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Abstract

The liver is the largest solid organ and the only one capable of using regenerative mechanisms to recover its
mass fully. Although liver regeneration from acute injuries has been effective and extensively studied, chronic
liver damage has adverse effects on hepatic histology, such as fibrosis or cirrhosis, suggesting that regenerative
mechanisms have been disrupted. The most common form of chronic liver disorder, non-alcoholic fatty liver
disease (NAFLD), is a growing cause of end-stage liver disease worldwide and is estimated to increase 2-3-
fold by 2030. Despite the enormous amount of ongoing research on this topic, no treatment is available, leaving

liver transplantation as the only current option.

One approach to revert this situation focuses on facultative liver stem cells derived from the biliary epithelium.
This recent alternative comes from the breakthrough that biliary epithelial cells (BEC) can be assembled into
complex three-dimensional organoid structures in vitro from bile duct-derived stem cells. These BEC-organ-
oids can be expanded as stem cells, with a similar phenotype to injury-induced BECs in vivo, and also can be
differentiated into functional hepatocyte-like cells with engraftment ability upon transplantation. Considering
the potential of BEC-organoids, I focused on dissecting the role and unveiling the potential of BECs in the
context of NAFLD. BECs undergo rapid reprogramming and proliferation in chronic liver diseases, including
the fibrotic stage of NAFLD, a process known as ductular reaction (DR). Thus, studying DR provides new
insights into the BEC expansion mechanisms. For this purpose, I first investigated the effect of hepatic over-
load on BECs to study the initiation of DR during the early stages of NAFLD. I demonstrated that lipid over-
load induces the conversion of adult cholangiocytes into proliferating BECs and promotes their expansion via
the activation of the E2F transcription factors, which drives cell cycle progression while promoting glycolytic
metabolism. These observations, while correlative, reveal unexpected connections between lipid metabolism
and stemness, and set the ground for future research in understanding the role and the therapeutic potential of

lipid metabolism and E2Fs in controlling BEC activation.

On the other hand, DR correlates closely with the severity of fibrosis in NAFLD, even though the function is
largely unknown. Thus, I studied the effect of the mechanical properties of the fibrotic environment in BEC-
organoid cultures by using the synthetic matrix we developed together with colleagues. The investigation of
BECs cultured in a defined mechanical environment mimicking fibrotic stiffness revealed decreased stem cell
capacities and increased inflammation, hepatic injury, and matrix metalloproteases. Finally, by using recently
published data comparing BEC-organoid cultures from healthy and NASH patients, I revealed that hydrogels
with fibrotic stiffness mimic the phenotype of organoids derived from NASH patients. As a result, investigat-

ing aberrant stiffness will enable the development of powerful DR models and future therapeutics for
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enhancing stem cell-mediated liver regeneration. Overall, the results from this thesis should spark future en-

thusiasm for the potential of BECs in studying DR regenerative mechanisms and developing therapies.

Keywords

BECs, liver stem cells, steatosis, E2F, glycolysis, ductular reaction, proliferation, hydrogel, stiffness, fibrosis
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Résume

Le foie est le plus grand organe solide et le seul capable d'utiliser des mécanismes de régénération pour de
récupérer entiérement sa masse. Bien que la régénération du foie a la suite de 1ésions aigués soit efficace et
largement étudiée, les 1ésions hépatiques chroniques ont des effets néfastes sur I'histologie hépatique, tels que
la fibrose ou la cirrhose, suggérant une perturbation de la régénération tissulaire. La forme la plus courante de
trouble hépatique chronique, la stéatose hépatique non alcoolique (NAFLD), est une cause croissante de pa-
thologie hépatique dans le monde et pourrait étre multipliée par 2 voire 3 d'ici 2030. Malgré la mise en place
de moyens de recherche conséquents attribués a cette pathologie, aucun traitement n'est actuellement dispo-

nible, laissant la transplantation hépatique comme seule option actuelle.

Une approche pour pallier cette situation se focalise sur les cellules souches hépatiques dérivées de I'épithélium
biliaire. Cette alternative récente a pour origine la découverte que les cellules épithéliales biliaires (CEB) peu-
vent étre assemblées en structures organoides tridimensionnelles complexes in vitro a partir de cellules souches
dérivées du canal biliaire. Ces organoides de cellules épithéliales biliaires peuvent étre développés en tant que
cellules souches, arborant un phénotype similaire a celui des cellules épithéliales biliaires induites par des
1ésions in vivo, et peuvent également étre différenciés en cellules fonctionnelles de type hépatocyte avec une

capacité de greffe lors de la transplantation.

Compte tenu du potentiel des organoides CEB, je me suis attachée a caractériser le role des CEB et a dévoiler
leur potentiel dans un contexte de NAFLD. Les CEB subissent une reprogrammation et une prolifération ra-
pides dans les maladies hépatiques chroniques, y compris au stade de fibrose de la NAFLD, processus connu
sous le nom de réaction ductulaire (RD). J'ai d'abord étudié 1'effet de la surcharge hépatique sur les CEBs afin
de caractériser l'initiation de la réaction ductulaire au cours des premiers stades de la NAFLD. J'ai montré que
la surcharge lipidique induit la conversion des cholangiocytes adultes en CEB et favorise leur expansion via
l'activation des facteurs de transcription E2F, entrainant a leur tour la progression du cycle cellulaire tout en
favorisant le métabolisme glycolytique. Ces observations, bien que corrélatives, révélent des connexions inat-
tendues entre le métabolisme lipidique et la régénération tissulaire, ouvrant la voie a de futures recherches
visant a comprendre le rdle et le potentiel thérapeutique du métabolisme lipidique et des E2F dans le contrdle

de l'activation des CEB.

D'autre part, la RD est en étroite corrélation avec la sévérité de la fibrose dans la NAFLD, méme si sa fonction
est largement inconnue. J'ai étudié l'effet des propriétés mécaniques de I'environnement fibrotique sur les cul-
tures de CEB-organoides en utilisant une matrice extracellulaire synthétique que nous avons développée.

L'étude de CEB en culture dans un environnement mécanique déstructuré mimant la rigidité caractéristique de
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Résumé

la fibrose a révélé une altération des capacités des cellules souches, une augmentation de l'inflammation et des
1ésions hépatiques ainsi que des métalloprotéases matricielles. Enfin, en utilisant des données récemment pu-
bli¢es comparant des cultures de CEB-organoides provenant de patients sains et de patients atteints de NASH,
j'ai pu révéler que les hydrogels a rigidité fibrotique miment le phénotype des organoides dérivés de patients
atteints de NASH. L'étude de la rigidité permettra le développement de puissants modeles de RD et de futures
thérapies pour améliorer la régénération hépatique médiée par les cellules souches. Dans I'ensemble, les résul-
tats de cette thése pourraient susciter un enthousiasme futur quant au potentiel des cellules souches biliaires et
des cultures de CEB-organoides dans 1'é¢tude des mécanismes de régénération de la RD et le développement

de nouvelles stratégies thérapeutiques.

Mots-clés

CEBs, cellules souches hépatiques, stéatose, E2F, glycolyse, réaction ductulaire, prolifération, hydrogel, rigi-

dité, fibrose
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Chapter 1 Introduction

1.1 The liver: physiology and cellular organization

1.1.1  Physiology of the liver

The liver is the largest multifunctional organ in the human body and plays a key role in the control of physio-
logical functions, such as bile formation and secretion, xenobiotic detoxification, macronutrient metabolism,
plasma protein synthesis, and immune system support'. Everything that is eaten or consumed, including food,
alcohol, drugs, and toxins, is absorbed from the intestine and travels through the liver first, highlighting the

importance of liver metabolic functions that become apparent in patients with liver diseases or failure.

In addition to toxic substances, the liver metabolizes macronutrients such as glucose, fatty acids (FA), and
amino acids. Liver energy metabolism is highly plastic based on the current availability of energy sources and
will be explained in the section below (Chapter 1.1.4). Briefly, in the postprandial state, following a meal, the
liver prioritizes storage and stores glucose as glycogen and FAs as triacylglycerol (TAG) molecules in lipid
droplets or secretes TAGs into the circulation as very low-density lipoprotein (VLDL) particles®. Likewise,
amino acids are metabolized to provide energy and/or nitrogen sources, or used to synthesize proteins, glucose,
and/or other bioactive molecules. On the other hand, in the fasted state, the main function of the liver is to
maintain blood glucose levels and to support extrahepatic tissues with energy. As such, glucose generated de
novo from lactate, glycerol, or pyruvate (gluconeogenesis) is released from the liver into the circulation and
subsequently metabolized by muscle, adipose tissue, and other extrahepatic tissues”. The liver also oxidizes
long-chain fatty acids (LCFA) derived from adipose lipolysis in hepatic mitochondria through FA B-oxidation,
resulting in ketone bodies (ketogenesis), which provide essential metabolic fuels for extrahepatic tissues, in-

cluding the brain, heart, and skeletal muscle during sustained fasting®.

Bile is an alkaline electrolyte solution (mostly water) that contains bile salts and pigments. Bile salts are sodium
and potassium salts of bile acids (cholic and chenodeoxycholic acid) conjugated to glycine and taurine that are
crucial to the digestion and absorption of lipids'. Besides being fundamental for facilitating fat digestion and
intestinal lipid absorption, bile acids are important signaling molecules regulating glucose, lipid, and energy
homeostasis®*. Moreover, bile also helps with excretion as the liver detoxification products can be removed

from the liver through bile or urine’.

Liver detoxification is the transformation of xenobiotics mainly by converting them from a lipophilic form to

a hydrophilic one through 2 reactions: phase I and phase II. Phase I involves cytochrome p450 (CYP450)
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enzymes, which neutralize the substances by converting them to less harmful versions through oxidation, re-
duction, and hydrolysis. In contrast, the second step solubilizes the by-products of the initial step and other

remaining toxins in water through conjugation®.

Considering the presence of possible endotoxins and bacteria in the blood carried from the gastrointestinal
tract, the residual immune support of the liver plays an essential role in alerting an immune response'’. In case
of an inflammatory stimulus, the liver produces cytokines, tumor necrosis factor, interleukin-1, and interleu-
kin-6. Interestingly, this response can also stimulate the acute phase response, a change in liver plasma protein
synthesis and distribution between the intravascular and extravascular spaces, to aid host defense against patho-
logical damage'. In homeostasis, plasma protein synthesis in the liver consists of the production of albumin,
globulin, and fibrinogen, which are involved in maintaining fluid balance in peripheral tissues, binding several
substances, and forming part of the lipoprotein complexes that transport lipid molecules and cholesterol be-

tween the liver and the tissues'.

1.1.2  Liver epithelium and non-parenchymal cells

The liver is composed of parenchymal and non-parenchymal cells acting synergistically to sustain hepatic
functions. Parenchymal liver cells comprise two endoderm-derived epithelial cell types: hepatocytes and bili-
ary epithelial cells (BECs), also known as cholangiocytes. On the other hand, hepatic non-parenchymal cells
of non-endodermal origin represent about 30 percent of the liver cells and are composed of liver sinusoidal
endothelial cells (LSECs), stellate cells (HSCs), and Kupffer cells. In general, non-parenchymal cells contrib-

ute to the maintenance of liver architecture and physiology and regulate hepatocyte proliferation®.

The majority of the liver physiological functions mentioned in the previous section (Chapter 1.1.1) are accom-
plished by hepatocytes, which are parenchymal cells that comprise around 65 percent of the liver cells. In more
detail, hepatocytes are the cellular factories of the liver with a large number of mitochondria and endoplasmic
reticulum to produce large amounts of bile, albumin, urea, glutamine, clotting factors, and other serum pro-
teins’. In addition to these synthetic activities, hepatocytes play a major role in detoxification through the
production of CYP450 enzymes that recognize and modify various chemicals, enabling their elimination in
bile or urine’. Finally, hepatocytes are involved in the metabolic pathways of glycogen storage/degradation,
gluconeogenesis/glycolysis, and lipid production/storage/secretion/degradation as part of their macronutrient

metabolism to maintain glucose homeostasis and meet energy demands based on the nutritional status'®.

Even though less metabolically active than hepatocytes, BECs (3-5 percent of liver cells) are as critical for bile
acid homeostasis as hepatocytes, mainly through structural support and regulation of the bile ionic composi-
tion. In particular, BECs form a biliary network in which bile is collected and transported from the hepatocytes
to the gallbladder. Hepatocytes initiate bile formation by secreting primary bile, composed primarily of water,
solutes, and ions, into canaliculi. As canalicular bile flows along the biliary tree, it is subjected to BEC secre-

tory (secrete Cl—, HCO3—, and water) and absorptive (bile acids, glucose, amino acids, and water) processes,
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thus resulting in modified ductal bile''. Hormones, peptides, nucleotides, neurotransmitters, and other mole-
cules, including bile acids, modulate the transport through various intracellular signaling pathways and regu-

latory cascades’.

LSECs are the unique endothelial cells in the liver and reside at the interface between blood cells on the one
side and hepatocytes and HSCs on the other. In a normal liver, differentiated LSECs are gatekeepers of fibro-
genesis by maintaining HSCs in their inactive state'’. LSECs regulate sinusoidal blood flow through their
action on HSCs and thus maintain a low portal pressure, and are responsible for the clearance of blood from

toxins, regulate immune system responses'*, and induce angiogenesis for liver regeneration'*.

HSCs are located in the perisinusoidal space between LSECs and hepatic epithelial cells. In a healthy liver,
HSCs are quiescent and store numerous vitamin A-containing lipid droplets, constituting the largest reservoir
of vitamin A in the body'. When the liver is injured, HSCs receive signals secreted by damaged hepatocytes
and immune cells, which cause them to transdifferentiate into activated myofibroblast-like cells and produce
the protective extracellular matrix (ECM), collagen'. In addition, they secrete cytokines and growth factors
that promote the regeneration of hepatic epithelial cells. However, they also promote liver fibrosis and cirrhosis

following chronic injury*®.

Kupffer cells are liver-resident macrophages and are inherently involved in the regulation of liver homeostasis.
They are particularly important for the acute and chronic toxicity response of hepatocytes'’. Kupffer cells are
the first line of defense against potentially harmful material originally found in the gut, such as gut bacteria,
bacterial endotoxins, and microbial debris, which can reach the liver from the portal circulation. They are

therefore an integral part of the innate immune system responses'®.

In addition to the traditional roles of hepatic cells described above, recent techniques and tools available for
tissue analysis contributed significantly to decoding tissue heterogeneity. Recent single-cell RNA sequencing
(scRNA-seq) approaches revealed previously unknown subtypes of LSECs, Kupffer cells, hepatocytes, BECs,
and HSCs, suggesting an unanticipated complexity in healthy and diseased liver. The study of liver cells at
high resolution will open avenues for a detailed examination of the interplay between parenchymal and non-

parenchymal compartments and help to uncover unexpected and novel functions of these cell subtypes.

1.1.3  Liver architecture and zonation

The liver has complex vascular, biliary, and lymph networks supported by the special arrangements of liver
cells. Structurally the liver can be divided into five compartments: (1) vascular system, (2) hepatocytes and
hepatic lobule, (3) hepatic sinusoids, (4) biliary system, and (5) space of Disse'*?*. Moreover, it has a unique
vascular system with two blood supplies from the portal vein and the hepatic artery (Figure 1.1). Blood enters
via the portal vein and the hepatic artery, flows through hepatic sinusoids, and finally exits the liver through

the central vein. On the other hand, bile acids, synthesized in hepatocytes, are secreted into bile canaliculi and
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transported via the biliary system to end up in the gallbladder, where bile is stored until food intake triggers its
release into the small intestine. Later, bile acids are reabsorbed by the intestine and return to the liver by the
portal vein as part of the enterohepatic recycling system®.
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Figure 1.1 Cellular architecture of the liver.
Scheme depicting a liver lobule (smallest repeated functional tissue unit). Within a lobule, blood enters through the hepatic artery and portal vein and

flows towards the central vein in sinusoidal vessels. On the other hand, bile flows in the opposite direction. In the sinusoidal vessels, hepatocytes interact
closely with the non-parenchymal cells. Adapted from*.

The complex structure of the liver is furthermore accentuated by distinct liver functions along the lobule radial
axis, a phenomenon that has been termed “liver zonation”””. While blood flows from the portal vein to the
central vein, hepatocytes take up and secrete nutrients and sense hormones. Together with local tissue mor-
phogens, this phenomenon creates a graded microenvironment and results in liver zonation?’. The existence of
functional liver compartments helps hepatocytes to carry out their metabolic functions with maximum effi-
ciency®®. Each hepatic lobule is comprised of three different zones (Figure 1.2): hepatocytes close to the portal
tract (zone 1), hepatocytes between the portal and the central vein (zone 2), and hepatocytes close to central
veins (zone 3). Hepatocytes near the portal vein, also defined as periportal hepatocytes, are exposed to an
oxygen-rich environment and perform more energetically demanding functions such as gluconeogenesis, urea
production, and p-oxidation of FAs*’. In contrast, pericentral hepatocytes are dedicated to glycolysis, xenobi-
otic metabolism, bile acid biosynthesis, and glutamine production, which are less energetically demanding
processes’. In addition to these distinct functions, some tasks are oppositely zonated and maintain the balance
throughout the lobule, such as periportal production and pericentral uptake of glucose, periportal synthesis of

cholesterol and pericentral cholesterol consumption, and pericentral synthesis of bile acids and periportal
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uptake of bile acids®’. Thus, liver zonation is critical for energy homeostasis, the metabolism of nutrients and

xenobiotics, and the production and recycling of various proteins®.
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Figure 1.2 Liver zonation and functions.

CV, central vein, TG, triglyceride. Adapted from?°.

Interestingly, the distribution of biochemical functions within the liver also underlies the zonated damage in
liver pathology. For example, in the case of overdoses of drugs such as acetaminophen, the zonated processes
of xenobiotic metabolism lead to pericentral damage due to the accumulation of toxic intermediates exclusively
in pericentral hepatocytes that have the detoxification machinery’. In addition, the higher lipogenic activity
in pericentral hepatocytes most likely contributes to the development of non-alcoholic and alcohol-related liver
diseases’'. On the other hand, periportal damage is observed in autoimmune hepatitis, partly due to the zonated
expression of antigens such as CD54 and CD58. Finally, primary biliary cholangitis (PBC) and other biliary

diseases occur in the periportal zone due to the damage to epithelial cells that form the periportal bile duct’'.

1.1.4  Energy metabolism in the liver

As mentioned in the previous section, hepatocytes are the main cell type of the liver that coordinate the key
metabolic functions of the liver in energy homeostasis by regulating systemic glucose and lipid fluxes during
feeding and fasting®”. The metabolic switch between the fasted and fed states in the liver is tightly controlled
by hormonal systems. Insulin suppresses glucose production and ketogenesis and stimulates glycolysis and
lipogenesis, whereas glucagon counteracts insulin action. Within hepatocytes, mitochondria are important
membrane-bound cell organelles that are the powerhouse of the cell and major actors in liver metabolism,
involved in both hepatic anabolic pathways (de novo lipogenesis (DNL), gluconeogenesis) and catabolic path-
ways (tricarboxylic acid (TCA) cycle, B-oxidation, ketogenesis, and electron transport chain (ETC) linked to

reactive oxygen species (ROS) production)®.
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In the liver, glucose metabolism (Figure 1.3) starts with its uptake in hepatocytes from the circulation via
glucose transporter 2 (GLUT2), a plasma membrane glucose transporter. Intracellular glucose is then phos-
phorylated by glucokinase to generate glucose 6-phosphate (G6P), which can be metabolized via the pentose
phosphate pathway to generate intermediates in nucleotide biosynthesis and NADPH that are required for
scavenging ROS, lipogenesis, and biosynthesis of other bioactive molecules. Alternatively, G6P can act as a
precursor for glycogen synthesis in the fed state, or it can be metabolized to generate pyruvate through glycol-
ysis, controlled by hexokinase (HK), 6-phosphofructo-1 kinase (PFK), and liver pyruvate kinase (PKL). Later,
pyruvate can be either channeled into the mitochondria and completely oxidized to generate ATP through the
TCA cycle and oxidative phosphorylation or can be converted into lactate. The electron carriers produced in
the TCA cycle (NADH and FADH2) donate electrons to the electron transport chain (ETC), and, through the
reactions of the mitochondrial respiratory chain, ATP is generated. In more detail, the four protein complexes
(complex I, 11, III, IV) of ETC pump protons to the mitochondrial intermembrane space in sequential redox
reactions. The proton gradient generated by complex I, III, and IV drives the rotation of a fifth complex (com-
plex V), leading to phosphorylation of adenosine diphosphate (ADP), hence called ATP synthase**. In addition
to ATP generation, citrate from the TCA cycle can be used to generate acetyl-CoA from which LCFAs are
formed, elongated, and desaturated through enzymes like fatty acid synthase (FAS), acetyl-CoA carboxylase
(ACCQ), acyl-CoA elongase (Elovl) and stearoyl-CoA desaturases (SCDs). Thus, the liver can make FAs from
glucose through DNL.

On the other hand, in the short-term fasted state, glycogen is degraded into G6P molecules, which, upon
dephosphorylation by glucose-6-phosphatase (G6Pase), is converted to glucose and released in circulation.
During prolonged fasting, when glycogen is depleted, hepatocytes synthesize glucose through gluconeogenesis
using lactate, pyruvate, glycerol, and amino acids, which are either generated in the liver or delivered to the

liver through circulation from extrahepatic tissues.
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Figure 1.3 Overview of hepatic energy metabolism.
After entering the cell, glucose is phosphorylated to be used in glycolysis, and pyruvate generated by glycolysis is converted to acetyl-CoA, which
enters the TCA cycle. Through acetyl-CoA, the cell can also synthesize and elongate fatty acids. PGI, phosphoglucose isomerase; PFK1, phosphofruc-
tokinase 1; PK, pyruvate kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ACC, acetyl-CoA carboxylase; ACL, ATP citrate lyase; FASN,

fatty acid synthase; PDH, pyruvate dehydrogenase; GLUT2, glucose transporter 2; G6P, glucose 6-phosphate; SCD, stearoyl-CoA desaturase; LCFA,
long-chain fatty acid; FA, fatty acid; CPT, carnitine palmitoyltransferase. Adapted from* using BioRender.com.

Regarding lipid metabolism, chylomicrons (dietary fat processed by enterocytes) and LCFAs - the lipolysis
products of adipose tissue, are the sources in the liver. LCFAs enter hepatocytes via transporters CD36 and
fatty acid transport protein (FATP). Once inside, they are transported into peroxisomes by FATP2 and FATP4
for further conversion to long-chain-fatty-acid-coenzyme A (LCFA-CoA) by long-chain acyl-CoA synthetase
(ACSL). They are then carried by fatty acid binding proteins (FABPs), which act as intracellular FA chaper-
ones. LCFA-CoA translocation into mitochondria is mediated by carnitine palmitoyltransferase 1 (CPT1), a
rate-limiting step for FA B-oxidation. B-oxidation mainly occurs in mitochondria but can also occur to a low
extent in endoplasmic reticulum and peroxisomes. FA acid -oxidation represents one of the main sources of
FA disposal and energy production through the sequential breakdown of LCFA-CoA to acetyl-CoA. From
acetyl-CoA, either ketone bodies are produced, or ATP is generated through the TCA cycle.
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In summary, the liver is a metabolically highly plastic organ that adapts rapidly to the body’s nutritional state
by increasing DNL, and FA synthesis in the fed state, while upregulating f-oxidation, ketogenesis, and lipol-

ysis during fasting.

1.2 Liver pathophysiology in non-alcoholic fatty liver disease (NAFLD)

1.2.1  Definition of NAFLD

NAFLD is defined as a spectrum of disorders caused by a build-up of fat in the liver of people who drink low
or no alcohol. It is one of the most common liver disorders that initiates with fat accumulation, also referred
to as steatosis, and can progress to steatohepatitis (NASH) with inflammation, cirrhosis with fibrosis, and
hepatocellular carcinoma (HCC). The prevalence of NAFLD is almost one-third of the general population in
Western nations and is linked to obesity, insulin resistance, metabolic syndrome, and type 2 diabetes mellitus
(T2DM)***". With the decreased incidence of hepatitis and rising emergence of obesity***’, NAFLD is pre-

36,40,41

dicted to become the primary cause of end-stage liver disease in the next few decades , and is recognized

as an etiology of HCC, even without underlying cirrhosis*.

NAFLD usually initiates with steatosis, the appearance of intrahepatic fat droplets due to the storage of excess
calories in hepatocytes as lipids, unlike a healthy person whose liver consists of less than 5% fat. Although
this process is considered benign and does not damage the liver per se, it can progress to more severe conditions
like NASH, fibrosis/cirrhosis, and HCC (Figure 1.4)*°. Usually, steatosis is considered benign, and only 44%
of patients with baseline NAFLD showed progression to NASH*'. However, emerging data showed that pa-

31-33

tients with only steatosis developed fibrosis® -, suggesting that fat accumulation may not be entirely benign.

NASH Fibrosis/Cirrhosis HCC

Healthy liver

Simple steatosis

Figure 1.4 Scheme of NAFLD progression.
NAFLD initiates with steatosis, characterized by lipid accumulation, and can further progress into NASH, characterized by inflammation and liver

injury. Even though these stages are considered reversible, further development of fibrosis/cirrhosis, characterized by excessive deposition of scar
tissue, is not reversible, and patients with fibrosis/cirrhosis are at risk of HCC. Adapted from* using BioRender.com.
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While the first manifestation of the disease is mainly represented by lipid accumulation, the next stages com-
prise a myriad of structural disruptions and compromised liver function. In case of the oxidative stress, proin-
flammatory cytokines, and mitochondrial dysfunction, the liver is susceptible to inflammation and hepatocyte
ballooning, characterized by cell swelling and enlargement****. This stage, called NASH, leads to a consider-
able risk for fibrosis, characterized by the deposition of aberrant ECM caused by scar tissue, increased liver
stiffness and a change in mechanical properties, and compromised liver functions. NASH, if combined with
fibrosis, is an irreversible condition, and patients with fibrosis are at a higher risk of liver failure and developing
cirrhosis. In cirrhosis, aberrant ECM and fibrous tissue distort the hepatic architecture and zonation and cause
hepatic insufficiency and portal hypertension. Patients who progress to cirrhosis are at risk of liver-related
complications such as portal hypertension, hepatic failure, and HCC**™*°, the end-stage of NAFLD is consid-

ered a life-threatening disorder.

1.2.2  Diagnosis of NAFLD

Although there have been developments in the diagnosis of NAFLD, currently, the gold-standard diagnostic
approach is liver biopsy, which remains challenging due to its invasiveness and sampling variability®’. To
overcome these drawbacks, non-invasive methods have been developed and include magnetic resonance im-
aging (MRI) and transient elastography, which estimate the liver composition in terms of fat and fibrosis.
However, these approaches must be interpreted together with the clinical data and biological and morpholog-
ical information obtained through liver biopsy. Considering that there is a growing demand not only to detect
NAFLD precisely but also to better identify and follow up the individuals with a high risk of developing NASH
and liver-related clinical outcomes, further development of cheaper and more effective non-invasive ap-

proaches to be used as follow-up tools is highly relevant®.

The non-invasive methods mentioned above are very useful for diagnosing steatosis®>>. To diagnose NASH,
some clinical markers are used to detect the well-known risk factors associated with NASH, including T2DM,
elevated aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels, increasing age, and
body mass index (BMI)**. However, to detect the NASH stage precisely, liver fibrosis needs to be quantified.
For this purpose, there are some scoring metrics for noninvasive fibrosis estimation, including fibrosis-4 index
(FIB4) and the NAFLD fibrosis score (NFS), calculated by considering age, the AST:platelet ratio index
(APRI), ALT for FIB4, and age, BMI, IGF/diabetes, ALT/AST ratio, platelet count and albumin for NFS>*°°,

5% serve as tools to determine

These clinical features, together with the stiffness quantification with Fibroscan
which individuals should be referred for a liver biopsy to confirm the presence of NASH, which remains the
reference standard. In the case of high fibrosis score along with the diagnosis of advanced fibrosis (liver stift-
ness >11-12 kPa with vibration-controlled transient elastography (VCTE) such as Fibroscan), cirrhosis is often
diagnosed, triggering the follow-up and management decisions®*>>. The classification of NAFLD diagnosis is

presented in Figure 1.5.
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Figure 1.5 NAFLD risk stratification.

In the case of confirmed NAFLD, there are several risk stratifications based on the patient profile, which are decided upon clinical data and fibrosis
estimation. After the profile classification, the appropriate strategy is undertaken. Adapted from.

1.2.3  Energy metabolism alterations in NAFLD

NAFLD is often accompanied by systemic metabolic disorders such as hyperglycemia, insulin resistance, and
obesity, collectively called metabolic syndrome. Since the liver is the hub of the glucose and lipid metabolism
and plays a major role in orchestrating metabolic homeostasis, targeting certain metabolic pathways in the

liver can be a potential therapeutic for NAFLD.

One major hallmark of NAFLD is the accumulation of TG as lipid droplets in hepatocytes, suggesting altera-
tions in lipid metabolism. The excessive accumulation of TG in the liver with NAFLD results from an imbal-
ance between the uptake and disposal of FAs. Increased adipose tissue or diet-derived FA uptake and DNL are
the main initiation phenotypes in steatosis®” >°. A study using multiple stable isotopes followed by liver biop-
sies demonstrated that a higher percentage of dietary TG is taken up by the liver in the fed state in NAFLD
compared to healthy patients®. Likewise, people with NAFLD have higher hepatic CD36 levels®', indicating
increased FA uptake from plasma®?. Moreover, DNL is 5-fold greater in NAFLD than in normal livers, and

the expression of lipogenic genes, including sterol regulatory element-binding protein-1C (SREBP1c), fatty
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acid synthase (FAS), the liver x receptor (LXR), carbohydrate-responsive element binding protein (ChREBP)
and acetyl-CoA carboxylase 1 (ACC1) increases in NAFLD*%,

On the other hand, the disposal of FAs from the liver through VLDL secretion and FA oxidation can be com-
promised in NAFLD, especially during NASH. Even though simple steatosis can be tolerated by a compensa-
tory effort to dispose of excess acyl-CoA®®, the chronic exposure, in turn, leads to a failure in these mecha-
nisms with a concomitant decrease in mitochondrial function and energetics®®. Thus, as a result, dysfunctional
VLDL synthesis and release®, together with a decreased ability of FA oxidation and mitochondrial function,

1”° and patients’'. In patients with obesity or fatty liver, hepatic mitochon-

are observed in NASH mouse mode
drial respiration is increased compared to healthy subjects, whereas 31-40% of patients with NASH display
lower levels of hepatic mitochondrial respiration than obese people’>"*. As attenuated mitochondrial respira-
tion is inadequate to the increased TCA cycle™, the excess electrons cannot be captured by oxygen appropri-
ately, and acyl-carnitines, ceramides, and diacylglycerols accumulate, which increased ROS production and
DNA damage’®, and can trigger the inflammatory response, the key feature of NASH. Moreover, in the case
of FA overload, LCFAs are oxidized in the endoplasmic reticulum; however, this also forces ROS production
and lipid peroxidation”, thus facilitating the progression from liver steatosis to steatohepatitis'’®. Interestingly,
ketogenesis, which is regulated by B-oxidation and TCA cycle flux, is also impaired in NASH, as shown by
reduced serum b-hydroxybutyric acid concentrations, the major ketone body type’’. While mitochondrial func-

tion, ATP synthesis, and ketogenesis are impaired, the TCA cycle is even upregulated as a futile attempt to

sustain the high energy demand in NASH"’, probably supporting this toxic environment in a vicious cycle.

In addition to FA metabolism, glucose metabolism, including glycolysis, lactate production, and gluconeogen-
esis, is markedly affected in NAFLD, most likely because of its association with insulin. For example, in HFD
diet-induced NAFLD hepatocytes, the mRNA levels of several key glycolysis-related enzymes, such as HK2,
PFKM, and PKM, are increased compared to chow-diet controls’®. Likewise, Seahorse analysis shows an in-
creased extracellular acidification rate in HFD-fed mice, indicating enhanced glycolysis’®. Moreover, the iso-
topically labeled glucose derivative tracer fluorodeoxyglucose (FdG) in positron emission tomography-com-
puter tomography (PET-CT) imaging shows higher FdG phosphorylation in the livers of patients with steato-
hepatitis, indicative of an increase in the glycolytic rate”’. As a result, both outcomes of glycolysis, TCA cycle,

and lactate production are increased in NAFLD compared to normal livers*,

1.2.4 Treatment of NAFLD

Even though there are no current therapies to treat NAFLD, several approaches can be useful in managing the
disease by choosing an approach based on its stage. In general, for any stage of NAFLD except cirrhosis and
HCC, strict lifestyle intervention with diet and exercise should be pursued and can show significant improve-

ments in some patients.
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In the case of early NAFLD, pharmacological interventions are not suggested considering the low risk of
progression. Instead, weight loss with diet and exercise is suggested unless there is underlying obesity, for
which bariatric surgery can be envisioned. In NASH, in the intermediate stage, in addition to the suggestion
of bariatric surgery, pharmacological intervention starts. For example, Vitamin E and peroxisome proliferator-
activated receptor y (PPARY) activator pioglitazone show improvement in hepatic steatosis and ballooning

081 'More recently, Farnesoid X receptor (FXR) agonist obeticholic acid

during NAFLD progression
(OCA)** and a PPARa and PPARS dual-agonist, elafibranor®, were also shown to be beneficial in reversing
fibrosis and increasing lipid oxidation, and reducing inflammation, respectively’. In addition to metabolic
approaches, specific anti-inflammatory and anti-fibrotic drugs have also been utilized for the intermediary
stage. For example, the CC-chemokine receptor 2 (CCR2) - CCR5 antagonist, Cenicriviroc (CVC), reduced
fibrosis without changing steatosis or ballooning injury®. On the other hand, using a monoclonal antibody
directed against Lysyl oxidase-like 2 (LOXL2), Simtuzumab (SIM), did not inhibit fibrosis, suggesting that
either more potent anti-fibrotic therapies are needed or that anti-fibrotic strategies should be combined with
metabolically targeted therapeutics®*®*®. In the case of late-stage NAFLD with cirrhosis, there are no more

pharmacological interventions, and patients started to be screened for HCC, highlighting the importance of

early diagnosis and follow-up.

1.3 Cell renewal capacity of the liver in the healthy and diseased state

The liver is well-known for its capacity to regenerate following injuries such as partial hepatectomy and drug-
induced injury’. For example, in rodent models, after removing two-thirds of the liver, the remaining liver
tissue expands and fully recovers in a week®’. During this acute damage process, the regeneration of hepato-
cytes and other cell types is orchestrated by the transient activation of complex signaling cascades of growth
factors and cytokines®. As a result, the liver successfully restores its size to its pre-injury state. Thus, a better
understanding of the mechanisms underlying the positive and negative consequences of the regenerative pro-

cess, both in healthy and diseased states, could create therapeutic opportunities.

1.3.1 Turnover of hepatic epithelium in healthy liver

Under normal physiological conditions, maintenance of normal liver size and the required number of hepato-
cytes is controlled by a homeostatic process. In an adult healthy liver, hepatocytes hold a low turnover rate,
with less than 0.2% of hepatocytes undergoing DNA synthesis at any given moment®”*’. Early research on
normal liver homeostasis suggested that periportal hepatocytes hold a high replicative capacity and stream
along the portal-to-central path to renew the population, referred to as the “streaming liver hypothesis™®. Even
though this model was later corroborated by lineage-tracing®, it has also been challenged by other studies, in
which no evidence for hepatocyte movement could be found®?3, Instead, replication of pre-existing hepato-
cytes was identified as the mechanism occurring under physiological conditions as supported by lineage-trac-

ing of novel hepatocytes®*°. While some studies identified a subset of periportal hepatocytes as the source of

34



Introduction

these replicative hepatocytes®®, others proposed pericentral hepatocytes expressing axis inhibition protein 2
(AXIN2%)?, or hepatocytes in all zones’*. However, recently, two new studies demonstrated that hepatocytes
in the midlobular zone seem to proliferate at higher rates than those in pericentral and periportal zones and
that, during aging, the midlobular zone expands, whereas pericentral and periportal zones decrease in
size®%. These results open new insights into liver regeneration and raise questions about the mechanisms

behind homeostatic liver regeneration.

1.3.2  Regeneration of hepatic epithelium in acute injury

Regenerative activities in acute liver injury are characterized by phenotypic fidelity: hepatic epithelial cells
(hepatocytes and BECs) proliferate to make more of the same (Figure 1.6). The liver has adopted multiple
regenerative strategies to enable recovery from injury, and the signaling mechanisms of this type of repair are
reasonably well understood®®. Partial hepatectomy is one of the textbook examples of liver regeneration trig-
gered by a two-third surgical removal of the liver. In this process, in which all cell types recreate themselves,
most of the liver mass is re-established within 7—8 days, with complete restoration achieved within 3 weeks in

rodents®.

Self-renewal of hepatocytes
(e.g. PHx and moderate DILI)

4

Hepatocytes

Self-renewal of BECs
(e.g. BDL and mild DDC)

.

BECs

Figure 1.6 Scheme of regenerative activities in acute liver injury.
In the regeneration ongoing behind the acute liver injury, there is phenotypic fidelity, meaning that new hepatocytes and BECs derive from homotypic

precursors. PHx, partial hepatectomy, DILI, drug-induced liver injury, BDL, bile duct ligation, DDC, 3.5-diethoxycarbonyl-1.4-dihydrocollidine.
Adapted from®® using BioRender.com.

Drug-induced liver injury (DILI) also induces liver regeneration and is critical for the recovery of patients with
DILI. Acetaminophen (paracetamol) overdose is a major cause of acute liver failure in the Western world'®.
In mouse models, carbon tetrachloride (CCls) and thioacetamide (TAA) are widely studied hepatotoxins. At
low doses, these hepatotoxins cause centrilobular liver necrosis and inflammation upon metabolization, fol-

lowed by hepatocyte proliferation to replace the dead cells and regenerate the liver'®. In this process,
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macrophages are specifically involved in cleaning the cell debris and secreting proliferative signals. In terms
of regenerative hepatocyte activities, epidermal growth factor receptor (EGFR) and MET receptor tyrosine
kinase (MET) activation'’'"® and hepatocyte growth factor (HGF)'*”, vascular endothelial growth factor
(VEGF)'", fibroblast growth factor 15 (FGF15)'® and WNT/B-catenin'®® pathways were also shown to be
activated after acetaminophen administration. Moreover, the impairment of these pathways blocks regenera-
tion. As a result, hepatocytes are at the center of the coordinated histogenesis by restoring the histologically

complete hepatic tissue.

However, in the case of a drug overdose, liver regeneration is significantly impaired, even in the presence of
a critical liver mass (>50% viable hepatocytes)'°1°2, Even though EGFR, MET, and extracellular signal-reg-
ulated kinase (ERK) signaling remain highly activated after a severe acetaminophen overdose, they fail to
initiate a regenerative response due to cell cycle arrest pathways, including p21 and p53'°%1%71% Drug over-
dose also induces double-strand DNA breaks and failure of DNA repair mechanisms, possibly contributing to
the observed cell cycle arrest. For example, transforming growth factor beta-1 (TGFB1) was shown to promote
cell cycle arrest through p21 and p53 and impair regeneration®®. Thus, to advance regenerative therapeutics,

understanding the mechanisms that impair or activate liver regeneration is primordial.

In addition to the hepatocyte-mediated regeneration described above, BECs also regenerate in acute liver in-
jury, especially by forming larger bile ductules®”™"!'%° Bile duct obstruction, when the bile ducts become
blocked, is a textbook example of BEC regeneration, performed by bile duct ligation (BDL) and 3.5-diethox-
ycarbonyl-1.4-dihydrocollidine (DDC) diet. During this process, massive BEC proliferation and the formation
of multiple portal ductules occur. Even though the signals controlling this process are not fully understood, the

peak of BEC proliferation occurs only a few hours after that of hepatocytes'"

. Like hepatocytes, BECs express
MET and EGFR, whereas HGF and interleukin-6 (IL-6) are cholangiocyte mitogens in vitro'''. In contrast to
hepatocyte regenerative signals, cholangiocytes express high levels of YAP''*"''* and there is evidence show-
ing that the interplay between YAP and bile acids also has a role in cholangiocyte proliferation. Single-cell
RNA sequencing studies have shown that there is a ‘fluctuating’ activation of YAP-dependent gene expression

in cholangiocytes, and this phenomenon is regulated by bile acids''*'",

1.3.3  Epithelial plasticity in chronic injury and a brief history of liver stem cells

Even though the regenerative activities in the liver follow phenotypic fidelity, in chronic injuries where one of
the two epithelial compartments fails to regenerate, alternative regenerative schemes through ‘facultative liver
stem cells’ are activated'"”. Thus, discovering the source of regeneration remains a challenging yet important

task.

In the 1950s, the emergence of small oval-shaped cells, which have a high nuclear/cytoplasmic ratio and dis-
play a hepatoblast phenotype between hepatocytes and BECs, was identified after hepatotoxic and carcino-

genic treatments in rats. Moreover, oval cells were found to expand from the portal triads and gradually
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transform into small and mature hepatocytes in hepatectomized livers exposed to 2-acetylaminofluorene
(AAF), a chemical carcinogen that forms DNA adducts'®*¢ 2!, Considering their bipotential phenotype and
similarity with bile ducts, these cells were proposed to have BEC origins and to arise from the canal of Hering,
a strategic point lined by hepatocytes on one site and BECs on the other'?>!%, This phenomenon was defined
as a “ductular reaction” (DR), and the regenerative capacity of the liver upon injury led to the hypothesis that
adult liver facultative stem cells may exist, whose activity is conditioned by injury-driven signals***. Thus, in

this situation, oval cells can function as “facultative stem cells” to replace liver epithelium.
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Figure 1.7 Scheme of ductular reaction in chronic injuries.

Alternative regenerative schemes in (A) BEC and (B) hepatocyte chronic injuries through ductular reaction. Adapted from?!?® using BioRender.com.

Experiments such as clonogenic growth, cellular transplantation, and lineage tracing have been conducted to
characterize the source and identity of the oval cells’. However, findings are contradictory and much depend
on the model used to induce liver injury. Several reports support the notion that stem cells originate from
hepatocytes, renew themselves and differentiate into hepatocytes and cholangiocytes in case of injury®>%512¢,
In this case, fully differentiated BECs do not seem to have a major role in generating new hepatocytes®. Other
studies, on the other hand, demonstrate that stem cells originate from biliary cells after liver injury. In a mouse

model of long-term chronic hepatic injury (i.e. MDM2"”" mice), biliary cells gave rise to new hepatocytes

upon hepatocyte death, but not in the mouse model of liver injury induced by choline-deficient, methionine-
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supplemented (CDE) diet'”’”. Similar findings were also obtained in mice by BEC lineage tracing in a DR
triggered by knockdown of P1-integrin'*® or B-catenin'®’ in hepatocytes. Likewise, both short-term and long-
term liver injury induced by DDC and TAA caused impairment in hepatocyte proliferation, and BECs were
identified as the source of new hepatocytes'*°. Additional studies demonstrated that BECs could have subpop-
ulations with an enhanced capacity to function as bipotential stem cells'*"*>, More recently, scRNA-seq anal-
ysis of hepatic cells in healthy liver revealed a new marker, Trophoblast Cell Surface Antigen 2 (TROP2), for
bipotential stem cells®®. Altogether, the current view is that when hepatocytes are damaged and no longer
proliferate, facultative liver stem cells originate from BECs and have the potential to differentiate into hepato-

cyte- and cholangiocyte-like cells in vitro and in vivo, as depicted in Figure 1.7.

Comparable but reverse mechanisms arise when BECs fail to regenerate in the case of PBC'**, severe bile duct
obstruction'**, and BDL'*, which are associated with acute inflammation and proliferation of portal bile duct-
ules. In a study using dipeptidyl peptidase-IV (DPPIV)-negative rats and injection of DPPIV-positive hepato-
cytes upon partial hepatectomy, 1.4% of BECs were positive for the hepatocyte marker DPPIV following
BDL'">. Moreover, when these rats were exposed to the biliary-necrotizing toxin 4,4'-Methylene dianiline
(DAPM) and then subjected to BDL, 53% of BECs in the newly formed ductules expressed the hepatocyte
marker DPPIV'’,

To sum up, the transdifferentiation between hepatocytes and BECs is a highly plastic regenerative approach in
chronic injuries to rescue one of the two compartments in the event of selective failure. Importantly, the sup-
pression of hepatocyte proliferation and triggering of the expansion of biliary stem cells through DR (Figure

136,137

1.7A) is seen in many chronic liver diseases'?, including Hepatitis C virus (HCV) infection , alcoholic
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hepatitis'*®, and NASH"**'*. Thus, a better understanding of the regenerative mechanisms underlying stem

cell activation derived from BECs can help to discover new therapeutics.

1.3.4 Established DR mechanisms in BECs

Apart from regeneration, the DR process is a pathological histological observation, reflecting bile duct prolif-
eration and/or hyperplasia. It is commonly identified in biliary disorders such as PBC, primary sclerosing
cholangitis (PSC), and biliary atresia (BA), as well as in chronic liver injuries such as alcoholic and non-

alcoholic fatty liver disease!?>!3%141,

Several previously identified liver stem cell signature proteins are increased in the DR process, and used as
molecular markers to track and characterize the DR. These include Epithelial Cell Adhesion Molecule (EP-
CAM), Sex-Determining Region Y-Box 9 (SOX9), Cytokeratin-7 (KRT7), Cytokeratin-19 (KRT19), forkhead
box L1 (FOXL1)"*, TROP2* and leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5)'*. Us-
ing these markers, several studies have shown that BECs —through DR— can contribute to hepatocyte regen-
eration in case of chronic hepatocyte injury. Despite the importance of the DR to promote liver regeneration

in response to injury, the mechanisms regulating BEC activation and expansion to drive this process are
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incompletely understood. Several reports have focused on the mechanisms underlying DDC-induced injury, a
well-established in vivo DR model for biliary damage and portal fibrosis''*"''*. From these studies, multiple
signaling pathways such as NOTCH'"* YAP'*!!%5 Wnt/B-catenin'*®, tumor necrosis factor-like weak in-
ducer of apoptosis (TWEAK)/FN14'?", mTORC1'", neural cell adhesion molecule 1 (NCAM1)'", and Tet
Methylcytosine Dioxygenase 1 (TET1)-mediated hydroxymethylation'** have been reported to be critical for

initiating and sustaining the DR process.

Besides its need for activated BECs, the DR is also associated with inflammatory cells infiltrated in the portal
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zone'*’, HSCs, and portal fibroblasts contributing to liver fibrogenesis'*’

. Moreover, several studies have sug-
gested that proliferating cholangiocytes have a role in the induction of fibrosis, either directly via epithelial-
mesenchymal transition (EMT) or indirectly via activation of other liver cell types'>*'*!. Supporting this claim,
the inhibition of BEC proliferation has been shown to attenuate liver fibrosis via decreased TGF-p1 signal-

152 Moreover, scRNA-seq analysis of EPCAM" BECs from DDC-injured livers revealed hepatocyte-like

ing
and inflammatory subsets of BECs!'?, suggesting that BECs can exacerbate the inflammatory environment
and thus support fibrogenesis during DR. These demonstrations reveal the close relationship between DR and
HSC fibrogenesis and implicate the importance of DR and its grade as a sign of liver conditions, fibrosis and
regeneration during liver injury. Considering that DR is associated with inflammation and fibrosis, but is also

an important factor for hepatocyte regeneration'>> %

, the study of DR mechanisms not only in the context of
late NAFLD progression but also in the initial stages, could unveil new pathways that can be targeted in the

future as therapies to increase hepatic regeneration in NAFLD.

1.4 EXx vivo cultures as a model for liver regenerative medicine

1.4.1 Two-dimensional (2D) liver cultures

As mentioned in the previous section (Chapter 1.3), even though the mammalian liver has a remarkable capac-
ity for regeneration’®’, its regenerative capacity is impaired in late-stage NAFLD due to chronic inflammation
and scarring, which leaves liver transplantation as the only treatment'®""'®2, Unfortunately, liver transplantation
is limited by organ shortages, emphasizing the need for alternative technologies and cell-based therapies'®.
Primary hepatocytes hold a great synthetic and metabolic capacity; therefore, they could be used for therapeu-

tical approaches such as drug screening or transplantation'®*

. However, culturing primary hepatocytes as ex
vivo monolayers has been challenging as they do not expand and rapidly dedifferentiate'®*. Therefore, alterna-
tive ways to culture expandable human hepatocytes have been developed, such as inducing hepatocyte-like
cells from human induced pluripotent stem cells (iPSCs) by in vitro differentiation or from human somatic
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cells like fibroblasts by direct transdifferentiation ™°. However, transdifferentiated human hepatocytes showed

limited engraftment capability'®.

Immortalized hepatocytes with human telomerase reverse transcriptase (WTERT) and viral genes such as SV40,

E6, and E7 have also been studied'®. However, overexpression of hTERT and viral oncogenes holds a
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potential risk of tumorigenesis, discarding their clinical potential. More recently, a chemical cocktail consisting
of rho-associated protein kinase (ROCK), TGF-f3, and glycogen synthase kinase 3 (GSK3) inhibitors was iden-
tified'®”. This cocktail converts rodent hepatocytes into proliferative bipotent liver cells as 2D in vitro cultures,
which could then be differentiated into cholangiocytes and hepatocytes and were able to repopulate chronically
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injured liver tissue °’. However, the researchers mentioned that they observed chromosomal abnormalities;

therefore, possible risks regarding oncogenic transformation should be carefully investigated'®’.

On the other hand, investigating stem cell markers that appear upon injury, as mentioned in the previous section
(Chapter 1.3.4), led to the discovery of 2D stem cell cultures using collagen I coated plates. One of them,
FOXLI1, is strongly induced in the periportal region upon DDC treatment, and FOXL1" cells can be cultured
in vitro and potentially differentiate into cholangiocyte and hepatocyte-like cells'®®. Similar clonogenic and

differentiation properties have also been observed for EPCAM" cells'®”

that can grow and survive for more
than 6 months while maintaining a homogenous morphology'?”'®. By default, these cultures have a high pro-
liferative capacity and a phenotype similar to cholangiocytes, but they can also differentiate into hepatocyte-

127,169

and cholangiocyte-like lincages , thus opening new perspectives in hepatic cultures.

1.4.2 Three-dimensional (3D) liver organoid cultures

Organoids are 3D tissue-like structures, which can be derived from adult stem cells, embryonic stem cells, or
iPSCs. Through their dynamic interactions with the ECM microenvironment, stem cells can form organoids
with self-renewal and self-organization abilities. Moreover, organoids can recapitulate distinct physiological
aspects of their tissue-of-origin'”’. In addition to basic biological applications, their derivation from healthy
and diseased individuals provides advances in precision medicine and disease modeling, considering ap-
proaches including cell therapy, drug development, genetic engineering, metabolomic analyses, and screening
for disease-related genetic variants (Figure 1.8)'"'. Thus, a breakthrough in hepatic cultures came with the
identification that liver organoids can be derived in vitro as 3D cultures from mouse and human bile duct-

derived stem cells'*'72, iPSCs'”*'” as well as primary hepatocytes'’*'"".
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Figure 1.8 The advantages of organoid cultures.
Organoid technology offers various benefits for individual patients, such as personalized drug treatment, and in the future, it may serve as autologous

transplantation. In addition, organoids grown from patient groups can be used for disease modeling and identifying genetic mutations. Finally, biobanked
organoids from patient groups are a very promising tool for drug discovery. Adapted from'’® using BioRender.com.

One of the first liver organoid systems was generated from human iPSCs differentiated into hepatic endoderm
cells and cultured with human umbilical vein endothelial cells and mesenchymal stem cells to mimic early
organogenesis'*"'%’. This 3D vascularized liver model not only formed functional vascular networks but also
mimicked in vitro liver-specific functions such as human-specific drug metabolism and rescued drug-induced
liver failure after transplantation in vivo '”. However, iPSC-derived liver organoids have a long protocol that
generally takes almost a month, and specific growth factor cocktails are to be added at each differentiation
step'?'">1" Moreover, once the organoids are fully differentiated, they usually lose their ability to further
expand'”. In addition, these organoids include complex cellular compartments, including mesenchymal, epi-
thelial, and even endothelial cells, however, the composition and differentiation of these cells can vary heavily
from batch to batch and are not well-controlled'”'">'”. Moreover, they are more suitable for studying early
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organogenesis as these processes only occur during embryonic development' ”, thus limiting their use for ex-

perimental research.
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Other studies have employed biliary-derived bi-potent adult stem cells. Huch and colleagues established the
long-term organoid expansion cultures of single LGR5" stem cells and EPCAM" ductal cells, which express
stem cell and ductal markers such as SOX9 and KRT19'*'72, The authors established culture conditions for
differentiation of BEC-organoids into functional hepatocyte-like cells in vitro and showed successful engraft-
ment following their transplantation into mice with drug-induced liver failure'*’. The same laboratory also
established human liver organoid cultures derived from bile duct-derived bi-potent stem cells, which were
shown to be genetically stable, and readily converted into functional hepatocytes in vitro and in vivo upon
transplantation' . In both cases, the transplanted organoids increased the survival of the mice, providing proof
that a cellular therapy for liver disease is possible'**!"2. Thus, liver biliary stem cells can be expanded in vitro

as 3D organoid cultures and differentiated into hepatocytes to study hepatocyte function.

More recently, liver organoids have also been established from human and mouse primary hepatocytes, which
can be maintained for multiple months while keeping their morphological, functional, and gene expression
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features' °. Another recent study illustrated that adding inflammatory cytokine tumor necrosis alpha (TNF-a)

further promotes the proliferation of liver organoids derived from mouse primary hepatocytes'”’

. Upon trans-
plantation, these liver organoids showed a better engraftment efficiency compared to differentiated BEC-or-
ganoids'’*!”7. However, they had a lower proliferative rate and longer passaging interval than liver organoids

derived from BECs, thus limiting their use for experimental research.

Considering the limitations in iPSC-derived and hepatocyte organoid culture and that BECs were demonstrated
to be the facultative liver stem cells, BEC-organoid culture is a promising tool in liver regenerative medicine.
These self-renewing bipotent organoids are capable of expressing stem cell markers and of differentiating into

180,181 and im-

functional cholangiocyte- and hepatocyte-like lineages, which can engraft and repair bile ducts
prove liver function when transplanted into a mouse with liver disease'*"'*!”2. Moreover, the efficiency of
BECs to generate organoids in vitro has been shown to mirror their regenerative capacity, and organoid for-
mation has also been shown to have similarities with the regenerative process in DDC-induced DR'*. Thus,
these results imply that BEC-organoids provide a good tool for regenerative cell therapy and for studying the

mechanisms behind the DR process.

As mentioned in the previous section (Chapter 1.3.4), YAP activation is necessary to support DR in the late
fibrotic NAFLD stages and thus is a known regulator of DR. However, it is not observed in steatosis'®, thus
leaving the early molecular mechanisms of BEC activation during DR initiation unexplored. Studying the early
stages in NAFLD could help to understand BEC activation without the interference of further complex traits
like inflammation/fibrosis, and BEC-organoid cultures provide a great model system to study this phenome-

non.
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Chapter 2 Research Aims

Despite the increasing prevalence of NAFLD, effective drugs are still lacking, and novel therapeutic ap-
proaches are urgently needed. To this end, a better understanding of the molecular mechanisms of liver regen-
eration is essential. To do so, one approach is to get more insights into the biology of BECs and to study
facultative liver stem cells using BEC-organoid cultures, which mimic the cellular diversity, spatial organiza-
tion, and functionality of their in vivo counterparts. This makes them a powerful tool for studying DR and

regenerative mechanisms.

The main focus of my doctoral work was to dissect the behavior of liver BECs in the context of NAFLD
progression. BECs undergo the DR process, one of the possible mechanisms in place to regenerate the liver in
chronic liver injuries such as NAFLD. However, the mechanisms underlying DR initiation and BEC activation
or whether they can be used to boost regeneration are not known and can lay the foundations for the develop-
ment of new therapeutics. Moreover, DR correlates closely with the severity of fibrosis in human liver diseases,
and whether fibrosis is unintentionally exacerbated by DR is unknown due to the underestimation of tissue
stiffness and the absence of synthetic matrices with modular physical properties. Altogether, these issues have

major implications for developing antifibrotic or pro-regenerative therapies.

To address these major bottlenecks, I investigated the role of BEC phenotype in the context of NAFLD as

described below:

Aim 1 (Chapter 4): Hepatic lipid overload potentiates BEC activation. I investigated the regenerative
mechanisms using biliary-derived liver stem cells in the context of NAFLD. Considering that DR is observed
in late-stage NAFLD patients with fibrosis and portal inflammation, how it initiates or if steatosis, the early
stage of NAFLD, affects BEC activation is still unexplored. In this aim, I demonstrated that lipid overload
induces the conversion of adult cholangiocytes into proliferating BECs and promotes their expansion via the

activation of the E2F transcription factors.

Aim 2 (Chapter 5): Mechano-modular PEG hydrogels unveil the role of liver stiffness on BEC activation.
Together with collaborators, we developed a simple synthetic BEC-organoid culture in PEG hydrogels. Using
this mechano-modular synthetic hydrogel, I studied the effect of stiffness on BEC-organoids as an in vitro
model of DR and liver regeneration in the physiological and fibrotic stiffness of mouse liver. Finally, I demon-
strated that the response to fibrotic stiffness was preserved in BEC-organoids derived from NASH patients

compared to healthy controls.
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Chapter 3 Experimental Procedures

Mouse studies and ethical approval. All the animal experiments were authorized by the Veterinary Office
of the Canton of Vaud, Switzerland, under license authorizations VD3263, VD3721 and VD2627.b.
C57BL/6JRj mice were obtained from Janvier Labs, and E2f1™" and E2f1” (B6;129S4-E2f1tm1 Meg/J) mice
were purchased from The Jackson Laboratory. 8-week-old C57BL/6JRj male mice were fed with Chow Diet
(CD - SAFE Diets, SAFE 150) or High Fat Diet (HFD - Research Diets Inc, D124921) for 15 weeks. 7-week-
old E2f1*"" and E2fI”" male mice were fed with Chow Diet (CD — Kliba Nafag 3336) or High Fat Diet (HFD
- Envigo, TD93075) for 29 weeks. The mice were housed in groups of five per cage with access to food and
water. The temperature of the animal facility was set at 22 +2 °C, the hygrometry at 40-60%, and the light
cycle (12:12) from 7:00 to 19:00. The well-being of the animals was monitored daily, and body weight was
monitored once per week until the end of the experiment. All mice had unrestricted access to water and food,

and liver tissues were harvested at the end of the experiment.

Data reporting. Mice were randomized into different groups according to their genotype. A previous HFD
experiment was used to calculate the sample size for C57BL/6JRj mouse experiments. Mice showing any sign
of severity, predefined by the Veterinary Office of the Canton of Vaud, Switzerland were sacrificed and ex-
cluded from the data analyses. In vitro experiments were repeated with at least 3 biological replicates (BEC-
organoids from different mice) or were repeated at least twice by pooling 4 mice per condition (for Seahorse

analysis).

Proliferation Assay with EdU. Cell proliferation was assessed by EdU assay (Click-iT EdU Alexa Fluor 647,
ThermoFisher, C10340) following the manufacturer’s instructions. For in vivo studies, EQU was resuspended
in phosphate-buffered saline (PBS- ThermoFisher, 10010002), and 200 pL of the solution was injected intra-
peritoneally (50 pg per g of mouse weight) 16 hours before the sacrifice. For in vitro quantification of EQU+
cells, one section per organoid showing the largest dimension of the organoid was analyzed (15 organoids per
condition), and from each section EAU+ cells were manually counted and expressed as a percentage of cells

calculated from nuclear labeling with DAPI.

EPCAM" BEC isolation and FACS analysis. 23-week-old CD/HFD-fed C57BL/6JRj male mice were used
for this experiment and sacrificed in the fed state. To isolate the BECs, mouse livers were harvested and di-
gested enzymatically as previously reported'®. Briefly, livers were minced and incubated in a digestion solu-
tion (1% fetal bovine serum (FBS) (Merck/Sigma, F7524) in DMEM/Glutamax (ThermoFisher, 31966-021)
supplemented with HEPES (ThermoFisher, 15630-056) and Penicillin/Streptomycin (ThermoFisher, 15140-
122) containing 0.0125% (mg/ml) collagenase (Merck/Sigma, C9407), 0.0125% (mg/ml) dispase II
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(ThermoFisher, 17105-041) and 0.1 mg/ml of DNAase (Merck/Sigma, DN25). This incubation lasted 2-3h on
a shaker at 37°C at 150 rpm. Livers were then dissociated into single cells with TrypLE (GIBCO, 12605028)
and washed with washing buffer (1% FBS (Merck/Sigma, F7524) in Advanced DMEM/F-12 (GIBCO,
12634010) supplemented with Glutamax (ThermoFisher, 35050061), HEPES (ThermoFisher, 15630-056) and
Penicillin/Streptomycin (ThermoFisher, 15140-122)). Single cells were filtered with a 40 um cell strainer (Fal-
con, 352340) and incubated with fluorophore-conjugated antibodies CD45-PE/Cy7 (BD Biosciences,
552848), CD11b—PE/Cy7 (BD Biosciences, 552850), CD31-PE/Cy7 (Abcam, ab46733) and EPCAM-APC
(eBioscience, 17-5791-82) for 30 min on ice. BECs were sorted using FACSAria Fusion (BD Biosciences) as
previously described'®*. Briefly, individual cells were sequentially gated based on cell size (forward scatter
(FSC) versus side scatter (SSC)) and singlets. BECs were then selected based on EPCAM positivity after
excluding leukocytes (CD45"), myeloid cells (CD11b"), and endothelial cells (CD317), yielding a population
of single CD45/CD11b/ CD31/EPCAM" cells. All flow cytometry data were analyzed with FlowJo v10.8
software (BD Life Sciences).

RNA preparation from EPCAM' BECs and bulk RNA-seq data analysis. RNA was isolated from sorted
BECs using the RNeasy micro kit (QIAGEN, 74104), and the amount and quality of RNA were measured with
the Agilent Tapestation 4200 (Agilent Technologies, 5067-1511). As a result, RNA-seq of 5 CD and 7 HFD
samples was performed by BGI with the BGISEQ-500 platform. FastQC was used to verify the quality of the

reads'®

. No low-quality reads were present, and no trimming was needed. Alignment was performed against
the mouse genome (GRCm38) following the STAR (version 2.6.0a) manual guidelines'®®. The obtained STAR
gene counts for each alignment were analyzed for differentially expressed genes using the R package DESeq2
(version 1.34.0)'®. A threshold of 1 log2 fold change and adjusted p-value smaller than 0.05 were considered

188

when identifying the differentially expressed genes. A principal component analysis (PCA)°® was used to

explore the variability between the different samples.

Bulk RNA-seq data analysis from publicly available human NASH BEC-organoids dataset. The raw
counts were obtained from the deposited gene expression data (GSE180882). A threshold of 1 log2 fold change

and adjusted p-value smaller than 0.05 were considered when identifying the differentially expressed genes.

Gene set enrichment analysis (GSEA). We used the clusterProfiler R package' to conduct GSEA analysis
on various gene sets. Gene sets were retrieved from http://ge-lab.org/gskb/ for M.musculus and H.sapiens. We

ordered the differentially expressed gene list by log2 (Fold-changes) for the analysis with default parameters.

Over-representation enrichment analysis. All significantly changing genes (adjusted p-value < 0.05 and an
absolute fold change > 1) were split into 2 groups based on the direction of the fold change (genes significantly
up- & down-regulated). An over-representation analysis using the clusterProfiler R package was performed on

these groups to identify biologically overrepresented terms.
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Figure generation with R. The R packages ggplot2'*’ retrieved from https://ggplot2.tidyverse.org and ggpubr

were used to generate figures.

Liver immunohistochemistry (IHC) and immunofluorescence (IF). For liver paraffin histology, livers were
washed in PBS (Gibco, 10010023), diced with a razor blade, and fixed overnight in 10% formalin (Ther-
moFisher, 9990244) while shaking at 4°C. The next day fixed livers were washed twice with PBS, dehydrated
in ascending ethanol steps, followed by xylene, and embedded in paraffin blocks. 4 um thick sections were cut
from paraffin blocks, dewaxed, rehydrated, and quenched with 3% H»O- for 10 minutes to block the endoge-
nous peroxidase activity (for IHC). Antigen retrieval was performed by incubating the sections in 10 mM
citrate buffer (pH 6.0) for 20 min at 95 °C. After the sections cooled to room temperature, they were washed
and blocked with blocking buffer (1% BSA (Sigma, A7906) and 0.5% Triton X-100 (Sigma, X100) in PBS),
for 1 h at room temperature. The primary antibodies anti-Ki67 (ThermoFisher, MA5-14520), anti-PANCK
(Novusbio, NBP600-579), anti-OPN (R&D Systems, AF808), anti-Cleaved caspase-3 (Cell Signaling, 9661)
were diluted in a 1:100 dilution of the blocking buffer and incubated overnight at 4 °C. For IHC, ImmpRESS
HRP conjugated secondary (VectorLabs MP-74-01-15 and MP-74-02) were incubated for 30 min, and detec-
tion was performed using a 3.3’-diaminobenzidine (DAB) reaction. Sections were counterstained with Harris
and mounted. For IF, sections were washed and incubated for 1 h with Alexa Fluor conjugated secondary
antibodies (1:1000 in blocking solution; Invitrogen). Following extensive washing, sections were counter-
stained with DAPI (ThermoFisher, 62248), and mounted in ProLong Gold Antifade Mountant (Thermo
Fischer, P36930).

For IF of liver cryosections, the livers were frozen in O.C.T. compound (VWR chemicals) on dry ice-filled
with isopentane. 10 um liver sections were cut from O.C.T embedded samples, hydrated, and washed twice in
PBS. The sections were blocked in blocking buffer for 1h at room temperature and incubated with BODIPY
558/568 (Invitrogen, D38D35) for 20 minutes. After fixation with 4% paraformaldehyde (PFA) solution
(Sigma, 1004960700) for 15 minutes, sections were washed with PBS. Then, sections were permeabilized
using 5% BSA in TBS-T and stained with primary antibody anti-PANCK diluted in blocking buffer for 16 h
at 4 °C. The next day, the sections were washed three times with PBS and the appropriate Alexa Fluor second-
ary antibodies were diluted in blocking buffer (1:1000) and incubated with the sections for 1 h at room tem-
perature. The sections were washed in PBS and incubated with DAPI diluted 1:1000 in PBS for 1 h at room

temperature. Finally, the sections were mounted in ProLong Gold Antifade Mountant.

Stained sections were imaged by a virtual slide microscope (VS120, Olympus) and analysis was performed

using QuPath software'".

Enzymatically crosslinked hydrogel precursor synthesis: Hydrogel precursors were synthesized as previ-
ously reported by using vinyl sulfone functionalized 8-arm PEG (PEG-VS), and substrate peptides mentioned
below'*?. Briefly, PEG-VS was purchased from NOF. The transglutaminase (TG) factor XIII (FXIIIa) substrate
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peptides Ac-FKGGGPQOGIWGQ-ERCG-NH2 with matrix metalloproteinases (MMPs)-sensitive sequence (in
italics), Ac-FKGG-GDQGIAGF-ERCG-NH2, and H-NQEQVSPLERCGNH2) were purchased from GL Bi-
ochem. FXIIIa substrate peptides and 8-arm PEG-VS were dissolved in triethanolamine (0.3 M, pH 8.0) and
mixed at 1.2 stoichiometric excess (peptide-to-VS group) and allowed to react for 2 h under an inert atmos-
phere. The reaction solution was dialyzed (Snake Skin, MWCO 10 K, PIERCE) against ultrapure water for 3
days at 4 °C, after which the products were lyophilized and dissolved in ultrapure water to make 13.33% w/v

stock solutions.

Formation and dissociation of PEG hydrogels: PEG precursor solutions described above were mixed in
stoichiometrically balanced ratios to form hydrogel networks of a desired final PEG content. The addition of
thrombin-activated FXIIla (10 U ml—1; Galexis) triggered the hydrogel formation in Tris-buffered saline
(TBS; 50 mM, pH 7.6) and 50 mM CaCl2. The spare reaction volume was used to incorporate dissociated liver
stem cells, fragments of liver bile ducts, and RGD-presenting adhesion peptide (H-NQEQVSPLRGDSPG-
NH2, purchased from GL Biochem). Gels cast on a PDMS-coated 24-well plate were allowed to crosslink by
incubation at 37 °C for 10 min. To release the grown colonies for further processing, gels were detached from
the bottom of the plates using a tip of a metal spatula and transferred to a 15-ml Falcon tube containing 1 ml
of Dispase (1 mg/ml, Thermo Fisher Scientific). After 10 minutes of enzymatic digestion, the reaction was
quenched using 10% FBS containing 1 mM EDTA, organoids were washed with a cold basal medium (Ad-
vanced DMEM/F-12 (Gibco,12634010) supplemented with Glutamax (ThermoFisher, 35050061), HEPES
(ThermoFisher, 15630-056), and Penicillin/Streptomycin (ThermoFisher, 15140-122)), and centrifuged for 3
min at 1000 rpm.

Mechanical characterization of PEG hydrogels: Elastic modulus (G’) of hydrogels was measured by per-
forming small-strain oscillatory shear measurements on a Bohlin CVO 120 rheometer with plate-plate geom-
etry. Briefly, 1-1.4 mm thick hydrogel discs were prepared and allowed to swell in water for 24 h. The me-
chanical response of the hydrogels sandwiched between the parallel plates of the rheometer was recorded by

performing frequency sweep (0.1-10 Hz) measurements in a constant strain (0.05) mode at 25 °C.

Culture of mouse liver BEC-organoids from biliary duct fragments or single bile duct cells. BEC-organ-
oids were established from bile ducts as previously described'®'*. Thus, the liver was digested as detailed
above (EPCAM" BEC isolation), and bile ducts were isolated. Ducts were pelleted by centrifugation at 200
rpm for 5 min at 4°C, washed with PBS twice and resuspended in Matrigel (Corning, 356231) or PEG hydro-
gels and cast in 10 pl droplets in 48-well plates. To obtain single bile duct cells, the isolated ducts were disso-
ciated into single cells using TrypLE Express (Gibco, 12604013). Then, single cells were counted, and 15000
single cells were resuspended in Matrigel or PEG hydrogels. When gels were formed, 250 ul of isolation
medium (IM- Advanced DMEM/F-12- Gibco,12634010) supplemented with Glutamax (ThermoFisher,
35050061), HEPES (ThermoFisher, 15630-056), and Penicillin/Streptomycin (ThermoFisher, 15140-122), 1X
B27 (Gibco, 17504044), 1mM N-acetylcysteine (Sigma-Aldrich, A9165), 10nM gastrin (Sigma-Aldrich,
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G9145), 50 ng/ml EGF (Peprotech, AF-100-15), 1 ug/ml Rspol (produced in-house), 100 ng/ml FGF10
(Peprotech, 100-26), 10 mM nicotinamide (Sigma-Aldrich, N0636), 50 ng/ml HGF (Peprotech, 100-39), Nog-
gin (100 ng/ml produced in-house), 1ug/ml Wnt3a (Peprotech, 315-20) and 10 uM Y-27632 (Sigma, Y0503)
was added to each well. Plasmids for Rspol and Noggin production were a kind gift from Joerg Huelsken.
After the first 4 days, IM was replaced with the expansion medium (EM), which was the IM without Noggin,
Wnt3a, and Y-27632.

BEC-organoids were collected using Cell Recovery Solution (Corning, 354253, passaging in Matrigel) and
1 ml of Dispase (1 mg/ml, Thermo Fisher Scientific, passaging in PEG hydrogels) a maximum of one week
after seeding and dissociated into single cells using TrypLE Express (Gibco, 12604013). Single cells were then

transferred to fresh Matrigel and PEG. Passaging was performed in a 1:3 split ratio.

For the FA-treatment of BEC-organoids, palmitic acid (Sigma, P0500) and oleic acid (Sigma, O1008) were
dissolved in 100% ethanol into 500 and 800 uM stock solutions, respectively, and kept at -20 °C. For each
experiment, palmitic acid and oleic acid were conjugated to 1% FA-free bovine serum albumin (BSA) (Sigma,
A7030), in EM through 1:2000 dilution each (Malhi et al., 2006). The concentration of vehicle, ethanol, was

0.1% ethanol in final incubations and 1% FA-free BSA in EM was used as the control for FA treatment.

Quantification of BEC-organoid formation efficiency in PEG hydrogels: Phase contrast z-stacks images
were collected through the entire thickness of the PEG gels (every 15 um) at four different locations within
the gels (Nikon Eclipse Ti). The Cell Counter plugin in ImageJ (NIH) was used to quantify the percentage of

single cells that formed colonies after 3 days of culture in the expansion medium.

BEC-organoid growth assay in Matrigel. BEC-organoid formation efficiency was quantified by counting
the total number of cystic/single layer (lumen-containing) CD/HFD-derived BEC-organoids 6 days after seed-
ing and normalizing it to the total number of cells seeded initially (15000 cells). Organoids were imaged by
DM IL LED inverted microscope (Leica), selected as regions of interest (ROI) using widefield 4x magnifica-

tion, and counted manually.

BEC-organoid whole-mount immunofluorescence. BEC-organoids were incubated with BODIPY 558/568
for 20min, washed with PBS, and extracted from Matrigel using Cell Recovery Solution (Corning, 354253).
After fixing with 4% PFA in PBS (30 min, on ice), they were pelleted by gravity to remove the PFA and were
washed with PBS and ultra-pure water. BEC-organoids were then spread on glass slides and allowed to attach
by drying. The attached BEC-organoids were rehydrated with PBS and permeabilized with 0.5% Triton X-100
in PBS (1 h, room temperature) and blocked for 1 h in the blocking buffer. After washing with PBS, samples
were incubated overnight with Alexa Fluor Phalloidin 488 (Invitrogen, A12379) and primary antibodies
against EPCAM (1:50, eBioscience, G8.8), KRT19 (1:100, Abcam, ab15463), E-CADHERIN (1:100, Cell
Signaling, 24E10), SOX9 (1:50, Millipore, AB5535), ALBUMIN (1:50, R&D systems, MAB1455), HNF4a
(1:50, Santa Cruz, C19), ZO-1 (1:50, Invitrogen, 61-7300); YAP (1:50, Cell Signaling, 4912 S). Samples were
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washed with PBS and incubated for 3 h with secondary antibodies Alexa 488 donkey-a-rabbit, Alexa 568
donkey-a-mouse, Alexa 647 donkey-a-goat (1:1000 in blocking solution; Invitrogen). Following extensive
washing, stained organoids were imaged by confocal (Zeiss LSM 710) mode. DAPI was used to stain nuclei.

Signal intensity was adjusted on each channel using Fiji software'**.

Quantitative real-time qPCR for mRNA quantification. BEC-organoids were extracted from Matrigel PEG
hydrogels as mentioned previously. RNA was extracted from organoid pellets using the RNAqueous total RNA
isolation kit (Invitrogen, AM1931) and the RNeasy Micro Kit (Qiagen, 74004) following the manufacturer’s
instructions. RNA was transcribed to complementary DNA using QuantiTect Reverse Transcription Kit (Qi-
agen, 205314) following the manufacturer’s instructions. PCR reactions were run on the LightCycler 480 Sys-
tem (Roche) using SYBR Green (Roche, 4887352001) chemistry. Real-time quantitative polymerase chain
reaction (RT-qPCR) results were presented relative to the mean of 36564 and Gapdh (comparative ACt method).
Expression values shown as heatmap are reported as delta cycle threshold (ACt) values normalized us-
ing Gapdh (ACt values were calculated as ACt = Ct[target gene] — Ct[Gapdh] and represented by scale color
of ACt values [Green-low expression; Red-high expression]). Primers for gRT-PCR are listed in Table 1.

E2F inhibition. For the E2F inhibition experiment, single BECs were grown for 7 days and allowed to form
organoids. For the Seahorse experiment, BEC-organoids were treated with E2F inhibitor, HLM006474 (10
uM, Merck, 324461), overnight before the metabolic assay. For RT-qPCR analysis, BEC-organoids were
treated with HLM006474 chronically for 4 days.

Bioenergetics with Seahorse extracellular flux analyzer. The oxygen consumption rate (OCR), extracellular
acidification rate (ECAR), and proton-efflux rate (PER) of the BEC-organoids were analyzed by an XFe96

extracellular flux analyzer (Agilent) following the manufacturer’s instructions according to assay type.

For the Mito Stress Test on CD/HFD-derived BEC-organoids, the organoids were grown with FA mix for 7
days. On day 7, 10 uM HLMO006474 or DMSO as vehicle were added overnight. The next morning, BEC-
organoids were dissociated, and 20000 cells were seeded with Seahorse Assay Medium in XFe96 Cell Culture
Microplates (Agilent, 101085-004), which were previously coated with 10% Matrigel in Advanced DMEM/F-
12. Seahorse Assay Medium was unbuffered, serum-free pH 7.4 DMEM supplemented with 10 mM glucose
(Agilent, 103577-100), 10 mM pyruvate (Gibco, 11360070), and 2 mM glutamine (Agilent, 103579-100), and
10 uM HLMO006474 or DMSO (vehicle) were added when indicated. After 2 h incubation for cell attachment,
plates were transferred to a non-CO? incubator at 37 °C for 45 minutes. Mitochondrial OCR was measured in
a time course before and after the injection of 1.5 pM Oligomycin (Millipore, 495455), 2.5 uM FCCP (Sigma,
C2920), and 1 uM Rotenone (Sigma, R8875)/Antimycin A (Sigma, A8674).

For Glycolytic Rate Assay, CD BEC-organoids were grown without FA mix and CD/HFD-derived BEC-or-

ganoids were grown with FA mix for 7 days. The Seahorse assay preparations including the E2F inhibitor were
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the same as mentioned above. GlycoPER was measured in a time course before and after the injection of 1 uM

Rotenone/Antimycin A, and 500 uM 2-DG (Sigma, D8375).

For the Substrate Oxidation Assay, CD BEC-organoids were grown without FA mix for 7 days. On day 8, they
were dissociated and prepared for Seahorse assay without E2F inhibitor. Mitochondrial OCR was measured in
a time course before and after the injection of Oligomycin (1.5 uM), FCCP (2.5 pM), and Rotenone/Antimycin
A (1 uM) with or without UK5099 (Sigma, PZ0160), Etomoxir (E1905) and BPTES (SML0601), inhibitors

of glucose oxidation, FA oxidation and glutamine oxidation, respectively, in separate experiments.

All Seahorse experiments were normalized by cell number through injection of 10 uM of Hoechst (Ther-
moFisher,62249) in the last Seahorse injection. Hoechst signal (361/486 nm) was quantified by SpectraMax

iD3 microplate reader (Molecular Devices).

BEC-organoid functional analysis. Grown BEC-organoids were treated with the FA-mix for 4 days and tri-
glyceride levels were measured with a Triglyceride kit (Abcam, ab65336) following the manufacturer’s in-
structions. Cell-titer Glo (Promega, G7570) was used to investigate cell viability. For functional assays involv-
ing single BECs, grown organoids were dissociated into single cells. 10000 BECs were seeded, and organoid
formation was allowed for 7 days. Cell viability, apoptosis, and cell death were investigated using Cell-titer
Glo, Caspase 3/7 activity (Promega, G8091), and Nucgreen Dead 488 staining (Invitrogen, R37109), respec-
tively, according to the protocol of manufacturers. For cell death staining, organoids were imaged using

ECLIPSE Ts2 inverted microscope (Nikon).

LDL uptake was detected with Dil-Ac-LDL (Biomedical Technologies). Mouse albumin secretion was de-
tected with an ELISA kit (Abcam, ab108792). Urea secretion was assessed with QuantiChrom™ Urea Assay

Kit (BioAssay Systems). All experiments were performed according to the manufacturers’ instructions.

Western blotting: Samples were lysed in lysis buffer (50 mM Tris (pH 7.4), 150 mM KCI, 1 mM EDTA, 1%
NP-40, 5 mM NAM, 1 mM sodium butyrate, protease, and phosphatase inhibitors). Proteins were separated by
SDS-PAGE and transferred onto nitrocellulose or polyvinylidene difluoride membranes. Blocking (30 min)
and antibody incubations (overnight) were performed in 5% BSA in TBST. YAP1 (Santa Cruz sc101199,
1:1000), phospho-YAP1Y357 (Abcam ab62751, 1:1000), ACTIN (Santa Cruz sc47778, 1:1000), CXCL10
(RD system AF-466-NA, 1:1000), CCL2 (Novus Biologicals NBP2-22115, 1:1000), COL1A2 (Santa Cruz,
1:1000).

Quantification and statistical analysis. Data were presented as mean + standard deviation (mean + SD.)
unless it is stated otherwise in the figure legend. n refers to biological replicates and is represented by the
number of dots in the plot or stated in the figure legends. For the Seahorse experiments, n refers to technical
replicates pooled from 4 biological replicates and is represented by the number of dots in the plot or stated in

the figure legends. The statistical analysis of the data from bench experiments was performed using Prism
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(Prism 9, GraphPad). The differences with p<0.05 were considered statistically significant. No samples (except

outliers) or animals were excluded from the analysis. Data are expected to have a normal distribution.

For two groups comparison, data significance was analyzed using a two-tailed, unpaired Student’s t-test. In
case of comparisons between more than two groups, one- or two-way ANOVA was used. Dunnet’s, Tukey’s,
or Sidak’s tests were used to correct for multiple comparisons. Statistical details of each experiment can be

found in the respective figure legends.
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Gene
Cyr6l
Ctgf
Cyp3all
Alb
Ttr
Fxr
Glut-2
Glul
Lxr
Lgr5
Gapdh
Tnfa
Mmp3
Ccl2
Colla2
Mmp2
Tefbl
Cxcll
Mmpl3
Cxcll0
Cygb
Gfap
Acta?
Lrat
Clec4f
Vsig4
Stab2
Lyvel
Sedl
Hmgcs2
Pdi4
Aldhlal
Cendl
Ccna2
Rad5lc
Foxml

Tpx2

Species
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Mouse

Table 3.1 List of primer sequences used.

Forward

CTGCGCTAAACAACTCAACGA
GCTTGGCGATTTTAGGTGTC
TGGTCAAACGCCTCTCCTTGCTG
GCGCAGATGACAGGGCGGAA
ATGGTCAAAGTCCTGGATGC
ACAGCTAATGAGGACGACAG
GACCGTGGTGAACCTGCTAT
CAAGTGTGTGGAAGAGTTACCTGAGT
TGCCATCAGCATCTTCTCTG
ATTCGGTGCATTTAGCTTGG
GGAGAGTGTTTCCTCGTCCC
GTAGCCCACGTCGTAGCAAAC
GGAAATCAGTTCTGGGCTATACGA
AGGTCCCTGTCATGCTTCTG
AAGGAGTTTCATCTGGCCCT
AACTACGATGATGACCGGAAGTG
GAATGACGGTGCGCAACTCT
TCTCCGTTACTTGGGGACAC
ACAAAGATTATCCCCGCCTCATA

CCACGTGTTGAGATCATTGCC
GCTGTATGCCAACTGCGAG
TCGAGATCGCCACCTACAG
GTCCCAGACATCAGGGAGTAA
TACACAGGCCTGGCATCATA

ACTGAAGTACCAAATGGACAATGTTAGT

TCACCTATGGCCACCCCACC
TGTCCAGACGGCTACATCAA
CCTCCAGCCAAAAGTTCAAA
TTCTTGCGATACACTCTGGTGC
GTGGTCTGTGGTGACATTGC
CCGCTGTCCATGAAGCA
TGACCAGGTGCTTTCCATTG
CAAGTGTGACCCGGACTGC
CAAGACTCGACGGGTTGCTC
CGGGAGTTGGTGGGTTATCC
ATCGCTACTTGACATTGGACCA
ATAGGCGAGCCTTTTCAGGG
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Reverse

GCAGATCCCTTTCAGAGCGG
CAGACTGGAGAAGCAGAGCC
ACTGGGCCAAAATCCCGCCG
GTGCCGTAGCATGCGGGAGG
AATTCATGGAACGGGGAAAT
GATTTCCTGAGGCATTCTCTG
TGCGGGAATCATAGTCCTTC
TGGCAACAGGATGGAGGTACA
GGCTCACCAGCTTCATTAGC
CGAACACCTGCGTGAATATG
ACTGTGCCGTTGAATTTGCC
AGTTGGTTGTCTTTGAGATCCATG
TAGAAATGGCAGCATCGATCTTC
GCTGCTGGTGATCCTCTTGT
AGCAGGTCCTTGGAAACCTT
TGGCATGGCCGAACTCA
CAGCCCCAATAACCGTATGAA
CCACACTCAAGAATGGTCGC
CACAATGCGATTACTCCAGATACTG
GAGGCTCTCTGCTGTCCATC
CCTCCATGTGTCTAAACTGGC
GTCTGTACAGGAATGGTGATGC
TCGGATACTTCAGCGTCAGGA
TCCACAAGCAGAATGGGATA
GTCAGCATTCACATCCTCCAGA
AGGCGGCCTCTGTACTTTGCCT
CCAGGGATATCCAGGACGTA
TCCAACACGGGGTAAAATGT
CGGGATTGAATGTTCTTGTCGT
CGCAGGTAGCACTGGATAGA
GCAGAAAAGCAAAGGACGTT
TCACAACACCTGGGGAACAG
TTGACTCCAGAAGGGCTTCAA
GCTGGCCTCTTCTGAGTCTC
CCGGCACATCTTGGTTTATTTGT
GATTGGGTCGTTTCTGCTGTG
CAACTGCCTTCAACGGTGTG
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Hkl Mouse GAGGTCTACGACACCCCAGA GAAGTCTCCGAGGCATTCAG
Pfkfb3 Mouse TCATGGAATAGAGCGCC GTGTGCTCACCGATTCTACA
Glut2 Mouse GTCACTATGCTCTGGTCTCTG CAAGAGGGCTCCAGTCAATG
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Chapter 4 Hepatic lipid overload potentiates BEC
activation

4.1 BECs and BEC-organoids efficiently accumulate lipids in vivo and in vitro

To gain insight into how chronic lipid exposure, an inducer of liver steatosis, affects biliary stem cell function
in vitro, we incubated single BECs with a fatty acid mixture (FA mix) of oleic acid (OA) and palmitic acid
(PA) — the two most abundant FAs found in livers of NAFLD patients'”, for 7 days and allowed BEC-organoid
formation using two doses of FA treatment (Figure 4.1A). Surprisingly, we observed that BEC-organoids ef-
ficiently accumulated lipid droplets in a dose-dependent manner (Figure 4.1B), and this process did not affect
organoid viability measured by Cell-titer Glo (ATP-based cell viability), Caspase 3/7 (caspase activity) and a
dead cell staining (Figures 4.1C, D).
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Figure 4.1 BEC-organoids accumulate lipids ir vitro.

A) Schematic depicting fatty acid (FA) treatment of BEC-organoids in vitro. (B) Representative brightfield and immunofluorescence (IF) images of
lipids (BODIPY) in control (BSA) and FA-treated organoids. Close-up IF images were digitally zoomed in four times. n=3. (C) Cell-titer Glo and
Caspase 3/7 activity measurement for viability and apoptosis detection relative to panel A. n=3. (D) Representative Nucgreen Dead 488 staining as
composite images from brightfield and fluorescent microscopy. n=3. Data are shown as mean = SD. Absence of stars or ns, not significant (p > 0.05);
one-way ANOVA with Dunnett’s test (C) was used. Scale bars, 200 um (B-brightfield), 100 um (B- IF, D).

We then investigated how cells adapt their metabolism to lipid overload by monitoring the expression of key

genes involved in lipid metabolism, including Scdl (de novo lipogenesis) (Figure 4.2A), Hmgcs?2
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(ketogenesis), Pdk4 (inhibition of pyruvate oxidation), and Aldhlal (prevention against lipid peroxidation
products) (Figure 4.2B). While we found an increase in lipid usage through the increased expression of Pdk4,
Hmgces2, and Aldhlal, we also found that Scdl was decreased, suggesting that BEC-organoids actively repro-

gram their metabolism to cope with aberrant lipid overload.
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Figure 4.2 Metabolic response of BEC-organoids to fatty acids.

(A-B) Quantification of Scd! (A) and Hmgcs2, Pdk4, and Aldhlal (B) mRNA in control (BSA) and FA-treated organoids. n=3. Data are shown as
mean £ SD. *p < 0.05; ****p < (0.0001; Fisher’s LSD test (A, B) was used.

To determine whether the observed phenotype was preserved in fully formed organoids, we treated already
established BEC-organoids with the FA mix for 4 days (Figure 4.3A). In line with our previous observations,
BODIPY staining (Figure 4.3B), and triglyceride (TG) quantification (Figure 4.3C) showed a pronounced

increase in lipid accumulation after 4 days, without affecting cell viability (Figure 4.3D).
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Figure 4.3 Further characterization of lipid accumulation in fully formed BEC-organoids.
(A) Scheme depicting FA mix treatment for already grown BEC-organoids for 4 days. (B) Representative brightfield and immunofluorescence (IF)
images of lipids (BODIPY) and ACTIN co-staining, relative to panel A. n=4. (C) Measurement of triglyceride concentration upon FA mix treatment

relative to panel A. n=4. (D) Cell-titer Glo measurement for viability detection relative to panel A. n=4. Data are shown as mean + SD. Absence of stars
or ns, not significant (p > 0.05); *p < 0.05; ***p <0.001; one-way ANOVA with Dunnet’s test (C, D) was used. Scale bars, 100 pm (B).

In the next step, we wished to assess whether chronic lipid exposure also affects BECs in vivo. To do this, we
fed C57BL/6JRj mice for 15 weeks with CD or HFD and analyzed their bile ducts. As expected, HFD-fed

mice gained weight and developed liver steatosis (Figure 4.4A), but no apparent epithelial damage (Figures
44B, C).
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Figure 4.4 Further characterization of steatosis upon HFD.
(A) Representative images of CD/HFD-fed mouse livers, hematoxylin, and eosin (H&E) staining, and the final body-weight measurement at the end of
the experiment. n=10. (B) Representative cleaved caspase 3 stainings and (C) quantification of apoptotic cells in bile ducts. n=3. Data are shown as

mean £ SD. Absence of stars or ns, not significant (p > 0.05); *p < 0.05; ***p < 0.001; two-tailed Student’s t-test (A, C) was used. PV, portal vein.
Arrowheads mark bile ducts. Scale bars, 100 pm (A), 50 um (B-IF), and 20 pm (B-brightfield).

Of note, HFD-feeding led to an accumulation of lipid droplets in the periportal zone and within bile ducts, as
reflected by colocalization of BODIPY with PANCK, a BEC marker (Figure 4.5A). To investigate whether
individual BECs can accumulate lipids, we isolated BECs from livers of CD/HFD-fed mice using EPCAM, a
pan-BEC marker''*!*!'*® by fluorescence-activated cell sorting (FACS) (Figures 4.5B, C). Prelabelling of the
cells with the lipid marker BODIPY allowed us to quantify the accumulation of this dye in the cells and re-
vealed an increased BODIPY signal in HFD-derived EPCAM" BECs (Figures 4.5D, E). Together, these in
vitro and in vivo results demonstrate that BECs accumulate lipids upon chronic FA exposure, raising the ques-

tion of the functional consequences of this previously unrecognized event on BEC behavior.
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Figure 4.5 BECs accumulate lipids in vivo.

(A) Representative images for co-staining of BODIPY and PANCK. Close-up IF images were digitally zoomed in four times. n=5. PV, portal vein.
Arrowheads mark bile ducts. (B) Scheme depicting the isolation of EPCAM" BECs from livers of CD- and HFD-fed mice by FACS. (C) FACS gating
strategy for isolation of CD45/CD11b/CD31/EPCAM" BECs: individual cells were sequentially gated based on cell size (FSC versus SSC) and
singlets. BECs were then selected based on EPCAM positivity after excluding leukocytes (CD45"), myeloid cells (CD11b"), and endothelial cells
(CD31%), yielding a population of single CD45/CD11b/CD31/EPCAM" BECs. (D-E) Representative analysis (D) and quantification (E) of BODIPY™"
EPCAM" BECs in CD and HFD samples. Data are shown as mean + SD. *p < 0.05; two-tailed Student’s t-test (E) was used. Scale bars, 20 pm (A).
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4.2 HFD feeding promotes BEC activation and increases organoid formation ca-
pacity
We next characterized at the molecular level the impact of chronic lipid overload on BECs in vivo by isolating
EPCAM" BECs from livers of CD/HFD-fed mice using FACS (Figure 4.6A) and performing bulk RNA se-
quencing (RNA-seq). Principal Component Analysis of the RNA-seq data revealed a diet-dependent clustering
(Figure 4.6B), indicating that HFD feeding induces considerable transcriptional changes in BECs in vivo. Dif-
ferential expression analysis further revealed 495 significantly changed genes, 121 upregulated and 374 down-
regulated (Figure 4.6C). At the same time, HFD promoted the upregulation of Ncam! (Figure 4.6D), a well-

established mediator of BEC activation.
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Figure 4.6 RNA-seq analysis of EPCAM* BECs upon HFD feeding.
(A) Scheme depicting the isolation of EPCAM" BECs from CD- and HFD-fed mice by FACS. (B) Principal component analysis (PCA) of mRNAs
measured in mice fed CD or HFD by RNA-seq. (C) Volcano plot of HFD vs CD differential expression analysis. The top 20 differentially expressed
genes were labeled. Blue dots represent downregulated genes (log2(FC) < -1 & adj. p-value < 0.05). Red dots represent upregulated genes (log2(FC) >

1 & adj. p-value < 0.05). Grey dots represent genes not changing significantly. (D) Box plot representing the differential gene expression of Ncam 1. n=
5 for CD, n=7 for HFD. The Y-axis depicts log2(cpm+1) values.

To further explore transcriptional changes, we performed gene set enrichment analysis (GSEA) on Gene On-
tology (GO) terms (Figure 4.7A) and KEGG (Figure 4.7B) pathways and identified cell proliferation, the most
prevalent feature of BEC activation'?, as the major upregulated process in these cells upon HFD feeding.
Expansion of the reactive BECs requires detachment from their niche and invasion of the parenchyma toward
the damaged hepatic area. This process is made possible by reorganizing the ECM and reducing focal adhesion,

effectively downregulated in EPCAM"BECs upon HFD (4.7A, B).
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Figure 4.7 HFD feeding induces a proliferative signature on EPCAM* BECs.
(A)Gene set enrichment analysis (GSEA) of Gene Ontology (GO) terms. Top 15 upregulated biological processes (BP), ordered by normalized enrich-

ment score (NES). (B) Gene set enrichment analysis (GSEA) of KEGG terms. Top 15 enriched pathways (sorted by g-value). g-value: false discovery
rate adjusted p-values. NES: normalized enrichment score.

In the next step, we monitored the activation of BECs in vivo by measuring the number of proliferating BECs
in the portal region of the livers of mice fed either CD or HFD to validate the RNA-seq data. Of note, we found
that HFD feeding was sufficient to induce a marked increase in the number of active BECs (i.e., cell prolifer-
ation antigen (Ki67)"/osteopontin (OPN)" cells- Figures 4.8A, B). Similar results were observed in an inde-
pendent cohort of mice challenged with HFD and injected with EdU to track proliferating cells (Figures 4.8C,

D), confirming that chronic lipid exposure stimulates the appearance of reactive BECs within the bile ducts.
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Figure 4.8 HFD feeding induces BEC proliferation.
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(A-D) Representative co-staining images (A, C) and quantification (B, D) of BECs stained for OPN and Ki67 (A-B) and OPN and EdU (C-D) in livers
of CD/HFD-fed mice. n=10 for Ki67 and n=5 for EdU. Violin graphs depict the distribution of data points i.e the width of the shaded area represents
the proportion of data located there. **p < 0.01; ****p < 0.0001; unpaired, two-tailed Student’s t-test was used. PV, portal vein. Arrowheads mark bile
ducts. Scale bars, 20 um (A, C).

The efficiency of BECs to generate organoids in vitro has been shown to mirror their regenerative capacity'**.

To functionally assess the impact of lipid overload on this process, we measured the organoid forming capacity
of isolated BECs, as a read-out of their regenerative functions. To this aim, we quantified the organoid for-
mation efficiency of BECs isolated from CD- and HFD-fed mouse livers (Figure 4.9A). Strikingly, we ob-
served that HFD-derived BECs were significantly more efficient in generating organoids than their CD coun-
terparts (Figure 4.9B). Altogether, these results demonstrate that HFD feeding is sufficient to induce, in vivo,
the exit of BECs from a quiescent state and the acquisition of both proliferative and pro-regenerative features.
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Figure 4.9 HFD feeding increases the organoid formation capacity of BECs.

(A) Schematic depicting BEC-organoid formation in vitro from CD/HFD-fed mouse livers. (B) Images of organoid colonies formed 6 days after seeding,
and quantification of organoids per well. n=5. Data are shown as mean + SD. **p < 0.01; unpaired, two-tailed Student’s t-test was used. Scale bars, 200
pum (B).

4.3 HFD feeding initiates BEC activation via E2Fs

To understand whether the mechanisms underlying BEC activation upon HFD in vivo involve canonical pro-
cesses found in chronically damaged livers, we compared the transcriptional profile of BECs upon HFD with
those of DDC-activated BECs''?. We identified the most pronounced changes in HFD and DDC samples by
separate over-representation enrichment analyses and overlapped the results to determine the shared pathways.
Cell division, mitosis, and chromosome segregation were the shared enriched pathways for upregulated genes
in HFD and DDC samples (Figure 4.10A). At the same time, ECM organization was the shared enriched path-
way for the downregulated genes in HFD and DDC conditions (Figure 4.10B). As a result, we concluded that
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the mechanisms of BEC activation induced by lipid overload overlap with those induced by biliary epithelial

damage.
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Figure 4.10 Shared enriched pathways in DDC and HFD datasets.
(A-B) Over-representation analysis depicting the shared enriched pathways for (A) upregulated and (B) downregulated genes. Top 13 (A) and top 15

(B) enriched biological processes (BP) upon HFD (own data) and DDC (GSE125688) treatment. g-value: false discovery rate adjusted p-values, counts:
number of found genes within a given gene set.

Of note, a more detailed analysis of DDC- and HFD-derived BECs, revealed the concomitant enrichment of 4
overlapping transcription factor (TF) gene sets, E2F1-4 (Figure 4.11A), which have not been linked to DR
previously. Further analysis of the E2F target genes in the HFD dataset unveiled that E2F1 targets were the
most deregulated upon HFD (Figures 4.11A, B). Moreover, we used another publicly available dataset of adult
BECs and BEC-organoids to investigate the organoid formation process in vitro as a proxy of DR. During
organoid formation, we identified enrichment of the E2F and cell division pathways (Figures 4.11C, D) for the

upregulated genes, further corroborating the role of E2Fs in the two DR models'*,
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Figure 4.11 E2Fs are enriched in DDC, HFD, and organoid-formation datasets.
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(A) Enriched transcription factors (TFs) of upregulated genes identified by over-representation analysis in HFD (own data) and DDC (GSE125688)
treatment. Asterisk (*) marks TFs of the “TF_ZHAO” gene set. (B) Heatmap of E2F1-4 target genes from TF gene sets. Genes with absolute fold change
lower than 0.5 were not shown. (C-D) Over-representation analysis of upregulated genes using gene ontology (C) and enriched TF (D) genesets during
organoid formation from single BECs (Organoids vs T0) (GSE123133).

E2Fs are a large family of TFs with complex functions in cell cycle progression, DNA replication, repair, and
G2/M checkpoints'*®"*°, Therefore, we hypothesized that activation of E2Fs might represent a key event in
the process of BEC activation, which is necessary for exiting the quiescent state and driving DR initiation. To

test this hypothesis, we focused on E2F1, as it was the most enriched TF in our analysis, and assessed its role
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in BECs by feeding E2f1""* and E2f1”" mice with HFD (Figure 4.12A). Remarkably, E2f1”~ mice were refrac-
tory to BEC activation induced by lipid overload upon HFD, as opposed to E2f1""* mice (Figures 4.12B, C).
These results in vivo demonstrate a previously unrecognized role of E2F1 in controlling BEC activation during

HFD-induced hepatic steatosis.
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Figure 4.12 E2F1 mediates BEC expansion upon HFD in vivo.
(A) Schematic depicting in vivo E2F1 analysis. (B-C) Representative images of PANCK/Ki67 co-staining in livers of E2f1"" and E2fI"" mice fed with
CD or HFD (B) and the quantification of proliferative BECs in the indicated mice (C). For CD, n=5 for E2fI""" and E2fI”". For HFD, n=7 for E2f1"",

and n=8 for E2fI"". Violin graphs depict the distribution of data points i.e the width of the shaded area represents the proportion of data located there.
ns, not significant; **p < 0.01; two-way ANOVA with Tukey’s test was used. PV, portal vein. Arrowheads mark bile ducts. Scale bars, 20 um (B).

4.4  E2F promotes BEC activation by upregulating glycolysis

The exit of terminally differentiated cells from their quiescent state requires both energy and building block
availability to support cell proliferation. Proliferative cells, therefore, reprogram their glucose metabolism to
meet their increased need for biomass and energy”*’. Supporting this notion, our interrogation of in vitro BEC-
organoid formation dataset'* revealed the enrichment of purine and pyrimidine metabolism, as well as the
pentose-phosphate pathway (Figure 4.13A), which are tightly connected to glycolysis (see Introduction). In
line with these findings, a substrate oxidation test in BEC-organoids revealed a preference for glucose, as
reflected by the decrease in maximal respiration, when UK5099, a mitochondrial pyruvate carrier inhibitor,
was used (Figures 4.13D, E), while no changes were observed with inhibitors of glutamine (BPTES) and FA
(Etomoxir) metabolism (Figure 4.13B, C).
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Figure 4.13 BEC-organoids have a glycolytic metabolism.
(A) Over-representation analysis results. Top 22 enriched KEGG and EHMN pathways during the process of organoid formation from single BECs
(Organoids vs T0) (GSE123133). g-value: false discovery rate adjusted p-values, counts: number of found genes within a given gene set. (B-C) Seahorse
substrate oxidation assay using BPTES, n=8 (B), or Etomoxir, n=7 for control (Ctrl) and n=8 for inhibitor conditions (C) in CD-derived BEC-organoids.
(D-E) Seahorse substrate oxidation assay using UK5099, a mitochondrial pyruvate carrier inhibitor (D), and assessment of the glucose dependency (E)

in CD-derived BEC organoids. n=7 for control (Ctrl), n=8 for UK5099. Data are shown as mean+ SD (SEM for D). Absence of stars or ns, not
significant (p > 0.05); *p < 0.05; two-way ANOVA with Sidak’s test (B, C, E) were used.

To investigate the metabolic changes in BEC-organoids upon HFD, we treated CD/HFD BEC-organoids with
an FA mix to mimic steatotic conditions in vitro (Figure 4.14A). We hypothesized that the presence of glucose
and FA in culture media would reveal a metabolic shift of BEC-organoids. Consistent with our hypothesis,
HFD-FA BEC-organoids demonstrated increased compensatory glycolytic rates (Figures 4.14B-D). Of note,
there was a reduction in oxidative phosphorylation in HFD-FA BEC-organoids, as evidenced by the decrease
in maximal respiration (Figures 4.14E-G), which might reflect their preference for the glycolytic pathway to

generate biomass.
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Figure 4.14 HFD-FA BEC-organoids demonstrate a shift towards glycolysis.
(A) Scheme depicting the treatment of CD/HFD-derived BEC-organoids with FA mix. (B) Scheme depicting Seahorse glycolytic rate assay. (C-D)
Proton efflux rate (PER) (C) and basal and compensatory glycolysis (D) were measured using Seahorse XF glycolytic rate assay. Relative to panel A.
n=13. (E) Scheme depicting Seahorse mito stress test. (F-G) Oxygen consumption rate (OCR) (F) and basal and maximal respiration (G) were measured

using the Seahorse XF mito stress test. Relative to panel A. n=14. Data are shown as mean + SD (SEM for C, F). Absence of stars or ns, not significant
(p > 0.05); *p < 0.05; ****p <0.0001; two-way ANOVA with Sidak’s test (D, G) were used.

Besides their prominent role in cell cycle progression, E2Fs coordinate several aspects of cellular metabo-

201202 “and promote glycolysis in different contexts””2*. These findings prompted us to postulate that E2F

lism
might control glycolysis and thus the glucose preference observed in BEC-organoids. To investigate this hy-
pothesis, we treated BEC-organoids with an E2F inhibitor, HLM006474 (Figure 4.15A). As expected,
HLMO006474 treatment reduced the transcriptional levels of several genes involved in cell cycle progression
and glycolytic metabolism (Figure 4.15B) and decreased the glycolytic flux, as evidenced by the blunted pro-
ton efflux rate (PER) (Figures 4.15C, D). Moreover, E2F inhibition was able to reverse the metabolic pheno-

type only in HFD-FA BEC-organoids (Figures 4.15A-B).
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Figure 4.15 E2F inhibition decreases canonical E2F targets and reverses the glycolytic phenotype in HFD-FA BEC-organoids.

(A) Scheme depicting the treatment of CD-derived BEC-organoids with E2F inhibitor, HLM006474. (B) RT-qPCR of selected cell cycle and glycolytic
genes, relative to panel A. n=4. (C-D) PER during the Seahorse XF glycolytic rate assay (C), and basal and compensatory glycolysis (D), relative to
panel A. n=10 for control (Ctrl), n=11 for HLM006474. (E-F) PER during the Seahorse XF glycolytic rate assay (E), and basal and compensatory
glycolysis (F). n=12 for control (Ctrl), n=11 for HLM006474. Data are shown as mean + SD (SEM for C, E). Absence of stars or ns, not significant (p
>0.05); *p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001; unpaired, two-tailed Student’s t-test (B), two-way ANOVA with Sidak’s test (D, F) were

used.

In conclusion, these results demonstrate that HFD-induced E2F activation controls the conversion of BECs

from quiescent to active stem cells by promoting the expression of cell cycle genes while simultaneously driv-

ing a shift towards glycolysis
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Chapter 5 Mechano-modular PEG hydrogels un-
veil the role of liver stiffness on BEC activation
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5.1 PEG-based synthetic hydrogels for organoid cultures

Despite the enormous potential of organoids as an ex vivo model, there are still some bottlenecks linked to this
system when it comes to clinical application. For example, Matrigel, the animal-derived matrix that supports
organoid growth, renders organoids unsuitable for cell therapy, as it is an ECM derived from a mouse tumor
line and may hold tumorigenic properties. Moreover, due to its origin, it contains various defined and unde-
fined components, including many growth factors, and its composition can show batch-to-batch variability'”s.
Thus, new matrices are needed, and synthetic hydrogels are at the forefront of these applications. Among these
novel chemical entities, PEG hydrogels*® are particularly interesting due to their hydrophilicity, user-defined

206

crosslinking chemistry, and integration of ligands for cell adhesion and matrix modelling™. Moreover, they

have modifiable mechanical properties. As a result, they have been heavily employed for 3D cell culture for

cell therapy and regenerative medicine purposes®’2'!, thanks to their controllable chemical and mechanical
properties®®.
PEG hydrogels for intestinal stem cell culture and organoid derivation have already been used'***”, and

opened the path for the culture of stem cells from different tissues. Especially in the last two years, there have
been a handful of advances in the synthetic BEC-organoid cultures incorporating polyisocyanopeptides
(PIC)*"?, or PEG-gelatin mix*'® with laminin or fibronectin. Moreover, liver fibrosis, an emerging pathological
condition, is characterized by the accumulation of abnormal and stiff ECM. Thus, studying how cells within a
stiff matrix behave is important to further expand our understanding in terms of disease outcomes and the
design of future treatments *'*. In addition to their application for cell therapy and regeneration, synthetic
hydrogels can also be used to model the mechanical properties of fibrosis and investigate its outcome on the

regenerative potential of BECs.

5.2 Generation of a PEG-based synthetic niche for BEC-organoid cultures

To circumvent the disadvantages of Matrigel, our main goal was to develop a synthetic matrix allowing effi-
cient proliferation and differentiation of biliary stem cells. To achieve this aim, an important criterium was to
recapitulate the key physical and biochemical characteristics of the hepatic microenvironment. The liver con-
tains collagen type I, III, IV, V, and VI, laminin, fibronectin, glycosaminoglycans, and proteoglycans, as
ECM?", and the appropriate synthetic hydrogels for BEC-organoid cultures should contain some of these ECM
components. Thus, we generated inert PEG hydrogels enzymatically crosslinked by the activated transglutam-
inase factor XIIla (FXIIla) and incorporated them with minimal integrin recognition peptide RGDSPG (Arg-
Gly-Asp-Ser-Pro-Gly)*'°. In addition, to mimic the mechanical properties of the mouse liver’' ', we tuned
the stiffness of PEG gels to physiological values (x1.3 kPa)*'. Using these conditions, we demonstrated that
the PEG-RGD matrix is as efficient as Matrigel for both biliary stem cell expansion and their differentiation

into hepatocyte-like cells*'®.
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53 Matrix stiffness controls BEC-organoid growth in an actomyosin-independent
manner

Mechanical signals play a critical role in controlling stem cell behavior and tissue homeostasis*'’, but also
contribute to the manifestation of diseases*'***!, especially of NAFLD**. Despite the recent progress in es-
tablishing novel 3D liver model systems, relatively little is known about the role of mechanics in regulating
biliary stem cell physiology and pathophysiology. To test whether matrix mechanics affect BEC-organoid
growth, we grew BEC-organoids in PEG-RGD of variable stiffness, ranging from values below normal mouse
liver stiffness (0.3 kPa) to those reaching physiological stiffness (1.3 kPa)*'"*'®, Organoid formation efficiency
was profoundly affected by the mechanical properties of the matrix, with values mimicking physiological liver

stiffness (between 1.3 and 1.7 kPa) being optimal (Figures 5.1A, B).
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Figure 5.1 PEG-RGD stiffness impacts BEC-organoid formation and proliferation
(A) Effect of matrix stiffness on organoid formation efficiency. (B) Representative images of BEC-organoids 3 days after embedding in PEG-RGD

hydrogels of indicated stiffness. Graphs show individual data points derived from n=3 independent experiments and means * s.d. ****P<0.0001 one-
way Anova. Scale bars, 100 pm (B).

Given the pivotal role of YAP signaling in the transduction of mechanical and cytoskeletal signals**® and the
regulation of BEC expansion during the DR process''*"'*!'*_ we next tested whether YAP activation could
control BEC growth and potentially explain the observed matrix stiffness dependence. We monitored the ex-
pression of canonical YAP target genes and YAP subcellular localization in BEC-organoids cultured in soft
(0.3 kPa) and physiologically stiff (1.3 kPa) matrices. Interestingly, in stiffer PEG-RGD hydrogels, Y AP target
gene expression and nuclear accumulation were increased compared to soft matrices (Figures 5.2A, B). To
examine whether an activated integrin/Y AP signaling axis is functionally required for organoid derivation in
physiologically-stiff matrices, we treated BEC-organoids with PF-573228 (PF), an inhibitor of the integrin
effector focal adhesion kinase (FAK), or with Verteporfin (VP), a YAP inhibitor (Figure 5.2C)**’. Both treat-
ments prevented the increase in organoid formation induced in stiffer matrices (Figures 5.2D, E), indicating

that the integrin/Y AP module is required in coordinating the growth of BECs in response to mechanical stim-

uli.
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Figure 5.2 Integrin/YAP module controls the BEC-organoid growth in PEG-RGD.

(A) Gene expression was analyzed by qRT-PCR in liver organoids 6 days after embedding in PEG-RGD hydrogels with indicated stiffness. n=3. (B)
Representative images of YAP subcellular localization in liver organoids 1 day after embedding in soft (0.3 kPa) or physiologically stiff (1.3 kPa) PEG-
RGD hydrogels. (C) Schematic representation of cellular mechano-signaling pathways. Inhibitors of key elements are depicted in red. (D) Effect of
indicated inhibitors on organoid formation efficiency in soft (0.3 kPa) and physiologically stiff (1.3 kPa) PEG-RGD hydrogels. CFU (colony forming
unit). n=3. (E) Representative images of BEC-organoids treated with DMSO, PF, and VP. Data are shown as means + SD. ns or absence of star, not
significant; ** P<0.01; ***P<0.001; unpaired Student’s two-tailed t-test (A), two-way ANOVA (D). PF, PF-573228, BLEB, blebbistatin, VP, ver-
teporfin, DAS, dasatinib, SFK, Src family kinase, FAK, focal adhesion kinase, YAP, yes-associated protein.

We then sought to identify the other components of the FAK-Y AP cascade that may play a role in modulating
the stiffness response in our system. Since remodeling of the actin cytoskeleton has been identified as a key

228-230

event upstream of YAP activation , we assessed its putative involvement in physiological stiffness-in-

31 Of interest, treatment

duced BEC-organoid growth by inhibiting actomyosin contractility with blebbistatin
with Dasatinib>?, an FDA-approved SFK inhibitor, fully abolished Y AP phosphorylation and organoid growth
in physiologically stiff (1.3 kPa) matrices (Figures 5.3A, B). Moreover, tyrosine phosphorylation of YAP by

171,233-2
71,233 39,WaS

the SFK, an alternative route for integrin-dependent and actomyosin-independent Y AP activation
increased by matrix stiffness (Figure 5.3B). Surprisingly, blebbistatin treatment significantly enhanced organ-
oid formation (Figure 5.3A) with an efficiency comparable to ROCK inhibitors (Figure 5.3C), indicating that
matrix stiffness promotes organoid growth independently of cytoskeletal dynamics and actomyosin contractil-
ity. These results corroborate the importance of the integrin/SFK/Y AP signaling pathway in BEC proliferation

in response to differential mechanical inputs.
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Figure 5.3 Integrin/SFK/YAP signaling controls BEC-organoid growth in PEG-RGD.
(A) Effect of indicated inhibitors on organoid formation efficiency in physiologically stiff (1.3 kPa) PEG-RGD hydrogels. CFU (colony forming unit).
n=3. (B) Western blot showing Y AP phosphorylation in mouse BECs 6 hours after embedding in soft (0.3 kPa) and physiologically stiff (1.3 kPa) PEG-
RGD hydrogels with or without DAS treatment. (C) Matrigel-derived BECs were embedded in physiologically stiff PEG-RGD hydrogels and cultured

in the expansion medium containing ROCK inhibitors (Y-27632 and Thiazovivin) or Blebbistatin. Colony forming units (CFU) were quantified after 3
days. n=3. Data are shown as means + SD (SEM for C). *P<0.05, ****P<0.0001; one-way ANOVA (A, C). Scale bars, 100 um. DAS, dasatinib.

5.4 PEG hydrogels can be tuned to model fibrotic liver mechanics

Liver disease progression is strongly associated with abnormal tissue architecture and mechanotransduc-

ti0n217’240’241

. In NAFLD patients with fibrosis, as a direct effect of aberrant ECM deposition, liver stiffness
increases in time and severely compromises its function®**?*. As a result, the changes in liver stiffness asso-
ciated with NAFLD are used for diagnostics based on longitudinal non-invasive monitoring>>>***2%, We rea-
soned that BEC-organoids grown in defined PEG-RGD hydrogels recapitulating the stiffness of fibrotic liver
could serve as a relevant 3D model to investigate how stem cells translate aberrant mechanical inputs into
disease-relevant phenotypes. To this aim, we generated fibrosis-mimicking hydrogels with a stiffness of 4
kPa?'7*!8_ Strikingly, these hydrogels led to a significant impairment of organoid formation (Figures 5.4A, B),

demonstrating that an abnormal ECM stiffness is sufficient to decrease the liver stem cell proliferative capacity

and the expression of hepatic stem cell markers (Figure 5.4C, D).
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Figure 5.4 BEC-organoid formation is altered in fibrosis-mimicking PEG-RGD.
(A) Effect of matrix stiffness on organoid formation efficiency. n=3. (B) Representative image of organoids 3 days after embedding in PEG-RGD
hydrogels of indicated stiffness. (C) Gene expression was analyzed by qRT-PCR in liver organoids 6 days after embedding in PEG-RGD hydrogels
with indicated stiffness. n=3. (D) Representative images of EdU staining of BEC-organoids, 3 days after embedding in PEG-RGD hydrogels with

indicated stiffness. Data are shown as means = SEM (A, C, D). *P<0.05, ** P<0.01, ****P<0.0001; unpaired Student’s two-tailed t-test (A), two-way
ANOVA (C) or one-way ANOVA. Scale bars: 100 um (B, D).

Furthermore, BEC-organoids cultured in a hyper-stiff matrix showed an upregulation of genes involved in the
cellular response to hepatic injury (Figures 5.5A, B), indicating that the reduced stemness potential (Figure
5.4) is associated with concomitant induction of a stress response. Finally, fibrosis-mimicking hydrogels led
to an increase in the expression of matrix metalloproteases (Figure 5.5C), a compensatory phenomenon known
to be induced in response to increased ECM stiffness®*’>*. Surprisingly, in these conditions, YAP activation
was not affected (Figure 5.5D), suggesting the existence of other pathways controlling liver stem cell growth
in response to increased stiffness. These results suggest that synthetic hydrogels may be a useful tool to assess

the contribution of mechanical inputs to NAFLD and other liver diseases.
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Figure 5.5 Fibrosis-mimicking PEG-RGD alters the phenotype of BEC-organoids.

(A) Gene expression was analyzed by qRT-PCR in BEC-organoids 6 days after embedding in PEG-RGD hydrogels with indicated stiffness. n=3. (B)
Western blot of BECs 6 days after embedding in PEG-RGD hydrogels with indicated stiffness. (C-D) Gene expression was analyzed by qRT-PCR in
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BWC-organoids 6 days after embedding in PEG-RGD hydrogels with indicated stiffness. n=3. Data are shown as means + SEM (A, C, D). ns or absence
of stars, not significant; *P<0.05; ** P<0.01; ****P<0.0001; two-way ANOVA (A, C, D).

5.5 Human BEC-organoids derived from fibrotic livers mimic the BEC phenotype
in stiff PEG hydrogels

To further increase the relevance of our findings, we used publicly available mRNA expression profiling data
of BEC-organoids derived from advanced NASH patients with fibrosis and healthy controls (GSE180882)**°,
and performed a differential expression analysis that revealed 708 and 567 significantly upregulated and down-
regulated genes, respectively (Figure 5.6A). Of note, the top differentially expressed genes were downregu-
lated (mKi67, Top2a, Cenpf, Cdkl, and Rrm2) and were master regulators of cell cycle and DNA synthesis,
suggesting a decreased BEC proliferation and expansion in NASH. To further explore these transcriptional
changes, we performed a gene set enrichment analysis (GSEA) using Gene Ontology (GO) terms and found
that in the top 15 pathways, there were only downregulated biological processes associated with cell cycle and
DNA replication (Figure 5.6B). These unexpected results are in line with the reduced proliferation of BECs in
stiff PEG-RGD hydrogels (Figure 5.4) and highlight that the effect of the fibrosis-mimicking stiff environment

on BEC-organoid formation is preserved in NASH BECs in vivo.
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Figure 5.6 Cell cycle is significantly perturbed in NASH BEC-organoids.

(A) Volcano plot of NASH vs control BEC-organoids differential expression analysis. The 24 top differentially expressed genes were labeled. Blue
dots represent downregulated genes (log2(FC) <-1 & adj. p-value < 0.05). Red dots represent upregulated genes (log2(FC) > 1 & adj. p-value < 0.05).
Grey dots represent genes not changing significantly. (B) Gene set enrichment analysis (GSEA) of Gene Ontology (GO) terms. Top 15 pathways,
ordered by NES. g-value: false discovery rate adjusted p-values. NES: normalized enrichment score.
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Additional analysis of the same dataset with KEGG and Hallmark (Figures 5.7A, B) revealed a decrease in
mTORCI signaling, an established regulator of DR'", further supporting the initial observation that BEC ex-
pansion was prevented in NASH BEC-organoids (Figure 5.7B). Moreover, we identified the downregulation
of E2F targets and glycolysis (Figure 5.7B), supporting our previous results (Chapter 4) and increasing the
relevance of these TFs as previously uncharacterized modulators of the BEC phenotype during NAFLD pro-

gression.
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Figure 5.7 NASH BEC-organoids have alterations in metabolism and cell cycle.

(A-B) Gene set enrichment analysis (GSEA) of KEGG (A) and Hallmark (B) terms. Top 15 pathways, ordered by NES. g-value: false discovery rate
adjusted p-values. NES: normalized enrichment score.

On the other hand, our GSEA analysis revealed a significant upregulation in cytokine-receptor interactions
(Figure 5.7A) and interferon-gamma response (Figure 5.7B), suggesting an increased immune response. These
results once more mirrored our observations in pathologically stiff PEG-RGD hydrogels (Figures 5.4, 5.5).
Moreover, the analysis of the upregulated pathways revealed the xenobiotic metabolic process, bile acid me-
tabolism, and retinol metabolism (Figures 5.7A, B), which reflect specific functions of differentiated hepato-
cytes. In conclusion, this preliminary analysis demonstrates that NASH halts BEC expansion while simulta-
neously promoting hepatocyte-like features, indicating the loss of stem cell properties in vivo, which is kept in

BEC-organoid culture.
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6.1 Achieved results

NAFLD is an emerging cause of end-stage liver disease worldwide and is estimated to increase 2-3-fold by
2030. Despite this rather pessimistic forecast, no effective treatments are available, and liver transplantations,
limited by organ shortages, remain the only option. Moreover, HCC caused by NAFLD significantly increased
over the years®', emphasizing the need for a better understanding of NAFLD and the development of novel
treatments. One approach to gain further insight into the pathology of NAFLD is to study the behavior of BECs
during the different stages of NAFLD development. BECs are a good candidate as they lie at the intersection
of liver regeneration and pathophysiology, and represent an essential reservoir of stem cells crucial for coor-
dinating hepatic epithelial regeneration in the context of chronic liver diseases by triggering the so-called DR
reaction'>*'°. However, until now, knowledge of the mechanisms underlying BEC activation and DR in
NAFLD progression is limited. Therefore, the work of my thesis focused on identifying and characterizing
these mechanisms to gather new knowledge that could form the basis of future therapies centered on enhancing

stem cell-mediated liver regeneration.

To achieve these goals, I started by investigating the BEC phenotype upon steatosis, the initial stage of
NAFLD. Aberrant lipid accumulation is a hallmark of early NAFLD, and imbalances in lipid metabolism are
known to affect hepatocyte homeostasis, including the induction of lipotoxicity and cell death®**2°°. However,
the role of lipid dysregulation in BECs and its impact on DR initiation remains unexplored in the context of
NAFLD. Here, using an HFD-fed mouse model, I first characterized BECs in vivo and demonstrated that these
cells can accumulate lipids but are resistant to lipid-induced toxicity. To fully understand the molecular
changes induced by lipid overload in these primary EPCAM"™ BECs, 1 characterized their transcriptome and
observed significant changes occurring during HFD compared to the CD control condition. Of note, the HFD
model used in this study was not associated with inflammation, fibrosis, or overt hepatocyte damage, suggest-
ing that lipids alone are sufficient to alter the phenotype of BECs. The most significant upregulated signature
in HFD-derived BECs was cell cycle and DNA replication, which was associated with an increase in EAU"
and Ki67" BECs in liver sections from HFD-fed mice. BECs have previously been shown to serve as a cell
source for regenerative cellular expansion via the DR process when hepatocyte replication is impaired in
chronic liver injury'>*'%°. My results demonstrated that BEC activation however may already occur before this
event and emerge after chronic lipid exposure, adding another layer of complexity to the chronology of DR

initiation in chronic liver disease and extending the therapeutic potential of BECs to an earlier NAFLD stage.
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BEC proliferation and activation is a pathophysiological marker of DR'*>!** It is known that BEC activation

is tightly controlled by the transcriptional co-activator YAP*72%

, and previous studies have demonstrated that
Y AP activation is required for DR in fibrotic livers but does not occur in steatosis in the context of NAFLD'*,
leaving the early molecular mechanisms of BEC activation and DR unexplored. To understand whether the
mechanisms underlying BEC activation by HFD in vivo involve already established canonical DR processes,
I compared the transcriptional profile of BECs upon HFD with publicly available well-studied DDC-induced
DR datasets''>'** (GSE125688 and GSE123133). The common transcriptional changes between the two con-
ditions not only suggested that the mechanisms of BEC activation induced by lipid overload overlap with those
induced by biliary epithelial damage but also revealed the concomitant enrichment of 4 TFs, E2F1-4, that have
not been linked to DR previously. E2Fs comprise a family of TFs, which are well known for their function in
cell cycle progression, DNA synthesis, and cellular proliferation®’. Of note, among the 4 E2Fs, E2F1 had the
most enriched target genes in our analysis. To further validate its implication in the regulation of HFD-induced
DR, we used an E2f1”" mouse model and analyzed BEC proliferation in the liver. While BEC proliferation

was not different in CD, HFD-feeding triggered a significant BEC expansion in E2f1"*

mice, and this pheno-
type was blunted in mice lacking E2F1. These data consolidate the important role of E2F1 in driving lipid-
mediated activation of BECs upon HFD feeding and feature E2F1 as an essential mediator of DR in the first

112-114
P

stages of NAFLD progression, a condition in which the well-known modulator of DR, YA , is dispen-

sable.

Since BEC organoids mirror the DR process in vitro', this system can be used as a model to study BEC
activation. By using BEC-organoids, I demonstrated that FAs directly target BECs, without any involvement
of hepatocytes and that BECs functionally respond to lipid overload. Moreover, to functionally assess the
impact of lipid overload on BEC regenerative capacity, I measured the organoid forming capacity of isolated
BECs from CD- and HFD-fed mouse livers and observed that HFD-derived BECs were significantly more
efficient in organoid proliferation than their CD counterparts. Considering that specific metabolic states play

instructive roles in controlling cell fate and tissue regeneration®®' 2%

, and the prominent role of E2Fs in meta-
bolic regulation'*®'?2°2% T investigated the metabolism of BEC-organoids and demonstrated a shift towards
glycolysis. These findings demonstrated for the first time that BECs are affected by steatosis, and their physi-
ological response to the environment with lipid overload can be an initiating factor for the early DR process.
Moreover, activation of E2Fs allows BECs to exit from a quiescent state and the simultaneous acquisition of

stem cell functions, such as proliferation and organoid-initiating capacity, through metabolic adaptation.

Besides characterizing the impact of lipid overload on BEC functionality, I also investigated how BECs re-
spond to changes in the stiffness of the microenvironment, which is an important hallmark in fibro-
sig?0-3378:221.2402%5 i the context of NAFLD. To study the microenvironment stiffness, I used a synthetic PEG-
RGD hydrogel with tunable stiffness and demonstrated that BEC-organoids change their growth capacity de-

pending on the rigidity of the matrix. Firstly, by growing BEC-organoids in the hydrogel of variable stiffness
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ranging from values below the normal mouse liver stiffness (0.3 kPa) to those reaching physiological stiffness
(1.7 kPa)***2% T showed that organoid formation efficiency and proliferation were optimal in values mimick-
ing physiological liver stiffness (between 1.3 and 1.7 kPa) and were comparable to Matrigel cultures. YAP is
crucial in the transduction of mechanical cues*’. In line with the pivotal role of YAP in BEC activation, I
found that in physiologically stiff hydrogels, YAP nuclear accumulation and transcriptional activity were in-
creased compared to soft matrices. Further analysis with a series of inhibitors indicated that the activation of
the integrin-SFK-Y AP pathway is required to elicit BEC expansion in response to mechanical stimuli*'®. These
findings align with the previous DR studies in BECs''*'"*, and highlight the importance of YAP for DR and
BEC expansion in response to changes in ECM mechanical cues, even though its activation is not required in

steatosis.

Similar to soft gels, the pathologically stiff PEG-RGD profoundly impaired organoid formation and prolifera-
tion. Considering that DR has been especially observed in the late-stage NAFLD patients with fibrosis and
portal inflammation'?>"**'*! T leveraged the modularity of synthetic matrices to recapitulate the liver fibrotic
microenvironment in NAFLD and used this configuration to study DR in BEC-organoids. As a result, I pro-
vided evidence that aberrant stiffness negatively impacts the organoid formation capacity and proliferation of
biliary stem cell. The significance of the role of fibrotic-mimicking matrix stiffness on the BEC phenotype
was supported by a decreased proliferative capacity and by an increase of markers of inflammation, hepatic
injury, and matrix metalloproteases. Surprisingly, in these conditions, YAP activation was not affected, sug-
gesting the existence of other pathways controlling BEC growth in response to increased stiffness. To under-
stand the relevance of the BEC phenotype in the pathologically stiff hydrogels to NASH in vivo, I compared
the publicly available datasets of BEC-organoids derived from healthy and advanced NASH patients with
severe fibrosis (GSE180882). This analysis highlighted that NASH BEC-organoids had reduced cell cycle and
DNA replication compared to healthy controls, revealing that hydrogels with fibrotic stiffness mimic the phe-
notype of organoids derived from fibrotic livers. Moreover, in NASH BEC-organoids, E2F targets were down-
regulated, suggesting that E2F inhibition may also contribute to the regulation of late DR and constitute a

previously unrecognized TF family that controls BEC proliferation throughout the progression of NAFLD.

In conclusion, the experiments conducted in this thesis unveiled a critical role of BECs in the initiation and
maintenance of DR in the context of NAFLD. These findings set the ground for future research aimed at
understanding the role and the therapeutic potential of E2Fs in controlling BEC activation, thus initiating DR
in humans. Moreover, the results obtained with the use of PEG-RGD hydrogels that mimic the aberrant me-
chanical properties of the fibrotic liver provide evidence that abnormal liver stiffness negatively impacts BEC
proliferation and instead induces an inflammatory phenotype, thus hindering the regenerative potential of fi-
brotic livers. These findings highlight that the BEC phenotype in DR may depend on the NAFLD stage and
suggest that even though the proliferation of BECs characterizes DR, BEC exhaustion can occur especially in

the fibrotic stage, which would correlate with liver failure. Moreover, our results not only further increase the
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translational relevance of BECs through the use of a clinically compatible synthetic matrix instead of Matrigel,
but also provide useful tools to assess the contribution of mechanical and metabolic inputs to liver diseases,
which may enable the development of powerful DR models and future therapeutics to enhance stem cell-

mediated liver regeneration.

6.2 Future outlook

In this doctoral work, I discovered that lipid exposure of BECs unleashes their activation and initiates the DR
in the livers of HFD-fed animals. Integrative molecular, cellular and metabolic profiling demonstrated that
lipid overload is sufficient to induce BEC activation in steatotic livers, placing BECs as sensors and possibly
effectors in the initial NAFLD progression. Contrary to the previous understanding that DR occurs when
hepatocyte replication is impaired in chronic liver injury, BEC activation preceded parenchymal damage, thus
resolving a long-lasting debate on the chronology of DR initiation in chronic liver diseases. In addition to the
increased cell cycle and DNA replication, our RNA sequencing analysis revealed alterations in cell-ECM in-
teractions of EPCAM" BECs after HFD feeding, as suggested by the downregulation of ECM organization

(Figure 4.7). Indeed, ECM remodeling is an important factor in NAFLD pathology?***-¢%2¢°

, and could signifi-
cantly impact BEC biology. In addition to downregulated cell-ECM binding through collagen (Figure 4.10),
we identified another ECM receptor, hyaluronan-mediated motility receptor (Hmmr), which is an important
driver of liver fibrosis*”’, to be upregulated upon HFD. Interestingly, cell-to-cell connections through E-cad-
herin may also regulate BEC activation as loss of E-cadherin causes liver fibrosis in sclerosing cholangitis®’".
It is hence conceivable that these additional ECM proteins could also contribute to BEC activation and emerge

as novel markers for early DR. Further investigations will be required to corroborate this possibility.

Cellular lipid components mediate the activation of transcription factors, highlighting the link between lipid
composition and transcriptional programs. The changes in lipid composition occur in numerous diseases, such
as cancer’’? or type 2 diabetes®”. Since the first demonstration that cholesterol depletion results in SREBP
activation and increase of its target genes’’’, other pathways, including fatty acid regulation of PPARs*"*">,
oxysterol regulation of LXR*”®, and bile acid regulation of FXR*"”. Moreover, lipids are important components
of the cell membrane®”®, and recent studies demonstrated that specific sphingolipid composition in the cell
membrane also plays instructive roles in controlling cell fate and tissue regeneration through FGF2?**, Thus,
further studies are warranted to investigate the impact of HFD feeding on the lipidome of EPCAM" BECs, as

our data only show an increase in lipid droplets and TGs, without characterizing changes at the levels of

specific lipid species.

Several molecular signaling pathways involving YAP''*'"*, mTORC1%’, TET1-mediated hydroxymethyla-
tion'®!, and NCAM1?” have been reported to drive BEC activation in late DR. Interestingly, our RNA se-
quencing analysis highlighted a previously unrecognized E2F-mediated mechanism for BEC activation in ste-

atosis, and genomic removal of the £2f1 locus was sufficient to prevent BEC activation upon HFD. Given that
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E2F is a group of genes that encodes a family of transcription factors (three activators, six repressors), how
other E2Fs contribute to BEC activation remains uninvestigated. Furthermore, how E2Fs are regulated upon
HFD and whether they are interconnected with the already known YAP, mTORCI1, and TET1 pathways will
require further investigation. Given that E2Fs were listed as binding targets of the DNA-demethylation factor
TET1 in a bioinformatics analysis in DR upon DDC'*, further assessment of the extent of epigenetic remod-
eling may uncover additional molecular phenotypes in BECs induced by HFD. Moreover, in NAFLD, while
mitochondrial function, ATP synthesis, and ketogenesis are impaired, glycolysis and the TCA cycle were
shown to increase to generate sufficient energy and building blocks for cellular anabolism’"*"*%_Some in-
termediates of the TCA cycle, such as a-ketoglutarate (a-KG), are substrates of chromatin-modifying enzymes,
including the TET1-3%*. Considering that TET1 was shown to regulate DR'*, investigating the TCA cycle
intermediates by targeted metabolomics might reveal the relationship between FA overload and cellular repro-

gramming during BEC activation.

Liver disease progression is strongly associated with fibrosis, a direct effect of aberrant ECM deposition and

mechanotransduction®'”**%**! Y AP activation is considered a driver of liver fibrosis'4%?8!-2%

and an important
pathway controlling BEC activation during late DR''*''*, BEC-organoid proliferation closely mimics DR in
vitro'*®, and using this model, I demonstrated that BEC-organoid growth strongly depends on YAP signaling
for mechanotransduction in synthetic hydrogels with physiological stiffness but no longer in PEG-RGD

hydrogels with fibrotic stiffness'®

. As a result, it would be interesting to perform drug and small molecule
screening on BEC-organoids in PEG-hydrogels with fibrotic stiffness to identify new signaling pathways and
targets for reversing their regenerative capacities and potentially liver fibrosis. Even though the biological
importance of the recovered regenerative capacity should ultimately be demonstrated in vivo, this experimental
setup could significantly advance the field and shortlist molecules that could counteract the progression of

fibrosis and/or promote the regeneration and healing of damaged tissue.

Evidence suggests that, in addition to regeneration, DR can contribute to inflammation, fibrosis, and EMT'*°
during chronic diseases. Although the studies described in this thesis have helped in gaining insight into the
BEC phenotype (proliferation) during NAFLD progression, tamoxifen-induced lineage tracing experiments’
using KRT19 (e.g. Krt19“*TdTomato"" reporter mouse'**) and OPN (e.g. OPN-iCreER";ROSA26R """ re-
porter mouse®*®) markers would allow further investigation of the functional contribution of lipid-activated
BEC:s in liver regeneration during the late stages of NAFLD and address the functional significance of DR.
Furthermore, how the regulation of BEC proliferation affects liver function, and regeneration would provide a

clinical setting to investigate BEC activation during disease progression.

Synthetic hydrogels are important for clinical applications as they lack animal-derived material for culture
derivation. Considering that BEC-organoid culture in PEG-hydrogels is suitable for clinical application, one
could question whether they can be transplanted. In this context, it is noteworthy that two studies recently

demonstrated that BEC-organoids cultured in laminin 1 (suitable for clinical applications) could engraft and
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repair bile ducts in a mouse model of biliary disease'®’, and perfused human livers®’. Since this explant was
performed in diseased human donor livers undergoing ex vivo perfusion, further investigation will be needed
to confirm if the same approach works in patients with dysfunctional or damaged bile canaliculi. Finally, as

143172 'the potential to transplant human BEC-

previously demonstrated with BEC-organoids from murine origin
organoids in patients with fibrosis and rescue hepatic function should be tested in the future. If successful,

these studies would constitute a breakthrough in the field of liver regeneration.
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Mechano-modulatory synthetic niches for liver
organoid derivation
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The recent demonstration that primary cells from the liver can be expanded in vitro as
organoids holds enormous promise for regenerative medicine and disease modelling. The use
of three-dimensional (3D) cultures based on ill-defined and potentially immunogenic
matrices, however, hampers the translation of liver organoid technology into real-life appli-
cations. We here use chemically defined hydrogels for the efficient derivation of both mouse
and human hepatic organoids. Organoid growth is found to be highly stiffness-sensitive, a
mechanism independent of acto-myosin contractility and requiring instead activation of the
Src family of kinases (SFKs) and yes-associated protein 1 (YAP). Aberrant matrix stiffness, on
the other hand, results in compromised proliferative capacity. Finally, we demonstrate the
establishment of biopsy-derived human liver organoids without the use of animal compo-
nents at any step of the process. Our approach thus opens up exciting perspectives for the
establishment of protocols for liver organoid-based regenerative medicine.
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Ithough the liver has a remarkable regenerative potential,

chronic inflammation and scarring severely impair liver

regeneration!, making organ transplantation the only
treatment option for patients with severe liver failure2. This
therapeutic approach, however, is limited by the lack of liver
donors, emphasizing the urgent need for cell-based therapies®. A
promising alternative to liver transplantation comes from the
recent breakthrough that liver organoids can be generated in vitro
within animal-derived matrices (e.g. Matrigel) from mouse
and human bile duct-derived bipotential facultative progenitor
cells*° or primary hepatocytes®>/=°. The first type of organoids
are largely composed of progenitor cells that are genetically stable
and can be differentiated into functional hepatocyte-like cells,
which are able to engraft and increase survival when transplanted
in a mouse model of liver disease®->. However, the batch-to-batch
variability of the three-dimensional (3D) matrices currently used
for organoid derivation, as well as their mouse-tumour-derived
origin, makes them unsuited for therapeutic ends. Recent work
has suggested that composite matrices of fibrin and laminin-111,
optimized for intestinal organoid culture, could also be used for
liver organoid growth!®!1. Owing to the mouse-tumour-derived
laminin, these matrices are, however, incompatible with clinical
use, and to the best of our knowledge there is no protocol
available to expand and differentiate clinical-grade hepatic
organoids!>13,

In this study, we report the establishment of a chemically
defined and mechano-modulatory 3D culture system for mouse
and human hepatic progenitors and organoids for basic research
and regenerative medicine applications. We optimized the effi-
ciency of liver organoid derivation by tuning the mechanical
properties of the synthetic microenvironment to match the
physiological stiffness of the mouse liver. Finally, we accurately
modelled the stiffness of the fibrotic liver, and demonstrate that
aberrant liver mechanics negatively impact liver progenitor
proliferation.

Results

Generation of a PEG-based synthetic niche for liver organoid
culture. We previously reported chemically defined 3D matrices
for intestinal stem cell culture and organoid derivation!2, iden-
tifying design principles that could be adopted to mimic stem cell
niches from different tissues. Here, we sought to develop a syn-
thetic matrix for the efficient proliferation of liver progenitor cells
by recapitulating key physical and biochemical characteristics of
the hepatic microenvironment as an alternative to the established
natural matrices Matrigel and collagen®!% (Supplementary
Fig. 1a). To this aim, we first generated inert poly(ethylene glycol)
(PEG) hydrogels enzymatically crosslinked by the activated
transglutaminase factor XIIla (FXIIla)!®>. To mimic the
mechanical properties of the mouse liver, we tuned the stiffness of
PEG gels to physiological values (=1.3 kPa)!¢17. Key ECM pro-
teins found in the native liver!8, such as laminin-111, collagen IV
and fibronectin, were then incorporated in the PEG network, and
soluble factors found in the hepatic niche, such as hepatocyte
growth factor (HGF)!®, the Wnt agonist R-Spondin®*?° and
fibroblast growth factor 10 (FGF10)2!, were added to the culture
medium, referred to as expansion medium (EM)%,

Single dissociated mouse liver progenitor cells derived from
Matrigel-expanded liver organoids were embedded into either
Matrigel or PEG hydrogels and cultured in EM (Supplementary
Fig. 1b). The functionalization of PEG hydrogels with fibronectin
and laminin-111 led to efficient organoid generation, comparable
to Matrigel (Fig. 1a, b). Replacement of the full-length fibronectin
with its minimal integrin recognition peptide RGDSPG (Arg-Gly-
Asp-Ser-Pro-Gly) led to similar results, suggesting that the

addition of a minimal adhesive moiety to the otherwise inert
matrix is sufficient to promote extensive proliferation of liver
progenitors (Fig. la, b). Cells expanding in PEG hydrogels
modified with RGDSPG (‘PEG-RGD’) generated cystic structures
characterized by a central lumen and a surrounding epithelium
(Fig. 1c, e). Histology and gene expression analyses showed that
these PEG-RGD-derived organoids possess a progenitor pheno-
type expressing stem/ductal markers such as Lgr5, Epcam, Krt19
and Sox9 (Fig. 1d, e and Supplementary Fig. 1c) and, in terms of
morphology and gene expression, are indistinguishable from
organoids grown in Matrigel (Fig. 1d, e). As expected, markers of
fully differentiated hepatocytes such as Cyp3all were not
expressed (Fig. 1d).

A major limitation of all current protocols for culturing
epithelial organoids is an obligatory requirement of Matrigel (or
similar natural ECM-derived matrices) in the first step of
organoid generation. To test whether mouse liver organoids can
be established in synthetic matrices without any initial Matrigel
culture step, biliary duct fragments were isolated from mouse
liver and directly embedded in PEG-RGD hydrogels (Supple-
mentary Fig. 1b). Strikingly, after 6 days of culture, organoids
emerged that could be serially passaged in culture (Fig. 1f and
Supplementary Fig. 1d). PEG-RGD gels allowed organoid growth
for more than 14 days (Supplementary Fig. le) without any
significant structural deterioration. In contrast, Matrigel softened
and no longer provided sufficient mechanical support already
after 6 days of culture (Supplementary Fig. 1f), highlighting the
importance of having a stably crosslinked matrix for long-term
organoid culture.

Liver organoids cultured in PEG hydrogel efficiently differ-
entiate into hepatocyte-like cells. Liver organoids can be dif-
ferentiated in vitro into functional hepatocyte-like cells when
cultured in the presence of specific differentiation medium (DM)
containing inhibitors of Notch and TGF-B pathways*? (Supple-
mentary Fig. 2a). To test whether organoids derived in the syn-
thetic matrix preserved the capacity for differentiation and
hepatocyte maturation, we grew organoids in PEG-RGD gels and
replaced the expansion medium with differentiation medium
after 6 days, and analysed the expression of differentiated hepa-
tocyte markers after 12 days (Supplementary Fig. 2d)*. Similar to
Matrigel cultures, synthetic gels promoted a robust increase in the
transcript levels of mature hepatocyte markers such as Cyp3all,
Alb, Ttr, Nr1h4 (Fxr), Slc2a2 (Glut2), Glul and Nrlh3 (Lxr)
(Fig. 2a) and expression of ALB and HNF4a proteins (Fig. 2b),
while markers of stem cells, such as Lgr5, disappeared (Supple-
mentary Fig. 2b). As expected, during the differentiation process,
cells acquired a characteristic hepatocyte-like morphology, as
evidenced by a polygonal shape and expression of junction pro-
teins such as ZO-1 and E-cadherin (Fig. 2¢, d). Occasionally,
hepatocyte-like cells showed poly-nucleation, a typical feature of
hepatocytes (Fig. 2¢, d and Supplementary Fig. 2e).

Next, to test whether hepatocyte-like cells generated in PEG-
RGD hydrogels display hepatocyte-specific functions, we mon-
itored albumin secretion. Liver organoids grown in DM showed a
marked increase in albumin secretion, as compared to organoids
cultured in EM (Fig. 2e). Moreover, hepatocyte-like cells were
able to produce and secrete urea, as well as to accumulate
glycogen, two enzymatically regulated processes that occur in
mature hepatocytes (Fig. 2f, g). Moreover, the majority of
differentiated cells were capable of internalizing low-density
lipoproteins (LDL) from the culture medium, indicating that LDL
receptor-mediated cholesterol uptake is functional (Fig. 2h).
Finally, differentiation of organoids directly derived in PEG-RGD
hydrogels was as efficient as in Matrigel (Supplementary Fig. 2c).
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Fig. 1 Liver organoid growth in Matrigel and PEG supplemented with ECM components. a Mouse liver progenitor cells 3 days after embedding in:

Matrigel (MG), plain PEG (PEG) and PEG functionalized with the indicated ECM components: COL.IV (collagen V), FN (fibronectin), LAM-1 (laminin-1)
and RGD-representing peptide (RGD). b Quantification of organoid formation efficiency relative to panel a. Graphs show individual data points derived from
n = 3 independent experiments and means * s.d., one-way Anova. *P < 0.05, ***P < 0.001. P= 0.0321; P= 0.0266; P = 0.0119; P = 0.0003. Source data are
provided as a Source Data file. € Hematoxylin and eosin staining of Matrigel- and PEG-derived organoids. Scale bar 25 pm. d Gene expression was analysed
by gRT-PCR in liver organoids 6 days after embedding in Matrigel and PEG hydrogels supplemented with different ECM factors. The heatmap represents
ACt values as described in the method section. e Liver organoid immunostaining was performed 6 days after embedding of liver progenitor cells in Matrigel
or PEG-RGD. f Liver organoids can be cultured in PEG hydrogels by directly embedding mouse biliary duct fragments. Representative pictures are shown.

Micrographs (c, e, ) are representative of three independent experiments.

Altogether, these results demonstrate that liver organoids grown
in PEG-RGD hydrogels can be readily differentiated into
hepatocyte-like cells that mimic many of the established hepatic
functions.

Matrix stiffness controls liver organoid growth in an acto-
myosin-independent manner. Mechanical signals can play a cri-
tical role in controlling stem cell behaviour and tissue home-
ostasis?2, but also contribute to the manifestation of diseases?3-2>.
Despite the recent progress in establishing novel 3D liver model
systems®7?, relatively little is known about the role of mechanics in
regulating hepatic stem cell biology. This can be attributed to the
fact that current culture systems rely on Matrigel, a matrix from
tumour-derived origin, which has batch-to-batch stiffness varia-
bility and is not conducive to mechanical modification (Supple-
mentary Fig. 3a). To test whether matrix mechanics affect liver
organoid growth, we grew organoids in hydrogel of variable stift-
ness, ranging from values below the normal mouse liver stiffness
(0.3 kPa) to those reaching physiological stiffness (1.3 kPa)1®17,

Organoid formation efficiency and proliferation was profoundly
affected by the mechanical properties of the matrix, with values
mimicking physiological liver stiffness (between 1.3 and 1.7 kPa)
being optimal (Fig. 3a, b and Supplementary Fig. 3b). Differ-
entiation capacity, however, was unaffected by the degree of stiff-
ness as induction of hepatic genes was maintained also when liver
organoids were differentiated in soft gels (Supplementary Figs. 2d
and 3c). These data demonstrate that optimizing the mechanical
properties of the hydrogel represents a critical step in the efficient
generation of liver organoids.

Given the pivotal role of the Hippo pathway nuclear effector,
Yes associate protein (YAP), in the transduction of microenviron-
ment mechanical cues downstream of integrins2®, we next tested
whether YAP activation could potentially explain the observed
matrix stiffness dependence. We monitored the expression of
canonical YAP target genes and YAP subcellular localization in
organoids cultured in soft (0.3 kPa) and physiologically stiff
(1.3 kPa) matrices. Interestingly, in stiffer hydrogels, YAP target
genes expression and nuclear accumulation were increased
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Fig. 2 Differentiation of liver organoids into hepatocyte-like cells in PEG-RGD hydrogels. a Gene expression was analysed by gRT-PCR in liver organoids
maintained in expansion medium (EM) or differentiation medium (DM) in PEG-RGD hydrogels. Graphs show individual data points derived from n=3
independent experiments and means + SEM, unpaired Student's one-tailed t-test. *P < 0.05, **P < 0.01, ***P <0.001 (P = 0.030; 0.0077; 0.0007; 0.0126;
0.0009; 0.00003). b Representative confocal immunofluorescence images of Albumin (ALB), Hnf4a and E-Cadherin (E-CAD.). Scale bars: 25 pm (top),
10 pm (bottom). € Representative confocal immunofluorescence images of ZO-1in liver organoids maintained in differentiation medium (DM) in PEG-RGD
hydrogels. The asterisk indicates a binucleated cell. Scale bar 10 pm. d Liver organoids maintained in differentiation medium (DM) in PEG-RGD hydrogels.
E-cadherin was used to visualize cell borders. The asterisk indicates a binucleated cell. Scale bar 10 um. e Albumin secretion was quantified in the
supernatant of organoids embedded in PEG-RGD hydrogels and maintained in EM or DM. Center line, median; box, interquartile range (IQR); whiskers,
range (minimum to maximum). Red and orange dots, individual data points derived from n= 4, unpaired Student's two-tailed t-test. **P<0.01 (P=
0.0031). f Urea production was quantified in the supernatant of organoids embedded in PEG-RGD hydrogels and maintained in EM or DM. Center line,
median; box, interquartile range (IQR); whiskers, range (minimum to maximum). Red and orange dots, individual data points derived from n =11, unpaired
Student's two-tailed t-test. ***P < 0.001 (P<0.0001). g Glycogen accumulation was assessed by PAS (Periodic-Acid Schiff) staining in liver organoids
embedded in PEG-RGD hydrogels and maintained in EM or DM. Scale bar 10 pm. h LDL uptake was monitored by Dil-ac-LDL fluorescent substrate in liver
organoids maintained in DM in PEG-RGD hydrogels. Scale bar 10 um. Micrographs (b-d, g, h) are representative of three independent experiments. Source
data are provided as a Source Data file.

compared to soft matrices (Fig. 3¢ and Supplementary Fig. 3d). To
examine whether an activated integrin/YAP signalling axis is
functionally required for organoid derivation in physiologically
stiff matrices, we treated organoid cultures with PF-573228 (PF),
an inhibitor of the integrin effector focal adhesion kinase (FAK),
or with the YAP inhibitor Verteporfin (VP)?” (Fig. 3d). Both
treatments prevented the increase in organoid formation induced
in stiffer matrices (Fig. 3e and Supplementary Fig. 3e), indicating
that the integrin/YAP module is required in coordinating growth
of liver progenitors in response to mechanical stimuli.

We then sought to identify the other components of the FAK-
YAP cascade that may play a role in modulating the stiffness
response in our system. Since remodelling of the actin

cytoskeleton has been identified as a key event upstream of
YAP activation?8-30, we assessed its putative involvement in
physiological stiffness-induced organoid growth by inhibiting
acto-myosin contractility with blebbistatin®!. Surprisingly, bleb-
bistatin treatment significantly enhanced organoid formation
(Fig. 3f) with an efficiency comparable to ROCK inhibitors
(Supplementary Fig. 3g), indicating that matrix stiffness
promotes organoid growth independently of cytoskeletal
dynamics, and that acto-myosin contractility rather interferes
with normal liver progenitor expansion. However, tyrosine
phosphorylation of YAP by the Src family of kinases (SFK), an
alternative route for integrin-dependent and acto-myosin
independent YAP activation32-40, was increased by matrix
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Fig. 3 Effect of matrix stiffness on liver organoid formation. a Effect of matrix stiffness on organoid formation efficiency. Graphs show individual data points
derived from n =3 independent experiments and means * s.d. (P <0.0001). b Representative image of organoids 3 days after embedding in PEG-RGD
hydrogels of indicated stiffness. ¢ Gene expression was analysed by qRT-PCR in liver organoids 6 days after embedding in PEG-RGD hydrogels with indicated
stiffness. Graphs show individual data points derived from n = 3 independent experiments and means £ s.d. (P=0.0088; 0.0077). d Schematic representation
of cellular mechano-signalling pathways. Inhibitors of key elements are depicted in red. e Effect of indicated inhibitors on organoid formation efficiency in soft
(300 Pa) and physiologically stiff (1.3 kPa) PEG-RGD hydrogels. CFU (colony forming unit). Graphs show individual data points derived from n = 3 independent
experiments and means * s.d. (P < 0.0001). f Effect of indicated inhibitors on organoid formation efficiency in physiologically stiff (1.3 kPa) PEG-RGD hydrogels.
CFU (colony forming unit). Graphs show individual data points derived from n = 3 independent experiments and means + s.d. (P = 0.0198; 0.0003). *P < 0.05,
**P<0.01, ***P < 0.001 one-way Anova (a, f) or two-way Anova (c, e). Source data are provided as a Source Data file.

stiffness (Supplementary Fig. 3f). Of interest, treatment with
Dasatinib*!, a FDA-approved SFK inhibitor, fully abolished YAP
phosphorylation and organoid growth in physiologically stiff (1.3
kPa) matrices (Fig. 3f and Supplementary Fig. 3f). These results
corroborate the importance of the integrin/SFK/YAP signalling
pathway in liver progenitor proliferation in response to
differential mechanical inputs.

PEG hydrogels can be tuned to model fibrotic liver mechanics.
Liver disease progression is strongly associated with abnormal
tissue architecture and mechanotransduction!®4243, Indeed, as a
direct effect of aberrant ECM deposition in the fibrotic liver,
tissue stiffness increases in time and severely compromises its
function*4-4, In fact, the changes in liver stiffness associated with

disease are used for diagnostics based on longitudinal noninvasive
monitoring?”. We reasoned that liver organoids grown in defined
hydrogels recapitulating the stiffness of fibrotic liver could serve
as physiologically relevant 3D model to investigate how stem cells
translate aberrant mechanical inputs into disease-relevant phe-
notypes. To this aim, we generated fibrosis-mimicking hydrogels
with a stiffness of 4 kPal®17, Strikingly, these hydrogels led to a
significant impairment of organoid formation (Fig. 4a, b and
Supplementary Fig. 3a), demonstrating that an abnormal ECM
stiffness is sufficient to decrease the liver progenitor proliferative
capacity. In this condition liver organoids showed a reduction in
the expression of hepatic progenitor markers (Fig. 4c) and
upregulation of genes involved in cellular response to hepatic
injury (Fig. 4d and Supplementary Fig. 4a), indicating impaired
stemness potential and concomitant induction of a stress
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Fig. 4 Hydrogels mimicking the stiffness of native fibrotic liver affect the growth of liver organoids and promote a stress response. a Effect of matrix
stiffness on organoid formation efficiency. Graphs show individual data points derived from n =3 independent experiments and means + SEM, unpaired
Student's two-tailed t-test (P =0.0017). b Representative image of organoids 3 days after embedding in PEG-RGD hydrogels of indicated stiffness. Scale
bars: 100 pm. c-f Gene expression was analysed by gRT-PCR in liver organoids 6 days after embedding in PEG-RGD hydrogels with indicated stiffness.
Graphs show individual data points derived from n =3 independent experiments and means + SEM. ¢ (P =0.0218); d (P =0.0051; 0.0223; 0.00071;

0.0001; 0.0021; 0.0056); e (0.0127; 0.033). *P < 0.05, **P < 0.01 ***P < 0.001 unpaired Student's two-tailed t-test (c, e) or two-way Anova (d, f). Source

data are provided as a Source Data file.

response. Finally, fibrosis-mimicking hydrogels led to an increase
in the expression of matrix metalloproteases (Fig. 4e), a com-
pensatory phenomenon known to be induced in response to
increased ECM stiffness#3-30. Surprisingly, in these conditions
YAP activation was not affected (Fig. 4f), suggesting the existence
of other pathways controlling liver progenitor growth in response
to increased stiffness. These results suggest that synthetic
hydrogels may be a useful tool to assess the contribution of
mechanical inputs on liver diseases.

PEG hydrogels allow derivation and culture of human liver
organoids. To test the potential clinical relevance of our findings,
we assessed whether the PEG-RGD hydrogels, initially designed
for expansion and differentiation of mouse liver organoids, were
also suitable for culturing human organoids. We first generated
Matrigel-derived organoids from human non-tumorigenic liver
needle biopsies®>. Human liver progenitor cells were then
embedded in PEG-RGD and cultured in human expansion
medium (HEM) (Supplementary Fig. 4b). In these conditions
human liver progenitor cells generated organoids that could be
expanded over multiple passages (Fig. 5a). Similar to mouse,

human organoid generation efficiency in PEG-RGD was com-
parable to Matrigel (Fig. 5a), and was critically dependent on
changes in hydrogel stiffness (Fig. 5b). Moreover, when cultured
in HEM, human liver organoids grown in PEG-RGD expressed
progenitor cell markers, such as KRT19 (Fig. 5¢), but readily
differentiated into human hepatocyte-like cells when cultured in
human differentiation medium (HDM) (Fig. 5d and Supple-
mentary Fig. 4c).

Finally, in order to generate clinically relevant human liver
organoids, we tested the possibility of establishing organoids from
human patients without the interference of any animal-derived
matrices. To this aim, freshly isolated liver biopsies from six
patients were digested and directly embedded in PEG-RGD
hydrogels (Fig. 5e). Strikingly, after 8 days of culture, organoid
formation was scored from progenitor cells of all patients (Fig. 5f)
and could be passaged (Fig. 5g) and differentiated (Supplemen-
tary Fig. 4d). Moreover, liver organoids could be frozen-thawed in
PEG-RGD hydrogels (Supplementary Fig. 4e).

Altogether, these data provide proof-of-concept that human
liver progenitor cells can be derived and maintained in vitro
within synthetic matrices.
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directly embedded in PEG-RGD hydrogels. Scale bar 50 pm. g PEG-RGD-derived human liver progenitor cells were embedded in physiologically stiff
hydrogels and passaged in human expansion medium (HEM). Scale bar 100 pm. Micrographs (¢, d, g) are representative of three independent

experiments. Source data are provided as a Source Data file.

Discussion

We report here the establishment of a fully defined 3D culture
system for mouse and human hepatic progenitors and organoids.
We demonstrated that liver organoids can be expanded and
maintained in such minimal environments with an efficiency that
is comparable to Matrigel, but without its main disadvantages of
structural instability, batch-to-batch variability and clinical
incompatibility. By tuning the stiffness of the synthetic networks
to match the physiological levels of the liver, we optimized the
efficiency of liver organoid derivation, and identified integrin-
SFK-YAP as a mechano-sensitive axis that is required for liver
organoid growth. Interestingly, in contrast to intestinal orga-
noids!2, we found that liver progenitor cells transduce mechanical
signals in an acto-myosin independent manner and instead
require activation of the tyrosine kinase Src to support epithelial
tissue formation. Moreover, we used PEG hydrogels to accurately
model the aberrant mechanical properties of the fibrotic liver,
providing evidence that aberrant liver stiffness negatively impacts
liver progenitor proliferation. This experimental setup provides a
standardized framework to study hepatic progenitor cells in a
defined mechanical environment, which may further our

understanding of the underappreciated role of mechanical cues in
modulating the molecular properties and signatures of this cell
population in healthy and fibrotic liver. Finally, our data showing
that clinically relevant human stem/progenitor cells can be grown
in vitro without any requirement of animal-derived matrices, may
open exciting perspectives for the establishment of protocols for
liver organoid-based clinical applications.

Methods

Data reporting. The experiments were not randomized and the investigators were
not blinded to allocation during experiments and outcome assessment. No statis-
tical methods were used to determine sample size. The experiments were repeated
at least three times or with at least three different donors to control biological
variations.

Animals and ethical approval. Liver tissues were harvested from 8-12-weeks-old
euthanized C57BL/6 ] male mice. All the animal experiments were authorized by
the Veterinary Office of the Canton of Vaud, Switzerland under the license
authorization no. 3263. The mice were housed in groups of five mice per cage with
access to food and water. The temperature of the animal facility was set at 22 +
2°C, the hygrometry at 40-60% and the light cycle (12:12) from 7:00 to 19:00.
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Enzymatically crosslinked hydrogel precursor synthesis. Hydrogel precursors
were synthesized as previously reported>!. Briefly, vinylsulfone functionalized 8-
arm PEG (PEG-VS) was purchased from NOF. The transglutaminase (TG) factor
XIII (FXIIIa) substrate peptides Ac-FKGGGPQGIWGQ-ERCG-NH2 with matrix
metalloproteinases (MMPs)-sensitive sequence (in italics), Ac-FKGG-
GDQGIAGF-ERCG-NH2, H-NQEQVSPLERCGNH2 and the RGD-presenting
adhesion peptide H-NQEQVSPLRGDSPG-NH2, were purchased from GL Bio-
chem. FXIIIa substrate peptides and 8-arm PEG-VS were dissolved in triethano-
lamine (0.3 M, pH 8.0) and mixed at 1.2 stoichiometric excess (peptide-to-VS
group), and allowed to react for 2 h under inert atmosphere. The reaction solution
was dialysed (Snake Skin, MWCO 10 K, PIERCE) against ultrapure water for

3 days at 4 °C, after which the products were lyophilized and dissolved in ultrapure
water to make 13.33% w/v stock solutions.

Formation and dissociation of PEG hydrogels. PEG precursor solutions were
mixed in stoichiometrically balanced ratios to form hydrogel networks of a desired
final PEG content. Addition of thrombin-activated FXIIla (10 U ml—1; Galexis)
triggered the hydrogel formation in the presence of Tris-buffered saline (TBS;

50 mM, pH 7.6) and 50 mM CaCl2. The spare reaction volume was used for the
incorporation of dissociated liver stem cells, fragments of liver bile ducts, and ECM
components: RGD-presenting adhesion peptide, fibronectin (0.5 mg ml—1; R&D
systems), laminin-111 (0.2 mg ml—1; Invitrogen), collagen IV (0.2 mg ml—1; BD
Bioscience). Gels cast on PDMS-coated 24-well plate were allowed to crosslink by
incubation at 37 °C for 10 min. To release the grown colonies for further proces-
sing, gels were detached from the bottom of the plates using a tip of a metal spatula
and transferred to 15-ml Falcon tube containing 1 ml of Dispase (1 mg/ml, Thermo
Fisher Scientific). After 10 minutes enzymatic digestion, the reaction was quenched
using 10% FBS containing 1 mM EDTA, washed with cold basal medium and
centrifuged for 3 min at 1000 rpm.

Mechanical characterization of PEG hydrogels. Elastic modulus (G’) of hydro-
gels was measured by performing small-strain oscillatory shear measurements on a
Bohlin CVO 120 rheometer with plate-plate geometry. Briefly, 1-1.4 mm thick
hydrogel discs were prepared and allowed to swell in water for 24 h. The
mechanical response of the hydrogels sandwiched between the parallel plates of the
rheometer was recorded by performing frequency sweep (0.1-10 Hz) measure-
ments in a constant strain (0.05) mode at 25 °C.

Quantification of liver organoid formation efficiency. Phase contrast z-stacks
images were collected through the entire thickness of the PEG gels (every 15 um) at
four different locations within the gels (Nikon Eclipse Ti). The Cell Counter plugin
in Image] (NIH) was used to quantify the percentage of single cells that formed
colonies after 3 days of culture in expansion medium.

Culture of mouse and human liver organoids. Mouse liver organoids were
established from biliary duct fragments as previously described with some mod-
ifications?. Briefly, liver tissues were digested in digestion solution (Collagenase
type XI 0.012%, dispase 0.012%, FBS 1% in DMEM medium) for 2 h. When
digestion was complete, bile ducts were pelleted by mild centrifugation (200 rpm
for 5min) and washed with PBS. Isolated ducts were then resuspended either in
Type I Collagen (8-11 mg/ml prepared following manufacturer’s instruction—
from Corning), Matrigel (BD Bioscience) or PEG precursor solution and cast in 10
pl droplets in the centre of the wells in a 48-well plate. After the gels were formed,
250 pl of isolation medium was added to each well. Isolation medium was com-
posed of AUDMEM/F-12 (Invitrogen) supplemented with B-27 and N-2 (both
GIBCO), 1.25 uM N-acetylcysteine (Sigma-Aldrich), 10 nM gastrin
(Sigma-Aldrich) and the following growth factors: 50 ng ml~! EGF (Peprotech),
1 pgml~! Rspol (produced in-house), 100 ng ml~! Fgfl10 (Peprotech), 10 mM
nicotinamide (Sigma-Aldrich), 50 ng ml~! HGF (Peprotech), Noggin (100 ng ml~!
produced in-house), Wnt 3a (1 pgml~!, Peprotech) and Y-27632 (10 pM, Sigma).
After the first 4 days, isolation medium was changed with expansion medium
(EM), which consists of isolation medium without Noggin, Wnt and Y-27632. One
week after seeding, organoids were removed from the Matrigel or PEG hydrogel,
dissociated into single cells using TrypLE express (Gibco), and transferred to fresh
Matrigel or PEG hydrogels. Passaging was performed in 1:3 split ratio once per
week. Plasmids for Rspol and Nog production were a kind gift from Joerg
Huelsken. Liver progenitor cells were treated with the following compounds for
YAP-inhibition experiments: Verteporfin (10 uM, Sigma), Dasatinib (10 uM, Sell-
eckchem), Blebbistatin (10 pM StemCell Technologies), PF-573228 (10 uM Tocris).

Human liver biopsies and generation of human organoids. Human tissues were
obtained from patients undergoing diagnostic liver biopsy at the University Hos-
pital Basel. Written informed consent was obtained from all patients. The study
was approved by the ethics committee of the northwestern part of Switzerland
(Protocol Number EKNZ 2014-099). Ultrasound (US)-guided needle biopsies were
obtained with a coaxial liver biopsy technique as described previously>?. One
biopsy cylinder was fixed in formalin and paraffin-embedded for histopathological
diagnosis. Additional cylinders were collected in advanced DMEM/F-12 (GIBCO)
for organoid generation. Patient clinical information are shown in Supplementary

Table 2. Human liver organoids were generated as previously described with some
modifications>". Briefly, biopsies were placed in advanced DMEM/F-12 (GIBCO)
and transported to the laboratory on ice. Liver samples were then digested to small-
cell clusters in basal medium containing 2.5 mg/mL collagenase IV (Sigma) and 0.1
mg/mL DNase (Sigma) at 37 °C. Cell clusters were embedded in Matrigel or PEG
gels, cast and after the gels were formed, human isolation medium (HIM) was
added. HIM is composed of advanced DMEM/F-12 (GIBCO) supplemented with
B-27 (GIBCO), N-2 (GIBCO), 10 mM nicotinamide (Sigma), 1.25 mM N-acetyl-L-
cysteine (Sigma), 10 nM [Leul5]-gastrin (Sigma), 10 uM forskolin (Tocris), 5 uM
A8301 (Tocris), 50 ng/mL EGF (PeproTech), 100 ng/mL FGF10 (PeproTech),

25 ng/ml HGF (PeproTech), 1 ugml~! Rspol (produced in-house), Wnt 3a

(1 pgml~1, Peprotech), Y-27632 (10 uM, Sigma) and Blebbistatin (10 uM StemCell
Technologies). After the first 4 days, isolation medium was changed with human
expansion medium (HEM), which consists of HIM without Noggin, Wnt and
Y-27632.

Mouse hepatocyte differentiation. Single cells were seeded and kept for 6 days in
EM. Then the medium was changed to differentiation medium (DM), which no
longer contains Rspol, HGF and nicotinamide and instead contains A8301 (50 nM,
Tocris Bioscience) and DAPT (10 nM, Sigma-Aldrich). Cells were maintained in
DM for 12 days. During the last 3 days DM was also supplemented with dex-
amethasone (Sigma, 3 uM). Medium was changed every 2 days.

Human hepatocyte differentiation. Single cells were seeded and kept 6 days in
HEM. Then the medium was changed to differentiation medium (HDM), which no
longer contains Rspol, HGF and nicotinamide and instead contains A8301 (50 nM,
Tocris Bioscience) and DAPT (10 nM, Sigma-Aldrich), BMP7 (25 ng/ml Pepro-
tech) and human Fgf19 (100 ng/ml, R&D). Cells were maintained in DM for

10 days. During the last 3 days DM was also supplemented with dexamethasone
(3 uM). Medium was changed every 2 days.

Immunohistochemical analysis of human organoids. Human organoids were
fixed in 10% neutral buffered formalin, washed with PBS, dehydrated, and
embedded in paraffin. Five-micrometre thick sections were made from paraffin-
embedded samples and sections were stained with H&E and PAS.

Immunofluorescence analysis. Liver organoids were extracted from Matrigel (with
Cell Recovery Solution, Corning) or PEG gels (with 1 mg ml— 1 Dispase (Gibco) for
10 min at 37 °C) and fixed with 4% paraformaldehyde (PFA) in PBS (20 min, room
temperature). Organoids in suspension were centrifuged (1000 r.p.m., 5 min) to
remove the PFA, washed with ultrapure water and pelleted. The organoids were then
spread on glass slides and allowed to attach by drying. Attached organoids were
rehydrated with PBS and permeabilized with 0.2% Triton X-100 in PBS (1 h, room
temperature) and blocked (1% BSA in PBS) for 1 h. Samples were then incubated
overnight with phalloidin-Alexa 488 (Invitrogen) and primary antibodies against
Epcam (1:50, eBioscience, G8.8), Krt19 (1:100, Abcam, ab15463), E-cadherin (1:100,
Cell Signaling, 24E10), Sox9 (1:50, Millipore, AB5535), Albumin (1:50, R&D systems,
MABI1455), Hnf4a (1:50, Santa Cruz, C19), ZO-1 (1:50, Invitrogen, 61-7300); YAP
(1:50, Cell Signaling, 4912 S). Samples were washed with PBS and incubated for 3 h
with secondary antibodies Alexa 488 donkey-a-rabbit, Alexa 568 donkey-a-mouse,
Alexa 647 donkey-a-goat (1:1000 in blocking solution; Invitrogen). Following
extensive washing, stained organoids were imaged by confocal (Zeiss LSM 710)
mode. Dapi was used to stain nuclei.

Western blotting. Samples were lysed in lysis buffer (50 mM Tris (pH 7.4), 150
mM KCl, 1 mM EDTA, 1% NP-40, 5 mM NAM, 1 mM sodium butyrate, protease
and phosphatase inhibitors). Proteins were separated by SDS-PAGE and trans-
ferred onto nitrocellulose or polyvinylidene difluoride membranes. Blocking (30
min) and antibody incubations (overnight) were performed in 5% BSA in TBST.
YAPI (Santa Cruz sc101199, 1:1000), phospho-YAP1Y357 (Abcam ab62751,
1:1000), ACTIN (Santa Cruz sc47778, 1:1000), CXCL10 (RD system AF-466-NA,
1:1000), CCL2 (Novus Biologicals NBP2-22115, 1:1000), COL1A2 (Santa Cruz,
1:1000).

Quantitative real-time qRT-PCR for mRNA quantification. Liver organoids were
extracted from Matrigel or PEG gels as previously described!2. RNA was extracted
from organoids using the RNAqueous total RNA isolation kit (Thermo Fisher)
following manufacturer’s instructions. RNA was transcribed to complementary
DNA using QuantiTect Reverse Transcription Kit (Qiagen) following manu-
facturer’s instructions. Expression of selected genes was analysed using the
LightCycler 480 System (Roche) and SYBR Green chemistry. Quantitative reverse
transcription polymerase chain reaction (PCR) results were presented relative to
the mean of Gapdh (AACt method). Expression values shown as heatmap are
reported as delta cycle threshold (ACt) values normalized using Gapdh (ACt values
were calculated as ACt = Ct[target gene] — Ct[Gapdh] and represented by scale
colour of ACt values [Green-low expression; Red-high expression])>!. Primers for
qRT-PCR are listed in Supplementary Table 1.
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Proliferation assay. Cell proliferation was assessed by EdU assay (Click-iT EdU
Alexa Fluor 647) following manufacturer’s instructions. Liver organoids were
incubated with EAU for 2 h.

For quantification of EQU+- cells, one section per organoid showing the largest
dimension of the organoid was analyzed (15 organoid per condition) and from
each section EAU+ cells were manually counted and expressed as percentage of
cells calculated from nuclear labeling with DAPI.

Functional analysis. LDL uptake was detected with Dil-Ac-LDL (Biomedical
Technologies). Mouse albumin secretion was detected with ELISA kit (Abcam,
ab108792). Urea secretion was assessed with QuantiChrom™ Urea Assay Kit
(BioAssay Systems). All experiments were performed according to the manu-
facturers’ instructions.

Statistical analysis and sample information. Statistically significant differences
between the means of two groups were assessed as specified in the legends. All
statistical analyses were performed in the GraphPad Prism 7.0 software. A P-value
<0.05 was considered statistically significant.

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

Data availability

All summary or representative data generated and supporting the findings of this study
are available within the paper. The data underlying Figs. 1b, d, 2a, e, f, 3a, ¢, e, f, 4a, c-f,
5a and Supplementary Figs. 1b, 2a—c, 3a—c, g, 4c and uncropped blots are provided as a
Source Data file. Source data are provided with this manuscript.
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Abstract

During severe or chronic hepatic injury, biliary epithelial cells (BECs), also known as
cholangiocytes, undergo rapid reprogramming and proliferation, a process known as
ductular reaction (DR), and allow liver regeneration by differentiating into both functional
cholangiocytes and hepatocytes. While DR is a hallmark of chronic liver diseases, including
advanced stages of non-alcoholic fatty liver disease (NAFLD), the early events underlying
BEC activation are largely unknown. Here, we demonstrate that BECs readily accumulate
lipids upon fatty acid (FA) treatment in BEC-derived organoids, and during high-fat diet
feeding in mice. Lipid overload induces a metabolic rewiring to support the conversion of
adult cholangiocytes into active BECs. Mechanistically, we found that lipid overload
unleashes the activation of the E2F transcription factors in BECs, which drives cell cycle
progression while promoting glycolytic metabolism. These findings demonstrate that fat
overload is sufficient to initiate a DR, without epithelial damage, and provide new insights
into the mechanistic basis of BEC activation, revealing unexpected connections between
lipid metabolism, stemness, and regeneration.
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This important study reports that a high-fat diet induces biliary epithelial cell
proliferation and suggests this may account for the so-called ductular reaction in
advanced fatty liver disease. Convincing data support the finding that the
transcription factor E2F1 is required for biliary epithelial cell proliferation in mice fed
with a high-fat diet, and organoid models indicate that lipid abundance promotes
glycolysis in an E2F-dependent manner. These findings are potentially of broad
interest to the field of liver biology and disease.

Introduction

Under physiological conditions, the hepatic epithelium, composed of hepatocytes and BECs
(or cholangiocytes), is non-proliferative. Yet upon injury, these two cell types are capable of
rapidly changing their phenotype from quiescent to proliferative, contributing to the prompt
restoration of damaged tissue (Gadd et al., 2020; Michalopoulos, 2014; Miyajima et al., 2014;
Yanger and Stanger, 2011). However, in chronic liver injury, characterized by impaired
hepatocyte replication, BECs weigh-in and serve as the cell source for regenerative cellular
expansion through the DR process (Choi et al., 2014; Deng et al., 2018; Espafiol-Sufier et al.,
2012; Huch et al., 2013; Lu et al.,, 2015; Raven et al., 2017; Rodrigo-Torres et al., 2014; Russell et

The molecular basis by which BECs expand during the DR has been extensively studied in
chemical models of biliary damage and portal fibrosis using the chemical 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC). Several signaling pathways involving YAP
(Meyer et al., 2020; Pepe-Mooney et al., 2019; Planas-Paz et al., 2019), mTORC1 (Planas-Paz et

al., 2018; Sorrentino et al., 2005). NAFLD, one of the most common chronic diseases, initiates
with increased lipid accumulation, a stage called steatosis (Paschos and Paletas, 2009). This
pathology progresses into inflammation and fibrosis that can cause cirrhosis and
hepatocellular carcinoma, which are the most frequent liver transplantation indications
(Byrne and Targher, 2015). YAP has been found to be activated in BECs in fibrotic livers but
not in steatosis (Machado et al., 2015), suggesting that YAP activation is necessary to support
DR in the late fibrotic NAFLD stages, and thus, leaving the early molecular mechanisms of
BEC activation unexplored.

BEC-derived organoids (BEC-organoids) can be established from intrahepatic bile duct
progenitors and exhibit a DR-like signature, representing a promising in vitro approach to
study regenerative mechanisms and therapies (Huch et al., 2015; 2013; Li et al., 2017; Okabe
et al., 2009; Shin et al., 2011; Sorrentino et al., 2020). These self-renewing bi-potent organoids
are capable of expressing stem cell/progenitor markers and of differentiating into functional
cholangiocyte- and hepatocyte-like lineages, which can engraft and repair bile ducts (Hallett

et al., 2022; Sampaziotis et al., 2021) and improve liver function when transplanted into a
mouse with liver disease (Huch et al., 2015; 2013; Li et al., 2017).

Here, we used BEC-organoids and BECs isolated from chow diet (CD)- or high-fat diet (HFD)-
fed mice and reported that they are affected by acute and chronic lipid overload, one of the
initial steps of NAFLD. Lipid accumulation turns BECs from quiescent to proliferative cells
and promotes their expansion through the E2F transcription factors and the concomitant

Ece Yildiz, Gaby El Alam et al., 2022 eLife. https://doi.org/10.7554/eLife.81926.1 2 0f 23


https://doi.org/10.7554/eLife.81926.1

+*eLife

induction of glycolysis. These observations hence attribute a pivotal role to E2Fs, regulators
of cell cycle and metabolism, in inducing BEC activation before the late fibrotic stage of
NAFLD.

Results

BECs and BEC-organoids efficiently accumulate lipids in vivo
and in vitro

To gain insight into how chronic lipid exposure, an inducer of liver steatosis, affects biliary
progenitor function in vitro, we incubated single BECs with a fatty acid mixture (FA mix) of
oleic acid (0OA) and palmitic acid (PA) - the two most abundant FAs found in livers of NAFLD
patients (Araya et al., 2004), for 7 days and allowed BEC-organoid formation (Figure 1A).
Surprisingly, we observed that BEC-organoids efficiently accumulated lipid droplets in a
dose-dependent manner (Figure 1B) and this process did not affect organoid viability
(Figures 1C-D). To investigate how cells adapt their metabolism to lipid overload, we
monitored the expression of several genes involved in lipid metabolism, including Scd1 (de
novo lipogenesis) (Figure 1E), Hmgcs2 (ketogenesis), Pdk4 (inhibition of pyruvate oxidation),
and Aldhlal (prevention against lipid peroxidation products) (Figure 1F) and found it to be
affected by FA addition. These results suggest that BEC-organoids actively reprogram their
metabolism to cope with aberrant lipid overload.

To determine whether the observed phenotype was preserved in fully formed organoids, we
treated already established BEC-organoids with the FA mix for 4 days (Figure 1 - figure
supplement 1A). In line with our previous observations, BODIPY staining (Figure 1 - figure
supplement 1B), and triglyceride (TG) quantification (Figure 1 - figure supplement 10)
showed a pronounced increase in lipid accumulation after 4 days, without affecting cell
viability (Figure 1 - figure supplement 1D).

To assess whether chronic lipid exposure affects BECs in vivo, we fed C57BL/6]JRj mice for 15
weeks with CD or HFD (Figure 1G) and analyzed their bile ducts. As expected, HFD-fed mice
gained weight and developed liver steatosis (Figure 1 - figure supplement 1E), but no
apparent fibrosis (data not shown). Of note, HFD-feeding led to an accumulation of lipid
droplets in the periportal zone (Figure 1 - figure supplement 1F) and within bile ducts, as
reflected by colocalization of BODIPY with PANCK, a BEC marker (Figure 1H), without
inducing epithelial damage (Figure 1 - figure supplements 1G-H). Together, these in vitro and
in vivo results demonstrate that BECs accumulate lipids upon chronic FA exposure, raising
the question of the functional consequences of this previously unrecognized event on BEC
behavior.
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Figure 1.

BECs accumulate lipids.

(A) Schematic depicting fatty acid (FA) treatment of BEC-organoids in vitro. (B) Representative brightfield and
immunofluorescence (IF) images of lipids (BODIPY) in control (BSA) and FA-treated organoids. Close-up IF images were
digitally zoomed in four times. n=3. (C) Cell-titer Glo and Caspase 3/7 activity measurement for viability and apoptosis
detection relative to panel A. n=3. (D) Representative Nucgreen Dead 488 staining as composite images from brightfield and
fluorescent microscopy. n=3. (E-F) Quantification of Scd? (E) and Hmgcs2, Pdk4, and Aldh1a1 (F) mRNA in control (BSA) and
FA-treated organoids. n=3. (G) Schematic depicting CD and HFD feeding in vivo. (H) Representative images for co-staining of
BODIPY and PANCK, relative to panel G. Close-up IF images were digitally zoomed in four times. n=5.

Data are shown as mean + SD. Absence of stars or ns, not significant (p > 0.05); *p < 0.05; ****p < 0,0001; one-way ANOVA
with Dunnett'’s test (C), and Fisher’s LSD test (E, F) was used. PV, portal vein. Arrowheads mark bile ducts. Scale bars, 200 ym
(B-brightfield), 100 ym (B-IF, D) and 20 pm (H-I).

The following figure supplements are available for figure 1:

Figure supplement 1. Further characterization of lipid accumulation in BECs.
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HFD feeding promotes BEC activation and increases organoid
formation capacity

To characterize in vivo the impact of chronic lipid overload on BECs at the molecular level,
we isolated BECs from livers of CD/HFD-fed mice using EPCAM, a pan-BEC marker (Aloia et

al., 2019; Pepe-Mooney et al., 2019; Planas-Paz et al., 2019), by fluorescence-activated cell
sorting (FACS) (Figure 2A and Figure 2 - supplement 1A). Performing bulk RNA sequencing
(RNA-seq) on EPCAM" BECs revealed a diet-dependent clustering in Principal Component
Analysis (Figure 2 — supplement 1B), indicating that HFD feeding induces considerable
transcriptional changes in BECs in vivo. Differential expression analysis further revealed a
total of 495 significantly changed genes, 121 upregulated and 374 downregulated (Figure 2 -
supplement 1C and Appendix 1 - Table 1). At the same time, HFD promoted the upregulation
of Ncam1 (Figure 2 - supplement 1D), a well-established mediator of BEC activation.

To further explore transcriptional changes, we performed gene set enrichment analysis
(GSEA) on Gene Ontology (GO) terms (Figure 2B) and KEGG (Figure 2 - supplement 1E)
pathways and identified cell proliferation, the most prevalent feature of BEC activation (Sato

toward the damaged hepatic area. This process is made possible by reorganizing the
extracellular matrix (ECM) and reducing focal adhesion, effectively downregulated in

EPCAM" BECs upon HFD (Figure 2B and Figure 2 - supplement 1E).

To validate the RNAseq data, we monitored the activation of BECs in vivo by measuring the
number of proliferating BECs in the portal region of the livers of mice fed either CD or HFD
(Figures 2C-D). Of note, we found that HFD feeding was sufficient to induce a marked
increase in the number of active BECs (i.e., Ki67"/OPN™ cells- Figure 2D). Similar results were
observed in an independent cohort of mice challenged with HFD and injected with EdU to
track proliferating cells (Figures 2E-F), confirming that chronic lipid exposure stimulates the
appearance of reactive BECs within the bile ducts.

The efficiency of BECs to generate organoids in vitro has been shown to mirror their
regenerative capacity (Aloia et al., 2019). To functionally assess the impact of lipid overload
on this process, we meégﬁfé"a"fﬂé'afééhoid forming capacity of isolated BECs, as a read-out
of their regenerative functions. To this aim, we quantified the organoid formation efficiency
of BECs isolated from CD- and HFD-fed mouse livers (Figure 2G). Strikingly, we observed that
HFD-derived BECs were significantly more efficient in generating organoids than their CD
counterparts (Figure 2H). Altogether, these results demonstrate that HFD feeding is sufficient
to induce, in vivo, the exit of BECs from a quiescent state and the acquisition of both

proliferative and pro-regenerative features.
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Figure 2.

HFD feeding induces EPCAM* BEC proliferation.

(A) Scheme depicting the isolation of EPCAM* BECs from CD- and HFD-fed mice by FACS. (B) Gene set enrichment analysis
(GSEA) of Gene Ontology (GO) terms. Top 15 upregulated biological processes (BP), ordered by normalized enrichment
score (NES). g-value: false discovery rate adjusted p-values. NES: normalized enrichment score. (C-F) Representative co-
staining images (C, E) and quantification (D, F) of BECs stained for OPN and Ki67 (C-D), and OPN and EdU (E-F) in livers of
CD/HFD-fed mice. n=10 for Ki67 and n=5 for EdU. (G) Schematic depicting BEC-organoid formation in vitro from CD/HFD-fed
mouse livers. (H) Images of organoid colonies formed 6 days after seeding, and quantification of organoids per well. n=5.

Violin graphs depict the distribution of data points i.e the width of the shaded area represents the proportion of data
located there. Other data are shown as mean + SD. **p < 0.01; ****p < 0.0001; unpaired, two-tailed Student’s t-test was

used. PV, portal vein. Arrowheads mark bile ducts. Scale bars, 20 um (C, E), 200 um (H).

The following figure supplements are available for figure 2:

Figure supplement 1. RNA-seq analysis of EPCAM™ BECs upon HFD.
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HFD feeding initiates BEC activation via E2Fs

To understand whether the mechanisms underlying BEC activation upon HFD in vivo
involve canonical processes found in chronically damaged livers, we compared the
transcriptional profile of BECs upon HFD with those of DDC-activated BECs ((Pepe-Mooney et

DDC samples by overlapping separate over-representation enrichment analyses (Appendix 1
- Table 2). Cell division, mitosis, and chromosome segregation were the shared enriched
pathways for upregulated genes in HFD and DDC samples (Figure 3A), while ECM
organization was the shared enriched pathway for the downregulated genes in HFD and
DDC conditions (Figure 3 - supplement 1A). We concluded that the mechanisms of BEC
activation induced by lipid overload overlap with those induced by biliary epithelial
damage.

Of note, a more detailed analysis of DDC- and HFD-derived BECs, revealed the concomitant
enrichment of 4 overlapping transcription factor (TF) gene sets, E2F1-4 (Figure 3B) and their
target genes (Figure 3 - supplement 1B), which have not been linked to DR previously.
Moreover, we identified an enrichment of E2Fs (Figure 3C and Appendix 1 - Table 2) and cell
division pathway (Figure 3 - supplement 1C) as the most upregulated genes in proliferating
BEC-organoids, further corroborating the role of E2Fs in these two in vitro ((Aloia et al.,

E2Fs are a large family of TFs with complex functions in cell cycle progression, DNA
replication, repair, and G2/M checkpoints (Dimova and Dyson, 2005; Dyson, 1998; 2016; Ren

in the process of BEC activation, which is necessary for exiting the quiescent state and
driving DR initiation. To test this hypothesis, we focused on E2F1, as it was the most enriched
TF in our analysis, and assessed its role in BECs by feeding E2f1 *I* and E2f1 " mice with HFD
(Figure 3D). Remarkably, E2f1 - mice were refractory to BEC activation induced by lipid
overload upon HFD, as opposed to E2f1 ** mice (Figures 3E-F). These results in vivo
demonstrate a previously unrecognized role of E2F1 in controlling BEC activation during
HFD-induced hepatic steatosis.

E2F promotes BEC expansion by upregulating glycolysis

The exit of terminally-differentiated cells from their quiescent state requires both energy
and building block availability to support cell proliferation. Proliferative cells, therefore,
reprogram their glucose metabolism to meet their increased need for biomass and energy
(Vander Heiden et al., 2009). Supporting this notion, our interrogation of in vitro BEC-
organoid formation dataset ((Aloia et al., 2019); GSE123133) revealed the enrichment of
purine and pyrimidine metabolism, as well as pentose-phosphate pathway, which are tightly
connected to glycolysis (Figure 4 - supplement 1A). In line with these findings, a substrate
oxidation test in BEC-organoids revealed a preference for glucose, as reflected by the
decrease in maximal respiration, when UK5099, a mitochondrial pyruvate carrier inhibitor,
was used (Figures 4A-B), while no changes were observed with inhibitors of glutamine

(BPTES) and FA (Etomoxir) metabolism (Figure 4 - supplement 1B and 10).
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Figure 3.

E2Fs are enriched in DDC and HFD
datasets and mediate DR initiation
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(A) Over-representation analysis results. Top 13 enriched biological processes (BP) upon HFD (own data) and DDC
(GSE125688) treatment. g-value: false discovery rate adjusted p-values, counts: number of found genes within a given gene
set. (B-C) Enriched transcription factors (TFs) of upregulated genes identified by over-representation analysis in HFD (own
data) and DDC (GSE125688) treatment (B), and during the process of organoid formation from single BECs (Organoids vs
T0) (GSE123133) (C). Asterisk (*) marks TFs of the “TF_ZHAQO" gene set. (D) Schematic depicting in vivo E2F1 analysis. (E-F)

Representative images of PANCK/Ki67 co-staining in livers of E2f7+/+ and E2f7'/' mice fed with CD or HFD (E) and

quantification of proliferative BECs in the indicated mice (F). For CD, n=5 for E2f1*/* and E2f17". For HFD, n=7 for E2f1*/* and

n=8 for E2f1'/'.

Violin graphs depict the distribution of data points i.e the width of the shaded area represents the proportion of data
located there. ns, not significant; **p < 0.01; two-way ANOVA with Tukey's test was used. PV, portal vein. Arrowheads mark

bile ducts. Scale bars, 20 pm (E).

The following figure supplements are available for figure 3:

Figure supplement 1. Extended analysis of BECs upon HFD, DDC, and during BEC-organoid formation.
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To investigate the metabolic changes in BEC-organoids upon HFD, we treated CD/HFD BEC-
organoids with FA mix to mimic steatotic conditions in vitro (Figure 4C). We hypothesized
that the presence of glucose and FA in culture media would reveal a metabolic shift of BEC-
organoids. Consistent with our hypothesis, HFD-FA BEC-organoids demonstrated increased
compensatory glycolytic rates (Figures 4D-E and Figure 4 - supplement 1D). Of note, there
was a reduction in oxidative phosphorylation in HFD-FA BEC-organoids, as evidenced by the
decrease in maximal respiration (Figure 4 - supplement 1E-G), which might reflect their
preference for glycolytic pathway to generate biomass.

Besides their prominent role in cell cycle progression, E2Fs coordinate several aspects of
cellular metabolism (Denechaud et al., 2017; Nicolay and Dyson, 2013), and promote
glycolysis in different contexts (Blanchet et al., 2011; Denechaud et al., 2015; Huber et al.,

glucose preference observed in BEC-organoids. To investigate this hypothesis, we treated
BEC-organoids with an E2F inhibitor, HLM006474 (Figure 4F). As expected, HLM006474
treatment reduced the transcriptional levels of several genes involved in cell cycle
progression and glycolytic metabolism (Figure 4G), and decreased the glycolytic flux, as
evidenced by the blunted proton efflux rate (PER) (Figures 4H-I). Moreover, E2F inhibition
was able to reverse the metabolic phenotype only in HFD-FA BEC-organoids (Figures 4J-K).

In conclusion, these results demonstrate that HFD-induced E2F activation controls the
conversion of BECs from quiescent to active progenitors by promoting the expression of cell
cycle genes while simultaneously driving a shift towards glycolysis.

Discussion

Through DR activation, BECs represent an essential reservoir of progenitors that are crucial
for coordinating hepatic epithelial regeneration in the context of chronic liver diseases (Choi
etal.,, 2014; Deng et al., 2018; Espafiol-Sufier et al., 2012; Huch et al., 2013; Lu et al., 2015;
Raven et al., 2017; Rodrigo-Torres et al., 2014; Russell et al., 2019). BEC functions are tightly
controlled by YAP metabolic pathways (Meyer et al., 2020; Pepe-Mooney et al., 2019; Planas-
Paz et al., 2019) and recent studies from different tissues have provided evidence that
specific metabolic states play instructive roles in controlling cell fate and tissue regeneration
(Beyaz et al., 2016; Capolupo et al., 2022; Miao et al., 2020; Zhang et al., 2016). Aberrant lipid
accumulation is a hallmark of early NAFLD, and imbalances in lipid metabolism are known
to affect hepatocyte homeostasis, including induction of lipo-toxicity and cell death (X.

(Wang et al., 2016); (Sano et al., 2021); (De Gottardi et al., 2007); (Wobser et al., 2009); (Ipsen et

the initiation of DR remains unexplored in the setting of NAFLD.
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(B) in CD-derived BEC organoids. n=7 for control (Ctrl), n=8 for UK5099. (C) Scheme depicting the treatment of CD/HFD-
derived BEC-organoids with FA mix. (D-E) Proton efflux rate (PER) (D), and basal and compensatory glycolysis (E) measured
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(H-I) PER during the Seahorse XF Glycolytic Rate Assay (H), and basal and compensatory glycolysis (I), relative to panel F.
n=10 for control (Ctrl), n=11 for HLM006474.

(J-K) PER during the Seahorse XF Glycolytic Rate Assay (J), and basal and compensatory glycolysis (K), relative to panel C and
treatment with HLM006474. n=12 for control (Ctrl), n=11 for HLM006474.

Data are shown as mean + SD (SEM for A, D, H, J). Absence of stars or ns, not significant (p > 0.05); *p < 0.05; **p < 0.01;
**%p <0.001; ****p < 0.0001; unpaired, two-tailed Student’s t-test (G), two-way ANOVA with Sidak's test (B, E, I, K) were
used.

The following figure supplements are available for figure 4:

Figure supplement 1. E2F activation correlates with increased glycolysis.
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Here, using HFD-induced mouse models, we studied BEC metabolism in steatosis, the first
stage of NAFLD, and demonstrated lipid accumulation in BECs during chronic HFD in vivo
and their resistance to lipid-induced toxicity. By using BEC-organoids, we observed that FAs
directly target BECs, without any involvement of hepatocytes and that BECs functionally
respond to lipid overload. Importantly, BEC-organoids derived from CD- and HFD-fed mouse
livers were shown to shift their cellular metabolism toward more glycolysis in the presence
of lipids. Furthermore, we found that the HFD-induced metabolic shift was sufficient to
reprogram BEC identity in vivo, allowing their exit from a quiescent state and the
simultaneous acquisition of progenitor functions, such as proliferation and organoid-
initiating capacity, two hallmarks of DR. These results highlight the metabolic plasticity of
BECs and shed light on an unpredicted mechanism of BEC activation in HFD-induced hepatic
steatosis. Importantly, we observed that lipid overload is sufficient to induce BEC activation
in steatotic livers and that this process precedes parenchymal damage, thus resolving a long-
lasting debate on the chronology of DR initiation in chronic liver diseases. While the
functional contribution of lipid-activated BECs in liver regeneration during the late stages of
NAFLD will require further studies, our data clearly point out the role of BECs as sensors,
and possibly effectors, of early liver diseases such as steatosis.

To fully understand the underlying basis of the observed phenotype, we characterized the
transcriptome of primary BECs derived from steatotic livers of HFD-fed mice and
demonstrated that long-term feeding of a lipid-enriched diet strongly promotes BEC
proliferation, suggesting a strong link between metabolic adaptation and progenitor
function. By combining our transcriptomic analysis with data mining of publicly available
DR datasets (Aloia et al., 2019; Pepe-Mooney et al., 2019), we identified the E2F transcription
factors as master regulators of DR in the context of NAFLD. Moreover, the expression of
Pdk4, an E2F1 target (Hsieh et al., 2008; Wang et al., 2016), was upregulated in FA-treated
BEC-organoids and upon HFD. PDK4 limits the utilization of pyruvate for oxidative
metabolism while enhancing glycolysis, which reinforces our data demonstrating that E2Fs
rewire BEC metabolism toward glycolysis to fuel progenitor proliferation. These
observations feature E2Fs as the molecular rheostat integrating the metabolic cell state with
the cell cycle machinery to coordinate BEC activation. However, how E2Fs are regulated
upon HFD and whether they are interconnected with the already known YAP, mTORC1, and
TET1 pathways remain unknown and will require further investigations.

While our data are derived from obese mice, a recent report showed increased numbers of
cholangiocytes in steatotic human livers (Hallett et al., 2022) and E2F1 has been found to be
upregulated in the livers of obese patients (Denechaud et al., 2015). Moreover, human
subjects with elevated visceral fat demonstrated increased glucose metabolism (Broadfield et

controlling BEC activation, thus initiating DR in humans.

Materials and Methods
Mouse studies and ethical approval

All the animal experiments were authorized by the Veterinary Office of the Canton of Vaud,
Switzerland under license authorization VD3721 and VD2627.b. C57BL/6]JRj mice were

obtained from Janvier Labs and E2f1 */* and E2f1 7/~ (B6;129S4-E2f1tm1 Meg/]) mice were
purchased from The Jackson Laboratory. 8-week-old C57BL/6]JRj male mice were fed with
Chow Diet (CD - SAFE Diets, SAFE 150) or High Fat Diet (HFD - Research Diets Inc, D12492i)

for 15 weeks. 7-week-old E2f1 */* and E2f1 7/~ male mice were fed with Chow Diet (CD — Kliba
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Nafag 3336) or High Fat Diet (HFD - Envigo, TD93075) for 29 weeks. The well-being of the
animals was monitored daily, and body weight was monitored once per week until the end
of the experiment. All mice had unrestricted access to water and food and liver tissues were
harvested at the end of the experiment.

Data reporting

Mice were randomized into different groups according to their genotype. A previous HFD
experiment was used to calculate the sample size for C57BL/6]JRj mouse experiments. Mice
showing any sign of severity, predefined by the Veterinary Office of the Canton of Vaud,
Switzerland were sacrificed and excluded from the data analyses. In vitro experiments were
repeated with at least 3 biological replicates (BEC-organoids from different mice) or were
repeated at least twice by pooling 4 mice per condition (for Seahorse analysis).

Proliferation Assay

Cell proliferation was assessed by EdU assay (Click-iT EAU Alexa Fluor 647, ThermoFisher,
C10340) following the manufacturer’s instructions. For in vivo studies, EQU was resuspended
in phosphate-buffered saline (PBS- ThermoFisher, 10010002) and 200 uL of the solution was
injected intraperitoneally (50 ug per g of mouse weight) 16 hours before the sacrifice.

EPCAM™ BEC isolation and FACS analysis

23-week-old CD/HFD-fed C57BL/6]JRj male mice were used for this experiment and sacrificed
in the fed state. To isolate the BECs, mouse livers were harvested and digested enzymatically
as previously reported (Broutier et al., 2016). Briefly, livers were minced and incubated in a
digestion solution (1% fetal bovine serum (FBS) (Merck/Sigma, F7524) in DMEM/Glutamax
(ThermoFisher, 31966-021) supplemented with HEPES (ThermoFisher, 15630-056) and
Penicillin/Streptomycin (ThermoFisher, 15140-122) containing 0.0125% (mg/ml) collagenase
(Merck/Sigma, C9407), 0.0125% (mg/ml) dispase II (ThermoFisher, 17105-041) and 0.1 mg/ml
of DNAase (Merck/Sigma, DN25). This incubation lasted 2-3h on a shaker at 37°C at 150 rpm.
Livers were then dissociated into single cells with TrypLE (GIBCO, 12605028) and washed
with washing buffer (1% FBS (Merck/Sigma, F7524) in Advanced DMEM/F-12 (GIBCO,
12634010) supplemented with Glutamax (ThermoFisher, 35050061), HEPES (ThermoFisher,
15630-056) and Penicillin/Streptomycin (ThermoFisher, 15140-122)). Single cells were filtered
with a 40 ym cell strainer (Falcon, 352340) and incubated with fluorophore-conjugated
antibodies CD45-PE/Cy7 (BD Biosciences, 552848), CD11b- PE/Cy7 (BD Biosciences, 552850),
CD31-PE/Cy7 (Abcam, ab46733) and EPCAM-APC (eBioscience, 17-5791-82) for 30 min on ice.

positivity after excluding leukocytes (CD45"), myeloid cells (CD11b"), and endothelial cells

(CD31%), yielding a population of single CD45/CD11b7/ CD31/EPCAM" cells. All flow
cytometry data were analyzed with Flow]Jo v10.8 software (BD Life Sciences).

RNA preparation from EPCAM* BECs and bulk RNA-seq data
analysis

RNA was isolated from sorted BECs using the RNeasy micro kit (QIAGEN, 74104) and the
amount and quality of RNA were measured with the Agilent Tapestation 4200 (Agilent
Technologies, 5067-1511). As a result, RNA-seq of 5 CD and 7 HFD samples was performed by
BGI with the BGISEQ-500 platform. FastQC was used to verify the quality of the reads
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RNA was isolated from sorted BECs using the RNeasy micro kit (QIAGEN, 74104) and the
amount and quality of RNA were measured with the Agilent Tapestation 4200 (Agilent
Technologies, 5067-1511). As a result, RNA-seq of 5 CD and 7 HFD samples was performed by
BGI with the BGISEQ-500 platform. FastQC was used to verify the quality of the reads
(Andrews, 2010). No low-quality reads were present, and no trimming was needed.
Aﬁéﬁfﬁéﬁfﬁég performed against the mouse genome (GRCm38) following the STAR (version
2.6.0a) manual guidelines (Dobin et al., 2013). The obtained STAR gene counts for each
alignment were analyzed for differentially expressed genes using the R package DESeq2
(version 1.34.0) (Love et al., 2014). A threshold of 1 log2 fold change and adjusted p-value
smaller than 0.05 were considered when identifying the differentially expressed genes. A
principal component analysis (PCA) (Lé et al., 2008) was used to explore the variability

between the different samples.

Gene set enrichment analysis (GSEA)

We used the clusterProfiler R package (Yu et al., 2012) to conduct GSEA analysis on various
gene sets. Gene sets were retrieved from http://ge-lab.org/gskb/ for M.musculus. We ordered
the differentially expressed gene list by log2 (Fold-changes) for the analysis with default

parameters.

Over-representation enrichment analysis

All significantly changing genes (adjusted p-value < 0.05 and an absolute fold change > 1)
were split into 2 groups based on the direction of the fold change (genes significantly up- &
down-regulated). An over-representation analysis using the clusterProfiler R package was
performed on each of the two groups to identify biologically overrepresented terms.

Figure generation with R

The R packages ggplot2 (Wickham, 2016) retrieved from https://ggplot2.tidyverse.org and

ggpubr were used to generate figures.

Culture of mouse liver BEC-organoids from biliary duct
fragments and single cells

BEC-organoids were established from bile ducts of C57BL/6]JRj male mice as previously
described (Broutier et al., 2016; Sorrentino et al., 2020). Thus, the liver was digested as
detailed above (EPCAM" BEC isolation) and bile ducts were isolated, they were pelleted by
centrifugation at 200 rpm for 5 min at 4°C and washed with PBS twice. Isolated ducts were
resuspended in Matrigel (Corning, 356231) and cast in 10 pl droplets in 48-well plates. When
gels were formed, 250 pl of isolation medium (IM-Advanced DMEM/F-12-Gibco,12634010)
supplemented with Glutamax (ThermoFisher, 35050061), HEPES (ThermoFisher, 15630-056),
and Penicillin/Streptomycin (ThermoFisher, 15140-122), 1X B27 (Gibco, 17504044), 1mM N-
acetylcysteine (Sigma-Aldrich, A9165), 10 nM gastrin (Sigma-Aldrich, G9145), 50 ng/ml EGF
(Peprotech, AF-100-15), 1 ug/ml Rspol (produced in-house), 100 ng/ml FGF10 (Peprotech, 100-
26), 10 mM nicotinamide (Sigma-Aldrich, N0636), 50 ng/ml HGF (Peprotech, 100-39), Noggin
(100 ng/ml produced in-house), 1pug/ml Wnt3a (Peprotech, 315-20) and 10 uM Y-27632 (Sigma,
Y0503) was added to each well. Plasmids for Rspol and Noggin production were a kind gift
from Joerg Huelsken. After the first 4 days, IM was replaced with the expansion medium
(EM), which was the IM without Noggin, Wnt3a, and Y-27632. For passaging, organoids were
removed from Matrigel a maximum of one week after seeding and dissociated into single
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cells using TrypLE Express (Gibco, 12604013). Single cells were then transferred to fresh
Matrigel. Passaging was performed in a 1:3 split ratio.

For the FA-treatment of BEC-organoids, palmitic acid (Sigma, P0500) and oleic acid (Sigma,
01008) were dissolved in 100% ethanol into 500 and 800 pM stock solutions respectively, and
kept at -20 °C. For each experiment, palmitic acid and oleic acid were conjugated to 1% fatty
acid free bovine serum albumin (BSA) (Sigma, A7030), in EM through 1:2000 dilution each
(Malhi et al., 2006). The concentration of vehicle, ethanol, was 0.1% ethanol in final
incubations and 1% fatty acid free BSA in EM was used as the control for FA treatment.

Liver immunohistochemistry (IHC) and
immunofluorescence (IF)

For liver paraffin histology, livers were washed in PBS (Gibco, 10010023), diced with a razor
blade, and fixed overnight in 10% formalin (ThermoFisher, 9990244) while shaking at 4°C.
The next day fixed livers were washed twice with PBS, dehydrated in ascending ethanol
steps, followed by xylene, and embedded in paraffin blocks. 4 um thick sections were cut
from paraffin blocks, dewaxed, rehydrated, and quenched with 3% H,0, for 10 minutes to
block the endogenous peroxidase activity (for IHC). Antigen retrieval was performed by
incubating the sections in 10 mM citrate buffer (pH 6.0) for 20 min at 95 °C. After the sections
cooled to room temperature, they were washed and blocked with blocking buffer (1% BSA
(Sigma, A7906) and 0.5% Triton X-100 (Sigma, X100) in PBS), for 1 h at room temperature.
The primary antibodies anti-Ki67 (ThermoFisher, MA5-14520), anti-PANCK (Novusbio,
NBP600-579), anti-OPN (R&D Systems, AF808), anti-Cleaved caspase-3 (Cell Signaling, 9661)
were diluted in a 1:100 dilution of the blocking buffer and incubated overnight at 4 °C. For
IHC, ImmpRESS HRP conjugated secondary (VectorLabs MP-74-01-15 and MP-74-02) were
incubated for 30 min and detection was performed by using a 3.3’-diaminobenzidine (DAB)
reaction. Sections were counterstained with Harris and mounted. For IF, sections were
washed and incubated for 1 h with Alexa Fluor conjugated secondary antibodies (1:1000 in
blocking solution; Invitrogen). Following extensive washing, sections were counterstained
with DAPI (ThermoFisher, 62248), and mounted in ProLong Gold Antifade Mountant
(Thermo Fischer, P36930).

For IF of liver cryosections, the livers were frozen in O.C.T. compound (VWR chemicals) on
dry ice-filled with isopentane. 10 um liver sections were cut from O.C.T embedded samples,
hydrated, and washed twice in PBS. The sections were blocked in blocking buffer for 1h at
room temperature and incubated with BODIPY 558/568 (Invitrogen, D38D35) for 20 minutes.
After fixation with 4% paraformaldehyde (PFA) solution (Sigma, 1004960700) for 15 minutes,
sections were washed with PBS. Then, sections were permeabilized using 5% BSA in TBS-T
and stained with primary antibody anti-PANCK diluted in blocking buffer for 16 h at 4 °C.
The next day, the sections were washed three times with PBS and the appropriate Alexa
Fluor secondary antibodies were diluted in blocking buffer (1:1000) and incubated with the
sections for 1 h at room temperature. The sections were washed in PBS and incubated with
DAPI diluted 1:1000 in PBS for 1 h at room temperature. Finally, the sections were mounted
in ProLong Gold Antifade Mountant.

Stained sections were imaged by a virtual slide microscope (VS120, Olympus) and analysis
was performed using QuPath software (Bankhead et al., 2017).

BEC-organoid whole-mount immunofluorescence

BEC-organoids were incubated with BODIPY 558/568 for 20min, and then washed with PBS
and extracted from Matrigel using Cell Recovery Solution (Corning, 354253). After fixing
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with 4% PFA in PBS (30 min, on ice), they were pelleted by gravity to remove the PFA and
were washed with PBS and ultra-pure water. BEC-organoids were then spread on glass slides
and allowed to attach by drying. The attached BEC-organoids were rehydrated with PBS and
permeabilized with 0.5% Triton X-100 in PBS (1 h, room temperature) and blocked for 1 h in
blocking buffer. After washing with PBS, samples were incubated for 1 h at room
temperature with Alexa Fluor Phalloidin 488 (Invitrogen, A12379). Following extensive
washing, samples were counterstained with DAPI and were imaged by a confocal
microscope (LSM 710, Zeiss). Signal intensity was adjusted on each channel using Fiji
software (Schindelin et al., 2012).

Quantitative real-time gPCR for mRNA quantification

BEC-organoids were extracted from Matrigel using Cell Recovery Solution (Corning, 354253).
RNA was extracted from organoid pellets using the RNAqueous total RNA isolation kit
(Invitrogen, AM1931) and the RNeasy Micro Kit (Qiagen, 74004) following the manufacturer’s
instructions. RNA was transcribed to complementary DNA using QuantiTect Reverse
Transcription Kit (Qiagen, 205314) following the manufacturer’s instructions. PCR reactions
were run on the LightCycler 480 System (Roche) using SYBR Green (Roche, 4887352001)
chemistry. Real-time quantitative polymerase chain reaction (RT-qPCR) results were
presented relative to the mean of 36b4 (comparative ACt method). Primers for RT-qPCR are
listed in Appendix 1 - Table 3.

E2F inhibition

For the E2F inhibition experiment, single BECs were grown for 7 days and allowed to form
organoids. For the Seahorse experiment, BEC-organoids were treated with E2F inhibitor,
HLMO006474 (10 uM, Merck, 324461), overnight before the metabolic assay. For RT-qPCR
analysis, BEC-organoids were treated with HLM006474 chronically for 4 days.

Bioenergetics with Seahorse extracellular flux analyzer

The oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and proton-
efflux rate (PER) of the BEC-organoids were analyzed by an XFe96 extracellular flux analyzer
(Agilent) following the manufacturer’s instructions according to assay type.

For Mito Stress Test on CD/HFD-derived BEC-organoids, the organoids were grown with FA
mix for 7 days. On day 7, 10 pM HLM006474 or DMSO as vehicle were added overnight. The
next morning, BEC-organoids were dissociated, and 20000 cells were seeded with Seahorse
Assay Medium in XFe96 Cell Culture Microplates (Agilent, 101085-004), which were
previously coated with 10% Matrigel in Advanced DMEM/F-12. Seahorse Assay Medium was
unbuffered, serum-free pH 7.4 DMEM supplemented with 10 mM glucose (Agilent, 103577-
100), 10 mM pyruvate (Gibco, 11360070), and 2 mM glutamine (Agilent, 103579-100), and 10
uM HLMO006474 or DMSO (vehicle) were added when indicated. After 2 h incubation for cell
attachment, plates were transferred to a non-CO? incubator at 37 °C for 45 minutes.
Mitochondrial OCR was measured in a time course before and after the injection of 1.5 pM

Oligomycin (Millipore, 495455), 2.5 uM FCCP (Sigma, C2920), and 1 uM Rotenone (Sigma,
R8875)/Antimycin A (Sigma, A8674).

For Glycolytic Rate Assay, CD BEC-organoids were grown without FA mix and CD/HFD-
derived BEC-organoids were grown with FA mix for 7 days. The Seahorse assay preparations
including the E2F inhibitor were the same as mentioned above. GlycoPER was measured in a
time course before and after the injection of 1 pM Rotenone/Antimycin A, and 500 uM 2-DG
(Sigma, D8375).
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For Substrate Oxidation Assay, CD BEC-organoids were grown without FA mix for 7 days. On
day 8, they were dissociated and prepared for Seahorse assay, without E2F inhibitor.
Mitochondrial OCR was measured in a time course before and after the injection of
Oligomycin (1.5 pM), FCCP (2.5 uM), and Rotenone/Antimycin A (1 uM) with or without
UK5099 (Sigma, PZ0160), Etomoxir (E1905) and BPTES (SML0601), inhibitors of glucose
oxidation, fatty acid oxidation and glutamine oxidation, respectively, in separate
experiments.

All Seahorse experiments were normalized by cell number through injection of 10 uM of
Hoechst (ThermoFisher,62249) in the last Seahorse injection. Hoechst signal (361/486 nm)
was quantified by SpectraMax iD3 microplate reader (Molecular Devices).

BEC-organoid growth assay

BEC-organoid formation efficiency was quantified by counting the total number of
cystic/single layer lumen-containing) CD/HFD-derived BEC-organoids 6 days after seeding
and normalizing it to the total number of cells seeded initially (15000 cells). Organoids were
imaged by DM IL LED inverted microscope (Leica), selected as regions of interest (ROI) using
widefield 4x magnification, and counted manually.

BEC-organoid functional analysis

Grown BEC-organoids were treated with the FA-mix for 4 days and triglyceride levels were
measured with a Triglyceride kit (Abcam, ab65336) following the manufacturer’s
instructions. Cell-titer Glo (Promega, G7570) was used to investigate cell viability. For
functional assays involving single BECs, grown organoids were dissociated into single cells.
10000 BECs were seeded, and organoid formation was allowed for 7 days. Cell viability,
apoptosis, and cell death were investigated using Cell-titer Glo, Caspase 3/7 activity
(Promega, G8091), and Nucgreen Dead 488 staining (Invitrogen, R37109), respectively,
according to the protocol of manufacturers. For cell death staining, organoids were imaged
using ECLIPSE Ts2 inverted microscope (Nikon).

Quantification and statistical analysis

Data were presented as mean + standard deviation (mean + SD.) unless it is stated otherwise
in the figure legend. n refers to biological replicates and is represented by the number of
dots in the plot or stated in the figure legends. For the Seahorse experiments, n refers to
technical replicates pooled from 4 biological replicates and is represented by the number of
dots in the plot or stated in the figure legends. The statistical analysis of the data from bench
experiments was performed using Prism (Prism 9, GraphPad). The differences with p<0.05
were considered statistically significant. No samples (except outliers) or animals were
excluded from the analysis. Data are expected to have a normal distribution.

For two groups comparison, data significance was analyzed using a two-tailed, unpaired
Student’s t-test. In case of comparisons between more than two groups, one- or two-way
ANOVA was used. Dunnet’s, Tukey’s, or Sidak’s tests were used to correct for multiple
comparisons. Statistical details of each experiment can be found in the respective figure
legends.
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Data availability

Computational analysis was performed using established packages mentioned in previous
sections, and no new code was generated. Two publicly available RNA-Seq datasets of mouse
BECs with accession numbers GSE123133 (Aloia et al., 2019) and GSE125688 (Pepe-Mooney et

enrichment analysis as mentioned previously.
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Reviewer #1 (Public Review):

This manuscript explores how biliary epithelial cells respond to excess dietary lipids, an
important area of research given the increasing prevalence of NAFLD. The authors utilize in
vivo models complemented with cultured organoid systems. Interesting, E2F transcription
factors appear important for BEC glycolytic activation and proliferation.

Much of the work utilizes the BEC-organoid model, which is complicated by the fact that
liver cell organoid models often fail to maintain exclusive cell identity in culture. The
method used by the authors (Broutier et al., 2016) can lead to organoids with a mixture of
ductal and hepatocyte markers. It would be helpful for the authors to further demonstrate
the cholangiocyte identity of the organoid cells.

The authors suggest that BECs form lipid droplets in vivo by detecting BODIPY
immunofluorescence of liver cryosections. While confocal microscopy would ensure that the
BODIPY fluorescence signal is within the same plane as the cell of interest, the authors use a
virtual slide microscope that cannot exclude fluorescence from a different focal plane. The
conclusion that BECs accumulate lipids does not seem to be fully supported by this analysis.
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Several mouse experiments rely heavily on rare BEC proliferation events with the median
proliferation event per bile duct being 0-1 cell. While the proliferative effect appears
consistent across experiments, a more quantitative approach, such as performing Epcam+
BEC FACS and flow cytometry-based cell cycle analyses, would be helpful.

Finally, it is not yet clear how relevant the findings in this study are to ductular reaction,
which is a non-specific histopathologic indicator of liver injury in the context of severe liver
disease. In NAFLD, the ductular reaction is uncommon in benign steatosis, and if seen at all,
occurs in the setting of substantial liver inflammation and fibrosis (Gadd et al., Hepatology
2014). The authors use a dietary model containing 60 kcal% fat, which causes adipose lipid
accumulation as well as subsequent liver lipid accumulation. This diet does not cause overt
inflammation or fibrosis that would represent experimental NASH, which typically requires
the addition of cholesterol in dietary lipid NASH models (Farrell et al., Hepatology, 2019).
While the E2F-driven proliferation may be important for physiologic bile duct function in
the setting of obesity, the claim that E2Fs mediate DR initiation would require an additional
pathophysiologic model or human data to demonstrate relevance. The authors could clarify
this point in their discussion.

Reviewer #2 (Public Review):

The manuscript by Yildiz et al investigates the early response of BECs to high fatty acid
treatment. To achieve this, they employ organoids derived from primary isolated BECs and
treat them with a FA mix followed by viability studies and analysis of selected lipid
metabolism genes, which are upregulated indicating an adjustment to lipid overload. Both
organoids with lipid overload and BECs in mice exposed to a HFD show increased BEC
proliferation, indicating BEC activation as seen in DR. Applying bulk RNA-sequencing
analysis to sorted BECs from HFD mice identified four E2F transcription factors and target
genes as upregulated. Functional analysis of knock-out mice showed a clear requirement for
E2F1 in mediating HFD induced BEC proliferation. Given the known function of E2Fs the
authors performed cell respiration and transcriptome analysis of organoids challenged with
FA treatment and found a shift of BECs towards a glycolytic metabolism.

The study is overall well-constructed, including appropriate analysis. Likewise, the
manuscript is written clearly and supported by high-quality figures. My major point is the
lack of classification of the progression of DR, since the authors investigate the early stages
of DR associated with lipid overload reminiscent of stages preceding late NAFLD fibrosis.
How are early stages distinguished from later stages in this study? Molecularly and/or
morphologically? While the presented data are very suggestive, a more substantial
description would support the findings and resulting claims.
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