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1 Abbreviations

i microliter

Mm micrometer

ab antibody

Acc acceleration

ACK buffer ammonium-chloride-potassium buffer
ADP adenosine diphosphate

a-Gal glycolipid alpha-galactosyl ceramide
Akt protein kinase B

ALT alanine aminotransferase
ANOVA analysis of variance

AP1 activator protein-1

APC antigen presenting cells

APT antiplatelet treatment

ASH alcoholic steatohepatitits

Asp Aspirin

AST Aspartate Aminotransferase

BMI body mass index

Ca? Calcium 2+ ion

CBM CARMA1/Bcl10/MALT1

CD cluster of differentiation

CD-HFD choline-deficient, high-fat diet
cDNA complementary DNA

Clo Clopidogrel

CollV collagen IV

COX cyclooxygenase

CTL cytotoxic T lymphocyte

CTLA-4 cytotoxic T lymphocyte antigen-4
DAG diacylglycerol

DAMP damage-associated molecular pattern
DNA deoxyribonucleic acid

Dcc decceleration

ER endoplasmic reticulum

f.c. final concentration

FACS flow cytometry activated cell sorting
FasL Fas ligand

FFA free fatty acid

FGF21 fibroblast growth factor 21

FOV field of view

GPlba glycoprotein Ib alpha

GPVI glycoprotein VI

GzmA granzyme A

GzmB granzyme B

h hour




H&E

hematoxylin-eosin

HBSS Hank's Balanced Salt Solution

HBV hepatitis B virus

HCC hepatocellular carcinoma

HCV hepatitis C virus

HFD high fat diet

HRP horse-radish peroxidase

hURI human unconventional prefoldin RPB5 interactor
i.p. intraperitonal

i.v. intra venous

ICAM intercellular adhesion molecule

ICC intrahepatic cholangiocarcinoma

ICOS Inducible T-cell co-stimulator

IDO Indolamin-2,3-Dioxygenase

IFNy interferon gamma

IL interleukin

IP3 inositol trisphosphate

IPGTT intraperitonal glucose tolerance test

irAEs immune-related adverse effects

ITAM Immunoreceptor tyrosine-based activation motif
Itga2b integrin alpha-Ilb

ITIM Immunoreceptor tyrosine- based inhibitory motif
KC Kupffer cell

LAG-3 lymphocyte-activation gene 3

LAT linker-of-the-activation-of-T-cells

Lck lymphocyte cell-specific protein-tyrosine kinase
LFA-1 Lymphocyte function-associated antigen 1

LS low sugar

LSEC liver sinusoidal endothelial cell

Ly6G lymphocyte antigen 6 complex locus G6D

MAP kinase mitogen-activated protein kinase

MCD methionine-choline deficient diet

mDC myeloid dendritic cell

MHC major histocompatibility complex

min minutes

ml milliliter

NAFLD non-alcoholic fatty liver disease

NAS NAFLD activity score

NASH non-alcoholic steatohepatitis

ND normal diet

NFAT nuclear factor of activated T cells

NF-kB nuclear factor 'kappa-light-chain-enhancer' of activated B-cells
NK natural killer cells

NKT natural killer T-cells

o.n. overnight




OCT

optimal cutting temperature

PAMP pathogen-associated molecular pattern

PBS phosphate buffered saline

PCR Polymerase chain reaction

PD-1 programmed death receptor 1

pDC plasmacytoid dendritic cell

PDK1 3-phosphoinositide- dependent protein kinase 1
PD-L1 programmed death receptor ligand 1

P1(4,5)P- phospholipid phosphatidylinositol 4,5 bisphosphate
P13 kinase Phosphoinositide 3-kinase

PKC6 protein kinase C 6

PLT platelet

Prf perforin

PSC Primary Sclerosing Cholangitis

Rag-1 recombination-activating gene 1

RIPA Radioimmunoprecipitation assay

ROS reactive oxygen species

rpm rounds per minute

RPMI medium Roswell Park Memorial Institute medium

RT room temperature

SEM standard error of the mean

SLP-76 Src homology 2 domain—containing leukocyte phosphor-protein
STAT signal transducer and activator of transcription
TCR t-cell receptor

TGF- B transforming growth factor 3

TIGIT T cell immunoreceptor with Ig and ITIM domain
TIM-3 mucin-domain containing-3

TLR Toll-like receptor

TNF-a tumor necrosis factor alpha

tSNE t-distributed stochastic neighbor embedding
VCAM vascular cell adhesion molecule

VLA-4 very late antigen-4

VWEF von Willebrand factor

WD western-style diet

WD-HTF western-style diet with trans fats

B2m

B2-Microglobulin







2 Summary

Due to the consumption of high caloric food combined with an increased sedentary lifestyle,
the incidence of overweight and obesity is growing rapidly in western cultures, like the USA,
Europe and notably also in developing countries (e.g. India, China) - as a consequence of
adaptation to the western lifestyle’>. Thus, obesity-related pathologies like metabolic
syndrome have become a major issue in modern medicine, and thus far therapeutic options

are limited®-5.

The liver - the major metabolic organ of the body - is particularly affected by constant high
caloric food intake. Consequently, the liver undergoes dramatic changes, including the
development of fatty liver disease, termed non-alcoholic fatty liver disease (NAFLD). In 25%
of all NAFLD cases, progression to a more severe pathology termed non-alcoholic
steatohepatitis (NASH) can be observed. Immune cell activation in NASH leads to liver fibrosis
and subsequently to hepatocellular carcinoma (HCC)38. Today, more than 90 million people in
the USA and 30 million people in Europe are affected by NAFLD. Although chronic viral
infections with Hepatitis B or C are the leading etiology causing HCC, it has become clear that
NASH is an increasingly important factor for HCC development, a notion supported by the fact
that HCC is currently the fastest rising cancer in the USA, with a similar trend in Europe. At the
same time, knowledge about the key mechanisms causing NASH and NASH-triggered HCC

are scarce and therefore efficient therapies to treat this diseases are lacking®72.

The group of Professor Heikenwalder generated a mouse model of NASH and NASH-driven
HCC in the context of a chronic metabolic syndrome®. Mice fed a long-term choline-deficient
high fat diet (CD-HFD) develop obesity, steatosis, fibrosis, NASH and NASH-triggered HCC,
recapitulating most of the key features found in human patients. In this model, activated CD8*
and NKT-cells drive NASH and HCC through cytokine-mediated crosstalk with hepatocytes.
Remarkably, a similar T-cell activation, cytokine and immune cell pattern was found in NASH

patients - establishing the clinical relevance of the CD-HFD mouse model.

Aim 1: Deciphering TCR signaling in metabolically activated T-cells in NASH and liver

cancer development

In this scientific context, | investigated the role of T-cells in greater detail and T-cell receptor
(TCR) dependent signaling in NASH development and NASH-induced HCC. By utilizing
different dietary (high fat diet (HFD), CD-HFD and western-style diet with trans-fat (WD-HTF),
genetic mouse models (C57BI6, TCRBd", OT-1, Prf1, Ja18”", CD1d") and interventional
antibody (a-CD8, a-PD-1, a-NK1.1) -based strategies in dietary mouse models, | shed new

light on the key mechanisms of NASH pathology and its progression towards HCC.




The data of this PhD thesis indicates that from early time points onwards, activation of subsets
of CD8* T-cells correlate with NASH pathology of different severity. Further, with progression
of NASH towards advanced stages, CD8" T-cells of animals fed NASH-inducing diets (CD-
HFD or WD-HTF) expressed increasing amounts of early activation marker CD69 and
activation/exhaustion marker PD-1. Also, PD-1* CD8" T-cells expressed different TCR variable
B chains (TCR vB), indicating that distinct exhausted repertoires develop over the course of
NASH. Next, | showed that NASH pathology is dependent on a functional TCRaf repertoire
with intact TCRaf effector function, but less on natural killer T-cell (NKT) cell-dependent
mechanisms. Consistent with TCRaf3 dependency in NASH development, | demonstrated a
differential role of CD8" T-cells depending on the progression state of NASH pathology, with a
protective function of CD8+ T-cells in early states of NASH. However, in advanced NASH CD8*
T-cells drive hepatic immune-related adverse effects (irAEs), resulting in liver damage and

tumor formation potentially involving a TNF-a-mediated mechanism.

Aim 2: Platelet GPlba is a mediator and potential interventional target for NASH and

subsequent liver cancer

After deciphering the role of T-cells in NASH and NASH-induced hepatocarcinogenesis, |
investigated alternative ways to target hepatic inflammation in NASH without targeting
potentially inflammation-driving immune cell populations directly. Thus, | investigated the key
mechanisms of cell-immune cell interactions driving early NASH pathogenesis and identified
platelets and platelet activation as major contributors to NASH pathology and subsequent HCC
development. Further, | deciphered that platelets could be targeted by antiplatelet therapy
(therapeutic Ticagrelor), thereby ameliorating NASH pathology and potentially subsequent
hepatocarcinogenesis. | could show that platelet interaction with Kupffer cells and CD44-
hyaluronan are key mechanisms of NASH progression and that GPIba is an interventional

target for NASH therapy.

| published these results as a co-first author in Nature Medicine in April 2019
(https://doi.org/10.1038/s41591-019-0379-5)°.




3 Zusammenfassung

Aufgrund des Konsums an hoch-kalorischen Essen kombiniert mit einem wachsendem
bewegungsarmen Lebensstils steigt in westlichen Kulturen, wie der USA, Europa, aber auch
in Schwellenlandern, wie Indien und China, die Anzahl an Ubergewicht und Fettleibigkeit'.
Daher sind Krankheiten, welche mit Ubergewicht in Verbindung gebracht werden, wie das
metabolische Syndrom, eine der groRen Herausforderungen der modernen Medizin, da

therapeutische Optionen rar sind*-5.

Die Leber, als das zentrale Organ des Metabolismus, ist von dem konstanten Uberfluss an
hoch-kalorischem Essen besonders betroffen. Unter diesen Umstanden verandert sich die
Leber dramatisch. Sie entwickelt sich zur Fettleber. Ohne GbermaRigen Alkoholkonsum wird
dieses Leberkrankheitsstadium ,Nicht-alkoholische Fettleber Erkrankung“ genannt (englisch:
non-alcoholic fatty liver disease (NAFLD)). In etwa 25% aller Féalle kommt es zu einer weiteren
Verschlimmerung dieser Lebererkrankung, welche dann als ,Nicht-alkoholische
Steatohepatitis® bezeichnet wird (englisch: non-alcoholic steatohepatitis (NASH)). In dieser
NASH kommt es zur Immunzellaktivierung, welche zur Leberfibrose und schlussendlich zum
hepatozellularen Karzinom (englisch: hepatocellular carcinoma (HCC)) fiihrt*6. Zum jetzigen
Zeitpunkt sind mehr als 90 Millionen Menschen in den USA und mehr als 30 Millionen
Menschen in Europa an NAFLD erkrankt. Das fuhrt dazu, dass obwohl chronische virale
Infektionen, wie Hepatitis B oder C, die filhrenden Atiologien der Hepatokarzinogenese sind,
Hepatokarzinogenese als Resultat einer zugrundeliegenden NASH sich Gber den Zeitraum der
nachsten Jahre zu einem ernstzunehmenden Faktor entwickeln wird. Das wird zum Beispiel
unterstitzt, dass HCC heutzutage der Krebs ist, dessen Haufigkeit am rasantesten in der USA
und Europa wachst. Gleichzeitig ist aber der heutige Wissenschaftsstand begrenzt in Bezug
auf das Verstandnis der Mechanismen der NASH und der NASH induzierten HCC Entstehung.

Deshalb fehlen effiziente therapeutische Maltnahmen®7%,

Das Labor von Professor Heikenwalder hat ein praklinisches Mausmodell entwickelt mit
metabolischen Syndrom, NASH und NASH induzierte Hepatokarzinogenese®. In diesem
Model werden Mause Uber einen langen Zeitraum mit Choline defizienter Hoch-Fett Diat (CD-
HFD) gefittert, was zu Ubergewicht, Steatose, Fibrose und schlussendlich zu einer NASH
Pathologie mit resultierender Hepatokarzinogenese fiihrt. Dieses Model rekapituliert somit die
wichtigsten Merkmale humaner NASH. In diesem CD-HFD Maus Model wird NASH durch eine
CD8" und NKT-Zellen Zytokin-vermittelten Interaktion mit den Hepatozyten induziert. Ein
besonderes Augenmerk ist auch darauf zu richten, dass in NASH Patienten ein ahnliches T-
Zell Aktivierungsprofil mit analogen Zytokin-vermittelten Mechanismen gefunden wird, was die

klinische Relevanz unseres Mausmodels unterstreicht.




Ziel 1: Entschliisselung des TCR Signalings in metabolisch aktivierten T-Zellen in NASH
und Leberkrebs Entstehung

In diesem wissenschaftlichen Kontext wurde in dieser PhD Thesis die Rolle von T-Zellen
detaillierter als zuvor, sowie T-Zell Rezeptor (englisch: T-cell receptor (TCR)) abhangigen
Mechanismen untersucht, welche zu der NASH Entstehung und der NASH induzierten
Hepatokarzinogenese wichtig sind. Dazu wurden verschiedene Diaten (Hoch-Fett Diat (HFD),
CD-HFD, Western-Stil Diat mit Trans-Fetten (englisch: western-style diet with trans-fat (WD-
HTF))), genetische Maus Modelle (C57BI6, TCRBd", OT-1, Prf1”-, Ja18", CD1d”") und
Antikérper basierte Strategien (a-CD8, a-PD-1, a-NK1.1) in den Diat-Maus Modellen
verwendet. Dies ermoglichte es, neues Licht auf Mechanismen der NASH Pathologie

Entstehung und deren Progression zum hepatozellularen Karzinom zu entschlisseln.

Die gewonnenen Daten deuten darauf hin, dass nur in NASH induzierenden Diaten, wie der
CD-HFD oder der WD-HTF, von einem frihen Zeitpunkt an CD8* T-Zellen aktiviert werden
und diese daraufhin mehr frihe Aktivierungsmarker CD69 und den Aktivierungs-
/Erschépfungsmarker PD-1 Gber den Verlauf der NASH Pathologie exprimieren. Weiter deuten
meine Daten darauf hin, dass es zu einer differenziellen TCR variablen Ketten § (TCR vf3)
Expressionen in PD-1* CD8* T-Zellen kommt, was auf verschiedene erschopfte TCR
Repertoires im Verlauf der NASH schlieBen lasst. Auch konnte ich zeigen, dass die
Entstehung und Progression der NASH Pathologie nur mit einem natirlichen TCRaf
Repertoires mit intakter TCRap Effektor Funktion moglich ist. Mechanismen, die mit
Naturlichen Killer T-Zellen (NKT) in Verbindung gebracht werden, scheinen eine eher
untergeordnete Rolle in unseren verwendeten NASH Modellen zu spielen. Zusatzlich zu der
Abhangigkeit von einem natirlichen und intakten TCRaf3 Repertoire flir die NASH Entstehung
konnte ich zeigen, dass CD8* T-Zellen je nach Progressionsstand der NASH Pathologie eine
unterschiedliche Rolle haben. Zum Beispiel in frihen Stadien der NASH scheinen CD8" T-
Zellen einen eher protektiven Charakter zu haben. Wohingegen in fortgeschrittenen Stadien
der NASH CD8* T-Zellen flr immun-abhangigen schadlichen Effekte (englisch: immune-
related adverse effects (irAEs)) verantwortlich sind, welche zu Leberschadigung, starkerem
Leberschaden und Tumor Entstehung Uber einen moglicherweise TNF-a vermittelten

Mechanismus fiihren.

Ziel 2: Platelet GPlba ist ein Mediator und potentielles Ziel fiir eine medikamentose
Therapie in NASH und Leberkrebs

Auf der Suche, um den Kreislauf der hepatischen chronischen Entziindung in NASH
durchbrechen zu kénnen, habe ich bei der Erstellung dieser Thesis Schllissel-Mechanismen

untersucht, die verantwortlich fur die NASH Pathogenese sind. Ich habe Zell-lmmunzellen

8



Interaktion analysiert. Dabei habe ich Blutplattchen (Platelets) und Platelet Aktivierung als
verantwortliche Mechanismen identifiziert, welche NASH treiben und somit Lebertumor
Entstehung moglich machen. Platelets konnten mit anti-Platelet Therapie (therapeutischen
Einsatz von Ticagrelor) gezielt beeinflusst werden und somit NASH Pathologie Progression
verhindert oder NASH Pathologie verbessert werden. Weiter konnte ich zeigen, dass Platelet
Interaktion mit Kupfferzellen und CD44-Hyaluron wichtige Mechanismen des Fortschreitens
von NASH sind. Weiter, konnte ich GPIba als ein therapeutisches Zielmolekdil fir die NASH

Therapie identifizieren.

Diese Ergebnisse konnte ich als ein Erstautor in Nature Medicine im April 2019 publizieren
(https://doi.org/10.1038/s41591-019-0379-5)°.
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4 Introduction

4.1 General Introduction

4.1.1 The liver

The liver is the central metabolic organ of the mammalian system, which links the absorbance
of external substances through the gastrointestinal tract to the portal vein or lymph tract.
Consequently, the liver serves a barrier and filter function. Further, the liver breaks down
digestible ingredients of ingested food to useable micro- and macronutrients. Next, the liver
enriches the circulating blood with nutrients for peripheral organs, as well as detoxifying
potential harmful substances'™. The liver therefore serves as a crucial homeostatic organ
balancing peaks of nutritional overload and subsequent energy excess after eating against
times of fasting to keep a constant level of metabolites like glucose and fats bound to the
different lipoproteins in the circulating blood™. Also, the liver is a self-regenerative organ, able
to regenerate completely by compensatory growth mechanism even after loss of up to 75% of

its original mass'®".

The liver's functional structure is composed of a unique fenestrated architecture, which
increases the interaction surface with surrounding fluids for maximal exchange rates of
metabolites, proteins and fats'®. The liver's main cell type is the hepatocyte, which is capable
of storing, synthesizing and producing the molecules needed for a functional mammalian
system, like cholesterol, bile salts, phospholipids, proteins and stabilizing carbohydrates
levels’®. The second hepatic cell type is the cholangiocytes, which in addition to the
hepatocytes, produce some of the bile acids needed for food resorption. Further, there are a
plethora of cells of the endothelium, the liver sinusoidal endothelial cells (LSECs) and
leukocytes, both resident as well as patrolling cells (e.g. Kupffer cells (KC), yd T-cells, natural
killer (NK), natural killer T (NKT) cells and myeloid lineage cells like dendritic cells). The liver
has traditionally been considered to have a gatekeeper function, digesting food, detoxifying
potential harmful substances from the periphery and handling danger signals derived from the
intestine, like bacterial components. Therefore, the liver has a remarkably anti-inflammatory
microenvironment, allowing the liver to train and form the immunological responses and thus
the immunological landscape. In conclusion, the liver has a central role as a metabolic organ,

as well as in shaping the hormonal and immunological landscape'®.
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4.1.2 Hepatocellular carcinoma

Although remarkable progress in terms of survival, response and treatment options for nearly
every known cancer type has been achieved in the last decade, a few entities are opposing
this trend of progress in anti-cancer diagnosis and successful therapies. One of these entities
is hepatocellular carcinoma, which is the primary cancer type of the liver®. This leads to high
mortality rates, which are still increasing, despite modern medical advances'?. Depending on
the stage and thereby the severity of liver cancer, this results in a low median 5 year survival
rate between 4-17.2%%*'3. Primary liver cancer, the 5" most common cancer type detected,
can be grouped into multiple entities. A relatively small proportion of liver cancer arises from
non-epithelial tumors and pediatric hepatoblastoma, 10-15% result from cholangiocarcinoma
(Figure 1a), but the main burden, accounting for 80-90% of all liver cancer, comes from
hepatocellular carcinoma (HCC) (Figure 1b)3. A ratio of 3:1 of primary liver cancer in

males/females indicate that men are especially prone to developing liver tumors™*5

While the underlying mechanisms for HCC induction is strongly dependent on geographical
region in worldwide incidences, in 90% of HCCs the underlying mechanisms for induction is a
chronic inflammation of various origins, leading to different degrees of fibrosis and cirrhosis?®.
Viral infections are still the leading cause of chronic liver inflammation, but due to lifestyle
changes, alcohol and dietary-induced liver inflammation are gaining importance as HCC
etiologies in areas of the world traditionally having low HCC rates (Figure 1¢). However,
chronic inflammation in regenerative organs like the liver lead to a hepatic environment of
constant cell death and increased compensatory proliferation through increased activation of
liver progenitor cells and non-parenchymal cells®. This chronic cycle of death and regeneration
is termed “chronic necroinflammation™. The high turnover of cells in a chronic
necroinflammatory environment results in DNA damage, epigenetic modifications and an
overall genetic instability, paired with increased senescence of cells and intracellular stress,
leading overall to the fibrosis and scarring of liver tissue, which is the soil of tumorigenesis

(Figure 1c)3.

4.1.3 Underlying aspects of chronic inflammation for hepatocellular carcinoma
development

The current understanding of liver cancer development suggests that chronic inflammation

leads to constant stress on hepatocytes and liver-associated cells, resulting in chromosomal

aberrations, cell death, necroinflammation, an inflammatory cytokine milieu and compensatory

proliferation of hepatocytes and progenitor cells, as well as immune cell activation®16. Further,

this inflammatory environment leads to activation of hepatic stellate cells, inducing enhanced

production of extracellular matrix mostly consisting of collagen, resulting in scarring of the liver
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and increased liver stiffness. Scarring of liver tissue leads to cirrhosis, and combined with an

impaired immune surveillance, results in a pro-oncogenic hepatic environment, which induces

aberrant cells, lesions and liver cancer formation'’.

Courtesy Prof. Dr. A. Weber (University Hospital Zurich)
¢ [ [c==]
Necroinflammation | HCC development ‘ | ICC development |
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Figure 1: Chronic inflammatory stimuli drive necroinflammation and subsequent hepatocarcinogenesis
(adapted from Ringelhan et al.?)

(a) Examples of resected ICC and (b) HCC in collaboration with Achim Weber. (c) Chronic inflammatory stimuli of
various origin (virus, metabolic excess, alcohol abuse) deregulate the liver immune network, induce cell death and
compensatory proliferation. This necroinflammation drives genetic instabilty and fibrosis leading to
hepatocarcinogenesis. Also intrahepatic cholangiocarcinoma (ICC) develops in the background of chronic
inflammatory stimuli (primary sclerosing cholangitis (PSC) and liver flukes).

Different
HCC subtypes

The multitude of variables influencing liver cancer formation is also represented by the
complexity and different mutational backgrounds of liver cancer found in patients, making

therapeutic approaches difficult and patient-specific®.
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The liver cancer’s underlying chronic inflammation can arise via different etiologies, with viral
infections of HBV and HCV currently being the most common. However, with the epidemic rise
of metabolic syndrome and obesity all over the world, metabolically-induced liver cancer is

continually rising'®-20,

Despite increasing alcohol abuse leading to alcoholic liver disease and alcoholic
steatohepatitis (ASH), an increasing contributor to liver inflammation is correlated to over
nutrition combined with a sedentary lifestyle with or without extensive alcohol abuse (less than
two alcoholic beverages per day)?'?2. This liver pathology, termed non-alcoholic fatty liver
disease (NAFLD) and its more severe form non-alcoholic steatohepatitis (NASH) are the most

prevalent causes of dietary-induced HCCZ.

Further, epidemiologic studies show that in adipose patients with a body mass index (BMI)>30
kg/m? and a high caloric intake combined with a sedentary lifestyle the cancer incidence

massively increases by up to six-fold2%:24,

4.1.4 Dietary steatohepatitis as a driver of hepatic carcinogenesis

Thus, | wanted to focus on dietary-induced pathologies and HCC, due to the exorbitantly rising
burdens of overweight, obesity and metabolic-related disease like e.g. Type Il diabetes in
western cultures like the USA and Europe, but also in developing countries in the past 30

years'—325,

NAFLD is characterized by a reversible increase in liver fat deposition in hepatocytes, resulting
in micro- and macro-steatosis, systemic increase of fatty acids (e.g. triglycerides, cholesteric
derivatives), insulin resistance and therefore development of metabolic syndrome on the
background of non-significant alcohol intake (Figure 2a)?'?225  Although reversible, the
prevalence of NAFLD is high, affecting people on an epidemic scale. For example, in the
United States approximately 20-30% of the adult population are diagnosed positive for NAFLD
and an alarmingly incidence of 10% of children positive for NAFLD, as well?>2¢, Further, NAFLD
is on a steady rise with 15% of the US population affected in 2005 to 25% affected after only
5 more years, in 2010 (Figure 2b)?°. Similar rates of 20-30% of NAFLD prevalence were

reported on a global scale, affecting an epidemic scale of more than 1 billion people?>27-28,

Depending on the population (e.g. ethnicity, gender) and region of individual studies,
progression to the more severe pathology, NASH, can be observed in 15-26% of all NAFLD
cases. For example, in a US cohort between 3-4% of the adult population was affected, which
nearly doubled from 2005 to 2010 (Figure 2b) %27, What exactly drives NAFLD to NASH
progression is not understood, but there are indications that there are multiple hits or drivers

of pathogenesis. Hits including further metabolic reprogramming, lipid toxicity and increasing
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endoplasmic reticulum (ER) stress as a result of the underlying NAFLD and metabolic
syndrome. However, one of the defining features of NASH is an immune cell-meditated mostly
liver-associated inflammatory component (“sterile inflammation”) fueling the previously
described chronic necroinflammation and subsequent fibrosis, which is one of the defining

mechanisms of HCC development®2°,

Chronic necroinflammation, including the frequently induced fibrosis, leads to the activation of
damage-associated molecular patterns (DAMPs), pathogen-associated molecular patterns
(PAMPs), Toll-like receptors (TLRs), together with increased levels of reactive oxygen species
(ROS), toxic metabolites (e.g. high cholesterol and free fatty acids levels) and increasing
concentrations of cytotoxic cytokines (e.g. TNF-a). This inflamed environment affects not only
hepatocytes and stellate cells, but immune cells, both innate, e.g. dendritic and Kupffer cells,
and adaptive immune cells like cluster of differentiation (CD) 4* or CD8* T-cells, in particular
(Figure 3)%22262930  The exact sequence of progression as a result of the chronic
necroinflammation from NASH to HCC is not fully understood. On an immunological level,
selective loss of CD4* T-cells by cytotoxic fatty acids induces less macrophage-mediated
clearance of senescent hepatocytes, as well as a potential tolerance break due to decreased
numbers of regulatory T-cells®'*2. In addition, CD8* subsets drive liver damage in established
NASH in a CD-HFD-based mouse model (Figure 3)°%. Further, CD8" T-cells express
programmed death receptor 1 (PD-1%) in HFD-induced NAFLD, indicating an exhausted T-cell
phenotype*. Further, IgA* B-cell-mediated suppression of anti-tumoral CD8* subsets together
with a change of NKT cell polarization and disruption of the immune-tolerant liver environment
by M1/M2 shifting of myeloid cells were found to correlate with tumor promotion (Figure 3)33%-
37.On amolecular level, there is an intense “cross-talk” between immune cells and hepatocytes
responsible for HCC induction/development. In general, dysregulation or activation of TLR
through DAMPs and PAMPs, canonical and non-canonical NF-kB signaling lead to tumor
induction, with mediators including molecules such as TNF-a, lymphotoxin B, interferon gamma
(IFNy), ROS, IL-1B, IL-6, , IL-10, TGF-B and alarmins including IL-33%13.20.21,

In summary, a high global prevalence of underlying inflammatory conditions, lack of
therapeutic strategies and predictions of a global increase in HCC rates, makes HCC one of
the most dangerous cancer entities besides hormonal carcinogenesis. As a result, a diagnosed
HCC, regardless of the underlying cause, is for the individual patient essentially a death

sentence.
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4.1.5 Mouse models of non-alcoholic steatohepatitis

Due to the complexity of non-alcoholic steatohepatitis-induced hepatocarcinogenesis,
modelling key mechanisms and facets of the underlying disease, NAFLD and NASH, in animal
models is challenging®°. Aspects of an appropriate model must include systemic obesity,
insulin resistance, hepatic steatosis and steatohepatitis, as well as forms of fibrosis that lead

subsequently to HCC development®4°,
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Figure 2: Hepatocarcinogenesis in the background of a non-alcoholic fatty liver disease (adapted from
Dannenberg and Berger*' and Anstee et al.*?)

(a) Sedentary life-style and nutrient excess lead to obesity, insulin resistance and free fatty acids (FFA) influx to the
liver, inducing simple steatosis. Simple steatosis progresses to non-alcoholic steatohepatitis (NASH), which
progresses to fibrosis and cirrhosis in the context of necroinflammation. Liver cancer can develop not only from
fibrotic/cirrhotic, but also from steatotic or NASH livers lacking fibrosis. (b) Overview of incidence rates for
progression from normal liver, to simple steatosis, NASH, fibrosis, cirrhosis and liver cancer.

In principle, three different experimental approaches to model NAFLD in different severity

states with varying probabilities of progression to HCC can be done (Table 1, adapted from
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Anstee et al.*?). The first approach employs the use of chemical carcinogens (e.g. carbon
tetrachloride or diethylnitrosamine with or without high-fat diets)***4. The second approach
uses genetically altered mouse models (e.g. leptin-deficient ob/ob mouse strains or

unconventional prefoldin RPB5 interactor (URI) with or without high-fat diets)*>46.
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Figure 3: Immune cell mediated contribution driving or counteracting HCC development with
therapeutically approaches (adapted from Ringelhan et al.3)

Network of immune cell driving or inhibiting development of HCC by direct or cytokine mediated mechanisms. In
particular chronic stress drive malignant transformation of hepatocytes by cytotoxic or pro-inflammatory polarized
CD4* and CD8" T-cells (red arrows). Anti-inflammatory mechanisms by B-cells, regulatory T-cells and M2 polarized
myeloid cells inhibit effect anti-tumor surveillance in concert with increased IL-10 and TGF-§ levels, as well as T-
cell exhaustion. In grey boxes are potential clinical approaches for therapy by blocking exhaustion signals on T-
cells, increase cytotoxic cells by adoptive transfer or vaccination, or physical based tumor destruction methods like
microwave or transarterial chemoembolization (TACE). TAA, tumor-associated antigen; RFA, radiofrequency
ablation; CAR, chimeric antigen receptor; CIK cells, chemokine-induced Kkiller cells; Breg cells, regulatory B cells;

TME, tumor microenvironment; GITRL, ligand for GITR3.

The third approach uses dietary mouse models that involve feeding different styles of diets
either to wild type or to genetically modified mice (e.g. methionine/choline-deficient [MCD]
feeding; liver specific c-myc transgenic mice fed a MCD; high-fat diet [HFD] feeding;
overexpression of urokinase plasminogen activator leading to constant endoplasmic reticulum
stress mostly in hepatocytes (MUP-uPA transgenic) mice fed a HFD; long-term “western-style”
diets, which include increased fructose and cholesterol levels or choline-deficient high-fat
diets) (Table 1, adapted from Anstee et al.?)831:37:47,

Wild type mouse models, which rely on feeding of specific diets alone, are an ideal method of
modelling the initiation, establishment and progression of NAFLD, NASH and HCC, as they do
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not rely on genetic alterations, which are not observed in human disease. Further, the rather
slow pace of disease development by long-term diet feeding allow for in depth investigation at

stages of earliest steps of disease initiation, progression to NAFLD, early or advanced NASH®.

Table 1: Overview of animal models of NAFLD, NASH and HCC development (adapted from Anstee et al.*?)

Model NAFLD | NASH Metabolic HCC Comments
Syndrome

WD/CCL448 + + + + Steatosis: +

Fibrosis: ++

Weight loss

HCC development
DEN/HFD*® + + + + Steatosis: +

Fibrosis: -

Obesity

HCC development
Ob/ob® + - + - no spontaneous NASH or HCC
URI-IL17 / HFD/ | + + + + Steatosis: +
CD-HFD* Fibrosis: +/-

Obesity

HCC development
Methionine-choline | + + Weight loss, - steatosis, fibrosis and cachexia, but
Fﬁg%?;t diet cachexia HCC development is infrequent
MYC-ON + + - + Steatosis: +
mice/MCD! Fibrosis: +

HCC development
High-fat diet + - + +/- steatosis and obesity but not
[HEDJ®® fibrosis

HCC incidence is very low
MUP-uPA + + + + Steatosis: +
mice/HFD®" Fibrosis: +

Obesity

HCC development
High-fat/ cholesterol | + + + + Steatosis: +
high fructose diet Fibrosis: ++
[WDJ Obesity

HCC development
Choline deficient | + + + + steatosis, fibrosis, obesity,
High-fat diet metabolic syndrome
[CD-HFDJ® HCC development
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Thus, models using choline-deficient high fat diet feeding (CD-HFD) were utilized within the
framework of the current PhD thesis due to its representation of NASH phenotype observed in
the clinics and its ability to reproduce the whole spectrum of disease initiation leading to NAFLD
and NASH ending in dietary induced hepatocarcinogenesis without genetic drivers. This CD-
HFD model induces systemic obesity, metabolic syndrome, liver steatosis and liver
inflammation after 6 months of diet feeding and subsequent liver tumor development in 25%
of all CD-HFD fed mice after 12 months (Figure 4, adapted from Wolf et al.®). In particular, a
cytokine-mediated (e.g. LIGHT) cross-talk between NKT, adaptive immune cells of the CD8
lineage and hepatocytes cause liver steatosis, inflammation and subsequent HCC by
hepatocellular LTBR and canonical NF-kB signaling NASH to tumor transition (Figure 4,

adapted from Wolf et al.?).
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Figure 4: Mechanistic underpinnings of the CD-HFD mouse model (adapted from Wolf et al.5)

Chronic CD-HFD feeding induces dyslipidemia, choline deficiency and ROS formation together with NKT cells and
LIGHT driving the transformation of healthy hepatocytes to steatotic hepatocytes. Steatotic hepatocytes change
and get metabolically reprogrammed by chronic exposure to inflammation mediated by activated CD8+ T-cells and
NKT cells and nutrient excess of the CD-HFD. Thus, necroinflammation with chronic cell death and compensatory
proliferation induces genetic instability, which transforms hepatocytes in NF-kB mediated processes to drive
hepatocarcinogenesis.

4.2  Understanding drivers of chronic liver inflammation — T-cells

421 T-cells

Due to the known role played by T-cells in dietary liver inflammation, a more thorough analysis
of how they mediate cytotoxicity should be performed. In general, the T-cell lineage can be
subdivided into two major classes of T-cells, first invariant T-cells including natural killer T-cells
and T-cell receptor (TCR) yd T-cells and second, classical TCRap T-cells, which can be
subdivided into CD4* T-cells and CD8* T-cells®.
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Depending on the microenvironment, T-cells have different roles. Generally speaking, invariant
T-cells are the patrolling, organ-specific cells, the first responders to tissue damage and
detection of foreign proteins from e.g. bacteria®. These invariant T-cells are therefore
considered to be innate-like T-cells and have a bridging role between the innate and adaptive

immune system®.

CD4* T-cells are the so-called helper T-cells, whose function is to mediate cellular immunity
(THA1 polarization) by e.g. granzyme A/B (GzmA/B) or indirectly by interaction with monocytes
to clear senescent cells®. Further, TH2-polarized CD4* T-cells influence immune reactions
either in a promoting manner (e.g. supporting humoral B-cell-mediated immune responses
through IL-4), or a dampening manner (e.g. anti-inflammatory, regulating role of T regulatory
cells through IL-10)%2. An additional subset of CD4* T-cells are the TH17 cells, which mainly

produce IL-17 and are important in chronic inflammation and autoimmunity.

In contrast, CD8* T-cells, although capable of fulfilling regulatory and anti-inflammatory
functions in certain contexts (e.g. intestinal barrier function), are more efficient and prone to
being cytotoxic T lymphocytes (CTLs). Classical CD8" T-cells are considered efficient killer
cells, patrolling the body constantly checking cells for foreign peptide structures presented in
a major histocompatibility complex (MHC) | TCR-interacting fashion®2. Upon detection of
foreign antigens (e.g. on virus-infected cells), CTLs inject granzymes through perforin into the
target cells. In parallel, cytotoxic cytokines like IFNy or TNF-a get released, inducing a strong

local inflammatory reaction.

4.2.2 TCR signaling

The classical af TCR is a cell membrane-anchored protein complex orientated toward the
outside of the cell, building a complex with the CD3 chains, which point to the inside. Through
this difference in orientation, signal transduction from extracellular signals to the inside is
achieved. Upon TCR stimulation by interaction of the specific TCR with its mutual antigen
presented by MHC molecules, a multi-layered and feedback-controlled signal cascade starts,
leading either to T-cell activation or, when co-stimulation is insufficient to T-cell anergy

induction, a state in which T-cells become unresponsive to additional TCR stimuli®2:5%-%6

For signal transduction, CD3 chains possess different amounts of biochemically exposed
tyrosines for immunoreceptor tyrosine-based activation motifs (ITAMs), which upon
phosphorylation by e.g. lymphocyte cell-specific protein tyrosine kinase (Lck) recruit different
kinases (e.g. ZAP-70). ZAP-70 recruitment leads to a phosphorylation cascade of linker-of-
the-activation-of-T-cells (LAT) and cytosolic adapter protein Src homology 2 domain—
containing leukocyte phosphor-protein of 76 kDa (SLP-76), which unleash MAP kinase

pathways upon phosphorylation for effective TCR signaling amplification and transduction.
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Further, Lck leads to PI3 kinase activity combined with phospholipase C, which regulates
intracellular Ca?* levels by the PI(4,5)P, — IP; — DAG signaling pathway (phospholipid
phosphatidylinositol 4,5 bisphosphate - inositol trisphosphate — diacylglycerol). Downstream of
PI3K, other kinases (e.g. PKCB) amplify on the one hand further TCR signals and on the other
hand induce the formation of the CBM (CARMA1/Bcl10/MALT1) complex. Depending on the
activated pathway, different transcription factors get used (e.g. nuclear factor of activated T
cells (NFAT), activator protein-1 (AP1), NF-kB, signal transducer and activator of transcriptions
(STATSs)). Upon their simultaneous activation and interaction, T-cells get activated (e.g. NFAT
activated together with AP-1) and produce IL-2 or T-cells become anergic (e.g. NFAT activated
without AP-1)°2%,

Further, a process called inside-out signaling leads upon TCR stimulation to actin cytoskeletal
changes and enhanced integrin binding (e.g. lymphocyte function—associated antigen-1 (LFA-
1), very late antigen-4 (VLA-4) and their cognate ligands intercellular adhesion molecule

(ICAM) and vascular cell adhesion molecule (VCAM))%°.

However, all these changes upon TCR stimulation and activation are controlled on multiple
levels in a context-specific manner, e.g. by specific phosphatases like CD45, SH2 domain—
containing protein- tyrosine phosphatase (SHP1, SHP2 and PP2A) recruited to phosphorylated
ITIMs (immunoreceptor tyrosine- based inhibitory motifs e.g. in T cell immunoreceptor with Ig
and ITIM domains, short TIGIT), or HPK1 binding to SLP76%. An example of this dual
regulation is CD45, which can either dephosphorylate Lck's inhibitory domains and allowing

Lck activation, or by dephosphorylating Lck's active sites and limiting its signaling potential®®.

In conclusion, there are multiple pathways and interaction sites translating TCR stimuli into T-
cell phenotypic changes, thus allowing them to distinguish between specific, acute and chronic,

as well as weak and strong TCR stimuli.

4.2.3 T-cell exhaustion

For an effective T-cell response, a TCR stimulus alone is not sufficient, but induces T-cell
anergy. Therefore, simultaneous co-stimulatory signals parallel to TCR stimuli are important
(Figure 5). One of the prominent examples is the receptor interaction of CD28 on T-cells and
CD80 or CD86 on antigen presenting cells (APCs), inducing T-cell intracellular PI3K signaling,
leading to PDK1 (3-phosphoinositide- dependent protein kinase 1), Akt and NF-kB activation
through the CBM complex. Other co-stimulatory receptors are CD2, CD5, CD137, OX40,
Inducible T-cell co-stimulator (ICOS) and the previously described LFA-1. Upon effective T-
cell activation the activation chemokine IL-2, the survival factor Bcl-xI and proteins involved in
increasing metabolic capacities (e.g. Glut1 increasing glucose uptake and glycolysis) are

increased®%,
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Prolonged and chronic TCR activation leads to an exhausted T-cell phenotype, characterized
by first a decreased response to antigen stimuli by downregulation of CD3 or a decreased
response to survival signals like IL7 or IL15 by reduced expression of CD122, the 3-chain of
the IL-2 and IL-15 receptor, and CD127, which is the a-chain of the IL-7 receptor. Second,
poor T-cell effector function (e.g. decreased production of IL-2, IFNy, and TNF-a; decreased
cytolytic capacity by Fas ligand or the GzmB/perforin axis) is observed, and third, expression
of inhibitory receptors like lymphocyte-activation gene 3 (LAG-3), mucin-domain containing-3
(TIM-3), cytotoxic T lymphocyte antigen-4 (CTLA-4) and PD-1 are increased (Figure 5)%5-%.
For example, LAG-3 interaction with MHC Il affects cell cycle progression; CTLA-4 affects co-
stimulation of T-cells by competing with CD28 as a high affinity binding partner to CD80/CD86,
and trans-endocytosis of CD80/CD86; PD-1/PD-L1 interaction recruits T-cell internal
phosphatases, thereby limiting TCR dependent signaling. Further, chemokines like IL-10 or
TGF-B, activation of amino acids (e.g. tryptophan), depleting enzymes like indolamin-2,3-
dioxygenase (IDO) or immunoregulatory cells (e.g. Tregs Or M2 polarized myeloid cells)
contribute to an exhausted phenotype or induce further Ty formation®*-%8. Therefore, a non-
effective clearance of a TCR stimulus and prolonged T-cell activation, like in HBV infections or

chronic hepatitis, leads to T-cell exhaustion and eventually to chronic inflammatory conditions.

4.3  Platelets —mediators of chronic liver inflammation

In order to understand early mediators of chronic dietary-induced liver inflammation in greater
detail and to potentially therapeutically intervene with these inflammatory mechanisms,
previous work in the group of Mathias Heikenwalder investigated the role of platelets®. It has
become evident that platelets play a more prominent role in mediating inflammatory processes
than initially appreciated. Reports of other disease entities like thrombosis, obesity,
atherosclerosis, metastasis, cancer and stroke suggested that platelets could potentially

mediated adverse effects in a chronic liver inflammation®0-63,

In the background of virus-induced liver inflammation, platelets were identified as a crucial
factor mediating cytotoxic T-cell responses®-%¢. Further, platelets contributed to hepatitis B-
mediated HCC development, aggressivity and subsequent survival of infected mice. Thus,
antiplatelet therapy by Aspirin-Clopidogrel was beneficial in this mouse model of hepatitis B by
reducing hepatic T-cell migration and accumulation, inducing prolonged survival of infected

mice®”.

Therefore, a growing body of literature implicates platelets as key mediators of damage and

inflammation, rather than as a bystander effector cell contributing to inflammation.
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4.3.1 Platelet biology

Platelets derive from the megakaryocytes in the bone marrow by fragmentation and have a
relatively short life time of approximately 7 days®%%®. Platelets lack a nucleus but have
characteristics of whole cells. Traditionally, platelets are involved in wound closing, thus blood
clotting, wound healing, angiogenesis, but also promoting local leukocyte recruitment by

changing the local cytokine/chemokine environment®5%60,
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Figure 5: Important factors of co-stimulation or inhibition of TCR signaling (adapted from Chen et al.8)
Intracellular signaling network downstream of TCR and co-stimulatory (ICOS and CD28) or co-inhibitory (PD-1 and
CTLA-4) receptors on T-cells indicating interaction and cross-talk determining T-cell reaction (activation, inhibition
or anergy/hyporesponsiveness) in a context and TCR stimulus dependent manner.

Platelets have different surface receptors mediating signals upon different interactions with the
specific ligands triggering specific actions (Figure 6)%°. Depending on the trigger, platelets
have a repertoire of reactions. This includes, for example, influencing local blood flow
parameters by platelet activation and subsequent aggregation, platelet-mediated cell
apoptosis by Fas/FasL interaction, limited transcriptional activity of megakaryocyte-derived

RNA, and platelet cargo release®®®. Cargo release of the platelet granules is a particularly
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powerful mediator of the local cytokine/chemokine environment. For example, platelets release
cytokines like immune cell-interacting TGF- and blood flow-modulating serotonin - not only
in a direct manner, but also by guiding inflammatory cells “laying” paths of exosomes®%°,
Under non-pathological conditions these processes execute mainly local defense mechanisms
during injury and angiogenesis; however, chronic inflammatory situations reverse these

mechanisms and promote chronic inflammation®%60.66.67,

However, similar to van-der-Waals forces in fatty acid binding interaction or the working
behaviour of ants, a lot of small interactions can have a large systemic effect. Therefore, one
should not underestimate the impact of local platelet activation/aggregation and cargo release,
because platelet abundance in healthy individuals of 1.5-3.0E11 platelets/L is increased to

pathological levels greater than 4E11 platelets/L in diseased patients of different entities>®.

4.3.2 Antiplatelet treatments

Different antiplatelet treatments are in clinical use modifying platelet functions in a specific
manner (Figure 6)%°. Antiplatelet treatments are in general considered safe, for example
prolonged low-dose Aspirin (Asp) treatment, which inhibits irreversible cyclooxygenase (COX)-
1 and thereby inhibiting platelet function lifelong, are commonly used for treatment of patients
with risk for cardiovascular disease or atherosclerosis®®°. The limitation of Aspirin as a relative
weak antiplatelet drug can be overcome when combined with additional antiplatelet drugs, like
Clopidogrel (Clo) 97!, This is called dual antiplatelet therapy. Clopidogrel inhibits irreversible
the P2Y 12 receptor on platelets and thereby the adenosine diphosphate (ADP)-induced platelet
aggregation, which is a consequence of ADP release of activated platelets at sides of injury,
like artherosclerotic plaques (Figure 6)%®7'. To circumvent the irreversibility of platelet function
inhibition by either Asp or Clo or combined Asp-Clo, reversible platelet function inhibitors like
Ticagrelor were developed’. Similar to Clo, Ticagrelor inhibits the P2Y . receptor on platelets
and thereby the adenosine diphosphate (ADP)-induced platelet aggregation, but in a reversible
manner (Figure 6)%72. Other prominent P2Y 1, receptor inhibitors are Prasugrel, which inhibits
platelet function irreversible but in a more rapid and consistent way compared to Clo; or
Cangrelor, which inhibits platelet function reversible, but in contrast to Ticagrelor Cangrelor
has the disadvantage of intravenous administration for long-term treatments® 7374, Next,
Abciximab, Eptifibatide, or Tirofiban are FDA approved antiplatelet treatments targeting allb3
and thereby platelet aggregation, but also have the disadvantage of intravenous administration
(Figure 6)°°.

In summary, antiplatelet treatments have minimal risks besides prolonged bleeding times, are
relatively cheap and are therefore administered on a regular basis for different pathologies

increasing clinical outcome for patients.
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Figure 6: Platelet receptors/ligand interaction and potential interventional antiplatelet treatments (adapted
from Michelson®®)

Receptors and respective ligands on platelet surface. Receptors playing an important role in binding to collagen are
platelet surface glycoprotein VI (GPVI), integrin a21, as well as von Willebrand factor (VWF) binding to platelet
surface glycoprotein 1b (GP1b)-IX-V complex. Further, thrombin is a potent activator of platelets by
proteinase-activated receptor 1 (PAR1) and PAR4. Platelet- platelet aggregation is mediated by fibrinogen or with
high local blood pressure/shear forces by VWF-integrin allbp3 interaction.

Platelet-monocyte interaction is mediated by platelet surface P-selectin after platelet degranulation its cognate
receptor, P-selectin glycoprotein ligand 1 (PSGL1). Antiplatelet treatments used in Malehmir*, Pfister* et al.® are
dual therapy with Aspirin-Clopidogrel and monotherapy with Ticagrelor. Other potential platelet targeted therapies
are indicated in blue (approved therapies) and red (investigational therapies) (adapted from Malehmir®® and
Michelson®).GPVI: glycoprotein VI, VWF: von Willebrand factor, GP1b: glycoprotein 1b, PAR1: proteinase-
activated receptor 1, P2Y1: P2Y purinoceptor 1, 5SHT2A: 5-hydroxytryptamine 2A, 5-HT: 5- hydroxytryptamine, TP:
thromboxane prostanoid, TXA2: thromboxane A2, COX1: cyclooxygenase 1, PSGL1: P-selectin glycoprotein ligand
1, UFH: unfractionated heparin, AA: arachidonic acid; EP3, prostaglandin E2 receptor EP3 subtype; NO, nitric oxide;
PDE, phosphodiesterase; PG, prostaglandin; PI3KB, phosphoinositide 3-kinase B-isoform, adapted from®®.
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5 Hypothesis and aims

In the frame of this PhD thesis two main questions were addressed. First, what is the role of
T-cells and TCR-associated signaling in NASH development and NASH-induced HCC.
Second, how could the knowledge of hepatic inflammation driving NAFLD and NASH be used
to understand mechanisms triggering inflammation as well as focusing to intervene

therapeutically with the progression of NAFLD and NASH.

Aim 1: Deciphering TCR signaling in metabolically activated T-cells in NASH and liver

cancer development

The first aim of this PhD thesis was to decipher the role of T-cells and TCR-associated
signaling in NASH development and NASH-induced HCC by utilizing different genetic mouse

models, genetic therapeutic and interventional antibody-based strategies.

To address the hypothesis that specific dietary-activated subsets of CD8* and NKT cells
contribute mechanistically to the development of NASH and subsequently to HCC in a
potentially antigen-mediated manner in a dietary mouse model, the following questions, aims

and milestones were defined:

1. Is the dietary activation of T-cells a consequence of NAFLD or of NASH-promoting
mechanisms? Do different subsets of T-cells influence pathology development?

2. Are there changes in the T-cell compartment upon progression of NASH pathology?

3. Are T-cells and TCR-dependent mechanisms essential to induce NASH pathology and
subsequent HCC development?

4. Characterization of T-cell subsets at different stages of NASH pathology by antibody-
mediated manipulation.

5. Does suppression of T-cell exhaustion in NASH prevent liver cancer formation?

This study should allow an in-depth analysis of the role and the origin of T-cells in metabolic
syndrome-induced hepatitis, NASH and HCC. Thus, it was envisaged, that the data would
deepen current knowledge about the role of T-cells in NASH development and identify potential
novel therapeutic targets, as well as allowing reevaluation of currently used and approved
clinical antibodies (e.g. a-PD-1) in the context of NASH and NASH-triggered HCC diseases.

Aim 2: Platelet GPlba is a mediator and potential interventional target for NASH and

subsequent liver cancer

The second aim of this PhD thesis was to investigate if anti-platelet treatment (APT) could be

used therapeutically to ameliorate NASH, as well as to decipher the role of platelets as
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mediators of hepatic inflammation in NASH development by utilizing different therapeutic and

interventional antibody-based strategies.

To address the hypothesis that platelets are mediators of hepatic inflammation in NASH

development and could be a potential interventional target the following questions, aims and

milestones were defined:

1.

Is intrahepatic platelet abundance a result of NAFLD with induced insulin resistance
or NASH diet feeding?

Do therapeutic APT strategies have comparable beneficial effects to preventive APTs
in established NASH?

When do platelets home the liver during NASH diet feeding, and which other immune
cells co-localize with platelets?

What are the potential mechanisms of hepatic platelet homing in early NASH
development and established NASH?

Does therapeutic use of GPIba antibody have other beneficial effects besides
reduction of intrahepatic platelets?

Does long-term CD-HFD feeding induce hepatocarcinogenesis in hiL4ra/GPlba-Tg

mice?

This study allowed an in-depth analysis of the role of platelets in metabolic syndrome-induced

hepatitis, NASH and HCC. Thus, the data deepened current knowledge about the role of

platelets as markers of early liver damage in NASH development and identified platelet GPlba

as a potential interventional target in the context of NASH and NASH-triggered HCC diseases®.
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6 Methods

6.1 Mice, diets and treatments
Adapted from Malehmir*, Pfister* et al.®: 4-6 weeks old male C57BL/6J mice were purchased
from Charles River, and all strains of genetically-altered mice were on a C57BL/6J background.

Control mice were matched by genetic background, age and sex.

Mice were housed at the at the University Hospital Zurich (USZ), the Biomedical Services Unit
at University of Birmingham or University of Newcastle, the University of Calgary and German
Cancer Research Center (DKFZ). Animals were maintained under specific pathogen-free
conditions and experiments were performed in accordance to German Law (G129/16, G7/17,
55.2-1-54-2532-39-2015, G-91/14 and AZ:84-02.04.2014.A010). Further, experiments were
performed in accordance to the UK Animals Scientific Procedures Act of 1986, with project
license approval granted by the UK Home Office (project license P3F79C606) and the
University of Calgary Animal Care Committee (protocol AC16-0148) in accordance with the

Canadian Council for Animal Care Guidelines.

6-8 week-old male mice were fed ad libitum: normal diet (ND), high fat diet (HFD) (Research
Diets; D12451), choline-deficient high-fat diet (CD-HFD) (Research Diets; D05010402),
western diet with trans-fat (WD-HTF) (Research Diets; D09100301 - 40 kcal % fat (Primex

shortening), 20 kcal % fructose, 2% cholesterol).

For interventional studies, male mice were fed CD-HFD for the indicated timeframes and
treated with CD8 depleting antibody (Bioxcell, 2.43), NK1.1 depletion antibody (Bioxcell,
PK136) or anti-PD-1 (Bioxcell, RMP1-14). At the end of the experiment, animals were

sacrificed, and the liver, fat and serum harvested for analysis®.

Adapted from Malehmir*, Pfister* et al.: For therapeutic anti-platelet treatments, cohorts of
mice fed CD-HFD or WD-HTF were treated with Ticagrelor (40ug/ ml drinking water;
~3mg/kg/day).

For studies deciphering early platelet homing mechanisms, 5-week-old male mice were fed
ND, CD-HFD or WD-HTF for 3.5 weeks and subsequently treated for 2.5 weeks.

Mice were treated intravenously in 100ul PBS either 20ug/mouse anti-CD44 blocking antibody
(clone KM81, Cedarlane, CL8944AP) or 100ug/mouse anti-CD44 non-blocking antibody (clone
IM7, Bioxcell, BE0039). For further deciphering of the role of early platelet homing by the
CD44-hyaluronan axis, mice were treated intraperitoneally 20U/g murine hyaluronidase
(HYAL) in 100ul PBS.

For Kupffer cell depletion experiments mice were treated with 100ul/ mouse Clodrosome

(liposomal clodronate), or as a control 100ul/mouse Encapsome (Control Liposomes).
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For interventional GPlba blocking experiments mice were treated intravenously in 100ul PBS
either 100ug/mouse anti-GPIba or 100pg/mouse Fab-Rat IgG (kindly provided by Bernhard
Nieswandt, University of Wurzburg).

In late treatment regimes, mice were fed CD-HFD for 6 months and treated with the same
protocol for Kupffer cell depletion or interventional GPIba blocking experiments for indicated

time points®.

Adapted from Malehmir*, Pfister* et al.®: For deciphering of the role of granulocytes in early
phases of NASH, an osmotic pump experiment was performed in collaboration with Caroline
L. Wilson, Jack Leslie and Derek A. Mann from Newcastle University. In this experiment, 5-
week-old male mice were fed a CD-HFD for 12 weeks. Four weeks after the diet started, mini
pumps (Alzet, model 2004) were implanted subcutaneously into the mice to deliver 30ug per
day of Ly6G (clone 1A8, Bioxcell, BP0O075) neutrophil-depleting antibody or Rat IgG2a (clone
2A3, Bioxcell, BEO089) for 8 more weeks. At the end of the experiment, animals were

sacrificed, and the liver, fat and serum harvested for analysis®.

6.2 Measurement of liver triglycerides

Adapted from Malehmir*, Pfister* et al.®: Liver triglycerides were measured by crushing 20 - 50
mg of tissue in liquid with a pestle and adding 250ul 0.9% NaCl. After incubation on heat block
for 10min, RT, 450rpm, 250l ethanolic 0.5KOH was added, samples were vortexed and
incubated for 30min, 71°C, 450rpm. 500ul 0.15M MgSO4 was added, and samples were
vortexed. After centrifugation for 10min, RT, 13,000g supernatants were collected and
analyzed by using optical densitometry O.D. 505 with 1:4 diluted liver samples by GPO-PAP

from Roche Diagnostics®.

6.3 Intraperitoneal glucose tolerance test
Adapted from Malehmir*, Pfister* et al.®: After overnight fasting, mice were i.p. injected with
5ul/gr body weight of a 20% glucose solution, blood glucose was measured using “Accu-chek

Performa Glucometer” at the indicated time intervals, by puncturing the lateral tail vein®.

6.4 Intraperitoneal insulin tolerance test

Adapted from Malehmir*, Pfister* et al.®: After mild fasting for 6 h, blood glucose concentrations
were determined for each mouse before insulin (1U/g lean mass determined by EchoMRI
analysis) administration using “Accu-chek Performa Glucometer”. Mice were i.p. injected with
insulin and blood glucose was measured at the indicated time intervals by puncturing the lateral

tail vein®.
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6.5 Western blot analysis

Adapted from Malehmir*, Pfister* et al.°: Liver homogenates were prepared using
radioimmunoprecipitation assay (RIPA) buffer supplemented according to the manufacturer’s
manual with complete protease inhibitor cocktail (Roche #11697498001) and phosphatase
inhibitor (Sigma-Aldrich) in a gentleMACS™ Dissociator (Miltenyi Biotec). Protein
concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific)
according to the manufacturer's manual. 10ug of proteins were separated under reducing
conditions (2.5% B-mercaptoethanol) by 10% gels and electrophoresis and blotted by wet
blotting for 1.5h onto nitrocellulose membranes (Bio Rad). Membranes were blocked in 5%
milk/PBS-T for 1h at RT. Primary antibodies (Table 2, all Cell Signaling) were incubated at 4°C
overnight under shaking conditions. Incubation with the secondary antibody (Anti-Rabbit IgG
(H+L) — HRP, 1:5000, W4011 Promega) was performed for 1h. Detection was performed by
Clarity Western ECL Substrate (Bio Rad) with a ChemiDoc imaging system (BioRad).

Table 2: Antibodies for Westernblot analysis

Name Clone Cat #
P-p38MAPK (Thr180/ Tyr182) D3F9 4511
p38 MAPK D13E1 8690
P-p65 Ser536 3033
p65 D14E12 8242
COX2 D5H5 12282
GAPDH 14C10 2118

6.6 Isolation and staining of lymphocytes for flow cytometry and FACS
Adapted from Malehmir*, Pfister* et al.®: Mice were transcardially perfused with PBS, and livers
were dissected. Livers were incubated for up to 35min in 37°C with digestion buffer (Collagen
IV 1:10 (60 U f.c.) and DNase | 1:100 (25ug/ml f.c.)) and subsequently passed through a
100um filter. Livers were Washed with RPMI1640 (#11875093) medium and subsequently
centrifuged for 7min/300g/4°C. Lymphocyte enrichment was achieved by a 2-step Percoll
gradient (20ml 25% Percoll/HBSS underlay with 20ml 50% Percoll/HBSS) and centrifugation
for 15min/1800g/4°C (Acc:1 Dcc:0). Leukocytes were collected, washed with HBSS,
centrifuged for 10min/700g/4°C, counted and transferred to a 15ml Falcon for a final washing
step with FACS buffer (PBS supplemented with v/v 0.4% 0.5M EDTA pH= 8 and w/v 0.5%
albumin fraction V (#90604-29-8)).
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Isolation of splenic lymphocytes was done by passing spleens through a 100pm mesh and
subsequent washing. Afterwards, an erythrocyte lysis using ACK-buffer 1x 2ml for 5 min RT

and then a wash was performed.

Isolation of blood-derived lymphocytes was done by collection of blood in FACS buffer and

performing erythrocyte lysis two times using ACK-buffer 1x 2ml for 5 min RT and then washing.

For T-cell re-stimulation, cells were incubated for 2h, 37°C, 5% CO: in RPMI 1640
supplemented with v/v 2% fetal calf serum using 1:500 Biolegend’s Cell Activation Cocktall
(with Brefeldin A) (#423304) and 1:1000 Monensin Solution (1,000X) (#420701).

Staining was performed using Live/Dead discrimination by using DAPI or ZombieDyeNIR
according to the manufacturer’s instructions. After washing (~400g, 5min, 4°C), cells were
stained in 254l of titrated antibody master mix for 20min at 4°C and washed again (antibodies
shown in Table 3). Samples for flow cytometric activated cell sorting (FACS) were then sorted.
Samples for flow cytometry were fixed using eBioscience IC fixation (#00-8222-49) or Foxp3
Fix/Perm kit (#00-5523-00) according to the manufacturer’s instruction. Intracellular staining

was performed in eBioscience Perm buffer (#00-8333-56).

Cells were analyzed using BD FACSFortessa, Sony spectral analyzer SP6800 and data were
analyzed using FlowJo. For sorting, a FACS Aria Il and a FACSAria FUSION in collaboration
with the DKFZ FACS core facility were used.

The 24-color flow cytometric analysis was done in collaboration with Nicolas Nunez and

Burkhard Becher from the University of Zurich’®.

Table 3: Flow cytometry antibodies

Fluorochrome Name Clone Cat #

Alexa700 CD4 RM4-5 100536
Alexa700 CD45 30-F11 103128
Alexa700 CD86 GL-1 105023
Alexa647 FOXP3 150D 320014
APC CD11b M1/70 101212
APC CD11c N418 117309
APC CD3 17A2 100236
APC CD44 M7 103012
APC IFNy XMG1.2 505810
APC CD366 RMT3-23 119706
APC NK1.1 PK136 108710
APC/Cy7 CD19 6D5 115530
APC/Fire NK1.1 PK136 108751
APC/Fire CD19 6D5 115557
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APC/Fire CD3 17A2 100247
FITC CD11b M1/70 101205
FITC CD19 6D5 115505
FITC CD25 3C7 558689
FITC CD45 13/2.3 147710
FITC KLRG1 (MAFA) 2F1/KLRG1 138409
FITC IL-10 JES5-16E3 505006
FITC Ly- 6C HK 1.4 128005
FITC TCRy® UC7-13D5 107504
FITC CD206 (MMR) C068C2 141704
FITC NK1.1 PK136 108706
PE CD274 10F.9G2 124307
PE CD278 7TE.17G9 117405
PE CD69 H1.2F3 104508
PE F4/80 BM8 123110
PE Granzyme B NGZB 12-8898-80
PE IL-17A TC11-18H10.1 506904
PE mCD1d/a- GalCer/PE Immudex YD8002-PE
PE TCR Y0 eBioGL3 12-5711-82
PE CD223 (LAG-3) Co9B7W 125208
PE TNF-a MO6-XT22 506306
PE Perforin S16009A 154306
PE/Cy7 CD3 17A2 100220
PE/Cy7 Ly-6G (PE/Cy7) 1A8 127618
PE/Cy7 NK1.1 PK136 108713
PE/Cy7 F4/80 BM8 123114
PE/Dazzle CD11c N418 117348
PE/Dazzle CD279 RMP1-30 109116
PE/Dazzle CD335 29A1.4 137630
PE/Dazzle CDe62L MEL-14 104448
PE/Dazzle TNF-a MP6-XT22 506346
PE/Dazzle CD11c N418 117647
PerCP/Cy5.5 CD8a 53-6.7 100734
PerCP/Cy5.5 I-A/I-E M5/114.15.2 107625
PerCP/Cy5.5 LY-6C HK1.4 128012
CD16/32 93 101302

6.7  Electron microcopy

Adapted from Malehmir*, Pfister* et al.% In collaboration with Marco Prinz from the
Universitatsklinikum Freiburg electron microscopy was performed. For this, sections from

epon-embedded, glutaraldehyde-fixed liver samples were cut and stained with toluidine blue.
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After trimming and ultrathin cutting of liver, tissues were treated with uranyl acetate and lead
citrate as described previously’®. For analysis analySIS Docu System (Soft Imaging System)

was used®.

6.8 Isolation of RNA and quantitative real-time PCR.

Adapted from Malehmir*, Pfister* et al.%: Total RNA from whole liver homogenates was isolated
from frozen liver tissues according to the manufacturer's protocol using RNeasyMini Kit
(Qiagen)®. The quantity and quality of the RNA was analyzed by Nanodrop analyzer (Thermo
Scientific). For cDNA production 1ug of RNA was used by using Quantitect Reverse
Transcription Kit (Qiagen) according to the manufacturer’s protocol®. qRT-PCR was performed
in duplicates in a in 384-well plate using Fast Start SYBR Green Master Rox (Roche) with
custom made primers purchased from Eurofins with a 7900 HT qRT-PCR system (Applied

Biosystems, Life Technologies Darmstadt, Germany)®.

6.9 Measurement of serum parameters

Adapted from Malehmir*, Pfister* et al.®. Serum was isolated from the heart blood after
sacrifice, and parameters were measured by using either a Fuji DRI-CHEM NX500i machine
with commercially available test application from FUJIFILM for ALT, AST, cholesterol and
triglycerides, or analyzing parameters on a Cobas Reader in collaboration with the Institute for

Clinical Chemistry and Pathobiochemistry, TUM, Munich®.

6.10 Histology, immunohistochemistry, scanning and automated analysis

Adapted from Malehmir*, Pfister* et al.®: Tissues were fixed in 4% paraformaldehyde and
paraffin-embedded in collaboration with Ruth Hillermann and Olga Seelbach at the Technical
University of Munich (TUM) or in collaboration with Danijela Heide, Jenny Hetzer, Corinna
Gropp, Katharina Kessler and Nathalie Klaumiinzer at the DKFZ, Department of Chronic
Inflammation and Cancer (Heidelberg). Briefly, 2um sections from FFPE and cryo-preserved
tissues were prepared and stained with Hematoxylin/Eosin or IHC antibodies on a Bond MAX
(Leica) (Table 4). For Sudan Red staining, cryo sections (5um) were cut and stained with
Sudan Red (0.25% Sudan IV in ethanolic solution). Slides were scanned with SCN400 slide
scanner (Leica) and analyzed either using for area based stainings Tissue IA image analysis
software by Leica Biosystems Version 4.0.6, or macro-based analysis by Imaged. NAFLD
activity scoring (NAS) was performed on murine livers and cross-validated by pathological

expertise®.
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Table 4: IHC antibodies

Target Dilution Clone Cat #

MHCII 1:500 M5/114.15.2 NBP1-43312
CD3 1:250 ab16669 ab16669

F4/80 1:50 BM8 123105
Collagen IV 1:50 CL50451AP-1 007CL50451AP
Ki-67 1:200 RM-9106-S1 RM-9106-S1
Ly6G 1:600 1A8 551459

CD42b 1:200 SP219 ab183345

6.11 Intravital microscopy

Adapted from Malehmir*, Pfister* et al.®: In collaboration with Moritz Peiseler, Bas Surewaard
and Paul Kubes from the University of Calgary, multichannel spinning-disk confocal
microscopy was performed. After anesthetization of mice by i.p. administration of ketamine
(200mg/kg body weight; Bayer Animal Health) and xylazine (10mg/kg body weight; Bimeda-
MTC), fluorescently conjugated antibodies and proteins to mark cells/structures of interest
(Table 5), as well as additional anesthetics were administered by tail vein catheterization®.
Exact mouse fixation and intravital microscopy setup are described in Malehmir*, Pfister* et
al.%. Briefly, the mouse was placed on a heating plate to maintain 37°C and the liver was fixed
to restrict movement by breathing and subsequent artefacts, before acquiring videos by an
inverted spinning-disk confocal microscope (1X81; Olympus) with motorized drive and stage,

controlled by Volocity software (Perkin Elmer).

In vivo image analysis was performed by Volocity software (Perkin Elmer) and is described in

detail in Malehmir*, Pfister* et al.®:

Table 5: Antibodies used for intravital microscopy

Fluorochrome Target Dilution Clone Cat#

AF750 F4/80 2ug/mouse BM8 AbLab, custom made
AF647 CD49%b 3ug/mouse HMa2 103511

PE Ly6G 3pg/mouse 1A8 127607

FITC CD3e 2ug/mouse 145-2¢11 11-0031-82

AF555 (self-

labeled) HAPB Sigma- Aldrich

6.12 Immunofluorescence microscopy
Adapted from Malehmir*, Pfister* et al.% In collaboration with Donato Inverso from the DKFZ
Heidelberg immunofluorescence microscopy was performed. Briefly, after perfusion of mice,

livers were harvested, fixed for 16h, dehydrated in 30% sucrose, embedded in OCT and cut
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into 25um slices. After permeabilization and blocking with PBS containing 0.3% Triton X-100
(Sigma-Aldrich) and 10% FBS, samples were stained with primary antibodies (Table 6).
Stained slides were covered with fluorescence mounting medium (DAKO), pictures were taken
with an inverted Leica microscope (TCS STED CW SP5, Leica Microsystems) and 3D

reconstruction from z-stacks was performed by using Imaris (Bitplane) software®.

Table 6: Antibodies used for immunofluorescence microscopy

Target Dilution Clone Cat #

CD41 1:100 MWReg-30 133906
F4/80 1:100 BM8 17-4801-82
B220 1:100 RA3-6B2 103226
CD11b 1:100 M1/70 101212
collagen IV 1:200 10808

CD3 1:100 A0445229-2

6.13 Statistical analyses

Adapted from Malehmir*, Pfister* et al.®: Mouse data are presented as the mean+SEM. Pilot
experiments and previously published results were used to estimate the sample size, such that
appropriate statistical tests could yield significant results. Statistical analysis was performed
using GraphPad Prism software version 7.03 (GraphPad Software). Data were analyzed by
one way analysis of variance (ANOVA) with post hoc tests. When comparing multiple groups
| used Tukey's multiple comparison test, when | compared only two experimental groups |
used Dunnett’'s multiple comparison test. Multiple parameters were analyzed by two way
ANOVA with Tukey's or when comparing to one experimental group Sidak's multiple
comparison test post hoc test. Analysis of two samples was performed by two-tailed Student’s
t test, and statistics for HCC incidence were calculated using Fisher's exact test. Statistical
significance is indicated as follows:*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001°.
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7 Results

7.1 Aim 1: Deciphering TCR signaling in metabolically activated T-cells in
NASH and liver cancer development

7.1.1 NASH - a chronic disease with a defined T-cell phenotype

Recent publications suggest a role of T-cell receptor (TCR)-dependent cells in the progression
from a healthy mouse liver to a NAFL phenotype, NASH and eventually HCC induction®3136,
Therefore, | sought to investigate whether in mouse models of NAFLD or NASH, TCR-
dependent cells are changed in their number, their activation and exhaustion status in early

stages of pathology development, highlighting potential initiators and drivers of disease.

Wildtype (WT) mice fed for 3 months an NAFLD-inducing high-fat diet (HFD) or a NASH-
inducing choline-deficient high fat (CD-HFD), developed significantly more body weight
compared to normal chow diet (ND) mice (Figure 7a). Only CD-HFD fed mice developed liver
damage (Figure 7b), which was not associated with an increase of hepatic triglycerides
(Figure 7c). Further, markers of NASH pathology like macrovesicular steatosis and immune
cell infiltration could be observed by H&E (Figure 7d) and in NAFLD activity scoring (NAS)
(Figure 7e). No TCR-dependent cell increase was seen (Figure 7f); however, the hepatic
immune cell compartment was polarized towards CD3* and CD8" T-cells, while CD4" T-cells
remained unchanged (Figure 7g). Further, in CD-HFD fed mice an increase of activated
memory (CD44°CD69") CD8" T-cells was observed. The CD8" T-cells were positive for

interferon gamma (IFNy) and expressed markers of exhaustion (PD-1) (Figure 7g + h).

Thus, | concluded that CD8" T-cell activation and subsequent CD8" T-cell exhaustion marker
expression are specifically associated with a NASH-inducing diet, but not an NAFLD-inducing
HFD alone.

Next, | sought to characterize the changes in TCR-dependent cells over the progression of
NASH pathology.

3, 6 or 12-month CD-HFD mice showed significantly increased body weight (Figure 8a) and
liver damage (Figure 8b) compared to ND fed mice. Further, the progression of pathology was
associated with increased absolute numbers of hepatic CD45*CD3* and CD3*CD8" T-cells,
but not CD3*CD4", after 6 and 12 months of diet (Figure 8c). Further, these CD8" T-cells
expressed markers of exhaustion (PD-1) and activation (CD69) (Figure 8d, e, f). In line with
more liver damage, immune cell infiltration and activation, H&E stainings and NAS evaluation

indicated a progression of NASH pathology over time (Figure 9a).
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In a second model of NASH based on 6 months of a Western-style diet (high cholesterol and
high fructose) with high trans fats (WD-HTF) feeding, mice had a significantly increased body
weight and liver damage (Figure 9b). Further, markers of NASH pathology (Figure 9¢) and a
similar T-cell polarization for activation and exhaustion to previously reported data (Figure 8a-
d) for CD-HFD fed mice (Figure 9d) were observed.

Thus | concluded that prolonged NASH diet feeding leads to a phenotype of increased liver

damage, progressive NASH development and CD8" T-cell activation, as well as CD8* T-cell

exhaustion.
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Figure 7: Early phases of NASH induction are correlated with activated CD8* T-cells

(a) Body weight development of 3 months ND, HFD or CD-HFD fed mice. (n= 8 mice/group). Asterisks indicate
significance of groups compared to ND fed mice. (b) ALT of mice shown in a. (ND n= 8 mice; CD-HFD n= 8 mice;
HFD n= 7 mice). (c) Hepatic triglycerides of mice shown in a. (n= 8 mice/group). (d) H&E staining, with (e) NAS
evaluation of mice shown in a. (ND n= 7 mice; CD-HFD n= 7 mice; HFD n= 5 mice). Scale bar: 50 ym. (f)
Quantification in absolute numbers and (g) relative to CD45 of hepatic lymphocytes by flow cytometry of mice shown
in a. (n= 4 mice/group). (h) Representative flow cytometry plots of data shown in g. (n= 4 mice/group). All data are
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shown as mean + SEM. All data were analyzed by one way ANOVA and Tukey's multiple comparison test. *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001.

Increased hepatic T-cell accumulation and higher CD69 and PD-1 expression indicated a
specific T-cell reaction in a chronic model of dietary liver challenge; therefore, | investigated
possible T-cell clonal outgrowth, potential antigen-driven T-cell activation and subsequent T-

cell expansion.

Flow cytometric analysis of 15 TCR variable beta (TCR vf) chains of hepatic isolated CD4*
and CD8* T-cells showed, with one exception, preferential expression of TCR vf3 7 after 12
months CD-HFD feeding and no significant differences between ND or CD-HFD fed mice after

3, or 6 months (Figure 10a, b, c).

Lymphocytes isolated from blood showed only small differences compared to changes
observed in the liver in relative T-cell lymphocyte composition, CD4* or CD8* T-cell expression
of markers for activation or exhaustion, or TCR v[3 representation in ND or CD-HFD fed mice
after 3, 6, or 12 months (Figure 11a-e). However, in blood, two TCR vf chains, namely TCR
vp4 after 6 months and TCR v 3 after 12 months, showed significant differences between ND
and CD-HFD fed mice (Figure 11d, e).

Next, | investigated whether specific T-cell subsets are activated and subsequently express
markers of exhaustion. Thus, | focused on hepatic CD8"PD-1* T-cells. Indeed, several TCR
vB chains were significantly overrepresented in CD8*PD-1* T-cells compared to the whole
population of ND or CD-HFD-associated CD8" T-cells (Figure 12a-c). Further, in 3, 6 and 12
months CD-HFD fed mice, different TCR vf chains are significantly or close to significantly
overrepresented in the CD8*PD-1* population, potentially indicating that different clones

emerge at different progression states of NASH pathology (Figure 12a-c).
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ND= 31 mice, 6 months CD-HFD n= 58 mice; 12 months ND= 18 mice, 12 months CD-HFD n= 69 mice). (c)
Absolute quantification of hepatic lymphocytes by flow cytometry (3 months n= 7 mice/group; 6 months ND n= 13
mice, CD-HFD n= 10 mice; 12 months n= 4 mice/group). (d) Polarization of hepatic lymphocytes by flow cytometry
(3 months n= 4 mice/group; 6 months ND n= 11 mice, CD-HFD n= 16 mice; 12 months ND n= 4 mice, CD-HFD n=
3 mice). (e) Representative flow cytometry plots of CD3*CD4* and (f) CD3*CD8* lymphocytes of mice shown in d.
All data are shown as mean + SEM. Data were analyzed by two way ANOVA and Sidak’s multiple comparison test
or two-tailed Student T test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 9: Corroboration of NASH being a progressive disease

(a) H&E staining and NAS evaluation (3 months n= 5 mice/group; 6 months n= 8 mice/group; 12 months ND n= 9
mice, CD-HFD n= 12 mice). Scale bar: 50 ym. (b) Body weight and ALT concentrations of mice fed 6 months ND
or WD-HTF (body weight: ND n= 13 mice, WD-HTF n= 16 mice; ALT: ND n= 15 mice, WD-HTF n= 16 mice). (c)
H&E staining and NAS evaluation (ND n= 15 mice, WD-HTF n= 16 mice). Scale bar: 50 ym. (d) Polarization of
hepatic lymphocytes by flow cytometry (ND n= 3 mice, WD-HTF n= 8 mice). All data are shown as mean + SEM.
Data were analyzed by two way ANOVA and Sidak’s multiple comparison test or two-tailed Student T test. *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001.
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Figure 10: Hepatic T-cell clonal distribution

(a) Flow cytometric analysis for TCR vf3 expression of hepatic T-cells of 3, or (b) 6, or (c) 12 months ND or CD-HFD

fed mice (n

4 mice/group). All data are shown as mean + SEM. Data were analyzed by two way ANOVA and

Sidak’s multiple comparison test. *p<0.05.
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Figure 11: NASH is associated with strong immunological changes in the liver, but to a lesser degree in
blood

(a) T-cells isolated from the blood of 3, 6 or 12 months ND or CD-HFD fed mice and (b) the expression of activation
or exhaustion marker (n= 4 mice/group). (c) Analysis for TCR vf3 expression of blood isolated T-cells of 3, or (d) 6,
or (e) 12 months ND or CD-HFD fed mice (n= 4 mice/group). All data are shown as mean + SEM. Data were
analyzed by two way ANOVA and Sidak’s multiple comparison test. *p<0.05; **p<0.01; ***p<0.0001; ****p<0.0001.

43



Q
]
]

2]
o
1

%of CD45*CD3*CD8*
N N
(=) S
1 1

o
L

=y - N N
o (4] o o
1 1 1 J

% of CD45*CD3*CD8*
o
1

o
L

(g
8
J

N w
o o
1 1

% of CD45*CD3*CD8*
)
1

o
L

TCR VB 2

N
(-8
>
14
(]
-

TCR v 2

TCRVB 3

TCRVB 3

%%

3]

TCR VB 3

TCR VB 4

TCRVB 4

TCR VB 4

TCR VB 5.1+5.2

TCR vB 5.1+5.2

N
wn
+
e
w
Q
>
o
(8]
-

TCRVB 6

0.0
|
0.0

o=~

TCRVB 6

TCRvVB 6

Liver 3 months under diet

TCRVB7

“© (=]
[-<] @
@ >
y O
5 F
-

TCR vp 8.1+8.2

Liver 6 months under diet

TCRVB7
TCRVB 8.3
TCRVB 9

TCR vp 8.1+8.2

Liver 12 months under diet
*%

TCRVB7
TCRvB 8.3
TCRVB 9

TCR vp 8.1+8.2

TCR VB 10

TCR VB 10

TCR VB 10

TCR VB 11

TCR v 11

TCR v 11

TCR VB 12

TCR VB 12

= ND
W CD-HFD
=3 CD-HFD CD8*PD-1*

(] < ~

- - -

(-~} Q Q

> > >

S & &

-
0.08
m

TCRVB 13
TCR vB 14

TCRVB 17

TCRVB 13
TCR VB 14
TCR vB 17

Figure 12: Accumulation of clones positive for CD8*PD-1* in progression of NASH pathology

(a) Analysis for TCR vB expression of hepatic whole population CD8* T-cells or CD8*PD-1* T-cells of 3, or (b) 6, or
(c) 12 months ND or CD-HFD fed mice (n= 4 mice/group). All data are shown as mean + SEM. Data were analyzed
by two way ANOVA and Sidak’s multiple comparison test. *p<0.05; **p<0.01; ***p<0.0001; ****p<0.0001.
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7.1.2 Dependency on a natural TCR repertoire and TCR-mediated effector function
for NASH development

After | observed differential representation of TCR vB chains during the progression from

healthy liver to NAFLD and further to NASH in hepatic CD8"PD-1" T-cells, | next investigated

the dependency on TCR abundance for NASH development, in general.

TCRBS&™, lacking invariant innate-like TCRd chain-dependent, as well as classical adaptive
TCRpB-dependent T-cells, were fed CD-HFD for 6 months. CD-HFD fed TCRB&™ mice did have
significantly less body weight (Figure 13a), were metabolically less impaired by intraperitoneal
glucose tolerance test (IPGTT) (Figure 13b) and had significantly less liver damage compared
to CD-HFD WT mice (Figure 13c). Further, CD-HFD TCRB&" lacked histopathological signs
of NASH on H&E staining, had no CD3* cells, no Kupffer cell cluster formation and lacked

fibrosis development (Figure 13d, e).

Thus, | concluded that TCRB® cells and therefore TCR abundance are essential for NASH

development.

Next, | investigated whether a natural TCR repertoire is necessary for inducing NASH
pathology. To this end, OT-1 mice, which have transgenic expression of a chicken ovalbumin
reactive TCR and thus a strongly CD8 polarized T-cell compartment, were put under 6 months
CD-HFD. CD-HFD fed OT-1 mice did have significantly less body weight (Figure 14a), were
metabolically equally impaired by IPGTT (Figure 14b) and had significantly less liver damage
compared to CD-HFD fed WT mice (Figure 14c). Further, CD-HFD fed OT-1 lacked
histopathological signs of NASH on H&E staining, had more CD3* cells and no Kupffer cell

cluster formation (Figure 14d, e).

Thus, | concluded, that without a natural TCR repertoire, mice lacked liver pathological signs

of NASH development and therefore a natural TCR repertoire is essential for driving NASH.

Next, | sought to decipher in which way a natural functional TCR repertoire influences the
induction of NASH. To this end, | fed CD-HFD to perforin knockout mice (Prf1”), lacking
systemically the pore forming protein perforin and thus have a TCR effector function

impairment.

6 months CD-HFD fed Prf1”- mice developed body weight comparable to WT CD-HFD fed
mice (Figure 15a), were metabolically not impaired by IPGTT (Figure 15b) and had
significantly less liver damage compared to CD-HFD WT mice (Figure 15¢). Further, after 6
months of CD-HFD feeding, Prf1”- mice lacked or had ameliorated histopathological signs of

NASH on H&E staining, had fewer hepatic CD3" cells, less Kupffer cell cluster formation and
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comparable levels of fibrosis and Ki-67 proliferating cells to WT ND (Figure 15d, e). Further,
activated hepatic CD8*CD62L-CD44*CD69* were significantly reduced in Prf1”- CD-HFD fed
mice, as well as hepatic CD8'PD-1* T-cells (Figure 15f, g). These CD8* T-cells were
previously identified to be drivers of NASH pathology®. Further, in the frame of this thesis,
accumulation of hepatic CD8*C69* and CD8*PD-1" T-cells correlated with progression of
NAFLD and NASH pathology.

Thus, | concluded that early phases of NASH development are dependent on TCR effector

function.
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Figure 13: NASH development is dependent on TCR abundance

(a) Body weight development of WT ND, WT CD-HFD or TCRB&” CD-HFD fed mice (ND n= 4 mice; CD-HFD n=6
mice; TCRBd”- CD-HFD n= 6 mice). Asterisks indicate significance of groups compared to WT CD-HFD fed mice.
(b) IPGTT of mice shown in a (ND n= 6 mice; CD-HFD n= 8 mice; TCRB&”- CD-HFD n= 3 mice). (c) ALT of mice
shown in a. (ND n= 4 mice; CD-HFD n= 4 mice; TCRB&"- CD-HFD n= 3 mice). (d) H&E, CD3, F4/80 and Sirius Red
staining with (e) NAS evaluation and quantification of mice shown in a. (H&E: ND n= 4 mice; CD-HFD n= 4 mice;
TCRB®” CD-HFD n= 3 mice; CD3: ND n= 5 mice; CD-HFD n= 5 mice; TCRB5" CD-HFD n= 3 mice; F4/80 and
Sirius red: n= 3 mice/group). Scale bar: 50 ym. All data are shown as mean + SEM. All data were analyzed by one
or two way ANOVA and Tukey's multiple comparison test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 14: A natural TCR repertoire is essential for NASH development

(a) Body weight development of WT ND, WT CD-HFD or OT-1 CD-HFD fed mice (ND n= 3 mice; CD-HFD n= 6
mice; OT-1 CD-HFD n= 10 mice). Asterisks indicate significance of groups compared to WT CD-HFD fed mice. (b)
IPGTT of mice shown in a (ND n= 3 mice; CD-HFD n= 3 mice; OT-1 CD-HFD n= 6 mice). (c) ALT of mice shown in
a. (ND n= 5 mice; CD-HFD n= 7 mice; OT-1 CD-HFD n= 9 mice). (d) H&E, CD3 and F4/80 staining with (e) NAS
evaluation and quantification of mice shown in a. (H&E: n= 8 mice/group; CD3 and F4/80: n= 3 mice/group). Scale
bar: 50 ym. All data are shown as mean + SEM. All data were analyzed by one or two way ANOVA and Tukey's
multiple comparison test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Due to the fact that some CD-HFD fed Prf1”- mice developed histopathological signs of NAFLD
and trends for increased ALT, indicative of liver damage, | investigated the lack of perforin in
12 months long-term CD-HFD feeding, a time point at which WT mice develop tumors with an

incidence of 25%?5.

12 months CD-HFD fed Prf1”- mice developed body weight comparable to WT CD-HFD fed
mice (Figure 16a), had no difference in liver damage compared to CD-HFD fed WT mice
(Figure 16b) and had histopathological signs of established NASH on H&E staining (Figure
16c, d). Further, 12 months CD-HFD fed Prf1” developed tumors with an incidence
comparable to WT CD-HFD fed mice (Figure 16d, e).
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Thus, | concluded the delay of NASH pathology initiation by an impaired TCR effector function

does not translate to a significantly lower tumor incidence in long-term CD-HFD feeding

experiments.
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Figure 15: Lack of TCR effector function delays NASH development

(a) Body weight development of 6 months WT ND, WT CD-HFD or Prf1-- CD-HFD fed mice (ND n= 6 mice; CD-
HFD n= 9 mice; Prf17- CD-HFD n= 18 mice). Asterisks indicate significance of groups compared to WT ND fed
mice. (b) IPGTT of mice shown in a (ND n= 3 mice; CD-HFD n= 9 mice; Prf1- CD-HFD n= 6 mice). (c) ALT of mice
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shown in a. (ND n= 11 mice; CD-HFD n= 18 mice; Prf1”- CD-HFD n= 9 mice). (d) H&E, CD3, F4/80, Sirius Red and
Ki-67 staining with () NAS evaluation and quantification of mice shown in a. (H&E: ND n= 6 mice, CD-HFD n= 6
mice, Prf17- CD-HFD n= 5 mice; CD3: ND n= 5 mice, CD-HFD n= 5 mice, Prf1- CD-HFD n= 4 mice; F4/80: n=5
mice/group; Ki-67: ND n= 6 mice, CD-HFD n= 6 mice, Prf1-- CD-HFD n= 5 mice). Scale bar: 50 ym. (f) Flow
cytometry plots and (g) quantification of mice shown in a (ND n= 9 mice, CD-HFD n= 9 mice, Prf1”- CD-HFD n=5
mice). (g) Flow cytometric quantification of mice shown in a (ND n= 6 mice, CD-HFD n= 6 mice, Prf1- CD-HFD n=
5 mice). All data are shown as mean + SEM. All data were analyzed by one or two way ANOVA and Tukey's
multiple comparison test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 16: Impaired TCR effector function has no influence on dietary tumor formation

(a) Body weight development of 12 months WT or Prf17- CD-HFD fed mice (CD-HFD n= 10 mice; Prf1*- CD-HFD
n= 8 mice). (b) ALT of mice shown in a, with WT ND as a baseline of aged animals. (ND n= 6 mice; CD-HFD n=9
mice; Prf17- CD-HFD n= 7 mice). (c) NAS evaluation and (d) H&E staining of mice shown in a. (n= 6 mice/group).
Scale bar: 50um. (e) Tumor incidence of mice groups shown in a (CD-HFD n= 14 tumors in 37 mice, Prf1”- CD-
HFD n= 7 tumors in 18 mice). All data are shown as mean + SEM. All data were analyzed by one way ANOVA and
Tukey's multiple comparison test, by two-tailed Student T test, or by Fisher's exact test. *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001.

To determine whether T-cell effector impairment is the main driver of the observed delay of
NASH in the systemic Prf1”- mice, | investigated the role of natural killer T-cells (NKT) in NASH
development and subsequent tumor formation. NKT type | cells mainly mediate cytotoxicity by

using perforin.

To this end, | used Ja18" mice lacking the Ja281 TCR and therefore lacking NKT type | cells
reactive to the glycolipid alpha-galactosyl ceramide (a-Gal), and fed these mice CD-HFD for 6

or 12 months.
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After 6 months of CD-HFD feeding, Ja18" and WT control mice had no significant differences
in body weight development (Figure 17a) and were metabolically significantly less impaired
compared to WT CD-HFD fed mice by IPGTT (Figure 17b). CD-HFD fed Ja18” had liver
damage similar to WT CD-HFD fed mice (Figure 17c¢) and no difference in histological
evaluation of NASH pathology (Figure 17d). The lack of a-Gal NKT cells was confirmed by

flow cytometric analysis (Figure 17e).

Next, | investigated whether the lack of NKT type | cells has any influence on tumor formation
despite the underlying NASH pathology. Upon 12 months CD-HFD feeding to WT and Ja18”
mice, Ja18” mice developed higher body weight (Figure 17f), similar liver damage (Figure
179g) and a similar histological evaluation of NASH by H&E staining (Figure 17h, i). Further,
12 months CD-HFD fed Ja18" mice developed tumors (Figure 17j).

Thus, | concluded lack of NKT type | cells cannot prevent NASH development and subsequent

cannot prevent tumor formation upon long-term CD-HFD feeding.

To further test the potential role of the NKT compartment in NASH pathology, | next
investigated whether a lack of all NKT cells would affect NASH pathology and subsequent

tumor formation.

Thus, | used in collaboration with Manfred Kopf from the ETH Zurich CD1d”- mice, lacking the
antigen presenting protein CD1d and therefore have no invariant T-cells, namely NKT type |
and NKT type Il. In contrast to NKT type | cells, NKT type Il cells™ effector function is the release
of cytokines. NKT type Il cells, which are increased in dietary situations®, an effect which | also
observed (Figure 17e), can concert their activity with other immune cells, like, for example,
the previously described hepatic C69*CD8* and PD-1*CD8* T-cells.

After 6 months of CD-HFD feeding, CD1d” and heterozygous control CD1d*" mice had no
significant difference in body weight (Figure 18a), no difference in liver damage (Figure 18b)
and no difference in histopathological evaluation of NASH (Figure 18c). Further, WT and
CD1d™ 12 months CD-HFD fed mice developed the similar body weight (Figure 18d), similar
liver damage (Figure 18e) and similar histological evaluation of NASH by H&E staining (Figure
18f). Both WT and CD1d”- 12 months CD-HFD fed mice developed tumors (Figure 18g).

Thus, | concluded that lack of NKT type | and type Il cells cannot prevent NASH development

and lead subsequently to tumor formation upon long-term CD-HFD feeding.
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Figure 17: Lack of NKT type | cannot prevent NASH development and subsequent tumor formation

(a) Body weight development of 6 months WT ND, WT or Ja187- CD-HFD fed mice (WT ND n= 9 mice; WT CD-
HFD n= 14 mice; Ja18" CD-HFD n= 15 mice). (b) IPGTT of mice shown in a (WT ND n= 5 mice; WT CD-HFD n=
8 mice; Ja18- CD-HFD n= 3 mice). (c) ALT of mice shown in a (WT ND n= 8 mice; WT CD-HFD n= 14 mice; Ja18 "
CD-HFD n= 10 mice). (d) H&E staining and NAS evaluation of mice shown in a. (n= 7 mice/group). Scale bar: 50um.
(e) Flow cytometric analysis of hepatic NKT type I/l ratio (n= 6 mice/group). (f) Body weight of WT or Ja187 12
months CD-HFD fed mice (WT CD-HFD n= 10 mice; Ja18" CD-HFD n= 23 mice). (g) ALT of mice shown in f. WT
ND shown as a baseline for aged mice (WT ND n= 6 mice; WT CD-HFD n= 13 mice; Ja18- CD-HFD n= 13 mice).
(h) NAS evaluation and (i) H&E staining of mice shown in f. (WT CD-HFD n= 14 mice; Ja18”- CD-HFD n= 13 mice).
Scale bar: 50um. (j) Tumor incidence of mice groups shown in f (WT CD-HFD n= 14 tumors in 37 mice; Ja18 CD-
HFD n= 8 tumors in 27 mice). All data are shown as mean + SEM. All data were analyzed by one or two way
ANOVA and Tukey's multiple comparison test, by two-tailed Student T test, or by Fisher's exact test. *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001.
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Figure 18: Lack of invariant NKT type | and Il cannot prevent NASH development and subsequent tumor
formation

(a) Body weight development of CD1d*" or CD1d"* 6 months CD-HFD fed mice (CD1d*- CD-HFD n= 11 mice;
CD1d” CD-HFD n= 13 mice). (b) ALT of mice shown in a. (CD1d*- CD-HFD n= 10 mice; CD1d"- CD-HFD n= 13
mice). (c) H&E staining and NAS evaluation of mice shown in a. (CD1d*- CD-HFD n= 11 mice; CD1d"- CD-HFD n=
13 mice). Scale bar: 50um. (d) Body weight development of WT or CD1d” 12 months CD-HFD fed mice (WT CD-
HFD n= 10 mice; CD1d"- CD-HFD n= 11 mice). (e) ALT of mice shown in d. (WT CD-HFD n= 10 mice; CD1d" CD-
HFD n= 11 mice). (f) H&E staining and NAS evaluation of mice shown in d. (n= 10 mice/group). Scale bar: 50um.
(g) Tumor incidence of mice groups shown in d (WT CD-HFD n= 3 tumors in 10 mice; CD1d”- CD-HFD n= 1 tumor
in 11 mice). All data are shown as mean = SEM. All data were analyzed by two-tailed Student T test, or Fisher's
exact test.

7.1.3 Differential role of T-cells during NASH and subsequent tumor development

My data so far indicated that the progression process of NAFLD to NASH development is
strongly correlated to an activated and exhausted CD8" T-cell phenotype and a natural TCR
repertoire with intact TCR effector function. To decipher the contribution of CD8* T-cells at

different progression states of NASH pathology with the observed phenotype, | put WT mice
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on CD-HFD for 4 months and treated these mice either with CD8 depleting antibody or
checkpoint inhibition PD-1 blocking antibody with continuous CD-HFD diet for 8 weeks.

After 6 months of ND or CD-HFD feeding and 8 weeks of treatment, the CD-HFD fed mouse
groups had no significant difference in body weight (Figure 19a), but CD8 depleted mice had
significantly increased liver damage compared to control-treated CD-HFD fed mice (Figure
19b). The different treatment groups developed no difference in histopathological evaluation
of NASH (Figure 19c, d). To define the immune compartments in more detail, analysis by flow
cytometry showed an absolute cell number increase of a-PD-1 treated mice both in CD3* and
CD8* T-cells, while CD8 depleted mice showed a significant reduction in CD8* T-cells (Figure
19e). Further, the composition of all living CD45* cells changed significantly between
treatments, namely CD8 depleted mice showed a significant decrease in CD3* and CD8" T-
cells, while other immune cells were left unchanged in terms of relative abundance (Figure
19f, h). In contrast, a-PD-1 treated mice had a significant increase in CD8+ T-cells and a
decrease in CD19" B-cells, while other immune cells were again left unchanged in terms of
relative abundance (Figure 19f, h). Both treatments resulted in more CD8" T-cells expressing
PD-1* cells compared to CD-HFD fed control mice (Figure 19g). However, CD8 depletion
reduced naive CD62L*, as well as memory CD62L"CD44* or activated memory CD62L"
CD44*CD69* CD8* T-cells (Figure 19i). Treatment by a-PD-1 increased significantly CD62L"
CD44*CD8" T-cells (Figure 19i). Focusing on potentially cytotoxic molecules mediating liver
damage, compared to CD-HFD fed control mice, the T-cells populations of remaining CD8" T-
cells upon CD8 depletion and the a-PD-1 treated CD8* T-cells, had more GzmB-positive CD8*
T-cells (Figure 19j). Nevertheless, fewer of the remaining CD8" T-cells upon CD8 depletion
were positive for IFNy, and no significant differences between the groups for TNF-a was
detected (Figure 19j). To test if more cells express GzmB™* or if individual T-cells express
higher levels of GzmB+ per cell, indicative of high cytotoxic potential, | analyzed the levels of
GzmB expression in CD4* and CD8" T-cells. Indeed, upon a-PD-1 treatment, CD4* and CD8*
T-cells express higher levels of GzmB (Figure 19k). Further, the remaining CD8* T-cells upon
CD8 depletion expressed high levels of GzmB, as well (Figure 19k). Next, | investigated
potential side effects of both treatments. First, potential compensatory reactions of CD4* T-
cells upon CD8 depletion or second, overreaction or reactivation upon a-PD-1 treatment of
CD4* T-cells. However, both treatments had, aside from the increase of GzmB expression
upon a-PD-1 treatment (Figure 19k), no significant effect on CD4* T-cells (Figure 19h, I). Also
the ratio of type | to type Il NKT cells was not changed compared to CD-HFD control mice
(Figure 19m). Alternatively, innate immune system cells could play an important role in
mediating the observed effects of higher liver damage. However, KC, CD11b*, and myeloid

dendritic cells (mDCs) showed no increase in MHC Il expression, a marker of myeloid
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activation (Figure 19n). However, upon CD8 depletion more plasmacytoid dendritic cells

(pDCs) express MHC Il compared to control CD-HFD fed mice (Figure 19n).

Thus, | concluded CD8 depletion and a-PD-1 treatment worked effectively in mice in an 8 week
treatment scheme and that CD8 depletion induces liver damage in NASH development at the
stages of 4 to 6 months of CD-HFD feeding.

7.1.4 Immunological profiling of hepatic tumor-associated lymphocytes

To focus more on the potential translational aspects of this study, | investigated advanced
NASH to HCC time points, because most patients will be diagnosed in advanced stages of
NASH. Therefore, understanding the role of T-cells in this progressed pathology state of NASH

is important and may have strong clinical implications.

Thus, | fed WT mice CD-HFD for 10 months to induce an advanced liver pathology and treated
these mice with CD8 depleting antibody for 8 weeks while continuously feeding CD-HFD diet.

After 12 months of ND or CD-HFD feeding followed by 8 weeks of treatment, the CD-HFD fed
mouse groups had no significant difference in body weight (Figure 20a). CD8 depleted mice
had a no difference in ALT levels (Figure 20b) and were metabolically equally impaired by
IPGTT compared to control-treated CD-HFD fed mice (Figure 20c). In contrast, CD8 depleted
mice had weaker signs of NASH pathology, ameliorated fibrogenesis and reduced tumor
burden (Figure 20d, e, f). To define the immune compartment in more detail, analysis by flow
cytometry showed an absolute cell number decrease in CD8 depleted mice for hepatic CD45",
CD3*, CD8* and CD19* cells (Figure 20g, h). Further, the composition of all hepatic CD45*
cells changed, namely | saw reduced CD3* and CD8" T-cells in a-CD8 treated mice (Figure
20h, i). | could not observe differences in the CD4* T-cell compartment in terms of abundance
(Figure 20g, h, i), polarization (Figure 20j) or effector molecules between a-CD8 treated and

control mice (Figure 20k). Further, MHC II* innate immune cells were unchanged (Figure 20I).

Thus, | concluded that CD8 depletion in advanced stages of NASH pathology reduced CD8*
T-cells numbers, ameliorated liver pathology and tumor formation, but did not decrease ALT

levels.
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Figure 19: Functional antibody-mediated treatments fail to rescue NASH
(a) Body weight of 6 months ND, or CD-HFD fed mice, treated 2x per week for 8 weeks with either PBS, a-CD8 or
a-PD-1 antibodies (ND n= 8 mice; PBS + CD-HFD n= 6 mice; a-CD8 + CD-HFD n= 6 mice; a-PD-1 + CD-HFD n=
3 mice). (b) ALT of mice shown in a (ND n= 8 mice; PBS + CD-HFD n= 6 mice; a-CD8 + CD-HFD n= 6 mice; a-PD-
1 + CD-HFD n= 3 mice). (c) NAS evaluation and (d) H&E staining of mice shown in a. (ND n= 8 mice; PBS + CD-

KC CD11b* mDC  pDC
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HFD n= 6 mice; a-CD8 + CD-HFD n= 6 mice; a-PD-1 + CD-HFD n= 3 mice). Scale bar: 50um. (e) Absolute flow
cytometric analysis of hepatic T-cells (ND n= 4 mice; PBS + CD-HFD n= 3 mice; a-CD8 + CD-HFD n= 5 mice; a-
PD-1 + CD-HFD n= 3 mice). (f) Flow cytometric analysis of hepatic CD45* cells (ND n= 8 mice; PBS + CD-HFD n=
6 mice; a-CD8 + CD-HFD n= 5 mice; a-PD-1 + CD-HFD n= 3 mice). (g) Flow cytometric analysis of hepatic CD3*
T-cells (ND n= 8 mice; PBS + CD-HFD n= 6 mice; a-CD8 + CD-HFD n= 5 mice; a-PD-1 + CD-HFD n= 3 mice). (h)
Flow cytometric plots of CD3* T-cells. (i) Flow cytometric analysis of hepatic CD3*CD8*T-cells for T-cell activation
and (j) positive cells for effector molecules (ND n= 8 mice; PBS + CD-HFD n= 6 mice; a-CD8 + CD-HFD n= 5 mice;
a-PD-1 + CD-HFD n= 3 mice). (k) Flow cytometric analysis for GzmB expression in hepatic CD3* T-cells (ND n= 8
mice; PBS + CD-HFD n= 6 mice; a-CD8 + CD-HFD n= 5 mice; a-PD-1 + CD-HFD n= 3 mice). (l) Flow cytometric
analysis of hepatic CD3*CD4*T-cells for T-cell activation (ND n= 8 mice; PBS + CD-HFD n= 6 mice; a-CD8 + CD-
HFD n= 5 mice; a-PD-1 + CD-HFD n= 3 mice). (m) Flow cytometric analysis of hepatic NKT type I/ll ratio (ND n=8
mice; PBS + CD-HFD n= 6 mice; a-CD8 + CD-HFD n= 5 mice; a-PD-1 + CD-HFD n= 3 mice). (n) Flow cytometric
analysis of hepatic innate immune system cells (ND n= 8 mice; PBS + CD-HFD n= 6 mice; a-CD8 + CD-HFD n=5
mice; a-PD-1 + CD-HFD n= 3 mice). All data are shown as mean + SEM. All data were analyzed by one or two way
ANOVA and Tukey's multiple comparison test or when comparing only to one group or Sidak’s multiple comparison
test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Next, | tried to determine by immunological phenotyping why CD8 depletion abrogates tumor

formation but not liver damage.

Upon CD8 depletion, fewer hepatic naive, memory effector and memory CD8+ T-cells were
detected (Figure 21a). These remaining CD8" cells, as well as the CD4* T-cell compartment,
had similar exhaustion marker expression (Figure 21b). More of the non-depleted CD8+ T-
cells expressed Fas ligand (FasL) and expressed higher amounts of GzmB compared to
control mice (Figure 21c, d). Other cell types which could potentially mediate liver damage
are NK and NKT cells. CD8 depleted mice had no difference in their expression for effector
molecules in NK cells (Figure 21e), but fewer NKT cells expressed IFNy without changes in
TNF-a or perforin expression (Figure 21f). The NKT type | to type Il ratio was not significantly
changed upon CD8 depletion (Figure 21g).

Of note, | depleted mice by a-CD8 and a-NK1.1 antibodies, to address a potential role of a
concerted CD8" NK1.1* cell mechanism in driving liver damage. However, CD8/NK1.1
depleted mice had no difference in body weight (Figure 21h), liver damage (Figure 21i), NAS
evaluation (Figure 21j) and no tumors could be detected upon successful antibody mediated

depletion.

Thus, | concluded although low in numbers the remaining hepatic CD8* T-cells expressed FasL
and higher GzmB - markers of potential cytotoxic mediation. Similar to the previously reported
data of knockout mice for NK and NKT cells, | could not detect an amelioration of advanced
NASH pathology with a-CD8/NK1.1 co-treatment.
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Figure 20: CD8+ T-cells drive tumorigenesis in advanced stages of NASH pathology

(a) Body weight of 12 months ND, or CD-HFD fed mice, treated 2x per week for 8 weeks with IgG or a-CD8
antibodies (ND n= 8 mice; control CD-HFD n= 23 mice; a-CD8 + CD-HFD n= 22 mice). (b) ALT of mouse groups
shown in a (ND n= 9 mice; control CD-HFD n= 31 mice; a-CD8 + CD-HFD n= 22 mice). (c) IPGTT of mouse groups
shown in a (control CD-HFD n= 8 mice; a-CD8 + CD-HFD n= 10 mice). (d) H&E and Sirius Red staining with (e)
NAS evaluation and Sirius Red quantification of mouse groups shown in a (H&E: ND n= 11 mice; control CD-HFD
n= 28 mice; a-CD8 + CD-HFD n= 23 mice; Sirius Red: ND n= 12 mice; control CD-HFD n= 21 mice; a-CD8 + CD-
HFD n= 17 mice). Scale bar: 50um. (f) Tumor incidence of mouse groups shown in a (control CD-HFD n= 27 tumors
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in 74 mice; a-CD8 + CD-HFD n= 1 tumor in 21 mice). (g) Absolute flow cytometric analysis of hepatic immune cells
(control CD-HFD n= 10 mice; a-CD8 + CD-HFD n= 14 mice). (h) Flow cytometric plots of CD3* T-cells. (i) Flow
cytometric analysis of hepatic CD45* cells (control + CD-HFD n= 11 mice; a-CD8 + CD-HFD n= 14 mice). (j) Flow
cytometric analysis for polarization of hepatic CD4* T-cells (control + CD-HFD n= 11 mice; a-CD8 + CD-HFD n= 14
mice). (k) Flow cytometric analysis for effector molecules of hepatic CD4* T-cells (control + CD-HFD n= 11 mice;
a-CD8 + CD-HFD n= 14 mice). (I) Flow cytometric analysis of hepatic innate immune system cells (control + CD-
HFD n= 10 mice; a-CD8 + CD-HFD n= 14 mice). All data are shown as mean + SEM. All data were analyzed by
one way ANOVA and Tukey's multiple comparison test, or two way ANOVA and Sidak’s multiple comparison test,
or for tumor incidence Fisher’s exact test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Next, | investigated the effects of interfering with the inhibitory axis of T-cell signaling by PD-
1/PD-L1 for PD-1* cells in advanced stages of NASH pathology by administering a-PD-1
blocking antibody.

Thus, | fed WT mice CD-HFD for 10 months to induce a strong liver pathology and treated
these mice with a-PD-1 blocking antibody for 8 weeks while continuously feeding CD-HFD diet.
After 12 months CD-HFD feeding with 8 weeks of treatment the CD-HFD fed mouse groups
had no significant difference in body weight (Figure 22a). Treatment with a-PD-1 increased
AST and ALT levels significantly (Figure 22b), but affected glucose tolerance only mildly
compared to control-treated CD-HFD fed mice (Figure 22c¢). Further, compared to control, CD-
HFD fed mice and a-PD-1 treated mice had increased NAS, similar levels of fibrosis and
increased tumor burden (Figure 22d, e, f). To decipher the immune compartment in more
detail, analysis by flow cytometry showed no difference in absolute cell numbers (Figure 22g),
nor in the composition of all hepatic CD45" cells upon a-PD-1 treatment (Figure 22h).
Nevertheless, a-PD-1 treatment increased the amount of hepatic effector memory CD8* T-
cells (Figure 22i). Further, analysis of three independent experiments indicated that, upon a-
PD-1 treatment, more CD8"* T-cells are positive for the effector molecules GzmB and IFNy
(Figure 22j). Also, a-PD-1 treatment correlated with more PD-1*CD8" T-cells and trends
toward higher numbers of PD-1*CD4" T-cells (Figure 22k), but no differences in FasL* T-cells
(Figure 22I).

Thus, | concluded that a-PD-1 treatment in advanced stages of NASH pathology likely induced
immune-related adverse events (irAEs) leading to increased liver damage, tumor or lesion

formation and increased effector function markers on CD8* T-cells.
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Figure 21: Understanding high ALT in CD8 depleted mice with advanced NASH

(a) Flow cytometric analysis for polarization of hepatic CD8* T-cells isolated from mice 12 months fed ND, or CD-
HFD and treated 2x per week for 8 weeks with IgG or a-CD8 antibodies (control + CD-HFD n= 11 mice; a-CD8 +
CD-HFD n= 14 mice). (b) Flow cytometric analysis of markers of hepatic T-cell exhaustion (control + CD-HFD n= 4
mice; a-CD8 + CD-HFD n= 5 mice). (c) Flow cytometric analysis of FasL T-cell polarization (control + CD-HFD n=
4 mice; a-CD8 + CD-HFD n= 5 mice). (d) Flow cytometric analysis for GzmB expression in hepatic CD3* T-cells
(control + CD-HFD n= 8 mice; a-CD8 + CD-HFD n= 10 mice). (e) Flow cytometric analysis for effector molecules of
hepatic NK and (f) NKT cells (control + CD-HFD n= 4 mice; a-CD8 + CD-HFD n= 5 mice). (g) Flow cytometric
analysis of hepatic NKT type I/ll ratio (control + CD-HFD n= 6 mice; a-CD8 + CD-HFD n= 9 mice). (h) Body weight
of 12 months fed ND, or CD-HFD fed mice, treated 2x per week for 8 weeks with 1gG, a-CD8, or a-CD8/a-NK1.1
antibodies (ND n= 8 mice; control CD-HFD n= 23 mice; a-CD8 + CD-HFD n= 22 mice; a-CD8/a-NK1.1 + CD-HFD
n= 8 mice). (i) ALT of mouse groups shown in h (ND n= 9 mice; control CD-HFD n= 31 mice; a-CD8 + CD-HFD n=
22 mice; a-CD8/a-NK1.1 + CD-HFD n= 8 mice). (j) NAS evaluation of mouse groups shown in h (H&E: ND n= 11
mice; control CD-HFD n= 28 mice; a-CD8 + CD-HFD n= 23 mice; a-CD8/a-NK1.1 + CD-HFD n= 8 mice). All data

59



are shown as mean + SEM. All data were analyzed by one way ANOVA and Tukey's multiple comparison test, or
two way ANOVA and Sidak’s multiple comparison test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

To decipher the mechanisms underlying increased liver damage and tumorigenesis as a result
of a-PD-1 treatment in advanced stages of NASH pathology, | investigated cell types typically
able to express PD-1 like CD4" T-cells, NK and NKT cells, but also innate immune system

cells potentially concerting cytotoxicity together with the CD8* T-cell compartment.

In both the main T-cell compartments, CD4* as well as CD8*, GzmB expression was
downregulated (Figure 23a). Upon a-PD-1 treatment less hepatic naive CD4" T-cells, but no
significant enlargements of the memory effector and memory CD4" T-cell compartments
compared to CD-HFD control mice were detected (Figure 23b). Analysis of effector molecules
of the CD4 lineage revealed only a significant difference in IL-10 expression (Figure 23c).
Similar to the CD8 depletion experiment, | considered NK and NKT cells as potential mediators
of liver damage. However, after analysis of three experimental cohorts, no difference in the
numbers of NK or NKT cells for effector molecules could be detected (Figure 23d, e). In
addition, the NKT type | to type Il ratio was not significantly changed upon a-PD-1 treatment
(Figure 23f). Analysis of innate immune cells expressing MHC Il revealed more KC, mDCs

and pDCs expressing MHC Il upon a-PD-1 treatment (Figure 23f).

Thus, | concluded, first that cytotoxic capacity by the GzmB axis decreases in the T-cell
compartment after a-PD-1 treatment. Second, CD4* T-cells are potentially more Th2 polarized,
possibly as a means of coping with the increased liver damage through increased IL-10
expression. Further, NK and NKT cells seem to play a minor role, but a strong activation of the

innate immune cell compartment correlate with a-PD-1 treatment.
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Figure 22: Blocking inhibitory PD-1/PD-L1 drives liver damage and tumorigenesis in advanced stages of
NASH pathology

(a) Body weight of 12 months ND, or CD-HFD fed mice, treated 2x per week for 8 weeks with 1I9G or a-PD-1
antibodies (ND n= 8 mice; control CD-HFD n= 23 mice; a-PD-1 + CD-HFD n= 19 mice). (b) AST and ALT of mouse
groups shown in a (ND n= 9 mice; control CD-HFD n= 31 mice; a-PD-1 + CD-HFD n= 17 mice). (c) IPGTT of mouse
groups shown in a (control CD-HFD n= 8 mice; a-PD-1 + CD-HFD n= 10 mice). (d) H&E and Sirius Red staining
with (e) NAS evaluation and Sirius Red quantification of mouse groups shown in a (H&E: ND n= 11 mice; control
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CD-HFD n= 28 mice; a-PD-1 + CD-HFD n= 24 mice; Sirius Red: ND n= 12 mice; control CD-HFD n= 21 mice; a-
PD-1 + CD-HFD n= 18 mice). Scale bar: 50um. (f) Tumor incidence of mouse groups shown in a (control CD-HFD
n= 27 tumors in 74 mice; a-PD-1 + CD-HFD n= 16 tumors/lesions in 24 mice). (g) Absolute flow cytometric analysis
of hepatic immune cells (control CD-HFD n= 10 mice; a-PD-1 + CD-HFD n= 13 mice). (h) Flow cytometric analysis
of hepatic CD45* cells (control + CD-HFD n= 11 mice; a-PD-1 + CD-HFD n= 13 mice). (i) Flow cytometric analysis
for polarization of hepatic CD8* T-cells (control + CD-HFD n= 11 mice; a-PD-1 + CD-HFD n= 13 mice). (j) Flow
cytometric analysis for effector molecules of hepatic CD8* T-cells (control + CD-HFD n= 11 mice; a-PD-1 + CD-
HFD n= 13 mice; for Prf: control + CD-HFD n= 4 mice; a-PD-1 + CD-HFD n= 4 mice). (k) Flow cytometric analysis
of markers of hepatic T-cell exhaustion (control + CD-HFD n= 4 mice; a-PD-1 + CD-HFD n= 9 mice). (I) Flow
cytometric analysis of FasL T-cell polarization (control + CD-HFD n= 4 mice; a-CD8 + CD-HFD n= 9 mice). All data
are shown as mean = SEM. All data were analyzed by one way ANOVA and Tukey's multiple comparison test, or
two way ANOVA and Sidak's multiple comparison test, or for tumor incidence Fisher’s exact test. *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001.
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Figure 23: Deciphering tumor driving mechanism of PD-1 checkpoint blockade in advanced stages of NASH
(a) Flow cytometric analysis for GzmB expression in hepatic CD3* T-cells isolated from 12 months CD-HFD fed
mice, treated 2x per week for 8 weeks with IgG or a-PD-1 antibodies (control + CD-HFD n= 8 mice; a-PD-1+ CD-
HFD n=9 mice). (b) Flow cytometric analysis for polarization of hepatic CD4* T-cells (control + CD-HFD n= 11 mice;
a-PD-1+ CD-HFD n= 13 mice). (c) Flow cytometric analysis for effector molecules of hepatic CD4* T-cells (control
+ CD-HFD n= 8 mice; a-PD-1+ CD-HFD n= 13 mice). (d) Flow cytometric analysis for effector molecules of hepatic
NK and (e) NKT cells (control + CD-HFD n= 4 mice; a-PD-1+ CD-HFD n= 9 mice; for perforin: control + CD-HFD
n= 4 mice; a-PD-1+ CD-HFD n= 4 mice). (f) Flow cytometric analysis of hepatic NKT type l/ll ratio (control + CD-
HFD n= 6 mice; a-PD-1+ CD-HFD n= 13 mice). (g) Flow cytometric analysis of hepatic innate immune system cells
(KC: control + CD-HFD n= 6 mice; a-PD-1 + CD-HFD n= 4 mice; CD11b*: control + CD-HFD n= 10 mice; a-PD-1 +
CD-HFD n= 13 mice; mDCs: control + CD-HFD n= 10 mice; a-PD-1 + CD-HFD n= 13 mice; pDCs: control + CD-
HFD n= 8 mice; a-PD-1 + CD-HFD n= 9 mice). All data are shown as mean + SEM. All data were analyzed by two
way ANOVA and Sidak’s multiple comparison test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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7.1.5 Deciphering mechanisms of immune cell mediated hepatocarcinogenesis
To understand the tumor- and hepatic damage-promoting role of PD-1 blocking, | phenotyped
the hepatic immune compartment in depth in collaboration with Nicolas Nunez and Burkhard

Becher from the University of Zurich using a 24 multicolor flow cytometric analysis’®.

First, | defined in collaboration with Nicholas Nunez clusters of marker expression of living
C45" cells by t-distributed stochastic neighbor embedding (tSNE) analysis of randomly chosen
5000 events of 12 month ND or CD-HFD with 1gG, or a-CD8, or a-CD8/a-NK1.1 or a-PD-1
treatment for 8 weeks (Figure 24a). By this approach, | in collaboration with Nicholas Nunez
could define the hepatic immune compartment (B-cells, CD4* or CD8* or CD4CD8 or
regulatory T-cells, myeloid cells, NK cells and other leukocytes) (Figure 24b) and their
frequency among CD45" cells (Figure 24c). Further, | in collaboration with Nicholas Nunez
assigned relative expression of markers to the individual populations of the defined hepatic
immune cell compartment (Figure 24d). | found differences in the CD8* T-cell compartment of
12 month CD-HFD fed mice with IgG control treatment compared to a-PD-1 checkpoint
inhibition. CD8" T-cells increased in absolute numbers (mean difference -31; 95% CI -50 to -
13; p= 0.0007) and as a frequency of CD45" cells (mean difference -9.07; 95% CI -14.27 to -
3.88; p=0.0004).

Thus, | focused on deciphering the effects of a-PD-1 treatment on TCRB* cells. After | defined
clusters of marker expression of TCRB* cells in collaboration with Nicholas Nunez, tSNE
analysis was performed on randomly chosen 5000 events among the treated groups described
earlier (Figure 24e). | in collaboration with Nicholas Nunez assigned cells by tSNE analysis to
different T-cell compartments (naive or conventional CD4"; naive or conventional CD8*; CD4"
CD8" T-cells and regulatory T-cells) (Figure 24f). Next, | in collaboration with Nicholas Nunez
quantified the different T-cell compartments as frequency among CD45* cells (Figure 249). |
in collaboration with Nicholas Nunez observed no differences in the CD4" and regulatory T-
cell compartments between mice fed 12 months ND or CD-HFD treated with IgG or a-PD-1 in
the frequency among CD45" cells. However, | discovered differences in the conventional CD8*
T-cell and CD4-CD8" T-cell compartment between mice fed 12 months ND or CD-HFD treated
with IgG in the frequency among CD45* cells (conventional CD8* T-cells: mean difference 21;
95% CI -13 to 29; p< 0.0001 and CD4-CD8" T-cells: mean difference -11; 95% CI -19 to -3.1;
p= 0.0049). Further, | saw trends for an decrease of conventional CD8* T-cells in IgG control
compared to a-PD-1 treated mice (mean difference -5.1; 95% CI -12 to 1.9; p= 0.1855).

Therefore | decided to investigate the CD8" T-cell compartment in more detail in order to
decipher the reported immune-related adverse effects (irAEs), higher liver damage, and tumor

formation after a-PD-1 treatment.
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Figure 24: CD8 T-cells are the effector cells of immune-related adverse events upon PD-1 checkpoint
blockade in advanced NASH

(a) Unbiased analysis of 5000 randomly chosen events of a 24 color flow cytometric analysis to define distinct
marker expression of mice 12 months fed ND or CD-HFD with IgG, or a-CD8, or a-CD8/a-NK1.1 or a-PD-1
treatment for 8 weeks. (ND n= 4 mice; IgG + CD-HFD n= 8 mice; a-PD-1+ CD-HFD n= 6 mice; a-CD8 + CD-HFD
n= 7 mice; a-CD8/a-NK1.1 + CD-HFD n= 7 mice). (b) Flowsom generated tSNE plots for definition of immune cell
compartments of 12 months fed ND or CD-HFD with IgG or a-PD-1 treatment for 8 weeks. (c) Phenotypic
composition of the immune cell compartment of individual mice shown in b (ND n= 4 mice; IgG + CD-HFD n= 8
mice; a-PD-1+ CD-HFD n= 6 mice). (d) Heatmap of marker expression of immune cell populations defined in b. (e)
Unbiased analysis of 5000 randomly chosen TCRf* cells of a 24 color flow cytometric analysis to define distinct
marker expression of mice 12 months fed ND or CD-HFD with IgG, or a-CD8, or a-CD8/a-NK1.1 or a-PD-1
treatment for 8 weeks. (ND n= 4 mice; IgG + CD-HFD n= 8 mice; a-PD-1+ CD-HFD n= 6 mice; a-CD8 + CD-HFD
n= 7 mice; a-CD8/a-NK1.1 + CD-HFD n= 7 mice). (f) Flowsom generated tSNE plots for definition of TCRB* cell
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compartments of 12 months fed ND or CD-HFD with IgG or a-PD-1 treatment for 8 weeks. (g) Phenotypic
composition of the TCRB* cell compartment of individual mice shown in b (ND n= 4 mice; IgG + CD-HFD n= 8 mice;
a-PD-1+ CD-HFD n= 6 mice). All data are shown as mean + SEM. All data were analyzed by two way ANOVA and
Dunnett's multiple comparison test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Next, | in collaboration with Nicholas Nunez defined clusters of marker expression for TCR*
CD8" T-cells by tSNE analysis of randomly chosen 5000 events among the 12 month ND or
CD-HFD treated with IgG as control or a-PD-1 for 8 weeks (Figure 25a). To identify subsets
reactive to or changed upon a-PD-1 treatment, | in collaboration with Nicholas Nunez sub-
clustered the CD8* T-cell compartment into 30 sub-clusters by tSNE analysis (Figure 25b)
and quantified their abundance relative to CD45" cells (Figure 25c). Cluster 3 (mean difference
9.2; 95% CI 5.4 to 13; p= 0.0001) and Cluster 10 (mean difference -18; 95% CI -22 to -15; p=
0.0001) were changed in CD-HFD fed mice treated with IgG compared to a-PD-1 treated mice.
Next, | in collaboration with Nicholas Nunez assigned the relative expression of investigated
molecules to the 30 individual clusters of the hepatic CD8* T-cell compartment (Figure 25d).
| in collaboration with Nicholas Nunez divided the 30 sub-clusters into two main populations,
one associated with a memory phenotype including the decreased Cluster 3 upon a-PD-1
treatment. The other main population was positive for TNF-a and PD-1, including Cluster 10,
which was increased by a-PD-1 treatment (Figure 25e). Compared to IgG control, the TNF-
a*PD-1* CD8* T-cell population was increased (mean difference -23.5; 95% Cl -46.82 to -0.19;
p= 0.0482) upon a-PD-1 treatment (Figure 25f). Further, compared to the CD8* memory T-
cell population, the TNF-a*PD-1* CD8" T-cell population expressed, in general, higher
amounts of markers associated with activation (EOMES, Tbet), cytotoxicity (TNF-a, IFNy,
GzmB) and exhaustion (PD-1, Tim-3) (Figure 25g).

Further, in collaboration with Nicolas Nunez | applied a representation learning approach
(CellCnn)’" to the flow cytometric data set. Using this method, | in collaboration with Nicholas
Nunez could identify differential marker expression in the CD8" T-cell compartment in a tSNE
analysis (Figure 25h). Next, | in collaboration with Nicholas Nunez selected CD8* T-cells
negative for PD-1 and TNF-a (Figure 25i). Similar to Nicolas Nunez and my 30 sub-cluster
approach (Figure 25a-f), | in collaboration with Nicholas Nunez determined that double-
negative PD-1"TNF-a- CD8"* T-cells were significantly increased in mice fed 12 months CD-
HFD and treated with IgG as a control compared to a-PD-1 treated animals (Figure 25j).
Consequently, | confirmed by manual gating a significant increase of TNF-a*PD-1* CD8* T-

cells upon a-PD-1 treatment (Figure 25k, I).

Of note, | did not observe an increase of TNF-a or PD-1 expression per CD8* T-cell in a mean

fluorescence based analysis, comparing IgG control with a-PD-1 treated animals.
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Figure 25: PD-1+TNF-a+ CD8 T-cells are potential disease-driving effector cells upon PD-1 checkpoint

blockade in advanced NASH

(a) Unbiased analysis of 5000 randomly chosen TCRB* CD8* cells of a 24 color flow cytometric analysis to define
distinct marker expression of mice 12 months fed ND or CD-HFD with 1gG, or a-CD8, or a-CD8/a-NK1.1 or a-PD-1
treatment for 8 weeks. (ND n= 4 mice; IgG + CD-HFD n= 7 mice; a-PD-1+ CD-HFD n= 6 mice; a-CD8 + CD-HFD
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n= 7 mice; a-CD8/a-NK1.1 + CD-HFD n= 7 mice). (b) Flowsom generated tSNE plots and unbiased clustering for
30 clusters of 12 months fed ND or CD-HFD with 1gG or a-PD-1 treatment for 8 weeks. (c) Phenotypic composition
for the 30 clusters of individual mice defined in in b (ND n= 4 mice; IgG + CD-HFD n= 7 mice; a-PD-1+ CD-HFD n=
6 mice). (d) Heatmap of marker expression and abundance relative to living CD45* for the 30 clusters defined in b.
(e) Flowsom generated tSNE plots for definition of CD8* cell compartments (memory T-cells and TNF-a*PD-1*) of
12 months fed CD-HFD with IgG or a-PD-1 treatment for 8 weeks. (f) Phenotypic composition of CD8* T-cells (ND
n= 4 mice; IgG + CD-HFD n= 7 mice; a-PD-1+ CD-HFD n= 6 mice). (g) Heatmap of marker expression of CD8* T-
cells defined in e. (h) An unbiased analysis: CellCNN analysis of marker expression represented in tSNE plots of
CD8" T-cells of mice 12 months fed ND or CD-HFD with 1gG, or a-CD8, or a-CD8/a-NK1.1 or a-PD-1 treatment for
8 weeks. (ND n= 4 mice; IgG + CD-HFD n= 7 mice; a-PD-1+ CD-HFD n= 6 mice; a-CD8 + CD-HFD n= 7 mice; a-
CD8/a-NK1.1 + CD-HFD n= 7 mice). (i) CellCNN based analysis by tSNE of CD8* T-cells for population selected
for markers associated with no or low activation. (j) Quantification of population represented in i (IgG + CD-HFD n=
5 mice; a-PD-1+ CD-HFD n= 4 mice). (j) Quantification by manual gaiting for PD-1*TNF-a* CD8" T-cells population
for confirmation of defined population in i(IgG + CD-HFD n= 8 mice; a-PD-1+ CD-HFD n= 6 mice). (I) Representative
flow cytometric plots of populations quantified in k. All data are shown as mean + SEM. All data were analyzed two-
tailed Student T-test or Mann-Whitney. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Thus, | concluded with three different approaches that hepatic irAEs in 12 month CDHFD
treated with a-PD-1 are correlated with higher abundance and frequency of TNF-a*PD-1* CD8*

T-cells.

7.2  Aim 2: Platelet GPIba is a mediator and potential interventional target for
NASH and subsequent liver cancer

7.2.1 New targets for breaking through the cycle of chronic hepatic inflammation in
NASH

After deciphering the role of T-cells in NASH and NASH induced hepatocarcinogenesis, |

searched for an alternative way to target hepatic inflammation in NASH, without targeting

potentially inflammation driving immune cell populations directly. Such an approach promised

less adverse effects by not changing the immunological landscape drastically. Thus, it could

unravel a more subtle manipulation of parameters responsible for NASH development, NASH

pathology progression and subsequent tumor induction.

Platelets were described in the literature as potential mediators of adverse effects in chronic
liver inflammation, mainly in the background of chronic virus associated inflammation®6°-66,
Further, previous work of Mohsen Malehmir in the group of Mathias Heikenwalder
demonstrated that hepatic platelet numbers, as well as platelet aggregates are increased in

CD-HFD induced NASH compared to healthy controls fed a normal chow diet®.

As a follow up to this study, | investigated whether increased hepatic platelet numbers and
aggregates are a result of hepatic steatosis and insulin resistance, resembling non-alcoholic
fatty liver disease (NAFLD), or if hepatic inflammation resembling non-alcoholic steatohepatitis

(NASH) is a key mediator driving hepatic platelet accumulation.
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To this end, | fed WT mice either NAFLD-inducing diets, HFD-45% or a HFD with low sugar
(HFD-60% + LS), and compared them to WT animals fed a NASH-inducing diets - choline
deficient high fat diet (CD-HFD) or western-style diet with trans fats (WD-HTF).

Adapted from my written and experimental contribution in Malehmir*, Pfister* et al.®: Wildtype
(WT) mice fed for 6 months an NAFLD-inducing high fat diet (HFD-45%) developed
macrovesicular steatosis by H&E and subsequently an increase in NAS, but no significant
difference of hepatic platelet numbers (Figure 26a, b), despite significantly increased body
weight compared to normal chow diet (ND) fed control mice (Figure 26c¢). To corroborate these
results, | fed WT mice for 5 months a second NAFLD-inducing HFD with low sugar (HFD-60%
+ LS). These HFD-60% + LS fed mice developed macrovesicular steatosis by H&E,
subsequently an increase in NAS, but again no significant difference of hepatic platelet
numbers (Figure 26d, e), despite significantly increased body weight and insulin resistance
compared to ND fed control mice (Figure 26f, g). In contrast, WT mice fed 6 months an NASH-
inducing CD-HFD developed histopathological features of NASH (macrovesicular steatosis,
hepatic immune cell infiltration and hepatocytic damage), together with a significant increase
of hepatic platelet numbers compared to ND fed mice (Figure 26h, i). Mice fed WD-HTF
developed similar to CD-HFD fed mice a phenotype of NASH and hepatic platelet accumulation
compared to ND fed mice (Figure 26j, k). Further, in collaboration with Marco Prinz from the
Universitatsklinikum Freiburg using electron microscopy | could demonstrate that platelets
found in CD-HFD liver have an activated phenotype (Figure 261) (adapted from Malehmir*,

Pfister* et al.®).

Thus, | concluded that increased hepatic platelet numbers and their activation status can only
be found in livers of NASH-inducing diet-fed mice. Thus, antiplatelet treatment (APT) could be

a therapeutic or interventional option for mice developing NASH.

7.2.2 Therapeutic use of antiplatelet treatments in established NASH

Mohsen Malehmir demonstrated that preventive use of APT like Aspirin-Clopidogrel (Asp-Clo),
or Ticagrelor, but not the use of nonsteroidal anti-inflammatory drug (NSAID) Sulindac
prevented NASH and subsequent HCC development®®. Therefore, | investigated if not only the

preventive but also the therapeutic use of APT in NASH could ameliorate NASH pathology.

Adapted from my written and experimental contribution in Malehmir*, Pfister* et al.®: Therefore,
WT mice fed 4 months of NASH-inducing diet were administered the platelet-specific APT
Ticagrelor with continuous NASH diet for 2 months (Figure 27a). WT mice fed for 6 months
CD-HFD with 2 months of Ticagrelor treatment had reduced hepatic platelet numbers and
ameliorated NASH pathology by H&E compared to untreated CD-HFD fed mice (Figure 27b).
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Therapeutic Ticagrelor treated mice were metabolically equally impaired by IPGTT, but had

reduced ALT levels compared to untreated CD-HFD fed mice (Figure 27c).

To corroborate these results, WT mice fed for 6 months WD-HTF with 2 months of Ticagrelor
treatment also had reduced hepatic platelet numbers and a trend towards ameliorated NASH
pathology by H&E compared to untreated WD-HTF fed mice (Figure 27d). Like CD-HFD fed
mice, therapeutic Ticagrelor-treated WD-HTF fed mice were metabolically equally impaired by
IPGTT but had reduced ALT levels compared to untreated WD-HTF fed mice (Figure 27e). In
collaboration with Suchira Gallage, | investigated the effects of APT on fibrosis development.
Therapeutic Ticagrelor-treated WD-HTF fed mice showed ameliorated fibrogenesis (Figure
27f) (adapted from Malehmir*, Pfister* et al.®).

Thus, | concluded that in established NASH pathology, APT using Ticagrelor can ameliorate

NASH pathology or abrogate NASH progression in two murine models of NASH.

7.2.3 Platelets - more than a bystander in NASH development
Next, | investigated, when the platelets home to the liver upon NASH diet feeding and with

which other cell type platelets co-localize indicating potential interaction with each other.

Adapted from my written and experimental contribution in Malehmir*, Pfister* et al.®: In
collaboration with Moritz Peiseler, Bas Surewaard and Paul Kubes from the University of
Calgary | performed intravital microscopy to track intrahepatic platelets live in living mice, in
order to understand the dynamics of intrahepatic platelet recruitment and platelet-cell
interaction during the initial events of NAFL preceding NASH. Intravital microscopy of WT mice
fed CD-HFD for 4, 5, 6 or 8 weeks showed, that platelets home the liver at this early time points
of diet feeding in a progressive manner (Figure 28a, d), with no significant increase of hepatic
CD3+ T-cells at this early time points (Figure 28b, c¢). Additionally, sinusoidal diameter is
decreased (Figure 28e) and in collaboration with Suchira Gallage | showed, that hepatocytes
start to increase in size at this early time points of CD-HFD feeding (Figure 28f). Further,
pathological features of NASH start to develop (Figure 28g) and | observed a trend for an

increase of hepatic triglycerides in CD-HFD fed mice (Figure 28h).

| observed, in collaboration with Donato Inverso from the DKFZ Heidelberg using confocal
microscopy, a significant increase of platelet aggregate size attached to Kupffer cell (KC) in
established NASH (Figure 28i). Further, in collaboration with Moritz Peiseler, Bas Surewaard
and Paul Kubes | found, that there is an induction of the extracellular matrix component
hyaluronan colocalizing with hepatocytes, Kupffer cells and, to a lesser degree, on liver

sinusoidal endothelial cells (LSECs) (Figure 28j) (adapted from Malehmir*, Pfister* et al.®).
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Thus, | concluded, that platelets were the first non-resident cell type to home to the liver at

earliest time points of borderline NASH development with sinusoidal diameter decrease and

hepatocyte size increase. Further, my data indicated, that KCs and increased hyaluronan

abundance may play key roles correlating with platelet attachment and recruitment in early

phases NASH development®.
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Figure 26: NASH diets induce hepatic platelet number and aggregation (adapted from Malehmir*, Pfister* et
al.?)

Adapted from my written contribution in Malehmir*, Pfister* et al.%: “(a) H&E, CD42b staining and (b) NAS evaluation
and quantification of 6 months ND or HFD-45% fed mice (ND n= 6 mice; HFD-45% n= 7 mice). Scale bar: 50 pym.
(c) Body weight (n= 6 mice/group) of mice shown in a. (d) H&E, CD42b staining and (e) NAS evaluation and
quantification of 5 months ND or HFD-60%-fed (60% kcal and low sucrose (LS)) mice (ND n= 8 mice; HFD n= 6
mice). (f) Body weight of mice shown in d (n= 7 mice/group). (g) Insulin tolerance test of mice shown in d (ND n=6
mice; HFD-60%+LS n=7 mice). (h) H&E, CD42b staining and (i) NAS evaluation and quantification of 6 months ND
or CD-HFD fed mice (NAS: ND n=15 mice; CD-HFD n=17 mice; CD42b: n= 7 mice/group). Scale bar: 50 pm. (j)
H&E, CD42b staining and (k) NAS evaluation and quantification of 6 months ND or WD-HTF fed mice (NAS: n=5
mice/group; CD42b: n=6 mice/group). Scale bar: 50 um. () Representative electron microscopy images of activated
platelets in livers from 6 months ND or CD-HFD fed mice. (ND, left panel) Platelet adhering to an endothelial cell
showing an inactivated appearance of tubular system, alpha granules, dense bodies and glycogen. (CD-HFD, right
panel) Platelets close to fatty hepatocytes outside the vessels, showing signs of activation (compact dense
granulae, closed canalicular system, enlarged size) (n= 4 mice/group). All data are represented as mean + SEM.
Data were analyzed by two way ANOVA and Sidak's multiple comparison test or two-tailed Student T test. *: P <
0.05. **: P <0.01. ***: P < 0.001. ****: P < 0.0001"°.

Although | did not find any increase of granulocytes or granulocyte-platelet interaction,
literature indicated granulocytes as early responders of injury’®. Therefore, in collaboration with
Caroline L. Wilson, Jack Leslie and Derek A. Mann from Newcastle University | investigated

the role of granulocytes using osmotic pumps for a constant depletion.

Adapted from my written and experimental contribution in Malehmir*, Pfister* et al.®: WT mice
fed 4 weeks CD-HFD were put under granulocyte depleting conditions with continuous NASH
diet for 8 weeks (Figure 29a). Despite the granulocyte depletion being successful (Figure
29b), no significant difference in body weight (Figure 29¢), NASH pathology by H&E, hepatic
platelet number (Figure 29d, e) or ALT levels was detected (Figure 29f) (adapted from

Malehmir*, Pfister* et al.®).

Thus, | concluded, that granulocytes played not a significant role in the CD-HFD model for

early development of NASH pathology and borderline NASH.
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Figure 27: Therapeutic anti-platelet treatment with Ticagrelor ameliorates NASH progression (adapted from
Malehmir*, Pfister* et al.%)

Adapted from my written contribution in Malehmir*, Pfister* et al.%: “(a) Experimental setup for therapeutic anti-
platelet treatments with Ticagrelor in 6 months ND, CD-HFD or WD-HTF fed mice. (b) H&E, CD42b staining and
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(b) NAS evaluation and quantification of 6 months ND, CD-HFD or therapeutic CD-HFD/Ticagrelor fed mice (CD42b:
ND n=8 mice; CD-HFD n=15 mice; CD-HFD/Ticagrelor n=8 mice; NAS: ND n=8 mice; CD-HFD n=7 mice; CD-
HFD/Ticagrelor n=8 mice). Scale bar: 50 ym. (c) IPGTT and ALT from mice shown in b (IPGTT: ND n=8 mice; CD-
HFD n=7 mice; CD-HFD/Ticagrelor n=8 mice; ALT: ND n=13 mice; CD-HFD n=13 mice; CD-HFD/Ticagrelor n=8
mice). Statistics: ND vs CD-HFD (black asterisks), ND vs therapeutic CD-HFD/Ticagrelor (green asterisks). (d)
H&E, CD42b staining and (b) NAS evaluation and quantification of 6 months ND, WD-HTF or therapeutic WD-
HTF/Ticagrelor fed mice (CD42b: n=9 mice/group; NAS: ND n=15 mice; WD-HTF n=16 mice; WD-HTF/Ticagrelor
n=16 mice). Scale bar: 50 uym. (e) IPGTT and ALT from mice shown in d (IPGTT: n=8 mice/group; ALT: ND n=12
mice; WD-HTF n=8 mice; WD-HTF/Ticagrelor n=7 mice). Statistics: ND vs WD-HTF (black asterisks), ND vs
therapeutic WD-HTF /Ticagrelor (green asterisks). (f) Sirius Red staining and quantification of mice shown in d (ND
n=8 mice; WD-HTF n=6 mice; WD-HTF/Ticagrelor n=6 mice). Scale bar: 50 ym. All data are shown as mean %
SEM. Data were analyzed by one way or two way ANOVA with Tukey’s or Sidak’s multiple comparison test.*: P <
0.05. **: P <0.01. ***: P < 0.001. ****: P < 0.0001" °.

7.2.4 Deciphering mechanisms of hepatic platelet homing in early NASH
development

After exclusion of a role of granulocytes in early time points of NASH development, | focused

on the functional role of platelet-KCs and platelet-hyaluronan interactions to decipher

mechanisms leading to platelet attachment and recruitment in early phases NASH

development.

Adapted from my written and experimental contribution in Malehmir*, Pfister* et al.®: WT mice
fed 3.5 weeks CD-HFD were put under different treatment conditions with continuous CD-HFD
diet for 2.5 weeks. Either | depleted KCs using clodronate liposome (CLL), | abrogated
hyaluronan-platelet interaction using hyaluronidase (HYAL), or | treated with both together,
CLL and HYAL. Further, hyaluronan can interact with CD44, which is highly expressed on
platelets®. Thus, | investigated the role of CD44 binding using antibody mediated targeting of
the CD44 binding sides, either with CD44/hyaluronan binding sides blocking (clone KM81) or
non-blocking antibodies (clone IM7)% (Figure 30a).

In collaboration with Moritz Peiseler, Bas Surewaard and Paul Kubes from the University of
Calgary | performed intravital microscopy to track the intrahepatic platelet response to the
respective treatments. | successfully depleted KCs in mice treated with CLL (Figure 30b, c).
6 weeks CD-HFD-fed mice with 2.5 weeks of treatment of either CLL or HYAL showed reduced
NAS (Figure 30c) and reduced intrahepatic platelet abundance compared to control CD-HFD
fed mice (Figure 30b, d). Mice treated with HYAL, but not CLL, had reduced ALT levels
compared to untreated CD-HFD fed mice (Figure 30e). Combined treatment of HYAL and CLL
did not further reduce intrahepatic platelet numbers compared to single treatments (Figure
30f, g). Mice treated with a-CD44 binding/hyaluronan-blocking antibody (clone KM81), but not
with a-CD44 binding/hyaluronan-non-blocking antibody (clone IM7) had reduced ALT levels
(Figure 30h) and reduced NAS compared to untreated CD-HFD fed mice (Figure 30i, j).
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Figure 28: Platelets home to the liver in early phases of NASH pathogenesis (adapted from Malehmir*,
Pfister* et al.?)

Adapted from my written contribution in Malehmir*, Pfister* et al.%: “(a) Intravital microscopy of livers of 4, 5, 6 and
8 weeks ND or CD-HFD fed mice. Analysis of Kupffer cells (violet), platelets (blue) and granulocytes (red), (4 weeks:
ND n= 2 mice; CD-HFD n= 2 mice; 5 weeks: ND n= 2 mice; CD-HFD n= 2 mice; 6 weeks: ND n= 4 mice; CD-HFD
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n= 4 mice; 8 weeks: ND n= 3 mice; CD-HFD n= 3 mice). Scale bars: 40 ym. (b) CD3 staining and quantification of
6 weeks (ND n= 4 mice; CD-HFD n= 8 mice) or (c) 8-weeks ND or CD-HFD fed mice (ND n= 5 mice; CD-HFD n=
4 mice). Scale bar: 50 ym. (d) Quantification of platelet area by intravital microscopy of mice shown in a (ND: 4
weeks n= 2 mice and 40 FOV; 5 weeks n= 2 mice and 40 FOV; 6 weeks n=4 mice and 40 FOV; 8 weeks n= 2 mice
and 40 FOV; CD-HFD: 4 weeks n= 2 mice and 20 FOV; 5 weeks n= 2 mice and 20 FOV; 6 weeks n= 4 mice and
30 FOV; 8 weeks n= 2 mice and 19 FOV). (e) Analysis of liver sinusoid diameter by intravital microscopy of mice
shown in a (ND: 4 weeks n= 2 mice and 101 sinusoids; 5 weeks n= 2 mice and 150 sinusoids; 6 weeks n= 4 mice
and 100 sinusoids; 8 weeks n=2 mice and 150 sinusoids; CD-HFD: 4 weeks n=2 mice and 100 sinusoids; 5 weeks
n= 2 mice and 150 sinusoids; 6 weeks n= 4 mice and 100 sinusoids; 8 weeks n= 2 mice and 100 sinusoids). (f)
Hepatocyte swelling measurement by H&E of mice shown in b and ¢ (6 weeks: ND n=4 mice; CD-HFD n= 3 mice;
8 weeks: ND n= 3 mice; CD-HFD n= 4 mice). Scale bar: 50 pym. (g) NAS evaluation of 6 or 8 weeks ND- or CD-
HFD fed mice (6 weeks: ND n= 19 mice; CD-HFD n= 18 mice; 8 weeks: ND n= 3 mice; CD-HFD n= 6 mice). (h)
Liver triglycerides of 6 weeks ND or CD-HFD fed mice (n= 3 mice/group). (i) 3D confocal images and quantification
of platelet (green)/Kupffer cells (red) interaction of 6 months ND or CD-HFD fed mice (n= 4 mice/group). Liver
endothelium (gray). Scale bar: 20 um. (j) Left, representative images of intravital microscopy of 6 weeks ND or CD-
HFD fed mice. Right, representative high-magnification images of intravital microscopy. Analysis of Kupffer cells
(violet, violet arrowhead), HABP (red, red arrowhead) and LSECs (blue) (ND n= 4 mice; CD-HFD n= 4 mice). Scale
bar: 43 uym. All data are shown as mean + SEM. All data were analyzed using two-tailed Student T test. *p<0.05;
**p<0.01; **p<0.001; ****p<0.0001"°.

Further, in mice with established NASH fed 6 months CD-HFD a short treatment of CLL for 2.5
weeks led to a significant reduction of NAS and platelet accumulation (Figure 30k, I) (adapted

from Malehmir*, Pfister* et al.®).

Thus, | concluded that KC, hyaluronan and CD44 are important players in the early and

advanced stages of NASH development and NASH progression®.

Adapted from my written and experimental contribution in Malehmir*, Pfister* et al.: To
corroborate my findings in the CD-HFD model with a second model of NASH, | fed WT mice
3.5 weeks WD-HTF and depleted KCs using CLL with continuous WD-HTF diet for 2.5 weeks
(Figure 31a).

In collaboration with Moritz Peiseler, Bas Surewaard and Paul Kubes from the University of
Calgary | performed intravital microscopy of 6 or 8 weeks ND or WD-HTF fed mice (Figure
31b). | corroborated my results from the CD-HFD model with respect to increased and
progressive hepatic platelet abundance (Figure 31b, c) in borderline NASH by H&E (Figure
31d, e) and increased hepatic liver triglycerides (Figure 31f) in 6 or 8 weeks WD-HTF fed mice

compared to ND fed mice (adapted from Malehmir*, Pfister* et al.®).

Thus, | concluded that similar to the CD-HFD model, platelets were the first non-resident cell
type to home to the liver at earliest time points of borderline NASH in the WD-HTF model.
Further, my data indicated that KCs may play key roles correlating with platelet attachment

and recruitment in early phases NASH development in the WD-HTF model°.
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Figure 29: Granulocyte abundance does not delay NASH development (adapted from Malehmir*, Pfister* et
al.%)

Adapted from my written contribution in Malehmir*, Pfister* et al.®: “(a) Experimental setup for a-Ly6G depletion in
12 weeks ND or CD-HFD fed mice. (b) Myeloperoxidase (MPO) of 12 weeks CD-HFD + IgG or CD-HFD + a-Ly6G
fed mice (n=4 mice/group). Scale bar: 50 uym. (c) Body weight, (d) H&E, CD42b staining, (e) NAS evaluation and
quantification and (f) ALT of mice shown in b (body weight and ALT: n=5 mice/group; CD42b: CD-HFD + IgG n=4
mice, CD-HFD + a-Ly6G n=4 mice; NAS: CD-HFD +IgG n=4 mice, CD- HFD +a-Ly6G n=5 mice). Scale bar: 50 ym.
All data are shown as mean + SEM and were analyzed using two-tailed Student T test. *p<0.05; **p<0.01;
***p<0.001; ***p<0.0001"°.

7.2.4 GPIba - an interventional target on platelets for amelioration of NASH pathology
and NASH induced hepatocarcigonesis

Adapted from my written and experimental contribution in Malehmir*, Pfister* et al.®: My data
indicated that intrahepatic interaction of platelets with KCs, involving hyaluronan/CD44 binding,
contributed to NASH development and progression. Further, previous work of Mohsen
Malehmir from the group of Mathias Heikenwalder demonstrated by using different genetic
mouse model under CD-HFD, that platelet cargo (Nbeal2”) but not platelet aggregation
(Itga2b™), nor specific platelet activation (GPVI™) is important to abrogate or ameliorate NASH
pathology®°.

76



a start of treatment analysis
A4 y
CD-HFD CLL, HYAL, CLL+HYAL, a-CD44
| | |
0 3.5 6

weeks under diet

b Hepatocytes Kupffer Cells Platelets Granulocytes

6 weeks

CD-HFD + HYAL

ND CD-HFD CD-HFD + CLL

(o
8 Fededek
6 *kkk *kkk
u . -
T 2
0_
*%
; —* . DND
8 & H [ CD-HFD
N I CD-HFD +CLL
g * [ CD-HFD +HYAL
=3 % E L]
« & E 2
bl 8
; 2 4l
[
0l
d D-HFD
g DHFD+CLL
& 310E03 D-HFD +HYAL
v E 400
ﬁ"g 3 300 .
o = o
5 2 5£03 S ]
T 100
©
0 o 0l
I ND
g ND CD-HFD CD-HFD+CLL  CD-HFD+CLUHYAL h 200 BN COHER
g - - . W - +
: o L & : 1501 * BN CD-HFD +KM81
5 € 3 ; % - * *
o e .e s 5 | l_|'f—|
g f(— S {- E 100 o, .
[a] 4 " <
(6] s % ~ J 1
; i e ; poe 50
. : % kiR A
CIND
2 CD-HFD
B C D- HFD +IM7
B C D- HFD +KM81
CD-HFD CD-HFD + CLL B CD-HFD
. e D3 CD-HFD «CLL
3 P E 400
ut s s . 'g 300 .
’ v 2 2 . S 200
ST S = K] .
) s T 100
©
o o

Figure 30: Intrahepatic platelet accumulation depends on Kupffer cells and CD44-hyaluronan interaction in
early phases of NASH pathogenesis (adapted from Malehmir*, Pfister* et al.®)

Adapted from my written contribution in Malehmir*, Pfister* et al.®: “(a) Experimental setup for various treatments
(clodronate liposome (CLL), hyaluronidase (HYAL) or both (HYAL+CLL), or a-CD44 antibodies) in 6 weeks ND or
CD-HFD. (b) Representative images of intravital microscopy after treatment (CLL or HYAL) of 6 weeks ND, CD-
HFD, CD-HFD + CLL or CD-HFD + HYAL fed mice. Analysis of Kupffer cells (violet), platelets (blue, blue arrowhead)
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and granulocytes (red) (n= 4 mice/group). Scale bar: 40 ym. (c) H&E and F4/80 staining with quantification and
NAS evaluation of 6 week ND, CD-HFD, CD-HFD + CLL or CD-HFD + HYAL fed mice (H&E: ND n= 10 mice; CD-
HFD n= 14 mice; CD-HFD + CLL n= 9 mice; CD-HFD + HYAL n= 8 mice; F4/80: ND n= 7 mice; CD-HFD n= 10
mice; CD-HFD + CLL n= 4 mice; CD-HFD + HYAL n= 5 mice). Scale bar: 50 pm. (d) Quantification of platelet area
by intravital microscopy of mice shown in b (ND n= 4 mice and 40 FOV; CD-HFD n= 4 mice and 30 FOV; CD-HFD
+ CLL n= 4 mice and 40 FOV; CD-HFD + HYAL n= 4 mice and 30 FOV). (e) ALT levels of mice shown in b (ND n=
17 mice; CD-HFD n= 13; CD-HFD + CLL n= 7 mice; CD-HFD + HYAL n= 8 mice). (f) CD42b quantification and (g)
CD42b staining of 6 weeks ND, CD-HFD, CD-HFD + CLL or CD-HFD + CLL/HYAL fed mice (ND n=9 mice, CD-
HFD n=9, CD-HFD+CLL and CD-HFD+CLL/HYAL n=5 mice/group). Scale bar: 50 uym. (h) ALT, (i) H&E and (j) NAS
evaluation after anti-CD44 antibody treatment (anti-CD44 antibody blocking (KM81) or non-blocking (IM7) HA-
binding site) in 6 weeks ND, CD-HFD, CD- HFD + IM7 (non-HA blocking) or CD-HFD + KM81 (HA-blocking) fed
mice (ALT: ND n= 16 mice; CD-HFD n= 12 mice; CD-HFD + IM7 n= 4 mice; CD- HFD + KM81 n= 4 mice; NAS: ND
n= 19 mice; CD-HFD n= 15 mice; CD-HFD + IM7 n= 4 mice; CD-HFD + KM81 n= 4 mice). Scale bar: 50 uym. (k)
H&E, CD42b staining and (I) NAS evaluation and quantification after CLL treatment in 6-months CD-HFD or CD-
HFD + CLL fed mice (NAS: CD-HFD n= 5 mice; CD-HFD + CLL n= 3 mice; CD42b: CD-HFD n= 5 mice; CD-HFD
+ CLL n= 3). Scale bars: 50 ym. All data are shown as mean + SEM. All data were analyzed using one way ANOVA
with Tukey’s multiple comparison test or two-tailed Student T test.*: P < 0.05. **: P < 0.01. ***: P < 0.001. ****: P <
0.0001™°.

However, Mohsen Malehmir's work and literature indicated that GPlba on platelets is important

for platelet attachment, as well as activation and thus potentially for NASH development®:0,

Therefore, in collaboration with Donato Inverso from the DKFZ, Heidelberg, using confocal
microscopy | showed that in 6 months CD-HFD fed mice increased amounts of GPlba*
platelets colocalized with KCs and decreased amounts of GPlba*™ platelets with LSECs
compared to ND fed mice (Figure 32a, b). Therefore, | treated 6 months CD-HFD fed mice
with established NASH therapeutically using GPIlba blocking Fab fragments for 5 weeks. After
5 weeks of GPIba blocking treatment with continuous CD-HFD diet, the mice had ameliorated
NASH pathology by H&E, reduced intrahepatic platelet numbers (Figure 32c), less liver
damage (Figure 32d) and reduced hepatic liver triglycerides (Figure 32e). Further, in
collaboration with Suchira Gallage | observed a trend for ameliorated fibrosis (Figure 32f, g).
Of note, in anti-GPlba-treated mice, intrahepatic CD3 T-cell and KCs levels remained

unchanged (Figure 32h, i).

Next, in collaboration with Moritz Peiseler, Bas Surewaard and Paul Kubes from the University
of Calgary | tested whether blocking GPIba in early NASH development would have an effect.
Thus, mice fed 6 weeks CD-HFD with 2.5 weeks of GPIba blocking antibody were analyzed
by intravital microscopy. However, no differences in intrahepatic platelet abundance could be

observed (Figure 32j).
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Figure 31: Corroboration of platelet phenotype with a second model of NASH diet (adapted from Malehmir*,
Pfister* et al.?)

Adapted from my written contribution in Malehmir*, Pfister* et al.%: “(a) Experimental setup for CLL treatment in 6
weeks ND or WD-HTF fed mice. (b) Intravital microscopy of livers of 6 and 8 weeks ND or WD-HTF fed mice.
Analysis of Kupffer cells (violet), platelets (blue) and granulocytes (red) (n=4 mice/group), scale bar: 40 um. (c)
Quantification of platelet area by intravital microscopy of mice shown in b (n=4 mice/group). (d) NAS evaluation by
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(e) H&E staining of mice shown in b (6 weeks: ND n=19 mice, WD-HTF n=10 mice; 8 weeks: n=3 mice/group). (f)
Liver triglycerides of 6 weeks fed ND or WD-HTF mice (n=4 mice/group). (g) H&E, CD42b, F4/80 staining,
quantification and NAS evaluation (NAS: ND n=6 mice, WD-HTF n=5 mice/group; WD-HTF + CLL n=5 mice/group;
CD42b: ND n=10 mice, WD-HTF n=5 mice/group; WD-HTF + CLL n=5 mice/group) and (h) ALT levels in 6 weeks
fed ND or WD-HTF mice (ND n=10 mice, WD-HTF, n=8 mice WD-HTF+CLL n=4 mice). Scale bar: 50 um. All data
are shown as mean + SEM. Data were analyzed using two-tailed Student T test or one way ANOVA with Tukey's
multiple comparison test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001"°,

Previous work by Mohsen Malehmir from the group of Mathias Heikenwalder demonstrated
that mice with a ligand-binding ectodomain of GPIba replacement by the a-subunit of the
human IL-4 receptor (hIL4ra/GPlba-Tg)”® were protected from NASH pathology upon 6 months
of CD-HFD feeding®®®°. As a follow up, | investigated whether hlL4ra/GPlba-Tg, despite being
protected from NASH after 6 months of CD-HFD feeding, would develop tumors after 12
months of CD-HFD feeding. 12 months CD-HFD fed hlL4ra/GPlba-Tg mice had reduced liver
damage (Figure 32k) and no macroscopic (Figure 32l) or microscopic tumor development
(Figure 32m), resulting to a significantly reduced tumor burden compared to CD-HFD fed WT

mice (Figure 32n) (adapted from Malehmir*, Pfister* et al.?).

Thus, | concluded that GPlba on platelet is a mediator of platelet-KC interaction, a potential
interventional target for NASH by Fab-mediated GPIba blocking and therefore a potential

target reducing NASH induced hepatocarcinogenesis.
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Figure 32: Antibody mediated blockade of GPlba ameliorates established NASH pathology, but not NASH
development and dysfunctional GPlba abrogates hepatocarcinogenesis (adapted from Malehmir*, Pfister®

et al.?)

Adapted from my written contribution in Malehmir*, Pfister* et al.®: “(a) 3D confocal images of GPIba (green) and
Kupffer cells (red) interaction of 6 months ND or CD-HFD fed mice (n= 4 mice/group). Liver endothelium (gray).
Scale bar: 30 ym. (b) High-magnification 3D confocal images and quantification of GPlba (green)/Kupffer cells (red)
and GPIlba (green)/LSECs (gray) interaction in 6 months ND or CD-HFD fed mice (ND n= 4 mice and 2 FOV/mouse;
CD-HFD n= 4 mice and 2 FOV/mouse). Scale bar: 3 ym. For visualization of intravascular events, the transparency
of the sinusoidal rendering was set to 50%. (c) H&E, CD42b staining, NAS evaluation and quantification after 5
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weeks of GPIba blocking or control antibody (ab) in 6 months CD-HFD fed mice (CD42b: CD-HFD + control ab n=
8 mice; CD-HFD + GPIba blocking ab n= 8 mice; NAS: CD-HFD + control ab n=5 mice; CD-HFD + GPIba blocking
ab n= 4 mice) Scale bar: 50 uym. Platelet aggregates are indicated by arrows. (d) ALT, (e) liver triglycerides, (f)
quantification of (g) Sirius red—positive areas of mice shown in ¢ (ALT: CD-HFD + control ab n= 5 mice; CD-HFD +
GPIlba blocking ab n= 4 mice; liver triglycerides: CD-HFD + control ab n= 4 mice; CD-HFD + GPIba blocking ab n=
4 mice; Sirius red: CD-HFD + control ab n= 5 mice; CD-HFD + GPIba blocking ab n= 4 mice). Scale bar: 50 ym. (h)
CD3, F4/80 staining and (i) quantification of mice shown in ¢ (n= 5 mice/group). Scale bar: 50 um. (j) Intravital
microscopy of Kupffer cells (violet), granulocytes (red), platelets (blue) and quantification of platelet area per FOV
of livers of 2.5 weeks treatment in 6 weeks ND, CD-HFD + ctrl ab or CD-HFD +GPIba blocking antibody fed mice
(FOV n=5 fields/mouse, ND n= 8 mice, CD-HFD n= 6 mice, CD-HFD + GPlba blocking antibody n= 4 mice), scale
bar: 40 um. (k) ALT of 12 months ND, CD-HFD or CD-HFD/hIL4ra/GPIba-Tg mice (ND n= 12 mice; CD-HFD n= 16
mice; CD-HFD/hIL4ra/GPlba-Tg n= 9 mice). (I) Macroscopical images of tumors of mice shown in k; tumor nodules
are indicated by arrowhead) (CD-HFD: n= 13 tumors in 52 mice; CD-HFD/hIL4ra/GPIba-Tg: n= 0 tumors in 24
mice). Scale bar: 750 um. (m) Tumor characterization by CD44v6, Collagen IV (Coll IV) and Ki67 staining of mice
shown in k. Arrowheads indicate positive hepatocytes, dashed line indicates tumor (T) border. Scale bar: 200 ym
(CD44v6 and Coll IV), 50 ym (Ki67). (n) Tumor incidence (T = tumor; NT = non-tumor) of 12 months CD-HFD-fed
or CD-HFD/hIL4ra/GPlba-Tg mice (CD-HFD: n= 13 tumors in 52 mice; CD-HFD/hIL4ra/GPIba-Tg: n= 0 tumors in
24 mice). All data are shown as mean + SEM. Data were analyzed using two-tailed Student T test, one way ANOVA
with Tukey's multiple comparison test or Fisher's exact test. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001™.
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8 Discussion

8.1 Aim 1: Deciphering TCR signaling in metabolically activated T-cells in

NASH and liver cancer development
In the frame of this PhD thesis, | report several findings that help decipher the role of TCR-
dependent cell-mediated mechanisms driving liver pathogenesis in metabolic disease, NAFLD,

NASH and dietary-induced tumor burden.

| identified that only NASH-inducing CD-HFD, but not NAFLD-inducing HFD, led to liver
damage in systemically obese mice, which correlated with an increase of activated and
memory CD8* T-cells positive for IFNy and PD-1 - an effect, which increased over time and
thus correlated with progression of disease. Further, these effects were corroborated using a
second model of mouse NASH, WD-HTF. Over the past decade, a variety of metabolic disease
models recapitulating to different degrees NAFLD or NASH with or without tumor induction
have been published*. In line with recent models of not only NAFLD but NASH, | could identify
a hepatic T-cell phenotype in the CD-HFD model, as well as a WD-HTF-based
model®31:334647.51 “Unfortunately, relating these results to two relatively recent publications is
difficult, because the studies utilizing the genetic model of c-myc overexpression plus
methionine-choline deficient diet (MCD), as well as a genetic model with inducible human URI
reported data focused on intrahepatic CD4* T-cells, without considering in depth the potential
role of the CD8 compartment®'#¢. Of note, the role of the CD4* compartment is important,
especially differential polarization of these cells, like the Th17 compartment, as well as the
selective loss of regulatory CD4* T-cells in driving pathologies resembling NASH®.
Nevertheless, in a model of hepatocellular damage combined with HFD and DEN injection,
Shalapour et al. reported comparable results to my observed phenotypes of hepatic immune
cell abundance and density, CD45 polarization, activation and effector molecule expression in
the CD8* T-cell compartment®'. Further, studies in patients have linked inflamed livers with
increased peripheral IFNy* CD8" T-cells, as well as higher hepatic infiltration and increased
production of IFNy by these cells in NASH®':82, In addition, obesity was linked with PD-1

expressing CD8" T-cells in mice, macaques and human®.

Next, | found, that progression of NASH disease is correlated with differential TCR v hepatic
expression in PD-1*CD8 T-cells, as well as a dependency for NASH development on a natural

TCR repertoire and a functional TCR effector function, but not NKT type | or type Il cells.

Studies about hepatic TCR repertoires are scarce, with most of the studies focusing on adipose
tissue T-cells. In these studies, activated CD8" T-cells together with reduced regulatory T-cells

contribute to inflammatory macrophage influx, insulin resistance and glucose intolerance in
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models of NAFLD8-%_ However, similar to my results showing that the hepatic TCR repertoire
of the whole population of hepatic CD4* and CD8" T-cells between ND and CD-HFD is not
changed, a study by McDonnell et al. reported no significant change of hepatic CD8+ T-cell
clonality by deep sequencing of the TCRB chains in an NAFLD model®’. However, referring to
the differences | observed in my comparison between NAFLD- and NASH-inducing diets (e.g.
activation and expression of exhaustion marker of CD8* T-cells, increased ALT levels), the
inflammatory part in the liver is strongly reduced or might not be present in these models of
NAFLD. Other NASH studies in the context of tumor development need to be scrutinized,
because they might overlook TCR repertoire changes induced by NASH pathology, due to
potential strong reactions against tumor-associated antigens that might mask NASH-
associated TCR repertoires. Future single-cell RNA sequencing-based approaches combined
with flow cytometric analysis could pave the way for a more in-depth understanding of NASH-
induced TCR repertoire changes. To the best of my knowledge, no study has thus far reported
TCR repertoires which could explain my observed changes of the hepatic PD-1" expressing
T-cells, which could drive liver inflammation in a oligo-clonal manner in the context of

progressing NASH pathology.

In line with my results that there is a need for functional TCRs for NASH development, as well
as a natural TCR repertoire, studies addressed NAFLD or NASH development in TCR-deficient
mice (e.g. Rag-17, nude mice, B2m™) and concluded that there was a lack of hepatic fat
deposition, as well as, depending on the study, glucose intolerance®®. Further, an impaired
CD8 compartment led to decreased liver damage in an HFD ischemia reperfusion model®®.
These data indicate a mostly TCRaf dependency for NASH development; however, the exact
role of TCRYy®d is so far not well-characterized and should be characterized in greater detail®°'.
The use of single knockouts for TCRB and TCRd under NASH-inducing diets could shed new

light on this issue.

Additionally, active and functional TCR effector function is important for driving NASH
pathology, either directly by TCR MHC interaction or by similar mechanisms. Mauro et al.
reported a mechanism of PI3K activation of CD4" T-cells by palmitate on the background of a
HFD, which could potentially activate CD8* T-cells in a similar fashion®2. In contrast to Revelo
et al. using Prf1”- under HFD and therefore NAFLD conditions, Prf1”- under long-term CD-HFD
performed significantly better in glucose tolerance test and had ameliorated liver pathology®:.
However, lack of perforin in my hands could only delay but not abrogate NASH pathology and
subsequent tumor development, shedding new light on the role of perforin dependency in
NASH. Potentially, secondary mechanisms besides T-cell activation may drive liver disease
progression. In line, the study of Revelo et al. reported higher levels of IFNy-producing CD8*
T-cells in adipose tissue in Prf17- mice, leading to higher fat tissue inflammation, adipose tissue

fibrosis and a potential feedback loop to the liver, inducing steatosis and insulin resistance®.
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Another potential side effect of using global perforin knockout mice is a reduction of perforin-
positive dendritic cells, a regulatory DC compartment associated with protection from
metabolic syndrome and autoimmunity®. To this end, the use of specifically TCR signaling
impaired mice (e.g. conditional SLP76 knockout) or mice with perforin knockouts in specific
cell types, rather than the whole-body TCR effector impaired Prf1”- could shed new light on the
specific TCR dependency in NASH development. One remaining question is still unanswered.
What activates the T-cells in the first place, and is it antigen-dependent (e.g. classical versus
non-classical antigen presentation) or antigen-independent (e.g. metabolic or cytokine

microenvironment)?

NKT cells are widely accepted to play an important role in energy, adipose tissue homeostasis
and liver homeostasis, although their precise role in an organ-related context is highly
variable®36:9-% Fuyrther, NKT cells could play an important role in my Prf1”- CD-HFD mice.
However, | could only observe an increased glucose tolerance after 6 months of CD-HFD
feeding, indicating a potential role of NKT cells in adipose tissue. In line, Lynch et al. reported
that activation of adipose-resident NKT cells increased, in an FGF21-dependent manner,
thermogenesis by browning of white adipose tissue®. One of my most robust findings is that
no matter which animal model was put under NASH-inducing dietary conditions, after
developing NASH, the NKT type | to type Il ratio was always shifted to more type Il NKT cells.
This indicates that, on the one hand, there could be a selective loss of NKT type 1%°, which
could potentially on its own lead to hepatic steatosis and insulin resistance'®. On the other
hand, | observed an increase in type Il NKT cells, which could be either driving the pathology
or promoting hepatocarcinogenesis by promoting a Th2-polarized hepatic environment.
Nevertheless, the role of NKT type | and type Il could not be conclusively deciphered in the
frame of this thesis - also with respect to the newly described innate lymphoid cells. One
potential approach to define the role of NKT cells in NASH further could be either the activation
of the NKT compartment by a-Gal treatment or a genetic increase of this compartment using
CD4-Cre Va14iStoeFmt 101 ‘However, the majority of non-significant differences between Ja18™
or CD1d”- with their respective control mice under CD-HFD, indicated a minor contribution of
these cells in the investigated time points of NASH and advanced NASH states in the used

NASH mouse model®®:102,

Thus, | focused on CD8-mediated mechanism in early NAFLD to NASH progression, as well
as advanced NASH stages by antibody-mediated CD8 depletion and PD-1 blocking
experiments. | reported a contribution of CD8* and PD-1-expressing cells depending on NASH
pathology progression. When CD8" T-cells get depleted in established NASH, two studies
report beneficial effects by reduced ALT, reduced liver triglycerides, reduced mRNA levels a-
smooth muscle actin and collagen type 1 expression, as well as improved NAS®33, Therefore,

there are strong indications, that adaptive immune cells, especially CD8* T-cells in concert with
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NKT, drive NAFLD development and NASH progression'®. However, my CD8 depletion data
from 4 to 6 months before manifestation of NASH, indicated, that probably subsets of the
IFNy*CD8" T-cells have not only a damage driving, but a protective role as well. Ablation of
CD8" T-cells in the genetic MUP-uPA and the MCD mouse model indicated an anti-fibrotic role
of CD8* correlating with IFNy levels as well*. Further, unpublished data from my collaborator
indicated increased ALT because of CD8 depletion, too. If this increased damage upon CD8
depletion is a result of hepatic or peripheral mechanisms (e.g. adipose tissue inflammation, or

loss of CD8* T-cell dependent intestinal barrier integrity'°+19°), remains up to date illusive.

However, upon CD8 depletion in advanced stages of NASH, | see less tumor burden, indicating
CD8" T-cells drive liver pathology after NASH is established, similar to reports of Wolf et al.
and Bhattacharjee et al., which both identified CD8* T-cells as drivers of liver damage®33. To
date, | have not identified a clear mechanism, by which ALT as a marker of liver damage is
elevated in my CD8-depleted animals. | did not observe compensatory effects in the innate
immune system, CD4" T-cell, NK or NKT compartment by flow cytometric phenotyping. In
addition, double depletion of NK1.1 and CD8 T-cells did not result in lower liver damage or
reduced NASH pathology, indicating a more complex driver of hepatic damage in advanced
NASH. Potential mechanism could be increased levels of TNF-a¥, IL-1B%, IL-6'%7, IL-174¢ or
metabolite-mediated lipotoxicity3'. Further, potential dual roles of cytokines as either tumor-
counteracting or tumor-promoting need to be analysed, for example IL-12, IFNy, high levels of
GzmB, lymphotoxin a and B, as well as molecules of the M2 polarization like IL-10 and TGF-
B3. Hepatocyte-intrinsic metabolic toxicity, ER stress and reactive oxygen species could also

be responsible for the elevated ALT levels upon CD8 depletion in advanced NASH.

Nevertheless, when increasing the activity of PD-1-expressing cells in advanced NASH by
clinically used doses of a-PD-1 blockade'®, | observed a significant increase in liver damage,
liver pathology and tumor/nodule/lesion formation. Similar to my CD8 depletion experiments,
the mechanisms promoting the observed liver damage and subsequent tumor/nodule/lesion
formation have thus far been elusive. Similar to the CD8 depletion experiments, | observed no
significant changes of damage-promoting or activation-associated mechanisms in the CD4* T-
cell, NK or NKT compartment by flow cytometric phenotyping. This indicated a-PD-1-reactive
CD8* T-cells and cells of the innate immune system are the main drivers of liver damage upon
checkpoint inhibition. However, in-depth histopathological evaluation of the immune-related
adverse events (irAEs) upon a-PD-1 treatment combined with in-depth characterization of the
immune compartment by single cell RNA sequencing approaches could help to decipher my

observed irAEs in more detail.

So far, the application of checkpoint inhibitiors (clinically used a-PD-1 inhibitors Nivolumab and
Pembrolizumab) in hepatocellular carcinoma has been considered safe in clinical phase /1'%

and 11" studies. However, in general, 1-4% of patients receiving Nivolumab as anti-cancer
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therapy developed hepatitis'"'. With the increasing number of studies using next generation
checkpoint inhibitors (e.g. 34 studies with Nivolumab and status “active” or “recruiting”'?; or
29 studies with Pembrolizumab and status “active” or “recruiting”''®), it is of great importance
for clinical management to understand the checkpoint inhibition-induced hepatotoxicity and
irAEs™4-1"¢_ For example, a study of mainly melanoma patients treated with Nivolumab (a-PD-
1) or Ipilimumab (a-CTLA-4) reported irAEs by comparing checkpoint inhibitor induced
hepatitis with drug-induced or autoimmune hepatitis''’. Zen et al. reported that, as a result of
checkpoint inhibitor treatment, higher numbers of liver-infiltrating CD8" T-cell were found
without markers of classical autoimmune hepatitis, like zonal necrosis, anti-nuclear antibodies
and elevated IgG levels''”. However, irAEs can be even more severe. For example, a case
study of a hepatitis virus-negative patient with advanced HCC plus bilateral pulmonary
metastases who was unresponsive to first-line treatment with Sorafenib demonstrated that

administration of Pembrolizumab led to acute liver failure and subsequent death'"®,

As a consequence, in clinical practice, corticosteroids are recommended for treatment of irAEs
induced by checkpoint inhibition'"*. However prolonged or high-dose corticosteroid therapy is
known to induce hepatic steatosis, increased ALT and a liver pathology similar to NASH'.
Thus, corticosteroid therapy for irAEs resulting from checkpoint inhibition as treatment of
NASH-induced tumors could be detrimental'?. Postow and Wolchok suggest TNF-a inhibitor
Infliximab as a potential management option for irAEs in patients without elevated ALT
levels''*. TNF-a inhibiting agents like Infliximab have, on the one hand, been reported to cause
hepatotoxicity and worsening of autoimmune-modulatory phenotypes'' and, on the other
hand, also to reduce steatosis and increase insulin signal transduction in animal models'?2. My
CD8 depletion data implicating CD8 T-cells as the main drivers of disease with subsequent
tumor development. Further, my unbiased analysis of our flow cytometric data set in which | in
collaboration with Nicholas Nunez identified significantly enriched hepatic PD-1"TNF-a* CD8*
T-cells indicate that TNF-a inhibitors, like Infliximab, could potentially help to reduce irAEs upon

checkpoint inhibition in the case of an underlying chronic liver diseases.

8.2 Aim 2: Platelet GPIba is a mediator and potential interventional target for

NASH and subsequent liver cancer
Adapted from my written and experimental contribution in Malehmir*, Pfister* et al.®: Further,
in the frame of this PhD thesis, | report several findings that help to target or intervene with
hepatic inflammation in NASH in an alternative way, without targeting potentially inflammation-
driving immune cell populations like the hepatic PD-1"TNF-a* CD8* T-cells described above.

Platelets have been identified as a crucial factor mediating cytotoxic T-cell responses in virus-
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induced liver inflammation, highlighting a potential direct interaction of platelet-CD8* T-cells in

NASH development, NASH progression and NASH-induced hepatocarcinogenesis®4-°6.

My data indicated that increased hepatic platelet numbers and aggregates and enhanced
platelet activation are distinct features not of long-term HFD feeding-inducing NAFLD, but of
long-term feeding of NASH-inducing diets like CD-HFD and WD-HTF. This finding was
corroborated in mice with using different western-style diets (WD-non trans fats, or WD with
fructose-supplemented drinking water), MCD, genetic models (hURI-tetOFF combined with
HFD) but also in human patients®. Further, my data indicated that platelets in NASH diseased
mice are activated and that manipulation of this platelet activation using Ticagrelor as APT is
ameliorating or abrogating the progression of NASH pathology. Interestingly, fibrosis, which is
detrimental for HCC induction, was also reduced upon therapeutic APT using the reversible
P2Y+, antagonists Ticagrelor®. Other groups using virus-associated hepatitis models report

beneficial effects (e.g. prolonged survival) of APT, as well®’.

To understand the dynamics of intrahepatic platelet recruitment and attachment during the
initial events of NASH development, | in collaboration with Moritz Peiseler, Bas Surewaard and
Paul Kubes showed that platelets indeed home to the liver at the earliest time points of
borderline NASH development®. Potential mechanisms could be increased physical and
therefore potential receptor ligand interaction of platelets with other cell types in the blood flow.
In collaboration with Suchira Gallage | showed an increase of hepatocyte size, decreased
sinusoidal diameter and thus a potential local increase of blood flow pressure, potentially
leading to a local environment of blood flow similar to arterial thrombosis in the background of
atherosclerotic plaques'. However, my data indicated that there are specific platelet-KC
interactions that lead to platelet attachment, recruitment and abundance in early phases of
NASH development, as well as in NASH progression®. Further, my data indicated that there
are specific platelet-CD44-hyaluronan-dependent mechanisms that lead to platelet attachment
and recruitment in early phases NASH development®. Guidotti et al. reported similar findings
on the importance of the CD44-hyaluronan axis for platelet adherence to the sinusoids in order
to mediate docking of circulating CD8* T-cells in a model of HBV®. Although granulocytes are
reported as being a cell type that homes to damaged tissue, mediating early inflammation’®,
as well as interacting with the CD44-hyaluronan axis'®*, | in collaboration with Caroline L.
Wilson, Jack Leslie and Derek A. Mann could not observe significant effects on NASH
development and NASH progression after 2 months of granulocyte depletion. Thus,
granulocytes may play a minor role in the CD-HFD NASH mouse model. Thus, my data shed
new light on intrahepatic platelet recruitment and attachment during the initial events of NASH

development.

However, patients with established NASH with the risk of hepatocarcinogenesis are seen in

the clinics; therefore, there is a great demand for targeting platelets with alternative strategies
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besides APT, for example, with new druggable targets, which allow modifying platelet functions
in a specific manner. Based on previous work®, | could strengthen the hypothesis that GPlba
on platelets is important for platelet attachment, as well as platelet activation in NASH
development, potentially in a platelet-KC-dependent manner. Langer et al. described a similar
inflammation-promoting role of GPlba in experimental autoimmune encephalomyelitis (EAE),
in which platelet-derived, GPIba mediated recruitment of immune cells to the inflamed central
nervous system®'%, My data indicated in a genetic model that dysfunctional GPIba correlated
with NASH prevention®® and therefore the livers lacked the pro-carcinogenic NASH-related
environment in hiL4ra/GP1ba-Tg mice®®, which subsequently led to abrogated NASH-induced
hepatocarcinogenesis®. Further, | could show, that therapeutic Fab-mediated blocking of
GPlba ameliorates NASH pathology and dampening fibrosis, highlighting the translational role
of GPlba as a potential interventional druggable target in NASH®%96°  Of note, for clinical
applications one has to consider that although the GPIba receptor is left intact, interfering with
platelet activation by antibody-mediated GPIba blocking induces prolonged bleeding times in
mice, but no spontaneous bleeding®'?%. In conclusion, due to the lack of effective and safe
treatment options targeting NASH specifically (e.g. Insulin-sensitizer pioglitazone, obeticholic
acid or vitamin E), antibody-mediated GPIba blocking could be a potentially safe new treatment
against a metabolic disease like NASH, potentially in a combinatorial approach with additional

anti-inflammatory or anti-fibrotic drugs®127:128,

As a result, my data presented in aim 2 (“Platelet GPlba is a mediator and potential
interventional target for NASH and subsequent liver cancer”) in the frame of this PhD thesis
contributed significantly to a Nature Medicine publication, in which the role of APTs, KCs,
platelet-related mechanisms and potential ligands of GPlba (P-selectin, VWF and Mac-1) are

investigated®.
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Platelet GPIba is a mediator and potential
interventional target for NASH and subsequent

liver cancer

Mohsen Malehmir'#4, Dominik Pfister>**, Suchira Gallage***, Marta Szydlowska 2%,

Donato Inverso

3444 FElena Kotsiliti*5, Valentina Leone®$, Moritz Peiseler’®, Bas G. J. Surewaard®*",

Dominik Rath', Adnan Ali?, Monika Julia Wolf', Hannah Drescher’?, Marc E. Healy',
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Marcel Rall", Florian Baku", Oliver Borst™, Caroline L. Wilson?, Jack Leslie?, Tracy O'Connor®>%,

Christopher J. Weston

23, David H. Adams®*?*, Lozan Sheriff?5, Ana Teijeiro?®, Marco Prinz?%2%2°,

Ruzhica Bogeska®®®, Natasha Anstee®®®', Malte N. Bongers®32, Mike Notohamiprodjo3,

Tobias Geisler®, Dominic J. Withers®3*35, Jerry Ware

3%, Derek A. Mann?', Hellmut G. Augustin®*,
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Non-alcoholic fatty liver disease ranges from steatosis to non-alcoholic steatohepatitis (NASH), potentially progressing to cir-
rhosis and hepatocellular carcinoma (HCC). Here, we show that platelet number, platelet activation and platelet aggregation
are increased in NASH but not in steatosis or insulin resistance. Antiplatelet therapy (APT; aspirin/clopidogrel, ticagrelor) but
not nonsteroidal anti-inflammatory drug (NSAID) treatment with sulindac prevented NASH and subsequent HCC development.
Intravital microscopy showed that liver colonization by platelets depended primarily on Kupffer cells at early and late stages
of NASH, involving hyaluronan-CD44 binding. APT reduced intrahepatic platelet accumulation and the frequency of platelet-
immune cell interaction, thereby limiting hepatic immune cell trafficking. Consequently, intrahepatic cytokine and chemokine
release, macrovesicular steatosis and liver damage were attenuated. Platelet cargo, platelet adhesion and platelet activation
but not platelet aggregation were identified as pivotal for NASH and subsequent hepatocarcinogenesis. In particular, platelet-
derived GPIba proved critical for development of NASH and subsequent HCC, independent of its reported cognate ligands vWF,

P-selectin or Mac-1, offering a potential target against NASH.

chronic liver disease in high-income countries' and is on tra-
jectory to become the most common indication for liver trans-
plantation in the United States>’. NAFLD ranges from simple steatosis
(non-alcoholic fatty liver (NAFL)) to NASH, which may progress to
cirrthosis and ultimately to HCC*. HCC is the third most common
cause of cancer-related death worldwide and is the fastest rising can-
cer in the United States and Europe™'. Major risk factors for NASH
include metabolic syndrome, abdominal obesity, insulin resistance,
glucose intolerance or type 2 diabetes mellitus and dyslipidermnia®*'".
‘We previously developed a preclinical model of human meta-
bolic syndrome, NASH and NASH-induced HCC!. In this model,
intrahepatic influx of metabolically activated CD8* T cells and
natural killer T (NKT) cells triggers metabolic reprogramming

N on-alccholic fatty liver disease (NAFLD) is the most common

of hepatocytes, NASH and HCC development through cytokine-
mediated cross-talk with hepatocytes. However, the mechanisms
underlying immune cell recruitment during NASH and its conse-
quences for NASH-to-HCC transition have remained unclear.
Platelets, produced by megakaryocytes in the bone marrow, play
a fundamental role in hemostasis'’ but are also crucial in patho-
physiological conditions like thrombosis, obesity, atherosclerosis,
metastasis and stroke'*"", Additionally, a growing body of evidence
highlights platelets as active players in liver disease and inflam-
mation’™*"". Notably, it has been reported that activated platelets
contribute to cytotoxic T lymphocyte (CTL)-mediated liver damage
in a model of viral hepatitis'®"’. Moreover, blocking platelet activa-
tion and aggregation by aspirin-clopidogrel (Asp-Clo) abrogates
hepatic T cell influx, subsequent liver damage and tumorigenesis

Aull list of affiliations appears at the end ofthe paper.
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Fig. 1| Increased platelet numbers and aggregates in liver sinusoids of murine and human NASH. a, CD42b staining and quantification of intrahepatic
platelets (CD42b*) in 6-month ND-fed or CD-HFD-fed mice arrows indicate platelets (n=7 mice/group). Scale bar, 50um. b, 3D confocal images of

platelet (grean)/liver endothelium (gray) intaraction of 6-month ND-fad or CD-HFD-fed mice (n=4 mice/group). Scale bar, 20 um. ¢,d, CD42b staining and
quantification in -month (e) ND-fed and WD-HTF-fed (n=6 mice/group) or (d) WD-NTF-fed mice; arrows indicate platelets, (ND n=12 mice; WD-HTF
n=4 mice). Scale bars, 50 pm. e, CD42b staining and quantification of intrahepatic platelets (CD42b+*) in 2-month ND-fed or MCD-fed mice; arrows indicate
platelets (n=5 mices/group). Scale bar, 50um. f, CD&1 staining and quantification of platelets (CD&1) in human livers; arrows indicate platelets (non-
diseased patients n=4; patients with NASH n=21). g H&E staining, CD42b staining and quantification in 6-month ND-fed or HF D-45%-fed mice (ND n=26
mice; HFD-45% n=7 mice). Scale bar, 50um. h, H&E, CD42b staining and quantification in &-month ND-fed or HFD-60%-fed (60% kcal and low sucrose
(LS mice (ND n=_8 mice; HFD n= & mice). Scale bar, 50 pm. All data are shown as mean +s.e.m. All data were analyzed using two-tailed Student’s t test.

without affecting peripheral T cell function in viral hepatitis'**. There is an unmet need for efficacious, low-risk therapies
Additionally, in a recent study of NAFL (but not NASH) patients, against NASH and NASH-to-HCC transition. Although several
APT lowered serum markers of obesity and liver damage?. drugs (e.g., those decreasing blood sugarlevels) are in phase 2 and 3
642 NATURE MEDICINE | VOL 25 | APRIL 2019 | 841-855 | www.nature cormy/naturemedicine
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development™?, currently no approved pharmacological therapies
are available that can prevent NASH or related pathologies. Further,
the role of platelets in NASH and HCC development is not well
characterized. Thus, we investigated whether APT and molecules
involved in platelet function might prevent NASH and NASH-
induced HCC development.

Results

Hepatic accumulation of activated platelets in NASH. To test
whether platelets contribute to NASH development, we investigated
platelet number and distribution in livers of C57B1/6 mice fed a cho-
line-deficient, high-fat diet (CD-HED). Platelet numbers (Fig. 1a) and
aggregate size (Fig. 1b) were significantly increased compared with
those of age-matched normal chow diet (ND)-fed controls (Fig. 1a),
whereas platelet counts in peripheral blood remained normal
(Supplementary Fig. la). Although fibrinogen levels and pro-
thrombin time (PT) remained unchanged, activated partial throm-
boplastin time (aPTT) was significantly reduced (Supplementary
Fig. 1a). Ex vivo analyses of circulating platelets revealed no signifi-
cant differences in activation or aggregation responses in CD-HFD-
fed mice compared with ND-fed mice (Supplementary Fig. 1b).
‘We next analyzed other dietary and genetic murine NASH models
(Fig. lc-e and Supplementary Fig. 1c.d), including high-fat, high-
fructose, high-cholesterol, “Western-style’ diets™* with or without
trans fat (WD-HTF; WD-NTF); a “‘Western-style’ diet with fructose
(WD-FSDW)*; a methionine- and choline-deficient diet (MCD) and
an inducible knock-in mouse expressing the human unconventional
prefoldin RPB5 interactor (URT) in hepatocytes (WURI-tetOFFhep).
All models induced NASH with varying NAFLD Activity Score (INAS)
and degrees of fibrosis (Supplementary Fig. 2a,b), a primary determi-
nant of outcome in NASH”?”, and displayed a significant increase
in intrahepatic platelet numbers compared to controls (Fig. la,c-¢;
Supplementary Fig. 1c,d). Further, human NAFLD/NASH patients
displayed a significant increase in intrahepatic platelets in liver com-
pared to healthy controls (Fig. 1f; Supplementary Table 1).

In contrast, mice fed a 45% kcal high-fat diet (HFD), display-
ing only steatosis, or mice fed a 60% kcal HFD with low sucrose
(HFD-60%+18) experiencing only simple steatosis and insulin
resistance™, lacked any significant increase in intrahepatic plate-
let numbers, despite increased body weight, NAS, liver damage
and insulin resistance (Fig. 1g,h and Supplementary Fig. 3a-c).
Intrahepatic platelet activation in NASH was confirmed by electron
microscopy (EM) (Supplementary Fig. 3d). Thus, increased intra-
hepatic platelet number, platelet aggregation and platelet activation
were specific to NASH.

ARTICLES

Asp-Clo treatment is an APT currently used in several diseases
(e.g.. coronary stent thrombosis)’'. We first addressed whether
CD-HFD-fed mice would respond to APT. Compared with
untreated CD-HFD-fed mice, Asp-Clo-treated mice displayed
significantly lower intrahepatic platelet numbers (Supplementary
Fig. 4a—c), as well as reduced platelet aggregation and activation
(Supplementary Fig. 4d). To investigate the effects of APT on
human NAFLD, we performed a pilot case study (German Clinical
Trials Register (DRKS) 587/2016BO2) with patients at risk for
NAFLD (body mass index>>30 and/or diabetes mellitus type II)
undergoing a heart catheter procedure. Depending on the outcome
of the catheter procedure, one of three approaches was carried
out: (1) patients received dual antiplatelet therapy (DAPT) for at
least 6 months if a coronary stent was implanted; (2) ASA mono-
therapy was given for at least 6 months if coronary artery disease
(CAD) was present but stent implantation was not indicated; (3) no
anti-aggregation therapy was given if coronary artery disease was
absent. None of the patients included received long-term treatment
with ASA or P2Y12 before study inclusion (Supplementary Fig. 5a
and Supplementary Table 2). In this pilot case study of 24 indi-
vidual patients/observations, platelet function analyses revealed
that patients generally responded well to APT (Supplementary
Fig. 5b), although serum total cholesterol, LDL and HDL choles-
terol remained unchanged (Supplementary Fig. 5b,c). For control,
we investigated patients without APT (Supplementary Table 2).
Patients with NAFLD underwent liver MRI, liver ultrasound and
serum analysis at study inclusion and after 6 months of follow-up.
APT-treated patients with NAFLD showed significantly reduced
liver volume and liver fat mass (Supplementary Fig, 5d-1). Patients
who received a new therapy with ASA or DAPT were diagnosed
with CAD. The standard treatment in patients with CAD includes
statins. Therefore, patients who received a new anti-aggregation
therapy were usually treated with a new statin treatment if statins
were not already administered on a regular basis and if contraindi-
cations were absent. Thus, statins might present a significant con-
founder in the actual pilot case study, which we tried to address
by performing a linear regression analysis. Because the study col-
lective was small, we included age, gender, anti-aggregation and
new statin treatment in the regression analysis. For the course of
liver fat, we found the strongest associations for anti-aggregation
(0=-0.334, 95% CI —4.719, 1.197, P=0.226), whereas initiation
of a new statin treatment showed weaker associations (b= —0.095,
95% CI —3.551, 2.526, P=0.726). For the course of liver volume,
we found associations for anti-aggregation (b=-0,454, 95%
CI -0.170, 0.006, P=0.066) that were stronger compared with

»
>

Fig. 2 | Asp-Clo treatment results in attenuation of steatosis, liver damage, NASH and NASH-associated conditions. a, Body weight development of
12-month ND-, CO-HFD- or CD-HFD/Asp-Clo-fed mice (ND n=5 mice; CD-HFD n=>5 mice; CO-HFD/Asp-Clo n=2). Statistic; ND vs CD-HFD (black

asterisks), ND vs CD-HFD/Asp-Clo (green asterisks). b, ALT of 6- and 12-month ND-, CD-HFD or CD-HFD/Asp-Clo-fed mice (6 months: ND n=14 mice;
CD-HFD n="11mice; CO-HFD/Asp-Clo n=4 mice; 12 months: ND n=7 mice; CD-HFD n=12 mice; CO-HFD/Asp-Clo n=18 mice). ¢, Intraperitoneal
glucose tolerance test (IPGTT) of 6-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed mice (th="5 mice/group). Statistic: ND vs CO-HFD (black asterisks),
ND vs CD-HFD/Asp-Clo {green asterisks). d,e, Liver triglyceride (6 months: ND n=11 mice; CD-HFD n=15 mice; CD-HFD/Asp-Clo n=7 mice; 12 months:
ND n=4 mice; CD-HFD n=% mice; CD-HFD/Asp-Clo n=15 mice) (d) and serum cholesterol (&) of 6- and 12-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed
mice (6 months: ND n=4 mice; CO-HFD n=7 mice; CD-HFD/Asp-Clo n=2 mice; 12 months: ND n= 6 mice; CD-HFD n=17 mice; CD-HFD/Asp-Clo
n="1mice). f, Real-time gPCR analysis for genes involved in lipid metabolism/p-oxidation of 6-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed mice (ND
n=4mice; CD-HFD n=5 mice; CD-HFD/Asp-Clo n=7 mice). Statistic: CD-HFD vs CD-HFD/Asp-Clo (green asterisks). g, Analysis of VO, and respiratory
exchange ratio (RER) over time in 2-rmonth ND-, CD-HFD- or CD-HFD/Asp-Clo-fed mice (ND n=4 mice; CD-HFD n=8 mice; CD-HFD/Asp-Clon=8
mice). h, Analysis of foad (g/maouse/day) and water intake (ml/mouse/day) (ND n=4 mice; CD-HFD n=8 mice; CO-HFD/Asp-Clo n=46 mice). i, MRI
analyses in 6-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed mice (n=3 mice/group). T1 (fast low-angle shot (FLASH)) OUT phase: dark color indicative
of steatosis. T2 TurboRare: an increase in subcutaneous and abdominal fat and hepatic lipid accumulation (bright regions). j k, H&E staining (j) and NAS
evaluation (k) of 6-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed mice (ND n=% mice; CD-HFD n=9 mice; CD-HFD/Asp-Clo n=6 mice). Asterisks
indicate damaged hepatocytes. Scale bars, 100 um in 10, 50 pm in 20, All data are shown as mean+s.e.m. Data in a and ¢ were analyzed by two-way
analysis of variance (ANOVA) with the post hoc Tukey’s multiple comparison test; *P< 0.05., " F < 0.01, ™" P<0.001, " F< 00001 Datainb,d, e, g h
and k were analyzed by one-way analysis of variance with the post hoc Tukey's multiple comparison test. Data in f were analyzed by two-tailed
Mann-Whitney test; *P< 0,05, **P <001,
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initiation of a new statin treatment (»=0.047, 95% CI -0.084,
0.101, P=0.847). This finding indicated that effects of anti-aggre-
gation were stronger than those of statin administration. Notably,
n=4 patients showed significant reductions in liver fat content
and/or liver volume without new statin therapy. However, there
was a trend toward effect of anti-aggregation without being sta-
tistically signiticant. Higher body mass index did not significantly
affect liver fat or liver volume.
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Asp-Clo treatment attenuates NASH and NASH-associated
conditions. We next investigated whether Asp-Clo (adjusted
to the body weight) affects NASH or HCC development in mice
receiving ND, CD-HFD or CD-HFD with Asp-Clo for 12 months.
Weight gain over time was significantly higher in CD-HFD and
CD-HFD/Asp-Clo-fed mice compared with ND-fed controls
(Fig. 2a). Similar to body weight, epididymal fat (eWAT) weight
in CD-HFD/Asp-Clo-fed mice was not different from that in
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Fig. 3 | Antiplatelet treatment with Asp-Clo abrogates immune cell infiltration into the liver and prevents NASH-induced HCC development. a, CD3,
F4/80, MHCIl and Ly6G staining and quantification of 6-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed mice (CD3: ND n=>5 mice; CO-HFD n=11
mice; CD-HFD/Asp-Clo n=5 mice; F4/80: ND n=6 mice; CD-HFD n=12 mice; CD-HFD/Asp-Clo n=5 mice; MHCII: ND n=% mice; CD-HFD n=12
mice; CO-HFD/Asp-Clo n="5 mice), scale bar, 50 um. b,¢, Representative FACS plots and quantification of hepatic CD4,/CDE ratio and NKT cells (b) and
activated CD8*cells of 6-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fad mice (¢) (CD8* ND n=6 mice; CO-HFD n= 6 mice; CD-HFD/Asp-Clon=4
mice; CD3*NK1.1* ND n=4 mice; CD-HFD n=4 mice; CD-HFD/Asp-Clo n=3 mice; CDB+*CD62L-CD44+CDES* ND n=6 mice; CD-HFD n=6 mice;
CD-HFD/Asp-Clo n= 4 mice). d, Western blot images of 8-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed mice (n=2 mice/group). e, Representative
macroscopical images of livers from 12-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed mice (ND n= 0 tumors in 27 mice; CD-HFD n=13 tumors in

51 mice; CO-HFD/Asp-Clo n=0tumors in 20 mice). White arrowhead indicates HCC. Scale bar, 7.5 mm. f, HCC incidence of 12-month ND-, CD-HFD- or
CD-HFD/Asp-Clo-fed mice. T, tumor; NT, non-tumor) (ND n=0 tumors in 27 mice; CO-HFD n=13 tumors in 52 mice; CD-HFD/Asp-Clo n=0tumors

in 20 mice). g, HCC characterization by H&E and collagen 1V (Col 1V) staining of 12-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fad mice; dashed line
indicates tumor (T) border. Scale bar, 2 mm (top H&E) and 200 pm (middle H&E; bottom Col 1V). All data are shown as mean +s.e.m. Data in a-¢ were
analyzed by one-way ANOVA with the post hoc Tukey's multiple comparison test, Data in f were analyzed using two-sided Fisher’s exact test,
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Fig. 4 | Platelets efficiently populate the liver early during fatty liver pathogenesis. a, Intravital microscopy of livers of 4, 5, 6 and 8 weeks ND- or
CD-HFD-fed mice. Analysis of Kupffer cells (vialet), platelets (blue) and granulocytes (red), (4 weeks: ND n=2 mice; CD-HFD n=2 mice; 5 weeks: ND
n=2 mice; CD-HFD n=2 mice; 6 wesks: ND n=4 mice; CD-HFD n=4 mice; & weeks; ND n=23 mice; CD-HFD n=3 mice). Scale bars, 40 um. b,c, CD3
staining and quantification of {b) 6-week (ND n=4 mice; CD-HFD n=8 mice) or (¢} 8-week ND- or CD-HFD-fed mice (ND n=5 mice; CD-HFD n=4
mice). Scale bar, 50 pm. d, Quantification of platelet area by intravital microscopy of mice shownina (ND: 4 weeks n=2 mice and 40 FOV; 5 weeks n=2
rnice and 40 FOV; & weeks n=4 mice and 40 FOV; 8 weeks n=2 mice and 40 FOV; CD-HFD: 4 weeks n=2 mice and 20 FOV; 5 weeks n=2 mice and

20 FOV; 6 weeks n=4 mice and 30 FOV; 8 weeks n=2 mice and 19 FOV). e, Analysis of liver sinusoid diametear by intravital microscopy of mice shown

in a (ND: 4 weeks n=2 mice and 101 sinusoids; 5 weeks n=2 mice and 150 sinusoids; 6 weeks n=4 mice and 100 sinusoids; 8 weeks n=2 miceand 150
sinusoids; CD-HFD: 4 weeks n=2 mice and 100 sinusoids; 5 weeks n=2 mice and 150 sinusoids; & weeks n=4 mice and 100 sinusoids; 8 weeks n=2
mice and 100 sinusoids). f, Hepatocyte swelling maasurament by H&E of mice shown in b and € (6 weeks: ND n=4 mice; CD-HFD n=3 mice; & weeks:
ND n=3 mice; CD-HFD n= 4 mice). g, NAS evaluation of 6- or 8-week ND- or CD-HFD-fed mice (6 weeks: ND n=19 mice; CD-HFD n=18 mice; 8 weeks
ND n=23 mice; CD-HFD n= & mice), h, Liver triglycerides of 6-week ND- or CD-HFD-fed mice (n=3 mice/group). i, 3D confocal images and quantification
of platelet (graen)/Kupffer cells (red) interaction of 6-month ND- or CD-HF D-fed mice (n=4 mica/roup). Liver andothelium (gray). Scale bar, 20 um

j. Left, representative images of intravital microscopy of 6-week ND- or CO-HFD-fed mice. Analysis of Kupffer cells violet, violet arrowhead), hyaluronan
binding protein (HABF) (red, red arrowheady and LSECs (blue). Scale bar, 43 um. Right, representative high-rmagnification images of intravital microscopy
of mice shown ini, analysis of Kupffer cells (violat, violet arrowhead), HABP (red, red arrowhead) and LSECs (blue), (ND n=4 mice; CD-HFD n=4 mice)
Scale bar, 43 um. All data are shown as mean +s.e.m. All data were analyzed using two-tailed Student’s t test
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CD-HFD-fed mice (Supplementary Fig. 6a). Low platelet num-
bers were found in eWAT and remained unaltered (Supplementary
Fig. 6b). CD3* T cell infiltration was significantly reduced by Asp-
Clo (Supplementary Fig. 6¢). RNA-seq analysis of e WAT from ND-
and CD-HFD-fed mice revealed a different gene expression pattern
resulting in spatial separation in the principal component analysis
plot. Analysis of the most differentially expressed genes between
diets showed upregulation of pathways involved in immune sig-
naling, cell-cell interactions and extracellular matrix regulation in
eWAT from CD-HFD-fed mice. In contrast, eWAT of CD-HFD-fed
mice showed a significant downregulation in pathways involved in
metabolism and antioxidant response (Supplementary Fig. 6d).
ALT, AST, liver/body weight ratio, platelet numbers and aggrega-
tion state were significantly lower in livers of mice fed CD-HFD/
Asp-Clo for 6 and 12 months (Fig. 2b, Supplementary Fig. 4a—d,
Supplementary Fig. 7a,b). Asp-Clo significantly improved glu-
cose tolerance (Fig. 2c), reduced liver triglycerides (Fig. 2d) and
attenuated serum total cholesterol, LDL and HDL cholesterol
(Fig. 2e and Supplementary Fig. 7c,d). Several genes involved in
fatty acid p-oxidation, lipolysis and cholesterol metabolism are
dysregulated during NASH development'’, Asp-Clo treatment
prevented downregulation of genes from all three groups (Fig. 21).
CD-HFD/Asp-Clo-fed mice lacked statistically significant changes
in oxygen consumption, respiratory exchange ratio (RER), physical
activity or in food and water intake compared with CD-HFD-fed
mice (Fig. 2g,h and Supplementary Fig. 7e). These data were cor-
roborated in WD-HTF-fed mice (Supplementary Fig. 7f,g).

To analyze platelet activation, P-selectin, a marker of a-granule
release, and integrin ollbP3 activation were analyzed by means of
flow cytometry. In Asp-Clo-treated CD-HFD-fed mice, circulat-
ing platelets showed markedly reduced integrin olIbp3 activation
and P-selectin exposure compared with platelets in ND-fed and
CD-HFD-fed mice in response to all tested agonists (Supplementary
Fig. 8a), suggesting that Asp-Clo treatment effectively reduced
platelet activation. Levels of major platelet surface glycoproteins
were unchanged (Supplementary Fig. 8b).

MRI analysis revealed subcutaneous/abdominal fat accumula-
tion in CD-HFD-fed and CD-HFD/Asp-Clo-treated mice, but not
in ND-fed controls (Fig. 2i). However, liver steatosis was strongly
ameliorated by Asp-Clo treatment in CD-HFD-fed mice (Fig. 2i). In
contrast, untreated CD-HFD-fed mice displayed histopathological
features of NASH, including liver fat deposition (Sudan red* areas),
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fibrosis, damaged hepatocytes and lobular inflammation, including
satellitosis (Figs. 2j.k and Supplementary Fig. 8c.d). We concluded
that Asp-Clo treatment effectively prevented NASH development.

Asp-Clo treatment abrogates intrahepatic immune cell infiltra-
tion and inhibits NASH-induced HCC. In addition to hepatic
infiltration of CD3+*CD8* T cells, CD11b* MHCII* myeloid cells
and Ly6G™ granulocytes are increased in CD-HFD-fed mice, simi-
lar to human patients with NASH". Immune cell infiltration was
reduced in 6-month CD-HFD/Asp-Clo-treated mice (Fig. 3a).
Flow cytometry analysis showed strong reduction in total number,
effector differentiation (CD8+*CD62L-CD44+CD69*) and propor-
tion of CD4+/CD8&* and NKT cells (Fig. 3b,c). B cells remained
unchanged in 6-month ND-, CD-HFD- or CD-HFD/Asp-Clo-fed
mice (Supplementary Fig. 9a,b).

Analyses of several potentially carcinogenic inflammatory sig-
naling pathways activated under CD-HFD were dampened by
Asp-Clo (Fig. 3d and Supplementary Fig. 9c). Asp-Clo significantly
reduced CD11b+F4/80% Kupffer cells in livers of WD-HTE-fed
mice (Supplementary Fig, 10a-d). An unbiased f-distributed sto-
chastic neighbor embedding (t-SNE)-based dustering approach
identified nine myeloid sub-clusters (Supplementary Fig. 11a,b and
Supplementary Table 3). Asp-Clo significantly reduced the abun-
dance of cluster 6, characterized by a high expression of CD11b,
F4/80 and Grl, closely resembling CD11b*F4/80+ monocyte-
derived macrophages (MoMFs). Further, a multiplex gene expres-
sion analysis for FACS-isolated Ly6C* MoMFs, Ly6C~ MoMFs
and Kupffer cells was performed. Principal component analysis
of 561 genes revealed similar Ly6CT MoMFs and LysC~ MoMFs
in NASH-diet-fed mice with and without Asp/Clo treatment.
However, Kupffer cells from WD-HTF/Asp-Clo livers clustered
more closely to ND Kupffer cells than those of WD-HTF-fed mice
(Supplementary Fig. 11a-d). This finding indicates that Asp-Clo
influences the Kupffer cell compartment. Taken together, these data
suggest that Asp-Clo treatment attenuated Kupffer cell activation,
alongside reduced inflammatory myeloid cell infiltration in the
injured liver. Altogether, Asp-Clo prevented NASH, reduced intra-
hepatic immune cell influx and dampened pathways potentially
supporting hepatocarcinogenesis’™.

Next, we studied the effects of Asp-Clo treatment on CD-HFD-
induced HCC'!, Thirteen of 51 CD-HFD livers (~25%) displayed
macroscopically visible tumors by 12 months (Fig. 3e-g). Incontrast,

»

>

Fig. 5 | Intrahepatic platelet accumulation depends on Kupffer cells, hyaluronan and cargo function. a, Representative images of intravital microscopy
after treatment (clodronate liposomes ¢CLL) or hyaluronidase (HYAL)) in 6-week ND-, CD-HFD-, CD-HFD+ CLL- or CO-HFD +HYAL-fed mice. Analysis
of Kupffer cells (violet), platelets (blue, blue arrowhead), and granulocytes (red), (n=4 mice/group). Scale bar, 40 pm. b, H&E and F4/80 staining

with quantification and NAS evaluation after treatment in 6-week ND-, CD-HFD-, CD-HFD+ CLL- or CD-HFD + HYAL-fed mice (H&E: ND n=10 mice;
CD-HFD n=14 mice; CD-HFD + CLL n=5 mice; CD-HFD+HYAL n=8 mice; F4,/80: ND n=7 mice; CD-HFD n=10 mice; CD-HFD + CLL n=4 mice;
CD-HFD +HYAL n=5 mice). Scale bar: 50 pm. ¢, Quantification of platelet area by intravital microscopy of mice shown ina (ND n= 4 mice and 40

FOV; CD-HFD n=4 mice and 30 FOV; CD-HFD + CLL n=4 mice and 40 FOV; CD-HFD+ HYAL n=4 mice and 30 FOV). d, ALT levels of mice shown in
b (ND n=17 mice; CD-HFD n=13; CD-HFD + CLL n=7 mice; CD-HFD + HYAL n=8 mice). e-g, H&E histology te), ALT levels (f) and NAS evaluation
(g) after anti-CD44 antibody treatment (anti-CD44 antibody blocking (KMB81) or non-blocking (IM7) HA-binding site) in 6-week ND-, CD-HFD-, CD-
HFD +IM7 (non-HA blockingy-or CD-HFD + KIMB1 (HA-blocking)-fed mice (ALT. ND n=16 mice; CD-HFD n=12 mice; CD-HFD + M7 n=4 mice; CD-
HFD + KM&1 n=4 mice; H&E and NAS, ND n=19 mice; CD-HFD n=15 mice; CO-HFD+1M7 n=4 mice; CD-HFD+KM31 n=4 mice). Scale bars, 50pm.
hi, Representative H&E and CD42b staining Ch) and NAS evaluation and platelet quantification (i) after CLL treatment in 6-month CD-HFD -or CD-
HFD + CLL-fed mice (H&E and NAS: CD42b: CD-HFD n=>5 mice; CD-HFD + CLL n=3 mice; CD42b: CD-HFD n="5 mice; CO-HFD+ CLL n=3).

i, Body weight development of 6-month ND-fed, CD-HFD-fed or CD-HFD/Nbeal 27~ mice (ND n= 6 mice; CD-HFD n= 6 mice; CD-HFD/Nbeal 27 n=4
mice). Statistic: ND vs CD-HFD (black asterisks), CD-HFD vs CD-HFD/Nbeal 27~ (blue asterisks). k-m, ALT, AST levels (k) liver triglycerides (1) and serurm
cholesterol (m) of mice shown ini (ALT: ND n=7 mice; CD-HFD n=18 mice; CD-HFD/Nbeal27n=4 mice; AST: ND n=4 mice; CD-HFD n=28 mice;
CD-HFD/Nbeal2#-n=3 mice; liver triglycerides: ND n="5 mice; CD-HFD n=7 mice; CD-HFD/Nbeal2¥n=4 mice; serumn cholesterol: ND n=4 mice;
CD-HFD n=1 mice; CD-HFD/Nbeal2~n=3 mice;). n, Represantative H&E of mice shown in i (CD-HFD n=9 mice; CD-HFD/Nbeal2¥"n=10 mice),
damaged hepatocytes (asterisks) are indicated. Scale bar, 50 pm. o, Fat quantification by Sudan red staining of mice shown ini {ND n=4 mice and 17 fields;
CD-HFD n=4 mice and 14 fields; CD-HFD/Nbeal2¥ n=4 mice and 35 fields). Scale bar, 100 um. All data are shown as mean+s.em. Data in b-d,f.g,k-m,0
were analyzed by one-way ANCWVA with the post hoc Tukey’s multiple comparison test, Data in i were analyzed using two-tailed Student’s t test. Datain j
were analyzed using two-way analysis of variance with the post hoc Tukey's multiple comparison test. *P < 0.05, P < 0.01, ™*P < 0.001, *™P < 0.0001
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CD-HFD/Asp-Clo-treated mice lacked macro- and microscopi- Therefore, continuously adjusting the dose of Asp-Clo to body
cally visible liver tumors (Fig. 3e-g and Supplementary Fig. 12a).  weight is critical to fully prevent HCC.

CD-HFD-fed mice treated with alower dose of Asp-Clo (according to

the initial body weight and not further adjusted to diet or age-related  Asp/Clo dampens hepatic cytokine expression, platelet-liver
weight gain) developed significantly fewer HCC (3/52) compared  endothelium and platelet-immune cell interactions. Gene expres-
withuntreated CD-HFD-fed mice (13/51) (SupplementaryFig. 12b).  sion and signaling pathway analyses of ND, CD-HFD and WD-HTF
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livers revealed a significant induction in gene expression profiles
involved in platelet activation, aggregation and degranulation
(Extended Data Fig. 1a-i). Moreover, NASH -related enrichment of
genes was associated with expression of TNF superfamily members,
cytokine and chemokine production and chemotaxis'*” (Extended
Data Fig. 1a-1). Asp-Clo treatment significantly attenuated the lat-
ter, some of which are also released from activated platelets (e.g..
CCL5, TGE)** (Supplementary Fig. 13a).

Coupling high-resolution confocal microscopy and 3D recon-
struction of liver sinusoids enabled visualization and quantifica-
tion of platelet interactions with the liver endothelium and immune
cells. Asp-Clo reduced NASH -related increase of platelet interac-
tion with the liver endothelium, T cells and innate immune cells
(Supplementary Fig, 13b-fand 14a,b).

To exclude COX2-dependent effects of Asp-Clo, we used another
NSAID/COX1/2 inhibitor, sulindac. CD-HFD/sulindac-treated
mice exhibit obesity; no significant changes in liver/body weight
ratio, hepatic triglycerides and glucose tolerance; no significant
alteration in gene expression involved in metabolism; severe steato-
sis; and increased liver damage comparable to that of CD-HFD-fed
mice (Extended Data Fig, 2a-f). Thus, Asp/Clo-mediated effects on
NASH are COX independent.

To corroborate our results with another platelet inhibitor,
CD-HFD-fed mice were treated with ticagrelor (CD-HFD/ticagre-
lor), an FDA-approved direct and reversible antagonist of the
platelet P2Y12 receptor™ for coronary artery disease used in the
clinic (e.g., with ASA after coronary stent implantation in patients
presenting with an acute coronary syndrome without increased
bleeding risk)™, Intrahepatic platelet number, platelet/liver endo-
thelium coverage, platelet aggregation, liver damage, liver tri-
glycerides and serum cholesterol were significantly reduced in
ticagrelor-treated mice, whereas very-low-density lipoprotein
secretion was not affected (Extended Data Fig. 3a-h). Expression
of genes involved in cholesterol metabolism, ‘de novo’ lipogen-
esis and lipid storage were unchanged by the treatment, whereas
downregulation of several genes involved in fatty acid oxida-
tion and lipolysis that occurs in CD-HFD-fed mice (Extended
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Data Fig. 3i,j) and in histopathological features of NASH were
prevented by ticagrelor (Supplementary Fig. 15a—c). Total num-
bers, activation and proportion of CD4+/CD8*, CD8*CD62L"
CD44*CD69* and CD3*NKI1.1* cells were also reduced
(Supplementary Fig, 15d,e). In contrast to liver tissues, increased
expression of genes involved in inflammation and fibrosis was
found in eWAT from CD-HFD- and WD-HTF-fed mice receiv-
ing Asp-Clo or ticagrelor (Supplementary Fig. 15f). This finding
indicates that APT is beneficial specifically to the liver, affecting
intrahepatic platelets and immune cell infiltration and improv-
ing hepatic steatosis by maintaining normal expression of genes
involved in lipid catabolism.

‘We next investigated whether ticagrelor would affect NASH-to-
HCC transition. Compared with that in untreated CD-HFD-fed
mice, ticagrelor treatment significantly reduced HCC development.
One tumor was detected in 29 livers of CD-HFD/ticagrelor-treated
mice (Supplementary Fig. 16a). The therapeutic potential of ticagre-
lor was tested in CD-HFD-fed mice with fully established NASH
(4-month CD-HFD), followed by 8 weeks of ticagrelor treatment
with CD-HFD. Intrahepatic platelet numbers, NAS and liver dam-
age were reduced, but no difference in glucose tolerance was found
(Supplementary Fig. 17a,b), and no effect on the blood immune cell
populations was observed (Supplementary Fig. 17¢). Similar results
were obtained with therapeutic ticagrelor treatment in the context
of a WD-HTF and of fibrosis; no difference in whole-body metabo-
lism was found upon ticagrelor treatment in CD-HFD or WD-HTF
mice (Supplementary Figs. 17d,e and 18a,b).

Early platelet recruitment in fatty liver correlates with liver dam-
age, hepatocyte swelling and reduced sinusoidal diameter. To
understand the dynamics of intrahepatic platelet recruitment and
attachment during the initial events of NAFL preceding NASH,
we performed intravital microscopy in CD-HFD or WD-HTEF-
fed mice over 4, 5, 6 and 8 weeks post diet induction (Fig. 4a and
Supplementary Fig. 19a—c). Platelets were the first non-resident cell
type to populate the liver at <4 weeks post diet induction in both
CD-HED- and WD-HTF-fed mice (Fig. 4a-d and Supplementary

>
>

Fig. & | Anti-GPlba antibody treatment as well as genetic dysfunction of GPIbax reduces NASH, fibrosis and HCC development. a, Representative 3D
confocal images of GPlba (green, green arrowheads) and Kupffer cells (red, red arrowheads) interaction of §-month ND- or CD-HFD-fed mice (ND n=4
mice; CD-HFD h= 4 mice). Liver endothelium (gray), scale bar, 30 um. b, High-magnification 3D confocal images and quantification of GPlba (green)/
Kupffer cells (red) and GPlba (graen)/LSECs (gray) interaction in 6-month ND- or CD-HFD-fed mice (ND n=4 mice and 2 FOV/rmouse; CD-HFD n=4
mice and 2 FOV/rmouse) Scale bar, 3 pm. For visualization of intravascular events, the transparency of the sinusoidal rendering was set to 50%

¢, Representative H&E and CD42b staining after 5 weeks of GPIba blocking or control Fab in 6-month CD-HFD-fed mice; scale bar, 50 um. Platelets are
indicated by arrows. d-h, Platelet quantification (d), NAS evaluation (e), ALT levels (), liver triglycerides (g) and quantification of Sirius red-positive
areas (h) of mice shown in € {CD42b staining and platelet quantification: CD-HFD + control Fab n=8 mice; CD-HFD + GPlba blocking Fab n=8 mice;
H&E, NAS and ALT: CD-HFD + control Fab n= 75 mice; CD-HFD + GPlbe blocking Fab n= 4 mice; liver triglycerides: CD-HFD +control Fab n=4 mice;
CD-HFD + GPlba blocking Fab n= 4 mice; Fibrosis: CD-HFD +control Fab n=5 mice; CD-HFD + GPIba blocking Fab n=4 mice). ij, Serum cholesterol,
liver triglycerides (i) and ALT levels () of 6-month ND, CD-HFD- or CD-HFD/ Al 4re/GPlbar-Tg mice (serum cholesterol: ND n=4 mice; CD-HFD n=5
rice; CD-HF D/ AL 4ra/ GPlba-Tg h= 4 mice; liver triglycerides: ND n=6 mice; CD-HFD n=5 mice; CO-HFD/ WL 4re/GPlbe-Tg n=4 mice; ALT:ND n=4
rrice; CD-HFD n= 3 mice; CD-HFD/WL4ra/GPiba-Tg n=4 mice). k, Quantification by flow cytometry of intrahepatic immune cells (CD8+ T cells (left),
activated CD3* T cells {middle), NKT cells (right)) of mice shown ini (CD8*, activated CD&* and NKT cells; ND n=23 mice; CD-HFD n=3 mice; CD-
HFD/ Al 4ra/GPIba-Tg n=4 mice). |, Rapresentative H&E staining of mice shown ini, indications of damaged hepatocytes (asterisks) and satellitosis
(arrows); scale bars, 100 pmin 10x and 25 pm in 40x. m-o, Sudan red staining (m) and quantification of Sudan red-positive areas (n), NAS evaluation
(0) of 6-month ND, CD-HFD or CD-HFD/ AL 4ra/GPlba-Tg mice (H&E and NAS: ND n=7 mice; CD-HFD n=13 mice; CD-HFD/hiL 4ra/GPlba-Tgn=8
mice; Sudan red staining and quantification: n=>5 mice/group). pq, Fibrosis quantification {p) and Sirius red staining (g) of 12-month ND, CD-HFD or
CD-HFD/ WL 4ra/GPIba-Tg mice (H&E and NAS: ND n=7 mice; CD-HFD n=13 mice; CD-HFD/h/L4ra/GPlba-Tg n=8 mice; Sudan red: n=5 mice/group;
fibrosis and Sirius red: ND n= 4 mice; CD-HFD n=9 mice; CD-HFD/ Al 4ra/GPlba-Tg n=10 mice). ¥, ALT levels of 12-month ND, CD-HFD or
CD-HFD/ WL 4re/GPlba-Tg mice (ND n=12 mice; CO-HFD n=16 mice; CD-HFD/H! 4rey/GPlba-Tg n=2% mice). s, Macroscopical images of tumors of mica
shown in K tumor nodules are indicated by arrowhead) (CD-HFD: n=13tumors in 52 mice; CD-HFD/ AL 4ra/GPiba-Tg: n= 0 tumors in 24 mice); scale bar,
750 pm. t, HCC characterization by CD44v6, Collagen IV (Coll IV) and Ki&7 staining form mice shown in v, Arrowheads indicate positive hepatocytes,
dashed line indicates tumor (T) border; scale bar, 200 pm (CD44vé4 and Coll V), 50 um (Kia7), u, HCC incidence (T=HCC; NT =non-tumor) from 12-
month CO-HFD-fad or CD-HFD/hL4re/GPlba-Tg mice, CD-HFD: n=13 tumors in 52 mice; CD-HFD/ A/L4ra/GPlba-Tg: n= 0 tumors in 24 mice). All data
are shown as mean +s.em. Data in b,d-h were analyzed by two-tailed Student’s t test. Data in i-k,n-p,r were analyzed by one-way ANOVA with the post
hot Tukey's multiple comparison test, Data in u were analyzad by two-sided Fishar's exact tast,
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Fig. 19a-c). Platelets progressively aggregated and increased in
number in liver sinusoids over 8 weeks in the absence of signifi-
cantly elevated CD3* T cells or Ly6G* granulocytes (Fig. 4a-d
and Supplementary Fig. 19a—c). Even at this early stage, mild ste-
atosis, reduced sinusoidal diameter and hepatocyte swelling were
observed (Fig. 4e,f and Supplementary Fig, 19¢). NAS and liver
triglycerides were increased in CD-HFD- and WD-HTF-fed mice
(Fig. 4g.h and Supplementary Fig. 19d-f). Platelets interacted pri-
marily with Kupffer cells, as determined by 3D high-resolution
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reconstruction (Fig. 4i). Although intrahepatic granulocyte num-
bers remained unaltered in the first 8 weeks post diet induction,
granulocytes might still support intrahepatic platelet recruitment
and NAFL and NASH induction. Administration of anti-Ly6G anti-
bodies via osmotic pumps for 8 weeks to CD-HFD-fed mice did
not reduce intrahepatic platelet numbers but successfully reduced
granulocytes. Experiments revealed no significant role of granu-
locytes in the early development of NAFL and borderline NASH
(Supplementary Fig. 20a-e).
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‘We next screened for possible adhesion molecules and danger
markers responsible for early platelet attachment and recruitment.
‘We found progressive induction of the extracellular matrix compo-
nent hyaluronan colocalizing with hepatocytes, Kupffer cells and, to
a lesser degree, on liver sinusoidal endothelial cells (LSECs) (Fig. 4]).

Kupffer cell-dependent platelet recruitment involving hyaluro-
nan-CD44 binding supports early and advanced stages of NAFL
including NASH. To investigate the functional role of Kupffer cells
and molecules involved in platelet-LSEC and platelet-immune
cell interaction (e.g., hyaluronan, CD44) in borderline NASH,
CD-HFD- or WD-HTF-fed mice were treated with clodronate
liposomes (CLL), control liposomes (CL), hyaluronidase (HYAL),
HYAL/CLL (double treatment), CD44-binding/HA-blocking AB
(clone KM81) or CD44-binding/HA-non-blocking AB (clone IM7),
for control (Fig. 5a and Supplementary Fig. 21a,b). Treatment with
CLL and CLL/HYAL, but not CL reduced Kupffer cell numbers
in CD-HFD- and WD-HTF-fed mice (Fig. 5b and Supplementary
Fig. 21c,d). CLL and HYAL reduced NAS significantly in CD-HFD-
and WD-HTF-fed mice (Fig. 5b and Supplementary Fig. 21d). CLL
and HYAL treatments significantly reduced intrahepatic platelets
(Fig. 5¢); a significant reduction in liver damage was found follow-
ing HYAL but not CLL (Fig. 5d). Combined treatment with both
CLL and HYAL did not result in a further decrease of platelet num-
bers (Supplementary Fig. 21f,g). Similar data (platelet reduction and
NAS reduction) with CLL treatment were obtained using WD-HTF-
fed mice, although ALT levels remained elevated (Supplementary
Fig. 21d.e). Also, treatment with a CD44-binding/HA-blocking,
but not with a CD44-binding/HA non-blocking antibody led to a
reduction in NAS and liver damage (Fig. 5e-g).

Notably, significantly reduced NAS, platelet accumulation, tri-
glycerides, and liver damage by CLL treatment in mice fed CD-HFD
for 6 months demonstrate a potential therapeutic effect of CLL
even in a short treatment scheme (Fig. 5h,i and Supplementary
Fig. 22). These data imply that Kupffer cells, hyaluronan and CD44
are important players in the early and advanced stages of NAFL,
including NASH.

Platelet cargo is indispensable for NASH development. Platelets
release bioactive factors from intracellular granules in response
to cellular activation. During thrombo-inflammatory reactions,
the mostly proteinous components of o-granules are essential for
immune cell recruitment and tissue damage’s. Nbeal2-knockout
mice (Nbeal2”-), which lack a-granules in platelets and are thus
protected from thrombosis and thrombo-inflammatory tissue dam-
age””” were on a CD-HFD for 6 months. CD-HFD-fed Nbeal2~/~
mice displayed no significant difference in intrahepatic platelet
number or aggregation and gained weight similarly to CD-HFD-
fed controls (Fig. 5] and Supplementary Fig. 23a). Still, significantly
lower serum ALT and AST levels were found in CD-HFD-fed
Nbeal2”~ mice compared with those in CD-HFD-fed mice
(Fig. 5k). This finding was paralleled by a significant decrease
in liver triglycerides, lower serum cholesterol (Fig. 5l,m), and
improved glucose tolerance in CD-HFD-fed Nbeal2”~ mice
(Supplementary Fig. 23b). Deregulation of lipid metabolism genes
found in CD-HFD livers was partially prevented in CD-HFD-fed
Nbeal2~~ mice (Supplementary Fig. 23c). CD-HFD Nbeal2~~ livers
lacked steatosis and NASH and displayed a lower NAS (Fig. 5n and
Supplementary Fig. 23d). Suppression of NASH in Nbeal2~~ mice
on CD-HFD was corroborated by significant diminution of lipid
content (Fig, 50). Decreased T cell infiltration, neutrophil accumu-
lation and macrophage activation were found in Nbeal2~~ mice on
CD-HFD (Supplementary Fig. 23e). Together, these results indi-
cated that platelet a-granule components contribute to NASH.
CD-HFD-induced NASH could not be rescued in mice lacking
the GPIIb subunit of the platelet fibrinogen receptor GPIIb/IIla
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(integrin o2f3; Ifga2b~~ mice) which harbors activatable platelets
unable to aggregate (Extended Data Fig. 4). This is in agreement
with a recent study indicating that deletion of the platelet integrin
a2p3 binding motif of fibrinogen did not alter NASH*".

Moreover, mice lacking the activating platelet collagen recep-
tor glycoprotein VI (GPVI; Gps~-)"!, the platelet-derived C-type
lectin-like receptor 2 (Clec-277) or the hematopoietic cell-specific
podoplanin (Pdpn~-) all developed NASH and NASH-associated
conditions upon CD-HFD feeding (Extended Data Figs. 5-6).

Mucosal vascular addressin cell adhesion molecule 1
(MAJdCAM-1) was recently discovered as an important player in
NASH*. Animals with genetic depletion of MAdCAM-1 presented
lower NAS and less liver damage after 6-month of WD-HTF*.
We analyzed livers of WD-HTF-fed mice lacking MAdCAM-1
(MAdCAM-17"), L-selectin (L-sel”~), integrin beta7 (577) and
both L-selectin and integrin beta7 (L-sel/f7"). MAdCAM-17"-
mice displayed significantly reduced intrahepatic platelet numbers
correlating with a partial protection from NASH (Extended Data
Fig. 7a,b). In contrast, deletion of MAdCAM-1 ligands integrin
beta?, L-selectin and L-selectin/integrin beta? did not affect intra-
hepatic platelet numbers or platelet aggregation and did not pre-
vent, or only partially prevented, NASH (Extended Data Fig. 7a, b).

Platelet GPIba and e-granules are required to induce NASH.
Our data demonstrate that intrahepatic interaction of platelets with
Kupffer cells, involving hyaluronan/CD44 binding and platelet
cargo function, but not platelet aggregation contribute to NASH.
Platelet-derived GPIba has been implicated in platelet attachment
and activation®’

‘We thus hypothesized that GPIbo might mediate early platelet-
trafficking/activation in NASH livers”. We first analyzed the inter-
action of GPIba with parenchymal and non-parenchymal liver cells
(LSECs; Kupffer cells, etc.) in NASH. 3D reconstruction revealed
that the most abundant interactions of GPIba™ platelets were with
Kupffer cells and less so with LSECs in mouse and human NASH
samnples (Fig. 6a.b; Supplementary Fig. 24a).

Thus, we blocked the major ligand binding domain of GPIba in
6-month CD-HFD-fed mice therapeutically using antigen-binding
fragments (Fab) of the anti-GPIba antibody pop/B* for 5 weeks.
Notably, this short therapeutic treatment significantly reduced
intrahepatic platelet accumulation in the presence of CD-HFD
(Fig. 6¢,d). Consequently, steatosis, NAS, liver damage, liver tri-
glycerides and intrahepatic immune cell infiltration were reduced;
fibrosis was dampened (Fig. 6c-h and Supplementary Fig, 24b-d).
Additionally, anti-GPIba antibody treatment reduced intrahepatic
protein expression of several pro-inflammatory and homeostatic
cytokines and chemokines, including CCL5, CCL6, ICAM-I,
P-selectin and CD40, linking intrahepatic platelet activation and
Nbeal2-dependent cargo release with mediators of inflammation
(Supplementary Fig, 24e).

‘We next tested whether therapeutic anti-GPIbo antibody treat-
ment would prevent fatty liver-to-NASH transition in early disease
progression (e.g., after 6-week CD-HFD; Fig. 4). However, these
treatments did not ameliorate NAFL/ borderline NASH, most likely
due to lack or low expression of yet unidentified GPIbe ligands at
early disease stages (Supplementary Fig. 241,g). These data highlight
distinct mechanisms of platelet recruitment in early versus estab-
lished NAFL/borderline NASH—still involving Kupffer cells at both
disease stages.

To corroborate the above data in a genetic model, we fed trans-
genic mice expressing an IL-4ro/GPIba fusion-protein in a GPTba"~
background® in which the ligand-binding ectodomain of GPIbo
is replaced by the «-subunit of the human IL-4 receptor (FIL4ra/
GPIba-Tg)* with a CD-HFD for 6 months. Remarkably, platelet
aggregate size, platelet area and platelet-liver endothelium cover-
age were significantly lower in CD-HFD-fed hIL4Ra/GFIba-Tg
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mice compared with those off CD-HFD-fed C57Bl/6 controls
(Supplementary Fig. 25a—c). Both hIL4ra/GPIba-Tg and C57Bl/6
mice gained weight similarly when fed a CD-HFD (Supplementary
Fig. 25d). Serum cholesterol, liver triglycerides, serum ALT and
AST levels were significantly lower in CD-HFD/hIL4ra/GPIba-Tg
mice (Fig. 61.j; Supplementary Fig. 25e), accompanied by less LDL
and HDL cholesterol (Supplementary Fig. 25e). Similarly, dys-
regulated mRNA expression of lipid metabolism-related genes
in livers of CD-HFD-fed C57BL/6 mice was prevented in livers
of CD-HFD/hIL4ra/GPIba-Tg mice (Supplementary Fig. 25f).
‘We also observed strong and significant reductions in intrahe-
patic CD8* T and NKT cells by flow cytometry analysis (Fig. 6k).
Reduced CD3+ and reduced macrophage influx and activation were
observed using immunohistochemistry (Supplementary Fig. 25g,h).
CD-HFD/hIL4ra/GPIba-Tg mice showed lower intrahepatic pro-
tein expression of several pro-inflammatory and homeostatic cyto-
kines and chemokines, including CCL5, CD40 and TNFRSF11B
(Supplementary Fig. 25i), mechanistically linking platelet attach-
ment and activation and cytokine and chemokine expression to
efficient intrahepatic immune cell attraction. CD-HFD/hIL4ra/
GPIbs-Tg mice lacked histological features of NASH, paralleled by
a reduction in lipid accumulation and absence of macrovesicular
steatosis analyzed by H&E and Sudan red staining (Fig. 61-0).

Notably, mice lacking the major platelet adhesion receptors
P-selectin (Selp-)*°, von-Willebrand-factor (vWF*)*" or Mac-1
(Mac-17-)*, the known ligands of GPIba, displayed full-blown
NASH after 6 months of CD-HFD (Extended Data Figs. 8-10).

Finally, we investigated whether hIL4ra/GPIba-Tg mice would
develop HCC upon long-term CD-HFD, Of note, hIL4ra/GPIba-Tg
mice receiving CD-HFD for 12 months displayed significantly lower
fibrosis and serum ALT, and lacked any macro- or microscopic evi-
dence of HCC (Fig. 6p-u).

Discussion

It is becoming increasingly clear that beyond their central role in
hemostasis and wound repair after vascular injury®’, platelets are
key players in multiple pathophysiological conditions'*'%%, includ-
ing cytotoxic T lymphocyte-mediated liver damage and associ-
ated pathologies'’. Here, we identified Kupffer cells as key players
in intrahepatic platelet recruitment in early and advanced stages of
NAFL, borderline NASH and NASH. In early NAFL and border-
line NASH, hyaluronan and CD44 binding are also involved. In
late NASH, GPIbw expressed by platelets appears to be primarily
involved in the interaction of platelets with Kupffer cells and in the
maintenance of NASH. Thus, Kupffer cells play distinct roles in
intrahepatic platelet recruitment at different NAFLD stages.

We found no evidence for a role of platelet-derived GPIIb/IITa
(Itga2b-'- mice) in NASH, suggesting that platelet activation and
adhesion are important, whereas platelet aggregation is dispensable.

What is the function of platelets recruited to the liver? Our
results indicate a major contribution of the platelet cargo function
(a-granule components) in NASH progression, exemplified by the
marked protection of Nbeal2¥~ mice. The exact nature of platelet-
derived a-granule constituents is currently unclear. However, sev-
eral chemokines and cytokines were reduced upon therapeutic
anti-GPIbo antibody treatment in the liver, suggesting that the
number and activation state of intrahepatic platelets directly or
indirectly correlate with an increase in immune cell-attracting che-
mokines and cytokines.

The key role of GPIba in NASH identified in this study paral-
lels a similarly vital function of this receptor in the development
of experimental autoimmune encephalomyelitis (EAE), where it
orchestrates the recruitment of leukocytes to the inflamed CNS§™.
Qur results, similar to those of the EAE study, argue against
a key role of the three known cognate interaction partners of
GPIbo: P-selectin, vWE and Mac-1 (refs. **°*?) and point to a
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GPIba-activation-dependent  proinflammatory  function of
a-granules in intrahepatic immune cell attraction.

Selectins have also been shown to be dispensable for leukocyte
recruitment in inflamed liver microvasculature™, Other interaction
partners might be involved (e.g., coagulation factors XI, XII). It is
also conceivable that GPIba exerts its function in disease devel-
opment independent of an ectopic ligand™. Moreover, due to the
complex pathogenesis underlying NASH, it is plausible that GPIbo
is not the only molecule involved. Mice lacking MAJdCAM-1
(MAACAM-17") also showed significantly reduced intrahepatic
platelet infiltration, but the exact mechanisms by which this occurs
is unknown.

Cholesterol also plays a pivotal role during NASH pathogenesis
by inducing hepatic lipotoxicity™. Notably, different Western diets
(e.g.. HTF and NTF) with high cholesterol recapitulated platelet-
dependent phenotypes (increased intrahepatic platelets and respon-
siveness to therapeutic APT) described in the CD-HFD, but with a
more pronounced NASH phenotype with higher NAS and fibrosis.

Of note, platelets and platelet-derived GPIba are potential
therapeutic targets of NASH and subsequent HCC development.
Although GPIba-antibody treatment induces prolonged bleed-
ing time, it does not induce spontaneous bleeding®, as only one
GPIba epitope is blocked, leaving receptor function largely intact.
Thus, GPIba antibody is a potentially safe new treatment modality
against a metabolic disease of major public health burden*”. So far,
there is no drug treatment available specifically targeting NASH.
The use of pioglitazone (most promising drug so far, off-label out-
side type II diabetes mellitus because of side effects) or vitamin E
(better safety and tolerability in the short term) or combination
thereof could be used for NASH treatment®*. Other agents such as
obeticholic acid have also improved histological features of NASH,
although data with respect to their long-term benefits are still
awaited””. Combined therapies for NASH treatment are currently
being pursued, as only a subset of patients respond well to mono-
therapies”. This might be overcome by stratifying more responsive
patients to a given monotherapy or by utilizing multitarget drugs.
A viable approach might be a metabolic target in combination
with an anti-inflammatory or anti-fibrotic drug, such as APT and
statins, as described in our pilot case study. Nevertheless, given that
APT and anti-GPIba treatment attenuated metabolic dysfunction,
inflammation and fibrosis, these modalities constitute potential
monotherapies against NASH. Although a risk for bleeding cannot
be excluded for both, which warrants careful monitoring, a single-
substance therapy is expected to harbor a lower risk of side effects
compared with combined therapies.

Given that only a proportion of patients with NAFLD progress
to NASH and HCC, the question remains at which stage of NAFLD
such treatments should be initiated. Future studies are needed not
only to identify novel druggable targets for NASH and HCC, but also
to identify non-invasive biomarkers for detection of early NAFLD
and NASH, when it is still amenable to therapeutic intervention. It
was recently demonstrated that higher serum ALT correlated with
HCC development not only in a mouse model of chronic liver cell
damage, but also in patients with chronic liver disease of diverse
etiology including NASH!*,

Prophylactic APT, commonly used for acute and long-term
treatment of coronary artery disease”, and ticagrelor attenuate
NASH and NASH-induced HCC'. In contrast, sulindac did not
prevent NASH in mice. Thus, rather than NSAIDs in general, thera-
ples that specifically block intrahepatic platelet accumulation or
platelet function seem to be required to prevent NASH and NASH-
associated conditions.

For NASH, we also observed a therapeutic effect of APT in
preventing NASH-triggered HCC (although potential therapeutic
effects of APT in the context of pre-existing HCC was not tested)®.
Similarly, we have observed a therapeutic anti-NASH effect of
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anti-GPIba antibody treatment. Remarkably, in both cases, thera-
peutic treatment partially dampened fibrosis.

Furthermore, in a small prospective human cohort study, APT
reduced liver volume and liver fat accumulation in patients with
NAFLD, thus supporting the results of our murine in vivo experi-
ments. The results of this pilot case study, being a starting point for
further studies, have to be interpreted with caution as it is currently
underpowered. Although a multivariate analysis on a small patient
cohort inherently warrants careful interpretation, our data have
shown that effects of anti-aggregation were stronger than those of
statin administration.

Inourstudy, NASH prevention (e.g., by two distinct APTs, ticagre-
lor and Asp/Clo, in hiL4ra/GP1ba-Tg mice) ultimately suppressed
subsequent HCC formation, mostly because the pro-carcinogenic
NASH-related environment {e.g., intrahepatic inflammation, sig-
naling, hepatocyte damage) was lacking. Moreover, treatment with
anti-GPIba antibody or depletion of Kupffer cells abrogated NASH
therapeutically. These approaches might have an important impact
for chemo-preventive strategies, which are still lacking in NASH
treatment. Thus, our findings provide a rationale for APT, P2Y12
antagonists or reagents directly blocking platelet-derived GPIba
or related pathways as possible therapeutic approaches for patients
with NASH, not only to prevent or revert NASH but also to prevent
NASH-to-HCC transition.

Online content
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surmrmaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
841591-019-0379-5.

Received: 14 September 2017; Accepted: 28 January 2019;
Published online: 1 April 2019

References

1. Fleet, 8. E, Lefkowitch, J. H. & Lavine, J. B. Current concepts in pediatric
nonalcoholic fatty liver disease. Gastroenterol. Clin. North Am. 46, 217-231
(2017).

2. European Association for the Study of the Liver, European Association for
the Study of Diabetes & European Association for the Study of Obesity.
EASL-EASD-EASO Clinical Practice Guidelines for the management of
non-alcoholic fatty liver disease. | Hepatol. 64, 1388-1402 (2016).

3. Younossi, Z. et al. Global perspectives on non-alcoholic fatty liver disease and
non-alcoholic steatoh epatitis. Hepatology https://doi.org/10.1002/hep.30251
(2018).

4. Brunt, E. M. et al. Nonalcoholic fatty liver disease. Nat. Rev. Dis. Primers 1,
15080 (2015).

5. Friedman, S. L, Neuschwander-Tetri, B. A., Rinella, M. & Sanyal, A. J.
Mechanisms of NAFLD development and therapeutic strategies. Naf. Med.
24, 908-922 (2018).

6. El-Serag, H. B. & Kanwal, E Epidemiology of hepatocellular carcinoma
in the United States: where are we? Where do we go? Hepatology 60,
1767-1775 (2014).

7. Torre, L. A. et al. Global cancer statistics, 2012. CA Cancer J. Clin. 65,
87-108 (2015).

8. Ozakyol, A. Global epidemiology of hepatocellular carcinoma (HCC
epidemiology). J. Gastrointest. Cancer 48, 238-240 (2017).

9. Ashfin, A. et al Health effects of overweight and obesity in 195 countries

over 25 years. N. Engl. |. Med. 377, 13-27 (2017).
. Ringelhan, M., Pfister, D,, O’Connor, T., Pikarsky, E. & Heikenwalder, M. The
immunology of hepatocellular carcinoma. Nat. Immunol. 19, 222-232 (2018).
. Wolf, M. 7. et al. Metabolic activation of intrahepatic CD8+ T cells and NKT
cells causes nonalcoholic steatohepatitis and liver cancer via cross-talk with
hepatocytes. Cancer Cell. 26, 549-564 (2014).
. Michelson, A. D. How platelets work: platelet function and dysfunction.
I Thromb. Thrombolysis 16, 7-12 (2003).

. Chavhan, A, Adams, D. H., Watson, S. B & Lalor, P. E Platelets: no longer

bystanders in liver disease. Hepatology 64, 1774-1784 (2016).

Gawaz, M., Langer, H. & May, A. E. Platelets in inflammation and

atherogenesis. J. Clin. Invest. 115, 3378-3384 (2005).

. Jackson, S. P. Arterial thrombosis—insidious, unpredictable and deadly. Naz.

Med. 17, 1423-1436 (2011).

v

NATURE MEDICINE | YOL 25| APRIL 2019 | 641-655 | www.nature corm/naturermedicine

16

17.

18.

19.

20.

21.

=

22,

23.

24.

=

25.

G

26.

-3

27

28.

=3

29.

3

=3

3L

32,

33,

3

3

vl

3

-3

37.

38,

3

40.

S

41.

42,

&)

43.

[l

44.

=

45.

i

=

©

TICLES

. Fujita, K. et al. Effectiveness of antiplatelet drugs against experimental

non-alcoholic fatty liver disease. Gut 57, 1583-1591 (2008).

Lang, P A et al Aggravation of viral hepatitis by platelet-derived serotonin.

Nat. Med. 14, 756-761 (2008).

Iannacone, M. et al. Platelets mediate cytotoxic T lymphocyte-induced liver

damage. Nat. Med. 11, 1167-1169 (2005).

Tannacone, M., Sitia, G., Narvaiza, I, Ruggeri, Z. M. & Guidotti, L. G.

Antiplatelet drug therapy moderates immune-mediated liver disease and

inhibits viral clearance in mice infected with a replication-deficient

adenovirus. Clin. Vaccine Immumnol. 14, 1532-1535 (2007).

Sitia, G. et al. Antiplatelet therapy prevents hepatocellular carcinoma and

improves survival in a mouse model of chronic hepatitis B. Proc. Nat! Acad.

Sci. USA 109, E2165-E2172 (2012).

Shen, H., Shahzad, G., Jawaitia, M., Bostick, R. M. & Mustacchia, P.

Association between aspirin use and the prevalence of nonalcoholic fatty liver

disease: a cross-sectional study from the third national health and nutrition

examination survey. Afiment. Pharmacol. Ther. 40, 1066-1073 (2014).

Musso, G., Cassader, M., Rosina, E & Gambino, R. Impact of current

treatments on liver disease, glucose metabolism and cardiovascular risk in

non-alcoholic fatty liver disease (NAFLD): a systematic review and

meta-analysis of randomised trials. Diabefologia 55, 885-904 (2012).

‘Wong, V. W. et al. Pathogenesis and novel treatment options for non-

alcoholic steatohepatitis. Lancet Gastroenterel. Hepatol. 1, 5667 (2016).

Clapper, J. R. et al. Diet-induced mouse model of fatty liver disease and

nonalcoholic steatohepatitis reflecting clinical disease progression and

methods of assessment. Am. ] Physiol. Gastrointest. Liver Physiol. 305,

G483-G495 (2013).

‘Wang, B. et al Intestinal phospholipid remodeling is required for dietary-

lipid uptake and survival on a high-fat diet. Cell. Metab. 23, 492-504 (2016).

‘Weston, C. J. et al. Vascular adhesion protein-1 promotes liver inflammation

and drives hepatic fibrosis. . Clin. Invest. 125, 501-520 (2015).

Gomes, A. L. et al. Metabolic inflammation-associated il-17a causes

non-alcoholic steatohepatitis and hepatocellular carcinoma. Cancer Cell. 30,

161-175 (2016).

Angulo, P et al. Liver fibrosis, but no other histologic features, is associated

with long-term outcomes of patients with nonalcoholic fatty liver disease.

Gastroenterology 149, 389-397 e310 (2015).

Dulai, P. S. et al. Increased risk of mortality by fibrosis stage in nonalcoholic

fatty liver disease: Systematic review and meta-analysis. Hepatology 65,

1557-1565 (2017).

. Bayindir-Buchhalter, I. et al. Cited4 is a sex-biased mediator of the

antidiabetic glitazone response in adipocyte progenitors. EMBO Mol. Med.

10, e8613 (2018).

Mauri, L. et al. Twelve or 30 months of dual antiplatelet therapy after

drug-eluting stents. N. Engl. J. Med. 371, 2155-2166 (2014).

He, G. & Karin, M. NF-kappaB and STAT3—key players in liver

inflammation and cancer. Cell Res. 21, 159-168 (2011).

Kral, J. B,, Schrottmaier, W. C,, Salzmann, M. & Assinger, A. Platelet interaction

with innate immune cells. Transfus. Med. Hemother. 43, 78-88 (2016).

Husted, S. & van Giezen, J. J. Ticagrelor: the first reversibly binding oral

P2Y12 receptor antagonist. Cardiovasc. Ther. 27, 259-274 (2009).

. Wallentin, L et al. Ticagrelor versus clopidogrel in patients with acute
coronary syndromes. N. Engl. J. Med. 361, 1045-1057 (2009).

. Deppermann, C. et al. Gray platelet syndrome and defective thrombo-

inflammation in Nbeal2-deficient mice. J. Clin. Invest. 123, 3331-3342 (2013).

Albers, C. A et al. Exome sequencing identifies NBEAL2 as the causative

gene for gray platelet syndrome. Nat. Genet. 43, 735-737 (2011).

Kahr, W. H. et al. Mutations in NBEAL2, encoding a BEACH protein, cause

gray platelet syndrome. Nat. Genet. 43, 738-740 (2011).

Gunay-Aygun, M. et al. NBEAL2 is mutated in gray platelet syndrome

and is required for biogenesis of platelet alpha-granules. Nat. Genet. 43,

732-734 (2011).

Kopec, A. K. et al. Thrombin promotes diet-induced obesity through

fibrin-driven inflammation. J. Clin. Invest. 127, 3152-3166 (2017).

Jandrot-Perrus, M. et al. Cloning, characterization, and functional studies of

human and mouse glycoprotein V1: a platelet-specific collagen receptor from

the immunoglobulin superfamily. Blood 96, 1798-1807 (2000).

Drescher, H. K. et al. beta7-Integrin and MAdCAM-1 play oppoesing roles

during the development of non-alcoholic steatohepatitis. J. Hepatol. 66,

1251-1264 (2017).

Haemmetle, M., Stone, R. L., Menter, D. G., Afshar-Kharghan, V. & Sood, A,

K The platelet lifeline to cancer: challenges and opportunities. Cancer Cell.

33, 965-983 (2018).

Kleinschnitz, C. et al. Targeting platelets in acute experimental stroke: impact

of glycoprotein Ib, VI, and IIb/IITa blockade on infarct size, functional

outcome, and intracranial bleeding, Circufation 115, 2323-2330 (2007).

Kanaji, T., Russell, S. & Ware, ]. Amelioration of the macrothrombocytopenia

associated with the murine Bernard-Soulier syndrome. Blood 100,

2102-2107 (2002).

653

117



ARTICLES

46. Subramaniam, M. et al. Defects in hemostasis in P-selectin-deficient mice.
Elood 87, 1238-1242 (1996).

47. Blenner, M. A, Dong, X. & Springer, T. A. Structural basis of regulation of
von Willebrand factor binding to glycoprotein Ib. I Biol. Chem. 289,
5565-5579 (2014).

48. Wang, Y. et al. Leukocyte integrin Mac-1 regulates thrombosis via interaction

with platelet GPIbalpha. Nat. Comimun. 8, 15559 (2017).

George, J. N. Platelets. Lancet 355, 1531-1539 (2000).

Langer, H. E et al. Platelets contribute to the pathogenesis of experimental

autoimmune encephalomyelitis. Circ. Res. 110, 1202-1210 (2012).

51. Romo, G. M. et al. The glycoprotein Ib-IX-V complex is a platelet
counterreceptor for P-selectin. J. Exp. Med. 190, 803-814 (1999).

52. Kroll, M. H., Harris, T. S, Moake, T. L., Handin, R. I & Schafer, A. 1. von
Willebrand factor binding to platelet GpIb initiates signals for platelet
activation. | Clin. Invest. 88, 1568-1573 (1991).

. Wong, J. et al. A minimal role for selectins in the recruitment of leukocytes

49.
5

S b

5.

Y

into the inflamed liver microvasculature. J. Clin. Invest. 99, 2782-2790 (1997).

54. Dutting, S. et al. A Cdc42/RhoA regulatory circuit downstream of
glycoprotein Ib guides transendothelial platelet biogenesis. Nat. Commu. 8,
15838 (2017).

55. Min, H. K. et al. Increased hepatic synthesis and dysregulation of cholesterol

metabolism is associated with the severity of nonalcoholic fatty liver disease.

Cell Metab. 15, 665-674 (2012).

Townsend, S. A. & Newsome, P. N. Non-alcoholic fatty liver disease in 2016.

Br. Med. Bull. 119, 143-156 (2016).

57. Neuschwander-Tetri, B. A. et al. Farnesoid X nuclear receptor ligand

obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): a

multicentre, randomised, placebo-controlled trial. Lancet 385,

956-965 (2015).

Boege, Y. et al. A dual role of caspase-8 in triggering and sensing

proliferation-associated dna damage, a key determinant of liver cancer

development Cancer Cell. 32, 342-359 ¢310 (2017).

Franchi, E, Rollini, E & Angiolillo, D. J. Antithrombotic therapy for patients

with STEMI undergoing primary PCL Nat. Rev. Cardiol. 14, 361-379 (2017).

Margetts, I et al. Neutrophils: driving progression and poor prognosis in

hepatocellular carcinoma? Br. J. Cancer 118, 248-257 (2018).

5

s

5

i

5

b

6

=

Acknowledgements

‘We thank D. Heide, J. Hetzer, R. Hillermann, C. Gropp, E. Miiller, S. Prokosch, D. Kull,
R. Dunkl, O. Seelbach, M. Bawohl, R. Maire, M. Bieri, C. Mittmann, H. Honcharova-
Biletska, A. Fitsche, A. Adili, P. Miinzer, T. Nussbaumer, F. Prutek, G. Dharmalingam
and I Singh for excellent technical assistance. We thank K. Nikolaou for the help with
thehuman cohort recruitment and analysis. M. Malehmir was partially supported

by grants from the University Zurich (Zurich Integrative Human Physiology (ZHIP)
Sprint Fellowship} and from the Hartmann Miiller Stiftung, Zurich. AW, was supported
by a grant from the Swiss National Science Foundation (320030_182764/1). M.
Heikenwaelder was supported by an ERC Consolidator grant (HepatoMetaboPath), an
EQS grant, SFBTR 209, SEFBTR179, Research Foundation Flanders (FWQ) under grant
30826052 (EOS Convention MODEL-IDI), Deutsche Krebshilfe projects 70113166

and 70113167, and the Helmholtz-Gemeinschaft, Zukunfisthema Tmmunology and
Inflammation’ (ZT-0027). This project has received funding from the European Union’s
Horizon 2020 research and innovation program under grant agreement 667273 and
the DFG (SFB/TR 240 (project 374031971} to BN. and D.S.), ERC Consolidator grant
“CholangioConcept (to L.Z.), and the German Research Foundation {DFG): grants
FOR2314, SFB685 and the Gottfried Wilhelm Leibniz Program (te L.Z.}. Further
funding was provided by the German Ministry for Education and Research (BMBF)

NATURE MEDICINE

(eMed/Multiscale HCC), the German Universities Excellence Initiative {third funding
line: “future concept'), the German Center for Translational Cancer Researc<h (DKTK)
and the German-Tsraeli Cooperation in Cancer Research (DKFZ-MOST) (to L.Z. and
M. Heikenwaelder). D.I was supported by an EMBO Long-term Fellowship. 1.M.L. is
supported by Asociacién Espaiiola Contra el Cancer (Accelerator award: HUNTER),
Spanish National Health Institute (SAF2013-41027), Generalitat de Catalunya (SGR
1162 and AGAUR, SGR-1358), the Samuel Waxman Cancer Research Foundation, the
US Department of Defense (CA150272P3), the European Commission Horizon 2020
Program (HEPCAR, proposal number 667273-2}, and the National Cancer Institute (P30
CA196521). D.A.M. is supported by CRUK grant C18342/A23390 and MRC grant MR/
K001949/1. MLP. is supported by the German Research Foundation (DFG).

M.G., T.G. and D:R. was supported by grants from the German Research Foundation
(KFO274 and SFB/TR240 (project 374031971)). D.J. W. received a Wellcome Trust
Strategic Award (098565/Z/12/Z) and funding from the Medical Research Council
(MC-A654-5QB40). C.L.W. was funded by CRUK project Cancer Research UK
Programme Grant C18342/A23390. H.G.A. has been supported by the Deutsche
Forschungsgemeinschaft (SFB-TR209 ‘Liver Cancer’).

Author contributions

M. Malehmir, D.P,, §.G., M.S. and D.L contributed equally as first authors. EK., VL.,
M.P. and B.GJ.8. contributed equally as second authors. Design of the study:

M. Malehmir, M.J.W, D.R., AW, BN, M.G. and M. Heikenwaelder. M. Malehmir, EK.,
D.P, VL, MJ.W. and C.D. performed breeding and housing of mice. M. Malehmir,
§.G., MS,EK,D.P, VL, DI, A A, MP,BGJS, A.O,CD,JV, DS, DD, CLW,
PH,AR,AT,HD, 0K, MK, CJ.W,RB,N.A, MEH, LS. and M. Hinterleitner
performed experiments. D.R., MR., EB, T.G., M.N.B.,, O.B, M.N. and M.G. designed
and performed the dinical case study. J. W, RP,N.D.,LZ, DJW, HGA HD, DK,
ET,PFL,TO,DJW, AV, MDM, AJR,RR,PK,PAK, BN, AW, ML,

M. Matter, D.A.M.,, T.S, M.P,L.S,, DHA,, C.N.-A. and ].L. provided tissue samples or
mouse strains and/or scientific input. K.U. and T.E. performed biostatistical analyses.
All authors analyzed data. M. Malehmir, M.EH., D.P, 8.G., M.S,, PK,, BN., M.G., 0K,
T.0., AW, and M. Heikenwaelder wrote the manuscript, and all authors contributed to
writing and provided feedback.

Competing interests

J.ML. receives consulting fees from Bayer HealthCare Pharmaceuticals, Eli Lilly, Bristol-
Myers Squibb, Merck, Eisai Inc, Celsion Corporation, Exelixis, Merck, Ipsen, Glycotest,
Navigant, Leerink Swann LLC, Midatech Ltd, Fortress Biotech, Sprink Pharmaceuticals
and Nudeix and research support from Bayer HealthCare Pharmaceuticals, Eisai Inc,
Bristol-Myers Squibb and Ipsen. This article presents independent research supported
in part by the National Institute for Health Research (NIHR) Birmingham Biomedical
Research Centre. The views expressed are those of the author(s) and not necessarily
those of the National Health Service, the NIHR, or the Department of Health.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/541591-019-0379-5.

Supplementary information is available for this paper athttps://doi.org/10.1038/
541591-019-0379-5.

Reprints and permissions information is available at www.nature. com/reprints.
Correspondence and requests for materials should be addressed to A.W. or M.H.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exdusive licence to Springer Nature America, Inc. 2019

"Department of Pathology and Molecular Pathology, University and University Hospital Zurich, Zurich, Switzerland. 2Division of Chronic Inflammation
and Cancer, German Cancer Research Center Heidelberg (DKFZ), Heidelberg, Germany. 3Division of Vascular Oncology and Metastasis, German Cancer
Research Center Heidelberg (DKFZ-ZMBH Alliance), Heidelberg, Germany. ‘European Center of Angioscience (ECAS), Medical Faculty Mannheim,
Heidelberg University, Mannheim, Germany. Institute for Virology, Technische Universitat Munchen/Helmholtz Zentrum Minchen, Munich, Germany.
*Research Unit of Radiation Cytogenetics, Helmhaltz Zentrum Munchen, Neuherberg, Germany. 7Calvin Phoebe & Joan Snyder Institute for Chronic
Diseases, Cumming School of Medicine, University of Calgary, Calgary, Alberta, Canada. #Department of Physiclogy and Pharmacelogy, Cumming School
of Medicine, University of Calgary, Calgary, Alberta, Canada. *Department of Microbiology, Immunology & Infectious Diseases, Cumming School of
Medicine, University of Calgary, Calgary, Alberta, Canada. “Department of Medical Microbiology, University Medical Center, Utrmeecht, the Netherlands
"Department of Cardiology and Circulatory Diseases, Internal Medicine Clinic [1l, Eberhard Karls University Tubingen, Tubingen, Germany. “Departrent
of Medicine lll, University Hospital RWTH Aachen, Aachen, Germany. ®Departrment of Internal Medicine VI, University Hospital Tubingen, Tubingen,
Germany. “Department of Physiology |, Institute of Physiology, Eberhard Karls University Tubingen, Tubingen, Germany. ®Center for Translational

Cancer Research (TranslaTUM), Technische Universitat Munchen, Munich, Germany. *Department of Medicine I, Klinikum Rechts der Isar, Technische
Universitat Munchen, Munich, Germany. "German Cancer Consortium (DKTK?}, German Cancer Research Center (DKFZ), Heidelberg, Germany.
BMedical Faculty, University of Heldelberg, Heidelberg, Germany. "®Institute of Experimental Biomedicine, University Hospital and Rudolf Virchow Center,
University of Wirzburg, Wurzburg, Germany. 2Hematology, University Hospital and University of Zurich, Zurich, Switzerland. @Newcastle Fibrosis
Research Group, Institute of Cellular Medicine, Newcastle University, Newcastle Upon Tyne, UK. 2Institute of Molecular Immunology and Experimental
Oncology, Technical University of Munich, Munich, Germany. 2Centre for Liver Research and National Institute for Health Research (NIHR) Birmingham

654

NATURE MEDICINE | VOL 25 | APRIL 2019 | 841-855 | www.nature cormy/naturemedicine

118



TICLES

Liver Biomedical Research Unit, Birmingham, UK. #Liver Unit, University Hospitals Birmingham NHS Trust, Birmingham, UK. ®Institute for Cardiovascular
Sciences, University of Birmingham, Birmingham, UK. 2*Cancer Cell Biology Programme, Growth Factors, Nutrients and Cancer Group, Spanish MNational
Cancer Research Centre, CNIO, Madrid, Spain. ZInstitute of Neurapathology, Medical Faculty, University of Freiburg, Freiburg, Germany. 2®Signalling
Research Centres BIOSS and CIBSS, University of Freiburg, Freiburg, Germany. *Center for NeuroModulation, Faculty of Medicine, University of Freiburg,
Freiburg, Germany. *Division of Experimental Hematology, Deutsches Krebsforschungszentrum (DKFZ), Heidelberg, Germany. ¥DKFZ-ZMBH Alliance,
Heidelberg Institute for Stern Cell Technology and Experimental Medicine (HI-STEM gGmbH) Deutsches Krebsforschungszentrum (DKFZ), Heidelberg,
Germany. ¥Department of Diagnostic and Interventional Radiology, University Hospital of Tubingen, Tubingen, Germany. #*Department of Cardiovascular
Medicine, University Haspital, Eberhard Karls University of Tubingen, Tubingen, Germany. 3Metabolic Signalling Group, MRC London Institute of
Medical Sciences, London, UK. Sinstitute of Clinical Sciences, Faculty of Medicing, Imperial College London, London, UK. #Department of Physiology and
Biophysics, University of Arkansas for Medical Sciences, Little Rock, AR, USA. FDKFZ Junior Group Metabolism and Stern Cell Plasticity, German Cancer
Research Center (DKFZ), Heidelbarg, Garmany. 3N utrient Metabolism and Signalling Lab, Department of Biochemistry and Molecular Biology, School of
Biomedical Sciences, and Metabolism, Diabetes and Obesity Program, Biomedicine Discovery Institute, Monash Univarsity, Clayton, Australia, #*Mount
Sinai Liver Cancer Program (Divisions of Liver Diseases, Department of Medicine, Department of Pathology, Recanati Miller Transplantation Institute),
Tisch Cancer Institute, lcahn School of Medicine at Mount Sinai, New York, NY, USA, “Liver Cancer Translational Research Laboratory, IDIBAPS, Liver Unit,
Hospital Clinic, University of Barcelona, Barcelona, Catalonia, Spain. “Institucié Catalana de Recerca i Estudis Avancats (ICREA), Barcelona, Catalonia,
Spain, *Institute of Pathology, University Hospital of Basel, Basel, Switzerland, “Translational Gastrointestinal Oncology Group, German Consortium for
Translational Cancer Research (DKTK?}, German Cancer Research Center (DKFZ), Heidelberg, Germany. “These authors contributed equally

Mahsen Malehmir, Dominik Pfister, Suchira Gallage, Marta Szydlowska, Donato Inverso. *These authors jointly supervised this work: Achim Weber,
Mathias Heikenwalder. *e-mail: achim weber@usz.ch; heikenwaelder@helmholtz-muenchen.de

NATURE MEDICINE

NATURE MEDICINE | YOL 25| APRIL 2019 | 641-655 | www.nature corm/naturermedicine 655

119



ARTICLES

Methods

Mice, diets and treatments. Mice 4 to 5 weeks old (C57B1/6 JOlaHsd) were
purchased from ENVIGQO. P-selectin knockout mice (Selp~-) and MAC-1 knockout
mice were purchased from Jackson Laboratories (mouse strains 002289 and
003991). Knockout mice for Neeal2™~, GPVI{Gps~" )", GPIL/ITa (GpIIo";
Ttga2b--), von Willebrand factor (vWF~-) and transgenic mice, lacking functional
GPIbet, h1L4ree/GPIbe-Tg, all on the background of C57Bl/6] were kindly provided
by B. Nieswandtand J. Ware (University Hospital and Rudolf Virchow Center,
University of Witrzburg, Wiirzburg, Germany; Department of Physiology and
Biophysics, University of Arkansas for Medical Sciences, Little Rock, AR, USA).
Tissues from inducible knock-in mice expressing the human unconventional
prefoldin RPBS5 interactor (URI) in hepatocytes (RURI-tetOFFhep) were received
from N. Djouder, CNIO, Madrid. Pdpri®® x Vav1-iCre mice (obtained from
Jackson Laboratories) and Clecid™ x Pf4-Cre mice are described elsewheres, All
strains of genetically altered mice were on a C57BL/6] background. Centrol mice
were negative for Cre recombinase and matched by genetic background, age and
sex. Mice were housed at the University Hospital Zurich (USZ), the Technical
University Munich/Helmholtz Zentrum Munich, the Biomedical Services Unit at
University of Birmingham or University of Newcastle, the University of Calgary,
RWTH Aachen University and the German Cancer Research Center (DKFZ). All
animal work was conducted under the approval of the Swiss Veterinary Office
(136/2014), according to German Law (G7/17, 55.2-1-54-2532-39-2015, G-91/14
and AZ:84-02.04.2014.A010), the UK Animals Scientific Procedures Act of 1986,
with project license approval granted by the UK Home Office, the local biomedical
research ethics committee approval, the Newcastle Ethical Review Committee
under UK Home Office project license P3F79C606 and the University of Calgary
Animal Care Committee (protocol AC16-0148) in accordance with the Canadian
Council for Animal Care Guidelines. Animals were maintained under specific-
pathogen-free conditions and experiments were performed in accordance with
the guidelines of the respective institution and were in accordance with ethical
regulations and humane endpoints.

Five-week-old mice were fed ad libitum: a normal diet (ND) (Provimi Kliba) or
a choline-deficient high-fat diet (CD-HFD) (Research Diets; D05010402) for 6 or
12 months; a Western diet with trans-fat (WD-HTF) (Research Diets; D09100301:
40 keal % fat (Primex shortening), 20kcal % fructose, 2% cholesterol) for 6 or
7.5 months; or a methionine-choline-deficient diet (MCD) { MP Biomedicals)
for 4 weeks; and control mice were fed a calorifically matched control diet, a
‘Western diet with fructose in drinking water (WD-FSDW) (Custom Research
Diet TD.06303; Harlan Laboratories in conjunction with fructose-supplemented
drinking water: 55% fructose, 45% glucose by weight at a concentration of
42 g/1) ad libitum for 6 and 9 months. Control animals received ND and non-
supplemented drinking water.

Cohorts of mice fed CD-HFD or WD-HTF were in addition treated with either
aspirin (through food pellets containing 7.5 mg per kg of food) in combination
with clopidrogel high (40 ug/ml drinking water; ~3 mg/kg/day) or low dose (20 g/
ml drinking water; ~1.5mg/kg/day), with sulindac (200 pg/ml drinking water;
~20mg/kg/day) or with ticagrelor (40 ug/ ml drinking water; ~3mg/kg/day).

For interventional studies 5-week-old male mice were fed a normal diet (ND),
a choline-deficient high-fat diet (CD-HFD) (Research Diets; D05010402) or a
‘Western diet containing trans-fat (WD-HTF) (Research Diets, :09100301) for
3.5 weeks and then treatment started for 2.5 weeks, twice per week intravenously
in 100 pl PBS of either 20 pg/mouse anti-CD 44 antibody (clone KM81, Cedarlane,
CL8944AP), 100 pg/mouse anti-CD44 (clone IM?7, Bioxcell, BE0039), 100 pl/
mouse Clodrosome (liposomal clodronate), 100 pl/mouse Encapsome (Control
Liposomes), 100 pg/mouse anti-GPIbe or 100 g/ mouse Fab-Rat IgG (kindly
provided by B.N., University Hospital and Rudolf Virchow Center, University of
‘Wiirzburg, Wiirzburg, Germany) or intraperitoneally 20 U/g murine hyaluronidase
(HYAL). In late treatment regimes, mice were fed CD-HFD for 6 months and
treated with the same protocol for indicated time points.

For the osmotic pump experiment, 5-week-old male mice were fed a choline-
deficient high-fat diet (CD-HFD) (Research Diets; D05010402) for 12 weeks.

Four weeks after the diet, mini pumps (Alzet, model 2004) were implanted
subcutaneously into the mice to deliver 30 g per day of Ly6G (clone 1A8, Bioxcell,
BP0075) neutrophil-depleting antibody or Rat IsG2a (clone 2A3, Bioxcell, BE0089)
for 8 more weeks. At the end of the experiment, animals were culled, and the liver,
fat and serum were harvested for analysis.

Human material. Specimens were obtained from formalin-fixed, paraffin-
embedded non-diseased NAFLD- or NASH-diagnosed human liver tissue,
retrieved from the archives and the biobank of the Department of Pathology
and Molecular Pathology, University Hospital Zurich, University Hospital
‘Wiirzburg and in the setting of the HEP-CAR consortium (Institute for Research
in Biomedicine (IRB) Barcelona). Tissues were examined by certified liver
pathologists (A.-W., JM.L.). These studies were approved by the local ethics
committee (‘Kantonale Ethikkommission Zirich, application numbers StV 26/2005
and KEK-ZH-Nr. 2013-0382) or the Institute for Research in Biomedicine (IRB)
Barcelona, Hospital Clinic HCB/2015/0789. In line with the regulation of KEK,
individual informed consent from all patients was not required for this kind of
retrospective analysis on patients’ material.
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The prospective clinical trial has been listed at the German Clinical Trials Register
(DRKS), evaluated and accepted by the local ethical authorities (Ethik- Kommission
Universititsklinikum Tiibingen) with the ID 587/2016BO2, under the name ‘Platelet
inhibition to recues formation of non-alcoholic steatohepatitis in cardiovascular
patients’ (Prometheus—prospective, monocenter, observational study).

Prospective trial, ethics, MRI and ultrasound analyses. The case study of 24
individual observations prospective trial was approved by the institutional ethics
committee (587/2016B02) and complies with the declaration of Helsinki and the
good dlinical practice guidelines® <%,

For the prospective, ongoing case study, we have included only patients (n=23)
with diabetes mellitus type Il and/or body mass index > 30, two risk factors,
that are highly correlated with development of NAFLD or NASH. All patients
underwent cardiac catheretization due to suspected coronary artery disease
(CAD). Patients received no antiplatelet treatment if CAD was excluded. Patients
received antiplatelet therapy with 100 mg acetylsalicylic acid {ASA) once daily
if CAD was present but coronary stent implantation was not indicated. Patients
received dual antiplatelet therapy with ASA 100 mg once daily and P2Y 12 inhibitor
(clopidogrel 75 mg once daily, ticagrelor 90 mg twice daily or prasugrel 10 mg once
daily) depending on acuity and severity of CAD (e.g,, myocardial infarction versus
stable CAD). None of the patients included received long-term treatment with ASA
or P2Y12 before study inclusion.

All patients remained on the respective treatment regimens until follow-up.

All patients underwent liver MRI and liver ultrasound at baseline (within 4 weeks
after hospital discharge) and after 6 months of follow-up. The serum from all
patients was analyzed for classic liver damage parameters like AST, ALL, bilirubin,
GGT, etc. Additional measurements were performed to exclude reasons other than
NAFLD for liver damage, ¢.g., immune hepatitis, viral hepatitis and AFLD. All
patients underwent the Michigan Alcoholism Screening, Test to evaluate drinking,
habits. Patients with left ventricular ejection fraction<45% or severe valve diseases
were not included in the study due to the risk of liver congestion.

The hepatic lipid accumulation was quantified by 3T MRI(Skyra, Siemens
Healthcare, Erlangen, Germany) at the Department of Diagnostic and
Interventional Radiology of the University Hospital of Tiibingen, Germany. A
commercially available multi-echo Dixon sequence (LiverLab, Siemens Healthcare,
Erlangen, Germany) was used, allowing the computation of proton density fat
fraction maps and inline segmentation of the liver. Ultrasound examinations in
patients were performed twice, at the time of patient recruitment and 6 months
after patient recruitment. In order to identify patients presenting with signs of
liver steatosis or with signs of liver cirthosis, bright hepatic echos, increased
hepatorenal echogenicity, presence of nodular liver morphology and signs of portal
hypertension (e.g., splenomegaly, ascites or intra-abdominal varices) were anatyzed
using an Aplio 500/T1 (Toshiba)/Ultrasonic transducer 3-5MHz.

The multivariate analysis (age, gender, anti-aggregation and new statin
treatment) to identify statin administration as a possible confounder of the
observed effects, patients were differentiated into groups, that received statin
treatment prior to hospital admission and those that received new statin treatment
at hospital discharge prior to the first MRI examination. We performed a linear
regression analysis.

For further details regarding the human samples, please refer to Supplementary
Tables 1ab and 2.

Cholesterol measurements, Hyperlipidemia is defined as baseline LDL
cholesterol>160 mg/dl and triglycerides >200mg/dl. Interestingly, only three of
the patients of the prospective cohort had triglyceride values >200 mg/dl. However,
all patients of the prospective cohort showed significantly elevated liver fat
accumulation, indicating that patients might not need elevated serum lipid levels
to develop fatty liver disease. According to our measurements, only three patients
of the prospective trial fulfill the diagnosis hyperlipidemia. However, we decided
to include patients with pre-existing conditions, e.g., diagnosis by family doctor,
because serum lipid undergoes dynamic regulations. This explains the discrepancy
between hyperlipidemia and measured lipid levels in baseline Table 2.

Isolation of liver leukocytes for in-depth myeloid characterization. Livers were
perfused once with PBS, then digested via collagenase at 37°C for 40 minutes
(collagenase type IV, Worthington, UK). Additionally, 0.1 mg/ml DNase I

was added after 20 min. Single-cell suspension was obtained by filtering the
digested liver through a 70-pum mesh. Hepatocytes were removed by low-speed
centrifugation (50 t.c.f, 1 min), and density gradient centrifugation was performed
using 18% Nycodenz dissolved in Gey’s Balanced Salt Solution (GBSS) as
previously described®”.

Cells were then stained for CD206 (C068C2, 141708), CX3CR1 (SA011F11,
149031), CD3 (17A2, 100218), MHCII (M5/114.15.2, 107632) (all BioLegend);
CD11b (M1/70, 48-0112-82), F4/80 (BMS, 25-4801-82) (all Invitrogen); CD&6
(GL-1, eBioscience, 12-0862-82); CD45 (30-F11, 557659), Ly6G (RB6-8C5,
566218), Ly6C (LA8, 562737) CD11¢ (HL3, 562949), CD31 (MEC13.3, 565097),
NK1.1 (PK136, 557391), TIM-4 (RMT4-54, 564147) (all BD Bioscience), and
then multicolor flow cytometry was run using an LSR Fortessa (BD Biosciences).
Analysis was done using FlowLogic (v7.2, Inivai, Australia) and FlowJo (v10.4,
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BD Biosciences). Additionally, liver MoMF and Kupffer cells were sorted for
NanoString gene expression analysis using an Aria-II (BD Biosciences).

For details regarding the definitions of violin plot elements of Supplementary
Fig. 3i, refer to Supplementary Table 3.

t-distributed stochastic neighbor embedding (t-SNE). Liver leukocytes were
pregated for living (7-AAD-), CD45% Ly6G-, CD31-, F4/80" cells by using FlowJo
(v10.4, BD Biosciences), then t-SNE-based clustering was done as described
previously”, using the Rtsne package for R. Clusters were identified by hierarchical
clustering and projected onto the two-dimensional t-SNE plot, while relative
protein expression was displayed for each cluster by violin plots using R (v3.5.1).

nCounter gene expression analysis. Gene expression analysis of 561 selected gene
targets of liver MoMF and Kupffer cells was performed using NanoString assays
(nCounter Mouse Immunology Kit, NanoString Technologies). Analysis was done
using the nSolver Software (v2.0, NanoString Technologies). PCA was done using
the prcomp package for R (v3.5.1).

Measurement of serum parameters. Serum was isolated from mice and liver
enzymes AST and ALT were quantified using the Roche Modular System (Roche
Diagnostics) with a commercially available automated colorimetric system at the
Institute of Clinical Chemistry at the University Hospital Zurich using a Hitachi
P-Modul (Roche). Total cholesterol was measured in a 96-well format using CHOL
or TG GPO-PAP substrates (Roche Diagnostics).

Measurement of liver triglycerides. Liver-specific triglyceride levels were
analyzed from snap frozen liver tissue samples. Liver tissue samples were
homogenized in sodium chloride (¢.9 % NaCl), and liver-resident lipids were
precipitated using ethanolic potassium hydroxide (0.5 M KOH) and solubilized in
magnesium sulphate (0.15 M MgSQO,). The concentration of hepatic triglycerides
was then measured using triglycerides GPO-PAP from Roche Diagnostics on a
spectrophotometer at 505 nm.

Intraperitoneal glucose tolerance test. Intraperitoneal glucose tolerance tests were
carried out on mice fasted overnight for 16h. Basal blood glucose concentrations
were determined for each mouse prior to glucose (2 mg/g body weight)
administration using a hand-held glucose analyzer (FreeStyle Freedom Lite;
Abbott). Bach mouse then received glucose via intraperitoneal injection, and blood
glucose concentrations were subsequently remeasured 15, 30, 60 and 120 min post
glucose administration.

Intraperitoneal insulin tolerance test and fasting insulin determination.
Intraperitoneal insulin tolerance tests were carried out on mice mild fasted for

6 h. Basal blood glucose concentrations were determined for each mouse prior

to insulin (1U/g lean mass determined by EchoMRI analysis) administration
using a hand-held glucose analyzer (FreeStyle Freedom Lite; Abbott). Each

mouse then received Insulin via intraperitoneal injection and blood glucose
concentrations were subsequently re-measured 15, 30, 60 and 120min post glucose
administration. Fasted insulin levels were measured in mildly fasted (8 h) mice
using the ALPCO mouse insulin ELISA kit

Immunoblot analysis. Liver homogenates were prepared in a pH 7.4 lysis buffer
containing 1% NP-40 (Sigma- Aldrich, Gillingham, UK), 50 mmol/L Tris, 10%
glycerol, 0.02% NaN3, 150 mmol/L NaCl, and a cocktail of phosphatase and
protease inhibitors (Sigma-Aldrich), and protein concentration was determined
using the Pierce BCA Protein Assay Kit (Thermo Scientific) according to the
manufacturer’s manual. Liver homogenates were prepared using a homogenizer.
Tissue preparation was performed with gentleMACS Octo Dissodator (Miltenyi
Biotec). 20-80 pg of proteins were separated under reducing conditions (2.5%
f-mercaptoethanol) by gel electrophoresis (Mini Protean Gels, Bio Rad)

and blotted by semi-dry blotting {Trans-Blot Turbo Transfer, Bio Rad) onto
nitrocellulose membranes (Bio Rad). Membranes were blocked in 5% milk/
PBS-T for at least 1h at RT. Primary antibodies against P-p38MAPK ((Thr180/
Tyr182) D3F9, 4511), p38 MAPK (D13E1, 8690), P-p65 (Ser536, 3033), p65
(D14E12, $242), COX2 (D5HS5, 12282), GAPDH (14C10, 2118) all Cell Signaling)
were incubated at 4°C overnight under shaking conditions. Incubation with

the secondary antibody (HRP-anti-rabbit IgG, 1:5000; Promega, W4011) was
performed under shaking conditions for 1h. Detection was achieved using Clarity
‘Western ECL Substrate (Bio Rad) with the Stella 3200 imaging system (Raytech).

Flow cytometry. For flow cytometry analysis, antibodies against CD8-« (53-6.7,
100734), CD3-¢ (500A2, 152314), CD19 (6D5, 115530), NK1.1 (PK136, 108710),
were purchased from BioLegend. Antibodies against CD4 (RM4-5, 11-0042-82)
and Foxp3 (FJK-16s, 17-5773-82) were purchased from eBioscience. Viability was
assessed by LIVE/DEAD Fixable Aqua or ZombieDyeNIR (Life Technologies).
TA99 was labeled with an Alexa Fluor 647 NHS Ester (Life Technologies, MA1-
25303) to generate TA99-647. Further antibodies that were used include CD44
(clone IM7, BioLegend, diluted 1:200, 103012), CD69 (clone H1.2F3, BioLegend,
diluted 1:200, 104508), CD62L(clone MEL-14, BioLegend, diluted 1:200, 104448).
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Intracellular cytokine staining (ICS) was performed as described previously''.
Peptides used for restimulation were 10 ug/ml of the relevant antigen: Trp2180—
188 (SVYDFFVWL), Her2/Neu66-74 (TYVPANASL), Tyrp- 1455-463native
(TAPDNLGYA), or gp10025-33native (EGSRNQDWL). Cells were analyzed
using BD FACS LSR II, BD FACS LSR Fortessa, BD FACSCanto, and Sony spectral
analyzer $P6800 flow cytometers, and data were analyzed using FlowJo.

Histol : hi
E

I3 hemistry, scanning and automated analysis. Liver
samples were fixed in 4% paraformaldehyde and paraffin-embedded at the University
Hospital Ziirich, Department of Pathology and Molecular Pathology Core, at the
Technical University of Munich (TUM), or at the DKFZ, Department of Chronic
Inflammation and Cancer (Heidelberg) as described'!. Briefly, 2 jum sections from
FFPE and cryo-preserved tissues were prepared and stained with Hematoxylin/Eosin
or IHC antibodies. Incubation in Ventana buffer and staining was performed on a
NEXES immunohistochemistry robot (Ventana Instruments) using an IVIEW DAB
Detection Kit (Ventana) or on a Bond MAX (Leica). For Sudan Red staining, cryo
sections (5 pm) were cutand stained with Sudan Red (0.25% Sudan IV in ethanolic
solution). Slides were scanned with a Nano Zoomer (Hamamatsu, Japan).

Antibodies that were used included anti-MHCII, rat, 1:500 {clone M5/114.15.2,
NBP1-43312); anti-CD3, rabbit, 1:250 (clone $P7, Abcam, ab16669); and
anti-F4/80, rat, 1:50 (BioLegend, BMS8, cat. no. 123105). Further antibodies
used included collagen IV, rabbit 1:50 (Cedarlane, clone CL50451AP-1,
007CL50451AP); Ki67, rabbit 1:20¢ (Thermo Scientific, clone RM-9106-S1,
RM-9106-51) B220, rat 1:3000 (BD, clone RA3-6B2, 553084); Ly6G rat 1:600
(BD, clone 1A8, 551459), PERK1/2, rabbit, 1:400 (Cell Signaling, clone D13.14.4E,
4370); glutamine synthethase (GS) rabbit 1:500 (Abcam, ab16802); PSTAT3, rabbit,
1:100 (Cell Signaling clone D3A7, 9145); and CD42b, rabbit, 1:200 (Abcam, clone
SP219, ab183345).

For quantification of stains, slides were scanned using a SCN400 slide scanner
(Leica) and analyzed using Tissue IA image analysis software (4.0.6 Slidepath,
Leica). For quantification of platelet staining on human (CD61) and mouse
(CD42b) tissue, software-based analysis and counting at the screen (CD42b; 100
high-power fields; 40x) were performed.

For Sudan red* liver area, data are presented as Sudan red—positive area in
percent of total tissue area. Three random liver tissue areas of approximately
6-8mm? (87,000 um?) were selected in DIH (digital image hub, Leica), submitted
to analysis and merged.

NAFLD activity score (NAS) was applied to murine livers.

Electron microcopy. For electron microscopy, sections from epon-embedded,
glutaraldehyde-fixed liver samples were cut and stained with toluidine blue. The
tissue was trimmed, and ultrathin cross sections of the liver were cut and treated
with uranyl acetate and lead citrate as described previously®. Electron micrographs
were analyzed for cell composition and localization using the analySIS Docu
System (Soft Imaging System).

Preparation of mouse platelets. Blood was obtained from the tail of each mouse
and drawn into citrate tubes at a 1:10 ratio. Platelet-rich plasma (PRP) was
obtained by centrifugation at 260g for 5 min. Afterward, platelet-rich plasma was
centrifuged at 640g for 5 min to pellet the platelets. After two washing steps, the
pellet of washed platelets was resuspended in modified Tyrode-HEPES buffer (pH
7.4, supplemented with 1mM CaCl,).

Platelet aggreg v. Washed platelets were adjusted to a concentration of
150 10° platelets/pl in Tyrode-HEPES buffer (pH 7.4 supplemented with 1 mM
CaCl,). Aggregation was estimated from light transmission determined with a
luminoaggregometer model 700 (ChronoLog, Havertown, PA, USA). Following
calibration, agonists including adenosine 5'-diphosphate (ADP), U46619 (U46),
thrombin (Thr), collagen-related peptide (CRP), rhododcytin (RC) were added
at the indicated concentrations, and aggregation was measured for 10 min with
a stir speed of 1,000 tp.m. at 37°C. Afterward, analysis was performed using the
aggrolinks software (ChronoLog).

Analysis of platelets and flow cytometry of platelets. Mice were bled under
isoflurane anesthesia. Blood was collected in a tube containing 20U/ml heparin,
and PRP was obtained by two cycles of centrifugation at 300¢ for 6 min at room
temperature. For preparation of washed platelets, PRP was washed twice at 800g
for 5min at RT, and the pellet was resuspended in modified Tyrodes-HEPES
(N-2-hydroxyethyl-piperazone-N'2-ethanesulfonic acid) buffer (134 mM NacCl,
0.34mM Na,HPO, 2.9mM KCl, 12mM NaHCO,, 5mM HEPES, 1 mM MgCl,,
5mM glucose, 0.35% BSA, pH 7.4) in the presence of prostacyclin (0.1 jig/ml) and
apyrase (0.02U/ml).

Apyrase grade IIT (Sigma-Aldrich), prostacy<lin (PGI2), ADP (Sigma-Aldrich),
U-46619 (Enzo Life Sciences), thrombin (Roche), rabbit anti-human VWF
(DAKO), rabbit anti- human fibrinogen (DAKO) were purchased as indicated.
CRP and rhodocytin were generated and isolated as previously described®. The
antibody against the activated form of integrin oIIbf3 (JON/A-PE}) was from
Emfret Analytics. Other antibodies we received, listed below, were generated in the
laboratory of B.N.
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Antibody Clone Isotype Antigen Reference
JON/A 4H5 1gG2b «gG2be 70
WUG1.9 5C8 lgG1 P-selectin 71
JAQI 3B8A3 lgG2a GPVI 72
LENT 12C6 1gG2b w2 73
ULF1 S6H10 lgG2a che 74
pOp4 15E2 18G2b GPIb 74
pOp6 56F8 18G2b GPIX 74
JON2 1443 18G2b ol bp3 74
DOM?2 89HN 1gG2a GPV 74
INU1T MES IgG1 CLEC-2 75

RNA iselation and quantitative real-time PCR. Total RNA was isolated from
snap frozen liver tissues according to the manufacturer’s protocol using RNeasy
Mini Kit (Qiagen). The quantity and quality of the RNA were determined
spectroscopically using a Nanodrop analyzer (Thermo Scientific). 1 g of

purified RNA was subsequently transcribed into cDNA using Quantitect Reverse
Transcription Kit (Qiagen) according to the manufacturer’s protocol Quantitative
RT-PCR was performed using Fast Start SYBR Green Master Rox (Roche). Primers
were custom made by Microsynth as previously described'!. For mRNA expression
analysis, quantitative real-time PCR was performed in duplicates in 384-well plates
using Fast Start SYBR Green Master Rox (Roche) on a 7900 HT qRT-PCR system
(Applied Biosystems, Life Technologies Darmstadt, Germany). Relative mRNA
levels were calculated according to the AAC, relative quantification method and
were normalized to levels of a housekeeping gene (GAPDH or ROTH?2). The data
were normalized to the expression of the housekeeping gene and analyzed using
GraphPad Prism software version 7.03 (GraphPad Software). For the analysis

of whole liver homogenates by microarray (Agilent), the following genes were
selected, analyzed and shown. For a list of all used primers for RT-qPCRs, refer to
Supplementary Table 4.

Gene expression profiling. Transcriptional profiling was performed using
SurePrint G3 Mouse Gene Expression 8 x 60 k microarrays (Agilent Technologies,
AMADID 28005) according to the manufacturer’ protocol. 75 ng of total RNA
was used in labeling using the Low Input Quick Amp Labeling Kit (one-color,
Agilent Technologies). Raw gene expression data were extracted as text files with
the Feature Extraction software 11.0.1.1 (Agilent Technologies). The expression
microarray data were uploaded to ArrayExpress (www.ebi.ac.ulk/arrayexpress/),
and the data set is available under the accession number E-MTAB-6073, entitled
“Transcriptomic differences in livers of mice fed with normal diet and choline-
deficient high-fat diet!

All data analysis was conducted using the R statistical platform (version
3.2.2, www.r-project.org). Data quality assessment, filtering, preprocessing,
normalization, batch correction based on nucleic acid labeling batches and
data analyses were carried out with the Bioconductor R-packages limma,
Agiax44PreProcess and the ComBat function of the sva R-package. All quality
control, filtering, preprocessing and normalization thresholds were set to the same
values as suggested in Agidx44PreProcess R-package user guide. Only HGNC
annotated genes were used in the analysis. GSEA was conducted on calculated log,-
expression values of all array probes using the ‘GSEA Pre-ranked’ function with
default settings™.

RNA sequencing. Library preparation for bulk 3'-sequencing of poly(A)-RNA was
done as described previously™. Briefly, barcoded cDNA of each sample was generated
with a Maxima RT polymerase (ThermoFisher) using oligo-dT primer containing
barcades, unique molecular identifiers (UMIs) and an adapter. 5' ends of the cDNAs
were extended by a template switch oligo (TSO); after pooling of all samples, full-
length cDNA was amplified with primers binding to the TSO-site and the adapter.
<DNA was tagmented with the Nextera XT kit (Illumina) and 3'-end-fragments
finally amplified using primers with Illumina P5 and P7 overhangs. In comparison to
Parekh et al. ™, the P5 and P7 sites were exchanged to allow sequencing of the cDNA
inreadl and barcodes and UMIs in read2 to achieve a better cluster recognition. The
library was sequenced on a NextSeq 500 (Illumina) with 75 cycles for the cDNA in
readl and 16 cycles for the barcodes and UMIs in read2.

RNA sequencing analysis. Gencode gene annotations version M18 and the mouse
reference genome GRCm38.p6 were derived from the Gencode homepage (https://
www.gencodegenes.org/). Dropseq tools v1.12 (ref. ™) was used for mapping

the raw sequencing data to the reference genome. The resulting UMI filtered
countmatrix was imported into Rv3.4.4. Prior differential expression analysis with
DESeq2 1.18.1 (ref. @), dispersion of the data was estimated with a parametric fit
including the dietary status of the mice as explanatory variable in the model.

The Wald test was used for determining differentially regulated genesbetween the
high-fat and normal diet group and shrunken log, fold changes were calculated
afterward, with setting the type argument of the IfcShrink function to ‘normal’ A
gene was determined to be differentially regulated if the absolute log, fold change
was greater than 1 and the adjusted P value was below 0.05. Gene set enrichment
analysis was conducted with EnrichR* within the Reactome database. Raw
sequencing data are available under the accession number MTAB-7625.

MRI analysis for mice, Steatosis was analyzed in 6-month-old B6 mice fed with
ND, CD-HFD or CD-HFD/Asp-Clop treated groups. A Pharmascan 7 T MRIT
(Bruker) with Paravision 5.1 software was used in FLASH scan mode without fat
suppression using an echo-time of 2.2 ms for out-phase and 2.9 ms for in-phase
based on previous reports™*.

Calorimetric TSE analysis. Mice were individually housed for indirect calorimetry
in PhenoMaster (T SE systems). Mice were allowed to acclimate to the new
environment for at least 2-3 d, then metabolic parameters were measured, such

as food and water intake, O, consumption, CO, production, respiratory exchange
ratio and total activity. All parameters were measured for at least 4 consecutive d
with five measurement values every hour. Analysis of covariance (ANCOVA) was
first conducted to ensure that body weight does not play a significant effect on the
measured parameters.

Immunofluorescence microscopy of liver sections. To achieve rapid fixation after
euthanasia, livers were fixed with paraformaldehyde-lysine—periodate (PLP) for
4-8h, rehydrated in 30% sucrose solution for 48 h and snap frozen in OCT (Cell
Path). Thick (5 um) cryosections were obtained using a Leica Cryostat and the
Cryojane tape transfer system (Leica Microsystems).

Generation ofliver slices for confocal microscopy. The generation of the liver
slices for microscopy was performed and adapted from a previously described
protocol®. Briefly, livers were collected and processed as described above. OCT-
embedded frozen livers were iteratively sectioned using a cryostat. Samples were
then reversed and the procedure was repeated on the opposite face of the liver
until a 30-pym-thick slice of liver was obtained. OCT freezing medium covering
the sample was removed, and slices were washed with PBS and blocked overnight
at 4°C in blocking solution (0.2% Triton/1%BSA/10% donkey serum/PBS). Liver
slices were stained with rat anti-CD41, goat anti-CD105, rabbit anti-Col IV and
rabbit anti-CD8 for 3 d in blocking solution, washed overnight in PBS and stained
with DyLight488 donkey anti-rabbit IgG and DyLight549 or DyLight649 donkey
anti-rat IgG. Stained slices were then washed in PBS and incubated overnight in
FocusClear (CelExplorer Lab). For observation under the confocal microscope,
liver slices were embedded in FocusClear and mounted on glass slides.

Immunefluorescence staining. Livers were perfused with PBS through

inferior vena cava, harvested and fixed in 4% paraformaldehyde for 16h, then
dehydrated in 30% sucrose prior to embedding in OCT freezing media (Sakura).
25-pm sections were cut on a HM550 cryostat (ThermoFisher) and adhered to
Superfrost Plus slides (Thermo Scientific). Sections were then permeabilized and
blocked in PBS containing 0.3% Triton X-100 (Sigma- Aldrich) and 10% FBS,
then stained in the same blocking buffer. The following primary antibodies were
used for staining: rabbit anti-collagen IV (1:200 Abcam, 10808); CD41 PE (1:100
MWReg-30 BioLegend, 133906), rat anti-F4/80 APC (1:100 BM8 ThermoFisher,
17-4801-82), rabbit anti-CD3 (1:100 DAKO A0445229-2), B220 AF 647 (1:100
RA3-6B2 BioLegend, 103226), CD11b APC (1:100 M1/70 BioLegend, 101212).
Stained slides were mounted with fluorescence mounting medium (DAKO), and
images were acquired on an inverted Leica microscope (TCS STED CW SP5, Leica
Microsystems) with a motorized stage for tiled imaging,

To minimize fluorophore spectral spillover, we used the Leica sequential
laser excitation and detection modality. The bleed-through among sequential
fluorophore emission was removed by applying simple compensation correction
algorithms to the acquired images. The semiautomatic surface-rendering
module in Imaris (Bitplane) was used to create 3D volumetric surface abjects
corresponding either to individual cells or to the liver sinusoids. Signal thresholds
were determined using the Imaris Surface Creation medule, which provides
automatic threshold identification and value-based visual surface thresholding
around the positively stained objects.

For the semi-quantitative analysis of platelet adhesion to liver sinusoids,
high-resolution confocal x-y~z stacks of 30x—y sections (1,024 x 1,024 pixels)
sampled with 0.5um z spacing were acquired to provide image volumes of
388388 30 um’. The confocal z stacks were imported into Imaris software
(Bitplane), and platelets were reconstructed as 3D volumes by means of the
semiautomatic surface-rendering module with a seed point diameter of 2.08 pm
(the mean platelet diameter**). The split touching objects option of the module
supports the separation of two or more objects that are identified as one, enabling
the splitting of aggregates into single components. All analysis was performed at
least on 12 random fields of view (FOV).

Confocal imaging analysis. For platelet aggregate size analysis, the surface and
volume of each single platelet aggregate (containing more than two single platelets)
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from at least 12 different FOV was automatically obtained from the surface-
rendering module (imaris, Bitplane); The PLT/endothelium coverage was derived
from the same FOV as percentage of the total sinusoidal surface (calculated in each
FOV) covered by PLT.

For quantification of the immune cell-PLT interaction, the immune cells
(CD3% CD11b* and B220*) adjacent and non-adjacent to PLT were manually
counted in 12 FOV. The interaction was expressed as total number of adjacent cells
as well as percentage of cells adjacent to PLT over the total number of cells.

The CD3* cells/PLT interaction was further analyzed by calculating, for each
cell, the contact surface area between them.

Multiplex ELISA. Cytokines and chemokines in whole liver of ND, CD-HFD and
Asp-Clo-treated CD-HFD mice (12 months old) were evaluated using a laser bead
technology-based Mouse Cytokine Array Chemokine Array 31-Plex (MD31) by
Eve Tech (Eve Technologies, Calgary, AB, Canada).

Cytokine profiler. Cytokines and chemokines in whole liver of ND, CD-HFD/ctrl
ab and CD-HFD/anti- GPIba antibody mice (6 months old) or in CD-HFD and
CD-HFD/hIL4Ra/GPIba-Tg mice (12 months old) were assessed using the Mouse
XL Cytokine Array Kitby R&D Systems.

Spinning- disc microscopy. All imaging experiments were performed using 7- to
12-week-old male mice. All mice were co-housed and bred in a specific-pathogen-
free facility at the University of Calgary with a 12h light/dark cycle and access to
food and water ad libitum.

Preparation for intravital Microscopy. Multichannel spinning-disk confocal
microscopy was used to image the liver as previously described (Surewaard

and Kubes 2017). Briefly, mice were anesthetized by intraperitoneal injection of
ketamine (200 mg/kg body weight; Bayer Animal Health) and xylazine (10 mg/
kg body weight; Bimeda-MTC). A catheter was inserted into the tail vein to allow
administration of fluorescently conjugated antibodies, proteins and additional
anesthetics. A midline and lateral abdominal incision were made, and the
abdominal wall was partly removed to access the liver. The mouse was placed in
aright lateral position on a heating plate to maintain body temperature at 37°C.
The liver was exteriorized onto a glass coverslip and covered with moisturized
laboratory tissues to restrict movement and breathing artefacts. Abdominal organs
were covered with saline-soaked gauze to prevent dehydration.

Intravital microscopy. Image acquisition of the liver was performed using an
inverted spinning-disk confocal microscope (IX81; Olympus), equipped with a
focus drive (Olympus) and a motorized stage (Applied Scientific Instrumentation).
The microscope was fitted with a motorized objective turret equipped with 43/0.16
UPLANSAPO, 103/0.40 UPLANSAPO, and 203/0.70 UPLANSAPO objective
lenses. The microscope was linked with a confocal light path (WaveFx; Quorum

Technologies) based on a modified CSU-10 head (Yokogawa Electric Corporation).

Cells of interest were visualized using fluorescently conjugated antibodies. Volocity
software (Perkin Elmer) was used to drive the confocal microscope and for
acquisition and analysis of images.

Antibodies for intravital imaging, Antibodies for intravital imaging were as
follows: Alexa Fluor (AF) 750-conjugated anti-mouse F4/80 (2 pg/mouse; clone
BM8; AbLab, custom made), Alexa Fluor (AF) 647—conjugated anti-mouse CD49b
(3 ug/mouse; clone HMa2; BioLegend, 103511), PE-conjugated anti-mouse Ly6G
(3 ug/mouse; clone 1A8; BioLegend, 127607) and FITC-conjugated anti-mouse
CD3e (2 pg(mouse; clone 145-2¢11; eBioscience, 11-0031-82). HAPB (Sigma-
Aldrich) was fluorescently (Alexa Fluor 555; Invitrogen) conjugated and injected
intravenously to detect intrahepatic HA.

In vive treatments. Kupffer cell depletion was performed by intravenous injection
of 100 pl Clodronate (17 mM) twice a week for 2 weeks. Hyaluronidase (Sigma-
Aldrich) was given by intraperitoneal injection twice a week at a dose of 20U/g per
mouse for 2 weeks. The last dose was given 3 h before intravital imaging.

In vive image analysis. All videos and images were acquired and processed using
Volocity software (PerkinElmer). Quantification of platelet aggregation, Kupffer
cell and neutrophil numbers and sinusoid diameters were also performed using
Volocity software. For each mouse, ten FOV were randomly selected and assessed.
Platelet aggregation was measured using the find objects” function in Volocity
software and the highest background was subtracted as described (Surewaard
etal 2018). Kupffer cell and neutrophil numbers were manually counted in ten
randomly selected FOV. For measurement of sinusoidal diameter, images were
exported from Volocity software as.jpg files. Image] software (NIH) was used to
measure sinusoid diameters. For each mouse, we measured ten randomly selected
sinusoids in five FOV.

Statistical analyses. Mouse data are presented as the mean +s.e.m. Pilot

experiments and previously published results were used to estimate the sample
size such that appropriate statistical tests could yield significant results. Statistical
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analysis was performed using GraphPad Prism software version 7.03 (GraphPad
Software). Data of three or more groups were analyzed by analysis of variance
with the post hoc Tukey’s or Bonferroni multiple comparison test. Data for the
three groups over time were analyzed by two-way analysis of variance with the
post hoc Tukey's multiple comparison test. Analysis of two samples was performed
with two-tailed Student’s ¢ test and the Mann-Whitney ¢ test, and statistics for
HCC incidence were calculated using two-tailed Fisher’s exact test Statistical
significance is indicated either as exact P value or as follows:*P< .05, **P<0.01,
%P« 0,001, and P 0.0001; ‘n.s. indicates not significant

Moreover, the data that support the findings of this study are available from
the corresponding authors upon reasonable request. If not stated otherwise, the
authors declare that all other data supporting the findings of this study are available
within the paper and its supplementary information files.

Fig, 6a and Supplementary Fig, 12 have associated source data that are
uploaded to ArrayExpress (www.ebi.ac.uk/arrayexpress/) and the data set is
available under the accession number E-MTAB-6073, entitled ‘Transcriptomic
differences in livers of mice fed with normal diet and choline-deficient
high-fat diet’

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Data that support the findings of this study have been uploaded to ArrayExpress
(www.ebi.ac.uk/arrayexpress/) and the data set is available under the accession
number E-MTAB-6073, entitled “Transcriptomic differences in livers of mice fed
with normal dietand choline-deficient high-fat diet.
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In contrast to most other malignancies, hepatocellular carcinoma (HCC), which accounts for approximately 90% of primary
liver cancers, arises almost exclusively in the setting of chronic inflammation. Irrespective of etiology, a typical sequence of
chronic necroinflammation, compensatory liver regeneration, induction of liver fibrosis and subsequent cirrhosis often precedes
hepatocarcinogenesis. The liver is a central immunomodulator that ensures organ and systemic protection while maintaining
immunotolerance. Deregulation of this tightly controlled liver immunological network is a hallmark of chronic liver disease and
HCC. Notably, immunotherapies have raised hope for the successful treatment of advanced HCC. Here we summarize the roles
of specificimmune cell subsets in chronic liver disease, with a focus on non-alcoholic steatohepatitis and HCC. We review new
advances inimmunotherapeutic approaches for the treatment of HCC and discuss the challenges posed by the immunotolerant
hepatic environment and the dual roles of adaptive and innate immune cells in HCC.

primary liver cancer is the second leading cause of cancer-

related death and the fifth-most-common cancer worldwide',
Primary liver cancer comprises a heterogeneous group of malignant
tumors that do not include metastases to the liver from other sites.
Liver carcinogenesis is a multifactorial process, and predisposing
factors for the various liver cancer subtypes differ. Hepatocellular
carcinoma (HCC) is the most prevalent primary liver cancer,
accounting for 80-90% of cases, with major geographical differ-
ences in prevalence’. Intrahepatic cholangiocarcinoma and extrahe-
patic bile-duct carcinoma (perihilar or distal cholangiocarcinoma)
account for 6-15% of liver cancers. A distinction between intrahe-
patic cholangiocarcinoma and extrahepatic bile-duct carcinoma is
important, as inflammatory risk factors for intrahepatic cholangio-
carcinoma have been found to be similar to those known for HCC*’,
Thus, in the development of intrahepatic cholangiocarcinoma as
well as that of HCC, geographical differences in incidence probably
reflect differences in genetic, environmental and infectious risk fac-
tors®. Other liver cancers include rare non-epithelial tumors and
pediatric hepatoblastoma®.

Known causes of chronic liver disease (CLD) and HCC include
alcohol abuse and rare disorders such as -1 antitrypsin deficiency
and hemochromatosis”. HCC is less common in liver cirrhosis
caused by autoimmune hepatitis, Wilson disease or cholestatic
liver disorder’ (Table 1). However, chronic infection with hepati-
tis B virus (HBV)® remains the leading cause of HCC worldwide,
and chronic infection with hepatitis C virus (HCV) is currently
the leading cause of end-stage liver disease and HCC in the
Western world®.

The incidence of liver cancer, including HCC, has risen in areas
with historically low rates, including Western Europe and North
America®. This might be due in part to the rising prevalence of meta-
bolic syndrome and non-alcoholic steatohepatitis (NASH)*'°, Non-
alcoholic fatty liver disease (NAFLD), characterized by increased
intrahepatic lipid storage and a non-symptomatic diminished
ability of the liver to metabolize several substrates, is on the rise’.

R esponsible globally for approximately 800,000 deaths each year,

NAFLD can progress to NASH, in which metabolic stress within
hepatocytes initiates the death of liver cells, the production of
damage-associated molecules (DAMPs) and the influx of activated
immune cells (i.e., ‘sterile’ chronic inflammation)™', Thus, not only
in chronic viral hepatitis but also in alcoholic or metabolic liver
disease, chronic inflammation and an altered immune response are
associated with the development of HCC>!"2,

HCC: an inflammation-driven disease in which chronicity
matters

90% of HCCs develop due to underlying chronic liver inflamma-
tion, the induction of fibrosis and/or subsequent cirrhosis’. The
liver is unique in its considerable ability to repair itself after acute
damage. Differentiated hepatocytes are able to re-enter the cell cycle
and serve as their own main source of replacement’’. However, in
chronic ‘necroinflammation] constant cell death, compensatory
regeneration and activation of non-parenchymal cells, together
with an altered immune response, promote liver fibrosis and
tumorigenesis>'’. Altered survival and proliferation signals during
necroinflammation, cellular stress, epigenetic modifications, mito-
chondrial alterations and senescence promote tumorigenesis>'”.
Necroinflammation also induces proliferation-associated replica-
tion stress, DNA damage and genetic instability, which is detectable
before neoplastic changes occur'* (Fig. 1).

Mouse models have helped in the identification of molecu-
lar and cellular mechanisms yet only partially recapitulate human
disease. This might be due in part to missing oncogene addiction’
loops in human HCC and the distinct, heterogenous types of liver
cancer”'”'” (Box 1). Proinflammatory cytokines, such as IL-6 and
TNE, which activate the transcription factors STAT3 and NF-xB,
respectively, have been reported to be important for the develop-
ment and progression of HCC'®", and hepatocyte-specific inhibi-
tion of STAT3 has been shown to inhibit HCC in a mouse model
of chemically induced HCC®. Similarly, inflammation-associated
NF-«B signaling has been identified as a central factor in the devel-
opment of HCC. However, different mouse models have shown
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Table 1| Roles of various immune cell subsets in NAFLD, NASH
and HCC

Cell type NAFLD, NASH, fibrosis HCC
CD8* T cells T T4
CD4r effector T cells T T
Tigg Cells i 1
Bcells 7 T4
KCs or monocytes T 1
NKT cells T N
NK cells i N
HSCs T T
DCs Sub-type dependent? T
Neutrophils + +

1, exacerbation: |, amelioration

both pro-tumorigenic functions and anti-tumorigenic functions
for NF-kB signaling”. For example, expression of lymphotoxin-o
and lymphotoxin-f in hepatocytes is sufficient for the development
of HCC¥. In contrast, proliferation of damaged hepatocytes and
HCC are reportedly increased in mouse models of chemical- and
HBV surface antigen-driven hepatocarcinogenesis after inhibi-
tion of NF-xB”**. Thus, inhibition of NF-kB remains a challeng-
ing approach, as NF-xB is involved in multiple processes and has
opposing functions in the development of HCC.

Studies of mouse models have also shown that liver tumors
driven by the same oncogenes can have different transcriptomes
depending on the level of inflammation and the tumor microen-
vironment”*. Moreover, the innate and adaptive immune systems
are important for the detection and elimination of transformed
cells””. Thus, understanding the immunological network of the liver
and alterations to the microenvironment in CLD is vital for liver
cancer research.

The liver as a central player in immunoregulation

The liver has a unique blood supply that flows through a specific
microarchitecture known as the ‘liver sinusoids, which serve to
slow the blood flow and enable optimal exchange of molecules for
metabolic functions and form a platform for the central immuno-
logical functions of the liver”. In addition to nutrients, a large and
diverse spectrum of microbes, microbe-associated molecular pat-
terns (MAMPs) and DAMPs continuously reach the liver from the
gut. The liver has a large capacity to remove gut-derived microbial
compounds (for example, lipopolysaccharide) and pathogens from
the circulation. The concentration of MAMPs in portal blood isup
to 100-fold higher than that in peripheral blood”. Moreover, the
liver is centrally involved in the detection and clearance of blood-
borne infectious organisms”. This is reflected by the multitude of
innate and adaptive immune cells in the liver. The liver has the larg-
est population of resident macrophages (Kupffer cells (KCs)) in the
body and a high density of natural killer cells (NK cells), natural
killer T cells (NKT cells), y8 T cells and liver-transiting and/or resi-
dent lymphocytes, with a greater ratio of CD8" T cells to CD4" T
cells than that in the periphery”. Hepatic innate lymphocytes such
as NK cells can respond to an array of cell-surface ligands expressed
by infected, damaged or transformed cells and influence innate and
adaptive immune responses through potent cytokine production”.
NKT cells actively patrol the liver, directly kill target cells and act as
immunological modulators by producing a wide spectrum of pro-
and anti-inflammatory molecules (for example, IFN-y, IL-4 and
1L-17)*"" Additionally, liver sinusoidal endothelial cells (LSECs),
hepatic stellate cells (HSCs) and hepatocytes are also involved in the

detection and capture of pathogens, antigen presentation, cytokine
production and maintaining the balance between immunotoler-
ance and activation of the immune system””'", The liver serves a
key immunoregulatory role through its ability to maintain immu-
notolerance to non-pathological or constant inflammatory stimuli.
This prevents liver damage and induces systemic tolerance’ ™.
Liver immunotolerance results from complex interactions between
liver-resident cells (for example, KCs, LSECs, dendritic cells (DCs)
and hepatocytes) and peripheral leukocytes. This immunosuppres-
sive environment is maintained by a complex cytokine milieu that
includes basal proinflammatory cytokines (IL-2, IL-7, IL-12, IL-15
and IFN-y) counter-balanced by anti-inflammatory cytokines (IL-
10, IL-13 and TGF-p)*

Continuous antigen presentation in the liver in the absence
of co-stimulatory molecules and CD4" cells induces T cell toler-
ance, and KC-derived IL-10 expands regulatory T cell (T, cell)
populations, which induces antigen-specific tolerance’. KCs con-
stitute ~90% of all tissue macrophages and are central to patho-
gen capture, as they clear bacteremia and recruit immune cells to
the liver’*. KCs express an array of scavenger receptors, Toll-like
receptors (TLRs), and complement and antibody receptors, which
allows the internalization of pathogens and activation of KCs. They
are highly plastic and are able to adapt their phenotype in response
to signals from the microenvironment®. KCs induce hepatic tol-
erance by producing anti-inflammatory cytokines in response to
bacterial endotoxins. This leads to the downregulation of co-stim-
ulatory molecules on antigen-presenting cells, which prevents the
activation of T cells’’. KCs weakly stimulate T cells under basal
conditions. However, certain MAMPs induce KCs, via TLR3 and
TLRY, to become potent antigen-presenting cellsand thereby over-
ride T cell tolerance and induce robust T cell responses”™. While
granulocytic cells are mostly absent from the quiescent liver, other
myeloid cell populations, including immature myeloid and plas-
macytoid DCs, are present’. Potent proinflaimmatory CD141*
myeloid DCs can stimulate strong T cell responses via [FN-y and
1L-17, and chronically inflamed livers are depleted of these DCs*’,
Theliver also contains myeloid-derived suppressor cells, which are
powertul producers of IL-10, TGF-f and arginase that suppress the
activation of T cells’”” and undergo population expansion during
chronic infection with HBV*. In addition to professional antigen-
presenting cells, LSECs, hepatocytes and possibly HSCs can also
directly present antigens to T cells”. LSECs express a wide variety
of pattern-recognition receptors and costimulatory and adhesion
molecules and are important sentinels of the immune system* %,
LSECs efficiently cross-present blood-derived antigens via major
histocompatibility complex class I and class II, and recognition
by cognate T cells results in reciprocal signaling in LSECs, with
the induction of high levels of the checkpoint ligand PD-L1 and
T cell tolerance**. Furthermore, constant low-level activation of
LSECs by some MAMPs (for example, lipopolysaccharide) and
KC-derived IL-10 downregulate major histocompatibility complex
and costimulatory molecules and thereby facilitate T cell toler-
ance”®. The accumulation of activated and memory CD8* T cells
in the healthy liver is associated with T cell apoptosis®.

Deregulation of the tightly controlled immunological network
described above inevitably leads to liver disease, including chronic
infection, autoimmunity and tumor development’. Chronic infec-
tion (for example, infection with HBV or HCV), accumulation of
fat (in NASH) or DAMPs due to toxic liver damage (in alcoholic
liver disease) or liver damage in hereditary disease (for example,
hemochromatosis) persistently upregulate inflammatory signals
(e.g., cytokines) and cause the breakdown of proper tolerance”. The
reasons for this shift toward deregulation of the immune system
are still incompletely understood, and identifying the factors that
contribute to specific liver diseases might pave the way for novel
therapeutic interventions.
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Fig. 1] Role of necroinflammation in CLD and the development of HCC. The liver continuously removes a large and diverse spectrum of pathogens,
MAMPs and DAMPs from the circulation while ensuring organ protection by maintaining immunotolerance. In CLD, this immunological network is
deregulated. Persistent infection (for example, with HBY or HCV), accumulation of fat (in NASH) or DAMPs due to toxic liver damage (in alcoholic liver
disease) or liver damage due to hereditary disease (for example, hemochromatosis) upregulates proinflammatory signals (IL-2, IL-7, IL-12, IL-15 and [FN-y)
and breaks tolerance. This necroinflammation leads to the activation of non-parenchymal liver cells, altered survival and proliferation signals, cellular
stress, epigenetic madifications, mitochondrial alterations and DNA damage, senescence and chromosomal aberrations. This leads to continual cell
death, compensatory regeneration and liver fibrosis, which collectively induce tumorigenesis. Moreover, the innate and adaptive immune systems are
important for the detection and elimination of transformed cells. However, this survelllance of aberrant cells by the immune system is also dysregulated
in necroinflammation. Here, anti-inflammatory cytokines (IL-10, IL-13 and TGF-p) additionally lead to the suppression of effective anti-turmnor immune
responses, PAMP, pathogen-associated molecular pattern. Credit: Marina Corral Spence/Springer Nature,

Chronic viral liver infection and HCC
Inchronicviral hepatitis, the natural history and risk for the devel-
opment of HCC is linked to the degree of liver inflammation®.

Box 1] Clinicopathological features of HCC

HCC is usually derived from malignant, transformed hepato-
cytes'” and exists as a spectrum of various tumor subtypes with
distinct molecular phenotypes'’. Classical histomorphological
features of HCC include arterial vascularization, cytological
atypia, mitotic activity, vascular invasion and loss of the reti-
culin network. Descriptive histological growth patterns (ie., a
trabecular, pseudoglandular, acinar or solid pattern) are used.
Hematogenous extrahepatic metastasis correlate with grading
and tumor diameter and travel most often to the lungs, followed
by the adrenals and bone'”. Whole-exome sequencing has pro-
vided a complex picture of the main drivers of HCC'*>'*, with
a mean of ~40 somatic alterations present in coding regions'™.
Mutations in the promoter of the gene encoding telomere reverse
transcriptase are common'” in all major etiologies'”. The fre-
quency of other mutations, including those in the genes encod-
ing the tumor suppressor p53 and cell-cycle regulators, as well
as molecules involved in WNT-p-catenin signaling, epigenetic
modification, oxidative-stress pathways, and the RAS-RAF-
MAPK and PI(3)K-AKT-mTOR pathways>'”>'*, depends on
underlying risk factors. Evidence of genetic predisposition to
HCC also exists”. However, thus far, molecular characterization
of HCC has not helped to identify biomarkers or stratify patients.

Both HBV and HCV are non-cytopathic, and liver damage is
induced mainly by immune responses to the virus’*. Immune
reactions during persistent infection with HBV or HCV are
insufficient to clear the virus, which leads to progressive liver
damage. Although the mechanisms by which these infections
persist are still incompletely understood, multiple mechanisms
for evading the immune system have been described that inhibit
the effector function of virus-specific T cells”*", During infec-
tion with HBV;, the strength of the anti-viral CD8* T cell response
to HBV surface and core antigens correlates with the clear-
ance of HBV*, The development of chronicity is due to T cell
exhaustion from the substantial load of circulating HBV anti-
gens®, as well as to tolerogenic factors in the liver that weaken
specific immunity*®®. HCV evades detection by the immune
system by high replication and mutation rates®’, and through
viral factors, which counteract the sensors RIG-I, MDAS5 and
TLR3%*-*. Interestingly, a memory-like virus-specific CD8+*
T cell subset with features of T cell exhaustion has been reported
during chronic infection with HCV; this subset was maintained
even after chronic antigen stimulation ceased®. However, T cell
exhaustion in such hepatotropic infections is still incompletely
understood. Nevertheless, HBV can directly induce hepatocyte
damage under certain conditions®. In addition, HCV activates
the NLRP3 inflammasome in macrophages and monocytes with-
out inducing type I interferons™. Furthermore, DAMPs from
ongoing hepatocyte death might induce activation of the innate
immune system and contribute to chronic necroinflammation,
the elevation of proinflammatory cytokines and the subsequent
development of HCC™.
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Alcoholic liver disease and alcoholic steatohepatitis
Prolonged or excessive exposure to alcohol induces hepatic ste-
atosis and CLD, which leads to hepatocyte death, accumulation of
DAMPs, activated innate immunity and inflammation; this results
in end-stage liver disease and the risk of HCC™. In some cases, alco-
hol abuse leads to acute alcoholic steatohepatitis (ASH), which is
associated with high mortality regardless of treatment with corti-
costeroids™®. Ongoing toxic stress induced by chronic alcohol con-
sumption and the resulting inflammation (activation of monocytes
and macrophages, neutrophilia and increased TNE IL-1p and
IL-18) critically influence the progression of alcoholic liver disease.
A major feature of this prototypical type of ‘sterile inflammation’
is activation of the NLRP3 inflammasome, which amplifies proin-
flammatory signals™. Experimental data support the importance
of the activation of inflammasomes by DAMPs (for example, uric
acid and ATP or HMGBI1 from hepatocytes) in ASH*®, and inhibi-
tion of inflammasomes attenuates ethanol-induced liver injury™ .
Nonetheless, the specific role of these sterile signals in alcohol-
induced liver damage is debatable, and data also support the pos-
sibility of a role for gut-derived MAMPs™".

NAFLD and NASH: emerging HCC etiologies

NAFLD and NASH are on the rise, and patients with these disorders
are at increased risk of developing HCC'®. Although NASH shares
histopathological features with ASH, the immunological pathogenic
factors involved are apparently different®. Insulin resistance and
metabolic syndrome have beenlinked to the development of NASH,
but the role of the inflammasomes, as well as that of other ligands
and immune cell subsets, is only partially understood. The activation
of TLRs via MAMPs and DAMPs from the gut microbiota and dam-
aged hepatocytes (HMGBI, saturated fatty acids, cholesterol esters
and reactive oxygen species (ROS)) has been suggested””. However,
an important difference in the ‘sterile inflammation’ of NASH is that
the activation of inflammasomes occurs not only in macrophages
but also in hepatocytes and other immune cells”. Moreover, adap-
tive immune cells also seem to have a pivotal role in NASH. This is
highlighted by experimental data obtained with a mouse model, in
which mice are fed a choline-deficient high-fat diet, that recapitu-
lates NASH-induced HCC. Antibody-mediated depletion of CD8*
T cells in established NASH abolishes liver damage, which indicates
that metabolically activated intrahepatic CD8* T cells are the main
drivers of liver damage™. At the same time, inflammation-induced
suppression of the activation of cytotoxic CD8* T lymphocytes by
IgA+ cells has been identified as a tumor-promoting mechanism®.

Adaptive and innate lymphocytes in NASH and HCC

CD8" T cells serve opposing roles in promoting a chronic proin-
flammatory microenvironment and in anti-tumor surveillance.
CD&* cytotoxic T lymphocytes (CTLs) kill their target cells by
direct contact and by lysing them via perforin, granzyme A and
granzyme B in concert with signaling via the cell-surface receptor
Fas and its ligand, FasL®%, as well as via secretion of [FN-y and
TNF®“. Activated T cells produce HCC-inducing lymphotoxin-o
and lymphotoxin-p*, as well as other mitogenic cytokines. This is
consistent with a general role for lymphotoxin-expressing T cells in
chronic inflammation-induced tissue damage and autoimmune dis-
eases”. Moreover, lymphotoxins have been linked to the promotion
of HCC by ectopic lymphoid structures, which are associated with a
worse prognosis in HCC® (Box 2).

Depletion of CD8* T cells and a decrease in lymphotoxin-p
delay tumor development in an HCC model driven by repeated
fumarylacetoacetate-induced flares of hepatitis in mice with homo-
zygous deficiency in the gene encoding fumarylacetoacetate hydro-
lase (Fah”'- mice)”. The effects of therapeutic depletion of CD8*
T cells on NASH have indicated an increased incidence of HCC in
such mice®. On the other hand, CD8* T cells are the main subset

Box 2 | Ectopic lymphoid structures, HCC and prognosis

During chronic inflammatory conditions, infiltrating immune
cells can form distinct aggregates. Certain MAMPs have been
shown to induce intrahepatic aggregates of myeloid cells via
TLR3 and TLR9, which enables local proliferation and licensing
of CD8* T cells. These aggregates, composed of inflammatory
monocyte-derived CD11b* cells, as well as signaling via TNF-
induced formation of intrahepatic myeloid-cell aggregates for T
cell population expansion, facilitate the OX40-dependent popu-
lation expansion of CTLs”. Other lymphoid structures that show
enrichment for CD20* B cells or CD8* T cells, called ‘ectopic
lymphoid structures’ (ELSs), have also been described in the
context of liver tumorigenesis®. ELSs are thought to be benefi-
cial in many tumor types due to their ability to foster an effective
local anti-tumor response™ ", ELSs seem to provide a local niche
in which HCC progenitors can proliferate until they gain inde-
pendence, leave ELSs and disseminate into liver patenchyma®.
The exact role of these complex structures in the shift from anti-
tumor immunity to liver cancer development, relative to that of
their single-cell counterparts, remains under investigation.

of tumor-infiltrating lymphocytes (TILs) that perform anti-tumor
effector functions’™. The surveillance of pre-malignant, senescent
hepatocytes was shown to be dependent on helper T cells by hepatic
expression of NRas oncogene-induced senescence in a mouse
model using mice deficient in CTLs or NKT cells or by using CD4™*
T cell-depleting antibodies™. Accordingly, large numbers of CD8*
TILs in human HCC correlate with improved overall survival, lon-
ger relapse-free survival and diminished disease progression®’.
In HCC, the main cytotoxic interactions seem to be mediated by
IFN-y-secreting CD8* T cells and CD57* NK cells™. Accordingly,
an increased abundance of T,,, cells in HBV™ patients is associated
with the progression of HCC disease™. Further studies are needed
to delineate the seemingly opposing roles of CD8*+ T cells in dif-
ferent stages of HCC pathogenesis, and such studies might reveal
distinct subsets of CD8* T cells (Fig. 2).

CD4* T cells also have opposing roles in CLD and HCC that
range from effector cell function to regulatory cell function. In a
model of NASH and HCC using hepatocyte-specific overexpression
of the proto-oncoprotein c-Myc and a diet deficient in methionine
and choline, depletion of CD4+ T cells led to accelerated growth
of HCC. In that study, dysregulated lipid metabolism induced
ROS-mediated selective loss of CD4* T cells but not of CD8*
T cells””. That is consistent with dysregulated T cell metabolism and
impaired immunity in chronic infection and cancer and excessive
T cell activity in autoimmune and inflammatory pathologies™. On
the other hand, CD8* T cell responses mediated by the Tyl sub-
set of helper T cells in viral or sterile hepatitis are proinflammatory
and pro-tumorigenic®®. Furthermore, the anti-inflammatory func-
tions of particular CD4* T cell subtypes have also been reported
to be pro-tumorigenic. A pro-tumorigenic role for Ty17 cells was
identified in a mouse model system of overexpression of the tran-
scriptional repressor URI. Systemic [L-17A caused the infiltration
of neutrophils into adipose tissue; this generated a feed-forward
mechanism that aggravated NASH via the release of fatty acids and
induction of DNA damage in hepatocytes, which led to HCC”. In
humans, impaired CD4+ follicular helper T cells have been reported
to influence the development of HBV-associated HCC and have
been proposed as a potential prognostic marker™. Both circulating
CD4* CTLs and tumor-infiltrating CD4+ CTLs have been shown to
be independent predictors of disease-free survival and overall sur-
vival after resection of HCC™. A progressive lack of CD4* T cells has
been shown in a large study of patients with HCC, and an increased
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Fig. 2 | The dual role of the adaptive immune system in hepatocarcinogenesis and HCC surveillance. In chronic necroinflammation, adaptive immune
cells fulfil seemingly opposing functions. Activated adaptive immune cells in necroinflammation are part of a proinflammatory environment, which leads
to DNA damage, cellular stress, epigenetic modifications, mitochondrial alterations, senescence and chromosomal aberrations in liver cells, At the same
time, exhaustion and tolerance of adaptive immune cells diminish the important role of these cells in the detection and elimination of transformed cells,
Cytotoxic T cells not only cause liver damage but also are needed for the surveillance of pra-malignant cells in the liver. CD4+ T calls, in cooperation with
monocytes, mediate anti-senescenca responses, whereas T,17 cells are involved in NASH-induced hepatocarcinogenesis. This dual role also functions in
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abundance of T, cells is correlated with poor sutrvival and high
recurrence rates in patients with HCC™.

The role of B lymphocytes in the development of HCC and of
tumor-infiltrating B cells remains controversial. There are weak-
nesses in the existing mouse models used to investigate the role of
B cells, due to the influence of B cell depletion on other immune
cells in these mice. Experimental data using mice deficient in B
cells (the pMT strain), as well as data on the expression of mRNA
from human HCC, suggest that T cells prevent initial tumor for-
mation, while B cells critically limit the growth of established
tumors®. Furthermore, the number of tumor-infiltrating B cells
in HCC is reported to correlate with T cell-activation markers.
The close proximity of tumor-infiltrating T cells and B cells indi-
cates a functional interaction that might contribute to a better
prognosis™. In contrast, a greater abundance of IL-10-expressing
B cells has been found in patients with HCC, and this negatively
correlates with activated CD4* T cells®. The suppression of anti-
tumor cytotoxic CD8*T cells through the accumulation of liver-
resident IgA* regulatory B cells in NASH has been reported in
an experimental study. Experimental ablation of T cells acceler-
ates HCC, and the IgA~* cells, which express PD-L1 and IL-10,
directly suppress cytotoxic CD8* T cells in the liver as a tumor-
promoting mechanism® (Fig. 2). Puture experiments should
reveal whether B cells in different compartments (for example,
the liver and secondary lymphoid organs) represent a possible
therapeutic target.

The number of NKT cells is increased in human NASH and cir-
thosis®**, and experimental evidence suggests they might have an
adverse effect on the course of this disease. NKT cells can directly
activate HSCs via the signaling protein hedgehog and osteopontin,
and NKT cell-deficient mice are protected from fibrosis™. Moreover,
NKT cells contribute to steatosis and macrovesicular steatosis by
promoting the uptake oflipids by hepatocytes through signaling via
the lymphotoxin-like inducible protein LIGHT®, The liver in HCC
also seems to show enrichment for NKT cells**. Whether these
ultimately have a beneficial role or a negative role in the progression
of HCC has not been investigated extensively. However, one group
has reported a protective role for type  NKT cells against p-catenin-
induced HCC in mice®. Those findings and the known increase in
NKT cells in CLD indicate a possible important role for NKT cells
in the development of HCC and anti-tumor surveillance. However,
some studies claim that NKT cells promote fibrosis®,

Liver NK cells target activated HSCs and are thus considered
anti-fibrotic™. NK cells have well-documented anti-tumor func-
tions. However, NK cell function seems to be diminished dur-
ing the development of HCC. Various explanations for this exist,
including STAT3-mediated upregulation of IL-10 and TGF-f*,
NK cell exhaustion® and infiltration of the liver with inactive or
immature peripheral NK cells®. Boosting endogenous NK cell-
like cytolytic activity via ex vivo stimulation of ‘cytokine-induced
killer cells’ is being pursued as a therapeutic strategy for HCC™ In
human patients with NAFLD or NASH, transcriptional markers of
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NK cells are elevated’’. Unlike many other innate immune cells,
NK cells seem to have a beneficial role during NAFLD and NASH.
The anti-fibrotic property of NK cells has been attributed to their
ability to influence macrophage polarity rather than to their cyto-
Iytic activity™.

Innate immune cells in NASH and HCC

In vivo studies suggest that prolonged activation of KCs and inflam-
matory monocytes is pathological in the context of chronic liver
inflammation and liver regeneration. Targeting signaling via the
chemokine CCL2 and its receptor CCR2 appears to be protective
against HCC?% this might be due in part to the ability of inflam-
matory monocytes to promote angiogenesis™, However, CCR2 defi-
clency in mice suffering from NASH has no effect on the incidence
of HCC®. Cross-talk between KCs and hepatocytes, including
KC-derived inflammatory signaling, is important for chemical car-
cinogen—induced liver cancer’”. At later stages of disease, the intra-
cellular components of dying hepatocytes might release DAMPs,
such as hepatocyte DNA*, which trigger the activation of KCs via
TLRs. Ithas been reported that hypoxic conditions in the liver might
activate KCs via upregulation of the transcription factor HIF-1a’%
However, due to the lack of animal models that allow selective and
distinct inhibition of KCs without inducing liver toxicity or disrupt-
ing the physiological function of KCs”, it is difficult to determine
the role of KCs in liver pathologies experimentally. Considerable
research has been devoted to identifying the triggers that promote
the activation of KCs in NASH. Changes in the gut microbiota that
might influence the immunological profile of the liver are one main
avenue of investigation. In addition, altered metabolism might
diminish glucocorticoid signaling in KCs’ or induce epigenetic
changes that maintain KCs in a proinflammatory state™. Inhibition
of CD163* macrophages'”, depletion of macrophages via clodro-
nate'” and antagonizing CCL2-CCR2 signaling'™ all ameliorate
experimental NASH. The activation of inflammasomes by KCs can
promote NASH; accordingly, pharmacological inhibition of NLRP3
ameliorates NASH in rodent models”. The activation of NLRP3
produces [L-1p and IL-18, which trigger an inflammatory cascade,
including the production of IL-6, which has a mitogenic effect
on hepatocytes. Hence, IL-6 produced by KCs promotes HCC'"”.
Another mechanism by which activated KCs promote NASH and
the development of HCC is through the production of RO§!™!%,
However, the activation of KCs can promote other types of liver
malignancies as well. For example, it has been discovered that in the
context of severe damage to hepatocytes, activation of KCs and a
large abundance of TNF leads to cholangiocellular overgrowth and
malignant transformation of biliary cells. This pathological process
is also very much dependent on the production of ROS*.

However, the function of KCs might be impaired in the tumor
microenvironment of HCC due to the presence of myeloid-derived
suppressor cells'”, The recruitment and maturation of CCR2*
myeloid cells by hepatocyte senescence-associated cytokines might
accelerate the growth of fully established HCC!”". The multifaceted
role of myeloid-derived suppressor cells in HCC has been discussed
extensively elsewhere®.

Existing experimental data on the role of DCs in NASH are
conflicting!®-!', However, the use of DCs to boost anti-tumor
immunity has been widely pursued as a therapeutic approach
for HCC'™. Interestingly, human studies''”"* and mouse stud-
ies investigating the role of endogenous DCs in the pathogenesis
of HCC have identified an exacerbating role as well for this cell
type, due to its ability to promote immunotolerance by a variety of
mechanisms'>''¢ (Fig. 3).

A large number of neutrophils in patients with HCC is predic-
tive of a poorer outcome'”!"", Neutrophils can promote tumorigen-
esis by enhancing cell growth, angiogenesis and metastasis through
production of the growth factors HGF and VEGF or the proteinase
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MMP9 and closely interact with KCs''*, Neutrophils are considered
a hallmark of ASH. Likewise, an increase in neutrophils has been
reported in both mouse NASH and human NASH®. In addition,
a large number of circulating neutrophils or neutrophil elastase is
indicative of NASH in patients'”’. Mechanistically, neutrophils seem
to contribute to the development of fibrosis directly through the
activation of HSCs"'. In HCC, tumor-associated neutrophils recruit
macrophages and T, cells and promote resistance to the tyrosine-
kinase inhibitor sorafenib'”. The exact role of neutrophils in HCC
remains controversial and is poorly understood.

HCC: a therapeutic challenge

HCC is a chemotherapy-resistant tumor that is most frequently
diagnosed at advanced stages with limited treatment options (Box 1)
and is thus associated with a high mortality rate. Potentially curative
therapy (i.e., surgical resection, liver transplantation and/or local
ablation) is feasible only at early stages of HCC. Some patients at
intermediate stages benefit from transcatheter arterial chemoembo-
lization (TACE)'” or selective internal radiation therapy. However,
the only treatment available for advanced HCC is sorafenib or, as a
second-line option, the mulit-kinase inhibitor regorafenib, each of
which extends median survival by only a few weeks. Moreover, more
than 100 trials testing other substances or treatment approaches
have thus far failed to show survival advantages in advanced HCC'#,
which might at least partially be due to missing biomarkers and the
considerable molecular heterogeneity of HCC™'*, Intratumor
immune cell infiltrates in HCC also show a heterogeneous immu-
nological profile. It has been reported that ~25% of HCCs robustly
express inflammatory response markers and have fewer chromo-
somal aberrations (i.e., the immune class). This includes HCC with
markers of an adaptive T cell response, as well as HCC with markers
of an exhausted immune response'”’, which has important impli-
cations for prognosis as well as for patient stratification for novel
therapeutic approaches.

Immunotherapy: a possible future for HCC treatment?
Tumor-associated antigens have been identified for HCV-associated
HCC, and engineering T cells that express specific T cell antigen
receptors for HCV has been proposed as a therapeutic option'®.
Vaccination with tumor-associated antigens (a-fetoprotein, glypi-
can-3 and the multidrug resistance—associated protein MRP3) has
produced T cell response rates of »70%, but vaccination with these
antigens has shown no advantage for overall survival'*"'*. Other
HCC-derived antigens produce lower T cell response rates and
similarly fail to elicit clinical responses'”>'**. These approaches must
be intensively personalized and are a major challenge in the immu-
notolerant liver environment'™. Thus, no vaccination strategies for
HCC have progressed to phase III clinical trials so far. Eliciting an
optimal antigen response mediated by the interaction of major his-
tocompatibility complex molecules with the T cell antigen receptor
might require secondary receptor interactions (for example, inter-
actions between the following receptors and their ligands: CD28-
CD80 (or CD86); ICOS-B7RP1; CD137-CD137L; OX40-0X40L;
and CD27-CD70)' . Interestingly, the alarmin IL-33 is reported to
be a marker of prolonged patient survival in HCC with the ability
to induce clonal expansion of CTLs and thus offers the potential to
prolong the responses of tumor-associated antigens'®.

Combating T cell exhaustion

In established HCC, impaired secretion of IFN-y, TNEF, granzyme
A and granzyme B by CTLs has been reported; this correlates with
an exhausted effector-cell phenotype, including upregulation of
inhibitory receptors, such as PD-1, CTLA-4, TIM-3, LAG3, Gal-9
and HVEM, and leads to a poor prognosis'*'*, Single-cell RNA-
sequencing analysis has identified a previously unknown exhaus-
tion marker, layilin, on tumor-infiltrating CD8* T cells and T, cells

reg
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but not on CD4* cytolytic T cells. Overexpression of layilin on CD8*
T cells is correlated with a poor prognosis, reduced production of
TFN-y and exhausted FoxP3* CD&" cells'”. Interestingly, absent or
low tumor expression of PD-L1, Gal-9 and HVEM in HCC seems
to be associated with even poorer survival. Infiltrating CD8* TILs
induce PD-L1 expression via IFN-y*. Higher expression of Gal-9
and PD-L1 might indicate an increased number of CD8" TILs and
thus active immunosurveillance of the tumor'*. In a cohott of 956
patients with HCC, 25% had high expression of PD-L1 and PD-1.
This group could be stratified into two subtypes characterized by
either markers of adaptive T cell response or an exhausted immune
response and genes regulated by TGF-p'*’, which indicates that a
subset of patients with HCC might respond well to immunothera-
pies that target markers of T cell exhaustion.

Immunological checkpoint inhibitors

Immunological checkpoint receptors control immune reactions
and prevent autoimmune responses. Blocking these receptors
enhances T cell responses directed against tumors. However, the
efficacy of this approach has been variable between cancer types
and patients'»'**, A non-comparative phase I study has reported a
20% response rate to treatment with nivolumab, a monoclonal anti-
body to PD-1'*. A phase I trial with tremelimumab, a monoclonal
antibody to CTLA-4, has shown a partial response rate of 17.6%
and stable disease in 76.4% of the subjects'®. It is thus likely that
immunological biomarkers could assist with immunomodulatory
treatment of HCC!®, Substantial phosphorylation of the kinase
ERK in HCC has been found to correspond to a favorable response
to sorafenib, whereas little phosphorylation of ERK is associated
with considerable infiltration of PD-1*CD8* T cells'’. Adding
a secondary stimulus, such as surgical treatment, ablation, TACE
or radiation to boost the immune response, might maximize the
effect of checkpoint inhibitors. Combining TACE or radiation with

tremelimumab is feasible and holds promise for improved thera-
peutic responses'”’, while combining TACE with sorafenib does not
increase overall survival'>,

However, immunological checkpoint therapies can induce seri-
ous autoimmune reactions, the severity of which might be exac-
erbated by combination therapies'”. Given the underlying liver
disease in most HCC, the side effects of these drugs on the liver,
such as checkpoint-induced hepatitis, put such patients at high
risk for liver failure and death. Thus, using these therapies requires
early recognition and treatment of side effects, as well as biomarker-
based stratification of patients who are likely to respond favorably.

Circumventing T, cells

The potent inhibitory function of T, cells is a major obstacle to
the generation of an effective anti-tumor response in HCC. HCC-
infiltrating T, cells can be further subdivided info an ICOS®,
mainly IL-10-secreting subset and an ICOS- subset with abundant
secretion of TGF-f, which are probably attracted by signaling via
interaction between the chemokine CCL20 and its receptor CCR6.
T, cells, along with other immunosuppressive cells such as regula-
tory B cells, lead to increased expression of IL-10 in HBV-associated
HCC™ Anincreased number of T,,, cells correlates with diminished
patient survival and resurgence-free time™". In a mouse model of
diethylnitrosamine-induced HCC, TGF-f promoted T, cell differ-
entiation, and this was identified as a key inhibitory mechanism of
CD8&* T cells™®. Accordingly, the TGE-f inhibitor SM-16 decreased
the frequency of T,, cells and delayed the progression of HCC,
and a correlation was found between a TGF-fi+ phenotype and
a FoxP3* phenotype (T, cell) in tumor cells'”’. Such results make
TGF-p an attractive therapeutic target'”. Other combinations, such
as lirflumab (a monodenal antibedy to the killer immunoglobulin-
like receptor KIR) plus nivolumab, are being tested in clinical trials.
Furthermore, the ligand for the glucocorticoid-induced TNF
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responses that lead to anti-tumor immunity or immunotolerance, which promotes tumor cell growth, A shift inthe immune response toward tumor
immunotolerance is associated with carcinogenesis and disease progression. This includes the following: the release of inhibitory cytokines by KCs and
LSECs, and the upregulation of immunelogical checkpoint malecules (FD-1, PD-L1and CTLA-4), T, cells and regulatory B cells. Furthermore, a role for
innate lymphoid cells via IL-17 has been reported. These factors protect the liver from autoimmune damage by blacking the activation of effector T cells
but also allow escape from the immune system by HCC, In HCC, a good prognosis can be assumed if there is substantial activation of CTLs, sometimes
correlated with an increased number of intratumoral CD&* and CD4+ CTLs, However, strong intratumoral CTL activity is associated with increasad
axprassion of PD-L1 or other inhibitory signals. Thus, the number of NKT cells and CD4* T calls and the expression of PD-L1/2, Gal-2 or TNF do not
always correlate with a poor prognosis (immunotolerance) but correlate with an enhanced CTL response directed against HCC and a good prognosis
The identification of immunological checkpoint inhibitors that oppose evasion of the immune system by HCC has raised hope for successful therapy

of advanced HCC in clinical trials. Other strategies (vaccination, adoptive cell transfer, and blockade of TGF-p, IL-17, GITRL or IL-33) and combination

strategies might help to shift this balance in certain patients

receptor GITR might also help to shift the T, cell-effector cell bal-
ance and restore robust anti-tumor immunity ™ (Fig. 4).

Conclusions

HCC is a pervasive liver pathology, and it is well accepted that
chronic inflammation is a key driver of disease progression in the
prototypical etiologies of HCC. The liver continuously removes
a large and diverse spectrum of pathogens, MAMPs and DAMPs
from the circulation, which ensures organ protection while main-
taining immunotolerance. Deregulation of this tightly controlled
immunological network inevitably leads to liver disease, includ-
ing chronic infection, autoimmunity and tumor development.
Persistent upregulation of inflammatory signals due to chronic
liver damage leads to necroinflammation (activation of immune
cells, altered immunological, survival and proliferation signals
and promotion of liver fibrosis) and, subsequently, the induc-
tion of tumorigenesis. The roles of various microbial and danger
signals, loss of immunotolerance mechanisms and immune cell
subsets involved in the progression of CLD are being elucidated.
However, most facets of this are still incompletely understood, and
experimental data sometimes seem to be contradictory. Various
immune cells seem to change their phenotype during the disease
course. The innate and adaptive immune systems are undoubt-
edly important for the detection and elimination of transformed
cells. However, this process is dysregulated in necroinflammation,
and anti-inflammatory cytokines {e.g., IL-10 and TGF-f) suppress
proper anti-tumor immune responses. Further elucidation of these

mechanisms is crucial, as early and sustained elimination of the
underlying chronic liver damage is key to reducing the risk of HCC
and end-stage liver disease. Furthermore, the highly immunotoler-
ant environment and tightly controlled protective mechanisms in
the liver make the development of effective immunotherapies for
HCC challenging. The identification and validation of previously
unknown (for example, immunological) biomarkers in HCC and
the stratification of patients will be vital for the generation of favor-
able responses to emerging immunotherapies.
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Somatostatin receptor 2A expression is a feature of well-differentiated neuroendocrine neoplasms and is
important for their diagnosis and therapy. Little is known about somatostatin receptor 2A expression in poorly
differentiated neuroendocrine neoplasms in relation to TP53 and RB1T status and how these features may
contribute to the separation of well from poorly differentiated neuroendocrine neoplasms with a proliferation
index above 20%. This study investigates the expression of somatostatin receptors, p53 and Rb1, and TP53
alterations in pancreatic and extrapancreatic well and poorly differentiated neuroendocrine neoplasms (Ki67-
index =>20%). Thirty-seven poorly differentiated neurcendocrine neoplasms of pancreatic {n=12) and
extrapancreatic origin (n=25) as well as 10 well-differentiated neuroendocrine neoplasms of the pancreas
{(n=9) and rectum (n=1) with a Ki67-index >20% were immunostained for synaptophysin, chromogranin A,
Ki67, CD56, p53, Rb1, ATRX, DAXX, progesterone receptor, somatostatin receptor 2A, somatostatin receptor 5,
and cytokeratin 20, and sequenced for TP53, exons 5-9. Somatostatin receptor 2A was positive in 6/37 of poorly
differentiated and in 8/10 of well-differentiated neuroendocrine neoplasms. One well-differentiated and two
poorly differentiated neuroendocrine neoplasms expressed somatostatin receptor 5. Abnormal nuclear p53 and
Rb1 staining was found in 29/37 and 22/37 poorly differentiated neurcendocrine neoplasms, respectively,
whereas all well-differentiated neuroendocrine neoplasms showed normal p53 and Rb1 expression. TP53 gene
alterations were restricted to poorly differentiated neuroendocrine neoplasms (24/34) and correlated well with
p53 expression. All cases were progesterone receptor negative. Somatostatin receptor 2A expression is not
limited to well-differentiated neuroendocrine neoplasms but also occurs in 16% of poorly differentiated
neuroendocrine neoplasms from various sites. Most poorly differentiated neuroendocrine neoplasms are
characterized by TP53 alterations and Rb1 loss, usually in the absence of somatostatin receptor 2A expression.
In the pancreas, these criteria contribute to separate well-differentiated neuroendocrine neoplasms with a Ki67-
index above 20% from poorly differentiated neurcendocrine neoplasms.
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The 2010 World Health Organization tumor classifi-
cation of the gastroenteropancreatic system for
neuroendocrine neoplasms defines the tumors with
well-differentiated histology and a Ki67-index below
20% as neuroendocrine tumors. In contrast, poorly
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differentiated neuroendocrine neoplasms that are
called neuroendocrine carcinomas have a Ki67-
index greater than 20%. Arguments in favor of this
distinction are profound differences in tumor pro-
gression (slow vs fast), hormone production {expres-
sion vs mno expression), hormonal syndromes
{syndromes vs no syndromes), association with
hereditary endocrine tumor syndromes (such as
multiple endocrine neoplasia type 1, von Hippel
Lindau or neurofibromatosis type 1 vs no associa-
tion), and genetic profiles (MENI, DAXX/ARTX,
TSC2, PTEN, PIK3CA and VHL gene alterations vs
TP53 and RB1 gene alterations).!=> This subdivision
of the neuroendocrine neoplasms into well and
poorly differentiated groups probably also applies
to the respective neoplasms outside the gastroenter-
opancreatic organ system as for instance in the lung
{typical and atypical carcinoids vs poorly differen-
tiated neuroendocrine carcinomas), head and neck
area or the urinary bladder.

The subdivision of the neuroendocrine neoplasms
into two biologically distinct groups is crucial for the
treatment of these tumors.®” Neuroendocrine tumors
are initially treated by surgery that is usually
followed by various bioresponse modifiers such as
somatostatin analogs, chemotherapy with streptozo-
tocin, temozolomid and/or peptide radio receptor
therapy, if the tumors pursue a malignant course.!
Poorly differentiated neuroendocrine neoplasms are
rarely resected, but treated with platinum-based
chemotherapy.® In recent years, peptide radio recep-
tor therapy has gained increasing importance as an
effective treatment option for neuroendocrine
tumors, provided that the tumors express somatosta-
tin receptors, as the ligand consists of a somatostatin
analog coupled to a radioisotope such as yttrium or
lutetium.®? Strong membranous immunohistochem-
ical expression highly correlates with somatostatin
receptor imaging.'"'® Somatostatin analogs are well
established in the treatment of neuroendocrine
tumors due to their inhibition of hormonal symptoms
and their anti-proliferative effect.'® The progression
free survival rate in a subset of metastatic G1 and G2
enteropancreatic neuroendocrine tumors is longer
when freated with somatostatin analogs.!®

The majority of gastroenteropancreatic neuroendo-
crine tumors express somatostatin receptor subtypes
1-5 that can be detected by real time polymerase
chain reaction and/or immunohistochemistry.'5-18
Especially somatostatin receptor 2 A is highly
expressed in these tumors, whereas the other
somatostatin receptors, for instance somatostatin
receptor 5, have been less often demonstrated.!6:19
Somatostatin receptor 2 A has also been found to be
expressed in neurcendocrine tumors/carcinoids and
neuroendocrine carcinomas outside the gastroenter-
opancreatic system, such as in the lung and in the
urinary bladder.’®23 In contrast to neuroendocrine
tumors, the poorly differentiated gastroenteropan-
creatic neuroendocrine neoplasms do rarely express
somatostatin receptor 2 A, thereby usually excluding

MODERN PATHOLOGY (2017) 30, 587-598

these neoplasms from the benefits of peptide radio
receptor therapy. However, as exceptions from this
general notion occur, it is of interest to get a more
precise overview of the ability of poorly differen-
tiated neuroendocrine neoplasms of the gastroenter-
opancreatic system and beyond to express
somatostatin receptor 2 A or somatostatin receptor
5, in particular regarding the predictability of the
expression related to criteria such as morphology,
proliferative activity, and tumor localization.

Recently, the distinction of well from poorly
differentiated neuroendocrine neoplasms by apply-
ing the World Health Organization 2010
classification® has become difficult for those few
well-differentiated  neuroendocrine  neoplasms
whose Ki67-index exceeds 20%. Although they have
retained their well-differentiated neuroendocrine
growth pattern, their Ki67-index greater than 20%
gives them a grade G3 that shifts them into the poorly
differentiated neuroendocrine neoplasm category.?*
Neoplasms of this type most often originate in the
pancreas and increase their proliferative activity
when developing liver metastases in the course of
the disease. As their behavior is still better than that
of the poorly differentiated neuroendocrine neo-
plasms, and also their treatment response to first-
line platinum-based chemotherapy, as used for
pootly differentiated neuroendocrine neoplasms, is
often poor, there is a need to distinguish these
‘neuroendocrine tumors G3’ clearly from poorly
differentiated neuroendocrine neoplasms.?>26 In
case the histological pattern is ambiguous, surrogate
markers could facilitate the differential diagnosis.
Recent studies have shown that poorly differentiated
neuroendocrine neoplasms of the pancreas often
overexpress p53, show TP53 mutations and loose the
expression of Rb1, whereas pancreatic neuroendo-
crine tumors lack these changes but show instead
mutations in the MEN? gene, DAXX/ATRX genes,
genes belonging to the mTOR pathway and von
Hippel Lindau related genes.%2728

However, little is known whether neuroendocrine
tumors G3 retain the features of the neuroendocrine
tumors G1 and G2 with intact TP53 and RBI
function or if these tumors assume an intermediate
status between neuroendocrine tumors and poorly
differentiated neuroendocrine neoplasms. In addi-
tion, it is not clear so far whether they also retain the
ability to express somatostatin receptor 2 A and thus
may respond to peptide radio receptor therapy.

In this study, we therefore addressed three ques-
tions. Firstly, do poorly differentiated neuroendo-
crine neoplasms from various sites including the
pancreas, the colorectum, the urinary bladder, the
parotid gland, and the skin (ie, Merkel cell carcino-
mas) lack the immunohistochemical expression of
somatostatin receptor 2 A and 57 Secondly, how does
the TP53 and RB1 status relate to the expression of
somatostatin receptor 2 A and 5 in poorly differen-
tiated  neurocendocrine  neoplasms?  Thirdly,
how helpful are the TP53, RB1, ATRX, and DAXX
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mutational  status and somatostatin  receptor
2 A/5 expression patterns in discriminating neuroen-
docrine tumors G3 from poorly differentiated neu-
roendocrine neoplasms in the pancreas? The
answers to these questions reveal somatostatin
receptor 2 A expression in association with intact
TP53 and RB1 status as diagnostically valuable
neuroendocrine tumor G3 features. P53 and Rb1
have a high discriminative power and are helpful
markers to distinguish well from poorly differen-
tiated neuroendocrine neoplasms.

Materials and methods
Patients and Tissues

Formalin-fixed and paraffin-embedded tissue blocks
from 47 surgical resection specimens of primary
neuroendocrine neoplasms with a Ki67-index
>20% were retrieved from the Institute of Pathology
and the Consultation Center of Pancreatic and
Endocrine Tumors, Institute of Pathology, Technical
University Munich, Munich, Germany, including 21
neoplasms of pancreatic (n=20) and ampullary
origin (n=1) and 26 neoplasms of extrapancreatic
origin (colorectum, n=10; urinary bladder, n=8;
parotid gland, n=5; Merkel cell carcinoma of the
skin, n=3). The study was approved by the ethics
committee of the Technical University of Munich,
Germany (document no. 129/16 S).

Histological Analysis

Three micrometer-thick slides were cut from each
block and stained with hematoxylin and eosin. The
tumors were histologically classified according to
World Health Organization recommendations as
well-differentiated  neuroendocrine  neoplasms,
when presenting with typical neuroendocrine
growth pattern (diffuse, nested, trabecular, glandu-
lar, and so on) and low-grade cytological atypia.
Poorly differentiated neoplasms of the pancreas, the
colorectum, the urinary bladder, the parotid gland,
and the skin were subclassified into neoplasms from
small cell, large cell, and Merkel cell type, based on
cytological criteria. Small-cell-type neoplasms con-
sist of small neoplastic cells with a high nucleus to
cytoplasm ratio and dense chromatin. Large-cell-
type neoplasms are defined by larger nuclei with
vesicular chromatin and large nucleoli.29

Immunohistochemistry

Immunohistochemistry was performed on 3pm-
thick paraffin sections using a fully automated slide
preparation system ‘Benchmark XT System’
{Ventana Medical Systems, Tucson, Arizona, USA).
All reagents and buffers were retrieved from
Ventana Medical Systems. Immunohistochemical
analysis was performed using antibodies against
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synaptophysin (Ventana Medical Systems, Tucson,
Arizona, USA; 1:1), chromogranin A (Boehringer,
Mannheim, Germany; 1:5000), Ki67 (DakoCytoma-
tion, Glostrup, Denmark; 1:50), CD56 (Cell Marque,
Rocklin, California, USA; 1:4), p53 (DakoCytoma-
tion, Glostrup, Denmark; 1:200), progesterone recep-
tor (DCS, Hamburg, Germany; 1:50), somatostatin
receptor 2 A (ZYTOMED Systems, Berlin, Germany;
1:100), somatostatin receptor 5 (ZYTOMED Systems,
Berlin, Germany; 1:25), cytokeratin 20 (PROGEN
Biotechnik GmbH, Heidelberg, Germany; 1:60), and
Rb1 (BD Biosciences, Heidelberg, Germany; 1:200).
In addition, ATRX (Sigma-Aldrich, Munich, Ger-
many, 1:250) and DAXX (Sigma-Aldrich, Munich,
Germany, 1:100) immunostainings were performed
in pancreatic neuroendocrine neoplasms. Nuclear
(Ki67, p53, progesterone receptor, Rb1, ATRX, and
DAXX), cytoplasmic (synaptophysin, chromogranin
A, cytokeratin 20), and membranous (CD56, soma-
tostatin receptor 2 A, somatostatin receptor 5) stain-
ing were scored as specific. The grading of the
neoplasms was based on the Ki67-index. In poorly
differentiated neuroendocrine neoplasms with a
Ki67-index >50% a minimum of 250-500 neoplas-
tic cells were counted in hot-spot areas by two
observers (GK and BK). In cases of well-
differentiated neuroendocrine neoplasms and poorly
differentiated neuroendocrine neoplasms with Ki67-
index <50%, Ki67-positive cells were manually
counted on prints of photographs containing > 500
cells and including hot-spot areas.?® P53 expression
was scored as abnormal in cases of moderate to
strong nuclear positivity in more than 20% of
neoplastic cells or in cases of complete absence.
The loss of nuclear Rb1, ATRX, and DAXX expres-
sion in >90% of neoplastic cells was considered as
abnormal. The staining of somatostatin receptors was
evaluated using a three tired scoring system (using
the established HERZ scoring system of the breast,
adapted to the somatostatin receptor 2 A expression
patterns in the pancreas). Score 0 (no staining,
weakly membranous staining in < 10% of neoplastic
cells) and score 1+ (weakly membranous staining in
>10% of neoplastic cells) were recorded as negative,
score 2+ (moderate membranous staining in >10%
of neoplastic cells), and score 3+ (strong membra-
nous staining in >10% of neoplastic cells) were
recorded as positive.31:32

Molecular Sequencing

Neoplastic tissue was microdissected from represen-
tative formalin-fixed and paraffin-embedded tissue
blocks. Genomic DNA was extracted using the FFPE
Tissue Kit (Qiagen). Exon 5-9 of the TP53 gene locus
were amplified by polymerase chain reaction using
the following primers: 5’-atc tgt tca ctt gtg ccc tg-3’
(exon 5 forward), 5’-aac cag ccc tgt cgt cte tc-3' (exon
5 reverse), 5'-agg gtc ccc agg cct ctg at-3' (exon 6 for-
ward), 5'-cac cct taa ccc cte cte cc-3' (exon 6 reverse),
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5’-cca agg cge act gge cte atc-3” (exon 7 forward),
5'-cag agg clg ggg cac agc agg-3’ (exon 7 reverse),
5-ttc ctt act gee tot tge tt-3' (exon 8 forward),
5-tgt cct get tge tta cct cg-3° (exon 8 reverse),
5’-aag caa gca gga caa gaa gc-3' (exon 9 forward),
5’-cca ctt gat aag agg tcc ca-3’ (exon 9 reverse). The
polymerase chain reaction products were directly
Sanger sequenced (forward and reverse). Selected
cases were additionally analyzed by massive parallel
sequencing using a panel of 409 genes including all
coding regions of TP53, RB1, KRAS, CDKN2A/p16,
SMAD4, RET, MEN1, ATRX, DAXX, and BRAF
amongst others on an lIon Torrent S5XL platform.

Statistical Analysis

Statistical analysis was done using SPSS 23.0
statistical software (SPSS, Chicago, IL, USA). Histo-
logical analysis was correlated with immunohisto-
chemical findings and TP53 molecular pathology
using the Chi-square and Fisher’s exact test. Sig-
nificance was considered if the P-value was < 0.05.

Results

A total of 47 primary neuroendocrine neoplasms
with Ki67-index exceeding 20% were examined. The
mean age of the patients at diagnosis was 62 years
{range 16-89 years). 57% of the patients were
women and 43% were men (27:20).

Histological Features

Twelve of 21 (57%) pancreatic neuroendocrine
neoplasms (including one ampullary neuroendo-
crine neoplasm) and 25/26 (96%) extrapancreatic
neuroendocrine neoplasms (9 from the colorectum, 8
from the urinary bladder, 5 from the parotid gland, 3
from the skin (ie, Merkel cell carcinomas)) were
classified as poorly differentiated neuroendocrine
neoplasms. Small-cell-type poorly differentiated
neuroendocrine neoplasms were found in the pan-
creas (4/12) and particularly in the urinary bladder
{7/8). Large-cell-type poorly differentiated neuroen-
docrine neoplasms were seen in the pancreas (8/12)
and in the colorectum (7/9). The pancreatic large cell
neuroendocrine neoplasm with the lowest prolifera-
tion (Ki67-index 21%; case 5 on Table 2) showed a
diffuse non-organoid growth pattern (see also Dis-
cussion). All neuroendocrine neoplasms of the skin
and the parotid gland were classified as Merkel cell-
and/or Merkel cell-like carcinomas.?® Three poorly
differentiated neuroendocrine neoplasms from the
pancreas (n=2) and the rectum (n=1) had a
glandular component, two poorly differentiated
neuroendocrine neoplasms (one from the parotid
gland, one from the urinary bladder) had a squamoid
cell component and one poorly differentiated neu-
roendocrine neoplasm (urinary bladder) had a

MODERN PATHOLOGY (2017) 30, 587-598

transitional cell component, exceeding 30% of the
tumor cells, and were therefore classified as mixed
carcinomas.

Ten of the 47 neuroendocrine neoplasms (nine
from the pancreas, one from the rectum) presented
with well-differentiated neuroendocrine growth pat-
terns, mainly with a trabecular arrangement, and
were classified as well-differentiated neuroendo-
crine neoplasms or neuroendocrine tumors G3.
There was no neuroendocrine tumor G3 that in
addition to the well-differentiated component
included poorly differentiated areas.

Immunohistochemical Data in Poorly Differentiated
Neuroendocrine Neoplasms

All neoplasms were synaptophysin positive. Chro-
mogranin A was expressed in 24 of 37 cases. CD56
was expressed in 9/12 pancreatic and in 24/25 of
extrapancreatic poorly differentiated neuroendo-
crine neoplasms with a focal/weak (10/33) or
diffuse/strong (23/33) expression pattern. Cytokera-
tin 20 was detected in 27/37 neoplasms. The Ki67-
index ranged from 21% to 90%.

Around 16% (6/37, pancreas, colon, rectum,
urinary bladder, parotid gland) of poorly differen-
tiated neuroendocrine neoplasms were somatostatin
receptor 2 A positive (score 2+, 5/6; score 3+ 1/6).
And, 32% of the somatostatin receptor 2 A negative
cases (10/31) showed a weak membranous staining
in more than 10% of neoplastic cells, corresponding
to a score of 1+. Somatostatin receptor 5 was
expressed in two cases (score 2+, pancreas, colon).
Abnormal p53 immunolabeling was seen in 75%
(9/12) of pancreatic and in 80% (20/25) of extra-
pancreatic cases. Loss of nuclear Rb1 expression was
more frequent in extrapancreatic (68%, 17/25) than
in pancreatic neoplasms (42%, 5/12). All cases of the
urinary bladder (100%, 8/8) showed an abnormal
Rb1 status, followed by the skin (67%, 2/3), the
parotid gland (60%, 3/5), and the colorectum (44%,
4/9). All cases were progesterone receptor negative.
All poorly differentiated pancreatic neuroendocrine
neoplasms showed a normal nuclear ATRX and
DAXX staining (both 100%, 11/11).

Immunohistochemical Data in Well-Differentiated
Neuroendocrine Neoplasms with a Ki6é7-Index Greater
than 20% [(Neuroendocrine Tumors G3)

All neoplasms were synaptophysin and chromogra-
nin A positive. The Ki67-index ranged from 21% to
36%. Eight of ten neuroendocrine tumors G3 were
somatostatin receptor 2 A positive (score 2+, 6/8;
score 3+, 2/8). Somatostatin receptor 5 (score 2+) was
expressed in a single pancreatic neuroendocrine
tumor G3. No abnormal immunostaining of p53
and Rb1 was detected. CD56 and cytokeratin 20 were
expressed in all neuroendocrine tumors G3. All
cases were progesterone receptor negative. Nuclear
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Figure 1 Immunohistachemistry of extrapancreatic poorly differentiated neurocendacrine carcinomas: (a—¢) large cell nenreendocrine
carcinoma of the colon (a) with expression of somatostatin receptor 2 A (b, score 2+), a Kig7-index of 0% (b, inset) and nommal nuclear
expression of Rb1 {c); (d—f) small cell nenroendocrine carcinoma of the urinary bladder (d) with expression of somatostatin receptor 2 A (e,
gcare 3+), a Ki67-index of 80% (e, inget) and nuclear loss of Rb1 (f); (g—i] Merkel cell type neuroendocrine carcinoma of the parotid gland
{g) with a somatostatin receptor 2 A score 1+ (h), a Ki67-index of 90% (h, inset] and nuclear loss of Rb1 (i).

ATRX and DAXX lcsses were seen in 1/9 and in 3/9
pancreatic neurcendocrine tumors 3, respectively.

Figures 1 and 2 show the histological and
immunochistochemical stainings for somatostatin
receptor 2 A, Ki67, and Rb1 of extrapancreatic poorly
differentiated neurcendocrine neoplasms and pan-
creatic neurcendocrine necplasms with a Ki67-index
=20%), respectively. Figure 3 shows the ATRX
and DAXX immunchistochemistry in pancreatic
neuroendocrine carcinomas and neurcendocrine
tumors G3.

Molecular TP53 Status

Molecular analysis of exons 5-9 of the TP53 gene
was performed in 44/47 cases (three cases of poorly
differentiated neurcendocrine neoplasms of the
urinary bladder were not available for molecular
analysis]. 71% (24/34) of poorly differentiated

neurcendocrine neoplasms harbored TP53 muta-
tions. Exon 5 was altered in 38% (9/24), exon 6 in
8% (2/24), exon 7 in 25% (6/24), exon 8 in 25%
[6/24), and exon 9 in 13% (3/24) of the cases. One
parctid gland neurcendocrine carcinoma and one
Merkel cell carcinoma showed mutations beth in
exone 5 and 9, and in exons 6 and 8, respectively.
Most mutations were missense mutations [(58%,
15/26), followed by nonsense mutations (15%, 4/26),
splice site defects (129%, 3/26) and frameshift
mutations (12%, 3/26) as well as deletions (4%,
1/26). 64% (7/11) of pancreatic poorly differentiated
neurcendocrine neoplasms were TP53 mutated,
either in exon 5 (4/7) or exon 7 (3/7). The ampullary
poorly  differentiated neurcendocrine neoplasm
showed a mutation in exon 8. Amongst extrapan-
creatic poorly differentiated neurcendocrine nec-
plasms, 73% (16/22) of them were TP53 mutated
{2/5 of the parotid gland, 2/3 Merkel cell carcinomas,
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Figure 2 Immunohistochemistry of pancreatic neuroendocrine neoplasms with a Ki67-index above 20%: (a—¢) small cell nentoendocrine
carcinoma (a) with a somatostatin receptor 2 A score 1+ (b), a Kig7-index of 55% (b, inset) and normal nuclear expression of Rb1 (c); (d—f)
large cell neurcendocrine carcinoma (d) with expression of somatostatin receptor 2 A (e, score 2+), a Ki67-index of 70% (e, inset) and
nuclear losg of Rb1 {f); (g-1) neuraendocrine tumor G3 (g) with expression of somatostatin receptor 2 A (h, scare 2+), a Kib7-index of 21%

(h, inset) and normal nuclear expression of Rb1 (i)

8/9 of the cclorectum, 4/5 of the urinary bladder), All
neurcendocrine tumors G3 were TP53 wild type.
Table 1 summarizes immunchistochemical and
molecular findings in poorly differentiated neurcen-
docrine neoplasms of pancreatic and extrapancreatic
origin. Table 2 summarizes the clinicopathological
data including immunchistochemistry and molecu-
lar analysis of poorly differentiated neurcendocrine
neoplasms and neurcendocrine tumors G3 of the
pancreas. Three neuroendocrine carcinomas showed
a TP53 wild-type status and a normal immunchis-
tochemistry for p53 and Rbl, while their histology
was compatible with neurcendccrine carcinoma
features (case numbers 1, 3, 5; Table 2]). Deep
sequencing confirmed the wild-type status of TP53
and AB1, but revealed mutations in case 1, affecting
NF1, CSMD3, EP300, KDM5C, AKT3, CDH5, ERBB2,
and BIRCS. Case 5, which had a Ki67-index of 21%
despite its diffuse non-organoid histology (see also
discussion and Figure 5) and a somatostatin receptor

MopDerRN PATHOLOGY (2017) 30, 587-538

2 A 1+ score, and case 3 had nc mutaticn in any of
the genes included in our panel (data not shown].

Correlation Between Somatostatin Receptor 2 A, p53,
Rb1, and TP53 Status

Neurcendocrine tumors G3 were significantly more
often somatostatin receptor 2 A positive than their
poorly differentiated counterparts (P-value: 0.0001)
and showed & normal p53 expression [P-value:
0.0001). TP53 wild-type status was significantly
associated with well-differentiated morphology
(P-value: 0.0001). Somatostatin receptor 2 A positive
poorly differentiated neurcendocrine neoplasms
harbored TP533 mutations in four of six cases.
Abnormal p53 immunolabeling was an indicator
for TP53 gene alterations [23/26 cases, 88%, P-value:
0.0001) and often occurred in combination with
nuclear Rb1 loss (P-value: 0.001). Loss of nuclear
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Figure 3 Immunchistochemistry of ATRX and DAXX in pancreatic neurcendecrine neoplasms with a Kig7-index above 20%.: (a and b)
large cell neurcendocrine carcinomas of the pancreas with nomnal nuclear expression of ATRX (a) and DAXX (b); (c and d)
neuroendocrine tumars G3 with nuclear loss of ATRY () and DAXY (d), endathelial cells served as positive internal controls.

Table 1 Immunohistochemiral expression (Ki67, somatostatin receptor 2 A, somatostatin receptar 5, Rb1l, and p53) and TP53 status in
paorly differentiated neuroendocrine neoplasms of pancreatic and extrapancreatic origin

Organ Diagnosis n  Kif7range  SSTR2A? S8TRS? Rbib p5at TPs3d
Paricreas NeuroendocTine carcinoma 12 21-90% 8% (1/12) 8% (1/12)  42% (5/12)  75% (9/12) 67% (8/12)
Colorectim MNeuroendocrine carcinoma 8 30-90%  22% (2/8)  11% (1/9) 44% (4/9) 89% (8/9)  80% (8/8)
Urinary bladder Neurcendacrine carcinoma 8 40-90%  25% (2/8) 0% [0/8)  100% (8/8)  100% (8/8)  80% (4/5)
Paratid gland NeuroendacTine carcinoma & 30-90%  20% (1/5) 0% (0/5) 60% (3/5) 40% (2/6]  40% (2/5)
Skin Merkel cell carcinoma 3 50-80% 0% (0/3) 0% (0/3) 67% (2/3) 67% (2/3)  67% (2/3)

Abbreviation: SSTR, somatostatin receptor.

33core 2+ and 3+

Y ass of nuclear positivity in =90% of cells.

“Nuclear positivity in =20% of cells or complete loss.
Fyfutations in exons 5-9.

Rb1 was not present in neurcendocrine tumors G3,  Discussion
but was frequently found in neurcendocrine
necplasms with poorly differentiated morphology
(P-value: 0.001). Figure 4 shows normal and abnor-
mal nuclear p53 stainings and TP53 mutations.

There is increasing evidence that the low proliferative
well-differentiated neurcendocrine neoplasms (G1-2)
and the high proliferative poorly differentiated
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Table 2 Clinicopathological data in poorly (NEC) and well-differentiated (NET) neuroendocrine neoplasms of the pancreas?

Immunohistochemistry

Molecular pathology

Case Diagnosis Age Sex
Syn CG Ki67 S5STR2A SSTRS

ATRX DAXX Bb1 p53 TP53, exons 5-9

Poorly differentiated neuroendocrine neoplasms
1

NEC, sc 56 F Pos Ne 60% Neg (0) Neg(1+)

10 NEC, lc 64 Pos Pos® 40% Neg (1+) Neg (1+)

2 NEC, sc 62 F Pos Pos” 55% Neg (1+) Neg (0)
3 NEC, sc 16 F Pos Pos 50% Neg(0) Negl(o)
4 NEC, scC 75 M Pos Pos 60% Negl0) Negl0)
5 NEC, lc 43 F Pos Pos 21% Neg (1+) Neg (0)
6 NEC, lc 56 F Pos Pos 30% Neg (1+) Neg (1+)
7 NEC, lc 76 F Pos Pos 60% Neg(0) Pos(2+)
8 NEC,lct 64 M Pos Pos® 35% Neg(0) Neg(1+)
9 NEC, lc 32 F Pos Pos® 70% Pos (2+) Neg (0)
M

11 NEC, lc 74 M  Pos Pos 90% Neg(0) Negi(l+)
12 NEC, lc 51 F Pos Neg 55% Negl(0) Negl0)
Neuroendocrine tumors G3

13 NET, G3 78 F Pos Pos® 28% Pos (3+) Neg (0)
14 NET, G3 53 F Pos Pos 21% Pos (2+) Negl(1+)
15 NET, G3 58 F Pos posh 25% Pos (2+) Neg (1+)
16 NET, G3 57 F Pos Pos 23% Pos(2+) Negl(0)
17 NET, G3 44 F Pos Pos 32% DPos (2+) Pos (2+)
18 NET, G3 47 F Pos Pos 36% Negl(0) Negl(0)
19 NET, G3 72 F Pos Pos 26% Pos (3+) Negl(1+)
20 NET, G3 69 F Pos Pos® 25% Pos (2+) Neg (1+)
21 NET, G3 25 M Pos Pos 27% Neg(0) Negl0)

WT

Exon 7; ¢.742C>G; p.R248G
WT

Exon 8; ¢.800G>A; p.R267Q
WT

Exon 5; ¢.524G>A; p.R175H
Exon 5; c.454C>A; p.P152T
Exon 7; ¢.769_770insAC; p.L2571s
WT

Exon 5; c.488 A>G; p.Y163C
Exon 7; ¢.723delC; p.S241fs
Exon 5; ¢.524G>A; p.R175H

=
=

222222222222
222222222222
Zere2ZpZ4e222
e e A A

WT
WT
WT
WT
WT
WT
WT
WT
WT

222222 %22
22 » 2222
222222222
2222272222

Abbreviations: A, abnormal; CG, chromogranin A; Ic, large cell type; N, normal; NA, not available; Neg, negative; Pos, positive ; sc, small cell type;

$S8TR, somatostatin receptor; Syn, synaptophysin; WT, wild type.
4Including one ampullary NEC.

bracal expression of chromogranin.

“Mixed adenoneuroendocrine carcinoma.

neuroendocrine neoplasms (G3) belong to two
biologically different entities of neuroendocrine
neoplasms.? The results of our study confirm and
extend this notion. We show that the majority of
poorly differentiated neuroendocrine neoplasms,
pancreatic as well as extrapancreatic, lack significant
somatostatin receptor 2 A expression, a key finding
in well-differentiated neuroendocrine neoplasms,
and, at the same time, have TP53 and RB1 gene
alterations. This dichotomy also applies to those
neuroendocrine neoplasms that maintain their
well-differentiated histology although their Ki67-
index exceeds 20%. Accordingly, these neuroendo-
crine neoplasms have been provisionally termed
‘neuroendocrine tumors G3’. They are mainly of
pancreatic and only rarely of extrapancreatic
origin. 243334

The membranous expression of somatostatin
receptor 2A is a typical feature of well-
differentiated neuroendocrine tumors of different
origin.!® In contrast, somatostatin receptor 2 A
expression in highly proliferative neuroendocrine
neoplasms has only been demonstrated in a fraction
of tumors from various sites.’®%3% In Kaemmerer’s
study investigating somatostatin receptor 2 A expres-
sion in gastroenteropancreatic neuroendocrine neo-
plasms (together with the CXCR4 chemokine
receptor), 23% of the tumors regarded to be G3 were

MODERN PATHOLOGY (2017) 30, 587-598

strongly somatostatin receptor 2 A positive.'® Using
the established HER2 scoring system of the breast
and adapting it to the somatostatin receptor 2 A
expression patterns in the pancreas,®*? our data in
poorly differentiated neurcendocrine neoplasms of
pancreatic and extrapancreatic origin demonstrated
that somatostatin receptor 2 A, scored 2+ and 3+, was
positive in 16% of these neoplasms including one in
the pancreas and in the parotid gland, as well as two
cases each in the colon and the urinary bladder. The
positive tumors belonged to the small or large cell
category and showed a range between 50% and 90%
of proliferative activity. For example, the three
pancreatic poorly differentiated neuroendocrine
neoplasms with the lowest Ki67-index (between
21% and 35%) were all somatostatin receptor 2 A
negative.

Low expression levels of somatostatin receptor 2 A
(score 1+) were found in ten poorly differentiated
neuroendocrine neoplasms. Miederer showed that
few neuroendocrine neoplasms detected by soma-
tostatin receptor imaging were somatostatin receptor
2 A negative.'? This discrepancy between imaging
and immunohistochemistry is most likely due to
tumor heterogeneity regarding somatostatin receptor
2 A expression which effects imaging, as a large scale
method, much less than immunohistochemical
examination that screens only a small tumor area.
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Figure 4 P53 and P53 in pancreatic neurcendocrine neoplasms: normal nuclear expression of p53 in < 20% of the cells of a
neurcendacrine tumor G3 (a); abnormal expression of p53 with complete loss of nuclear staining in a large cell type neurcendocrine
carcinama (b); nuclear overexpression of ps3 in a small cell type neuroendocrine carcinoma (g); Sanger sequences of TF53 mutated cases

with a frameshift (upper row) and a point mutation (lower row) {d].

It is therefore possible that among our score 1+
somatostatin receptor 2 A positive poorly differen-
tiated neurcendocrine neoplasms are some twmors
that might be detected by imaging.

Scmatostatin recepter 5, which shares the mem-
brancus expression with somatestatin receptor 2 A,
was only found to be expressed in three cases,
including two poorly differentiated neurcendocrine
necplasms and one neurcendocrine tumor G3.
Somatostatin receptor 5 expression was neither
correlated to somatostatin receptor 2A positivity
ner to any of the above mentioned tumor criteria.
These data suggest that somatostatin receptor 5
probably does not play any significant functional
role in neurcendocrine neoplasms, neither in those
with well nor with poorly differentiated histology.

As to tumor localization, it appears from our data
and those In other studies that somatostatin receptor
2A may be present in poorly differentiated

neurcendocrine necplasms from various sites of the
body, including the pancreas, stomach, colorectum,
urinary bladder, lung, breast, and prostate,?®19-21.35
Whether Merkel cell carcinemas of the skin may be
an exception in this regard, as our data might
suggest, remains to be clarified in a larger series
of cases.

In crder to find out whether there is any correla-
tion between the scmatostatin receptor 2 A expres-
sion with the TP53 and RB1 status, we investigated
p53 and Rb1 expression or loss, and TP53 mutation
in our tumor series. In confirming a recent genetic
analysis of poorly differentiated small cell and large
cell neuroendocrine neoplasms of the pancreas,” we
found TP53 mutated in 71% of poorly differentiated
neurcendocrine  neoplasms  and  abnormally
expressed in 78% of the cases. Rbl was lost in
509% of the cases (Table 1). Abncrmal p53 immunoc-
labeling (ie, overexpression as well as total loss)
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matched with TP53 gene alterations in 92% of our
cases. Correlation of the TP53 data with that of
somatostatin receptor 2 A expression revealed no
relationship between the two markers.

Histologically, the differential diagnoesis of neu-
roendocrine tumors G3 and poorly differentiated
neurcendocrine neoplasms, particularly of the large
cell subtype, may sometimes be difficult. In these
cases it would be helpful to have immunohisto-
chemical and/or molecular markers available to
identify these tumors. The comparison of the results
in a series of nine primary pancreatic neurcendo-
crine tumors G3 with those in twelve pancreatic
pocrly differentiated neurcendocrine necplasms
shows that the application of somatostatin receptor
2 A, p53, Rb1, ATRX, and DAXX together with a high
Ki67-index can solve the problem in most cases.
Exceptionally, as observed In case 5 [Table 2;
Figure 5), classification as poorly differentiated
neurcendocrine neoplasm may remain difficult, if
it is only based on histology (showing a diffuse non-
organoid growth pattern) and low level somatostatin
receptor 2 A expression, and not on TP53 and AR
alterations or a high Ki67-index. Progesterone recep-
tor expressicn, which was also tested, was of no use,
as it was negative in all cases. The discriminative
power in separating neuroendocrine tumors G3 from
poorly differentiated neurcendocrine neoplasms was
greatest for p53, which, in case of abnormal expres-
sion, was associated with poorly differentiated
neurcendocrine neoplasms in almost 78% of the
neoplasms, and, in case of negativity, with all
neurcendocrine tumers G3. A similar but less
sensitive distinction was also seen for Rbl. Soma-
tostatin receptor 2 A, with its 809% positivity in
neurcendccrine tumers G3, was less discriminative
in poorly differentiated neuwrcendocrine necplasms
than p53 and Rbl, as it was found to be positive in
six of the latter neoplasms. However, when soma-
tostatin receptor 2 A was combined with p53 and
Rb1, it usually solved the differential diagnosis
between pancreatic neurcendocrine tumors G3 and
pocrly differentiated neurcendocrine neoplasms in
most of the cases.

In summary, we showed that the expression of
somatostatin receptor 2 A is not restricted to the
group of well-differentiated neurcendocrine nec-
plasms but may also be detected in a small fraction
of poorly differentiated neuroendocrine necplasms
of pancreatic and extrapancreatic origin. This makes
these neurcendocrine neoplasms potentially amen-
able to treatment with somatcstatin analogs and
peptide radio receptor therapy. Morphological cri-
teria that predict somatcstatin receptor 2 A positivity
in poorly differentiated newroendocrine necplasms
could not be identified sc far. The distinction of
neurcendocrine tumors from poorly differentiated
neurcendocrine neoplasms, that may be especially
difficult in the neurcendocrine tumors G3 of pan-
creatic origin, can be very much improved by the
application of p53 in combination with Rbl and

MopDerRN PATHOLOGY (2017) 30, 587-538

Figure 5 Poorly differentiated large cell neuroendocrine neoplasm
of the pancreas with a diffuse non-organeid growth pattern and a
Kib7-index of 21%.

somatostatin receptor 2 A, ATRX and DAXX are less
important as their discriminative power is much
lower than that of aferementioned markers. The fact
that p53, Rb1 and somatostatin receptor 2 A have
such a high differential expression in well and
poorly differentiated neurcendocrine neoplasms
further supports the concept of two basically
different gloups  among the mneurcendocrine
necplasms.”~*
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