3) The advent of immune checkpoint

inhibitor therapies targeting the programmed cell death protein 1 (PD-1) /PD-L1 axis could significantly
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improve overall survival in HCC patients, and a combination therapy of the PD-L1 blocking antibody
atezolizumab and the vascular endothelial growth factor A (VEGFA)-neutralizing antibody bevacizumab
has recently replaced sorafenib as standard of care in first line therapy for advanced HCC. (4, 54)
However, only a small fraction of patients responds to these therapies, for reasons that so far remain

unclear. (50)

The cellular origin of HCC is debated. It is assumed that HCC originates from dysplastic mature
hepatocytes, although hepatic progenitor cells could also be a source. (55) However, HCC exhibits a
high histomolecular heterogeneity, seemingly related to the underlying aetiology and with implications
for the prognosis. While mutations in telomerase reverse transcriptase (TERT) are predominant in
hepatitis B virus (HBV)-related HCC and result in a poorly differentiated, highly proliferative tumor with
a dismal prognosis, mutations in the B-catenin/Wnt pathway, mostly (e.g., in CTNNB1), have a higher
prevalence in HCC arising from ALD and a less bad prognosis. Mutations in cell cycle control (TP53) are
frequent in both aetiologies. Additionally, there are a multitude of other albeit less frequent, tumor-
inducing mutations affecting various tumor-related pathways. (4, 50, 56) However, HCC also has a high
intratumoral heterogeneity as well as a variable composition of immune and stromal cells in its

microenvironment.

1.2.4 The tumor microenvironment

The tumor microenvironment (TME) describes a dynamic and heterogeneous tumor-specific
micromilieu present in tumors that not only supports tumor development and progression, but also
provides protection against immune surveillance. The TME comprises both cellular and acellular
components. Cellular components include not only tumor cells but also non-malignant cells, like
endothelial cells, cancer-associated fibroblasts (CAFs), and other stromal cells, and various immune
cells. The acellular components of the TME comprise soluble factors such as cytokines and chemokines,
through which the tumor interacts with and reprograms surrounding cells, as well as growth factors
and ECM produced by non-malignant cells that promote tumor growth. (57, 58) Thus, the TME creates
a complex and dynamic niche with a variable composition depending on tumor type and underlying

mutations, but also on the metabolic conditions and the tumor stage. (4, 57, 58)

CAFs, a heterogeneous population of activated fibroblasts, represent a critical tumor-supporting
component of the TME. Analogous to activated HSCs in fibrosis, CAFs are activated by TGF-B, PDGF and
FGF, upregulate aSMA and acquire a proliferative and secretory phenotype. CAFs produce growth
factors and cytokines that recruit and polarize immune cells toward an anti-inflammatory phenotype,
thereby creating a tumor-promoting environment. (59) In HCC, activated HSCs promote tumor growth
through collagen | production. While collagen | increases matrix stiffness in the tissue surrounding the

tumor, thereby promoting tumor progression, degraded collagen | serves as a ligand for discoidin
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domain receptor 1 (DDR1) on malignant cells, promoting their proliferation and tumor progression.

(60)

HCCs are hypervascular tumors whose rapid growth and progression are highly dependent on
angiogenesis. Angiogenesis, the formation of new blood vessels, is normally a finely regulated process
that depends on a delicate interplay between proangiogenic and anti-angiogenic factors. (61) In
tumors, this balance is dysregulated resulting in a functionally and structurally aberrant vasculature
and a poorly oxygenated TME. (62, 63) Out of many pro-angiogenic molecules, the key factors driving
tumor neoangiogenesis in HCC are angiopoietin 2 (Ang2) and VEGFA, inducing an altered vasculature
in HCC, which is characterized by an increased arterialization of its blood supply along with

capillarization of the sinusoidal endothelium. (61, 64)

Tumor-promoting inflammation is an enabling hallmark of cancer, as it can facilitate tumor initiation,
promotion and progression, and primary liver cancers are proto-typical inflammation-associated
tumors. (57, 65, 66) Chronic, unresolved inflammation results in a tumor-promoting microenvironment
that reprograms infiltrating immune cells to an anergic or immunosuppressive phenotype. On the
other hand, pro-inflammatory mediators like cytokines can drive tumor development, growth and
progression, either by generating reactive oxygen or nitrogen species, that drive mutations in
malignant cells, or by activating pathways like nuclear factor kappa B (NF-kB) and signal transducer and
activator of transcription 3 (STAT3), that directly promote tumor survival and proliferation and
dedifferentiation. (66, 67) Among the tumor-promoting pro-inflammatory cytokines, IL-6 and TNF-a
are key drivers of hepatocarcinogenesis, especially in obesity-associated HCC. (68) TNF-a facilitates
tumor initiation, but also promotes tumor cell survival and proliferation by activating the NF-«B
pathway. IL-6, on the other hand, is a multifunctional cytokine that is regulated by the NF-kB pathway
and promotes hepatocyte survival and proliferation through the STAT3 pathway. Although tumor cells
themselves produce inflammatory cytokines, stromal cells and immune cells, especially macrophages,

are an important source of tumor-promoting inflammatory cytokines. (66, 67)

1.2.5 Immune cells in the tumor microenvironment

The TME of HCC may contain various immune cells that are either actively tumor supportive (e.g.,
myeloid cells, regulatory T (Treg) cells) or potentially tumoricidal but disabled by the anti-inflammatory
environment (e.g., T cells, NKT cells, NK cells). (69) Treg cells are a subpopulation of potent
immunosuppressive CD4* T cells, characterized by a constitutive, high expression of CD25 and the
transcription factor forkhead box P3 (Foxp3). In normal immune responses, Treg cells are important to
limit inflammation and end aberrant immune responses by producing anti-inflammatory cytokines like
IL-10, and TGF-B, and the immune checkpoint molecule cytotoxic T-lymphocyte associated protein 4

(CTLA-4) that downregulates the expression of co-stimulatory CD80/CD86 on APCs. In the TME,
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however, Treg cells impair anti-tumor surveillance and promote tumor growth and development. (70)
In addition to Treg cells, myeloid cells are the main immunosuppressive component of the TME and
consist of granulocytes, mainly tumor-associated neutrophils (TANs), tumor-associated macrophages
(TAMs) and immature myeloid cells, often referred to as myeloid-derived suppressor cells (MDSCs).
(58, 69) Depending on the tumor stage, TANs can either have a pro- or anti-tumorigenic role. TANs
recruited during early tumor development release cytotoxic granule proteins and reactive nitrogen and
oxygen species (RNS/ROS) that damage malignant cells and promote inflammation. In the TME of
advanced tumors on the other hand, TANs secrete anti-inflammatory mediators e.g., prostaglandin E2
(PGE;), matrix remodeling proteins (neutrophil elastase, MMP9), and therefore not only impair anti-
tumor responses but also stimulate tumor progression, angiogenesis, and invasion. (71) MDSC is a
collective term for immature monocytes and granulocytes with an anti-inflammatory phenotype. In
mice, monocytic MDSCs are generally identified by their expression of the surface markers CD11b and
Gr1/Ly6C, while granulocytic MDSCs are commonly described as CD11b* Ly6C'®" Ly6G* cells. However,
the signature markers for MDSCs are also abundant on regular neutrophils and pro-inflammatory
monocytes and additional functional assays are needed to assign these cells without a doubt. (72)
TAMs are a major and crucial component of the TME and a high abundance of TAMs in HCC is generally

associated with tumor progression and aggressiveness. (73)

1.2.6 The role of tumor-associated macrophages in hepatocellular carcinoma

Most TAMs originate from circulating CCR2* classical monocytes, and CCL2, produced by malignant
cells, CAF, endothelial cells, and other sources, is considered the major route of TAM recruitment. (74,
75) However, there are many other chemokines such as CCL5, CCL3, and CXCL12 and factors e.g.,
HMGB], colony stimulating factor 1 (CSF-1) and VEGFA that attract monocytes. (35) Moreover, MoMF
can proliferate within the tumor site and Kupffer cells can also contribute to the TAM pool. (76) In
addition to classical monocytes, which are often identified in mice by their high expression of Ly6C,
there is also a population of non-classical CCR2'®" Ly6C'°% CX3CR1"8" monocytes in the blood. These
non-classical monocytes patrol the vessels where they interact with NK cells and play a rather

protective role. (37)

Like macrophages in other disease conditions, TAMs can adopt pro-inflammatory and anti-
inflammatory phenotypes. TAMs with a pro-inflammatory phenotype are potentially tumoricidal, as
they not only directly eliminate tumor cells by phagocytosis but also cross-present tumor antigens to
cytotoxic CD8* T cells and release pro-inflammatory cytokines to induce Th1l cell responses. (34, 77,
78) However, due to their high plasticity and ability to adapt to environmental cues, macrophages are
prone to be reprogrammed by the tumor-promoting conditions in the TME. Consequently, the majority

of TAMs adopt a phenotype that supports the tumor. (35, 37)
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A major role of pro-tumorigenic TAMs is to suppress anti-tumor immunity. TAMs express anti-
inflammatory cytokines, such as IL-10 and chemokines, that attract Treg cells and therefore promote
an anti-inflammatory TME. (74, 79, 80) In addition, TAMs can directly restrict T cell activity. TAMs
express the immune checkpoint ligand PD-L1 that binds to PD-1 on activated cytotoxic CD8* T cells.
(81) Engagement of PD-1 on activated T cells attenuates their cytotoxic activity and induces anergy.
(82) Furthermore, TAMs highly express the enzyme ARG1 that catabolizes and thus removes arginine
from the microenvironment, an amino acid critical for T cell activation. (83) Besides their inhibitory
role, TAMs can also directly support tumor growth and development, and mediate resistance towards
anti-tumor therapies. Tumor promoting TAMs produce growth factors, such as hepatocyte growth
factor (HGF) that directly facilitate proliferation of HCC, as well as TGF-B which is an important
regulator of epithelial-to mesenchymal transition (EMT) of tumor cells, but also release MMPs that
activate latent TGF-f3 and growth factors sequestered in the ECM. (84, 85) Moreover, TAMs accumulate

in hypoxic tumor regions and produce factors involved in angiogenesis (e.g., VEGFA, MMP9). (86-88)

Typical conditions in the TME of HCC that influence the activation of tumor infiltrating macrophages
include hypoxia, acidosis, and increased free fatty acids and lipid metabolites. As a result of the high
energy demand and uncontrolled growth of tumor cells without adequate vascularization and blood
supply, the TME becomes increasingly hypoxic and low in nutrients. (89) Hypoxia is defined as a state
of pathologically low oxygenation, but it is also a common phenomenon in wounds where it induces
angiogenesis and other regenerative responses. Hypoxia is primarily sensed by the transcription factor
hypoxia inducible factor 1 subunit alpha (HIF-1a), that induces a multitude of target genes related to
regeneration and angiogenesis. (90) In TAMs, hypoxia promotes an anti-inflammatory and pro-

angiogenic phenotype, as HIF-1a induces upregulation of PD-L1 and VEGFA. (89)

Malignant cells acquire a specific dysregulated metabolism to adapt to an environment poor in
nutrients and oxygen, a phenomenon known as the Warburg effect. (91) The Warburg effect describes
the preference of tumor cells to utilize glucose via glycolysis, instead of using the citrate cycle, even
under aerobic conditions. (57, 92) Lactate is a side product of aerobic glycolysis, and its accumulation
contributes to an acidic microenvironment in the TME. (92) The acidic environment induces
immunosuppressive pathways in TAMs and the high lactate concentrations stabilize HIF-1a, which
further drives a tumor promoting polarization of TAMs. (93) Moreover, macrophages require glucose
for the generation of ROS and inflammatory cytokines. The rapid consumption of glucose by tumor
cells makes it unavailable for TAMs and thus impairs an inflammatory response. (94) Due to an
increased demand for lipids to build cell membranes and produce lipid mediators, many HCC
upregulate genes associated with de novo lipogenesis or free fatty acid uptake. (95, 96) This results in
an environment enriched in lipids and lipid metabolites, a condition that induces a pro-tumorigenic

phenotype in TAM, characterized by the expression of CD206, IL6, VEGFA, MMP9 and ARG. (97)
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1.3 The chemokine CXCL12 and its receptors in liver diseases

The inflammatory response is largely orchestrated by chemokines, chemotactic cytokines that may be
found in the blood circulation and attract immune cells to sites of inflammation. Thus, chemokines are
crucial regulators of inflammatory responses, which makes them promising targets for therapeutic

interventions. (98)

1.3.1 Chemokines and chemokine receptors

Chemokines are a large family of small, secreted, chemotactic cytokines, that are key orchestrators of
immune cell recruitment and localization. In mice and humans, so far around 50 chemokines are known
and can be categorized into four subfamilies according to variations in the configuration of two N-
terminal cysteines: CC, CXC, CX3C, and XC. While in CC-chemokines the cysteines are juxtaposed, in
CXC-chemokines, an intervening amino acid separates the cysteine residues. In the CX3C-chemokine
class, comprising only one member, the cysteines are spatially separated by a sequence of three amino
acids. XC-chemokines have only one of the first two cysteines. (98, 99) Chemokines bind to heptahelical
surface receptors that can be subdivided into conventional chemokine receptors (cCKR) and atypical
chemokine receptors (ACKR). Conventional chemokine receptors are coupled with and transduce
signals through activating pertussis toxin sensitive Gai proteins, as well as through B-arrestin. ACKRs,
on the other hand, bind chemokines with a high affinity but typically do not activate signal transduction
pathways. Instead, the four known members of the ACKR family are thought to modulate and regulate
chemokine abundance and generate gradients by scavenging or transporting chemokines across
endothelial cells to the luminal side of blood vessels. Currently, there are 18 known conventional
chemokine receptors, that are named after their predominant type of chemokine ligand, CCR, CXCR,
CX3CR, and XCR, and numbered in the order of their discovery. (98, 100) Functionally, chemokines can
be classified into inflammatory and homeostatic chemokines. Inflammatory chemokine production is

inducible, whereas homeostatic chemokines are constitutively expressed. (101)

Chemokines and chemokine receptors are best known for their roles in migration and adhesion of
leukocytes, particularly in immune cell localization in homeostasis as well as in immune cell
recruitment during inflammation. However, the functions of chemokine receptors go beyond
migration as they can also induce pathways that regulate, for example, differentiation, proliferation,
survival, or anti-microbial responses. In addition, chemokine receptors can also be expressed on non-
immune cells, such as endothelial cells, mesenchymal cells, as well as tumor and tumor stromal cells,
where they directly affect angiogenesis, proliferation, and dissemination. (98, 102) The chemokine

system is complex, with many pleiotropic but also partially overlapping functions and regulatory
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mechanisms, enabling a fine modulation of immune responses. The activity and availability of
chemokines is not only regulated through scavenging by ACKRs but also by the chemokines high affinity
to bind to glycosaminoglycans (GAGs) on cell surfaces and ECM. (103) While different immune cell
types express a different set of chemokine receptors depending on their developmental state and
activation, some chemokine receptors are expressed only by distinct immune cell subsets. Most
chemokine receptors bind multiple chemokines, and the majority of chemokines can bind to several
chemokine receptors. To add another layer of complexity, chemokines can not only bind in their
monomeric form, but also form homodimers and heterodimers with other chemokines or other
proteins, such as HMGB1. Likewise, chemokine receptors can dimerize with other chemokine receptors

and ACKRs, modulating their affinity and receptor functions, respectively. (98)

Of all the chemokines involved in tumor growth and progression, CXCL12 is one of the most potent
and versatile, with critical functions in development, homeostasis, and cancer. The CXCL12 chemokine
axis has been implicated in over 20 human malignancies, where it is associated with disease

progression and poor clinical outcome. (104, 105)

1.3.2 The chemokine CXCL12

CXCL12, formerly called stromal cell-derived factor 1 (SDF-1), holds an extraordinary role in the
chemokine system. Together with its two cognate receptors CXCR4 and ACKR3 it is involved in the
differentiation, migration, and homing of immune cells in homeostasis, but also plays an essential role
in the development of the cardiovascular, nervous, and hematopoietic systems during embryogenesis.

(106)

The CXCL12 chemokine axis is essential for life as genetic deletion of either Cxcl12, Cxcr4 or Ackr3 in
mice is perinatal lethal. (107-109) Gain-of-function mutations, on the other hand, most typically result
in reduced numbers of neutrophils in the blood, causing an immune disorder known as warts-
hypogammaglobulinemia-infections-myelocathexis (WHIM) syndrome, which is characterized by
neutropenia, hypogammaglobulinemia, recurrent infections, and a high susceptibility to human
papillomavirus infections that manifest as warts. (110) The importance of this chemokine axis is also
reflected by the fact that CXCL12 and its receptors are extremely highly conserved in all vertebrates.
(106) CXCL12 has six isoforms in humans and three isoforms in mice. All these isoforms are generated
by differential C-terminal exon splicing, resulting in different stability and affinities for GAG binding.
(101, 106)

CXCL12 is constitutively expressed in many organs, including the primary lymphoid organs (bone
marrow and thymus) and secondary lymphoid organs (lymph nodes, spleen, Peyer's patches), as well

as in the liver and lung. (98, 106)
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CXCR4 (CD184) is a broadly expressed membrane receptor, and CXCL12 is its only known chemokine
ligand. (101, 111) First discovered as a cofactor responsible for human immunodeficiency virus (HIV)
entry on T cells, CXCR4 is now known to be expressed at varying levels by virtually all leukocyte subsets
and their precursors, depending on their maturation or activation. (98, 112) In addition, CXCR4 is
expressed by stem cells, endothelial cells, epithelial cells, cells of the neural system, keratinocytes and
stromal cells in the lymph nodes, thymus, and bone marrow. (101, 111) Binding of CXCL12 to CXCR4
induces typical heterotrimeric G protein-coupled signal transductions. CXCR4 can not only couple to
Gai G proteins, but also to Go,q and Galiy/13, resulting in the activation of various signaling pathways.
Upon ligand binding, conformational changes in the heptahelical receptor induce the dissociation of
the Ga and the GBy subunits of the coupled G protein, activating a complex cascade of downstream
second messenger and signaling pathways, amongst others phospholipase C (PLC), phosphoinositide-
3 kinase (PI3K), and Ras pathways that promote migration, adhesion, but also survival and
proliferation. (113) Following dissociation of the G proteins, CXCR4 is rapidly desensitized. G protein-
coupled receptor kinases (GRKs) phosphorylate the intracellular C-terminus of CXCR4 and recruit B-
arrestin that not only sterically blocks binding of G-proteins but also initiates clathrin-dependent
internalization and lysosomal degradation of the chemokine-receptor complex. In addition, B-arrestin
also activates signaling pathways like p38 mitogen-activated protein kinase (MAPK), which promotes
chemotaxis, as well as survival and proliferation. (111, 113, 114) Besides CXCL12, CXCR4 can also bind
non-chemokine ligands, including macrophage inhibitor factor (MIF), extracellular ubiquitin and

HMGB1. (111, 113)

The atypical chemokine receptor ACKR3, formerly known as CXCR7 or RDC1, is the second receptor of
CXCL12 and has CXCL11 as a second ligand. ACKR3 is not coupled to a G protein and functions primarily
as a scavenger receptor. ACKR3 binds CXCL12 with a tenfold higher affinity than CXCR4 and is
continuously internalized and recycled even in the absence of ligand binding. Thus, ACKR3 sequesters
CXCL12 from the environment and plays an important role in modulating CXCR4-dependent migration
and other responses. However, ACKR3 can also signal through B-arrestin to induce p38 MAPK signaling
pathways. (111, 115) ACKR3 is mainly expressed by neuronal and vascular cells, but also in

mesenchymal stromal cells and some immune cell subsets. (116)

CXCL12 is a pleiotropic cytokine that induces a broad range of cellular responses beyond migration and
adhesion, such as angiogenesis, survival, and proliferation, therefore it is finely regulated on multiple
levels. CXCR4 and ACKR3 can form homo- and heterodimers, each preferentially inducing distinct
cellular functions. (98, 101) In addition, CXCR4 can form heterodimers with other receptors. CXCL12
on the other hand can bind in a monomeric or dimeric form to modulate the induced signal, but also

forms heterodimers with other chemokines. (105, 117)
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In homeostasis, the CXCL12 axis participates in the development, positioning and homing of T cells and
B cells in primary and secondary lymphoid organs and regulates the retention of stem cells, progenitor
cells and immune cells in the bone marrow. (99, 105, 106) Moreover, CXCL12 is also involved in the
regulation of inflammatory responses, wound healing, and tissue repair. During inflammatory
responses, CXCL12 synergizes with other chemotactic molecules to potentiate the migration of
immune cells to the sites of inflammation. For instance, CXCL12 can form heterodimers with HMGB1
that bind with a high affinity to CXCR4 on monocytes and enhance their infiltration. (118) Both CXCL12
and CXCR4 are upregulated by hypoxia, stress, and vascular injury and mediate the migration of pro-
angiogenic immune cells and stem cells to wounds to initiate revascularization and repair. (106, 119-

121)

Due to its vital functions in cell migration, survival and proliferation, dysregulation of the CXCL12 axis
has been implicated in many inflammatory and autoimmune pathologies, but most notably in cancer.
(111, 113,122, 123) Overexpression of CXCR4, ACKR3 and CXCL12 have been reported in various cancer
types, where CXCL12 signaling either directly stimulates proliferation, survival and metastasis of tumor
cells or regulates tumor neoangiogenesis and the recruitment of immunosuppressive immune cells

and thus facilitates a tumor promoting TME. (113)

1.3.3 The CXCL12 axis in liver fibrosis and liver cancer

CXCL12 is highly expressed in the homeostatic liver, where it is produced by endothelial cells, biliary
epithelial cells, HSCs and Kupffer cells. (29, 98, 124) While ACKR3 is predominantly found on liver
endothelial cells, CXCR4 can be expressed by most cells in the liver, such as HSCs, hepatocytes, Kupffer
cells and other liver resident or cycling immune cells. (120, 124, 125) However, the CXCL12 chemokine
axis also plays an important role in liver inflammation, regeneration, and liver cancer (Figure 3). (120,
125) Although CXCL12 participates in the recruitment of inflammatory cells, its role in acute liver injury
is rather protective. Both CXCL12 and its receptors are upregulated upon liver damage and interference
with either component results in aggravated inflammation and impaired regeneration. Activated HSCs
and endothelial cells associated with inflammatory foci secrete increased amounts of CXCL12 in
response to hypoxia and hypoxia-induced factors and attract CXCR4* pro-regenerative cells to the site
of injury. (120, 125) On LSECs, signaling through ACKR3 induces the hepatoprotective growth factors
regulated by the transcription factor Inhibitor of DNA binding 1 (ID1), such as HGF and Wnt2 that
promote hepatocyte proliferation and liver regeneration. (126) In addition, liver engraftment with
endothelial progenitor cells and mesenchymal and hematopoietic stem cells is controlled by CXCL12

signaling, further supporting regeneration. (127-129)

In chronic liver inflammation and fibrosis, both CXCL12 and its receptors were reported to be

upregulated and involved in disease progression. (120, 125) In patients with liver fibrosis of different
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etiologies, CXCL12 plasma levels were increased, and CXCL12 was overexpressed in biliary epithelial
cells in fibrotic livers. (130) Activated HSCs and myofibroblasts, the key drivers of fibrosis progression,
are also an important source of CXCL12 in liver fibrosis. (124, 131, 132) Moreover, HSCs also express
CXCR4 and binding of CXCL12 promotes their activation, leading to increased contractility,
proliferation, and collagen | production. (131, 133) CXCR4 and to a lesser extent ACKR3 are upregulated
in human hepatocytes from ALD and NASH livers in response to inflammatory signals and oxidative

stress and implicated to play a role in the formation of Mallory-Denk bodies. (134)
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Figure 3: Reported roles of the CXCL12 chemokine axis in liver fibrosis and primary liver cancer.

1) CXCL12-CXCR4 interactions activate HSCs and contribute to fibrosis. 2) Activated LSECs respond to CXCL12 by
producing pro-fibrotic mediators. 3) CXCL12-CXCR4 signaling directly induces cell proliferation and dedifferentiation. 4)
CXCL12 attracts mesenchymal stem cells and endothelial progenitor cells and pro-angiogenic TAMs that promote tumor
vascularization. 5) High CXCL12 concentrations provided by cancer-associated fibroblasts in the tumor and at the tumor
margin recruit immunosuppressive immature monocytes, neutrophils, and regulatory T cells (Treg cells) to the tumor,
shaping a tumor promoting environment. 6) Cytotoxic T cells are repelled by high concentrations of CXCL12 and thus
excluded from the tumor.

On liver endothelial cells, on the other hand, ACKR3 is downregulated during chronic liver injury,
whereas the expression of CXCR4 is upregulated. In response to the dominance of CXCR4 over ACKR3
signaling, LSECs downregulate regenerative ID1-dependent genes and acquire a profibrotic phenotype,
secreting TGF-B and other factors that promote the activation of HSCs and the progression of fibrosis.

(126) The CXCL12 chemokine axis plays a crucial role in regeneration and development; physiological
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mechanisms, that are often exploited by tumors. Therefore, the significance of CXCL12 in the growth
and advancement of liver cancers is not unexpected. (74) Both CXCR4 and ACKR3 are expressed in the
majority of primary liver cancer specimens. (74, 135) CXCR4 has been found to be overexpressed in
approximately 50% of HCC, while CXCL12 has been found to be mostly upregulated in the peritumoral
region. (74, 135) CXCR4 signaling promotes invasiveness and EMT in hepatoma cell lines. (136, 137)
Accordingly, in patients with HCC, high CXCR4 expression is associated with HCC progression and
metastasis and predictive of a poor outcome. (135, 136, 138) The prognostic role of ACKR3 in HCC on
the other hand, is less clear. Although ACKR3 is overexpressed in advanced and metastatic HCC in vivo,
and in HCC cell lines with a high invasive potential in vitro, promoting tumor growth, angiogenesis, and

invasiveness, it appears not to be correlated with patient overall survival. (135, 139, 140)

In the TME, CXCL12 is predominantly expressed by CAFs. (141, 142) However, tumor-associated
endothelial cells (TECs), TAMs, and malignant hepatocytes are a source of CXCL12, as well. (29, 143-
145) Typical conditions prevailing in the TME, such as hypoxia, high levels of inflammatory cytokines
and TGF-B, are known to activate the CXCL12/CXCR4/ACKR3 axis. (57, 146, 147) In addition, mechanical
cues have been suggested to influence CXCR4 expression. Matrix stiffness is a major risk factor for HCC
development and is involved in several aspects of tumor initiation and progression through the
YAP/TAZ pathway. (148, 149) Increased matrix stiffness has been shown to upregulate CXCR4
expression on human HCC cell lines mediating activation of the YAP pathway through downregulation

of the ubiquitin-like protein ubiquitin domain containing 1 (UBTD1). (150)

CXCR4 and ACKR3 expression on tumor cells can directly activate pathways, such as the PI3K/AKT, ERK,
and MAPK pathway that promote their proliferation, survival, growth, and migration. (113) However,
the CXCL12/CXCR4/ACKR3 axis is also important in the TME where it induces angiogenesis and
regulates immune suppression, and inflammation. Both ACKR3 and CXCR4 are frequently upregulated
on TECs in HCC and their overexpression is associated with increased angiogenesis. (151, 152) During
angiogenesis, CXCR4* endothelial tip cells proliferate and lead new vessel sprouts towards arteries, a
mechanism that was shown to be promoted by VEGFA and CXCR4 and tightly regulated by Notch
signaling. VEGFA binding on its receptor VEGFR2 on sprouting cells induces upregulation of CXCR4.
(153) Neoangiogenesis is crucial for the growth of solid tumors but produces a functionally and
structurally abnormal vasculature. (154) CXCR4* TECs in HCC share functional similarities with tip cells
and binding of CXCL12 to CXCR4 on TECs also promotes proliferation and vessel sprouting. (152, 155)
ACKR3 on the other hand, promotes survival and migration of endothelial cells. (143) High expression
of CXCR4 on TECs is associated with a distinct sinusoidal growth pattern in HCC, called vessels
encapsulating tumor clusters (VETC) in which TECs form cobweb-like networks surrounding HCC cell
nests which is linked to an aggressive tumor behavior and an increased risk of EMT-independent

metastasis. (152, 156-158) The CXCL12/CXCR4 axis also represents an important pathway for the
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infiltration of pro-tumorigenic immune cells. Treg cells, one of the most potent anti-inflammatory cell
populations, express high levels of CXCR4 and are directed into tumors by CXCL12. (159) CXCL12
signaling also mediates CD4* T cell differentiation into Treg and promotes their immunosuppressive
function. (160, 161) CXCL12 released by CAFs and activated HSCs in the TME attracts monocytes to
tumor sites, where they acquire an immunosuppressive phenotype through a mechanism involving IL-
6/STAT3 activation or give rise to pro-tumorigenic TAMs. (141, 142, 162) Moreover, pro-angiogenic
TAMs are directed by CXCL12 to perivascular areas after chemotherapy in different murine tumor
models and promote revascularization and thus chemoresistance. (163) On the other hand,
CXCL12/CXCR4 interactions can also impair anti-tumor responses of cytotoxic immune cell
populations. While CD8* T cells are attracted by low concentrations of CXCL12 through CXCR4, they
are repelled by high concentrations of CXCL12 as prevalent in the tumor border of HCC (or highly
CXCL12 expressing tumors) a phenomenon termed chemorepulsion. (164, 165) In addition, in a model
of metastasis of dormant tumor cells into the liver, CXCL12 secreted by activated HSCs has been shown

to impair NK cell proliferation and thus limit tumor surveillance. (132)

All in all, the CXCL12/CXCR4/ACKR3 chemokine axis is involved in a variety of physiological and
immunological mechanisms that are often exploited by tumors and therefore, represents a tempting
potential target for therapeutic interventions. Despite this, there is a lack of understanding of the
impact of CXCL12 on the immune microenvironment in the context of liver fibrosis and liver cancer.
Given its broad but important roles in the immune system, addressing this research gap might not only
answer the question if CXCL12 is a suitable drug target but also provide new insights into the complex

role of the immune system in liver diseases.

1.4 Aim of the study

Despite major advances in the understanding of liver diseases in recent years, many aspects of liver
fibrosis and liver cancer, in particular the diverse and central roles of the immune system are still

incompletely understood, resulting in a paucity of effective therapies.

The chemokine CXCL12 plays a critical role in the initiation and progression of various tumor entities,
including primary liver cancer. CXCL12 not only induces tumor-promoting pathways in malignant cells
through its two receptors CXCR4 and ACKR3, but also stimulates angiogenesis, and recruits
immunosuppressive monocytes and Treg cells, thereby creating a tumor-supportive
microenvironment. In the liver, increased expression of CXCR4 or ACKR3 have been associated with
tumor growth and aggressiveness in HCC. Furthermore, the CXCL12 chemokine axis has been
associated with the activation of HSCs, which are not only the main drivers of liver fibrosis but also

contribute to tumor growth. Finally, the CXCL12-CXCR4 axis has been implicated in the recruitment
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and activation of various immune cell populations to the liver. However, how this chemokine axis

influences tumor growth and immune cells is poorly understood.

Therefore, the aim of this study was to characterize the effect of CXCL12 on immune cell populations
in liver fibrosis and primary liver cancer in order to gain a better understanding of how the CXCL12
chemokine axis influences pre-malignant liver fibrosis and cancer and to explore its value as a potential
drug target. The central hypothesis of this thesis was that inhibition of CXCL12 might not only interfere
with pro-fibrotic and pro-tumorigenic pathways in the liver, but also alter the composition and
activation of infiltrating immune cells in favor of tumor-inhibiting cell populations and thus create a
less tumorigenic TME. Using experimental mouse models and a pharmacological inhibitor for CXCL12,

the following research questions were addressed to test this hypothesis:

e Caninhibition of the CXCL12 chemokine axis attenuate liver fibrosis?

o Does a blockade of CXCL12 influence the composition of liver immune cells during
chronic liver injury?

e (Can inhibition of CXCL12 attenuate liver tumor growth?

e Does CXCL12 influence the tumor immune and stromal microenvironment?

In order to address these unknowns, we conducted a comprehensive study using several experimental
mouse models of liver fibrosis and subsequent cancer, alongside interventional approaches targeting
CXCL12 and mechanistic in-vitro experiments. This study aims to investigate the influence of CXCL12
on immune cell composition and activation in chronic liver fibrosis and liver cancer, and the
involvement of this chemokine axis in disease progression. Due to its presumed high relevance in liver
cancer the CXCL12 axis might represent a target for future therapies. Characterizing the effects of the
pharmacological inhibition CXCL12 will contribute to a better understanding of the complex
mechanisms that drive tumor growth in the liver and help to develop new therapeutic approaches for

patients with HCC in a more targeted manner.
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2. Materials and Methods

2.1 Materials

2.1.1 Mouse strains

For the in vivo experiments in this study C57BL/6 wild-type mice were used that were either bred and
housed under specific-pathogen free (SPF) conditions in the Animal Facility of the University Hospital
Aachen or purchased from external animal suppliers (Janvier Labs, France, or Charles River, Germany) at
the age of 6-7 weeks and then housed at the Animal Facility of the University Hospital Aachen under SPF
conditions or housed under standardized experimental conditions at the “Forschungseinrichtung fir
experimentelle Medizin” (FEM) of the Charité for at least one week prior to the start of the experiment. All
in vivo experiments were performed with mice at 8-24 weeks of age under conditions approved by the
“Landesamt fur Natur, Umwelt und Verbraucherschutz (LANUV)” under the animal grant TVA AZ 84-
02.04.2015.A554, or approved by the “Landesamt fiir Gesundheit und Soziales” (LaGeSo) under the animal
grant “Natursubstanzen als Therapie in Leberfibrose”(G0221/20), and were carried out according to the
European animal welfare rules and the guidelines of the federation of laboratory animal science

associations (FELASA).
2.1.2 Cell lines

Jurkat cells, a human lymphoblast cell line, derived from CD4* T cells that endogenously express high levels
of CXCR4, were kindly provided by the group of Anette G. Beck-Sickinger, Leipzig University and stored in

liquid nitrogen.

Table 1: Consumable Materials

Consumable Materials Company

1 mL Syringe B. Braun, Sempach, Switzerland

10 mL Syringe B. Braun, Sempach, Switzerland

5 mL Syringe B. Braun, Sempach, Switzerland

26 G/27G Needle B. Braun, Sempach, Switzerland

0.2 mL Strip Tubes Biozym Scientific GmbH, Hessisch Oldendorf, Germany
0.5 mL Safe-Lock Tubes Eppendorf, Hamburg, Germany

1.5 mL Safe-Lock Tubes Eppendorf, Hamburg, Germany

2 mL Safe-Lock Tubes Eppendorf, Hamburg, Germany

15 mL Falcon BD Falcon (Corning), Heidelberg, Germany
15 mL Flip-Cap Greiner Bio-One, Frickenhausen, Germany
50 mL Falcon BD Falcon (Corning), Heidelberg, Germany
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50 mL Flip-Cap

12-Well Plate

5 mL Reaction Tube
6-Well Plate

APC counting beads

Cell Strainer
Costar®Stripette® 10 mL
Costar®Stripette® 25 mL
Costar®Stripette® 5 mL
Costar®Stripette® 50 mL
Cover Slides

Cryomold

Cryotube

Dako Pen

EDTA Tube

False bottom tube
Feather microtome blade R35
Feather Scalpel No.11
Filter paper MN 640W

Histogrid

MicroAmp® Fast 96-Well Reaction Plate

(0.2 mL)
MicroAmp® Optical Adhesive Film

Microscope KP slides adhesive
Petridish (6 cm)

Pipette filter tip (0.1-20 L)
Pipette filter tip (1000 pL)
Pipette filter tip (100-1000 uL)
Pipette filter tip (10-200 L)
Pipette filter tip (200 pL)
Pipette tip (0.1-20 pL)

Pipette tip (100-1000 pL)
Pipette tip (10-200 pL)

Prefilled 2.0 ml tubes, Stainless Steel

Greiner Bio-One, Frickenhausen, Germany

BD Falcon (Corning), Heidelberg, Germany

BD Falcon (Corning), Heidelberg, Germany

BD Falcon (Corning), Heidelberg, Germany

BD Bioscience, New Jersey, US

Corning, Corning, US

BD Falcon (Corning), Heidelberg, Germany

BD Falcon (Corning), Heidelberg, Germany

BD Falcon (Corning), Heidelberg, Germany

BD Falcon (Corning), Heidelberg, Germany

Carl Roth GmbH + Co KG, Karlsruhe, Germany
Sakura Finetek, Leiden, Netherlands
Thermo-Fisher Scientific, Schwerte, Germany
Dako, Glostrup, Denmark

Sarstedt, Nimbrecht, Germany

Life Technologies (Roche), Darmstadt, Germany
pfm medical, Cologne, Germany

Feather, Osaka, Japan

Macherey-Nagel GmbH+Co.KG, Diren, Germany
Sarstedt, Nimbrecht, Germany

Life Technologies, Darmstadt, Germany

Life Technologies, Darmstadt, Germany
Klinipath B.V. (VWR), Duiven, Netherlands
Sarstedt, Nimbrecht, Germany
Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

Starlab, Hamburg, Germany

Biozym Scientific GmbH, Hessisch Oldendorf, Germany
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Table 2: Diets

Diet

Mixture

Manufacturer

Chow diet (standard diet for
rodents)

MCD Diet (methionine-choline
deficient diet)

Western diet (high cholesterol,
high fat diet)

66 kJ % carbohydrates, 23 kJ %
protein, 11 kJ % fat

64 kJ % carbohydrates, 14 kJ
protein, 22 kJ % fat

43 kJ % carbohydrates, 15 kJ %
protein, 42 kJ % fat, + 1.25%
cholesterol

Ssniff-Spezialdidten GmbH,
Soest, Germany
Ssniff-Spezialdidten GmbH,
Soest, Germany

Ssniff-Spezialdidten GmbH,
Soest, Germany

Table 3: Chemicals and reagents

Chemicals Company

Thermo-Fisher Scientific (GibcoTM), Schwerte,
Germany
Sigma Aldrich, Munich, Germany

2-Mercaproethanol

4',6-Diamidino-2-Phenylindole (DAPI)

7-Aminoactinomycin D (7-AAD) Sigma Aldrich, Munich, Germany

Acetic acid Applichem GmbH, Darmstadt, Germany

Antibody diluent for IHC (B1-31CW) medac GmbH, Wedel, Germany

Bovine serum albumin (BSA) Sigma Aldrich, Munich, Germany

Calcium chloride dihydrate (CaCl, - 2H,0) Sigma Aldrich, Munich, Germany

Carbon tetrachloride (CCly) Merck, Darmstadt, Germany

Chloramine T Sigma Aldrich, Munich, Germany

Citric acid monohydrate (CsHsO7 - H,0) Sigma Aldrich, Munich, Germany

Collagenase D Worthington Biochemical Corp., Lakewood NJ, US

DEPC-treated water Thermo-Fisher Scientific (InvitrogenTM),
Schwerte, Germany

Diethylnitrosamine (DEN) Sigma Aldrich, Munich, Germany

Dimethylaminobenzaldehyde Sigma Aldrich, Munich, Germany

Disodium hydrogen phosphate dihydrate
(NazHPO, - 2H,0)
Dimethyl sulfoxide (DMSQ)

Sigma Aldrich, Munich, Germany

Sigma Aldrich, Munich, Germany

DNase | Sigma Aldrich, Munich, Germany

Dulbecco’s phosphate buffered saline (DPBS) Pan Biotech, Aidenbach, Germany

Ethylenediaminetetraacetic acid (EDTA) pH 8 Sigma Aldrich, Munich, Germany
Eosin Y solution Sigma Aldrich, Munich, Germany
Epredia™ DAB Quanto Detection system Thermo-Fisher Scientific, Schwerte, Germany
Ethanol 99% Otto Fishar GmbH & Co. KG, Karlsruhe, Germany

Ethanol denatured (70%, 99%) Carl Roth GmbH & Co. KG, Karlsruhe, Germany
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Fetal Bovine Serum (FBS)

Formalin (4%), methanol stabilized
Glucose (CeH1206)

Glucose 5% solution

Hanks’ balanced salt solution (HBSS)
Hematoxylin

Hydrochloric acid (HCl) 37%
Hydrogen peroxide H,0, 30%
Hydroxyproline

Image-iT FX Signal Enhancer

immPRESS® HRP Horse Anti-Rabbit IgG Polymer
Detection Kit
InVivoMADb anti-mouse PD-1 Clone RMP1-14

InVivoMADb rat 1gG2a Isotype ctrl
Isoflurane

Isopropanol

LUNARIS™ Mouse 12-plex chemokine Kit
Lysis Buffer (10x)

Magnesium chloride hexahydrate (MgCl; - 6H,0)
Magnesium sulfate heptahydrate (MgSO, - 7H,0)
Normal goat serum

Normal horse serum 2.5%

Normal rabbit serum

Normal rat serum

NOX-A12

Nycodenz

Penicillin Streptomycin

Perchloric acid (HCIO4) 70%

Pharm Lysis Buffer (10x)

Picric acid (CsH3N307) 1.2%

Poly-D-Lysin

Potassium chloride (KCl)

Potassium dihydrogen phosphate (KH2PO4)
PowerUP SYBR©O Green PCR MasterMix

gPCR-Primers

Pan Biotech, Aidenbach, Germany

Sigma Aldrich, Munich, Germany

Sigma Aldrich, Munich, Germany

B. Braun, Sempach, Switzerland

Pan Biotech, Aidenbach, Germany

Dako, Glostrup, Denmark

Applichem GmbH, Darmstadt, Germany

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma Aldrich, Munich, Germany
Thermo-Fisher Scientific, Schwerte, Germany

Vector laboratories, Newark, California, US

BioXcell, Lebanon NH, US

BioXcell, Lebanon NH, US

AbbVie Deutschland GmbH, Wiesbaden, Germany
Applichem GmbH, Darmstadt, Germany
AYOXXA Biosystems GmbH, Kéln, Germany
eBioScience, San Diego, US

Applichem GmbH, Darmstadt, Germany
Merck, Darmstadt, Germany

Thermo-Fisher Scientific, Schwerte, Germany
Vector laboratories, Newark, California, US
Invitrogen, Waltham, US

Invitrogen, Waltham, US

Noxxon Pharma, Berlin, Germany
Axis-Shield, Oslo, Norway

Pan Biotech, Aidenbach, Germany

Sigma Aldrich, Munich, Germany
eBioscience, San Diego, US

Applichem GmbH, Darmstadt, Germany
Thermo-Fisher Scientific, Schwerte, Germany
Sigma Aldrich, Munich, Germany

Merck, Darmstadt, Germany

Life Technologies, Darmstadt, Germany

Eurofins Genomics GmbH, Ebersberg, Germany

27



Materials and Methods

Recombinant Mouse CXCL12 (SDF-1alpha, carrier-

free)
Reverse NOX-A12

RNASolv® Reagent

Roti® Histokitt

RPMI-1640

Sera from mouse

Sera human

Sirius red F3b

Sodium acetate trihydrate (CH3COONa - 3H,0)
Sodium chloride (NaCl)

Sodium chloride (NaCl) 0.9%

Sodium dihydrogenphosphate hydrate (NaH,PO;, -

2H,0)

Sodium dodecylsulfate (SDS) 10%

Sodium hydrogencarbonate (NaHCO3)
Sodium hydroxide (NaOH)

Sodiumazide (NaNs)

Stacking Gel Buffer (0.5 M Tris HCI, pH 6.8)
Tissue-Tek O.C.T Compound

Transcriptor First Strand cDNA Synthesis Kit
Tween-20

Universal HIER Buffer (10X)

VectaMount AQ Aqueous Mounting Medium
Vitroclud

Xylene

Biolegend

NOXXON Pharma, Berlin, Germany

Omega Bio-tek, Inc. Norcross, GA, US

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Pan Biotech, Aidenbach, Germany

Sigma Aldrich, Munich, Germany

Sigma Aldrich, Munich, Germany

Waldeck GmbH + Co. KG, Mlinster, Germany
Sigma Aldrich, Munich, Germany

Sigma Aldrich, Munich, Germany

B.Braun, Sempach, Switzerland

Sigma Aldrich, Munich, Germany

Rockland Immunochemicals, Inc.Philadeplphia,

USA
Sigma Aldrich, Munich, Germany

Merck, Darmstadt, Germany

Sigma Aldrich, Munich, Germany

Bio-Rad Laboratories Inc., Hercules California, US
Sakura Finetek, Leiden, Netherlands

Life Technologies (Roche), Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Abcam, Cambridge, UK

Vector laboratories, Newark, California, US

R. Langenbrick GmbH, Emmendingen, Germany

Applichem GmbH, Darmstadt, Germany

Table 4: Media and reagents

Buffer / reagent Ingredients
3% H,0, ddH,0 + 3% H,0,
6N HCI 600 mL acetic acid (37%), 40 mL ddH,0

Acetic acid 0.5%

Antibody stripping buffer

BB4 (blocking buffer)
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ddH,0 + 0.5% glacial acetic acid

675 pL ddH,0 + 125 uL 0.5 M Tris-HCL pH6.8 +
200 plL SDS (10%)
1X-DPBS + 2% sera human, 2% sera mouse, 2%

normal rat serum, 2% BSA
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Buffer A (hydroxyproline assay) 3.4 g NaOH, 3.4 g CcHgO7 - H20, 12 g CH3;COONa -
3H,0, add 100 mL ddH;0, adjust to pH6

Buffer B (hydroxproline assay) 7.8 mL Buffer A, 12 mL isopropanol, 6.6 mL ddH,0

Chloramine T-solution 0.12 g Chloramine T + 20 mL Buffer B

DAPI (stock solution) 20 mg/mL DAPI in ddH>0

Digestion medium-A HBSS + 0.1% BSA + 0.1% NaN3

Digestion medium-B RPMI + 0.1% BSA + 0.1% Penicillin + Streptomycin

Digestion stopping buffer HBSS +0.1% BSA + 2 mM EDTA

DNase | 1X-DPBS + 1 mg /mL DNase |

EDTA 100 uM ddH,0 (Millipore) + 0.5 M EDTA

EDTA buffer pH9 (antigen retrieval buffer) ddH,0 + 10 mM TRIS, 1 mM EDTA, 0,05% Tween-
20; adjusted to pH9

Ehrlich reagent 1.8 g Dimethylaminobenzaldehyde, 15.6 mL
isopropanol, 4.8 mL perchloric acid (50%)

FACS Buffer 1X-DPBS + 0.1% BSA + 2 mM EDTA + 0.1% NaN3

Gey's balanced salt solution (GBSS) 370 mg KCl, 225 mg CaCl,*2H,0, 991 mg glucose,

30 mg KH2PO4, 210 mg MgCl, - 6H,0, 70 mg
MgSO;, - 7H,0, 75 mg NaH,PO4 - 2H,0, 227 mg
NaHCOs, in a final volume of 1 L ddH,0

Lysis buffer ddH,0 + 1/10 10X Lysis buffer

NGS 2% 1X-DPBS + 2% NGS

Nycodenz stock solution 2 g Nycodenz +7 mL GBSS per sample

PBS-1% BSA antibody diluent 1X-DPBS + 1% BSA

PBS-T buffer 1X-DPBS + 0.1% Tween-20

Sirius red staining solution 250 mL picric acid (1.2%) + 0.25 g Sirius red,
adjust to pH = 2 with NaOH

Triton-X 0.025% buffer 1X-DPBS + 0.025% (v/v) Triton-X

Universal HIER buffer 1X ddH,0 + 1/10 10X Universal HIER buffer

Washing buffer (immunohistochemistry) ddH,0 + 20 nM Tris + 150 nM NacCl + 0.05%
Tween-20

Table 5: Antibodies for flow cytometry

Antibody Clone Company Dilution
anti-mouse CD107a-FITC 1D4B BD 1:400
anti-mouse B220-PerCp-Cy5.5 RA3-6B2 BD Biosciences 1:400
anti-mouse CD115-PE AFS98 eBioscience 1:400
anti-mouse CD11b-eFluor 450 M1/70 eBioscience 1:400
anti-mouse CD11b-eFluor BV421 M1/70 eBioscience 1:400
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anti-mouse CD11c -BV510
anti-mouse CD138-BV711
anti-mouse CD146-Alexa Fluor 488
anti-mouse CD178-PerCp-eFluor710
anti-mouse CD19-FITC

anti-mouse CD19-Alexa Fluor 700
anti-mouse CD1d-BV510
anti-mouse CD25-PerCp-Cy5.5
anti-mouse CD301-Alexa Fluor 488
anti-mouse CD31-APC

anti-mouse CD3-APC

anti-mouse CD4-V450

anti-mouse CD45-APC-Cy7
anti-mouse CD45-BV510
anti-mouse CD68 unlabeled
anti-mouse CD69-PerCp-Cy5.5
anti-mouse CD80-PE

anti-mouse CD8a-BV711
anti-mouse CXCR4-PE

anti-mouse F4/80-PE-Cy7
anti-mouse y8TCR-APC
anti-mouse Gr1 (Ly6C)-PerCp-Cy5.5
anti-mouse IgD-PE-Cy7
anti-mouse IgM-FITC

anti-mouse Ly6G-Alexa Fluor 700
anti-mouse MCH-II-FITC
anti-mouse MHC-II-PE

anti-mouse MHC-ll-eFluor 450
anti-mouse MHC-II-BV421
anti-mouse NK1.1-PE

anti-mouse NK1.1-APC-Cy7
anti-mouse PD-1-PE

anti-mouse PD-L1-PE

anti-mouse SiglecF-BV421
anti-mouse TCRb-PerCp-Cy5.5

HL3

281-1
ME-9F1
MFL3

1D3

HK1.4

1B1

PC61
MCA2392A488T
MEC 13.3
145-2C11
RM4-5
30-F11
30-F11
FA-11
H1.2F3
16-10A1
53-6.7
L276F12
BM8

GL3
RB6.85C
11.26¢c.2a
eB121-15F9
1A8
M5/114.15.2
AF6-120.1
M5/114.15
M5/114.15.2
PK136
PK136

143

NIH5
E50-2440
H57-597

BD Biosciences
Biolegend
Biolegend
eBioscience
BD Biosciences
Biolegend

BD Biosciences
BD Biosciences
BioRad

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend
eBioscience
eBioscience
Biolegend
Biolegend
eBioscience
Biolegend

BD Biosciences
Biolegend
eBioscience
BD Biosciences
Biolegend

BD Biosciences
Invitrogen
Biolegend

BD Biosciences
Biolegend
eBioscience
eBioscience
BD Biosciences

Biolegend

1:400
1:200
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:200
1:400
1:200
1:200
1:400
1:400
1:400
1:400
1:100
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
1:400
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anti-mouse TCRb-PE-Cy7 H57-597 eBioscience 1:400
Table 6: Primary antibodies (unconjugated) used in immunohistochemistry
Antigen Host Clone Company Dilution
aSMA Mouse 1A4 Agilent 1:400
B220 Rat RA3-6B2 Biolegend 1:200
CD146 Rat ME-9F1 Biolegend 1:100
CD4 Rat 45SM95 ThermofFisher 1:400
CD8 Rat 45M15 ThermoFisher 1:200
CK19 Rat TROMA-III Developmental Studies  1:400
Hybridoma Bank
CLECAF Rat 370901 R&D 1:1000
Collagen | Rabbit polyclonal Abcam 1:500
Collagen IV Rabbit polyclonal Abcam 1:500
CXCR4 Rabbit EPUMBR3 Abcam 1:500
Desmin Rabbit polyclonal Abcam 1:500
F4/80 Rat BMS Dianova 1:200
IBA1 Rabbit polyclonal VWR 1:1000
Ki67 Rabbit SP6 Abcam 1:500
LYVE-1 Rabbit polyclonal Abcam 1:200
Myeloperoxidase Rabbit EPR20257 Abcam 1:1000
Na:K-ATPase Mouse 464.6 Abcam 1:400
PCNA Mouse PC10 Abcam 1:10000

Table 7: Secondary antibodies (fluorophore-conjugated) used in immunohistochemistry

Antibody

Conjugate

Company

Goat anti-rat

Goat anti-mouse
Goat anti-rabbit
Goat anti-rabbit

Goat anti-rabbit

Alexa Fluor 647
Alexa Fluor 488
Alexa Fluor 555
Alexa Fluor 647
Alexa Fluor 750

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

ThermoFisher

Table 8: Primers

Target

Forward primer (5’ - 3’)

Reverse primer (5’ - 3’)
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18S AACTTTCGATGG TAGTCGCCGT
Acta2 CTT CGT GACTACTGCCGA GC
Angl TTG AGA CCC AGG TACTAA ATC
Ang2 TGG CTG ATG AAG CTG GAG

B2m TTCTGG TGCTTG TCT CAC TGA
Collal TCT GAC TGG AAG AGC GGA GAG
Cxcli2 CAG CCG TGC AAC AAT CTG AA
Ctgf GGG CCTCTTCTG CGATITC
Cxcrd GAG GCCAAG GAAACTGCTG

Id1 CCT AGCTGT TCG CTG AAG GC
II-10 ATA ACT GCA CCCACT TCC CA

-6 GAA CAA CGATGATGCACT TGC
Ki67 CTG CCT GCG AAG AGAGCATC
Mmp2 GGCTTCTGT CCT GAC CAAGGATA
Mmp9 GCC GCT CCT ACT CTGCCTGC

Tgfb GCT CGCTTT GTACAACAGCACC
Thbs1 AAA CCG ATT TCC GAC AATTCC
Timp1 TGC AAT GCA GAC GTA GTG ATCAG
Timp2 CTG CAA CTC GGA CCT GGT CAT A
Tnfa AAT GGCCTCCCT CTCATCAGTT
Vegfa GAG CTCATG GACGGGTGAG

TCCTTG GAT GTG GTAGCCGTTT
AGG TGG TTT CGT GGATGCC
TTCATT TGT CTG TTG GAG AAG
CAA GCT GGT TCCAAT CTCTATC
CAG TAT GTT CGG CTT CCCATTC
GGC ACA GACGGCTGA GTAGG
GAG CCAACG TCAAGCATCTG
ATC CAG GCA AGT GCATTG GTA
GCG GTC ACA GAT GTA CCT GTC
GTA GAG CAG GACGTT CACCT
GGG CAT CACTTCTACCAG GT
TCC AGG TAG CTATGG TACTCC
AGCTCCACTTCG CCTTTT GG
GCT CCT GGATCCCCTTGATGTC
CTA CGG TCG CGT CCA CTC GG
GCG GTC CACCATTAG CACG
CAT CAT AACCTA CAG CAAGTCC
GGC CGT GTA GAT AAA CTC GAT GTC
TGT AGG CGT ACCGGATATCTG C
CCACTT GGT GGT TTG CTA CGA
CTGGGACCACTITGGCATG G

Table 9: Devices

Device Company

accu-jet® Pro pipette controller Brand GmbH & Co. KG Wertheim, Germany
BD LSR Fortessa BD Biosciences, San Jose, US

Bead bug Microtube homogenizer D1030-E Benchmark Scientific, Sayreville NJ, US
BioPhotometer Eppendorf, Hamburg, Germany
Centrifuge 5417 D Eppendorf, Hamburg, Germany
Centrifuge 5427 R Eppendorf, Hamburg, Germany
Centrifuge 5810 R Eppendorf, Hamburg, Germany

Cubis® micro scales Sartorius, Gottingen, Germany

Cytek Aurora 3 Cytek Biosciences, Fremont, US
Heidolph Polymax Heidolph Instruments GmbH & CO. KG,

Schwabach, Germany

32



Materials and Methods

Heracell®

Heraeus™ Megafuge 1.0 R

KS 4000 i control

LabGard ES NU-545 Biosafety Cabinet
Leica Z16 APO

Microtome RM2255
Multichannel pipette (20-200uL)
NanoDrop One/One®

peqSTAR 2X Thermocycler
Pipette (0.1- 2.5 L)

Pipette (0.5-10 pL)

Pipette (10-100 pL)

Pipette (200-1000 uL)

Pipette (20-200 pL)

QuantStudioTM 3 Real-Time gPCR System

Quintix® precision scales
Slide staining set

StainTray™ Slide Staining System

Thermomixer F1.5
Water bath JULABO TW
Zeiss Axio

Zeiss Axio Observer 71

Zeiss Observer 7

Thermo-Fisher Scientific, Schwerte, Germany
Thermo-Fisher Scientific, Schwerte, Germany
IKA® -Werke GmbH & CO. KG Staufen, Germany
NuAire, Plymouth, US

Leica Microsystems GmbH, Wetzlar, Germany
Leica Biosystems GmbH, Wetzlar, Germany
Eppendorf, Hamburg, Germany
Thermo-Fisher Scientific, Schwerte, Germany
Peglab (VWR), Erlangen, Germany
Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany
Thermo-Fisher Scientific, Schwerte, Germany
Sartorius, Gottingen, Germany

Bio-Optica, Milano, Italy

Simport Scientific, Saint-Mathieu-de-Beloeil,
Kanada
Eppendorf, Hamburg, Germany

JULABO GmbH, Seelbach, Germany
Carl Zeiss Optics, Jena, Germany
Carl Zeiss Optics, Jena, Germany

Carl Zeiss Optics, Jena, Germany

Table 10: Software

Software Version Provider

Biorender Biorender, Toronto, Canada

Cell Profiler 42.1 Open Source (166)

FUI (Imagel) 1.53t Open Source (167)

BioTek Gen5 3.0 Agilent, Santa Clara, CA, US

Flowlogic 8.7 Inivai Technology, Mentone VIC, Australia
GraphPad Prism 9.5.1 GraphPad Software,Boston, MA, US
Ilastik 1.3.3 Open Source (168)

QuPath 0.4.3 Open Source (169)
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ZEN blue edition 33 Carl Zeiss, Oberkochen, Germany

2.2. Methods

2.2.1 Mouse models of liver fibrosis

Chronic CCl4 injections

Carbon tetrachloride (CCls) is a hepatotoxin that causes fulminant liver inflammation and, after repetitive
exposure, robust fibrosis in the liver. After injection, CCls is metabolized in hepatocytes leading to the
formation of reactive trichloromethyl (CCls) radicals. CCls; radicals mediate cytotoxic effects and induce a
massive demise of hepatocytes. DAMPs released by dying hepatocytes activate local immune cells (e.g.,
Kupffer cells), which release cytokines and chemokines and trigger an inflammatory response. This is
followed by a regenerative phase of hepatocyte proliferation which peaks around 48 h after the CCly
injection. The histological manifestation of liver fibrosis can be observed after around 6 weeks of repetitive
CClg injections. (170, 171) To induce sterile liver inflammation and fibrosis, male 8-week-old C57BL/6 mice
received over a time period of 8 weeks biweekly intraperitoneal (i.p.) injections of 50 uL CCls (0.5 mL/kg

bodyweight) diluted in corn oil.

Methionine- and choline-deficient diet (MCD)

Feeding mice a diet deficient in methionine and choline quickly and reproducibly induces steatohepatitis
and fibrosis that — regarding certain aspects - resembles the human NASH. The MCD diet contains high
amounts of sugar and is moderately enriched in fat, but lacks methionine and choline, which are essential
components for the synthesis of phosphatidylcholine. Phosphatidylcholine is a phospholipid involved in the
secretion of triglycerides and the formation of very low-density lipoprotein (VLDL), and its absence leads
to a strong accumulation of lipids in hepatocytes causing oxidative stress, damage to mitochondrial DNA,
and subsequently injury and death of hepatocytes, resulting in liver inflammation. However, the MCD diet
does not reflect other important aspects of the human NASH pathology, such as insulin resistance or
obesity. (171) Mice were placed on the MCD diet for 7 weeks, starting at 8 weeks of age. The body weight

and overall status of the mice were recorded at least once a week during the whole feeding period.

2.2.2 Liver cancer models

DEN model

Diethylnitrosamine (DEN) is a carcinogen widely used to induce HCC in rodents. DEN causes random DNA
mutations through DNA alkylation. In addition, metabolic activation of DEN by cytochrome P450 generates
ROS that induce cell damage and cell death. When injected into male mice less than 2 weeks of age during
a phase of active hepatocyte proliferation, a single dose of DEN is sufficient to induce neoplastic lesions
that develop to HCC within 10 months. (172) Male mice were injected intraperitoneally with a single dose

of 25 mg/kg bodyweight DEN diluted in saline at an age of 14 days.
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DEN + CCls model

The majority of human HCC develop in a fibrotic or cirrhotic liver in the presence of chronic liver
inflammation. The combination of a single dose of DEN with repeated injections of CCls mimics the human
etiology of HCC development in an inflamed fibrotic/cirrhotic liver and accelerates tumor growth. (173) To
induce liver tumors in a fibrotic/cirrhotic microenvironment, 14-day-old male mice received a single dose
of DEN as described above and were subjected to 10 or 16 weeks of biweekly intraperitoneal injections

with 50 pL of 0.5 mL/kg bodyweight CCl, diluted in corn oil, starting at an age of 8 weeks.

DEN + Western diet model

NAFLD and its progredient form NASH are important drivers of HCC, even in the absence of cirrhosis. (4)
To induce NAFLD-associated hepatocellular tumors, mice were injected with a single dose of DEN (see
above) and, starting at an age of 8 weeks, fed a high-fat, high-sugar, and high-cholesterol Western diet
(WD) for 16 weeks. In all tumor models, body weight and overall status were monitored and recorded at

least weekly during the additional treatment periods.

2.2.3 Application of NOX-A12 and anti-PD-1

NOX-A12

The Spiegelmer NOX-A12 is a synthetic target-binding oligonucleotide, that binds and neutralizes CXCL12
with high specificity. Designed to bind to a region of the chemokine that does not vary between the
different splice variants, it can be assumed that NOX-A12 inhibits all isoforms of CXCL12. (174) Spiegelmers
are RNA aptamers that are built from non-natural L-nucleotides, which makes them resistant to nucleases
and immunologically passive. An attached polyethylene glycol (PEG)-moiety protects NOX-A12 from rapid
renal clearance, resulting in a high, dose-dependent half-life in the circulation of 40-60 hours in humans.
(175, 176) Reverse NOX-A12, a nonfunctional aptamer built from the reverse RNA-sequence was used as a
vehicle control. NOX-A12 was dissolved in 5% glucose at a concentration of 10 mg/mL and stored at -20 °C
until further usage. For in vivo treatment, NOX-A12 was administered subcutaneously at a concentration

of 20 mg/kg bodyweight 3x per week. The same procedure was followed with reverse NOX-A12.

Anti-PD-1
Anti-PD-1 antibody (clone RMP1-14) was administered intraperitoneally biweekly at a dose of 100 pg

diluted in NaCl. An 1gG2a isotype was used as control at the same concentration.

2.2.4 Cell isolation and sample preparation

To harvest and investigate the organs, mice were euthanized by an overdose of isoflurane. Cardiac blood
was collected by heart puncture and kept in a tube coated with EDTA on ice. The liver was perfused with
1X-DPBS and, for tumor bearing livers, pictures were taken. Liver tissue from the left lateral lobe was
preserved in 4% formalin for histopathology, snap frozen in liquid nitrogen for protein and RNA analyses

or embedded in Tissue-Tek O.C.T. Compound before freezing and storage at -80 °C. Tumor bearing livers
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were cut at representative sites with tumors and preserved in 4% formalin and Tissue-Tek. Tumor tissue
from several tumors was pooled and snap frozen for RNA analyses. The remaining liver was weighed, and
further used for the isolation of immune cells and flow cytometry analysis.

From the blood, 50 pL was transferred to a 5 mL reaction tube for flow cytometry staining and erythrocytes
were lysed by adding 1 mL of lysis buffer and incubating for 10 min at 4 °C. Lysis was stopped with 2 mL
cold 1X-DPBS, centrifuged at 450 rcf, and the cell pellet stored at 4 °C until staining. The remaining blood
was centrifuged at 10,000 rcf at 4 °C for 10 min. After centrifugation, the supernatant, consisting of blood
plasma, was collected. 20 pL of the plasma were diluted with 180 pL cold 1X-DPBS in a false bottom tube
and given to the central laboratory of the University Hospital RWTH Aachen for the measurement of several

serum markers using standard methods (see 2.2.9.). The remaining blood plasma was stored at -80 ° C.

For the standard hepatic immune cell isolation protocol, the gallbladder was removed, and the liver was
placed in 3 mL digest medium-A on ice and cut into small pieces. To dissociate the liver tissue, 300 uL
collagenase D were added, followed by an incubation at 37 °C for 40 min. Collagenase D enzyme breaks
down the extracellular matrix responsible for cell adhesion in tissues, resulting in the liberation of individual
cells. In-between the collagenase digestion, the remaining pieces of liver tissue were mashed by a syringe
piston. EDTA-containing digest stopping buffer was added at the end of the incubation time. As collagenase
requires Ca®* and Mg?* as co-factors, adding EDTA, a metal-ion chelating agent, inhibits the enzyme and
stops the digestion. The digested liver was then gently pushed through a cell strainer using a 10 mL syringe
piston to obtain a single cell suspension. The cell suspension was centrifuged at 470 rcf for 5 minat4 ° C
and the supernatant discarded. Afterwards the cells were resuspended in FACS buffer and left for 40 min
at 4 °C to allow the larger and heavier hepatocytes to sediment. Subsequently, the supernatant was
additionally centrifuged at 18 rcf for 5 min at 4 °C. The supernatant containing the leukocytes was
transferred to a new tube and centrifuged at 470 rcf for 5 min at 4 °C. To remove remaining erythrocytes
2 mL of cold lysis buffer was added for 15 min at 4 °C. The lysis process was interrupted by adding 4 mL of
1X-DPBS then performing a 5-minute centrifugation step at 470 g at 4 °C. The supernatant was removed,
and the cells were distributed into 5 mL reaction tubes for different staining panels. The tubes were kept
at 4 °C before staining.

For the optimized protocol, allowing to isolate LSECs, some changes were made to the original protocol.
After removing the gallbladder, the liver was minced and placed in 4.5 mL Digest medium B in a 50 mL
Falcon tube. 500 uL collagenase D was added and the mix was incubated at 37 °C for 40 min. After 20 min,
200 pL of a 1 mg/mL DNase | solution was added, and the mix was shaken every 5 min to further dissociate
the tissue. The digestion was stopped by adding 5 mL of cold digest stopping buffer and homogenized by
repeatedly aspirating with a 10 mL pipette. The dissociated tissue was then flushed through a 70 um cell
strainer into a new 50 mL tube, using a piston to gently push remaining cell aggregates through the mesh.

1X-DPBS was added to up 50 mL and the cell suspension was centrifuged twice at 50 rcf for 1 min at 4 °C,
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each time keeping the supernatant and discarding the pellet containing hepatocytes and debris. The
supernatant then was centrifuged at 600 rcf for 10 min at 4 °C. The supernatant was removed, and the
pellet resuspended in 30 mL cold 1X-DPBS. After another centrifugation step at 470 rcf for 10 min at 4 °C,
the cells were purified by a density gradient. For this purpose, the pellet was resuspendend in 6.3 mL of
iohexol (Nycodenz) gradient (2 g Nycodenz dissolved in 7 mL GBSS) and filled up to 10 mL with 1X-DPBS to
obtain an 18% gradient. The cell-gradient suspension was then carefully underlayered under 6 mL of cold
HBSS + 0.1% BSA in a 50 mL Falcon and centrifuged without brake at 1400 rcf for 22 min at 4 °C. After the
centrifugation, leukocytes and endothelial cells were condensed in a milky layer at the interphase between
the gradient and the top layer, while erythrocytes and hepatocytes were in a pellet at the bottom of the
tube. The milky layer was collected, washed with 30 mL cold 1X-DPBS, and spun down at 470 rcf for 10 min
at 4 °C, to remove remaining Nycodenz. The supernatant was removed, and the cell pellet resuspended

and divided into 5 mL reaction tubes for different staining panels.

Assessment and calculation of the tumor size

To assess tumor growth, macroscopic images of the liver were taken using a Leica Z16 APO microscope.

The diameter of visible tumor lesions was manually drawn and measured using the ZEN software.

2.2.5 Flow cytometry

Flow cytometry is a technology used for a multiparametric, high throughput analysis of single cells and
particles, allowing for their characterization by size, complexity, and the expression of fluorescently tagged
molecules. Cells in a suspension are guided through a fluidic system that creates a thin stream allowing
that one cell at a time passes a laser beam at the interrogation point of the flow cytometer’s optical system.
The optical system includes a laser as the light source. When the laser beam strikes a cell the incident light
is scattered. The scattered light can be related to the size of the cell or the granularity of the cell depending
on the angle of detection. Detection at an angle of 0° is termed as forward scatter (FSC) and is correlated
with the cell size, whereas detection at 90° is termed as side-scatter (SSC) and is correlated with the
granularity of the cell. Lasers at different wavelengths can be used to excite multiple fluorophores on a
single cell. The emitted signal is collected and focused by lenses, and guided through optical filters that
allow only certain wavelengths of light to pass through, enabling the detection of a specific signal out of a
spectrum of light by detectors. After detection, the flow cytometry's electronics multiply and digitize the
signal, which is then saved for further analysis. Each detected signal can be analyzed using the area, width,
or height of the voltage peak. Fluorophore-labeled antibodies against specific markers on cells are
commonly used to distinguish cell types and explore their activation status, however, many immune cells
can be differentiated using FSC and SSC alone. A list of the antibodies used in this project is provided in
Table 6. Unless indicated otherwise, the antibodies were used at a concentration of 0.25 pL per sample
(dilution 1:400) and prepared as a mix in BB4 blocking buffer. 20 pL of antibody mix were then added to

the cell suspension and incubated for 20 min at 4 °C protected from light, then 7-AAD was added and
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incubated for further 5 min. When unlabeled primary antibodies together with a secondary fluorescent
antibody were used, they were incubated in two separate steps and washed in-between and before the
antibody mix was added with 2 mL FACS buffer, centrifugation at 470 x rcf, for 5 min at 4 °C. Cells were
then washed once with 2 mL cold FACS buffer, centrifuged at 470 x rcf, for 5 min at 4 °C and kept on ice
until measurement at the LSR Fortessa flow cytometer. To determine absolute cell numbers, 10 uL APC
counting beads were added to each tube. The analysis was done using the software FlowLogic v8.7.
Different gating strategies were used to distinguish between distinct subsets of immune cells in the blood

and liver (Figure 4).
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Figure 4 : General gating strategy for the identification of leukocytes isolated from blood and liver. A) Blood cells were
gated according to their size (FSC-A) and granularity (SSC-A) (1). Doublets were excluded by their high width (FSC-W). Dead
cells were identified using the DNA intercalating dye 7-AAD. From the living cells, leukocytes were identified by their positivity
for the pan-leukocyte marker CD45. B) Gating strategy for myeloid cells. Among live, single leukocytes, neutrophils were
identified by their expression of Ly6G and CD11b. Monocytes are classically defined as CD11b* Ly6G- cells. Eosinophils are
also CD11b* Ly6G™ leukocytes but can be distinguished from monocytes by their high granularity. C) Gating strategy for
lymphocyte populations. T cells (5) are identified by TCRb staining and are further subdivided into CD8* cytotoxic T cells and
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CD4* T helper cells. Within the TCRb- population (6), B cells were identified by CD19 expression and NK cells by NK1.1
expression. D) Liver cells (1) were gated according to their size (FSC-A) and granularity (SSC-A). Doublets were excluded by
their width (FSC-W). Dead cells were excluded, and leukocytes were identified by their positivity for CD45. E) Among
leukocytes, neutrophils were identified by their expression of Ly6G and CD11b. Infiltrated hepatic macrophages are defined
as Ly6G- F4/80* cells. While Kupffer cells typically express high levels of F4/80 and intermediate levels of CD11b, infiltrating
monocyte-derived macrophages express intermediate to high levels of F4/80 but high levels of CD11b. Within the F4/80"
population, dendritic cells were identified by their high positivity for CD11c and MHC-Il. Monocytes were defined as F4/80
CD11b* cells. F) Gating strategy for lymphocyte populations. NK cells and NKT cells express the NK cell marker NK1.1 and can
be distinguished by their expression of the T cell receptor beta (TCRb). NK1.1- TCRb* T cells can be further divided into T
helper cells (CD4* T cells) and cytotoxic T cells (CD8* T cells). Among the TCRb- cells, B cells are identified by their expression
of CD19. Gamma delta T cells (y8T cells) express a y6TCR instead of the more common afTCR and were therefore defined as
TCRb- y6TCR* cells.

2.2.6 Hydroxyproline assay

Hydroxyproline is a major component of collagen and can be measured in a colorimetric assay to quantify
collagen deposition. (177) Frozen liver tissue samples were thawed, weighed, and transferred into a 2 mL
safe-lock reagent tube. 10 uL 6 N HCl per mg liver tissue were added and the samples incubated at 110 °C
for 16 h. In this step, the polypeptides contained in the sample were hydrolytically cleaved into their
individual amino acids. After cooling down, the homogenized sample was filtered through a folded filter
saturated with 6N HCI. From each sample, 15 plL was used in duplicate and mixed with 15 pL methanol in
1.5 mL safe-lock reagent tube. The samples were then concentrated in a vacuum centrifuge at 1300 rpm,
for 1 h at 50 °C. A standard series was prepared in 50% in triplicates to determine the concentration. The
concentrated samples were resuspended in 50 pL of 50% isopropanol. The crystals of the samples were
resuspended with 50 pL of 50% isopropanol. Then 100 pL of 0.6% chloramine-T solution was added to all
samples including the standards, mixed on and incubated for 10 min at room temperature. During this step,
hydroxyproline is oxidized to pyrrole. The addition of Ehrlich's reagent results in a yellow-orange coloration
of the solution after 45 min incubation at 50 °C under agitation, allowing the pyrrole concentration to be
determined by colorimetry. All samples were then pipetted onto a 96-well plate and the absorbance was
measured at a wavelength of 570 nm using a spectrophotometer with Gen5 version 3.0 software. After
subtracting the blank value, a linear regression line was generated with the values of the standard series.

From this, the hydroxyproline concentration of the samples were extrapolated.
2.2.7 RNA Isolation

RNA was isolated from snap-frozen liver tissue using the guanidine isothiocyanate-phenol-chloroform
method, which is based on the differential solubility of RNA, DNA, and other biomolecules in a biphasic
emulsion. The chaotropic salt guanidine isothiocyanate denatures proteins and inhibits RNases, which
otherwise would rapidly digest the RNA. A ready-to-use phenol-guanidine isothiocyanate solution
(RNAsolv® Reagent) was used. Small pieces of liver tissue were transferred into a tube containing metal
beads and phenol and allowed to thaw on ice. Then, the tissue was lysed using a tissue homogenizer at a

speed 4000 for 2x each 30 s, and the lysate transferred into a 2 mL safe-lock tube. 200 puL chloroform were
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added and the samples were vortexed vigorously for 15 s, followed by an incubation for 10 min on ice.
Subsequently, the samples were again vortexed for 15 s and the emulsion centrifuged at 12.000 rcf for 15
min at 4 °C. Thereby, the mixture separates into two distinct phases, a lower organic phase and an upper
aqueous phase, separated by an interphase. While proteins and lipids remain in the organic phase, RNA
dissolves in the aqueous phase. DNA accumulates in the interphase. 500 uL of the upper RNA-containing
phase were carefully pipetted into a new 2 mL safe-lock tube, avoiding the interphase, and placed on ice.
500 puL isopropanol were added to the RNA solution and the sample was inverted to gently mix it.
Isopropanol is used to precipitate and recover the RNA. The samples were incubated for 10 min and then
centrifuged at 12.000 rcf for 10 min at 4 °C. The supernatant was removed, and the RNA pellet washed
with 1 mL 80% ethanol followed by a centrifugation at 7500 rcf for 5 min at 4 °C. The supernatant was
discarded. This step was repeated and, after removing the remaining ethanol, the pellet dried at room
temperature for 10 min. The pellet was then dissolved in 100 pL RNase-free water and transferred into a

fresh tube. The RNA concentration was determined using a NanoDrop.

2.2.8 Quantitative reverse transcription PCR

Reverse transcription quantitative polymerase chain reaction (RT-qPCR or gPCR) is used to detect and
qguantify RNA. This method is based on reverse transcription of RNA by the enzyme reverse transcriptase
into complementary DNA (cDNA), which allows amplification of selected targets by PCR. During PCR,
double-stranded DNA (dsDNA) is amplified in repeated cycles, and the amount of DNA synthesized can be
measured indirectly using fluorescent reporter dyes. 1 ug RNA were transcribed into cDNA using random
hexamer primers. The resulting cDNA was diluted with 200 uL nuclease-free water and used for gPCR using
primer pairs designed to specifically bind and amplify target gene sequences. SYBR™ green, a dsDNA
binding reporter dye was used for the detection and quantification of the amplified DNA during each qPCR
cycle. To determine the relative expression of target genes, the house-keeping genes B2m (encoding for
B2-microglobulin) and 18S (part of ribosomal RNA) were used as internal controls. House-keeping genes
are genes that are needed for the maintenance of cells and are therefore constitutively expressed and

ideally unaffected by different conditions.

Depending on the abundance of mRNA in the tissue, the cDNA contains a higher or lower number of
transcribed copies. During gPCR, the target sequences are amplified exponentially. Depending on the
number of copies of cDNA, a threshold for detection is reached after a certain number of cycles. This
number of cycles required for the fluorescence signal to cross the detection threshold is defined as the Ct
(cycle threshold) value. The Ct values can be used for semi-quantitative analyses. The Ct of the target gene
(x) is normalized to the sample mass by comparing it to the Ct of the housekeeping gene from the same
sample (hkg) resulting in a ACt value (ACt=Ct(x) — Ct(hkg) and allowing for the comparison of experimental
(exp) to control (ctrl) group samples. The relative change in gene expression can be calculated by using the

AACt formula; 2-(ACt(exp)-ACt(ctrl))
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2.2.9 Measurement of serum transaminases

Measurement of serum activity and serum marker concentrations was performed by the central diagnostic
laboratories of the University Hospital RWTH Aachen, using an assay that measures the absorbance of
nicotinamide adenine dinucleotide (NADH) at 340 nm. Alanine aminotransferase (ALT) converts L-alanine
and a-ketoglutarate to pyruvate and L-glutamate. Pyruvate is used by the enzyme lactate-dehydrogenase
(LDH) to oxidize NADH and H+ into lactate, NAD+ and H;0. The declining concentration of NADH can be
determined by measuring the absorbance at 340 nm, and the final concentration of ALT is quantified using
a standard curve. The measurement of GLDH activity and cholesterol concentration is based on an
enzymatic reaction that reduces the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT), resulting in a color change of reduced MTT that can be measured at 565 nm.
2.2.10 Multiplex chemokine assay

Serum chemokines were analyzed with a 12-plex chemokine kit using a LUNARIS™ biochip. The LUNARIS™
system integrates a bead-based multiplexing technique in a plate-based format with an image-based
analysis. Antibody-coated beads are immobilized in a distinct pattern on a planar biochip. After binding of
their respective analyte, secondary antibodies and a fluorescent label are added, and the fluorescence is
detected. (175) The assay was performed according to the LUNARIS™ Mouse 12-Plex chemokine Kit
Handbook Version 07_2018.

2.2.11 Histology

Histology is used to visualize the microscopic anatomy of biological tissues and to examine pathological
changes on preserved tissue. Tissue samples were fixated with 4% formalin for 48 h, and subsequently
dehydrated with ethanol, and finally with the hydrophobic solvent xylene. This step was performed by the
Interdisziplinares Zentrum fir Klinische Forschung (IZKF) facility of the University Hospital RWTH Aachen.
After dehydration, the samples were embedded in paraffin for conservation. For histological analyses, 1-2

um thick sections were cut from the paraffin-embedded tissue and were placed on a microscopy slide.
2.2.12 Hematoxylin and Eosin staining

Hematoxylin and eosin staining (H/E) is used to visualize the histomorphology of tissues, as it can display
both cellular and extracellular components. Hematoxylin is a basic dye that stains acidic structures like
DNA-containing nuclei blue, while the acidic dye eosin stains basic or acidophils structures, such as
cytoplasmic proteins, pink. For H/E staining, sections were pre-warmed for 45 min at 37 °C and then
incubated 3x 10 min in xylene for deparaffinization. The sections were then rehydrated by successive dips
in 100% (2x), 96% (2x), 70% ethanol and deionized water each for 15 s. The slides were then immersed for
5 min in hematoxylin solution and blued in running tap water for 5 min. Then, the sections were

counterstained with eosin solution for 3 min, submerged to 0.5% acetic acid for 3 s and dehydrated by
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successive immersion for 15 s in 70% (2x), 96% (4x) and 100% ethanol. Slides were incubated for 5 min in
xylene and then mounted with hydrophobic mounting medium (Roti Histokitt) and a cover glass.
Microscopic images were obtained by using the Axio® Observer Z1 microscope in the brightfield mode,
with a 10x objective. From fibrotic tissues 4x4 tiles of a representative area were acquired at a 10x

magnification. From tumor-bearing livers, the whole sections were scanned.
2.2.13 Sirius red

Sirius red staining is used to visualize and quantify fibrotic changes in a tissue. Sirius red dye binds to the
triple helix structure of collagens, resulting in a strong red stain. Under polarized light, type | collagen fibers
appear yellow-orange and type Il collagen fibers appear greenish. (178) 2 um thick formalin-fixated
paraffin-embedded (FFPE) sections were deparaffinized in xylene for 2x 5 min. Then the slides were
submerged to 100% ethanol 2x for each 5 min and rehydrated in a series of graded alcohols, 2x 96%, 70%,
and deionized water, each 5 min. The sections were covered with Sirius red staining solution (1 mg/mL
Sirius red in 1.2% picric acid, pH 2) and incubated for 1h at room temperature. The sections were then
immersed in 0.5% acetic acid for 15 seconds and dehydrated in a graded alcohol series of 96% ethanol for
2 min, 100% ethanol 2 x 5 min, and xylene 2 x 5 min. The sections were mounted with Roti Histokitt and a
cover glass. From each section 4x4 tiles of a representative area were acquired at 10x magnification, in
bright field and polarized light, and the positive area of Sirius red was quantified using ImagelJ software.

Large vessels were excluded from the analyzed area.

2.2.14 Immunohistochemistry and immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence (IF) are both immunostaining methods that use
antibodies to detect and visualize antigen targets in tissues. The ability to see the target of interest in a
tissue sample while preserving the spatial context and tissue architecture is the major advantage of
immunostaining. IHC is oftentimes performed on FFPE tissue, as this procedure preserves the tissue
architecture and FFPE tissue can be easily cut into very thin sections. However, as fixation with formalin
causes cross-linking of proteins and masks epitopes for antibody binding, tissue sections must be unmasked
before staining. This step, called antigen retrieval, is usually performed with boiling or heated buffers at
different pH values. Secondary and sometimes tertiary antibodies, designed to bind to the primary (or
secondary) antibody, are often used in IHC and IF because they provide flexibility and signal amplification.

While IHC uses chromogens, IF uses fluorophores to visualize the target.

IHC-staining of Ki67

For IHC staining the slides were deparaffinized in xylene for 3x 10 min and then rehydrated by immersion

in a series of ethanol (2x 100%, 2x 96%, 1x 70%) each 5 min, followed by 5 min in deionized water. The
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slides were then transferred into pre-warmed EDTA buffer pH 9 in a plastic staining cuvette and placed in
a water bath for 30 min at 98 °C, followed by a cooldown for 30 min on the bench. The sections were
outlined with Dako pen and immersed in deionized water. To inactivate endogenous peroxidases the slides
were incubated in 3% H,0; for 10 min and then washed in washing buffer for 3x 5 min. Subsequently, the
sections were blocked with 2.5% normal horse serum and incubated overnight with anti-Ki67 antibody,

diluted 1:2000 in antibody diluent, in a staining chamber.

The following day, the slides and anti-rabbit ImmPRESS reagent were equilibrated to room temperature.
The slides were immersed in washing buffer 3x 5 min and then incubated with anti-rabbit ImmPRESS
reagent for 30 min at room temperature. The ImmPRESS reagent contains a secondary antibody conjugated
to peroxidase micropolymers. Adding a chromogen substrate results in the development of a staining signal
around the bound antibodies. 3,3'Diaminobenzidine (DAB) chromogen was diluted in DAN substrate (1
drop /mL) and applied to the sections for about 60 s and then placed in deionized water. The slides were
washed in deionized water 3x for 2 min. Then the slides were dipped twice in hematoxylin solution and
blued in running lukewarm tap water for 2.5 minutes. Subsequently, the slides were immersed in a series
of ascending ethanol concentrations for each 5 min (1x 70%, 2x 96%, 2x 100%) and incubated in xylene for
3x 5 min. The slides were mounted with Vitroclud and a cover glass. After hardening of the mounting media,
the sections were scanned with the Axio® Observer Z1 microscope in the brightfield mode, with a 10x

magnification. Ki67* nuclei from hepatocytes were counted semi-automatically using QuPath v0.4.3.

Immunofluorescence

For conventional immunofluorescence staining, slides were treated as detailed below (2.2.17); however,
the protocol was stopped after the first image acquisition. Stained areas were segmented using llastik and

FIJI was used for stained area calculation.

2.2.17 Sequential immunofluorescence
Multiplex immunostaining allows for the characterization of the composition and spatial relationships of

immune cells and other cell types on a single FFPE tissue section. Here, a sequential immunostaining
protocol was used that was established and further optimized for the investigation of several cell markers
on individual tumors on liver sections. The technique is based on sequential cycles of immunostaining,
imaging, and chemical removal of the antibodies, followed by digital processing and analysis of the

acquired images (Figure 5). (179)

The multiplex immunostaining protocol was performed on 2 um thick FFPE sections, that were
deparaffinized in xylene for 2x 10 min, followed by successive immersions in 2x 96% ethanol, 80% ethanol,
70% ethanol and 50% ethanol and deionized water for 5 min each. Antigen retrieval was performed in pre-
heated 1X universal buffer for 25 min at 98 °C. After a 30-minute cool-down at room temperature, the
sections were encircled with Dako pen to build a hydrophobic barrier, and rinsed in 1X-DPBS, 3x 2 min. To

reduce autofluorescence, one to two drops of Image-iT FX Signal Enhancer were applied on each section
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and incubated in a staining chamber at room temperature for 30 min. The slides were rinsed in 1X-DPBS
for 3x 2 min, placed in a staining chamber and blocked with 2% normal goat serum (NGS) for 1 h at room
temperature. Primary antibodies from different host species were diluted in 1X-DPBS + 1% BSA at the
indicated concentrations (Table 7) and 100 uL of the antibody mix was applied on each section and

incubated in a staining chamber over night at 4 °C.

The next day, the slides were rinsed in 1X-DPBS, 3x 2 min, a mix of secondary antibodies diluted in 1X-DPBS
+ 1% BSA was applied and incubated in a staining chamber for 1 hour at room temperature. Next, the
sections were rinsed once in PBS-T for 5 min, followed by 1X-DPBS 2x 3 min. 100 pL DAPI, diluted 1/1000
in PBS, were applied and incubated for 5 min at room temperature, followed by submerging the slides in
deionized water for 3x 2 min. The slides were kept in deionized water then mounted with aqueous
mounting medium, and a cover slide 3 min before imaging. The sections were scanned using a Zeiss Axio
Observer Z1 microscope. After imaging, the slides were immersed in deionized water until the coverslips
were detached from the slides. 100 pL antibody stripping buffer were applied to each section and
incubated in a hybridization oven at 56 °C for 1 hour. Subsequently, the slides were washed in PBS-T for 3x
20 min, followed by an antigen retrieval in 1X universal buffer for 15 min at 94 °C. After a 30-minute
cooldown at the bench the slides were washed in 1X-DPBS 3x 2 min and then blocked with 2% NGS for 30
min. A primary antibody mix was applied (see above) and incubated in a staining chamber overnight at 4
°C. The same procedure was repeated on the following days. An overview of the staining panel on each day
is provided in Table 12.

Table 11: Staining panel for sequential multiplex immunofluorescence. Secondary antibodies against the primary

antibody host species were used in the indicated colors: purple = Alexa Fluor (AF)750, red = AF647, orange = AF555, green
= AF488, blue=DAPI.

Host Cycle1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7
species
Mouse Na:K-ATPase aSMA PCNA

Rabbit CXCR4
Rat F4/80 B220 CD8 CLECA4F Cb4 CK19

- DAPI DAPI DAPI DAPI DAPI DAPI DAPI

The scanned images from each day were further processed. Using the ZEN software, a shading correction
and tile stitching was applied to all images and the pictures were exported as grayscale TIFF images. With
the FlJl software the single images from each day were then combined in a hyperstack and the hyperstacks
from each day were concatenated and registered with the FlJI plugin HyperstackReg V5.6. using the DAPI
signal from each day as a reference. The aligned single stain pictures were saved separately. For analysis
binary masks for each marker were generated using the trainable classification software llastik. (179)

Tumor regions were identified by merging cytokeratin 19 (CK19), aSMA, collagen | and collagen IV images.
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While collagen | and IV are abundant in the fibrotic non-tumor tissue, they are virtually absent or distorted
within neoplastic tissue. (60, 180) As tumors and dysplastic nodules have an abnormal vasculature,
resulting from arterial blood supply, they lack portal fields that can be easily identified by CK19* bile ducts
next to aSMA* arteries. (64) Tumor masks were drawn manually in FlIJI and converted into binary masks.
CellProfiler v3.1.9 was used for cell identification, counting, localization, and staining intensity

measurements in each tumor and non-tumor tissue.
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Figure 5: Multiplex immunostaining workflow. A) Formalin-fixed paraffin-embedded (FFPE) liver sections were
deparaffinized, followed by antigen retrieval and immunostaining. After image acquisition, the bound antibodies are stripped
off and the slide can be stained with a set of additional markers. During the following image processing the images from
every step are aligned. Using a semi-automated approach, the positively stained areas are identified and further analyzed.
B) Example of how the tumor regions were defined in DEN + CCls tumor samples, using collagen |, collagen IV, CK19 and
aSMA.

2.2.15 Cell culture and in vitro assays

Cell culture of Jurkat cells

Jurkat cells were stored in RPMI1640 + 10% DMSO + 40% FBS (heat inactivated) in liquid nitrogen. After
thawing, Jurkat cells were cultured in RPMI1640 + 10% FBS at 37 °C at 95% humidity and 5% CO..

CXCR4 activation assay

Cover slides were placed in a 12-well plate and coated with Poly-L-lysin (0.1 mg/mL, 30 min) and washed

twice with 1X-PBS. 4.5 x 10° Jurkat cells in RPMI1640 + 5% FBS were added to each well and allowed to
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settle overnight. CXCL12 (SDFa), NOX-A12, and CXCL12 together with NOX-A12 were pre-incubated for 30
min at 37 °C and then added to the cells. After 15 min incubation at 37 °C, cells were placed on ice and
fixated with 1% formalin for 30 min. The cover slides were washed gently with 1X-DPBS (3x 5 min) and
permeabilized with 0.025 Triton-X in 1X-DPBS for 15 min. After blocking non-specific antibody binding with
2% normal goat serum (NGS), a phospho-sensitive anti-CXCR4 antibody clone (EPUMBR3), binding only to
unphosphorylated but not activated and hence phosphorylated CXCR4, was applied (1:500 in 1X-DPBS+1%
BSA) for 1 h at room temperature. After washing in 1X-DPBS (3x 5 min) cells were stained with a secondary
antibody (goat anti-rabbit, AF647 conjugated), 1 h at room temperature. The cells were washed (3x 5 min
1X-PBS) and counterstained with DAPI for 5 min. After carefully rinsing twice with deionized water, 1 drop
aqueous mounting medium was applied to each cover glass and the cover glass was transferred to a slide.
After drying of the mounting medium, the slides were imaged with the Zeiss Observer 7 microscope with

a 20x magnification.
2.2.16 Statistical analyses

Statistical analyses were done by using the software GraphPad Prism v9.5.1. The data for each group were
presented as scatter plots with a bar indicating their mean value, and the standard deviation (SD) was
indicated by positive error bars. The statistical significance of the difference between two groups was
analyzed by a two-tailed unpaired Student’s t-test. For multiple group comparisons significance between
groups was analyzed by a one-way ANOVA with Tukey’s correction for post-hoc analysis. Significances were

marked in the diagrams as follows: * = p <0.05; ** = p <0.01; *** = p <0.001, ****=p <0.0001.
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3. Results

The following section presents a detailed description of the results obtained. While in the first part,
comprising paragraphs 3.1 -3.4, the role of CXCL12 in chronic liver fibrosis is evaluated, the second part
includes sections 3.5 - 3.7 and addresses how inhibition of CXCL12 alters the stromal and immune
environment of primary liver cancer in a setting of chronic liver disease. In the third section, the impact of
the CXCL12 inhibitor NOX-A12 on liver fibrosis in a toxin- and a diet-induced model of liver injury is
investigated. Subsequently, the impact on immune cells in both conditions is evaluated. The fourth section
briefly describes the influence of CXCL12 inhibition on early recovery after chronic liver injury. Section five
evaluates the overall impact of NOX-A12 on liver tumor growth using two models of inflammation-driven
carcinogenesis that reflect on tumor progression in both a fibrotic/cirrhotic liver and a diet-induced fatty
liver. The impact of CXCL12 inhibition on the fibrotic/cirrhotic tumor-associated immune milieu is further
explored in section six. In section seven, the impact of CXCL12 inhibition on immune cells and the

microenvironment in early NAFLD/NASH-associated tumors is examined.

3.1 Investigation of the impact of NOX-A12 on chronic liver inflammation and fibrosis

3.1.1 NOX-A12 effectively neutralizes CXCL12 and does not induce liver injury

Prior to any in-depth analyses, the functionality of the Spiegelmer NOX-A12 as a CXCL12 neutralizing agent
was confirmed in an in vitro internalization assay. Jurkat cells were incubated for 15 minutes with either
20 nM CXCL12, 50 nM NOX-A12 or 20 nM CXCL12 together with 50 nM NOX-A12. Binding of CXCL12 to
CXCR4 was assessed by using a phospho-sensitive anti-CXCR4 antibody that only binds unphosphorylated
CXCR4. Stimulation with CXCL12 resulted in a rapid phosphorylation and internalization of CXCR4, which
was reflected by a reduced surface staining. This effect was abrogated in the presence of NOX-A12 (Figure
6 A). To further confirm the in vivo functionality and safety of NOX-A12, healthy 6-week-old C57BL/6J
wildtype (WT) mice were injected subcutaneously with either 20 mg/kg body weight NOX-A12 or non-
functional reverse NOX-A12 (revNOX-A12) three times per week. Mice were sacrificed after four weeks,
and liver and blood serum were harvested for further analysis (Figure 6 B). In the serum of NOX-A12 treated
animals highly increased serum levels of CXCL12 were detected, while CXCL12 serum levels in revNOX-A12
treated mice were comparable to untreated controls (Figure 6 C, D). To ensure that CXCL12 inhibition by
NOX-A12 does not have adverse effects, liver histology after treatment with NOX-A12 or revNOX-A12 was
assessed by hematoxylin and eosin (H/E) staining and this showed no sign of inflammation, injury, or
altered microarchitecture (Figure 6 E). Serum levels of alanine aminotransferase (ALT) and glutamate

dehydrogenase (GLDH) were unchanged, indicative of an overall good tolerance of NOX-A12 by the liver
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(Figure 6 F). We thus concluded that NOX-A12 can be used as a CXCL12-neutralizing agent for in vivo

experiments in mice.
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Figure 6: NOX-A12 effectively neutralizes CXCL12 and does not induce liver injury. A) The ability of NOX-A12 to prevent
CXCR4 internalization was assessed. Staining of CXCR4 on Jurkat cells after stimulation with CXCL12, NOX-A12 or CXCL12 +
NOX-A12. Representative images from multiple experiments. B) Experimental outline. Healthy six-week-old mice were
treated with NOX-A12 or reverse NOX-A12 (revNOX-A12) three times per week for four weeks. Mice were euthanized and
liver and blood serum were collected. C-D) Serum levels of CXCL12 were analyzed using a protein chip microarray. Heatmap
of the mean fluorescence intensity of CXCL12 (C) and quantification of the CXCL12 serum concentrations (D). # Note: In some
samples, the serum CXCL12 concentration exceeded the concentration of the highest reference control, therefore values
were limited to the highest calculable concentration. E) Hematoxylin and eosin (H/E) staining of liver sections from untreated
mice or mice subjected to four weeks NOX-A12 or revNOX-A12 treatment. F) Serum levels of alanine aminotransferase (ALT)
and glutamate dehydrogenase (GLDH). Error bars represent mean +/- S.D. As some data points were either above or below
detection limits no statistical analysis was performed.

3.1.2 NOX-A12 does not affect overall chronic liver inflammation and fibrosis induced by CCls4
injections or MCD diet.

To investigate the effects of CXCL12 inhibition and the potential therapeutic value of NOX-A12 in chronic
liver disease, two experimental models of liver inflammation were used: a model of toxic liver injury and
fibrosis induced by repeated injections of the hepatotoxin carbon tetrachloride (CCls), which recapitulates
several aspects of human liver fibrosis, and a methionine-choline-deficient diet (MCD) model, which

reflects characteristics of NASH. (171)

8-week-old C57BL/6 wildtype mice were subjected to biweekly intraperitoneal injections with CCl4 for eight
weeks. Over this time course, NOX-A12 or revNOX-A12 was administered subcutaneously three times per
week and mice were sacrificed two days after the last CCls injection and one day after the last NOX-A12 or

revNOX-A12 injection. The liver and blood were collected (Figure 7 A). Untreated mice served as a control.
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H/E staining of liver sections revealed typical signs of chronic liver inflammation after CCl4 exposure such
as a slightly distorted microarchitecture, without apparent differences between revNOX-A12 and NOX-A12
treated livers (Figure 7 B). Serum ALT and GLDH, reflective of liver damage, were increased upon chronic
CCls treatment (Figure 7 C). Also, the number of leukocytes in the liver, as determined by flow cytometry
was elevated in CCls treated mice, indicative of liver inflammation (Figure 7 D). However, there were no
clear differences between NOX-A12 treated and revNOX-A12 treated mice. Liver fibrosis was assessed by
Sirius red staining of liver sections and by analysis of the hydroxyproline content in liver tissue. Chronic CCl,
treatment caused extensive collagen deposition and an increase in hydroxyproline, but no effect of CXCL12
inhibition on fibrosis was observed (Figure 7 E, F). The number and activation of HSCs was assessed by
immunofluorescence staining of aSMA and desmin, revealing an increase after chronic injury but no

difference between NOX-A12 and rev-NOX-A12 treated groups (Figure 7 G).
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Figure 7: CXCL12 inhibition does not impact CCls-induced chronic liver injury and fibrosis A) Experimental setup: eight-
week-old mice were subjected to biweekly injections of 0.5 mL/kg body weight of CCl; over an eight-week period. NOX-A12
or revNOX-A12 was administered subcutaneously three times per week. Mice were sacrificed approximately 48 h after the
last CCly injection. Untreated age-matched mice served as a control. B) H/E staining of liver sections from untreated healthy
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mice and mice subjected to chronic CCl, treated with NOX-A12 or revNOX-A12. C) Serum levels of ALT and GLDH. D) The
number of liver leukocytes was assessed by flow cytometry. E) Collagen deposition in the liver from mice subjected to chronic
CCly injections and NOX-A12 or revNOX-A12, or from healthy controls was assessed by Sirius red staining. Representative
pictures and quantification of the Sirius red as positive area per analyzed region. F) Hydroxyproline content of liver tissue
was measured. G) Immunofluorescence staining of desmin and aSMA, representative images and quantification of desmin
and aSMA positive area. H) Quantitative real-time PCR of fibrosis related genes was performed on liver homogenates.
Housekeeping genes: 185 + B2m. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple
comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

homogenates. Gene expression of Acta2 was not affected by CXCL12 inhibition, similar to other HSC
activation markers (Col1al, Ctgf). Furthermore, the gene expression of neither the pro-fibrotic factor Tgfb

nor the metalloproteinases Mmp2, and Mmp9 were affected by NOX-A12 treatment (Figure 7 H).

To assess the impact of CXCL12 inhibition by NOX-A12 on metabolic dysregulation-driven liver
inflammation, mice were fed a methionine-choline deficient (MCD) diet for seven weeks, combined with
NOX-A12 or revNOX-A12 treatment (Figure 8 A). MCD diet induced a pronounced steatohepatitis,
characterized by large fatty vacuoles and accumulation of inflammatory cells in both treatment groups, as
assessed by H/E staining (Figure 8 B). Serum ALT and GLDH levels and the number of leukocytes in the liver
were strongly increased after MCD diet with no differences between NOX-A12 or revNOX-A12 treated
groups (Figure 8 C, D). Liver fibrosis, as determined by Sirius red staining and hydroxyproline measurement,
was not affected by NOX-A12 (Figure 8 E, F). Also, the activation and number of HSCs assessed by
immunofluorescence staining of aSMA and desmin, (Figure 8 G) as well as the expression of several fibrosis-

associated genes (Acta2, Collal, Ctgf, Tgfb, Mmp2, Mmp9) (Figure 8 H) was unaltered.
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Figure 8: CXCL12 inhibition has no effect on MCD diet-induced liver injury and fibrosis. A) Mice were fed a methionine-
choline deficient (MCD) diet for 7 weeks. NOX-A12 was administered three times per week during the whole period of MCD
diet. A control group received revNOX-A12 for 7 weeks. B) HE staining of MCD-fed mice treated with NOX-A12 or revNOX-
A12. C) Serum levels of ALT and GLDH. D) The number of liver leukocytes was assessed by flow cytometry. E) Collagen
deposition in MCD-fed mice, treated with NOX-A12 or revNOX-A12 visualized by Sirius red staining. Representative pictures
and quantification of the Sirius red as positive area per analyzed region. F) Hydroxyproline content of liver homogenates was
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analysed. G) Desmin and aSMA immunofluorescence staining. Representative images and quantification of desmin and
aSMA positive area. AF, autofluorescence. H) Quantitative real-time PCR of different fibrosis related genes was performed
on liver homogenates. Housekeeping genes: 185 + B2m. Error bars represent mean +/- S.D. Unpaired Student’s t-test was
conducted. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

Overall, these data show that NOX-A12 does not alter tissue injury or fibrogenesis in these two mouse
models of liver disease. Nevertheless, CXCL12 neutralization is expected to affect immune cell mobilization
and recruitment, so we next sought to characterize the immune status of these mice.

3.2 Evaluation of the effect of CXCL12 inhibition on immune cells during CCls-induced
chronic liver inflammation

3.2.1 Study of the effects of NOX-A12 on circulating immune cells in CCls-induced chronic
liver inflammation

To characterize the systemic effects of NOX-A12 during CCls-induced chronic liver disease, blood leukocytes
and serum content were analyzed. The total number of blood leukocytes was not altered in mice after
chronic CCls injury, however significantly increased in the group that received both CCls and NOX-A12
treatment (Figure 9 A). Differential analysis of blood leukocyte populations by flow cytometry (according
to the fluorescence activated cell sorting (FACS) gating strategy detailed in Figure 4) showed increased
absolute numbers of neutrophils, monocytes, and eosinophils after NOX-A12. The relative numbers of
monocytes (percentage of leukocytes) were significantly increased during chronic liver inflammation
compared to healthy controls, which was even more pronounced in the NOX-A12 treated group (Figure 9
B). A subtype analysis of the monocyte population revealed a strong accumulation of Ly6C* monocytes in
CCls treated animals, which was further increased upon NOX-A12 treatment, both in absolute numbers and
in the proportion of monocytes (Figure 9 C, D). The number of lymphocytes in the blood was unchanged
between all groups, both in relative and in absolute numbers, except for a decrease in the relative amount
of NK cells (Figure 9 E). In addition, serum levels of a variety of inflammatory and homeostatic chemokines
were analyzed, using a multiplex protein microarray. The inflammatory chemokines CCL4 and CCL2 were
significantly upregulated in the serum of CCls-treated animals in comparison to healthy controls, but were
not influenced by CXCL12 inhibition, whereas there was a strong increase in the levels of CCL3, CCL5 and
CXCL10 after NOX-A12 treatment. Whilst a tendency towards increased levels of CXCL1 is visible, CCL11
remained unaffected (Figure 9 F, G). The serum concentrations of the dual chemokines CCL20 and CCL22,
as well as of the homeostatic chemokines CCL19 and CX3CL1 were not substantially elevated during chronic

liver inflammation, however, significantly elevated upon CXCL12 inhibition (Figure 9 H, I).

Collectively, these data demonstrate that NOX-A12 affects the circulating immune cell compartment and
chemokine levels, which may either reflect or drive changes in the local immune microenvironment in the

liver.
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Figure 9: NOX-A12 increases blood leukocytes and serum chemokines in a model of CCls-induced chronic liver injury. Blood
immune cell populations of healthy (untreated) mice and mice subjected to chronic CCl, injections that received either NOX-
A12 or revNOX-A12 were analyzed by flow cytometry. A) Number of leukocytes per mL of blood. B) Absolute (cells per mL
blood) and relative (percent of leukocytes) numbers of neutrophils, monocytes, and eosinophils. C) Representative FACS
plots. D) Quantification of Ly6C* monocytes (absolute numbers and proportion of monocytes). E) Absolute and relative
numbers of lymphoid immune cell populations. F-1) Serum chemokine levels were measured using a multiplex protein
microarray. F-G) Serum levels (pg/mL) of inflammatory chemokines with (F) redundant receptor affinities or (G) currently
known to bind to individual receptor affinities H) Serum levels of chemokines involved in homeostatic and inflammatory
processes. 1) Serum levels of homeostatic chemokines. Error bars represent mean +/- S.D. One-way ANOVA followed by
Tukey’s multiple comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.
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3.2.2 Influence of NOX-A12 on hepatic immune cell recruitment and phenotype in CCls-
induced chronic liver fibrosis

In parallel to blood leukocytes, liver leukocytes were analyzed by flow cytometry, as detailed in Figure 4.
No clear changes were observed in the absolute numbers of most hepatic lymphocyte subsets analyzed,
except for a decrease in the number of NKT cells in the injury models compared to healthy controls, which
was also reflected in the relative abundance. Furthermore, chronic CCls treatment provoked an increase in
the relative amount of NK cells and B cells. While NK cells were unaffected by CXCL12 blockade, there was
a significant decrease in the relative number of hepatic B cells in NOX-A12 treated animals compared to
the revNOX-A12 vehicle control (Figure 10 A). Next, the activation status of NK cells, CD8* T cells and CD4*
T cells was examined. Both NK cells and CD8* T cells displayed strongly increased levels of surface CD107a
in CCls + revNOX-A12 treated animals, in comparison to cells from untreated animals. However, the
percentage of CD107a* cells was significantly decreased in both NK cells and CD8* T cells upon CXCL12
inhibition (Figure 10 B, C). CD25 expression was strongly increased in hepatic CD4* T cells during chronic

CCls+ revNOX-A12 treatment, but drastically reduced in the CCls + NOX-A12 treated group (Figure 10 D).
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Figure 10: NOX-A12 influences lymphocyte activation in chronic CCl; induced liver inflammation. A) Absolute (cells per
gram liver tissue) and relative (percent of leukocytes) numbers of lymphoid cells from the liver of untreated mice or
chronically CCl; injected mice treated with revNOX-A12 or NOX-A12, were investigated by flow cytometry. B-C)
Representative FACS plots and quantification of CD107a surface staining on hepatic NK cells (B) and CD8* T cells. D) CD25
expression on CD4* T cells. Representative FACS plots and quantification Error bars represent mean +/- S.D. One-way ANOVA
followed by Tukey’s multiple comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001
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In addition, myeloid hepatic immune cell populations were analyzed by flow cytometry. The numbers of
neutrophils and dendritic cells were unchanged by CCl, treatment. However, the relative proportion of
dendritic cells was significantly reduced by NOX-A12 (Figure 11 A). In contrast, the hepatic macrophage
compartment undergoes drastic changes upon CCls treatment. While the number of liver resident Kupffer
cells, which can be gated as CD11b™™ F4/80M cells (red outline), decreases, there is a dramatic increase in
the number of infiltrating macrophages, which are often gated as Ly6G™ CD11b* F4/80"* cells (yellow
outline, here named: CD11b*F4/80* cells). (181) The absolute cell counts and relative numbers of
macrophages did not change with CXCL12 inhibition. (Figure 11 A, B). To validate the results obtained by
flow cytometry and to investigate whether NOX-A12 influences the spatial distribution of macrophages,
immunofluorescence staining was performed for C-Type Lectin Domain Family 4 Member F (CLEC4F) as a
marker for Kupffer cells and for ionized calcium-binding adaptor molecule 1 (IBAl) as a pan-
monocyte/macrophage marker. In the healthy liver, Kupffer cells (CLEC4F* IBA1*) were rather evenly
distributed in the sinusoids, while MoMF (CLECAF" IBA1*) were mainly located perivascular in the portal
areas. In chronically injured livers there was a pronounced accumulation of MoMF around periportal areas.
While the staining also showed a clear reduction of Kupffer cells and increase in MoMF in chronic CCl,
injured livers, there was no obvious difference between the revNOX-A12 and NOX-A12 treated groups

(Figure 11 C).
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Figure 11: NOX-A12 has moderate effects on major myeloid hepatic immune cell populations in CCl, induced chronic liver
disease. Myeloid immune cell populations from livers subjected to chronic CCls + revNOX-A12 or NOX-A12, and untreated
controls were analyzed by flow cytometry. A) Absolute (cells per gram liver tissue) and relative (percent of leukocytes)
numbers of infiltrating myeloid cells, Kupffer cells, dendritic cells, and neutrophils. B) Representative FACS plots showing the
classical gating for monocyte derived macrophages (here named CD11b*F4/80* cells, yellow outline) and Kupffer cells (red
outline). C) Liver macrophage populations were further analyzed by immunofluorescence staining of IBA1 and CLEC4F. Nuclei
were stained with DAPI. An autofluorescence (AF) channel was used to visualize the background. Error bars represent mean
+/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was conducted. *p<0.05; **p< 0.01; ***p< 0.005;
**%*pn< 0.0001.
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3.2.3 Investigation of the effect of NOX-A12 on hepatic macrophages

Further analysis of macrophage subpopulations revealed a distinct population of SSC" cells within the
classical CD11b* F4/80"/* MoMF gate (for clarity here named: CD11b*F4/80* cells), that was strongly
expanded during chronic CCls injury, but drastically reduced by CXCL12 inhibition (Figure 12 A). In another
set of experiments, using mice that received eight weeks repetitive injections of CCl; and were sacrificed
36 h after the last CCls injection, this population was shown to be most likely comprised of eosinophils, as
about 90% of this cell population expressed the eosinophil specific marker SiglecF. This was observed both
in healthy liver and during chronic CCls injury (Suppl. Figure 1 B). SSC was plotted against MHC-II, which is
upregulated on activated macrophages, to distinguish eosinophils (blue outline) from MoMF (red outline)
(Figure 12 B). In the healthy liver, eosinophils made up almost 20% of the CD11b*F4/80* cells, while during
chronic liver injury, they accounted for approximately 30%. NOX-A12 reduced the proportion of eosinophils

in the CD11b*F4/80" gate to about 12% (Figure 12 C).
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Figure 12: Investigation of subpopulations within infiltrating myeloid cells identifies eosinophils affected by CXCl12
inhibition in chronic CCls-induced liver inflammation. Infiltrating myeloid cells from untreated controls, and mice chronically
treated with CCl; and NOX-A12 or revNOX-A12, were investigated by flow cytometry. A) Representative FACS plots of a
distinct SSChieh population within the infiltrating myeloid cells (Ref. Supplemental figure 1). B) Gating strategy used to
distinguish eosinophils (blue outline) from infiltrating monocyte-derived macrophages (MoMF) (red outline). C) Percentages
of eosinophils present within CD11b*F4/80* cells. D) Absolute (cells per g liver tissue) and relative (percent of leukocytes)
numbers of eosinophils and monocyte-derived macrophages (MoMF). E) Proportion of Ly6C*, CD11c* MHC-II* and CD80*
MoMF. F) Percentage of PD-L1* and CD206* MoMF. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s
multiple comparison test was conducted. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

55



Results

The absolute and relative numbers of eosinophils and MoMF as determined above (3.2.3) were evaluated.
Both absolute and relative numbers of eosinophils were significantly increased after chronic CCls-induced
injury but decreased in the NOX-A12-treated group. The absolute numbers of MoMF were also increased
in CCls-treated animals compared to healthy controls, with a trend toward a more pronounced increase in
the NOX-A12-treated group, which was significantly increased compared to healthy controls, while in the
revNOX-A12-treated group, the MoMF did not reach significance. The relative numbers of both treatment
groups were significantly increased compared to healthy controls (Figure 12 D). The activation of MoMF
was further investigated. Chronic liver injury induced an increase in pro-inflammatory Ly6C* MoMF which
was even more elevated in the NOX-A12 treatment group. While no clear effect was observed for the
expression of the co-stimulatory molecule CD80 on MoMF, a subset of CD11c*MHC-II* MoMF accumulated
after CCls-induced injury in the vehicle group but was strongly reduced under inhibition of CXCL12 (Figure
12 E). The anti-inflammatory markers CD206 and PD-L1 were not regulated on MoMF (Figure 12 F). As there
were not enough Kupffer cells for a reliable analysis in the CCls treated groups, liver resident macrophages

were not further analyzed in this model.

At the site of inflammation, Ly6C* infiltrating monocytes upregulate MHC-Il and mature to pro-
inflammatory macrophages which finally differentiate into Ly6C restorative macrophages. (32) In order to
distinguish freshly infiltrating immature macrophages from maturated pro-inflammatory and
differentiated pro-restorative macrophages, the MoMF population was plotted according to their

expression of Ly6C and MHC-II, resulting in four distinct populations (Figure 13 A).

Freshly infiltrating MoMF (Ly6C*MHC-II") expressed low levels of F4/80, CD11c and PD-L1, and intermediate
levels of CD206 compared to the other macrophage populations. Ly6C*MHC-II* MoMF expressed
intermediate levels of F4/80, and PD-L1, and displayed the highest proportion of CD206 positive cells.
CD11c was highly expressed, however not on the entire cell population. Ly6C MHC-II* MoMF on the other
hand expressed intermediate levels of F4/80 as well but were mainly CD11c positive and expressed lower
levels of CD206. Most of the population expressed PD-L1, however there was also a PD-L1 negative fraction.
A fourth population, negative for both Ly6C and for MHC-Il was additionally characterized by low F4/80
expression and intermediate to low CD11c. This population was predominantly negative for CD206 but
expressed high levels of PD-L1 (Figure 13 A). The absolute cell numbers and their relative contributions to
the MoMF pool was determined for each of the populations in untreated conditions and after chronic CCl,4
injury, together with NOX-A12 or revNOX-A12. In steady state, Ly6C MoMF (both MHC-II* and MHC-II")
comprised the largest proportion of the MoMF population in the liver, each representing about 30% of the
whole population, while the proportion of Ly6C* MHC-II* MoMF was below 5%. Except for the Ly6C MHC-
II" population, the numbers of all MoMF subsets were elevated upon chronic liver inflammation (Ly6C*

MHC-II" MoMF, CCls + revNOX-A12 vs. untreated p=0.08). The relative proportions were shifted towards a
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dominance of Ly6C* MHC-II" and Ly6C- MHC-II* MoMF in CCl4 treated animals compared to healthy controls,
while the proportion of Ly6C- MHC-II" MoMF decreased. The percentage of freshly infiltrating Ly6C* MHC-
II" MoMF remained stable. Inhibition of CXCL12 during chronic CCls-induced liver inflammation resulted in
an additional prominent increase in Ly6C* MHC-II" freshly infiltrating MoMF and a moderate increase in the
absolute number of Ly6C" MHC-II" MoMF. However, the relative proportion of Ly6C" MHC-II* MoMF was

significantly reduced compared to the revNOX-A12-treated group (Figure 13 B).
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Figure 13: NOX-A12 increases the ratio of immature versus mature macrophages in CCl, induced liver injury. MoMF from
untreated controls and mice treated with CCl, and NOX-A12 or revNOX-A12 were further analyzed by flow cytometry. A)
Gating of MoMF subpopulations based on their expression of Ly6C and MHC-II and representative histograms indicating
expression of different macrophage activation markers on the indicated MoMF subpopulations. B) Relative proportion
(percent of MOMF) and absolute numbers (cells per gram liver tissue) of different macrophage subpopulations, distinguished
by their MHCII and Ly6C expression. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey multiple
comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001

In summary, relative proportions of MoMF were shifted towards an overrepresentation of freshly
infiltrating Ly6C* MHC-II" MoMF and a relative decrease in mature, Ly6C° MHC-II* MoMF upon CXCL12
inhibition in the chronic CCl; model. We next sought to determine whether those observations were

general or could be dependent on the injury model.

3.3 Characterization of the influence of CXCL12 inhibition on immune cells in MCD-
diet-induced NASH

As the immunological landscape in NASH differs from toxic-induced metabolic liver diseases, the impact of
CXCL12 inhibition on liver immune cells was also investigated in the MCD-diet induced NASH model. (38,

47)

57



Results

3.3.1 Assessment of systemic effects of NOX-A12 during MCD-diet induced NASH

First, the impact of CXCL12 inhibition on blood leukocyte composition during MCD-diet induced NASH was
explored. Upon NOX-A12 treatment, total leukocyte numbers were only marginally increased without
reaching statistical significance (Figure 14 A). Absolute and relative numbers of neutrophils and monocytes
were not altered. The relative numbers of eosinophils were reduced in the NOX-A12 treated group,
however there was no significant change in the absolute numbers (Figure 14 B). Although the number of
monocytes was unaffected, the amount of Ly6C* monocytes was strongly elevated after NOX-A12
treatment compared to the revNOX-A12 treated group (Figure 14 C, D). While the numbers of CD4* T cells,
CD8* T cells and NK cells were not changed, there was a strong increase in both absolute and relative B

cells in the blood of NOX-A12 treated animals (Figure 14 E). The analysis of a set of different inflammatory
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Figure 14: NOX-A12 affects immune cell composition and increases chemokines in the circulation during MCD-diet induced
NASH. Leukocyte populations from the blood of mice fed with MCD and treated with revNOX-A12 or NOX-A12 were analysed
by flow cytometry. A) Calculated number of total leukocytes per mL blood. B) Absolute (cells per mL blood) and relative
numbers (percent of leukocytes) of neutrophils, monocytes, and eosinophils. C) Representative FACS plots of Ly6C*
monocytes. D) Calculation of Ly6C* monocytes. Absolute numbers and proportion of monocytes. E) Absolute and relative
numbers of CD4* and CD8* T cells, NK cells and B cells. F-G) Serum chemokine levels were measured using a multiplex protein
microarray. Serum levels (pg/mL) of inflammatory chemokines with (F) redundant receptor affinities or (G) currently known
to bind to individual receptor affinities. H) Serum levels of chemokines involved in homeostatic and inflammatory processes.
1) Serum levels of homeostatic chemokines. and inflammatory processes. 1) Serum levels of homeostatic chemokines. Error
bars represent mean +/- S.D. Unpaired Student’s t-test was conducted. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.
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and homeostatic chemokines in the serum revealed a global upregulation of all tested chemokines upon
NOX-A12 treatment (Figure 14 F-I), with a particularly pronounced effect on the inflammatory chemokines
CCL3 and CCL5 (Figure 14 F), as well as on the dual chemokines CCL20 and CCL22 (Figure 14 H) and the
homeostatic chemokines CCL19 and CX3CL1 (Figure 14 1). Overall, NOX-A12 treatment changed circulating

blood immune cell composition and chemokine concentrations, which could either reflect or drive local

immune changes in the liver.

3.3.2 Examination of the influence of CXCL12 inhibition on hepatic immune cells in MCD-diet
induced NASH

In parallel, immune cells were isolated from livers of MCD-diet fed mice that had received either revNOX-
A12 or NOX-A12 and analyzed by flow cytometry. Treatment with NOX-A12 caused only minor changes in
lymphoid immune cell populations. The absolute number of B cells was reduced without significance (p =
0.0549) in NOX-A12 treated animals, while there was no clear difference in the relative numbers. The
relative number of NKT cells, on the other hand, was slightly increased, while there was no difference in
the absolute numbers (Figure 15 A). Although not increased in number, NK cells and CD8* T cells from NOX-
A12 treated mice showed an increased positivity for the cytotoxicity marker CD107a in the MCD model.

Surface CD107a was slightly but not significantly (p = 0.0750, unpaired Student’s t-test) elevated on NK
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Figure 15: NOX-A12 has moderate effects on hepatic lymphoid cells in MCD-diet induced NASH. Lymphoid liver immune
cells from MCD-fed mice treated with NOX-A12 or revNOX-A12, were assessed by flow cytometry. A) Absolute (cell counts
per gram liver tissue) and relative (percent of leukocytes) numbers of different lymphoid immune cell populations. B-C)
Surface CD107a on NK cells (B) and CD8* T cells (C) was analyzed. D) CD25 expression on CD4+ T cells was assessed. Error
bars represent mean +/- S.D. Unpaired Student’s t-test was conducted. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.
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cells and significantly increased on CD8* T cells compared to cells from revNOX-A12 treated mice (Figure
15 B, C). Moreover, there was a small, yet significant rise in CD25* cells within CD4* T cells following NOX-
A12 treatment (Figure 15 D).

The accumulation of infiltrating myeloid cells, neutrophils and dendritic cells induced by MCD diet, was not
affected by NOX-A12 treatment, neither was the number of Kupffer cells (Figure 16 A, B). The localization
of Kupffer cells and MoMF assessed by IF staining of CLECAF and IBA1, showed an accumulation of large

aggregates of MoMF distributed in the tissue, however there were no obvious differences between the

treatment groups (Figure 16 C).
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Figure 16: NOX-A12 does not influence major myeloid immune cell populations in MCD-diet induced NASH. Myeloid
hepatic immune cells from MCD diet-fed mice treated with revNOX-A12 or NOX-A12 were analysed by flow cytometry. A)
Absolute counts (cells per g liver tissue) and relative proportions (percent of leukocytes) of CD11b*F4/80* cells, Kupffer cells,
neutrophils and dendritic cells. B) Representative FACS plots of CD11b*F4/80* (yellow outline) and Kupffer cells (red outline).
C) Representative pictures of immunofluorescence staining of MoMF (IBA1*/CLEC4F") and Kupffer cells (IBA1*/CLEC4F*) on
liver tissue. Autofluorescence (AF) signal was used to visualize the liver structure. Error bars represent mean +/-S.D. Unpaired
Student’s t-test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

Eosinophils comprised only a minor fraction of the CD11b*F4/80* cells (Figure 17 A). While the proportion
of eosinophils in the CD11b*F4/80* gate was not significantly changed, the absolute number of eosinophils
was significantly decreased after NOX-A12 treatment. Although the relative numbers of eosinophils did not
differ significantly, there was a strong trend (p=0.0564) towards a reduction in the NOX-A12 treated group.
The number of MoMF was unchanged (Figure 17 B). Also, the expression of pro-inflammatory and anti-

inflammatory markers of MoMF was unchanged upon CXCL12 inhibition (Figure 17 C, D).
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In addition, changes in the Kupffer cell pool were evaluated by flow cytometry. In response to CXCL12
inhibition, there was a slight increase in CD206* Kupffer cells. Since markers such as PD-L1, MHC-II and
CD80 are expressed on normal Kupffer cells, mean fluorescence intensity (MFI) was measured to identify
changes in the expression levels. The overall amount of PD-L1, MHC-1l and CD80 positive Kupffer cells was
not statistically changed, however, there was a slight increase in the MFI of PD-L1 (p = 0.0516) and CD80
(Figure 17 E).
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Figure 17: NOX-A12 moderately affects hepatic macrophage activation in MCD-diet induced NASH. MoMF and Kupffer cells
isolated from livers of MCD-fed mice treated with NOX-A12 or revNOX-A12 were analyzed by flow cytometry. A) Proportion
of eosinophils (blue outline) within the CD11b*F4/80* gate, representative images and quantification. The remaining MoMF
(red outline) were further analyzed. B) Absolute (cells per gram liver tissue) and relative numbers (percent of leukocytes) of
eosinophils and MoMF. C) Proportions of MoMF positive for Ly6C, CD11c and MHC-II, and CD80. D) Percentage of PD-L1 and
CD206 expressing MoMF. E) Mean fluorescence intensity (MFI) of CD206 and PD-L1, , MHC-Il and CD80 on Kupffer cells. Error
bars represent mean +/- S.D. Unpaired Student’s t-test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

MoMF subpopulations distinguished by their expression of Ly6C and MHC-II were further analyzed.
Although the expression profiles of F4/80, CD11c, CD206 and PD-L1 largely resembled the expression
profiles of these subsets in CCls treated animals, the Ly6C*MHC-II* MoMF were markedly expanded during
MCD-diet and displayed an increased expression of CD11c (Figure 18 A, B). Treatment with NOX-A12 did

not alter the absolute numbers or proportions of any macrophage subpopulation (Figure 18 B).
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Figure 18: NOX-A12 does not impact influence macrophage infiltration in MCD-diet induced NASH. MoMF from mice
treated with MCD and either revNOX-A12 or NOX-A12 were further analyzed based on their expression of Ly6C and MHC-II.
A) Gating of MoMF subpopulations, and representative histograms of different macrophage activation markers on each
subpopulation. B) Absolute number (cells per gram liver tissue) and relative amount (percent of MoMF) of the indicated
MoMF subpopulation. Error bars represent mean +/- S.D. Unpaired Student’s t-test was performed. *p<0.05; **p< 0.01;
*%%p< 0.005; ****p< 0.0001.

3.4 Examination of the impact of CXCL12 inhibition on liver recovery after CCls-
induced chronic liver inflammation.

As the CXCL12 chemokine axis is a critical regulator of liver regeneration, the impact of CXCL12 inhibition
on early recovery from chronic liver inflammation and fibrosis was investigated using chronic CCls-induced
liver injury as prototypical model. Eight-week-old mice were subjected to biweekly CCls injections for eight
weeks and were sacrificed 96 h after the last CCls injection to allow the liver to terminate the inflammation
and start regeneration. NOX-A12 or revNOX-A12 were administered three times per week during the whole
period of CCls injections with the last injection taking place one day before the mice were analyzed (Figure

19 A). Untreated, age- and sex-matched animals served as control.
3.4.1 Investigation of the influence of NOX-A12 on recovery from chronic CCls-induced injury

H/E staining of liver tissue showed that immune cell infiltrates were still present in the liver 96 h after the
last CCls dose, both in revNOX-A12 and NOX-A12 treated animals (Figure 19 B). While serum ALT levels
were close to baseline levels, GLDH was significantly increased in the group that received NOX-A12 (Figure
19 C). The cell count of leukocytes per gram liver tissue was evaluated by flow cytometry. While the number
of leukocytes was only slightly increased in mice that received the non-functional revNOX-A12, leukocytes
were significantly elevated in response to CXCL12 inhibition (Figure 19 D). Liver fibrosis was assessed by
Sirius red staining and hydroxyproline measurement. Four days after the last injury, severe liver fibrosis

remained, which was unaltered by CXCL12 inhibition (Figure 19 E, F). Desmin and aSMA
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immunofluorescence staining was performed on liver sections. Both desmin and aSMA were increased on
recovering livers compared to healthy liver, however the analysis of the desmin or aSMA positive area did
not reveal significant differences between treatment with NOX-A12 or revNOX-A12 (Figure 19 G). The
expression of several genes associated with fibrogenesis (i.e., Acta2, Collal, Timpl, Timp2) and fibrosis

resolution (Mmp2, Mmp9) was performed on liver tissue lysates. The mRNA levels of all analyzed genes
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Figure 19: Investigation of the influence of NOX-A12 on recovery from chronic CCl, injury. A) Mice were treated with CCl,
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4

twice a week for eight weeks and allowed to recover for 96 h. NOX-A12 or revNOX-A12 was administered three times per
week throughout the time course, with the last injection one day prior to analysis. Healthy, untreated mice served as
controls. B) H/E staining on representative liver sections. C) Serum levels of ALT and GLDH. D) The number of leukocytes in
the liver was evaluated by flow cytometry. E) Sirius red staining was performed on liver sections. Representative images and
quantification of the Sirius red positive area. F) Hydroxyproline content of liver tissue was measured. G) Immunofluorescence
staining of desmin and aSMA, representative images and quantification of the desmin and aSMA positive area. D) QPCR of
fibrogenesis-related and fibrosis resolution-associated genes was performed on liver homogenates. Housekeeping genes:
18S rRNA + B2m. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was
conducted. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

were still increased during early recovery after chronic liver fibrosis. However, upon CXCL12 inhibition both
Collal and Mmp9 were significantly upregulated compared to the revNOX-A12 treated group (Figure 19
H).
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3.4.2 Characterization of the impact of NOX-A12 on immune cell composition during recovery

Next, the composition of the liver immune cells during recovery from chronic liver injury in NOX-A12 and
revNOX-A12 treated mice was explored by flow cytometry. The absolute numbers of B cells, CD4* T cells,
and CD8* T cells were significantly increased after NOX-A12. There was also a trend toward increased
absolute numbers of NKT cells. The relative numbers, however, were unchanged or decreased as in the
case of NK cells (Figure 20 A). While the number of Kupffer cells was unaffected by NOX-A12, the absolute
and relative number of neutrophils and MoMF was significantly enhanced. Eosinophils were increased in

absolute cell counts; however, the relative numbers were not changed compared to the revNOX-A12

treated group (Figure 20 B).
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Figure 20: NOX-A12 increases immune cells during recovery from chronic CCl, injury. Hepaticimmune cell populations were
isolated from mice recovering from chronic CCls induced liver inflammation, treated with NOX-A12 or revNOX-A12, and
analysed by flow cytometry. A) Absolute (cells per gram liver tissue) and relative (percent of leukocytes) numbers of lymphoid
immune cell populations. B) Absolute and relative numbers of myeloid immune cell populations. Error bars represent mean
+/- S.D. Unpaired Student’s t-test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

3.4.3 NOX-A12 influences liver regeneration after chronic liver injury.

To investigate the impact of NOX-A12 on regeneration and compensatory proliferation from chronic liver
injury, IHC staining of Ki67 was performed on liver sections from each treatment group. The number of
Ki67* hepatocytes was counted semi-automatically. 96 h after the last insult, the number of proliferating
hepatocytes in the revNOX-A12 treated group was back on the level of a healthy liver, while there was still

a high number of Ki67* hepatocytes present in the liver of mice that were treated with NOX-A12 (Figure 21
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A). Gene expression analysis performed on liver lysates also showed a clear and strong upregulation of
Mki67, the gene encoding Ki67, after NOX-A12 treatment (Figure 21 B). In contrast, 48 h after the last CCls
injection following chronic injury, the number of proliferating hepatocytes was not significantly different
between revNOX-A12 and NOX-A12 treated animals as assessed by IHC staining for Ki67 (Figure 21 C),
which was also reflected by Mki67 gene expression in liver tissue (Figure 21 D). The number of Ki67
hepatocytes and the expression of Mki67 in total liver tissue were also not altered by NOX-A12 in MCD
diet-induced NASH (Figure 21 E, F).
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Figure 21: NOX-A12 increases hepatocyte proliferation during recovery from chronic CCl, induced liver injury. A) IHC
staining of Ki67 on liver sections. Mice were subjected to eight weeks of repetitive CCl, injections while treated with NOX-
A12 or revNOX-A12, followed by a recovery phase of 96 h. Untreated, healthy animals served as controls. Representative
pictures and quantification of Ki67* hepatocytes. B) QPCR analysis of Ki67 expression in liver tissue lysates. C) Ki67 IHC
staining on liver tissue from mice that were subjected to eight weeks CCl; and treated with revNOX-A12 or NOX-A12 and
euthanized 48 h after the last CCl, injection. Representative pictures and quantification of Ki67* hepatocytes. D) Mki67
expression in liver tissue lysates was analyzed by qPCR. E) IHC staining of Ki67 was performed on liver sections from MCD-
diet fed mice that were treated with revNOX-A12 or NOX-A12. Representative images and quantification of Ki67+*
hepatocytes. F) Mki67 expression in total liver tissue was explored by qPCR. Housekeeping genes: 18S rRNA + B2m. Error
bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was conducted for A, B.
Unpaired Student’s t-test was performed for C-E. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.
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3.5 Investigation of the impact of CXCL12 inhibition on liver tumor growth.

3.5.1 Evaluating two different models of DEN-induced chronic inflammation-driven liver

cancer.

A large body of evidence suggests that the CXCL12 axis promotes the development and progression of HCC.
Therefore, the impact of CXCL12 inhibition on hepatocellular primary liver cancer was investigated using a

model of DEN-induced liver tumors.

Firstly, the influence of a high fat and high cholesterol diet (Western diet, WD) on DEN-induced liver tumor
growth was evaluated and compared to DEN alone and to DEN in combination with chronic CCls injections.
Male mice were injected with a single dose of DEN at an age of 14 days. At an age of 8 weeks, mice were
put on a WD diet, or subjected to biweekly injections with 0.5 mL/kg CCl, for 16 weeks or left on normal
diet (ND) without any further interventions and then sacrificed for further analysis (Figure 22 A). While DEN
without any further injury only induced very few, small tumor lesions, 16 weeks of CCls treatment resulted
in a massive outgrowth of large tumor nodules. WD fed mice, on the other hand, exhibited more tumor
nodules than mice on ND, however, these tumors were much smaller and fewer than in the CCl4 treated
group (Figure 22 B). The liver to body weight ratio (LBR) is often used as an indicator of tumor load.
However, while the LBR was significantly increased upon WD and CCls treatment in comparison to the
group that received DEN only, it did not reflect the large differences in tumor size and number between
WD and CCls treated livers (Figure 22 C). Immune cell infiltration into the liver indicative of inflammation
was assessed by flow cytometry. While the number of leukocytes was elevated in both the DEN + WD and
the DEN + CCls model compared to DEN + ND, there was only a slight and not significant increase in

leukocyte numbers upon chronic CCly injury compared to WD (Figure 22 D).
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Figure 22: DEN-induced tumor growth is accelerated by chronic liver inflammation. A) Experimental setup. 14 days-old
mice were injected with diethylnitrosamine (DEN) and at an age of 8 weeks, were either left on normal diet (ND) without
any further treatment, fed a Western diet (WD), or subjected to biweekly injections with CCl,for 16 weeks. B) Representative
images of tumor bearing livers following the indicated treatment, arrows indicate small tumor lesions. C) Liver to body weight
ratio (LBR). D) The number of leukocytes per gram liver tissue was assessed by flow cytometry. Error bars represent mean+/-
SD. One-way ANOVA, followed by Tukey’s multiple comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005;
***¥p< 0.0001.
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3.5.2 Assessment of the influence of NOX-A12 on DEN-induced liver tumor growth

To investigate the impact of CXCL12 inhibition on tumor growth in a fibrotic/cirrhotic environment the DEN
+ CCl; model was employed. As this model caused very large tumors after 16 weeks of CCl4 treatment, a
group of mice was treated for ten weeks with biweekly injections of CCl; together with NOX-A12 or revNOX-
A12 three times per week, to be able to assess early to intermediate stages of tumor growth (Figure 23 A).
After ten weeks CCls treatment liver tumors were clearly detectable, without overgrowing the whole liver
(Figure 23 B). Mice treated with NOX-A12 developed larger tumors, as indicated by increased LBR and more
tumor nodules larger than 1 mm. To reduce variability due to differences in liver size, tumor burden was
determined as the cumulative tumor diameter of all macroscopically visible tumors normalized to liver
weight. Tumor burden was also increased in animals treated with NOX-A12 (Figure 23 C). Next, the impact
of NOX-A12 on advanced tumors was explored in DEN-treated mice that were subjected to 16 weeks of

repetitive CCls injections combined with NOX-A12 or revNOX-A12 (Figure 23 D).
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Figure 23: CXCL12 inhibition with NOX-A12 promotes liver tumor growth in a DEN + CCls-induced fibrosis-associated tumor
model. The impact of CXCL12 inhibition on tumor development was studied in early and advanced fibrosis/cirrhosis-
associated tumors. A) Schematic representation of the experimental setup for early tumor development. Fourteen days-old
male mice were injected with a single dose of DEN and then subjected to biweekly CCl, injections for ten weeks, starting at
week eight. NOX-A12 or revNOX-A12 was administered three times per week during the entire period of CCl, injections. B)
Representative macroscopic images of tumor-bearing livers after the indicated treatment. C) Tumor growth was assessed by
liver to body weight ratio (LBR), and the number of grossly visible tumor lesions > 1mm diameter. Accumulated diameters of
grossly visible tumors were evaluated and normalized to liver weight to determine tumor burden. D) Experimental setup for
the investigation of advanced liver tumors. Mice were treated with DEN, CCl; and NOX-A12 or revNOX-A12 and subjected to
16 weeks of CCly and revNOX-A12 or NOX-A12. E) Macroscopic pictures of representative tumor-bearing livers after 16 weeks
of treatment with CCl; and revNOX-A12 or NOX-A12. F) LBR, number of tumor lesions > 1mm diameter, and tumor burden
were analyzed. Error bars represent mean +/- S.D. Unpaired Student’s t-test was performed. *p<0.05; **p< 0.01; ***p<
0.005; ****p< 0.0001.
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This treatment regimen resulted in many big tumors covering large portions of the liver surface (Figure 23
E). However, while the LBR of NOX-A12 treated animals was higher than the LBR of revNOX-A12 treated
mice, no difference could be detected in the numbers of tumors larger than 1 mm or the tumor burden
(Figure 23F). Next, the effect of CXCL12 inhibition by NOX-A12 on carcinogenesis was investigated in
NAFLD/NASH associated liver tumors. Two-week-old mice received a single dose of DEN and were fed WD
from the age of 8 weeks and for 16 weeks. NOX-A12 or revNOX-A12 was administered three times per
week while feeding the diet (Figure 24 A). As NOX-A12 and revNOX-A12 are dissolved and administered in
glucose, another group treated with DEN + WD served as a control to detect effects of the vehicle on tumor
growth. While there were only a few small tumors in both the DEN + WD and DEN + WD + revNOX-A12
groups, NOX-A12 induced a strong increase in tumor growth (Figure 24 B). This was also reflected in the
analysis of the tumor load. There were no significant changes in LBR, tumor number and tumor burden
between DEN-treated mice that received WD and revNOX-A12 and mice that only had been fed WD, while
the tumor burden and counts of visible tumors were clearly increased upon NOX-A12 treatment. The LBR
was significantly increased compared to DEN + WD group but did not reach statistical significance

compared to the revNOX-Al2-treated group (p=0.0757) (Figure 24 C). To further investigate if CXCL12
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Figure 24: CXCL12 inhibition with NOX-A12 accelerates tumor growth in WD-induced NAFLD. A) Experimental setup. Mice
were treated with DEN at an age of two weeks and put on a Western diet (WD) for 16 weeks starting at an age of 8 weeks.
NOX-A12 or revNOX-A12 was administered 3x per week from week 8 -16. Mice that were subjected to DEN + 16 weeks WD
served as a control. B) Macroscopic images of representative tumor bearing livers. C) Tumor growth was assessed by liver to
body weight ratio (LBR) and number of grossly visible tumor lesions larger than 1 mm. The accumulated diameters of grossly
visible tumors were normalized to the liver weight to assess the tumor burden. D) Mice were treated with DEN and put on a
Western diet for 16 weeks. NOX-A12 was either administered preventively (prev.) during either the first eight weeks of diet
or therapeutically (ther.) during the last eight weeks of diet. Mice were sacrificed after 16 weeks. E) Macroscopic pictures of
representative tumor bearing livers subjected to the indicated treatments. F) LBR, number of tumor lesions larger than 1
mm, and calculated tumor burden of mice treated with DEN + WD and NOX-A12 preventively or therapeutically. Error bars
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represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test (C), or unpaired Student’s t-test was
performed (F). ¥*p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

impacts tumor growth during early onset of tumor development or during tumor promotion in established
tumors, mice were subjected to DEN + 16 weeks of WD and treated with NOX-A12 during the first 8 weeks
(preventively) or during the last 8 weeks (therapeutically) of WD (Figure 24 D). Although there was no
statistically significant difference in the number of tumor lesions that reached 1 mm or more in diameter
or tumor burden, there was a slight trend toward an increase in the therapeutic treatment group, which

also had a significantly increased LBR in comparison to the preventive treatment group (Figure 24 E, F).

3.5.3 Combination therapy with anti-PD-1 does not rescue the NOX-A12 induced phenotype

Although CXCL12 inhibition alone promoted tumor growth instead of showing anti-tumor effects,
checkpoint inhibitors had been shown to be more effective in combination with CXCL12 inhibition. (165,
182, 183) Therefore, to test in a small pilot study whether PD-1 blockade could reverse the tumor-
promoting effect observed with NOX-A12 alone, or whether PD-1 effects could be strengthened by NOX-
A12, n=4 mice per group were subjected to DEN followed by 16 weeks of WD and treated therapeutically
(i.e., the last eight weeks of the WD diet) with an anti-PD-1 antibody, in combination with NOX-A12. Control
mice were treated with either an unspecific isotype antibody (n=3) or with the isotype together with NOX-
A12 (n=4) (Figure 25 A). The anti-PD-1-treated group did not differ significantly from the isotype group,
while NOX-A12 increased the LBR of both isotype and anti-PD-1-treated animals. The number of tumors

and tumor burden were also increased in the NOX-A12 treated groups but did not reach statistical
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Figure 25: Combination therapy of NOX-A12 and anti-PD-1 does not rescue the NOX-A12 induced phenotype in the DEN +
WD tumor model. A) Experimental setup: 14 days-old mice received a single dose of DEN. At an age of 8 weeks, they were
put on a Western diet (WD) for 16 weeks. After 8 weeks on WD, mice were given twice a week an anti-PD-1 antibody or an
isotype control intraperitoneally, in combination with NOX-A12 subcutaneously three times per week, or without any further
intervention. Mice were sacrificed at an age of 24 weeks and analyzed. B) Macroscopic pictures of representative tumor
bearing livers subjected to the indicated treatments. C) Tumor growth was assessed by liver-to-body ratio (LBR), and the

69



Results

number of tumor lesions with a size of 1 mm or more. Tumor burden (accumulated tumor diameter/liver weight) was
analyzed. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was performed.
*p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

significance (Figure 25 B, C). In both the anti-PD-1 and anti-PD-1 + NOX-A12-treated groups, one mouse
developed visible fibrosis that was associated with increased tumor growth (data not shown). In the NOX-
A12 +isotype group, two out of four mice had visible fibrosis together with an increased tumor load (Suppl.

Figure 4 A).

3.6 Characterization of the effect of CXCL12 inhibition on the TME of fibrosis -

associated HCC

3.6.1 Analysis of the systemic effects of NOX-A12 in mice with fibrosis associated HCC

In light of the observed influence of NOX-A12 on tumor growth, the next aim was to evaluate whether
CXCL12 inhibition led to immune microenvironment changes that could explain the phenotype. Starting
with the model of DEN + CCl, induced fibrotic/cirrhotic HCC, the systemic effect on blood immune cell
populations during both intermediate (10 weeks CCls) and progredient stages of tumor development (16
weeks CCls) was assessed. For in-depth analysis of blood leukocytes by flow cytometry, the dendritic cells
markers MHC-1l and CD11c were included in the antibody panel. CD11b, frequently used as marker for
myeloid cells, is not exclusively expressed on granulocytes, eosinophils, and monocytes, but can also be
upregulated on B cells and NK cells. (184, 185) Therefore, an antibody against the M-CSF receptor (CD115)
was added to the analysis to more robustly identify the monocyte population (Figure 26 A). Noteworthy,
the total blood leukocytes were slightly but not significantly increased upon CXCL12 inhibition at both time
points (Figure 26 B).

During early tumor growth (10 weeks CCla), neutrophils in the blood NOX-A12 treated mice showed a trend
towards an increased absolute number, while during advanced tumor growth (16 weeks CCl,), neutrophils
were equally elevated in both treatment groups. The relative numbers of neutrophils revealed a significant
increase in the proportion of neutrophils in the control group (revNOX-A12) with advanced tumors. The
small population of dendritic cells did not show clear differences. Eosinophils, on the other hand, were
increased upon NOX-A12 both during early and advanced tumor growth, however failed to reach statistical
significance. The absolute and relative numbers of CD115* monocytes on the other hand, showing a trend
towards increased numbers after NOX-A12 in the early treatment group, were strongly elevated after 16

weeks of NOX-A12 treatment (Figure 26 C).
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Figure 26: Influence of NOX-A12 on blood immune cells in the DEN + CCl, liver cancer model. Blood leukocytes from tumor
bearing mice (DEN + 10 or 16 weeks CCls) treated with revNOX-A12 or NOX-A12, were analyzed by flow cytometry. A)
Extended gating strategy to include dendritic cells in the analysis. An antibody against CD115 (CSF1R) was used to separate
monocytes from other CD11b* cells. B) Total number of leukocytes per mL of blood. C) Absolute numbers (cells per mL blood)
and relative proportion (percent of leukocytes) of myeloid immune cell populations. D) Absolute and relative numbers of
Ly6C* monocytes. E) FACS plot showing CD115 and Ly6C expressing monocytes within the CD11b* population. F) Absolute
and relative numbers of lymphoid immune cells. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’
multiple comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

While the absolute number of Ly6C* monocytes was increased upon CXCL12 inhibition, the proportion of
Ly6C* cells within the monocytes was unchanged between the different groups, indicating an increase of
monocytes instead of a selective accumulation of a certain subpopulations (Figure 26 D). Using CD115 as
an additional marker for monocytes revealed that within the CD11b*Ly6G SSC'°“ monocyte population, only
a proportion of cells expressed CD115, and a considerable population of CD115  cells also expressed Ly6C
(Figure 26 E). The absolute numbers of CD4* and CD8" T cells as well as NK cells in the blood were not
affected by NOX-A12, nor by the tumor stage. Still, there was a significant decrease in the relative numbers
of CD4* T cells upon NOX-A12 treatment during the early time point and with increased tumor load. The
number of B cells was increased upon CXCL12 inhibition, both in absolute and relative numbers after 10
weeks of CCls, while after 16 weeks of CCls there was no difference between the revNOX-A12 and the NOX-

A12 treated group (Figure 26 F). In addition, the serum levels of several chemokines were analyzed. The
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concentrations of the inflammatory chemokines CCL3 and CCL5 were slightly, but not significantly,
increased in the NOX-A12 treated group, but were not influenced by the increased tumor burden present
at the late time point. CCL11 also showed a trend towards increased levels in the NOX-A12 treated groups.
Although not significantly changed, serum levels of CCL4 were slightly elevated in animals with advanced
tumors compared to groups with early tumors and significantly increased in NOX-A12 treated animals after
16 weeks of CCls treatment (Figure 27 A). The serum concentration of CCL2 was raised by NOX-A12
treatment after both 10 weeks and 16 weeks of CCls. CXCL1, on the other hand, increased with disease
progression but was unaffected by CXCL12 inhibition. Serum levels of CXCL10 showed a trend toward
increased levels after 16 weeks compared to 10 weeks of CCls treatment, although the changes were not
significant (Figure 27 B). The homeostatic chemokines CCL19 and CX3CL1 as well as the dual chemokines
CCL20 and CCL22 were upregulated following CXCL12 inhibition, but not affected by disease progression
(Figure 27 C, D).
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Figure 27: NOX-A12 increases serum chemokine levels in DEN + CCl, treated mice. Serum chemokines of tumor bearing
mice, treated 10 weeks or 16 weeks with CCl; and NOX-A12 or revNOX-A12 were measured using a multiplex protein
microarray. A-B) Serum levels (pg /mL serum) of inflammatory chemokines with affinity to several (A) or to single (B)
chemokine receptors. C) Serum levels of chemokines involved in both homeostatic and inflammatory processes. D) Serum
levels of homeostatic chemokines. Values below or above the assay’s threshold were excluded. Error bars represent mean
+/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005;
****¥p< 0.0001.

3.6.2 Characterization of the tumor immune microenvironment in mice with fibrosis-
associated HCC

Next, the impact of CXCL12 inhibition on the TME of fibrosis/cirrhosis-driven liver tumors was explored.
The liver histology of tumor bearing mice was assessed by H/E staining. After 10 weeks of CCl, treatment
together with NOX-A12 or revNOX-A12, singular tumor nodules were present in the liver surrounded by

normal fibrotic tissue with large immune cell infiltrates in the fibrotic areas. However, no obvious histologic
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differences were observed (Figure 28 A). Following 16 weeks of CCl, treatment, large proportions of the
area in liver sections consisted of tumor tissue, while the remaining non-tumoral parenchyma was

remodeled into fibrotic tissue, with islets of hepatocytes surrounded by scar tissue.

Within the normal tissue of revNOX-A12 treated mice, swollen hepatocytes and eosinophilic anuclear areas
were abundant. This phenomenon seemed to be much less pronounced in livers from NOX-A12 treated
mice (Figure 28 B, Suppl. Figure 4 B). While serum ALT levels did not differ clearly between the groups,
there was a tendency towards decreased GLDH after 16 weeks of NOX-A12 treatment. Serum LDH was
unchanged between the NOX-A12 and the revNOX-A12 treated group during early tumor stages. After 16
weeks of CCls treatment, there was a clear trend toward increased serum lactate dehydrogenase (LDH)
after NOX-A12 treatment while LDH levels in the serum of revNOX-A12 treated mice did not differ from
the levels measured in the 10 week-treated groups (Figure 28 C). In order to evaluate the impact of NOX-
A12 on tumor promoting inflammation, the number of leukocytes was analyzed by flow cytometry, using
an optimized isolation protocol (see section 3.6.3). The number of leukocytes was not significantly altered
between the different groups (Figure 28 D). Furthermore, gene expression of Cxcr4 and a set of genes
associated with tumor-promoting inflammation (i.e., Tnfa, /I-6, II-10) was assessed in total non-tumor liver
tissue and tumor tissue from tumor-bearing mice and compared to healthy controls. Cxcr4 transcription
levels were significantly upregulated in fibrotic non-tumor and in tumor tissues compared to healthy liver
tissues. Tnfa expression was moderately but not statistically significantly upregulated in early tumors and
strongly induced in advanced tumors. There were no detectable changes in //-6 expression between healthy
and fibrotic tissues, but //-6 was slightly upregulated in tumor tissues, with no further increase in advanced
tumors. /I-10, on the other hand, was differentially expressed only in advanced tumor tissue, showing a
significant but moderate increase compared to the other conditions (Figure 28 E). Next, the effect of NOX-
A12 on the expression of the above-mentioned genes in tumor tissue and normal tissue distant from the
tumors was evaluated. In non-tumor tissue of mice subjected to DEN and 10 weeks of CCls, Cxcr4, Tnfa and
1I-10 expression was not clearly different between revNOX-A12 and NOX-A12 treated samples, however,
the expression of /-6 was significantly downregulated in the NOX-A12 treated group (Figure 28 F). Gene
expression measured in tumor samples from each treatment group was compared to tumor tissue from
mice treated with DEN + 10w CCl; and revNOX-A12. Cxcr4 mRNA levels were significantly increased in
tumors from NOX-A12 treated animals, regardless of tumor stage, while Tnfa, /-6 and /I-10 were not

differentially expressed in revNOX-A12 and NOX-A12 treated tumors (Figure 28 G).
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Figure 28: Assessment of the impact of CXCL12 inhibition on liver injury and inflammation in fibrotic/cirrhotic tumor-
bearing livers. Livers of DEN + CCl, treated mice (for 10 and 16 weeks) that had received NOX-A12 or revNOX-A12 were
further analyzed. A, B) Representative H/E pictures of liver histology at indicated time points and enlarged images of tumor
margins (* tumor area; white arrows: swollen hepatocytes; black arrows: eosinophilic area). C) Serum levels of ALT, GLDH
and LDH. D) Absolute numbers (cells per gram liver) of liver leukocytes. E) Quantitative RT-PCR was used to measure the fold
induction of genes linked to tumor-promoting inflammation in healthy liver tissues, compared to fibrotic non-tumor (NT)
and tumor (T) tissues of mice that received treatment with DEN + CCls + revNOX-A12. F) Differential gene expression of Cxcr4,
Tnfa, Il-6 and /I-10 in liver NT homogenates from mice after treatment with DEN + 10w CCl, and NOX-A12 or revNOX-A12. G)
The gene expression of Cxcr4, Tnfa, 1I-6 and /I-10 was analyzed in tumor tissue from the indicated treatment groups and
compared to the expression in tumor tissue from samples treated with DEN+10w CCls + revNOX-A12. Housekeeping genes:
18S rRNA + B2m. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was
performed (C, D, E, G). Unpaired Student’s t-test was performed (F) *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

3.6.3 Investigating the impact of NOX-A12 on tumor angiogenesis

CXCR4 has been reported to be upregulated on endothelial cells during tumor neoangiogenesis. (152, 155)
To investigate the impact of NOX-A12 on angiogenesis, endothelial cells were isolated from fibrotic tumor-
bearing livers and analyzed by flow cytometry. As the standard isolation protocol used so far did not allow
to isolate endothelial cells in a sufficient quantity and quality for an analysis especially from fibrotic tissue,

the isolation protocol was optimized for a gentler digestion, resulting not only in better yields of LSECs but
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also of Kupffer cells (Suppl. Figure 2 A, B). LSECs isolated from total liver were gated as CD45" cells, double
positive for CD31 and CD146. On this population the CXCR4 positive fraction was determined (Figure 29 A).
Only few CXCR4* LSECs were present in healthy liver, whereas a strong increase in CXCR4* LSECs fibrotic,
tumor-bearing livers was observed. After 10 weeks of CCls the amount of CXCR4* LSECs did not clearly differ
upon revNOX-A12 treatment compared to NOX-A12 treatment. While there was a trend towards an
increase of CXCR4" LSECs with disease severity in revNOX-A12 treated animals, NOX-A12 caused a strong
increase in CXCR4* LSECs after 16 weeks of CCls. (Figure 29 B, D). Similarly, the protein levels of CXCR4

within the CXCR4* gated LSEC population, measured as MFl were increased in fibrotic tumor-bearing livers,
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Figure 29: Intratumoral endothelial cells increase CXCR4 expression upon CXCL12 inhibition. A) Gating strategy used to
identify LSECs by flow cytometry. B) The percentage of CXCR4* LSECs in mice subjected to DEN and CCl, together with NOX-
A12 or revNOX-A12 (10 and 16 weeks) was determined by flow cytometry. C) CXCR4 expression levels (mean fluorescence
intensity, MFI) on CXCR4* LSECs. D) Representative plots of CXCR4* LSECs in the indicated treatment groups. E)
Immunofluorescence staining of CXCR4 was conducted on liver section from mice subjected to DEN and 10w CCly, treated
with revNOX-A12 or NOX-A12. Collagen-I staining is shown to distinguish the tumor area from fibrotic non-tumor tissue. F)
Quantification of the CXCR4* area in individual tumors from DEN+10w CCl, treated mice, treated with NOX-A12 or revNOX-
A12. G) Co-staining of CXCR4 and CD146 on a representative tumor area after DEN + 16w CCls + NOX-A12 treatment. Orange
arrows indicate CXCR4* CD146* double positive tumor endothelial cells (TECs), pink arrows indicate CD146* single positive
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TECs. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was performed.
*p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

and further increased in livers with advanced tumors but were highly upregulated after NOX-A12 treatment
(Figure 29 C). Immunofluorescence staining of CXCR4 on FFPE liver sections showed that CXCR4 was
selectively increased on cells with an endothelial-like shape in the tumors of NOX-A12 treated mice, while
positive stained area was much lower or absent in tumors after revNOX-A12 treatment (Figure 29 E). This
was also reflected by the quantification of the CXCR4* area within individual tumors (Figure 29 F). In non-
tumor areas, positive CXCR4 staining was mostly found in macrophages in the vicinity of scar tissue (Suppl.
Figure 4 C). The identity of the CXCR4* cells in the tumor was determined by co-staining with the endothelial
marker CD146, which confirmed a specific increase in CXCR4 after NOX-A12 treatment on a subset of TECs
(Figure 29 G).

In light of these findings, the impact of NOX-A12 on tumor vascular cells was further explored. Lymphatic
vessel endothelial hyaluronan receptor 1 (LYVE-1) is a marker of lymphatic vessels and LSECs but not
expressed on other endothelial cells, while CD146 is expressed on all endothelial cells in the murine liver
except lymphatic endothelium. (186, 187) Co-staining of LYVE-1 and CD146 on tumor tissue revealed a
distinct intratumoral zonation of LYVE-1* and LYVE-1 endothelium, while CD146 was expressed on all
endothelial cells (Figure 30 A). Tumor neoangiogenesis is characterized by an increase of small vessel
density. (188) Therefore, the CD146* area was assessed to determine the microvessel density (MVD) of
tumors in NOX-A12 versus revNOX-A12 treated fibrotic livers (n=3 per group). Due to the high level of
intertumoral heterogeneity, both histologically and immunologically, that was observed in the DEN-
induced tumors, all tumors were analyzed as individual samples (Suppl. Figure 3). However, no obvious
changes in MVD were observed (Figure 30 B). The LYVE-1* area was analyzed, showing a reduction in
advanced tumors in the control group (revNOX-A12). While there was no difference in the LYVE-1* area
between NOX-A12 and revNOX-A12 treatment after 10 weeks of treatment, in advanced tumors, the LYVE-
1+ area was slightly increased after NOX-A12 treatment compared to revNOX-A12 (Figure 30 C). The
expression of both CD146 and LYVE-1 were enhanced on tumor endothelium (Figure 30 D). To investigate
if CD146 or LYVE-1 expression was altered on protein level in response to NOX-A12, their MFl on CD146*
cells was measured. In the revNOX-A12 treated group, CD146 MFI was increased in advanced tumors, while
there were no significant differences observed for LYVE-1. NOX-A12 induced an increase in MFIl of CD146
and LYVE-1 during the early timepoint, however after 16 weeks of CCls in advanced tumors no differences
between the vehicle group and NOX-A12 treatment were detected (Figure 30 E). Overexpression of CXCR4
in response to CXCL12 inhibition was found to be associated with LYVE-1" TECs (Figure 30 F). Next,

expression levels of genes associated with angiogenesis and vascular remodeling were analyzed by gPCR
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in total non-tumor liver and tumor tissue. In control groups Cxcl/12 expression was reduced in fibrotic tissue,

as well as in tumors compared to healthy liver tissue.
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Figure 30: Investigation of the influence of CXCL12 inhibition on tumor vasculature. A) Representative image of CD146 and
LYVE-1 staining in an advanced fibrosis-associated liver tumor (DEN + 16w CCl, + revNOX-A12). Overview and enlarged image
of the tumor center. B) Microvessel density (MVD) was determined by measuring the CD146* area in different tumors from
n=3 samples per group. C) LYVE-1 positive area in individual tumors (n=3 samples per group) D) LUT (look-up-table) was used
to show differential staining intensities of CD146 and LYVE-1 on representative single channel images on a liver from a
DEN+10w CCls+ NOX-A12 treated mouse. Tumors were circled manually (white dashes). E) Mean fluorescence intensity (MFI)
of CD146 and LYVE-1 on CD146* tumor endothelial cell (TEC) clusters. (n=3 mice per group). F) Immunofluorescence staining
of CD146 and LYVE-1, and CD146 and CXCR4 on sequential sections from a DEN + 16w CCl,+NOX-A12 treated liver. G-I)
Expression levels of genes associated with vascular remodeling and angiogenesis were determined by qPCR. G) Differential
gene expression in total fibrotic non-tumor liver (NT) and tumor tissue (T) from DEN + CCls + revNOX-A12 treated mice
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compared to healthy controls. H) Gene expression levels in NT tissue of NOX-A12 treated mice compared to revNOX-A12
treated animals after DEN + 10w CCl, treatment. 1) Gene expression levels in tumor tissue from NOX-A12 or revNOX-A12
treated mice after 10 or 16 weeks of CCl; treatment, compared to tumor tissue after DEN + 10w CCl; + revNOX-A12
treatment. Housekeeping genes: 18S rRNA + B2m. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s
multiple comparison test was performed (B, C, E, G, I). Unpaired Student’s t-test was performed (H). *p<0.05; **p< 0.01;
***p< 0.005; ****p< 0.0001.

The pro-angiogenic transcription factor /d1 was increased on mRNA level in early tumors but decreased in
advanced tumor samples. Ang2 was slightly increased in fibrotic liver and even more in tumors, however
without reaching statistical significance, while Vegfa expression was unchanged between all groups.
Although not statistically significant, Thbs1 was strongly upregulated in normal fibrotic tissue and in tumor
tissue. Ang1, on the other hand, remained unchanged between healthy and diseased tissues of the control
groups (Figure 30 G). NOX-A12 upregulated CXCL12 expression in fibrotic non-tumor tissue of mice
subjected to DEN and 10 weeks of CCls. While there was a trend towards reduced expression levels of Id1,
the other genes were not differently expressed in non-tumor tissue of both treatment groups (Figure 30
H). In addition, altered gene expression was evaluated in tumor tissue, compared to tumors from mice
treated with CCls+ revNOX-A12 for 10 weeks. Although there was a trend toward increased /d1 and Thbs1
in early tumors after NOX-A12 treatment, most of the genes analyzed were not differently expressed in
response to CXCL12 inhibition. The exception was Ang1, which was slightly but significantly upregulated in
advanced tumors after NOX-A12 treatment. While this trend was also observed in less advanced tumors

after 10 weeks of treatment, it did not reach statistical significance (Figure 30 I).

3.6.4 Evaluation of the influence of NOX-A12 on the immune microenvironment

Next, the influence of CXCL12 inhibition on immune cells in the fibrotic/cirrhotic tumor-bearing liver was
investigated. As DEN in combination with CCls induced small tumors alongside fibrotic and cirrhotic
nodules, it was not applicable to dissect separate smaller, in-tissue tumors from fibrotic tissue in a time

frame that would allow for further lengthy analysis of fresh cells.

Hence, for some samples depending on the model and duration of treatment, there was not enough
material of either normal tissue or tumor tissue for FACS analysis. Therefore, for FACS analyses the entire
tumor-containing tissue was used, allowing a comprehensive analysis of global changes. This was

complemented by a spatial analysis using multiplex immunofluorescence.

The number of lymphoid cells in tumor-bearing livers after DEN and 10 or 16 weeks of CCl, treatment
combined with NOX-A12 or revNOX-A12 was evaluated. Although CD8* T cells were not changed by NOX-
A12 treatment, there was a slight but insignificant trend toward increased absolute and relative numbers
after 16 weeks compared to 10 weeks of CCls treatment. The CD4* T cell population showed no obvious

changes in absolute cell numbers. However, the relative number of CD4* T cells was reduced by NOX-A12
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after 10 weeks and increased after 16 weeks of CCls. The NK cell population was unaffected. The absolute
numbers of NKT cells were low and did not show any changes, but the relative contribution of NKT cells to
the leukocyte pool was doubled after 16 weeks of CCls.and NOX-A12 compared to the revNOX-A12 treated
groups and compared to the 10-week treated group. No significant changes were observed in the absolute
numbers of y6 T cells, but the relative numbers were increased in the revNOX-A12 treated group after 16
weeks CCls treatment compared to 10 weeks. The absolute numbers of B cells, on the other hand,
decreased with disease progression. Although there was only a trend toward reduced B cell numbers
following CXCL12 inhibition in absolute numbers and no difference in relative numbers, there was a
significant additional reduction of B cells by NOX-A12 after 16 weeks of CCls, which was reflected in both

absolute and relative numbers (Figure 31).
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Figure 31: NOX-A12 reduces B cells in fibrotic/cirrhotic tumor-bearing livers. Absolute (cell per gram liver) and relative
(percent of leukoytes) numbers of different lymphocyte populations retrieved from total liver tissue after DEN + 10 or 16
weeks CCls + NOX-A12 or revNOX-A12 treatment. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s
multiple comparison test was conducted. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

To further investigate the differences in B cell numbers observed by flow cytometry, immunofluorescence
staining was performed on sections of tumor —bearing livers after 10 weeks of CCl; and NOX-A12 or
revNOX-A12, using B220 as a B cell marker. In fibrotic non-tumor tissue of revNOX-A12-treated animals, B
cells were found to cluster near vessels in scar tissue, which was absent or greatly reduced in NOX-A12-
treated animals (Figure 32 A). Semi-automated analysis of B220" cell density showed a significant reduction
of B cells in both normal and tumor tissue after NOX-A12 treatment. Although no B220* cell clusters were
observed in tumor tissue, the overall density of B cells in tumors was not appreciably lower than in the
corresponding normal fibrotic tissue (Figure 32 B). Similar clusters were observed in normal tissue of
control mice (revNOX-A12) after 16 weeks of CCls, which were also largely reduced by NOX-A12. However,

B cells were not proliferating in these clusters as confirmed by the absence of Ki67 staining (Figure 32 C).
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To determine whether a specific B cell subset was reduced by CXCL12 inhibition, B cells isolated from livers
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Figure 32: NOX-A12 reduces mature B cells and memory B cells in fibrotic/ cirrhotic tumor-bearing livers. A)
Immunofluorescence staining of B220 on liver sections from mice subjected to DEN and 10w CCl; combined with NOX-A12
or revNOX-A12 treatment. Tumor area (*) and fibrotic non-tumorous tissue. B) Quantification of B220* cells per mm? tissue
in non-tumor liver tissue (NT) and tumors (T), from n=4 mice. C) Representative images of B220* cells in NT tissue after
treatment with DEN and 16w of CCl, together with NOX-A12 or revNOX-A12. D) Gating strategy used to identify different B
cell subsets by flo4w cytometry in mouse livers with advanced fibrosis/cirrhosis-associated tumors treated with NOX-A12 or
revNOX-A12. E) Absolute (cells per gram liver tissue) and relative (percent of B cells) numbers of B220* B cells and CXCR4*
positive B cells. F) Representative FACS plots of CXCR4* B cells. G) Absolute numbers of plasma cells, mature B cells,
CD1d*CD138* B cells and memory B cells. H) Proportion of unswitched and class switched memory B cells. I) CXCR4 expression
(mean fluorescence intensity, MFI) on mature B cells and memory B cells. Error bars represent mean +/- S.D. Unpaired
Student’s t-test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

subjected to DEN and 16 weeks of CCls and treated with NOX-A12 or revNOX-A12 were further analyzed
by flow cytometry. B cells were identified as CD19* CD3" leukocytes cells, that were predominantly positive
for MHC-II and CXCR4 in the liver. Antibody secreting plasma cells were identified as CD138 positive cells

with low expression of B220 and no expression of MHC-Il or IgD. B220* B cells were further subdivided into
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mature B cells, which are positive for both IgD and IgM, while IgD negative cells were denoted as memory
B cells. Memory B cells were further subdivided according to their expression of IgM into non-switched and
class-switched memory B cells. Within the mature B cells a subset positive for CD1d and CD138 was
identified (Figure 32 D). While the absolute numbers of B220* B cells were decreased following NOX-A12
treatment, the relative proportion of B220* cells within the B cell population were unchanged (Figure 32
E). While the absolute numbers of CXCR4"* B cells was reduced in the NOX-A12-treated group, there was a
slight but significant increase in the relative amount of CXCR4" B cells (Figure 32 E, F). An analysis of B cell
types showed that mature B cells and memory B cells were reduced by CXCL12 inhibition. Plasma cells were
very rare in the liver however their number was not influenced by NOX-A12. Also, the absolute number of
CD1d*CD138* B cells did not clearly differ between NOX-A12 and revNOX-A12 treated animals (Figure 32
G). Although the total number of memory B cells was reduced by NOX-A12, the proportion of non-switched
to class-switched memory B cells was unchanged (Figure 32 H). Lastly, the surface CXCR4 on mature B cells
and memory B cells was analyzed. While the protein level of CXCR4 was unaffected on mature B cells, it

was increased on memory B cells upon CXCL12 inhibition (Figure 32 1).

The absolute numbers of CD4* and CD8* T cells as well as NK cells were not significantly changed upon NOX-
A12 treatment. Nevertheless, the influence of NOX-A12 on T and NK cell activation was further investigated
by flow cytometry. On CD8* T cells, the activation marker CD69 was increased in livers with advanced
tumors, but not impacted by NOX-A12 treatment. A similar trend was observed for PD-1. In contrast,
surface CD107a was reduced after 16 weeks of CCls treatment compared to after 10 weeks, which was also
unchanged by NOX-A12 treatment. CD178 was expressed at low levels on CD8* T cells in livers with early
tumors after 10 weeks of CCl, treatment with no detectable effect of NOX-A12 treatment. However, CD178
was strongly upregulated in livers with advanced tumors, with an additional increase in the NOX-A12
treated group (Figure 33 A). On CD4* T cells, the expression of CD25 was decreased in mice treated with
CCls for 16 weeks compared to 10 weeks of treatment, while CD69 was not changed. There was no clear
effect of NOX-A12 although after 16 weeks of CCls there was a subtle trend towards increased CD25 levels
on CD4* T cells after NOX-A12 treatment compared to revNOX-A12 (Figure 33 B). Similarly, neither NOX-
A12 treatment nor tumor burden caused clear differences in the expression of CD69 on NK cells. However,
the percentage of CD107a* NK cells was strongly reduced with disease progression. Although not
significant, there was a slight trend toward higher levels of CD107a on NK cells in advanced tumors exposed
to NOX-A12 compared to the revNOX-A12 treated group (Figure 33 C).

Increased levels of CXCL12 at the tumor border have been reported to prevent T cells from infiltrating
tumors. (165) Therefore, the localization of CD4* T cells and CD8* T cells was evaluated using IF staining on
tumor-containing sections from livers treated with DEN and 10 weeks CCls combined with NOX-A12 or
revNOX-A12. An antibody directed against CD4 was used to identify CD4* T cells while CD8* T cells were
identified with an anti-CD8 antibody. Collagen | immunostaining was used to localize the tumor border

(Figure 33 D). In the control group, CD4* and CD8* cells were mainly located in fibrotic areas and at the
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tumor margin, with few CD4"* cells within tumors. In the liver of NOX-A12 treated animals CD8* and CD4*
cells also accumulated predominantly at the tumor margin and in fibrotic structures, but there were also
increased numbers of CD8* cells abundant in tumors, while the distribution of CD4* cells was not affected

(Figure 33 D, E, F).
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Figure 33: Effects of NOX-A12 on T cell activation and localization in DEN + CCl, treated tumor-bearing liver. The impact of
CXCL12 inhibition on T cell and NK cell activation in tumor-bearing fibrotic liver was evaluated by flow cytometry. A-C)
Markers of activation and cytotoxicity were assessed on CD8* T cells (A), CD4* T cells (B), and NK cells (C). D) The localization
of CD8* T cells (CD8* cells) and CD4* T cells (CD4* cells) was explored by immunofluorescence on non-tumor (NT) and tumor
(T) tissue (*) of DEN-treated livers after 10 weeks of CCl, and revNOX-A12 or NOX-A12. Representative pictures, with enlarged
pictures of tumor area and tumor margin; Green arrows: CD4* cells; red arrows: CD8* cells. E-F) Semi-automated
quantification of CD4* and CD8* cells per mm2 in normal tissue (NT) and tumor (T) regions. Error bars represent mean +/-
S.D. One-way ANOVA followed by Tukey’s multiple comparison test was performed (A-C). Unpaired Student’s t-test was
performed (E-F) *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

In addition, the impact of NOX-A12 on myeloid cells over the course of fibrosis-associated tumor
progression was investigated. The major hepatic myeloid immune cell populations were analyzed by flow
cytometry. Neutrophils comprised only a small fraction of hepatic leukocytes and were not changed
between the different conditions. Dendritic cells showed a slight trend toward lower absolute numbers

after NOX-A12 and with disease progression, however the relative numbers were not clearly changed
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(Figure 34 A). The absolute and relative numbers of Kupffer cells were reduced after 16 weeks CCl,4
treatment compared to 10 weeks. However, the reduction of Kupffer cells was less pronounced in the NOX-
A12 treated group. Both the absolute and relative amounts of CD11b*F4/80* cells were strongly reduced
in the NOX-A12 treated group after 10 weeks of CCls and after 16 weeks of CCls. However, after 16 weeks
of treatment there was no detectable additional decrease of CD11b*F4/80* cells by NOX-A12 (Figure 34 A,
B). The population of CD11b*F4/80* cells identified by flow cytometry (see Figure 34 A, B), was further
subdivided into eosinophils and MoMF (Figure 34 C). After 10 weeks of CCl, treatment, eosinophils
represented a major proportion of approximately 60% of CD11b*F4/80* cells from tumor-bearing livers,
which was largely reduced by NOX-A12. Also, the proportion of eosinophils was reduced after 16 weeks of

CCls treatment in livers with larger tumors, with a strong trend toward an additional reduction in NOX-A12

treated samples (Figure 34 D).
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Figure 34: NOX-A12 reduces eosinophils in DEN + CCls-induced fibrotic/cirrhotic tumor-bearing liver. Immune cells were
isolated from total liver tissue of mice treated with DEN + CCl; + NOX-A12 or revNOX-A12 (10w and 16w) and were analyzed
by flow cytometry. A) Absolute (cells per gram liver tissue) and relative (percent of leukocytes) numbers of major myeloid
immune cell populations. B) Representative FACS plots of liver macrophages (CD11b*F4/80* cells, yellow outline; Kupffer
cells, red outline) after indicated treatments. Representative values for the percentage of each sub-gate within the parent
gate are shown. C) Representative FACS plots of eosinophils (blue outline) and MoMF (green outline) within CD11b*F4/80*
cells, values indicate percent of parent. D) Proportion of eosinophils within the CD11b*F4/80* population. E) Absolute and

83



Results

relative numbers of eosinophils and MoMF. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple
comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

This shift in the ratio of eosinophils to MoMF was caused by a drastic decrease in eosinophils rather than
a change in the MoMF population. While the absolute number of cells and the relative amount of MoMF
within the leukocytes were largely unaffected by NOX-A12, both the absolute and relative numbers of

eosinophils were decreased with disease progression and by NOX-A12 (Figure 34 E).

Next, the influence of NOX-A12 on liver macrophage activation in fibrosis- and cirrhosis-associated tumor
liver was evaluated by flow cytometry. The proportion of Ly6C* MoMF was increased in livers with
advanced tumors. There was a slight trend towards an increase in response to NOX-A12. The amount of
CD80* MoMF was marginally reduced after 16 weeks of CCls compared to 10 weeks but was not influenced
by NOX-A12 treatment (Figure 35 A). The fraction of MHC-II"CD11c* MoMF was not only significantly

reduced in livers with advanced tumors, but also reduced upon NOX-A12 treatment (Figure 35 A, B).
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Figure 35: CXCL12 inhibition influences MoMF activation in tumor bearing fibrotic/cirrhotic livers. Several markers of
macrophage activation were assessed by flow cytometry. A) Relative proportion (percent of MoMF) of macrophages
expressing markers associated with inflammation and immune responses. B) Representative FACS plots of MHC-II*CD11c*
MoMF from the indicated treatment groups. C) Relative proportion of MoMF expressing anti-inflammatory markers. D)
Relative proportion and protein expression level (mean fluorescence intensity, MFI) of selected activation markers on
Kupffer cells. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was
performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

The protein expression level of PD-L1 on MoMF was not significantly altered between the different groups.
The amount of CD206* MoMF was decreased in NOX-A12 treated mice after 10 weeks of CCls and reduced
after 16 weeks CCl,compared to 10 weeks. However, in livers with advanced tumors, NOX-A12 treatment
did not provoke changes in CD206. The proportion of CD301+ MoMF was significantly dereased in NOX-

A12 treated mice with advanced tumors, while not changed in the other treatment groups (Figure 35 C).
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Also, changes in Kupffer cell activation were evaluated. As Kupffer cells highly expressed most of the
analyzed markers the MFI was determined to assess changes in the expression level. While there was only
a small decrease in the fraction of CD80+ Kupffer cells, the expression level of CD80 was clearly reduced
after 16 weeks of CCls treatment compared to 10 weeks. However, no effect of NOX-A12 treatment was
detected. MHC-II, on the other hand was unchanged on Kupffer cells regardless of the respective
treatment. While the relative number of PD-L1* Kupffer cells was slightly increased in mice with advanced
tumors irrespective of NOX-A12 treatment, the overall expression of PD-L1 was not significantly changed.
The relative amount of CD206* Kupffer cells was significantly reduced after 16 weeks of CCl, compared to

10 weeks, which was also reflected in the MFI (Figure 35 D).

In addition, to assess changes in freshly infiltrated and mature MoMF, the MoMF population was stratified
by the expression of Ly6C and MHC-Il and subdivided into four populations (Figure 36 A). Although the

absolute numbers of immature (Ly6C*MHC-II") MoMF tended to increase with disease progression, there
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Figure 36: NOX-A12 increases infiltrating Ly6C* MoMF and decreases mature MoMF in fibrosis-associated tumor-bearing
livers. A) MoMF subpopulations were subdivided based on their expression of Ly6C and MHC-II. Representative FACS plots
of the indicated treatment groups are shown. B) Absolute numbers (cells per gram liver tissue) and relative proportions
(percent of MoMF) of different MoMF subpopulations, distinguished by their MHC-II and Ly6C expression. Error bars
represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was performed. *p<0.05; **p< 0.01;
**¥p< 0.005; ****p< 0.0001.

was no difference between NOX-A12 and revNOX-A12 treatment. The relative proportion of Ly6C* MHC-II*

MoMF on the other hand, was significantly increased after 16 weeks of treatment compared to 10 weeks
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as well as in response to NOX-A12 treatment. MoMF double positive, as well as MoMF double negative,
for Ly6C and MHC-II were not considerably changed. Ly6C° MHC-II* MoMF on the other hand, showed a
tendency towards a decrease in absolute numbers, both upon NOX-A12 treatment and in livers with

advanced tumors (Figure 36 B).

The localization of Kupffer cells and infiltrating macrophages in response to NOX-A12 was evaluated by
sequential immunofluorescence staining on liver sections from mice subjected to DEN and 10 weeks of CCl,
in combination with NOX-A12 or revNOX-A12, using antibodies against the pan monocyte/macrophage
marker IBA1, F4/80, and the Kupffer cells specific marker CLEC4F. Macrophages largely accumulated in
inflamed regions of non-tumor tissue, where they were mainly comprised of IBA1* CLEC4F- MoMF with
varying F4/80 expression, while they were less dense and more scattered within tumors. While
IBA1*CLEC4F*F4/80* Kupffer cells were relatively rare in non-tumor regions as compared to the
homeostatic conditions, TAMs with a Kupffer cell-like phenotype were highly abundant in some, but not in
all tumor regions, independent of CXCL12 inhibition (Figure 37 A). F4/80* cells, comprising both Kupffer
cells and MoMF, were less abundant in tumors compared to normal tissue, however there was no
difference between NOX-A12 and revNOX-A12 treated animals. While their density was increased in some
of the tumors compared to normal tissue, the overall amount of CLEC4F* IBA1* Kupffer cells was unchanged
by NOX-A12.

Although the density of MoMF was only minimally reduced in normal fibrotic tissue by CXCL12 inhibition,
the spatial analysis revealed a significant reduction of TAMs with a MoMF-like phenotype by NOX-A12
(Figure 37 B). In addition, the localization of neutrophils was investigated, using an antibody against MPO.
While neutrophils tended to be reduced in normal liver tissue of NOX-A12 treated mice, there was no
difference in the number of tumor infiltrating neutrophils (Figure 37 C). In normal tissue, neutrophils were
found predominantly in fibrotic areas, whereas in tumors they were found dispersed or focally

accumulated (Figure 37 D).
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Figure 37: NOX-A12 reduces infiltrating MoMF in DEN + CCls-induced liver tumors. A) The spatial distribution of MoMF
(IBA1*, CLEC4F, F4/80*/) and Kupffer cells (IBA* CLEC4F*F4/80") in livers from animals treated with DEN + 10w CCl, + NOX-
A12/revNOX-A12 was investigated by sequential multiplex immunofluorescence. Representative images of tumor and non-
tumor areas and grayscale images of individual markers. B) The number of all macrophages (F4/80*) (n=3), MoMF, and
Kupffer cells (n=4) per mm?2 was analyzed in non-tumor and tumor tissue. C) The number of neutrophils (MPO* cells) was
quantified in non-tumor and tumor tissue. D) Representative pictures of MPO* neutrophils in fibrotic non-tumor tissue and
tumor tissue. MPO = myeloperoxidase. Error bars represent mean +/- S.D. Mann-Whitney U test was performed *p<0.05;
**p< 0.01; ***p< 0.005; ****p< 0.0001. NT = non-tumor area, T = tumor area

Using sequential immunofluorescence allowed to stain a set of multiple different markers on the same liver
slides (Figure 38 A). The densities of different immune cells obtained by sequential immunofluorescence
were then calculated for each individual tumor and correlated using Spearman’s correlation coefficient.
Generally, while the density of all immune cells was positively correlated, a high density of immune cells
also correlated with an increased density of proliferating cells, however, not with a higher rate of
proliferation (percent of Ki67* nuclei). The density of B cells (B220*) strongly and significantly correlated
with the density of TAMs (both Kupffer cell-like and MoMF-like). NOX-A12 treatment positively correlated
with an intratumoral CXCR4" area and CD8* T cell density, however showed a negative correlation with

proliferation as well as B cells and MoMF-like TAMs (Figure 38 B).
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Figure 38: Spearman’s correlation matrix reveals concomitant inflammatory and tumorigenic processes in individual
tumors. Data obtained by sequential multiplex immunofluorescence staining of liver tumors after DEN + 10 weeks CCl4 and
revNOX-A12 or NOX-A12 treatment (n=4 mice per group) were correlated for individual tumors using Spearman's correlation
coefficient. A) Staining of multiple markers on the same slide using sequential multiplex immunofluorescence.
Representative picture showing a tumor margin in a DEN + 10w CCl, + NOX-A12 treated liver. B) Spearman’s correlation
matrix and respective p values of different parameters, stained on individual tumors.
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3.7  Evaluation of the impact of CXCL12 inhibition on the TME in NAFLD/NASH-
associated HCC

While feeding a WD for 16 weeks only mildly promoted DEN-induced tumor growth, CXCL12 inhibition by
NOX-A12 had a strong tumor promoting effect in this model. To further investigate this phenomenon, liver
and blood were analyzed from WD-fed mice with DEN-induced liver tumors, treated either long-term or

therapeutically with NOX-A12, or with revNOX-A12 as a control (Figure 39 A).
3.7.1 Investigation of the systemic effects of NOX-A12 in mice with NAFLD-associated HCC

As a first step, the influence of NOX-A12 on circulating leukocytes in a setting of NAFLD-associated liver
tumor was analyzed. The absolute numbers of leukocytes were significantly increased after CXCL12
inhibition compared to revNOX-A12 (Figure 39 B). A differential blood analysis showed a trend toward
increased neutrophils and clear expansion of CD115* monocytes and eosinophils after treatment with NOX-
A12, that was also reflected in the relative numbers. Although not significant, this tendency was also
present after therapeutic treatment with NOX-A12. Dendritic cells, which represent a small fraction of
circulating blood leukocytes, were significantly reduced after NOX-A12, both in the long-term and in the
therapeutic treatment group (Figure 39 C). The absolute number of classical Ly6C+ monocytes was also

increased, however the proportion of Ly6C* cells within the monocyte population was not altered between
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Figure 39: CXCL12 inhibition influences the composition of blood leukocytes of mice with DEN-induced NAFLD-associated
liver cancer. A) DEN-injected mice were fed WD for 16 weeks and were treated during this time with revNOX-A12 or NOX-
A12 (16 weeks, or 8 weeks therapeutically). Liver and blood immune cell populations were analyzed by flow cytometry. B)
Number of leukocytes per mL blood. C) Absolute (cells per mL blood) and relative (percent of leukocytes) numbers of myeloid
cell populations. D) Ly6C*CD115* monocytes, absolute cell counts and proportion of monocytes. E) Absolute and relative
numbers of lymphoid immune cell populations. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s
multiple comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p<0.0001.
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revNOX-A12 and NOX-A12 treated groups (Figure 39 D). The absolute numbers of both CD4* and CD8" T
cells were not changed between the different groups, while the relative numbers were diminished upon
NOX-A12 treatment. Both absolute and relative numbers of NK cells were not clearly changed.

The absolute counts of B cells were increased after therapeutic application of NOX-A12, however not after

long-term treatment. The proportion of B cells in blood leukocytes was unchanged (Figure 39 E).

In addition, the levels of chemokines in the serum of mice subjected with DEN, 16 weeks of WD and
revNOX-A12 or NOX-A12 were analyzed. Serum from untreated mice served as control.
Out of the inflammatory chemokines analyzed, CCL4, CCL2 and CXCL1 were increased in DEN + WD treated
mice compared to healthy controls, while CCL5, CCL11 and CXCL10 were largely unaffected (Figure 40 A,
B). While most chemokines were not affected by NOX-A12 in the DEN + WD model, there was a strong
trend towards decreasing levels of CCL2 in the serum after NOX-A12 (Figure 40 B). The serum levels of the
homeostatic and dual chemokines CCL20, CCL22, CCL19 and CX3CL1 were not changed in DEN-treated,
WD-fed mice (Figure 40 C, D).
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Figure 40: Serum chemokine levels are moderately affected by NOX-A12 in WD-fed tumor-bearing mice. Chemokine levels
in the serum of DEN treated mice, that were fed WD for 16 weeks and were treated during this time with NOX-A12 or revNOX-
A12 were measured using a multiplex protein microarray. Serum of healthy mice was used as control. A-B) Serum levels (pg
/mL serum) of inflammatory chemokines with affinity to several (A) or to single (B) chemokine receptors. C) Serum levels of
chemokines involved in both homeostatic and inflammatory processes. D) Serum levels of homeostatic chemokines. Values
below or above the assay’s threshold were excluded. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s
multiple comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.
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3.7.2 Investigation of the influence of NOX-A12 on the steatotic microenvironment

Regarding the liver, a single injection with DEN followed by a WD for 16 weeks mainly induced
microvesicular steatosis with small neoplastic lesions, partially with large lipid vacuoles within the
malignant hepatocytes. The tumor lesions were considerably larger following NOX-A12 treatment
compared to revNOX-A12 treatment (Figure 41 A). The serum levels of ALT and GLDH, indicative of liver
injury, as well as the total number of liver leukocytes, indicative of inflammation, were unchanged between

revNOX-A12 and NOX-A12 treated groups (Figure 41 B, C).
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Figure 41: Therapeutic treatment with NOX-A12 induces expression of inflammatory genes in tumor-bearing steatotic
livers. A) Representative images of H/E staining on liver tissue from mice treated with DEN, 16 w WD and revNOX-A12 or
NOX-A12 (long-term and therapeutically). Overview and enlarged images of regions with tumors (*). B) Serum levels of ALT
and GLDH. C) Absolute numbers (cells per gram liver) of liver leukocytes were assessed by flow cytometry. D-F) Gene
expression levels of Cxcr4, Tnfa, II-6 and /I-10 in total tissue from non-tumor areas (NT) and tumors (T) were measured by
gPCR. D) Gene expression levels in tumor and non-tumor liver tissue from DEN + WD + revNOX-A12 treatment were
compared to healthy liver tissue. E) Differential gene expression in non-tumor liver tissue between revNOX-A12 and NOX-
A12 (long-term or therapeutically) treated mice. F) Differential gene expression in tumors from mice subjected to DEN, WD
and NOX-A12 (long-term or therapeutic) compared to revNOX-A12. Housekeeping genes: 185 rRNA + B2m. Error bars
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represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was performed. *p<0.05; **p< 0.01;
*%%p< 0.005; ****p< 0.0001.

In addition, gene expression of Cxcr4 and a panel of cytokines associated with tumor-promoting
inflammation (i.e., Tnfa, II-6, II-10) was assessed in total non-tumor liver tissue and tumor tissue from DEN
injected mice after 16 weeks of WD together with revNOX-A12 and compared to healthy controls. mRNA
transcript levels of Cxcr4 and Tnfa were increased after DEN + WD both in non-tumor and in tumor tissue.
The expression levels of /l-6 were not changed between healthy and steatotic liver, but moderately
upregulated in tumor tissue. //-10 was significantly upregulated in non-tumor tissue after WD, but not
increased in tumor tissue (Figure 41 D). While long-term NOX-A12 treatment did not change the expression
of Cxcr4, Tnfa, II-6 and II-10 in steatotic non-tumor liver tissue compared to revNOX-A12, therapeutic
treatment with NOX-A12 strongly induced the expression of Cxcr4 and II-6. Tnfa and /I-10 on the other
hand, were not clearly changed (Figure 41 E). Similarly, in total tumor tissue, the expression levels of the
afore-mentioned genes did not differ significantly between revNOX-A12 and NOX-A12 long-term
treatment. Therapeutic treatment with NOX-A12 however, markedly induced Cxcr4 expression in tumors,
while /I-6 and II-10 were moderately but significantly upregulated. Tnfa gene expression was unaffected

(Figure 41 °F).

3.7.3 Assessment of the effect of NOX-A12 on angiogenic factors in tumor-bearing fatty liver

The amount of CXCR4* LSECs in tumor-bearing steatotic livers as assessed by flow cytometry was
moderately increased after NOX-A12 treatment compared to revNOX-A12 treatment without reaching
statistical significance (Figure 42 A). Immunofluorescence staining of CXCR4 on liver tissue demonstrated a
significant increase in the expression of CXCR4 on a fraction of cells with a vascular shape within tumor
nodules following treatment with NOX-A12. However, this phenomenon was not evident in all tumor
nodules (Figure 42 B). This was also confirmed by measuring the CXCR4-positive area per tumor. The results
demonstrated a significantly increased CXCR4* area after therapeutic NOX-A12 treatment compared to
revNOX-A12, whereas the CXCR4* area in the long-term NOX-Al2-treated group was not statistically
significantly increased (Figure 42 C). Gene expression analysis of angiogenesis-associated genes was
performed by gPCR on non-tumor and tumor tissue lysates from mice exposed to DEN and fed WD along
with revNOX-A12-injections as a vehicle control and compared to liver tissue from healthy controls. The
MRNA expression of Cxc/12 was significantly decreased in steatotic liver tissue and tumors, whereas Ang2
was distinctly upregulated. While Id1, Vegfa, as well as Angl were not clearly changed, Thbsl was
upregulated in steatotic non-tumor tissue and strongly increased in tumor tissue (Figure 42 D). Next, the
influence of NOX-A12 on the expression of these genes on NAFLD/NASH associated liver tumor was

evaluated by comparing non-tumor and tumor tissue the respective revNOX-A12 treated samples. In non-
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tumor liver tissue, long-term NOX-A12 treatment did not provoke obvious changes in the expression of
most of the genes, except for a trend towards increased Angl. Therapeutic application of NOX-A12
moderately induced Cxcl12 and Angl expression and strongly increased Vegfa and Thbs1. Id1 and Ang2
were not clearly changed (Figure 42 E). Similarly, in tumor tissue, long-term treatment with NOX-A12 did
not induce clear differences in angiogenesis-related genes in comparison to revNOX-A12 treatment. In
contrast, therapeutic NOX-A12 treatment significantly upregulated the expression of Cxcl12, Id1, Vegfa,

Thbs1 and Ang1, while Ang2 expression was not differentially regulated (Figure 42 F).
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Figure 42: Evaluation of the influence of CXCL12 inhibition on tumor angiogenesis in NAFLD-associated liver cancer. A) The
relative amount of CXCR4* LSECs in tumor-bearing fatty liver after treatment with NOX-A12 or revNOX-A12 was determined
by flow cytometry. B) Representative immunofluorescence pictures of CXCR4+* cells in liver tumors of revNOX-A12 and NOX-
A12 treated animals. C) Quantification of the CXCR4* area within individual tumors (n=4 per group). D-F) The expression of
genes associated with vascular remodeling and angiogenesis was determined by gPCR in total non-tumor (NT) and tumor
tissue (T) from mice subjected to DEN and 16 weeks of WD, treated with revNOX-A12 or NOX-A12. D) Gene expression levels
in non-tumor and tumor tissue of revNOX-A12 treated mice in comparison to healthy controls. E) Differential gene expression
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in steatotic non-tumor tissue between mice treated with revNOX-A12 and mice treated with NOX-A12 (long-term and
therapeutic). F) Differential gene expression in tumor tissue between revNOX-A12-treated and NOX-A12-treated samples
(long-term and therapeutic). 185 rRNA + B2m were used as references. Error bars represent mean +/- S.D. One-way ANOVA
followed by Tukey’s multiple comparison test was performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

3.7.3 Investigating the effect of NOX-A12 on the immune cells in steatotic tumor-bearing

liver.

To determine the influence of CXCL12 inhibition on immune cells in a lipotoxic tumor environment,
leukocytes were isolated from total liver tissue and analyzed by flow cytometry. With the exception of NKT
and y6 T cells, which increased significantly both in absolute and in relative numbers after long-term NOX-
A12 treatment, there were no major changes in the numbers of most lymphocyte populations between
NOX-A12 and revNOX-A12 treated samples (Figure 43 A). On the other hand, NOX-A12 induced a significant
decrease in the proportion of CD25* CD4* T cells, with the most prominent effect after long-term treatment
(Figure 43 B). While PD-1 and CD107a as marker for T cell activation and cytotoxicity on CD8+ T cells were
not affected by therapeutic NOX-A12 administration, long-term treatment with NOX-A12 significantly
upregulated PD-1 whilst reducing CD107a (Figure 43 C). Surface CD107a expression on NK cells was

unaltered by CXCL12 inhibition (Figure 43 D).
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Figure 43: Impact of NOX-A12 on lymphoid immune cells in tumor-bearing steatotic liver: Lymphoid immune cells from
tumor-bearing steatotic livers treated with revNOX-A12 or NOX-A12 (long-term and therapeutically) were analyzed by flow
cytometry. A) Total (cells per gram liver tissue) and relative (percent of leukocytes) numbers of different lymphoid cell
populations. B) Analysis of the proportion of CD25* cells within CD4* T cells. C) The proportion of CD8* T cells expressing
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markers of T cell activation and cytotoxicity was analyzed. D) Surface CD107a on NK cells was assessed. Error bars represent
mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was performed. *p<0.05; **p< 0.01; ***p<
0.005; ****p< 0.0001.

The absolute as well as relative numbers of major hepatic myeloid immune cell populations were
unchanged between NOX-A12 and revNOX-A12 treated mice (Figure 44 A). Eosinophils constituted only a
minor proportion of CD11b*F4/80* cells and total leukocytes while the population of MoMF expanded.

NOX-A12 did not affect either eosinophils or MoMF (Figure 44 B, C).
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Figure 44: The numbers of hepatic myeloid immune cells are not affected by NOX-A12. Hepatic myeloid immune cells from
liver subjected to DEN and 16 weeks of WD, treated with revNOX-A12 or NOX-A12 were analyzed using flow cytometry. A)
Absolute (cell per gram liver) and relative (percent of leukocytes) numbers of the main myeloid immune cell populations in
the liver. B) Proportion of eosinophils within the CD11b*F4/80* population. C) Absolute and relative numbers of eosinophils
and macrophages. Error bars represent mean +/- S.D. One-way ANOVA followed by Tukey’s multiple comparison test was

performed. *p<0.05; **p< 0.01; ***p< 0.005; ****p< 0.0001.

The activation status of hepatic macrophages in response to CXCL12 inhibition was further evaluated using
flow cytometry. The expression of CD206, PD-L1, and CD80 on Kupffer cells was not affected by NOX-A12
treatment. However, there was a tendency towards decreased expression levels of MHC-II after long-term
NOX-A12 treatment (Figure 45 A). While the more pro-inflammatory markers Ly6C and CD80 were not
significantly altered, NOX-A12 treatment decreased the relative amount of MHC-II* CD11c* MoMF (Figure
45 B, C). The amount of PD-L1* MoMF was not affected by NOX-A12 treatment. Nevertheless, there was a
noticeable reduction in the proportion of CD206* MoMF following therapeutic NOX-A12 administration,
but not after long-term treatment. The relative number of CD301* MoMF decreased after NOX-A12
regardless of the treatment duration (Figure 45 D, E). Additionally, MoMF were gated for MHC-Il and Ly6C
expression to distinguish between immature and more differentiated MoMF (Figure 45 F). Although no
clear difference in absolute numbers was observed between treatment groups, there was a distinct shift
in proportions towards increased immature Ly6C*MHC-II" MoMF and decreased Ly6CMHC-II* MoMF

following NOX-A12 treatment. Furthermore, the fraction of Ly6C"MHC-II" was expanded after therapeutic

NOX-A12 treatment (Figure 45 F).
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therapeutically) was assessed by flow cytometry. A) Analysis of the positive fraction and mean fluorescence intensity (MFI)
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4. Discussion

The final stages of chronic liver diseases, namely liver cirrhosis and hepatocellular carcinoma, represent a
significant healthcare burden that still lack effective therapeutic options, despite years of extensive
research and many potential drug targets having been identified. Due to its proposed pathogenic relevance
in liver fibrosis and liver cancer, the CXCL12 chemokine axis is one of such potentially relevant drug targets.
(74, 120, 125) However, the effects of CXCL12 on the complex immunological micromilieu of the liver are
poorly characterized. Therefore, we aimed at better understanding those effects using established mouse
models of liver diseases. To investigate the roles of CXCL12 in liver fibrosis and liver cancer, the CXCL12-
neutralizing Spiegelmer NOX-A12, also known as olaptesed pegol, was used. While most inhibitors of the
CXCL12/CXCR4/ACKR3 chemokine axis only target one of the receptors, NOX-A12, the inhibitor used in this
study, uses an alternative approach. By neutralizing CXCL12, it disrupts signal transduction through both
ACKR3 and CXCR4. (174) Due to its safety, tolerability and efficacy in preclinical studies for several cancer
types, NOX-A12 is currently evaluated in clinical trials for the treatment of colorectal and pancreatic cancer
alone or as combination therapy with the anti-PD-1 antibody Pembrolizumab (NTC03168139) and of
glioblastoma under radiotherapy in combination with bevacizumab, an anti-VEGF antibody

(NCT04121455).

Here, treatment of healthy mice with NOX-A12 dramatically increased plasma levels of CXCL12. Due to
their unique properties, Spiegelmers such as NOX-A12 are stable in plasma and protected from renal
clearance, which results in an accumulation of complexes of the inactivated target chemokines bound to
Spiegelmers in the circulation (174, 189-191). Nevertheless, and as part of this thesis, the functionality of
NOX-A12 was confirmed by testing the ability of NOX-A12 to prevent CXCR4 activation by CXCL12 on Jurkat
cells. After binding its ligand, CXCR4 is rapidly phosphorylated and then internalized. (114) Using a
phospho-sensitive anti-CXCR4 antibody it was confirmed that NOX-A12 prevented the phosphorylation of
CXCR4 by CXCL12. Therefore, the increase in plasma levels of CXCL12 indicates an efficient target

engagement in our in vivo experiments.

Main findings from our comprehensive study in complementary mouse liver disease models demonstrate

that the in vivo inhibition of CXCL12 using NOX-A12:

e neither prevents nor increases liver fibrosis in CCls- and MCD diet-induced chronic liver injury;

e delays inflammation resolution after cessation of injury;

e alters the composition and activation of infiltrating leukocytes in the diseased liver;

e promotes DEN-induced inflammation-driven tumor growth;

e induces a tumorigenic microenvironment by shifting macrophage activation phenotypes and by

inducing vasculature remodeling.
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4.1The intricate influence of the CXCL12/CXCR4 axis on liver fibrosis and injury

CXCL12 has been shown to promote liver fibrosis through CXCR4 either by directly activating HSCs or by
inducing secretion of profibrotic factors in activated LSECs. (126, 131, 133) However, we did not find
indications of an impact of NOX-A12 on fibrosis or HSC activation in two experimental models of liver

fibrosis.

Similarly, earlier studies showed that blockade of CXCR4 failed to improve hepatic fibrosis and to attenuate
HSC activation following chronic CCls injections. While one study reported that CXCR4 inhibition with
AMDO070 did not influence HSC activation and liver fibrosis after chronic CCls, in another study
administration of AMD3100 with an osmotic pump during chronic CCls injections exacerbated liver fibrosis
and promoted HSC activation as determined by increased mRNA levels of Collal and Acta2, and
inflammation as assessed by increased infiltration of immune cells, especially neutrophils in mice. (192,
193) Similar results were reported for conditional Cxcr4 knock-out mice. Here, deficiency for Cxcr4 resulted
inincreased liver damage after chronic CCly, together with worsened fibrosis, and upregulated mRNA levels
of Collal and Asma. (194) Similarly, in a mouse model of LPS-induced endotoxemia CXCR4 inhibition by
AMD3100 impaired the health status of the mice while enhancing inflammation and parenchymal injury in

the liver. (195)

Using NOX-A12, specifically and solely neutralizing CXCL12, we did not observe an aggravation of liver
damage, fibrosis, or inflammation after chronic CCls or MCD diet. However, CXCL12 is not the sole ligand
of CXCR4. CXCR4 is strongly upregulated in severely stressed hepatocytes (196) and might be important for
receiving survival signals and avoiding cell death. CXCR4 also binds CXCL14 as well as non-chemokine
mediators, e.g., extracellular ubiquitin (197) or MIF (198). While CXCL14 and extracellular ubiquitin are
considered antagonists of CXCL12-CXCR4 interactions, (197, 199) MIF can trigger CXCR4-dependent
pathways. (200, 201) MIF is a pleiotropic inflammatory cytokine that interacts with CXCR4 and several other
receptors, such as CXCR2, CD74/CD44 and ACKR3. (202) In liver fibrosis, MIF was suggested to play a
hepatoprotective role, as MIF or CD74 deficiency exacerbated CCls-induced fibrosis in mice. (203)
Interestingly, CXCR4 and CD74 can form a functional receptor complex. Although MIF can also signal
through each individual receptor, MIF-induced responses were shown to be amplified by co-expression of
CD74 and CXCR4, as found on HSCs. (200, 201, 203, 204) Thus, antifibrotic and hepatoprotective pathways
triggered by other ligands than CXCL12 may be impaired by CXCR4 receptor blocking agents, but still
permitted after CXCL12 neutralization. In contrast, enhanced CXCL12-ACKR3 signaling appears to play an
anti-fibrotic role in the liver via LSECs. Pharmacological activation of ACKR3 has been shown to attenuate
CCls-induced liver fibrosis. (126, 205) Although other factors might be involved, this might provide an
explanation why NOX-A12, which blocks both CXCL12-CXCR4 and CXCL12-ACKR3 pathways, failed to

ameliorate fibrosis.
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4.2 Effect of CXCL12 inhibition on recovery after chronic CCls-induced liver injury

Interestingly, we observed a delayed inflammation resolution in NOX-A12-treated mice during recovery
from chronic CCls-induced liver inflammation. Although the CXCL12/CXCR4/ACKR3 axis is known to play an
important role in wound healing, its role in liver regeneration remains controversial. In addition, most
studies focus on liver regeneration after acute injury, while the impact of CXCR4 and ACKR3 on recovery
after chronic injury is less described. Therefore, we investigated the effect of CXCL12 inhibition on
hepatocyte proliferation during peak fibrosis and during early recovery from chronic CCls-induced liver
inflammation and fibrosis. While during active fibrogenesis and inflammation in the CCl; and MCD diet
models, the number of proliferating hepatocytes as well as the overall expression of Mki67 were unaffected
by CXCL12 inhibition, we observed increased hepatocyte proliferation under NOX-A12 treatment at 96

hours after the last CCls injection.

The CXCR4-CXCL12 axis is considered to play a hepatoprotective role during regeneration. Progenitor cells,
such as hematopoietic and mesenchymal stem cells, have a great regenerative potential and are recruited
to the liver through the CXCL12/CXCR4 axis after acute injury. (128, 206) However, during chronic injury
and stress, increased glucocorticoid levels downregulate CXCR4 expression on mesenchymal stem cells.
This results in an impaired engraftment to the liver and thus an overall low contribution to regeneration in
chronic liver fibrosis. (207) Ding et al. demonstrated a bivalent role for CXCL12 signaling in liver
regeneration after acute and chronic damage. After acute liver injury, CXCL12 signaling through ACKR3 in
LSECs induced HGF and WNT2 promoting liver regeneration, whereas in response to chronic liver injury,
activated LSECs upregulated CXCR4, while ACKR3 was downregulated. CXCL12 stimulation of CXCR4-

overexpressing LSECs induced the secretion of pro-fibrotic factors, such as TGFp. (126)

On the other hand, Wilson et al. reported that CXCR4 inhibition with AMD3100 increased hepatocyte
proliferation and reduced necrotic areas after ischemia/reperfusion (I/R) in mice, whereas application of
CXCL12 reduced regeneration. After partial hepatectomy, a non-inflammatory model of liver regeneration,
neither CXCR4 blockade nor CXCL12 application affected regeneration, suggesting that inflammatory or

injury-related mechanisms caused the increased proliferation after I/R. (208)

Following chronic CCls-induced fibrosis, 96 hours after the last insult, the liver undergoes a phase of
inflammation resolution, during which maximum scar removal and elimination of activated HSCs occur.
(32) While we found the amount of fibrosis and HSCs unaffected by NOX-A12 treatment at this time point,
we observed an increase in immune cell infiltration together with increased levels of Collal, Mmp9
expression and GLDH in the plasma, indicative of still ongoing inflammation, HSC activation and hepatocyte
damage. Serum ALT levels on the other hand, were unchanged. This discrepancy can be explained by the

higher sensitivity and persistence of GLDH in the serum compared to ALT. (209) All in all, these results
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suggest an impaired resolution of inflammation and a prolonged phase of compensatory proliferation

rather than a more effective regeneration upon CXCL12 inhibition.

4.3 The influence of CXCL12 inhibition on chronic liver inflammation

In this thesis project, we particularly aimed at drawing attention to how the inhibition of CXCL12 affects
the composition and activation of immune cells during chronic inflammation and liver cancer. Indeed, the
CXCL12/CXCR4 axis is crucial for immune cell trafficking, and liver inflammation has been shown to impact
every stage of liver disease initiation and progression. We found that NOX-A12 profoundly changed the

composition of immune cells both in the circulation and in the diseased liver.
4.3.1 Changes in peripheral immune cell mobilization

It is well established that the CXCL12/CXCR4 chemokine axis regulates leukocyte retention in and egress
from the CXCL12-enriched bone marrow, and inhibition of either CXCL12 or CXCR4 results in an increase in
peripheral blood leukocytes. (99, 176, 192, 193, 210-212) In good agreement with this, we found blood
leukocytes moderately but consistently increased after NOX-A12 treatment in all liver injury models. In
healthy humans, a single dose of NOX-A12 induced a strong increase in blood neutrophils, lymphocytes
and to a lesser extent monocytes. (176) Similarly, a single dose of AMD3100 was shown to mobilize large
numbers of T cells besides neutrophils and monocytes, both in healthy humans and healthy mice. (212)
However, we did not observe increased numbers of T cells. Interestingly, we observed differences in the
composition of NOX-A12-mobilized leukocytes between the different liver injury models used. CXCL12
inhibition predominantly resulted in increased myeloid cell numbers after CCls injections, similar to the
effect reported with AMD3100. (193) In the MCD model, however, the amount of B cells was increased,

while the numbers of other immune cell populations were unchanged.

Not only does the CXCL12 chemokine axis mediate the release of leukocytes from the bone marrow, but it
also mediates homing back to the bone marrow and infiltration into other organs, which is also regulated
by a variety of other chemokines with redundant functions that could partially compensate for the missing
CXCL12 signaling. (98, 99, 213-216) Indeed, we found several inflammatory and homeostatic chemokines
increased in the serum of NOX-A12 treated animals. As the high selectivity of NOX-A12 for CXCL12 has been
previously demonstrated in a competitive assay against 23 human chemokines an increase in chemokine
levels due to non-specific chemokine binding to the inhibitor can be excluded. (217) The affected
chemokines also varied strongly between the different models. While in the CCls model distinct
chemokines were increased, for example CXCL10, CCL19 and CX3CL1, in the MCD model, all measured
chemokines were upregulated, further supporting a highly context-dependent role of CXCL12 in

inflammatory liver diseases.
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The above-described differences in chemokine levels and peripheral blood leukocytes were also observed
in the tumor models. In DEN + CCl, treated mice, NOX-A12 differently influenced the composition of blood
leukocytes and the plasma chemokine levels even between mice with intermediate (DEN + 10w CCl,) versus
high (DEN + 16w CCls) tumor burden. Interestingly, CXCL12 inhibition in mice treated with DEN + WD
displayed increased myeloid cell subsets but fewer peripheral dendritic cells, while the serum levels of the
measured chemokines were largely unaffected. Although dendritic cells were reported to be mobilized into
the blood by CXCR4 inhibition (218), an in vitro study showed that dendritic cells from the monocytic
lineage require CXCR4 engagement for maturation and survival, (219) which could be a reason for their

decrease. However, this was not investigated in more depth in this study.

A common observation for all models we used was higher numbers of Ly6C* monocytes in the blood,
indicative of an increased release of immature monocytes from the bone marrow. Chong et al., identified
two different subpopulations of Ly6C* monocytes in the bone marrow that expressed different levels of
CXCR4 (CXCR4M and CXCR4'"), with CXCR4'" monocytes displaying a more inflammatory phenotype and
increased levels of CCR2, proposing CXCR4" monocytes in the bone marrow as precursors of classical
monocytes. (211) Indeed, monocytes in the bone marrow downregulate CXCR4 expression upon
interaction of CCL2 with its receptor CCR2, resulting in an egress of monocytes into the blood. (220)
Although the expression level of CXCR4 was not assessed, it can be assumed that the population of Ly6C*
monocytes in the NOX-A12 treated animals might also contain both inflammatory and pre-mature
monocytes. Conversely, in MCD-fed mice, the increase in Ly6C* monocytes represented rather a shift in
the proportion of Ly6C to Ly6C* monocytes, as the total number of monocytes was unchanged, suggesting

a more complex influence of CXCL12 on monocytes in this setting.

However, CD11b is not an exclusive marker for monocytes. (185) In the tumor models, using CD115 as
additional marker for monocytes, it became evident that both Ly6C* and Ly6C- monocytes were increased
in the blood. Previous studies showed that CXCR4 inhibition not only releases leukocytes from the bone
marrow but also mobilizes marginated immune cells from the lung and possibly other reservoirs, resulting
in a concomitant accumulation of mature and immature monocytes. (211, 213) Moreover, we observed a
population of so far unidentified Ly6G™ CD11b* CD115  Ly6C" cells, which were seemingly increased in the
blood of mice with a high tumor load. Although we did not further explore this population, a recent
publication described the presence of Ly6G- CD11b* CD115 Ly6Ch myeloid precursor cells in tumor bearing
mice with the ability to differentiate into polymorphonuclear cells with an immunosuppressive phenotype.

(221)

Taken together, we observed that NOX-A12 mobilized peripheral blood leukocytes, but the composition of
the affected leukocyte populations varied between the different liver disease models. The increase of
leukocytes was concomitant with changes in plasma chemokine levels, indicating an intricate and etiology-

dependent role for the CXCL12 chemokine in liver diseases.
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4.3.2 The impact of NOX-A12 on immune cells in chronic liver inflammation

To investigate the impact of CXCL12 inhibition on immune cell activation, we performed a comprehensive
FACS analysis. As expected, we found the number of Kupffer cells reduced in CCls-treated mice compared
to healthy controls, while the population of infiltrating CD11b* F4/80* phagocytes was increased. (32, 222)
In addition, the population of NKT cells was reduced in response to chronic liver injury, rather due to an
activation than to a decline in the NKT cell population. (223) In contrast to the study by Saiman et al.,, in
which they used AMD3100 in chronic CCls injury, we did not observe increased numbers of neutrophils.
This could be attributed to the increased liver injury in their study rather than to a direct effect of CXCR4
inhibition. (193) On the other hand, while we found that the relative amount of B cells was increased in
response to CCls, this accumulation was abrogated by NOX-A12. Similarly, Tsuchiya et al., observed a
decrease in CD19* cells (i.e., B cells) in the liver of CCls-challenged Cxcr4-deficient mice compared to Cxcr4-

competent mice. (194)

CD107a, also known as lysosomal-associated membrane protein-1 (LAMP-1), is highly abundant in the
membranes of cytolytic granules and only appears on the cell surface, when granules fuse with the plasma
membrane, as it occurs during degranulation. Therefore, surface CD107a serves as a marker of cytotoxicity.
(224) Notably, while the total number of NK cells and CD8 T cells was unaffected, NOX-A12 reduced surface
CD107a on NK and CD8* T cells, indicating a reduced cytotoxicity. Concomitantly, CD25 was elevated upon
chronic CCls treatment on CD4* T cells, but strongly reduced by NOX-A12.

Although CD25, a subunit of the IL-2 receptor, is highly abundant on Treg cells, it is also upregulated on
activated CD4* T helper cells. Thus, the reduction of CD25 on CD4* T cells could both indicate an impaired
T cell activation and a decrease in Treg response. Additional markers, such as Foxp3, CD127 or IL-10 would
be necessary to clarify the identity of these cells. (15) Nevertheless, the importance of CXCL12/CXCR4
interactions for Treg recruitment and differentiation is well characterized, and a blockade of CXCL12 or
CXCR4 is expected to reduce Tregs. (159-161) At the same time there is evidence that the CXCR4/CXCL12
axis does not only function as a chemoattractant for CD8* and CD4* T cells, (225-227) but is also involved
in T cell activation. CXCR4 on CD4* T cells was shown to form heterodimers with the TCR and to cross-
regulate cytokine responses (228) and to be recruited to the immunological synapse during crosstalk
between APCs and CD4* T cells. (229) In addition, several reports have shown that co-stimulation with
CXCL12 augments the proliferation and cytokine production of human CD4* T cells after CD3 activation.

(226, 230, 231) A similar effect was also described for CD8* T cells. (232)

Regarding the role of CXCL12 in NK cell activation, there exists contradictory data. While Correia et al.,
reported that CXCL12 exposure induced NK cell quiescence and hence restrained their anti-tumor

immunosurveillance, (132) another study reported that CXCL12 induced B7-H1 (PD-L1) expression on NK
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cells. (233) Interestingly, engagement of PD-L1 on NK cells was shown to enhance their antitumor activity.

(234)

On the contrary, NOX-A12 increased the cytotoxicity-associated marker CD107a on the cell surface of NK
and CD8* T cells and the amount of CD25* CD4* T cells in mice fed the MCD diet, while the absolute numbers
of T cells and NK cells were not changed. Data on the role of CXCL12 and its receptors in NAFLD/NASH is
scarce. However, CXCR4 seems to have a crucial role in the recruitment of lymphocytes to the steatotic
liver. Lymphocytes from mice and patients with NASH showed an increased migratory responsiveness to
CXCL12 that was not caused by increased receptor expression and could be inhibited by AMD3100. (235,
236)

Despite evidence for a direct effect of CXCL12 on lymphocyte activation, we hypothesized that there were
also indirect effects involved, caused by a change in the activation of APCs such as dendritic cells and
macrophages. Previous studies demonstrated an involvement of CXCL12 in dendritic cell maturation and
survival, however we found the number of dendritic cells only marginally affected. (219) Although CXCL12-
HMGB1 heterodimers have been shown to be potent chemoattractants for monocytes, CXCL12 inhibition
with NOX-A12 did not alter the total number of infiltrating MoMF in CCls-treated mice, but we did observed
changes in MoMF subpopulations. (118)

Classical monocytes that have recently exited the bone marrow can be identified in mice by their high
expression of Ly6C and low expression of MHC-II. Upon extravasation into tissues, they differentiate into
MoMF, and upregulate MHC-Il and other markers such as F4/80 and CD11c while gradually downregulating
Ly6C. (32, 237, 238) Interestingly, in livers of chronically CCls-challenged mice we found the amount of
CD11c*MHC-II* MoMF decreased after treatment with NOX-A12, while the population of Ly6C*MHCII®
MoMF was expanded. Among the MHC-1I* MoMF, the subset of Ly6C- MoMF was decreased indicating an

influence of CXCL12 inhibition on macrophage differentiation and maturation.

In fact, the CXCL12/CXCR4/ACKR3 axis seems to influence macrophage activation and function. Exposure
to CXCL12 increased the PRR CD14 and CD163 on human peripheral blood monocytes and induced the
secretion of pro-angiogenic CCL1 and VEGF. (145) Another study reported that platelet derived CXCL12
stimulated phagocytosis of platelets by macrophages via CXCR4 and ACKR3. Co-culture of monocytes with
platelets triggered upregulation of CD11c and the activation of monocytes into CD163* macrophages,
which was attenuated upon CXCL12 inhibition. (239) On the other hand, siRNA-mediated knock-down of
Cxcr4 in RAW264.7 cells, a murine macrophage cell line, reduced IL-6 and TNF-a expression after LPS
stimulation. (240) Altogether suggesting a role for CXCL12 in the modulation of both regenerative and

immune responses.

Gating of Ly6G'CD11b"&"F4/80* cells is a commonly used strategy to differentiate MoMF from Ly6G-
CD11b'""F4/80"e" Kupffer cells. (32, 239) Surprisingly, after chronic CCl; treatment, we noticed a large,
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previously unappreciated population of SSCMe" cells within this gate, which were identified as eosinophils

by their positivity for SiglecF. (241)

In the CCl; model, eosinophils were reduced in the liver but increased in the blood of NOX-A12 treated
mice, while the plasma level of CCL11, a crucial eosinophil chemoattractant (242) was unaltered, indicative
of an involvement of the CXCL12 axis for the recruitment of eosinophils in the liver. Indeed, although
peripheral eosinophils only weakly express CXCR4 in normal conditions, they upregulate CXCR4 in response
to inflammatory cytokines such as TNF-a, IFNy and TGF-B and efficiently migrate along CXCL12 gradients.
(243, 244) Moreover, several studies reported that blockade of CXCR4 or CXCL12 could reduce eosinophil
infiltration in different inflammatory settings. (244-246) Eosinophils are highly granulated, bone marrow-
derived myeloid cells that are major cellular sources of IL-4 and IL-13 and thus mediate type 2 immune
responses. (247, 248) Although eosinophils have mostly been implicated in the defense against parasites
(249) and in allergic diseases (250), there is increasing evidence that eosinophils are important for liver
regeneration and resolution of inflammation. (248, 251-253) Due to their high production of IL-4 and IL-13,
eosinophils have been shown to maintain an anti-inflammatory phenotype in white adipose tissue
macrophages. (254) However, to which extent eosinophils play a role in the polarization of hepatic

macrophages remains to be determined.

Immune cells from MCD diet-fed mice responded differently to CXCL12 inhibition than in the CCls model.
In the liver from MCD-diet fed mice we did not observe changes on the amount of Ly6C* MHC-II"and MHC-
[I"CD11c* macrophages and only subtle decrease in eosinophils after NOX-A12. On the other hand, the
subset of MHC-II*Ly6C* MoMF was highly expanded in this model, while the proportion of eosinophils was
rather low. This could be due to different injury dynamics in this model —while the liver undergoes repeated
cycles of injury with phases of regeneration in the CCls model, in the MCD diet, the liver is subjected to
continuous stress, which could suppress the impulse for inflammation resolution and regeneration.
Moreover, the unique inflammatory microenvironment in NAFLD/NASH is known to profoundly influence
the activation of monocytes and macrophages. (255, 256) It is tempting to speculate that this environment
could impact the responsiveness of myeloid cells towards CXCL12, as it was already demonstrated for
lymphocytes. (235, 236) In line with this hypothesis, Hart et al. suggested a pro-fibrogenic rather than a
protective role for eosinophils in NASH. (257) However, the exact role of CXCL12 signaling in NAFLD/NASH

remains unknown.
4.4 Consequences of CXCL12 inhibition on DEN-induced liver tumor growth

4.4.1 The impact of NOX-A12 on tumor growth

Surprisingly, application of NOX-A12 in DEN-induced, inflammation-driven models of HCC resulted in
enhanced tumor growth. The CXCL12 chemokine axis is involved in the development and progression of

primary liver tumors, acting through both ACKR3 and CXCR4 by directly inducing pro-survival and
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proliferative effects and by shaping a pro-tumoral microenvironment. (138, 139, 147, 150-152, 159, 258-
260) Using NOX-A12, we sought to investigate the anti-tumor potential of simultaneously disrupting both
the tumor-promoting CXCR4 and ACKR3 signaling pathways and how this affects the tumor
microenvironment in a model of DEN induced liver cancer which resembles alcohol-induced human HCC.
(180) As described previously, the DEN model was combined with repetitive CCls injections to mimic tumor
growth in a fibrotic-inflamed environment or with WD to recapitulate tumor growth in a context of
metabolic diseases. Unlike CCls, which induced large tumors after 16 weeks of treatment, WD only caused
small neoplastic nodules. One reason for this difference might be the strong fibrosis caused by CCls, which

is considered a crucial driver of HCC growth. (60)

Unexpectedly, we observed an increased tumor growth in response to CXCL12 inhibition with NOX-A12
with the most obvious difference between inhibitor and vehicle control in the DEN + WD model. In the DEN
+ CCls model, a significant difference in tumor burden was present after 10 weeks of CCls treatment, while
after 16 weeks the tumor burden was too strong to assess differences in tumor number or size — still, the
LBR was significantly increased after NOX-A12 compared to revNOX-A12 treatment indicating a higher
tumor load. This contrasts with other studies targeting the CXCL12-CXCR4 axis in murine HCC models, in
which inhibition of CXCR4 signaling by AMD3100 or other inhibitors either reduced tumor growth or had
no adverse effect. (182, 261, 262) Similarly, in ectopic xenograft models in mice and rats, ACKR3 knockdown
with short hairpin RNA (shRNA) was shown to attenuate tumor growth and metastasis, while ACKR3
overexpression promoted proliferation and invasiveness. (139, 140, 263) However, there is a lack of studies
investigating ACKR3 inhibition in more physiological models of HCC that consider the influence of the
immune system and the disease-specific microenvironment. On the other hand, there is increasing
evidence that distinct inflammatory responses of different etiologies profoundly influence the tumor

microenvironment and tumor response to therapies. (4)

CXCR4 inhibitors have been shown to synergize with anti-PD-1 treatment, and this combination is already
tested in patients with colorectal or pancreatic cancer (NTC03168139). (182, 261, 264) Therefore, we
tested in a small cohort of DEN + WD treated mice whether combination therapy of NOX-A12 and anti-PD1
could improve tumor control, but this approach did not appear to ameliorate the phenotype. This may be
a disease-model dependent effect, as Pfister et al. showed that anti-PD-1 therapy exacerbated NASH-HCC
by increasing a population of autoreactive CD8* T cells. (265) Nevertheless, due to the high variance within
the groups, a larger cohort would be needed to draw further conclusions. Overall, checkpoint inhibitor
monotherapies appear to benefit only a small proportion of patients (approximately 15-20%). (4) In
addition, phase Il trials of anti-PD-1 monotherapies in HCC failed to demonstrate superiority over
sorafenib. (4, 266, 267) Nevertheless, due to the large variance within the groups, a larger cohort would be

needed to draw further conclusions.
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4.4.2 The effect of CXCL12 inhibition on the tumor stroma and immune cells

Intrigued by these unexpected results, we further investigated changes in the tumor microenvironment
that might provide a possible explanation for the increased tumor growth. Indeed, we found evidence that
CXCL12 inhibition facilitates a tumorigenic microenvironment presumably by altering the macrophage
activation phenotype and the immune cell composition and by promoting vascular remodeling (Figure 46).
The development and progression of HCC in humans and mice is accompanied by drastic changes in the
microvascular system. LSECs progressively lose their phenotype, resulting in a capillarized tumor
endothelium that lacks fenestrations and LYVE-1 expression but instead produces increased levels of other
markers such as CD34 and CD146. (268, 269) The CXCL12 chemokine axis plays an important role in tumor
angiogenesis and inhibition of CXCR4 or ACKR3 was shown to reduce CD31* vessels in murine HCC models.
(151, 152, 261) Using the pan-endothelial marker CD146, we did not observe differences in MVD in DEN +
CCls induced tumors upon CXCL12 inhibition. In advanced tumors, however, the proportion of LYVE-1*
CD146* endothelium was found to be increased suggesting a reduced TEC capillarization. Concomitantly,
we found Angl upregulated after NOX-A12 treatment. Angl, mainly produced by pericytes, induces

maturation of newly formed vessels and thus promotes vessel normalization. (61, 62)

Interestingly, CXCL12 inhibition strongly upregulated CXCR4 expression specifically in CD146* LYVE-1
endothelium, but not CD146* LYVE-1* endothelium. CXCR4 overexpression has been correlated with
sinusoid-like microvessels and a distinct growth pattern of HCC, which was induced by macrophage derived
TNF-a. (147, 152) However, we did not observe this growth pattern in connection with CXCR4* TECs in NOX-
A12 treated tumors. Also, the TNF-a expression levels were not increased in tumors from NOX-A2 treated

animals. Therefore, the cause and consequence of the CXCR4 upregulation remains to be determined.

In CCls treated tumor-bearing livers, NOX-A12 facilitated the accumulation of CD8* cells, and reduced
infiltration of MoMF (IBA1* CLEC4F) into tumors, in good agreement with a previous in vitro study with
NOX-A12 (165) and in vivo studies using CXCR4 inhibitors. (182, 261) Moreover, we observed a pronounced
reduction in eosinophils and B cells after NOX-A12 treatment. This was similar to what we observed in
fibrosis models. Eosinophils have been shown to improve tumor control in several preclinical tumor
models, including HCC. (270, 271) B cells on the other hand play a dual role in HCC. While B cells can
produce antibodies against tumor antigens and activate T cells and thus play a role in anti-tumoral
responses, plasma cells and especially anti-inflammatory regulatory B cells can also promote tumor growth.
(272) Specifically, we found that mature and memory B cells were reduced by CXCL12 inhibition, while the

number of CD1d*CD138" B cells, which might represent regulatory B cells, was unaltered. (273)

Although pro-tumoral CD206* MoMF were reduced, the altered balance in immature Ly6C*MHC-II" and
differentiated CD11c*MHC-II* MoMF could be indicative of an impaired antigen-presentation and

phagocytosis, which is an important mechanism of tumor control. (76, 274) Kupffer cells on the other hand
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were seemingly unaffected. Interestingly, B cells, differentiated macrophages, and eosinophils were also

reduced in livers with overgrowing tumors, further highlighting their potential role in tumor surveillance.

Taken together, CXCL12 inhibition by NOX-A12 seems to impair tumor control by immune cells, which
might counteract the limiting effects of CXCL12 inhibition on tumor proliferation, survival, angiogenesis

and TAM accumulation, and partially explain the enhanced tumor growth with NOX-A12.

Surprisingly, CXCL12 inhibition appeared to have different effects on the microenvironment of WD-fed
tumor-bearing mice. Similar to the CCls-treated groups, both long-term and therapeutic treatment with
NOX-A12 resulted in a decreased the amount of CD11c*MHC-II* MoMF as well as the expression of the anti-
inflammatory markers CD301 and CD206, accompanied by a decrease in CD25* CD4* T cells, suggesting a
less anti-inflammatory microenvironment. On the other hand, the number of eosinophils and B cells was
unaffected. Strikingly, we found a drastic difference between the group that was treated long-term with
NOX-A12 and the therapeutically treated group, reflected by a strong upregulation of Cxcr4 and II-6,
evident both in non-tumor and tumor tissue. With this treatment regimen, we also observed an increased

frequency of spontaneous fibrosis development.

Like in the CCls; model, NOX-A12 increased CXCR4 in TECs of some, however not all tumor nodules,
highlighting an intertumoral variability also in DEN-induced NAFLD-associated tumors. This aspect of tumor
heterogeneity, highlighted in our multiplex immunostaining-based, single tumor analysis, is sometimes
overlooked. It is indeed particularly true that in mice, DEN-induced tumors, originating from random gene
mutations, drastically differ from one another. This could certainly explain the high heterogeneity observed
in this study. Future works should further take this into account, for instance by purposely studying tumor

heterogeneity in larger, more numerous tissue sections for each research animal.

NAFLD/NASH is associated with a distorted, dysfunctional microvasculature (275, 276) and a pathological
angiogenesis, characterized by increased levels of Ang2 (277), which was also reflected by our data.
Moreover, we observed a drastic increase in the mRNA levels of Thrombospondin (Thbs1) in tumor tissues
of revNOX-A12 treated mice. THBS1 is a matricellular protein that can be produced by fibroblasts,
endothelial cells, TAMs, tumor cells and activated platelets. (50, 278-280) Historically, THBS1 is considered
an important anti-angiogenic factor. (281, 282) However, there is increasing evidence that THBS1 plays a
dual or even tumor promoting role in HCC, as it was shown to correlate with disease progression and
angiogenesis. (278, 283) Interestingly, we observed a dramatic upregulation of Thbs1 as well as Vegfa both
in non-tumor and tumor tissue from mice that had been treated therapeutically with NOX-A12. Tumor
tissue from these mice also showed a strong increase in other angiogenesis-related genes with opposite

functions, such as Cxcl12, Id1 and Ang1, indicating a highly dynamic vascular remodeling.

While the underlying reasons remain to be determined, potential reasons for this could be for example an

increasingly hypoxic environment, which can induce both Cxcr4, Cxcl12 and Vegfa expression (104),

107



Discussion

Tumor promotion Tumor control

l? Vessel

Angiogenesis | 4======--- maturation Recruitment of
= immune cells

CD8* T cell
exclusion

5 Differentiation
TAM infiltration of MoMF

+ Tumor-associated T
® cosreen s  cosinophil

macrophage (TAM)

Monocyte-derived : .
macrophage (MoMF) @ B cell * Tumoricidal MoMF

Figure 46: Overview over the proposed NOX-A12 induced changes in the tumor microenvironment. CXCL12 inhibition
with NOX-A12 blocks both tumor-promoting and anti-tumorigenic mechanisms in the tumor microenvironment . NOX-A12
enhances CD8* T cell infiltration to the tumor and reduces the infiltration of tumor-associated macrophages (TAM). On the
other hand, NOX-A12 inhibits the recruitment of immune cells and the differentiation of immature monocyte-derived
macrophages (MoMF) to tumoricidal MoMF and thus limits tumor control. Moreover, NOX-A12 increases the expression of
both angiogenic and anti-angiogenic genes in tumors and therefore might increase remodeling of the tumor vasculature

heterodimerization and thus an altered affinity and function of CXCL12, CXCR4 or ACKR3 with another
ligand/receptor or interactions of CXCR4 or ACKR3 with other ligands. (117) Indeed, Monnier et al.,
suggested an important role for the CXCL11/ACKR3 axis in HCC. (151) Moreover, although the study was
conducted in immune compromised nude mice, ACKR3 was shown to promote hepatocellular tumor
growth in vivo and to induce VEGFA as well as the pro-fibrotic protein Galectin-3. (140) Importantly, this
upregulation in angiogenesis-related genes was not observed in the long-term (and thus preventive)
treatment with NOX-A12, indicating a more complicated mechanism. However, more research is needed
to explain these findings and unravel the intricate and contradictory role of CXCL12 in NAFLD. As NOX-A12
has been successfully and safely tested in pre-clinical and clinical trials in different malignancies, such as
multiple myeloma, glioblastoma, as well as pancreatic and colorectal cancer, the observed effects are

probably organ-specific. (190, 264, 284)

All'in all, the results obtained in this thesis show a complex and highly context-dependent role for CXCL12

in liver diseases. Although CXCL12 is involved in many detrimental pathologies, blockade of CXCL12 might
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change the activation of bystander cells or facilitate signaling through other ligands resulting in unfavorable

side effects. Therefore, NOX-A12 seems not to be a suitable drug for liver diseases.
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5. Conclusions

In this thesis, the role of CXCL12 in chronic liver inflammation and primary liver cancer was investigated.
CXCL12 neutralization by NOX-A12 led to drastic but disease-specific changes of both circulating and
hepatic immune cell populations, generally marked by higher numbers of myeloid cells in the circulation
and a reduction of CD11c*MHCII* MoMFs in the liver. Intriguingly, NOX-A12 further led to increased tumor

burden in distinct models of HCC.

Importantly, this study demonstrates the multifaceted role of CXCL12 in primary liver cancer, uncovering
pro-tumorigenic effects of pharmacological inhibition. Apart from promoting tumor survival, proliferation,
and aggressiveness, as well as attracting pro-tumorigenic immune cells, this study suggests a pivotal
function for CXCL12 in tumoral immune surveillance mechanisms. Although the reasons for this increased
tumor load may be multifactorial, our data indicate that NOX-A12, along with redirecting immune cells
toward tumorigenic or tumor permissive phenotypes, supports a differential activation of microvasculature
that might be favorable for tumor growth (summarized in Figure 46). Importantly, the underlying fibrosis

as the tumorigenic environment in chronic liver diseases is not affected by NOX-A12.

It will be important to further investigate the influence of CXCL12 inhibition on MoMF and liver endothelial
cells, to identify and dissect the underlying mechanisms. For instance, the phagocytic activity of bone
marrow derived macrophages and their ability to activate T cells in the presence of NOX-A12, could
demonstrate whether NOX-A12 rather promotes a tumorigenic or prevents an anti-tumoral macrophage
phenotype. Moreover, it would be of great interest to investigate how CXCL12 influences LSEC activation,

especially in the context of steatotic liver diseases.

While our data do not support a therapeutic application of the CXCL12 inhibitor NOX-A12 in liver diseases
and liver cancer, this study offers a detailed description of the immunological variations resulting from
CXCL12 inhibition in very distinct mouse models. This emphasizes the importance of characterizing the
immunological environment and monitoring tumor growth in several disease models in pre-clinical
research. Further studies might unravel how such liver-specific mechanisms explain the different

responses to NOX-A12 observed between distinct organs.
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Supplementary Figure 1: Identification of SSCM CD11b* cells as SiglecF* eosinophils in the blood and the liver of healthy
mice, and mice that were repetitively injected with CCl, for 8 weeks and sacrificed 36 h after the last CCls injection. A)
Backgating of SiglecF* CD11b* Ly6G™ blood leukocytes (highlighted in orange) identifies the Ly6GSSCMCD11b* cell
population as SiglecF* eosinophils in healthy and CCl, treated mice. B) SiglecF staining on SSCM (2) and SSC'o¥ (3) infiltrating
myeloid cells (1) in healthy and chronically CCl, treated liver and percentage of SiglecF* cells (eosinophils) within the SSChi
population
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Supplementary Figure 2: Comparison of liver immune cell isolation protocols. Isolation of endothelial cells and Kupffer cells
for flow cytometry analysis was conducted using the conventional and an optimized isolation protocol.

A) Endothelial cells, defined as CD31*CD45"- cells, isolated from healthy and fibrotic liver (chronic CCls). B) Kupffer cells
(CD45*Ly6G CD11bi"tF4/80Meh) isolated from healthy and fibrotic liver (chronic CCls).
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Supplementary Figure 3: DEN + CCl, induced tumors are histologically and immunologically heterogenous.

A) H/E staining of a representative liver section from a DEN + 16w CCls + revNOX-A12 treated mouse. Scan of the
entire section and enlarged images from different tumor regions. Tumors were circled manually (black dashes).
B) A consecutive section of A) was stained for F4/80 by immunofluorescence. Whole section scan and enlarged
regions from differenent tumors. C) A consecutive section of the same sample was subjected to sequential
multiplex immunofluorescence staining for various immune cell markers. The heatmaps depict the densities of

cells across the tissue. Tumor areas are indicated by black dashes. MPO = myeloperoxidase, PCNA= proliferating
cell nuclear antigen.
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Supplementary Figure 4: A) Representative fibrotic liver from a mouse that was subjected to DEN + 16w WD and treated
for 8 weeks (therapeutically) with NOX-A12 + Isotype. B) Representative images of non-tumorous regions, stained with H/E
from three different livers following DEN and 16 weeks of CCl, together with revNOX-A12 or NOX-A12. B) Representative
picture of CXCR4 staining in macrophages (IBA1* F4/80*) next to a vessel in fibrotic tissue in a liver exposed to DEN and 10
weeks CCls and revNOX-A12. An autofluorescence channel was added to verify the specificity of the signal. Pink arrows:
CXCR4 staining, blue arrows: tissue autofluorescence.
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