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Abstract

Non-Alcoholic Fatty Liver Disease (NAFLD) is a growing global health concern, closely
linked to the rise in obesity and metabolic syndrome. It encompasses a range of liver
conditions, from simple fat accumulation (steatosis) to more severe forms like non-alcoholic
steatohepatitis (NASH) and fibrosis, leading to cirrhosis and hepatocellular carcinoma. Despite
its widespread impact and potential for severe health consequences, effective treatments for
NAFLD remain elusive due to its complex and multifaceted dynamics. Indeed, the
multifactorial nature of NAFLD involves several interactions among genetics, diet, lifestyle,
and metabolic processes, making it difficult to solve. This challenge is exacerbated by the
limitations of traditional research models, both in vitro and in vivo. These models often fall
short when it comes to capturing the intricate dynamics of this disease with other health
condition such as diabetes, hindering our ability to decipher its underlying mechanisms and
develop targeted therapies. In this context, emerging technologies like organ-on-chip models
offer new hope. By replicating the features of the microenvironment of the liver, these
platforms can provide deeper insights into NAFLD pathogenesis and facilitating drug
development. Therefore, this thesis tackles the need for a more physiologically relevant
NAFLD model by harnessing the potential of organ-on-chip technology. The objective is to
create a human NAFLD model that faithfully replicates the liver's microenvironment, including
cellular interactions, fluid dynamics, and metabolic processes. First, experiments with
HepG2/C3A cells were conducted to determine the most effective treatment for inducing liver
steatosis, by analyzing mRNA levels and the expression of hepatic markers. Subsequently, we
studied metabolomic profiles of the different conditions and correlated them with specific
metabolic pathways. We also expanded the liver-on-chip model by incorporating hepatocyte-
like cells (HLC) derived from hiPSCs, demonstrating the feasibility of HLCs for investigating

steatosis and lipid accumulation.

Keywords: NAFLD, steatosis, organ-on-chip, liver-on-chip, fatty acids, metabolomics
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Résumé

La stéatose hépatique non alcoolique (NAFLD) est une maladie chronique étroitement
liée a I'augmentation de I'obésité et du syndrome métabolique. Elle englobe toute une gamme
de troubles du foie, allant de I'accumulation simple de graisse (stéatose) a des formes plus
graves telles que la stéato-hépatite non alcoolique (NASH) et la fibrose, qui conduisent a la
cirrhose et au carcinome hépatocellulaire. Malgré son impact généralisé sur la santé, il n’existe
pour l'instant aucun traitement médicamenteux approuvé de la NAFLD en raison de la
dynamique complexe et multifactorielle de la pathologie ainsi que les limites des modéles de
recherche in vitro et in vivo traditionnels. Dans ce contexte, les technologies émergentes tels
qgue les modeles d'organes-sur-puce offrent un nouvel espoir. En reproduisant les
caractéristiques du microenvironnement du foie, ces plateformes peuvent fournir des
informations plus approfondies sur la pathogenese de la NAFLD et faciliter le développement
traitement médicamenteux. Par conséquent, cette thése répond au besoin d'un modele de
NAFLD physiologiquement pertinent en exploitant le potentiel de la technologie des organes-
sur-puce. L'objectif est de créer un modele de NAFLD humain qui reproduit fideélement le
microenvironnement du foie, y compris les interactions cellulaires, la dynamique des fluides
et les processus métaboliques. Tout d'abord, des expériences avec les cellules HepG2/C3A ont
été menées pour déterminer le traitement le plus efficace pour induire la stéatose hépatique,
en analysant les niveaux d'ARNm et |'expression des marqueurs hépatiques. Ensuite, nous
avons étudié les profils métabolomiques des différentes conditions et les avons corrélés a des
voies métaboliques spécifiques. Nous avons également amélioré le modéle de foie-sur-puce
en incorporant des cellules hépatiques dérivées de cellules souches pluripotentes induites

(hiPSC), démontrant la faisabilité de ces cellules pour I'étude de la stéatose non alcoolique.

Mots clés : NAFLD, stéatose, organe-sur-puce, foie-sur-puce, acide gras, métabolomique
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General introduction

General introduction

Non-Alcoholic Fatty Liver Disease (NAFLD) has emerged as a global health epidemic,
closely paralleling the increasing prevalence of obesity and metabolic syndrome. As a
spectrum of liver disorders ranging from simple steatosis to non-alcoholic steatohepatitis
(NASH) and fibrosis, NAFLD poses significant health risks, including the progression to cirrhosis
and hepatocellular carcinoma. Nowadays, NAFLD is the most common cause of chronic liver
disease worldwide and also the most rapidly growing cause of HCC patient listed for liver
transplantation. Recently, an international expert panel recommended renaming non-
alcoholic fatty liver disease (NAFLD) to metabolic-dysfunction associated steatotic liver
disease (MASLD) to accurately reflect the pathogenesis of the disease and its strong
association with cardiometabolic risk factors. Although traditional in vitro and 2D in vivo
models have provided valuable insights into NAFLD pathophysiology, they often fall short in
capturing the dynamic and multicellular/multiorgan nature of the disease, making it
challenging to unravel the underlying mechanisms, reliable biomarkers and develop targeted

therapies.

This thesis embarks on a journey to address the pressing need for a more
physiologically relevant model of NAFLD. Leveraging the power of organ-on-chip technology,
we aim to develop a human NAFLD model that faithfully mimics the liver's microenvironment.
By recapitulating the intricate cellular interactions, fluid flow dynamics, and metabolic
processes within the liver, this model offers new insights into the pathogenesis of NAFLD and
provides the basis for drug screening platform. In the following chapters, we will delve into
the development of our HepG2/C3A-based NAFL-on-a-chip model, exploring its potential
applications, advantages, and limitations. We will present data on its ability to recapitulate
key features of NAFLD such as hepatic lipid accumulation, while investigating specific
biomarkers and metabolic pathway of the disease. Then, as a perspective, we will propose an
advanced model of our NAFL-on-chip by using human induced pluripotent stem cell as

hepatocytes source and consider a co-culture with pancreatic cells (beta cells).

The first chapter of the manuscript will be dedicated to the state-of-the-art of NAFLD

and liver-on-chip technology. We will contextualize the project by describing the liver
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physiology, the known pathophysiology of NAFLD and its intricate link with type 2 diabetes
mellitus. We will expose the current in vitro models used to mimic and study the disease,
including the liver-on-chip technology, their advantages and limitations. Furthermore, a
section of this chapter will highlight the use of metabolomic analysis for NAFD detection and

monitoring.

The second chapter will present the entire materials and methods used for this project.
We will describe the HepG2/C3A cell culture process in the microfluidic biochip and the fatty
acids exposure. We will also display the differentiation protocol of human induced pluripotent
stem cells into hepatocyte-like cells and beta-like cells. The different methods of analysis
performed will be described (ELISA, staining, gas chromatography and mass spectrometry,

etc.).

In the third chapter, we will explore the potential of the HepG2/C3A-based liver-on-
chip to recapitulate the features of NAFLD. For this purpose, we will analyse the physiologically
and functionality relevance of the model when exposed to different free fatty acids (oleic acid,

palmitic acid and their mixture).

The exploration of the metabolome of our model using gas chromatography and mass
spectrometry, will be described in the fourth chapter. We will attempt to identify specific
biomarkers and determine the metabolic dysregulations associated with the disease through

metabolomic profiling.

Finally, the fifth chapter will describe the perspective of the project. We will expose
the first steps of the development of a liver-pancreas-on-chip model exposed to pro-NAFLD
fatty acid. We will attempt to develop an advanced model of NAFL-on-chip by using
hepatocytes derived from human induced pluripotent stem cell. In the other hand, we will
explore the differentiation of induced pluripotent into pancreatic B-cells by using a
combination between static and dynamic cell culture. We will investigate cell maturity and

functionality for cell types.

Ultimately, this research aims to contribute to a deeper understanding of NAFLD and
provide a transformative tool for accelerating therapeutic discoveries in the battle against this

burgeoning global health crisis.
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Chapter I:

State-of-the-art

This chapter provides an overview of the state-of-the-art of liver-on-chip technology and its
use as model to mimic metabolic disease. First, the liver and pancreas anatomy and their
physiology are introduced. Then, the physiopathology of the Metabolic Syndrome, including
symptoms and treatment, and is correlation with Non-alcoholic fatty liver disease (NAFLD) and
Type 2 diabetes mellitus (T2DM) is highlighted. Finally, liver-on-chip technology for NAFLD
modelling is reviewed by outlining the different materials, cells sources and approaches

currently in use.



Chapter I. State-of-the-art

1.1 Mechanism of glycaemic regulation

1.1.1 Liver anatomy and physiology

The liver is the largest organ in humans and accounts approximately 2% to 5% of the
total body mass. It is located in the upper right part of the abdomen and is partly protected
by the rib cage. It is surrounded by a connective envelope, called Glisson capsule, whose
invaginations allow the delimitation of two main lobes, the right and left lobes, as well as two
annexed lobes, the caudate lobe and the quadrate lobe. The liver is vascularised by two major
blood vessels, the portal vein which contributes 25% to 30% of the blood supply and the
hepatic artery which is responsible for the remaining 70% to 75%* . The hepatic artery brings
oxygen-rich blood to the liver, while the portal vein drains blood that is poor in oxygen but
rich in various substances (nutrients and xenobiotics) from the digestive tract. These two
afferent vessels divide and subdivide to supply the different parts of the liver, making it a
highly vascularised organ. Once filtered, the blood returns to the heart via the hepatic veins,
which drain into the inferior vena cava. The liver is also crossed by numerous bile ducts which
collect the secreted bile and lead it into the hepatic duct to drain out of the organ? (Figure

1.1).

The liver is composed of structural units called hepatic lobules. These are polyhedral
in shape, organised around the central vein and surrounded by portal triads comprising a
branch of the hepatic artery, a branch of the portal vein and the bile ducts. Thus, the blood
flow is from the periphery to the centre of the liver lobules. The parenchymal cells, mainly
hepatocytes, represent 60% of the cell population of the liver and are organised in trabeculae
separated by the hepatic sinusoids (blood capillaries of the liver). Hepatocytes are responsible
for the specific metabolic functions of synthesis, catabolism and storage of many compounds
and nutrients. Indeed, they are responsible for the metabolism of plasma proteins (albumin
and coagulation factors), carbohydrates (glucose and glycogen) and lipids (cholesterol).
Another of its main functions is the detoxification of the blood of all toxic molecules
(xenobiotics and harmful endogenous metabolites) before it passages into the general
circulation. The non-parenchymal cells (NPC) compose the remaining 40% of the cell
population and play a significant role in tissue architecture and in mediating responses of the

tissue to metabolic and toxic stimuli, as well as supporting the hepatocyte function. These cells
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types include liver sinusoidal endothelial cells (LSECs), Kupffer cells (KCs), hepatic stellate cells
(HSCs), and pit cells (natural killer cells, NKs). Furthermore, this structural organisation of the
liver generates gradients of oxygen, nutrients and xenobiotics within the hepatic lobule: it is
the phenomenon of zonation. Consequently, hepatic lobules present three zones with distinct
metabolic functions: the periportal region, the mid-lobular region and the perivenous

(pericentral) region (Figure 1.2).
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Figure 1. 1: Overview of the liver structure and functional subunits (adapted from the book
Anatomy and Physiology by Lindsay M. Biga et al.,2019 and created in BioRender.com).
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Figure 1. 2: Metabolic zonation along the portal-perivenous axis of the hepatic lobule
(created in Biorender.com).

1.1.2 Regulation of blood glucose level

Liver and pancreas play an essential role for the blood glucose levels homeostasis
maintenance (Table 1.1). Insulin is a polypeptide hormone mainly secreted by B-cells in the
islets of Langerhans of the pancreas, which regulates glucose level in the bloodstream and
induces glucose storage in the liver, muscles and adipose tissue. Biosynthesis and secretion of
insulin are controlled by circulating glucose levels. In postprandial period, there is an increase

in insulin/glucagon ratio to bring glucose serum levels back to normal (0.7 - 1g/L)3.

Glucose enters B-cells through the glucose transporter GLUT2. Following glucose
uptake, the rate-limiting glucokinase enzyme (GCK) generates glucose-6-phosphate, which is
metabolized during glycolysis to generate pyruvate, NADH and ATP. In the mitochondria,
pyruvate and NADH fuel the production of cytosolic ATP via the tricarboxylic acid (TCA) cycle
and oxidative phosphorylation®. Previous work demonstrates that in the B-cells, this increase

in ATP/ADP ratio causes closure of K-ATP channels and depolarization of the cellular
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membrane, opening voltage-gated calcium channels to increase intracellular Ca?* promoting
fusion of insulin granules with the plasma membrane for hormone release into the
circulation®. It has been reported, that insulin secretion is carried out in a pulsatile manner
with a first phase corresponding to a rapid increase in the rate of secretion, followed by a
decrease of the insulin rate and, a second stable or gradually increasing phase which lasts as
long as the glucose simulation is applied®. After secretion and circulation through the body,
insulin binds to insulin receptors (IR) on target cell membranes (liver, skeletal muscles and
adipose tissue) inducing the phosphorylation of insulin receptor substrate (IRS) on tyrosine
residues. This results in the activation of phosphoinositide 3-kinase (PI3K)/protein kinase B
(Akt) pathway and the mitogen-activated protein kinase (MAPK) pathway which are essential
for cell functions and energy metabolism regulation (Figure 1.3). In the liver, insulin stimulates
glycogenesis and glycolysis resulting in increased glucose uptake and de novo lipogenesis

(DNL) and suppressing glycogenolysis and gluconeogenesis.

On the other hand, during fasting, glucagon activates the production of glucose by
releasing stored hepatic glycogen (glycogenolysis) and transforming non-carbohydrate
substrates via the gluconeogenic pathway. Major non-carbohydrate precursors for
gluconeogenesis are lactate, which is transported from peripheral tissues such as skeletal
muscles or red blood cells, and glycerol, which is released from the adipose tissues via

enhanced lipolysis during fasting’.

Table 1. 1: Biochemical effects of insulin and glucagon (adapted from Kalra and Gupta,

2016).
Process Insulin Glucagon Organs
Glycogenesis Increased Inhibited Liver and muscles
Glycogenolysis Inhibited Increased Liver and muscles
Glycolysis Increased All tissue
Gluconeogenesis Inhibited Increased Liver
Ketogenesis Inhibited Liver
Lipogenesis Increased Decreased Liver and adipose
tissue
Lipolysis Inhibited Adipose tissue
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Figure 1. 3: Insulin signaling cascade (Pina et al., 2020).

1.1.3 Lipid metabolism pathway in the liver

Lipids are a group of hydrophobic or amphiphilic molecules which essentially have an
energetic, structural or informational role in the organism. The liver plays a central role in lipid
metabolism. It is involved in de novo lipogenesis (DNL), cholesterol synthesis, triacylglycerol
(TAG) and cholesterol packaging for transport in the body, fatty acids (FA) and cholesterol

uptake, and FA oxidation®.

1.1.3.1 De novo lipogenesis
De novo lipogenesis (DNL) is the synthesis of FA from two-carbon precursors derived
from glucose, fructose, and amino acids®. It occurs in the cytosol and it is affected by the
amount of fats and carbohydrates in the diet and increased by high- carbohydrate diet,
particularly the type that is high in simple sugars. DNL is mainly dependent on insulin and the
concentration of carbohydrate metabolites. Sterol regulatory element-binding proteins
(SREBPs) are a family of transcription factors involved in DNL but also the biogenesis of

cholesterol and triglycerides. The SREBP family is composed of three members, two of which
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are mainly expressed in the liver. SREBF-1 gene encodes for SREBP-1c which is expressed in
the liver, white adipose tissue and skeletal muscle whereas SREBP-1a which is expressed in
liver cell lines, spleen and intestinal tissue. Insulin stimulates the expression and
transcriptional activity of SREBP-1c while SREBP-1a is not controlled by insulin signalling.
Another transcription factor, carbohydrate-responsive element-binding protein (ChREBP), is
involved in the regulation of the DNL pathway. Unlike SREBP-1c, ChREBP expression and action
is stimulated by glucose-6-phosphate® (Figure 1.4). These transcription factors increase the
expression of genes whose protein products are involved in the FA synthesis pathway,
including acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), stearoyl-CoA desaturase 1
(SCD1) and mitochondrial glycerol 3-phosphate acyltransferase (GPAT)!°.Therefore,
overexpression of SREBP1 and ChREBP significantly increases the expression of genes involved
in cholesterol synthesis and FAS, and causes a corresponding accumulation of both cholesterol

and TAG!L
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Figure 1. 4: Simplified schema of the regulation of hepatic DNL (reproduced from G. Linden et
al., 2018).

1.1.3.2 Fatty acid oxidation and ketogenesis
The fatty acid oxidation pathway can occur in the mitochondria (B-oxidation),
peroxisome (B-oxidation) or by cytochrome 450 CYP4A (w-oxidation) and consists of a spiral
of reactions, with the substrate reducing in size until the final set of reactions liberates two

acetyl-CoA molecules!?. During fasting, TAG stored in white adipose tissue (WAT) is hydrolysed
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by a cascade of lipases (adipose triglyceride lipase, hormone-sensitive lipase,
monoacylglycerol lipase) to produce free fatty acids (FFA) and glycerol: this process is called
lipolysis. The FFA released from lipolysis is transported to the liver by serum albumin and
enters hepatocytes by both diffusion and fatty acid transporters such as fatty acid transport
protein (FATP), fatty acid translocase (FAT)/CD36 and fatty acid binding protein (FABP). Within
the hepatocytes, fatty acid oxidation begins in the cytoplasm where long-chain fatty acids are
converted to fatty acyl-coenzyme A (CoA) esters by acyl-CoA synthetases. These fatty acyl-CoA
esters combine with carnitine to form fatty acyl carnitine molecules, which help to transport
the fatty acid across the mitochondrial membrane. Once inside the mitochondrial matrix, the
fatty acyl carnitine molecules are converted back to fatty acyl-CoA and then to acetyl-CoA that
enters the Krebs cycle'®>'3. This process generates an abundance of ATP and reducing
equivalents to support the conversion of pyruvate and other anaplerotic substrates to glucose
via gluconeogenesis. Under conditions where acetyl-CoA production from B-oxidation exceeds
the oxidative capacity of the Krebs cycle, the excess acetyl-CoA is diverted to ketone body
synthesis. Ketogenesis is directly controlled by carnitine palmitoyltransferase | (CPT-1), which
is activated by low insulin levels, and directly by the activity of the key mitochondrial
regulatory enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase. Synthesised ketone
bodies can serve as a fuel source when glucose levels are too low in the body (e.g., during
prolonged starvation) or in uncontrolled diabetics, where most of the circulating glucose

cannot be utilised!.

1.1.3.3 Triacylglycerol biosynthesis and transport

When carbohydrates or fats are ingested in excess of the body’s requirements, the
excess is stored mainly in the adipose tissue as TAG. The other tissue capable of storing TAG
under conditions of excess fat is the liver. TAG is synthesised in the endoplasmic reticulum
(ER) and consists of three fatty acyl molecules esterified to a glycerol backbone. In the liver,
the glycerol backbone, glycerol-3-phosphate (G3P), is derived from glycerol by the action of
glycerol kinase or the glycolytic intermediate dihydroxyacetone phosphate (DHAP) in a
reaction catalysed by the cytosolic NAD-linked glycerol-3-phosphate dehydrogenase. Then,
fatty acid, in order to be attached to a glycerol backbone, has to be activated into fatty acyl

CoA. This activation process is catalysed by the enzyme fatty acyl-CoA synthetase, which is
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located in the lumen of the ER, in the mitochondrial outer membrane and matrix, and also in
the membrane of peroxisomes. After activation, the first fatty acyl-CoA molecule is acylated
to G3P by the enzyme glycerol 3-phosphate acyltransferase which is the point of regulation in

TAG synthesis!?,
1.2 Metabolic Syndrome: mechanism underlying the disorder

1.2.1 Definition and prevalence

As the liver is a key organ in the metabolism, any disturbance of its balance leads to
consequences such as fatty infiltration, elevated fasting plasma glucose, high serum
triglycerides. Large evidence supports the hypothesis of liver and pancreas dysmetabolism as
both causes and consequences of the Metabolic Syndrome?®>. Primary characteristics of Mets
includes the clustering of abdominal obesity, insulin resistance, dyslipidemia and
hypertension. Thus, the World Health Organization (WHO) defined this disorder as a cluster
of interconnected factors that increase the risk of cardiovascular diseases and type 2 diabetes
mellitus (T2DM)?6. As the metabolic syndrome has several definitions, the prevalence estimate
depends on the definition that is used to determine inclusion as well as the composition (e.g.,
sex, age, race, and ethnicity) of the population being studied. Moreover, lifestyle habits and
socio- economic status (SES) appear to influence prevalence across sex, age, and
race/ethnicity cohorts. Despite the differences in design and variables considered in these
studies, some inferences can be made. Indeed, consistent result shows that the prevalence of
metabolic syndrome is strongly dependent on age and sex. In a study conducted by Azizi's
team, it was found that the prevalence is less than 10% for both men and women in the 20—
29-year age- group, rising to 38% and 67%, respectively, in the 60-69-year age-group?’.
However, it seems that the increase in obesity rates in children leads to a parallel increase in
the prevalence of MetS and T2DM in this group®®. Moreover, some studies shown an
influenced of the ethnicity on the MetS prevalence®®. Worldwide, the available evidence
indicates that in most countries between 20% and 30% of the adult population can be

characterized as having the metabolic syndrome, a rate that is currently increasing.
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1.2.2 Physiopathology

1.2.2.1 Obesity

The World Health Organization (WHO) defined obesity as abnormal or excessive fat
accumulation and a body mass index (BMI) equal or greater than 30. It is considered as an
early stage of insulin resistance (IR) and cardiovascular disease. Indeed, visceral adipose tissue
secretes a variety of bioactive substances called adipo-cytokines, such as adiponectin, leptin,
resistin, tumour necrosis factor a (TNFa), interleukin-6 (IL-6), and angiotensin Il which are
associated with IR, as well as plasminogen activator inhibitor 1 (PAI-1), which is implicated in
thrombogenic vascular disease. Adiponectin is directly associated with insulin sensitivity by
activating AMP-activated protein kinase (AMPK) and thus protects against the development
of IR, T2DM, and atherosclerotic vascular diseases. Studies showed a decrease in adiponectin
level in individuals with visceral fat accumulation?%?!. Therefore, adipokines are potential
causes of insulin resistance and reflect the role visceral obesity plays as a causal factor in
metabolic and vascular disease. Visceral fat accumulation also promotes lipolysis in obese
individuals due to decreased expression of adipocyte lipid droplet proteins such as perilipin
(PLIN) and Cide proteins. This results in an increase in the release of FFAs into the bloodstream,
leading to FFA deposition in insulin-sensitive non-adipose tissues resulting in lipotoxicity.
Lipotoxicity is an important cause of insulin resistance as well as chronic inflammation and

oxidative stress2%:22,

1.2.2.2 Insulin signalling mechanism and Insulin Resistance (IR)
As we previously mentioned, insulin is a pancreatic pleiotropic molecule regulating
glucose metabolism through its action on skeletal muscle, liver and adipose tissue*. In order
to understand the mechanisms that might be responsible for the development of insulin

resistance, it is necessary to review the molecular pathways involved in insulin action.

After food intake, insulin is released by pancreatic B-cells to the bloodstream in
response to high glucose level. Circulating insulin binds to the extracellular domain of the
insulin receptor (INSR) which trigger a conformational change in the intracellular domain of
the protein leading to the tyrosine phosphorylation of insulin receptor substrate (IRS) and the

activation of multiple proteins including phosphatidylinositol 3-kinase (PI3K). Activation of
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PI3K result in activation of which is responsible for propagation of insulin signal to one of the
most important downstream effectors, Akt. After fully activation by PDK1 and mammalian
target of rapamycin complex (mTORC) 2 protein, Akt can interact with different proteins,
eliciting different effects as stimulation of glucose uptake and glycogen synthesis by Akt
substrate 160 (AS160) and glycogen synthase kinase 3 (GSK3), respectively?®>?%.In obese
individuals, lipotoxicity caused inflammation resulting in elevated level of proinflammatory
cytokines such as TNF-a and IL-6. These inflammatory factors can directly inhibit insulin
signaling through competitive inhibition of tyrosine phosphorylation of IRS and inhibition of
the IRS1/PI3K/Akt signaling pathway (Figure 1.5). In addition, inflammatory factors decrease
the expression of peroxidase proliferator-activated receptor-gamma (PPAR-y), leading to an
increase in circulating FFA levels via the promotion of lipolysis. These circulating FFAs activate
Toll-like receptor 4 (TLR-4) which promotes serine phosphorylation of IRS and leads to altered

insulin signaling.
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Figure 1. 5: Impaired IRS phosphorylation causes insulin resistance. (J. Alberto Olivares-Reyes
etal., 2009)

Thus, insulin resistance (IR) is characterized by a reduced action of insulin despite
increased insulin secretions from pancreatic B-cells. In the skeletal muscle, IR is due to

impaired phosphorylation of AS160 with subsequent defects in GLUT4 translocation, glucose
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uptake and glycogen synthesis. In the adipose tissue, IR is associated with a decrease of fat
storage and an increase level of circulating FFA due to lipolysis, that further inhibit the
antilipolytic effect of insulin. In the liver, Foxol is a transcription factor that increases the
expression of key enzymes of gluconeogenesis, hence its upregulation results in the increased
conversion of incoming substrates to the liver to glucose. Under normal condition, insulin
causes phosphorylation and suppression of Foxol function through the action of the protein
kinase AKT, leading to a down-regulation of gluconeogenic activities???3. Therefore, insulin
resistance condition result in hyperglycemia. Insulin also promote lipogenesis by activating
the transcription factor SREBP-1C, involved in triacylglycerol synthesis, through the action of
Akt activation of the mTORC1 protein kinase complex. While elevated insulin concentrations
(hyperinsulinemia) may be needed to regulate gluconeogenesis, insulin-responsive
lipogenesis mechanisms have no resistance and are hyper-activated, resulting in increased
very low-density lipoprotein (VLDL) and reduced high density lipoprotein (HDL) particle
production, manifesting by hypertriglyceridemia and low plasma HDL-cholesterol
concentration?®> (Figure 1.6). Insulin resistance-mediated increase in circulating FFAsis

believed to play a pivotal role in the pathogenesis of MetS?6.
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Figure 1. 6: Hepatic hyperinsulinemia leading to hypertriglyceridemia under high-fat
diet/obesity (adapted from Czech 2017 and created in Biorender.com).
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1.3 Obesity-related metabolic complications: Type 2 diabetes mellitus

(T2DM)

Diabetes mellitus (DM) is the most significant dysfunction of the pancreas. According
to the World Health Organization (WHQO) definition, DM is a chronic disease occurring when
the pancreas does not produce enough insulin, or none at all, or when the body cannot use
the insulin secreted?”.?8, In the most recent report (Diabetes Atlas 2019) published by the
International Diabetes Foundation (IDF), it was estimated that approximately 537 million
people (1 in 10 adults) have diabetes worldwide and, worryingly, that 700 million will be
affected by 2030 and 2045, respectively?>3°, Diabetes is now one of the largest global health
concerns. In 2021, the IDF estimated that 6.7 million deaths among adults (20—79 -years) can
be attributed to diabetes?®3!. The World Health Organization (WHO) ranked diabetes among
the top ten causes of death in 201922, Diabetes is also associated with multiple complications,
such as blindness, kidney failure, cardiovascular diseases, sexual dysfunction, neuropathy,
lower limb amputations and peripheral vascular disease3?734. The annual healthcare cost of
diabetes was estimated at approximately 760 billion USD in 2019 and is predicted to reach
845 billion USD by 204523 DM can be classified into four categories: type 1 DM (T1DM), type
2 DM (T2DM), gestational diabetes mellitus (GDM), and a fourth category which includes
specific types of diabetes due to other causes such as genetic mutations, diseases of the
exocrine pancreas and drug exposure®. TIDM and T2DM alone account for 90% to 95% of all
diagnosed cases worldwide3®. Nevertheless, T2DM is the most common form of diabetes,
affecting approximately 90% of total diabetic patients, particularly adults aged 20-79 years®.
It is named the disease of the century because its prevalence has increased exponentially in

recent decades.

1.3.1 Definition of T2DM

Type 2 Diabetes Mellitus is a complex pathology caused by insulin resistance and
impaired insulin secretion®’. Insulin resistance is present in the majority of people with the
MetS and associates with a number of its other factors. Thus, suffer from MetS is associated
with a 5-fold increase risk of developing T2DM in adults®>. T2DM occurs when the pancreas
fails to adapt to increased blood glucose levels which leading to glucolipotoxicity3¢—32. Several

factors play a part in increasing the risk of developing T2DM: genetic factors, age, obesity,
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unhealthy lifestyles and lack of physical activity3*3?. Therefore, patients with T2DM are mostly
characterized by a MetS related to obesity or higher body fat percentage, localised
predominantly in the abdominal region. In this condition, adipose tissue promotes IR through
various inflammatory mechanisms, including increased free fatty acid (FFA) release and
adipokine deregulation®. The response of the pancreatic islets to this new environment may
include inflammatory stress, ER stress, metabolic and oxidative stress (e.g., glucotoxicity,
lipotoxicity, and glucolipotoxicity) and amyloid stress. The increase of these interdependent
stress factors will promote B-cell dysfunction, followed by dedifferentiation and/or loss of B-

cell mass and finally to the loss of islet integrity marking the onset of T2DM?3%40,

1.3.2 Beta-cell dysfunction leading to T2DM

Beta-cells failure is central to the development and progression of T2DM. In response
to a high glucose levels, B-cells synthetize and secrete around 1 million insulin
molecules/minute, which require highly functional ER. Excess of saturated FFA and
hyperglycemia due to IR can induce ER stress through the activation of the apoptotic unfolded
protein response (UPR) pathways®*4l. The UPR pathway activation may follow several
mechanisms including inhibition of the sarco-endoplasmic reticulum Ca?* ATPase (SERCA)
responsible for ER Ca* mobilization; activation of IP3 receptors or direct impairment of ER

homeostasis.

In addition, hyperglycemia increase proinsulin biosynthesis and islet amyloid
polypeptides (IAAP) in B-cells, leading to the accumulation of misfolded insulin and IAAP and
increasing the production of oxidative protein folding-mediated reactive oxygen species
(ROS)3942, Moreover, since B-cells lack certain antioxidant enzymes that remove ROS,
increased production of ROS may promote dysfunction (Figure 1.7). These effects alter
physiological ER Ca®* mobilization and promotes proapoptotic signals, proinsulin mRNA
degradation and induce interleukin-1B (IL-1B) release that recruit macrophages and enhances

local islet inflammation?®%43.
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Figure 1. 7: Signaling pathways of insulin secretion in 8-cells (A) in physiological condition (B)
in hyperglycemia and hyperlipidemia condition (Galicia-Garcia et al., 2020).

Therefore, it is possible to postulate that the progression of T2DM occurs in three
phases. As insulin resistance increases, B-cells initially compensate by increasing insulin
production (phase 1). Prolonged insulin resistance and increase islet inflammation due to
oxidative stress lead to B-cell decompensation leading to impaired glucoses tolerance and
prediabetes (phase 2). Ongoing hyperglycemia and hyperlipidemia lead to a decline of
functional B-cell mass due to dedifferentiation and/or B -cell death leading to T2DM (phase 3)
3944 Arguments are developed that the loss of B-cell function found in T2DM are strongly

correlated with increased glucose levels than with non-esterified fatty acids (NEFA) levels, thus

supporting the importance of glucotoxicity *° (Figure 1.8).
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Figure 1. 8: Schematic representation of T2DM progression (inspired from Christensen and
Gannon 2019).

During the past several years, a new hypothesis has been challenged the idea that
insulin resistance precedes B-cells dysfunction. Indeed, there is a growing appreciation that
the contribution of islet B-cells hyperresponsiveness is a primary event in the development
hyperinsulinemia and leads the other components of the metabolic syndrome?®. As discussed,
B cell response to physiologic and pathophysiologic states of nutrient excess can occur
through several mechanisms, including adaptive changes in B cell mass and function that may

occur both prior to and in response to MetS*’.

1.3.3 Treatment

Nonpharmacological treatment such as reduced caloric intake and increased physical
activity represent the basis of treatment of insulin resistance in type 2 diabetic patients.
Nevertheless, this nonpharmacological treatment is not sufficient for most patient (75%
patients with 3 years old duration of diabetes) for whom the use of a drug treatment is

necessary.

Currently, there are 12, non-insulin, classes of drug treatments for type 2 diabetes*->!
(Table 1.2). One major mechanism of action to increase insulin sensitivity is reducing the

deleterious effects of chronic hyperglycaemia on insulin action and insulin secretion®°.
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Table 1. 2: Current hypoglycaemic drugs and their major metabolic effects to treat T2DM (in

Drug Class

USA).

Current available drugs

Main metabolic effects

15t and 2" generation

Sulfonylureas

Meglitinides

DDP4 inhibitors

GLP-1 receptor

agonist

Biguanides

Thiazolidinediones

a-glucosidase

inhibitors

Bile acid sequestrant

Dopamine agonist

SGLT2 inhibitors

Tolazamide, Tolbutamide,
Glyburide, Glimepiride,
Gliclazide
Repaglinide, Nateglinide
Alogliptin, Linagliptin,
Sitagliptin, Saxagliptin,
Vildagliptin
Exanatide, Liraglutide,
Albiglutide, Dulaglutide,
Lixisenatide, Semaglutide
Metformin, Glucophage XR

Rosiglitazone, Pioglitazone

Aacrbose, Miglitol, Voglibose

Colesevelam

Bromocriptine

Canagliflozin, Dapagliflozin,

Empagliflozin, Ertuglifozin

Glucose independent

stimulation of insulin secretion

Glucose independent
stimulation of insulin secretion/

inhibition of glucagon secretion

Insulin sensitization

Inhibition of glucose liberation

from carbohydrates

Increase incretin
secretion/improve B-cell

function

Increase low hypothalamic
dopamine levels/ inhibition of

hepatic glucose production

Renal glucose excretion
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1.3.3.1 Biguanides: Metformin hydrochloride
Metformin hydrochloride, a biguanide oral drug, is the first-line therapy for T2DM. The
mechanism of action of metformin is complex. In brief, the drug appears to reduce
mitochondrial energy production via inhibition of Complex 1. The higher AMP to ATP ratio
lead to phosphorylation and activation of the energy sensor AMPK (AMP kinase). Activation
of AMPK results in reduced gluconeogenesis (in both fasting and postprandial periods),
increased insulin sensitivity, and enhanced peripheral glucose uptake®%°2°3, Metformin also
have downstream effects on decreasing fatty acid and triglyceride production. Moreover, as
metformin does not stimulate endogenous insulin production, it does not cause
hypoglycemia, which is an adverse effect that is associated with several antidiabetic

medication. As a result, metformin is efficacious when paired with other glucose lowering

medication such as sulfonylureas and GLP-1 inhibitors>4.

1.3.3.2 Incretins-based therapy: GLP-1 and DPP4

Incretins are a relatively new group of injectable drugs for treatment of type 2
diabetes. Glucagon-like peptide-1 (GLP-1) is a product of proglucagon cleavage synthesized in
L cells in the intestinal mucosa, a-cells in the pancreatic islet, and neurons in the nucleus of
the solitary tract. The glucose-dependent postprandial release of GLP-1 induces insulin
secretion by pancreatic B-cells and suppresses glucagon secretion from pancreatic a-cells,
which regulates glycaemia. Moreover, GLP-1 modulates appetite by slowing gastric emptying
and inducing satiety. However, these effects are short-lived because circulating GLP-1 is
quickly degraded by dipeptidyl peptidase-4 (DPP4) and has a half-life greater or equal to 5 min
in circulation. Thus, analogue peptide of GLP-1, called GLP-1 receptor agonists (GLP-1RAs),

were developed as glucose-lowering agents to treat patients with T2DM. Few clinical research
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studies also highlight the benefice of GLP1-RAs in losing weight when used in combination
with diet and exercise. Furthermore, DPP4 inhibitors represent another approach to treat

T2DM by prolonging the half-life of endogenous GLP-1.

1.3.3.3 SGLT-2 inhibitors
Sodium-glucose co-transporter 2 (SGLT2) is located on the luminal side of the first
segment of the proximal tubule in the kidney and it is responsible for the reabsorption of
approximately 90% of all filtered glucose®®. Thus, SGLT2 inhibitors are drugs that inhibiting
glucose and sodium reabsorption in the kidneys leading to glycosuria. Their effects
consequently include reductions in HbA1lc, plasma glucose levels and blood pressure, but also

reductions in body weight and adiposity °°.

1.3.3.4 Insulin-based therapy

Insulin was for many years the only treatment for diabetes. It is still the most effective
treatment to reduce both glucose and glycated haemoglobin (HbA1C) concentration. As T2DM
is characterised by a progressive loss of glycaemic control, most patients require treatment
with basal insulin®’. Nowadays, a multitude of short-acting and long-acting insulin analogues
are currently available for the treatment of DM, which mimic physiological insulin secretion
better than human insulins. For instance, ultra-rapid insulin analogues can significantly reduce
postprandial glucose increases while long-acting insulin analogues can reduce the rate of
hypoglycemia, especially nocturnal hypoglycaemia. These novel insulin formulations can also
be used in combination with another agent, such as GLP-1RAs, DPP4 inhibitors, and SGLT-2
inhibitors, to achieve recommended glycaemic targets and reduce insulin doses, weight gain,

and hypoglycaemic episodes>®>°.

1.4 Obesity-related metabolic complications: Non-alcoholic fatty liver disease

(NAFLD)

1.4.1 Definition and prevalence of NAFLD
The term non-alcoholic fatty liver disease (NAFLD) comprises a spectrum of
increasingly harmful conditions ranging from steatosis to non-alcoholic steatohepatitis

(NASH), which is associated with progressive liver fibrosis leading to cirrhosis and end-stage

35



Chapter I. State-of-the-art

hepatocellular carcinoma (HCC)®°. NAFLD represents the hepatic manifestation of MetS and it
is characterized by enhanced fatty infiltration in more than 5% of hepatocytes in the absence
of alcohol or drug consumption, virus hepatitis and autoimmunity disease. Its physiopathology
involves several mechanisms, such as, glucose intolerance, insulin resistance (IR), enhanced

lipogenesis and lipotoxicity, hepatic and systemic inflammation, and oxidative stress.

Nowadays, it is estimated that about 25% of the world population has NAFLD®!. For
instance, the prevalence of NAFLD in the United States is reported to be between 25% and
40%, with similar rates reported from Europe and Asia®%%3, Due to the spread of the obesity
and T2DM epidemic, NAFLD is becoming the most common chronic liver disease and one of
the principal indications for liver transplantation. In fact, prevalence of NAFLD is significant in
patients with MetS. For instance, NAFLD has been reported in over 70% of T2DM patients and
over 90% of severely obese patients undergoing bariatric surgery®?4. In addition to MetS and
T2DM, other factors may also contribute to the prevalence and outcomes of NAFLD, such as
genetic factors. Indeed, a high prevalence of a polymorphism in the gene encoding patatin-
like phospholipase domain containing three genes (PNPLA3; rs738409 C/G, M148l) have been

related to the prevalence of NAFLD.
1.4.2 Physiopathology and evolution

1.4.2.1 Physiopathology: mechanism of fat accumulation in the liver
The mechanism of steatosis development as well as the liver damage resulting in NASH
remain incompletely understood. Nevertheless, retention of various lipids seems to be a
prerequisite for the development of NAFLD. In fact, alterations in the equilibrium of several
mechanisms may lead to a fatty liver: (1) increased free fatty acids (FFAs) supply due to
increased lipolysis from both visceral/subcutaneous adipose tissue and/or increased intake of
dietary fat; (2) decreased free fatty oxidation; (3) increased de novo lipogenesis (DNL) and (4)

decreased hepatic very low-density lipoprotein—triglyceride secretion®.

Circulating FFAs provide the substrate for triacylglycerol formation in the liver. In
hepatic steatosis, progressive triacylglycerol deposition exceeds the livers capacity to export
very low-density lipoprotein particles (VLDL) and B-oxidation of FFAs. The most abundant and
well-studied FFAs in the context of NAFLD are palmitic acid, a 16-carbon length saturated fatty
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acid (C16:0) and oleic acid, an 18-carbon length monounsaturated fatty acid (C18:1). Due to
their hydrophobic properties FFAs can diffuse across cell membrane but they can also be
transported by fatty acid transport proteins (FATP) or the fatty acid transporter, CD36%. FFAs
can originate from increased lipolysis in adipose tissue. Indeed, studies in individuals with
obesity have demonstrated that ~60% of liver triglyceride content is derived from free fatty
acids from adipose tissue, which highlighting the dominance of the lipolysis pathway in NAFLD
pathogenesis and provides a strong link between the comorbidities of obesity, insulin
resistance and NAFLD. On the other hand, it is estimated that 15-20% of the triglyceride
content of the liver comes directly from dietary fatty acids and the remaining 20% from the
DNL mechanism®. Although many studies assert the negative effect of triglyceride
accumulation in the liver, recent evidence indicates that triglycerides may have a protective
function. In fact, Yamaguchi et al. demonstrated a protective role of TGs accumulation in the
liver by showing that inhibition of DAG acetyltransferase 2, the final catalyst in hepatocyte TG
synthesis, generated increased necroinflammation and increased peroxidation and oxidative
stress. In summary, triglyceride synthesis seems to be an adaptive, beneficial response in

situations where hepatocytes are exposed to potentially toxic non-triglyceride metabolites.

Furthermore, elevated peripheral FFAs and DNL can lead to ectopic accumulation of
non-triglyceride toxic metabolites, such as lysophosphatidylcholine (LPC) which is responsible
for lipotoxicity and lipoapoptosis. Indeed, LPCs seem to be a key mediator of FFAs cytotoxicity
by causing an endoplasmic reticulum (ER) stress and inducing apoptotic pathways
downstream of the activation of Jun terminal kinase (JNK). These processes lead to an
upregulation of proapoptotic proteins Bim and Bax which trigger the mitochondrial apoptotic
pathway®®®’. In addition to mitochondrial dysfunction, lysosomal permeabilization has an
important role in apoptotic cell. LPCs also upregulate genes involved in cholesterol
biosynthesis and downregulate genes involved in hepatic fatty acid oxidation leading in

oxidative stress and inflammatory responses.

In the liver, the breakdown of cholesterol homeostasis contributes to its accumulation
in hepatocytes and within organelles. High intracellular free cholesterol leads to liver damage
through the activation of Kupffer cells and hepatic stellate cells, which mediate inflammation
and fibrosis. In addition, free cholesterol can accumulate in liver mitochondria leading to
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mitochondrial dysfunction, which results in increasing generation of ROS and in activation of
the unfolded protein response (UPR) in the endoplasmic reticulum (ER), resulting in ER stress
and hepatocyte apoptosis. These events contribute to the maintenance of steatosis and

promote ongoing hepatocyte death and liver injury®>.

Numerous studies well established the major risk factors for hepatic steatosis and
hepatic fibrosis in NAFLD: age >50 years, obesity, insulin resistance, T2DM, increased ferritin
levels and the patatin-like phospholipase domain-containing 3 (PNPLA3) [148M
polymorphism. PNPLA3 encodes a triacylglycerol lipase that mediates triacylglycerol
hydrolysis in adipocytes. 1148M gene variant has been associated with lower plasma
triacylglycerol profile, increased liver fat content and concentrations of serum aspartate
aminotransferase® 7’9, This supports the notion that this gene variant inhibits intra-
hepatocellular lipolysis rather than stimulates hepatic triacylglycerol synthesis. However,
further work is required to establish the precise function of PNPLA3 in the pathogenesis of

liver disease progression in NAFLD.

1.4.2.2 Steatosis to Non-alcoholic Steatohepatitis (NASH): the “multiple-hit”
hypothesis

Steatohepatitis is defined strictly by the presence of hepatocellular ballooning with or
without Mallory-Denk bodies and accompanying inflammation in the presence of
macrovesicular steatosis®. Originally, the progression of NAFLD from simple steatosis to NASH
was conceptualised as a “two hits” model’*72, It was suggested that the first hit, defined as
fat accumulation, sensitises the liver and trigger the second hit, an inflammatory process that
results in steatohepatitis and fibrosis. Nevertheless, the “multi-parallel hits” hypothesis is the
most accepted for understanding the pathogenesis of NASH and its progression to fibrosis.
This hypothesis proposes that many simultaneous hits such as mitochondrial dysfunction, ER
stress, inflammatory cytokines (principally TNF-a and IL-6), adipokines and gut-derived

endotoxin may promote inflammation and liver injury 73 (Figure 1.9).

Lipotoxicity and insulin resistance are major mechanisms underlying hepatocyte
dysfunction leading to steatosis progression in NASH. As previously described (section 3.2.1),

lipotoxic injury appears to occur in the setting of excess FFA traffic, especially saturated fatty
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acids, rather than due to simple triglyceride accumulation. The increased lipid flux may alter
mitochondrial or peroxisomal function leading to respiratory oxidation collapse with
impairment of fat homeostasis, generation of lipid-derived toxic metabolites and
overproduction of ROS leading to chronic inflammation® 74, Increased hepatic expression of
CYP2E1, an enzyme present into the mitochondria, promotes oxidative stress by hydrolyses
FFA and ketones into free radicals that alter mitochondrial respiratory chain and promotes
hepatic inflammation. Moreover, high lipid flux induced endoplasmic reticulum stress with
UPR activation leading to chronic hepatic inflammation through NF-kB and JNK pathways
activation and ROS overproduction’>7475, Thus, there is a mutual and bidirectional interaction
between ROS production by mitochondria and ER stress in the progression from steatosis to
steatohepatitis. Hepatic iron is also suggested as source of oxidative stress and therefore
hepatocyte dysfunction by catalysing the conversion of hydrogen peroxide to hydroxyl radical.

However, its role in the progression of NASH remains controversial’7®,

Obesity-related adipocyte hypertrophy and/or insulin resistance result in an imbalance
of adipokines that may profoundly affect not only the adipose tissue itself but also the liver.
Adiponectin is an anti-inflammatory adipocytokine and increases insulin sensitivity. The anti-
inflammatory and hepato-protective activities of adiponectin are achieved through blocking
the activation of NF-kB, secreting anti-inflammatory cytokines, inhibiting pro-inflammatory
cytokines such as TNF-a and IL-6. In contrast, leptin has a proinflammatory action by
activating hepatic stellate cells and stimulating Kupffer cells to produce TGF-B1. Insulin
appears to stimulate leptin production via PI3K/AKT and the activation of the transcription
factors SREBP1, C/EBP-a and Spl. Therefore, in obese patients, reduced adiponectin and
increased leptin levels may result in hepatic steatosis and activation of inflammation and

fibrogenesis®>7273,
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Figure 1. 9: Schema of the processes involved in NASH development (Berardo et al., 2020).

It is increasingly recognized that the gut microbiome is implicated in the pathogenesis
and progression of steatosis through the so-called gut-liver axis. High diet-induced dysbiosis
is associated with increased production of short-chains fatty acids (SCFAs) which may induce
DNL and cholesterol synthesis, alter glucose homeostasis and promote hepatic fat
accumulation. Moreover, patients with steatosis have significantly increased gut permeability
(due to tight junction disruption) which promote the passage of lipopolysaccharide (LPS), a
key constituent of many bacteria presents in the microbiota, into the portal circulation.
Lipopolysaccharidemia induce a consequent activation of the inflammatory cascade via Tool-
Like receptors (TLRs) and different cells type such as Kupffer cells and hepatic stellate cells.
Therefore, high LPS level plasma have demonstrated effects on insulin resistance, obesity,
hepatic fat accumulation and NASH development and progression’®7>77. On the molecular
level, LPS is recognized by the specific pattern recognition receptor, called Toll-like receptor 4
(TLR4) and its co-receptors, LPS binding protein (LBP) and CD14. Activation of TLR4 triggers
down-stream inflammatory cascade, involving, depending on the context, NF-kB, AP-1, and
IRF3 activation. TLR can also be activated via inflammasomes, a multiprotein complex localized
in the cytoplasm. Inflammasome activation, by either exogenous pathogen-associated
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molecular patterns (PAMPS) (e.g. saturated fatty acids) or internal host damage-associated
molecular patterns (DAMPS) (e.g. products from gut microbiota), lead to a cascade of
reactions that results in the secretion of IL-1 et IL-18 which have pro-inflammatory and pro-
fibrotic effects”>”778, Furthermore, perturbations in gut microbiota levels and community
composition are very likely to affect the bile acid pool, by increasing their production,
especially deoxycholic acid (DCA). Thus, bile acids are potential carcinogens whose alterations
may contribute to NAFLD development and progression and have also been linked to HCC 7280

(Figure 1.10).
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Figure 1. 10: Contributions of diet and dysbiosis in promoting NAFLD progression to NASH,
hepatic fibrosis and HCC (Lade et al., 2014).

1.4.2.3 Progressive NASH: From inflammation to Fibrosis
Hepatic fibrosis is the natural consequence of iterative injury in chronic liver disease
that is usually mediated by chronic inflammation. Fibrosis is defined by the excessive
accumulation of ECM, mostly in the form of collagen, and goes hand in hand with altered
angiogenesis. Fibrogenesis is driven by signaling from stressed or injured hepatocytes and

activated Kupffer cells, leading to activation of resident hepatic stellate cells or/and (portal
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and perivascular) fibroblasts into myofibroblasts to produce matrix proteins faster than they
are degraded’®®°, On the other hand, bone marrow-derived myofibroblasts differentiate from
pluripotent stem cells can also migrate to the damaged liver but they are currently believed
to contribute little to the ECM production in liver injury’4. Another NASH-specific pathway is
through the PNPLA3-1148M variant’s effects directly on stellate cell fibrogenesis (Figure 1.11).
Advanced fibrosis results in liver failure and portal hypertension with its associated
complications of ascites and life-threatening variceal bleeding, as well as an increased risk of
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Figure 1. 11: Mechanisms of fibrosis progression in NASH (Schuppan et al., 2018).

1.4.3 Diagnostic and treatment

Since the exact molecular mechanisms underlying NAFLD pathogenesis and
progression need to be further elucidated; it is not yet possible to diagnose NAFLD solely on
the basis of routine blood tests and tissue biomarkers or by ultrasound imaging. Indeed, an
expensive, invasive and potentially dangerous liver biopsy still represents the gold standard
for the diagnosis and staging of NAFLD. Thus, in the vast majority of cases, the diagnosis of

NAFLD are based on the presence of hepatic steatosis on imaging, chronic cytolysis,
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hyperferritinemia, with a dysmetabolic context. Nevertheless, it is necessary to look for other

reliable, accurate and non-invasive biomarkers.

1.4.3.1 Physical approach in suspected NAFLD: imaging study

In clinical practice, radiological imaging techniques (ultrasound, computed
tomography or magnetic resonance-based elastography) are considered the first-line method
for evaluating steatosis in any patient suspected with NAFLD®2. Typically, liver fatty infiltration
is observed and appears “bright” on ultrasound, since acoustic interfaces are increased in
hepatic lipid accumulation, but only when >20% of liver steatosis is present®. Furthermore,
liver stiffness stage can be determinate using ultrasound based transient elastography (TE)
which measures the velocity of a low-frequency elastic shear wave propagation through the
liver®#8>, The sensitivity of the method increases as the degree of steatosis increases but is
decreased for morbid obese patients and patients with ascites. This weakness can be bypass
by using magnetic resonance elastography (MRE). MRE uses radio waves and magnets to
produce detailed images of the entire liver. However, it is an expensive, time consuming, that
cannot be used in routine practice and cannot be performed in livers patients with iron

overload (because of signal-to-noise limitations) and metal implants®*.

1.4.3.2 Biological approach in suspected NAFLD: current biological
biomarkers

Liver enzymes, especially alanine and aspartate aminotransferases (ALT, AST) are the

first laboratory tests every clinician will consider worth evaluating in a patient with suspected
NAFLD. Several steatosis scores based on serum biomarkers have been proposed for
diagnosing or grading steatosis or staging fibrosis. The most validated steatosis scores for
fibrosis in NAFLD are the NAFLD Fibrosis Score (NFS, variables: age, body mass index,
hyperglycaemia/diabetes, AST, ALT, platelets, aloumin) and FIB4 (age, AST, ALT, platelets).
NFS and FIB-4 are free tests that are interpreted with two diagnostic thresholds. The lower
threshold of these tests (NFS < -1.455, FIB4 < 1.30) excludes advanced liver fibrosis (stage 3
and 4) with more than 90% accuracy. The upper threshold (CBC > 0.676, FIB4 > 2.67) is less
effective: only 67% of positive patients actually have advanced liver fibrosis. Between the two
thresholds, there is a grey zone (about 30% of patients) in which the diagnosis remains

undetermined®®®’. Nevertheless, it has been evaluated than patients with an intermediate or
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high probability of advanced liver fibrosis had a significantly higher glucose and a higher
AST/ALT ratio at the end of follow-up compared to those with a low probability of advanced
liver fibrosis®®. Moreover, they present a higher plasma level of cytokeratin 18 (CK18)
fragment levels, a marker of hepatocyte apoptosis. Although useful, liver enzymes per se are
not reliable and accurate predictors. Indeed, while abnormal liver enzymes are frequently

reported in patients with NAFLD, liver enzymes may be normal in up to 80% of cases®.

1.4.3.3 Liver biopsy in suspected NASH and Fibrosis patients

The key issues in NAFLD patients are the differentiation of NASH from simple steatosis
and identification of advanced hepatic fibrosis. Until now, liver biopsy is the gold standard for
identifying these two critical end points, but has well-known limitations, including
invasiveness; rare but potentially life-threatening complications, inter-/intra-observer
variability and cost. Liver biopsy is principally performed for NAFLD patients showing increased
risk of NASH or advanced fibrosis as well as discordant non-invasive scores results (Figure
1.12). Several systems of histopathological biopsy analysis allow to grade and stage NAFLD.
The NAFLD Activity Score (NAS) scoring systems, is mostly used by clinician for grading
steatosis by analyzing hepatocellular vesicular steatosis (macrovesicular steatosis and
microvesicular steatosis separately), hepatocellular hypertrophy and inflammatory cell
aggregate®>®l, Since the last decade, new scoring systems have emerged and allowed to
bypass the limitations of NAS. Indeed, Steatosis Activity and Fibrosis (SAF), a score system
allowing to distinguish steatosis from inflammation and fibrosis, have showed a better
reproducibility and accuracy than NAS. On the other hand, the Fatty Liver Inhibition of
progression algorithm (FLIP), used for NASH severity assessment, have decreased inter-
observer variability and enhanced the characterisation of hepatocellular ballooning and

fibrosis229,

44



Chapter I. State-of-the-art

1% line screening: Ultrasound
for identification of steatosis

High likelihood of NAFLD
(obesity, MS)

Screening for NAFLD?!

Abnormal ALT/AST: poor indicators
80% of DM pts have normal LFTs
Revisited range in high-risk pts:
Men: ALT<30, Women ALT<19

Screening for fibrosis
(>50 years, DM, MS)

Scoring systems for
identification of steatosis
(eg. Fatty Liver Index) for

large epidemiological studies

Fibroscan “ If discordant results » | NAFLD fibrosis score
R
<7.9kPa* Rules out S <-1.455 FO-F1  Rules out fibrosis
<7.2kPa** fibrosis . >0.675 F3-F4  Predicts fibrosis
7.9-9.6kPa* Perform a biopsy /
7.2-9.3kPa** o Risk of advanced FIB-4 Score
>9.6kPa* Predicts fibrosis ’/'HIGH fibrosis Low <1.30 FO-F2  Rules out fibrosis
td
>9.3kPa** i >2.65 F3-F4  Predicts fibrosis

“M probe, **XL prob -
prane, Tk prene Specialist referral?

Liver Biopsy?

Follow-up

NASH diagnosis

Liver biopsy showing steatosis, hepatocyte ballooning and lobular inflammation, with or without fibrosis, is needed to make the final diagnosis of NASH.

Figure 1. 12: Algorithm for current diagnostic approach in NAFLD (Papatheodoridi and
Cholongitas, 2019).

1.4.4 Treatment of NAFLD

Because of the increasing prevalence and association with a significant number of
comorbidities and mortality, it is essential to treat NAFLD patient as soon as the diagnosis is
made. Currently, there are no specific pharmacological therapies or surgical procedures that
directly treat NAFLD, although over 25 medications are undergoing clinical trials (phase 2 or
3)°2. Therapeutic approaches focus on the management of the disease through reducing
related risk factors, including obesity, insulin resistance, hyperglycemia, dyslipidemia,
inflammation and oxidative stress. Lifestyle interventions, including weight loss and exercise,
remain the first-line treatment. Dietary strategies including Palaeolithic, ketogenic, low-
carbohydrate, and intermittent fasting diets have become increasingly popular due to their
purported benefits at slowing the development and progression of steatosis/NASH?3. Indeed,
several studies have shown that reducing body weight by 7-10% with hypocaloric diets is the
most efficacious in the treatment of NAFLD/NASH and fibrosis®*—6. Moreover, weight loss
>10% have been associated with the highest rates of NAFLD/NASH resolution and fibrosis

regression®.
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Pharmacotherapy studies have investigated the efficacy of several drugs including -
weight reducing drugs, lipid lowering agents, antioxidants, bile salts and co-factors increasing
the mitochondrial transport of fatty acids are being considered. Insulin resistance, as a major
driving force for excessive fat accumulation in the liver and initiation and progression of
steatohepatitis and fibrosis, several pharmacological agents used as NAFLD treatment are
insulin sensitizers. Metformin is currently the recommended first-line agent for the
management of T2DM and tends to lower blood glucose through a number of mechanisms
that may be beneficial in patients with steatosis, however it is not recommended for the
treatment of NASH as there is no proof of its efficacy on hepatic histology®’.
Thiazolidinediones (TZD), another insulin sensitizer, show great potential in patients with
NAFLD because they promote the differentiation of insulin-resistant large pre-adipocytes into
small, proliferative, insulin-sensitive adipocytes preadipocyte. Furthermore, TZD may induce
a redistribution of lipid from visceral sites such as liver and muscle to peripheral subcutaneous
adipose tissue, increase circulating adiponectin levels, and improve insulin sensitivity®2.0On the
other hand, vitamin E, an antioxidant, have shown great efficacy in patient without TD2M by
improving steatosis, inflammation and ballooning, and inducing resolution of NASH®"%,

Therefore, it is the first-line therapy for biopsy-proven NASH without diabetes and cirrhosis®.

Bariatric surgery may be an option for reducing weigh and metabolic complications
associated in patients with obesity who are unresponsive to lifestyle changes and
pharmacotherapy. A prospective study of 180 severely obese patients with biopsy-proven
NASH, defined by the NASH clinical research network histologic scores highlighted resolution
of NASH in liver samples from 84% of patients 5 years after the procedure. Furthermore, the
progressive reduction of fibrosis has been observed during the first year until the fifth years®,
However, rapid weight loss induce by bariatric surgery can increases the risk of developing

hepatic failure especially in cirrhotic patientso®,

In recent years, novel mechanisms in the pathogenesis of NAFLD have been revealed,
and created novel therapeutic possibilities for NAFLD treatment. Two promising drugs,
farnesoid X receptor (FXR) agonists (Obeticholic acid) and CCR2/CCR5 inhibitor (Cenicriviroc)

are currently in phase 3 trials®”?%101-104 ynfortunately, PPAR-a and -6 agonists (Elafibranor)
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and Selonsertib (ASK1 inhibitors), two other drugs candidates in phase 3 trials, had shown no

significant effect in patients suffering from NASH%,

1.4.5 NAFLD and T2DM: an intricate correlation

We have seen that metabolic syndrome included important disorders bridging liver
and pancreas. The NAFLD and TD2M are strongly related as illustrated by several studies#:106-
109 However, given the complex and bi-directional relationships between NAFLD, insulin
resistance and chronic hyperglycaemia, it is extremely difficult to distinguish whether NAFLD
is a cause or a consequence of insulin resistance and type 2 diabetes. Nevertheless, the
crosstalk between the liver and pancreas and the interdependence of their pathologies
depend, at the molecular level, on differentially regulated branches of the insulin signalling
pathway. Meta- analysis demonstrated that patients diagnosed with non-alcoholic fatty liver
present a risk to develop T2DM and MetS over a median 5-year follow period%!1 |ndeed,
insulin resistance compensatory hyperinsulinemia and visceral obesity contribute to the
development of NAFLD first; in return, the insulin resistant fatty liver overproduces glucose
and VLDL thus boosting the mechanisms that lead to with progressive exhaustion of
pancreatic B-cell reserve, leading to T2DM development at later stages of life. This finding
suggests that the magnitude of risk of TD2M development parallels the severity of NAFLD and
particularly the severity of liver fibrosis’®. However, many aspects of the crosstalk between
NAFLD and IR/T2DM are not yet fully elucidated, as genetic risk factors for increased hepatic
fat content have revealed that excess hepatic fat is associated with progressive liver disease,

but does not always increase the risk of developing T2DM?8,

As discussed previously, many agents that are currently prescribed for hyperglycaemia
have yielded positive results on NAFLD. As NAFLD linked to T2DM and contribute to CVD,
which is the leading cause of mortality in patient with liver chronic disease, metabolic-targeted
therapies would represent the most effective NAFLD-treatment as it might also reduce
cardiometabolic risk factors'%1%7, However, for the development of such treatment further
research is needed to define the crosstalk between liver and pancreas as well as assessing the
impact of newer anti-diabetic treatments and identification of additional novel targets. To
this end, it is essential to develop reliable experimental models representing the synergy of

both NAFLD and T2DM?0,
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1.5 Current in vitro models for NAFLD research

Investigating the mechanism that underlie steatosis and the hepatocellular
consequences of triglyceride accumulation is important for understanding the development
and progression of the pathology and allowing the development of novel therapy. While
significant advances in pathophysiology have been made using genetically modified and diet-
induced animal models, our manuscript focuses on in vitro models. This choice is motivated
by our commitment to developing an alternative to animal testing and addressing significant
species-species differences in metabolism. However, it will be essential to compare our results
with those from animal models and available clinical patient data to assess the relevance of

in vitro models.

1.5.1 Potential cell source for NAFLD research

1.5.1.1 Primary Human Hepatocytes

Primary human hepatocytes (PHH) are considered the gold standard for the study of
liver biology and are widely used in various domains such as drug discovery, safety studies and
disease modelling. They are isolated from human liver with benign pathologies, i.e. not
affecting hepatocytes. Although PHHs are the cell type most likely to give functional liver
responses, their monolayer culture leads to rapid dedifferentiation with a decline in CYP
activity after 48 hours and loss of other liver functions after one week!'2'13, Indeed, PHH are
complex metabolic cells whose function depends on their microenvironment, which consists
not only of direct cell-cell and cell-matrix interactions, but also of a myriad of diffusible factors
secreted by nearby non-parenchymal cells (NPCs)*'2. In addition to their limited lifespan and
unstable phenotype, PHH are not easily available for practical and ethical reasons.

Nevertheless, they can be of value to experimental liver steatosis research411>,

1.5.1.2 Cell lines
Human liver cell lines represent a promising in vitro study model due to their
proliferative capacity, stable metabolism and simplicity to standardize!*3. There are many

human liver cell lines listed by the American Type Culture Collection (ATCC). Among the most
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commonly used cell lines, we can find HepG2/C3A which are derived from HepG2 cell line and
generate hepatocytes that retain CYP activity and display accumulation of TGs after exposure
to oleic acid either alone or together with palmitic acid. This also holds true for Huh-7 cells, a
well-differentiated HCC cell line 1. HepaRG cell line can differentiate into hepatocyte-like and
biliary-like cells. HLC-derived HepaRG cells express major liver-specific functions, including CYP
activity, are functionally stable at confluency and have an indefinite growth potential'!’. This
cell line represents a great potential in in vitro liver steatosis research, as they accumulate

lipid droplets following exposure to many FAs!18119,

1.5.1.3 Pluripotent stem cell

Pluripotent stem cells are defined as cells that are capable of self-renewal and
differentiation into mature cells of a tissue type. They include both embryonic stem cells (ESC)
and induced pluripotent stem cells (iPSC). To date, many research teams have established
protocols for differentiating ESCs and iPSCs into hepatocyte-like cells (HLCs) in 2D and 3D
culture'?®122, These approaches are generally based on mimicking embryonic liver
development by adding the different growth factors required for each stage of development.
Activin A and Wnt3a are the most important cytokines for the commitment of pluripotent cells
to differentiate into definitive endoderm?'?3, although fibroblast growth factor 2 (FGF2) and
bone morphogenetic protein 4 (BMP4) also play important roles?4. Hepatocyte growth factor
(HGF) and oncostatin M (OSM) are the most commonly used cytokines for liver maturation'?>,
In recent years, the differentiation of iPSCs into HLC has provided a versatile platform for the
functional study of various lipid disorders associated with insulin resistance or non-alcoholic
fatty liver disease!?®~128, However, as the differentiation remains complicated and not fully
efficient, differentiation protocols are constantly under development and optimization to

improve the quality and reproducibility of HLCs*?®,

1.5.2 Co-culture strategy for NAFLD exploration

In vitro models are considered as important tools for the investigation of the molecular
mechanisms involved in the pathogenesis of NAFLD. However, simplistic set up, such as mono-
culture, is a limit when investigating NAFLD/NASH progression. In the complex architecture
of in vivo hepatic tissue, the interaction between the different cells type is a common

phenomenon. Therefore, a major limiting factor in the development of new NAFLD therapies
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is the absence of models that capture the unique cellular structure of the liver
microenvironment and recapitulate the complexities of steatosis progression to NASH.
Indeed, Kupffer cells (KC) contribute to hepatic inflammation and promote fibrosis through
the activation of hepatic stellate cells (HSC). Thus, co-culture of hepatocytes with HSCs or/and
Kupffer cells allows a better maintenance of specific liver functions and reproduces more
accurately the biochemical response to fat accumulation with an elevation of inflammatory
and profibrotic markers?®=132, Nevertheless, very few models of co-culture between the liver
and organs involved in metabolic syndrome have been developed. Thus, there is a real need
to create these systemic models that the emergence of engineering techniques will help to

fill.

1.5.3 3D static engineering strategies for NAFLD exploration

In vitro models represent the most pertinent alternative for studying NAFLD as a result
of increasing sophistication and the ability to recapitulate several hallmarks of the disease. A
systematic review indicated that researchers predominantly favoured 2D monocultures
(59.4%) to more complex models (2D co-cultures (14%), spheroids (9.7%), organoids (7.3%),
liver-on-a-chip (7.8%), collagen gel sandwiches (1.2%), and micropatterned cultures (0.6%).
However, they observed an increasing trend in the publication of 3D in vitro models,
specifically in on-chip cultures suggesting that 3D culture systems are more relevant in this

field3s.

1.5.3.1 Collagen-gel sandwich culture

Hepatocytes sandwich culture is a 3D culture model in which cells are seeded between
two layers of collagen gel. This configuration better mimics the in vivo conditions, as
demonstrated by reorganization of the cytoskeleton, improved morphology and polarity, and
enhanced expression of liver-specific functions compared with monolayer cultures33134 A key
strength of sandwich cultures is their formation of bile canaliculi network, which opens
possibilities to study biliary transport and excretion!3>13¢, This model can also be used for co-
culture. For instance, Bale et al.'3 mimicked the liver lobular architecture by combining
hepatocytes with LSEC, and showed stable secretion and metabolic activity for up to
4 weeks®’. Nevertheless, collagen gel sandwich presented limitations such as cell

dedifferentiation when using PHH, lower sensitivity to long-term exposure to hepatotoxic
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compounds and cell-cell interactions perturbance due to the collagen thickness. Thereby, this

model is rarely used to investigate NAFLD38,

1.5.3.2 Spheroids/ organoids
As an alternative to sandwich cultures, hepatocytes can be cultured as spheroids and
organoids. These models have become the most commonly 3D in vitro models used for

investigate NAFLD.

Hepatic spheroids are aggregates of hepatocytes formed by spontaneous self-
aggregation in the presence or absence of an ECM. In this configuration hepatocytes retain
their cell-cell contacts, viability and mature phenotype. Moreover, compared to conventional
2D culture, PHH spheroids does not result in cell dedifferentiation and significant alterations
of metabolic activity and signaling pathways even after 5 weeks of cultivation!3?, Hepatic
spheroids can be cocultured with NPCs, including Kupffer, stellate and endothelial cells to
form liver spheroids organoids. Such coculture was shown to enhance hepatic functions, as
indicated by increased expression of albumin, apolipoprotein B, CYP3A4!%° and allows
mimicking pathologies that involve a dysfunctional interplay between cell types, such as
NAFLD4142 We can conclude that the 3D spheroid system is metabolically stable and

constitutes a suitable model for in vitro studies of long-term.

Organoids are new research tools, which are defined as a 3D structure capable of self-
organisation which must mimic the functionality and architecture of an organ®*3. Liver
organoids are obtained through isolation and expansion of stem and progenitor cells from
hepatic stem cell niches to form small self-organizing 3D structures which able to recapitulate
functional and structural features of the native liver'**. In addition, organoids can undergo
extensive expansion and culture and maintain their genomics stability, making long-term
storage and high-throughput screening possible. Thus, they can provide a more accurate
model of human development and disease than animal models do!*. However, cell
differentiation remains sometimes incomplete, and cell organization is random, which leads
to a lack of reproducibility. Methods and techniques still need further improvement to reach
a complete differentiation and a standardized architecture of the organoids. Despite this,

several papers have demonstrated the usefulness of organoids for the study of NAFLD4>7147,
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For instance, to mimic steatosis Ramli et al.*® incubated the mature organoids with a cocktail
of FFA. After 4 days, the FFA-organoids readily built up lipid droplets that are evident by

staining?4®.

1.5.3.3 Scaffold-based strategy
Biomaterials-based scaffolds have many different functions in the field of tissue
engineering. They are applied as space filling agents, as delivery vehicles for bioactive

molecules, and also as 3D structures that allow cell organization and differentiation4,

Hydrogels are an appealing biomaterial because they are structurally similar to the
extracellular matrix of many tissues'4°. Hydrogel can be used to encapsulate liver cells to form
the bioink required for 3D bioprinting. Indeed, this emerging technology allows cells to be
manipulated and assembled into a specific structure using biomaterials®*°. By forming
scaffolds, cell behaviour and functions can be studied and cell-cell or cell-matrix interactions
can be investigated. In addition, bioinks have been developed to ensure the long-term

maintenance of cell viability and functions such as albumin®>*.

On the other hand, hydrogels allow structural support to create an appropriate
environment for cell loading and tissue development, ultimately promoting liver regeneration.
In this idea, Kumar et al.*>? have developed a liver model for NASH and fibrosis using a defined
hydrogel microenvironment, termed hepatocyte maturation (HepMat) gel, that supports
maturation and maintenance of Hepatocytes like-cells and NPC-like cells for at least one
month®>2, Despite the advantages of scaffold-based culture, problems with controlling pore
size and porosity, large batch-to-batch variations upon isolation from biological tissues and

poor biomechanical strength have been observed.

1.5.4 Limitations
Despite their potential for modelling the disease, the 3D in vitro models currently used
to mimic NAFLD do not provide a representative model. One of the major drawbacks of the
static 3D culture is the lack of representation of the liver microenvironment. Indeed,
hepatocytes zonation in the liver may play an important role in NAFLD development and
progression, as lipids have been shown to have distinct zonal distributions>3 which may

become dysregulated in NASH*>4, However, hepatocyte zonation is difficult to mimic under
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static condition, as a medium flow is required to create a nutrient and gas gradient!>.
Furthermore, as we know NAFLD is strongly correlate with IR/T2DM, thus, is essential to
develop multi-organ system mimicking both liver and pancreas in order to highlight the kinetic
crosstalk and identify novel companion biomarkers of NAFLD progression or regression. Thus,
organ-on-a-chip technology could overcome these drawbacks to obtain reliable in-vitro

models of NAFLD.

1.6 Organ-on-chip technology for NAFLD and T2DM exploration

Organ-on-chip (OoC) is defined by Bathia and Ingber as a microfluidic device dedicated
to living cell cultures in continuously perfused micro-chambers in order to reproduce the
behaviours and microenvironment of in vivo tissues and organs. An OoC system is composed
of three essentials elements: i) a microfluidic device, most commonly based on glass or
polymeric material, with microchannels for medium perfusion and microchambers for cell
culture; ii) living cells or tissues; iii) microfluidic flow providing culture medium for the

cells/tissues.

1.6.1 Liver-on-chip model for NAFLD exploration

Despite their considerable advantages over traditional 2D culture models, a major
drawback of static 3D culture model is the lack of several key features such as shear stress,
zonation, nutrient/gas exchange, waste/toxins removal and multiple cell/organ co-culture. For
overcoming these limitations, organ-on-chip approaches have been adopted to model the
liver microenvironment. Furthermore, microfluidic devices also represent a solid support from
live cell microscopy, high-content analysis (HCA), and computational modeling, which

constitute powerful tools for cell analysis.

In this context, Leclerc et al., have developed a PDMS based liver on-chip system
composed of cell culture microchambers interconnected by microchannels. Liver functions
and metabolism studies were performed on perfusion cultures of human liver cell lines,
primary human cells or hiPSC. These models revealed the presence of liver zonation markers
and an improved metabolic profile, particularly in terms of albumin production and EMX

activity, compared to static culture models. Moreover, they allowed to predict human
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hepatotoxicity by identifying biomarkers and metabolic signatures in response to xenobiotics

such as paracetamol and pesticides!*¢1>8,

In the last decade, a considerable number of liver-on-a-chip models have been
developed. Among the first models developed for study NAFLD, the one by Gori and his
colleagues stands out!*. They attempted to mimic the architecture and microvasculature of
the liver by growing HepG2 cells in parallel microchannels mimicking the endothelial barrier.
The chip enabled gradual and lower intracellular lipid accumulation, higher hepatic cell
viability and minimal oxidative stress in microfluidic dynamic vs 2D static cultures, thus
mimicking the chronic condition of steatosis observed in vivo more closely. More recently,
Jellali et al., studied pesticide-induced steatosis profiles using a rat liver-on-a-chip system?°.
Cells were expose with low or high concentration of dichlorodiphenyltrichloroethane (DDT)
and permethrin (PMT), two pesticides highly prevalent in the environment which have been
associated to dysregulation of liver lipids and glucose metabolisms during 24h. The
transcriptomic and metabolomic results suggested a dose-dependent effect of the two
pesticides and reflected liver inflammation, steatosis, necrosis, PPAR signaling and fatty acid

metabolism.

Furthermore, coculture liver-on-chip have been developed to explore the evolution of
steatosis. For instance, Freag et al., describe a NASH-on-a-chip platform®l. They cocultured
under microfluidic dynamics four main types of human primary liver cells: PHH, Kupffer cells,
LSEC, and hepatic stellate cells (HSCs). Their model successfully recapitulated a functional liver
cellular microenvironment with stable albumin and urea secretion for at least 2 weeks. Cell
exposure to lipotoxic environment led to gradual development of NASH phenotypic
characteristics, including intracellular lipid accumulation, hepatocellular ballooning, HSC
activation, and elevation of inflammatory and profibrotic markers. Moreover, the model has

also shown capabilities for drug screening.

1.6.2 Microfluidics system for T2DM exploration
Although OoC technology generates a suitable microenvironment that reproduces
endocrine function, there is less development of the technology for the pancreas than for

other tissues or organs, such as the liver, lung, kidney, gut, and heart34162, Pancreas-on-chip
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applications for diabetes research can be classified in three groups: islet evaluation, drug
research, and the study of islet physiology and function'®3. To mimic the in vivo physiology and
functionality of native islets as much as possible, pancreas-on-chip models are developed
using cultures of islets, or cells aggregated into spheroids (pseudo-islets). The pseudo-islet
approach makes it possible to engineer uniform, small-sized spheroids (< 150 um), which
enhance oxygen and nutrients diffusion, viability and functionality when compared to native
islets (heterogenous size 50-400 pm)64165, Pseudo-islets can be engineered by aggregating B-
cells line, iPSC-derived B-cells or primary B-cells obtained after islet dissociation'®®. To
maintain the islets/pseudo-islets under flow inside the microfluidic biochip, trapping
microstructures fabricated in the microchambers of the device are use. Micro-wells with
different geometries (flat, pyramidal and concave) are the most commonly used designs for
islets trapping'®4167-169 |slets can also be immobilised using crescent-shaped structures'’?,

171

mesh systems'’!, nozzle systems, or channel reduction!’?7’4, and other constructions

involving hydrodynamic trapping principlest®%17>,

In this framework, Essaouiba et al., developed a microfluidic biochip composed of 600
micro-wells for assessment of rat islets and showed that biochip culture improves the viability
and expression of pancreatic genes'’®. To improve their results, Essaouiba et al., developed
another microfluidic biochip composed of crescent-shapes structure allowing to culture -
cells spheroids derived from hiPSC. Those pseudo-islets were created by using the honeycomb
technology developed by Shinohara et al., which is a 24-well plate containing 8000 polygons
made of PDMS and with the geometric characteristics of 126um width and 129um depth. After
4 days of culture in the honeycombs, the formed spheroids were collected and seeded in
biochips. Results shown that microfluidic culture contributed to increasing pancreatic
maturation by improving C-peptide and insulin secretion levels when compared to 2D
culturel’®, In a different strategy, islets were cocultured with mesenchymal stem cells (MSCs)
to investigate the viability and preservation of islet functions. MSCs have been shown to

secrete several paracrine molecules, which mediate trophic effects on neighbouring cells”’.

1.6.3 Multi-organ-on-chip
As previously described (section 2.3) there is an intricate correlation between T2DM

and NAFLD. Thus, to understand the biological processes and develop therapeutic strategies
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for NAFLD and T2DM, scientists conventionally used in vivo models because of the complexity
and integrated multi-organ responses they confer!33, However, these models tended to fail
due to the phylogenetic distance between humans and animals, and their use has been limited
for ethical reasons3*'78, Different researchers have been focused on this subject and have
tried to develop culture systems that combine different organs to reproduce NAFLD?1>2%179,180
(Figure 1.13). The most recent innovation is to use organ-on-chip technology to reproduce the
behaviour of a group of organs. The idea is to combine different cell types in different culture
compartments (each compartment mimicking a specific microphysiological condition) and
connect them through microfluidic channels to mimic and ensure the cross-talk between two
or more organs!®l, Most of the time, multi-organ-on-chip tries to faithfully emulate the in vivo
environment and interactions between organs. The implied signalling pathways create

synergic effects on cells which enhance their functions compared to monocultured cells!&,

Nowadays only a few studies have focused on the liver and its interactions with the
pancreas to produce a liver-pancreas multi-organ-on-chip. Recent works have demonstrated
the potential for OoC technology to ensure pancreatic islet-liver crosstalk. Bauer et al.,
designed a two-organ-chip system to ensure the dynamic culture of human pancreatic islets
and liver spheroids composed of the HepaRG cell line and primary human stellate cells®. The
aim of their study was to develop a reliable human T2DM model. They observed an increase
and a conservation of insulin secretion which supported stabilisation of the homeostatic state
when comparing the co-culture condition with the monoculture. In addition, they confirmed
that islet microtissues lose their function after being subjected to prolonged hyperglycaemia.
In another approach, Essaouiba et al., used a perfusion loop with two biochips hosting primary
hepatocytes and rat islet to investigate the interaction between the organs compared with
monoculture conditions® . They proved that co-culturing pancreatic cells with hepatocytes
helped to recover hepatic functions (compared to the hepatic monoculture without insulin)

and modified the expression of the genes involved in insulin/glucagon homeostasis.

Integrating MOoC has always been a challenging goal because of the optimisations that
must be taken into consideration to allow optimal culture of all the cell types involved in the
system. Lee et al. developed a pancreas-muscle-liver OoC, given the relation that links these
3 organs*®. Indeed, in vivo, the muscle is responsible for the most important glucose uptake

56



Chapter I. State-of-the-art

of the body. As a consequence, signalling pathways are activated in the pancreas to produce
glucagon, and start glucose production in the liver (gluconeogenesis and glycogenolysis) and
the clearance of insulin'®. In addition to the experimental results obtained from glucose
metabolism stimulation, the combination of the multi-organ-on-chip led to the construction
of a mathematical model describing time-dependent concentration changes in glucose and
insulin. In the same idea, Casas et al.,?’ developed an integrated experimental-computational
approach to analyse a liver-islet MOoC. They co-cultured liver spheroids and pancreatic islets
using the HUMIMC Chip2 from TissUse® then investigated the behavior of the system under
hypoglycemia and hyperglycemia. Their computational model was able to translate the
experimental results to humans when comparing with published data of the glucose response
to a meal in healthy subjects. Thus, they created a model allowing to integrate and
guantitatively analyse experimental data in order to improve their mechanistic interpretation,

generate model predictions and, ultimately, extrapolate the results from in vitro to in vivo'®’.

Despite the potential that these approaches offer for reproducing the multi-organ
interactions implied in T2DM and NAFLD, several limitations are encountered in reference to
the optimisations needed to ensure the optimal culture of the different cells, vascularisation
of the organs, which has not yet been mastered, and standardisation of the materials and cells

in the models used which causes variabilities that could impact results!88,
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Figure 1. 13: Multi-organ-on-chip systems developed to study T2DM (A: Bauer et al.,2017; B:
D. W. Lee et al.,2019; C: Essaouiba et al.,2020).
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1.7 Metabolomic analysis in NAFLD investigation

Metabolomics, a pivotal discipline within omics sciences, is dedicated to the
comprehensive study of small molecules, known as metabolites, present in biological systems.
This approach allows for the deciphering of the metabolic profile of a given biological sample
(such as serum and urine), providing a detailed insight into the metabolic state of an organism,

cell, or tissuel®,

1.7.1 Principle of metabolomics

Current metabolomics research can be divided into two complementary methodologies:
targeted and untargeted approaches. The targeted approach concentrates on examining
particular groups of metabolites linked to specific metabolic pathways or classes of
compounds. In contrast, the untargeted approach involves a comprehensive analysis of
metabolic alterations in response to factors such as disease, environmental factors, or genetic
disruptions. Typically, the untargeted approach is used for hypothesis generation, which is
subsequently followed by targeted profiling to ensure more precise quantification of relevant

metabolites!®.

To conduct metabolomic analysis, a series of sophisticated analytical techniques are
employed. Among the most commonly used methods are mass spectrometry (MS) and
nuclear magnetic resonance (NMR). MS accurately measures the mass of metabolites and
identifies their molecular structure, while NMR provides information on the structure and
concentration of metabolites based on their magnetic properties. These techniques are
complemented by separation methods such as liquid or gas chromatography coupled with
mass spectrometry (LC-MS and GC-MS), which isolate complex metabolites in biological
samples!®®191 Once the samples have been processed, the raw data is generated using
bioinformatics analysis. Various algorithms and software tools are employed to process this
raw data, transforming it into a two-dimensional data matrix that encompasses
measurements of different metabolites present in the samples. Following the processing of
raw data and the acquisition of the data matrix, various statistical analyses are conducted to
identify metabolites that exhibit significant differences between the groups under

comparison. In many cases, the determination of statistical significance relies on the p-value.
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Therefore, by combining analytical and bioinformatics approaches, metabolomics offers
a unique window into metabolism, paving the way for the discovery of biomarkers,
understanding metabolic responses to stimuli and diseases, and significant applications in

personalized medicine, biomedical research, and systems biology°2.
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Figure 1. 14: Metabolomic experimental workflow (adapted from Dayalan et al., 2019).

1.7.2 Metabolomics research for NAFLD investigations

Perturbations in metabolism are a key characteristic feature of fatty liver disorder.
Therefore, several studies have been conducted to explore the circulating biomarkers
following NAFLD. Thus, an efficient way to identify the metabolites altered in the circulation
is by using the metabolomics approach!®*. Most of the studies relies on metabolomics or
lipidomics on serum, urine and saliva although their objectives are not similar. Indeed,

considerable interest now lies in the discovery and development of novel non-invasive
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biomarkers of NAFLD. Gaggini et al., and Grzych et al., highlighted the importance of
circulating amino acids, especially branched-chain amino acids (BCAA) and aromatic amino

acids (AAA), as non-invasive biomarkers for assessing NAFLD severity!®41%,

Lack of effective early diagnostic tools for NAFLD is a problem for proper therapy.
Therefore, metabolomics has been introduced as a way to perform early detection'®’. In a
study by Zhou et al.,**® a prediction model was developed and validated, consisting of
aspartate aminotransferase (AST), insulin, and patatin-like phospholipase domain-containing-
3 (PNPLA3) genotype, achieving an area under the ROC curve (AUROC) of 0.778 for the
identification of NASH (NASH Clinical Score). This model then incorporated metabolomics-
based markers such as glutamate, glycine, isoleucine, lysophosphatidylcholine (LysoPC 16:0),
and phosphatidylethanolamine (PE 40:6), resulting in the NASH ClinLipMet Score model,
which showed improved differentiation between NASH and non-NASH, with an AUROC of
0.866, a sensitivity of 85%, and a specificity of 72%!%. Other studies have also developed
diagnostic algorithms based on metabolites, including serum triglycerides and amino acids, to
differentiate NASH from NAFL. Indeed, Caussy et al., explored plasma eicosanoids in relation
to liver fibrosis, as well as metabolomics models to diagnose NASH and/or fibrosis®®. As
NAFLD progression lead to cirrhosis then hepatocellular carcinoma (HCC), investigations of
these late stages were performed on serum, biopsies and faeces. Few studies suggested that
the cirrhotic liver has an impaired ability to metabolize both protein and d-amino acids and
gut flora alteration highlighted by an increase of major lysophosphatidylcholine (16:0, 18:0,
18:1, 18:2)%%°, Moreover, Cassim et al., identified that an increase expression of glycolytic and

hypoxia sighaling pathway was associated with decreased survival in HCC patients2L.

In the last 20 years, NAFLD became the fastest growing indication for liver
transplantation. Unfortunately, patient with NAFLD present a higher risk of failure of donor
graft and mortality??2. Some reports have shown benefits of using metabolic approaches after
a transplantation. Serkova et al., identified six metabolites, on 48 analysed metabolites, as
consistent markers of a non-functional liver graft. Importantly, this distinctive metabolic
profile was present as early as two hours after transplantation when no other variable or
conventional laboratory tests indicated poor graft function?®. Therefore, metabolomics
profiling can be an additional tool in clinical decision making?®*.
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1.7.3 Metabolomics analyses for in-vitro models

Most of metabolomics studies which related to biological and health research have
been conducted on body fluids, especially plasma, serum and urine. Nevertheless, it is
important to highlight that not all biological inquiries can be fully addressed through the
analysis of body fluids. Indeed, factors like diet, body mass index (BMI), age, and gender, can
introduce confounding variables that might contribute to noise rather than enhancing the
clarity of metabolic signatures. In such cases, additional metabolomics applications, such as
those involving in-vitro experiments, can serve as valuable complements to data obtained
from biological fluids?%>. Thus, metabolomics in cultured cells represents an advantage for
elucidating mechanisms in many areas of research such as pharmacology, toxicology, stem
cell research, oncology and systems biology. Nevertheless, in order to obtain reliable and

reproducible results some aspects should be taken into consideration?,

An adequate metabolomic study in cultured cells involves the following steps: (i) study
design, (ii) cell culture growth with cell treatment, (iii) quenching of cell metabolism and
extraction of the metabolites, (iv) metabolomics measurement, and (v) data processing and
analyses?%>, Standardization of every step of this process is mandatory in order to avoid
significant variations in outcomes. According to the biological question the endo-metabolome,
the exo-metabolome, or both (endo and exo-metabolome) can be studied. The endo-
metabolome is defined as all the metabolites within the cells while the exo-metabolome is the
result of an interchange of metabolites between the cells and the culture medium. Therefore,
its composition reflects the metabolic activity of cells and varies in response to perturbations

without cells disruption.

Studying the exo-metabolome allows to monitoring metabolic changes over time and
provide valuable insights into cell physiology, cell-cell communication, and the broader
ecosystem. Intercellular communication is a complex network whose elucidation is essential
to understand disease onset and progression in heterogenous tissue. Thus, characterization
of signalling molecules in co-culture system using metabolomic approaches have been
achieved in multiple studies. For instance, Chen et al., explored the influence of drug-resistant
cells on drug-sensitive by measuring cellular exo-metabolitesin a direct and indirect co-culture
system?%’, In the other hand, metabolomic has received an increasing attention for drug and
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chemical toxicity. As the liver is the metabolic and biotransformation centre of the human
body, several studies have been conducted on drug-induced liver injury (DILI) using
metabolomics. In this purpose, Ramirez et al., predicted the liver toxicity of 35 substances
using metabolomic in HepG2-based system?%. Furthermore, metabolomics approaches have
been recently used for the detection of early disease-related biomarkers and altered
metabolic pathways, especially in liver disease?®. Kozyra et al., investigated steatosis and
insulin resistance using lipidomic analyses on a PHH 3D spheroids model and highlighted an

upregulation of the diglycerides, the free fatty acids as well as the triglycerides pathway?*°,
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Chapter II:
Materials & Methods

This chapter presents in detail the experimental protocols and materials that were used during
this project, laying the foundation for a thorough analysis of the results and findings. First, we
presented the design and the manufacturing process of the different microsystems and also
the platform that were used for the dynamic culture. Then, we explained the different cell
culture procedures implemented in this project. Finally, we presented the analysis methods

used to characterise our cell models.
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2.1 Biochip manufacturing

Both liver and pancreas biochips were manufactured using a replica moulding process.
Photolithography was performed to created mould master of the both layers that composed
the biochip using SU-8 photosensitive resin. Then polydimethylsiloxane (PDMS) (Sylgard 184
kit, Dow Corning) was mixed with a crosslinking agent at 10:1(w/w) and poured on moulds.
After degassing PDMS under vacuum bell, moulds were heated in an oven for 2h at 70°C. Once
the PDMS cross-linked, layers were unmoulded. The top layer was then perforated with a
2mm puncher to create the inlet and the outlet of the biochip. Then, the two replicas were
irreversible sealed together after a reactive air plasma treatment for 1min. The biochip was
cut with a custom-made puncher to obtain their specific shape. Finally, silicone tubes with a
polypropylene connector (Luer, diameter 1.6mm, Cole Farmer) were inserted in the inlet and
outlet holes of the top layer. They were sealed to the biochip with PDMS. The microsystem

was then placed in the oven at 70°C for solidification.

2.1.1 Liver-on-chip design

The liver-on-chip was designed by Eric Leclerc (Patent n° W02010149567) and consists
of a large cell culture chamber which is manufactured with two PDMS layers (Figure 2.1). The
bottom PDMS layer is used as a support for cell attachment. The microstructures of the
bottom layer consist of series of microchambers (520 um x 520 um x 100 um) interconnected
by microchannels (720 pm x 220 um x 100 um) and its specific geometry makes a uniform
flow field possible above the microstructures. The upper PDMS layer is composed of a
reservoir with a depth of 100 um for culture medium perfusion. After closing the biochip with
the upper PDMS layer the total resulting depth and volume of the assembled cell culture

chamber is 200 um and 40 pl respectively, with a cell growth surface area of 2 cm?.

2.1.2 Pancreas-on-chip design

In the pancreas-on-chip model, the micro-structured bottom layer, used to trap islets,
was composed of crests measuring 300 um height and 600 um wide each (Figure 2.2). The
second PDMS layer, with a reservoir with a depth of 100 um, was placed on top of the first
layer and included an inlet and outlet for culture medium perfusion. A microchannels network
placed at the inlet and outlet of each layer made it possible to distribute the culture medium

homogenously in the biochip.
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Figure 2. 1: Design of the liver biochip. (A) External dimension of the biochip. (B) Dimension
of the effective surface. (C) Geometry and dimension of the microstructure (adapted from
Messelmani, 2023).
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Figure 2. 2: Design of the microstructure of the pancreas biochip (adapted from Essaouiba,
2020).
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2.2 Cells sources

2.2.1 HepG2/C3A cell line

The HepG2/C3A cell line (ATCC, CRL-10741) is a clonal derivative of HepG2, a human
hepatocyte cell line coming from a hepatocellular carcinoma. This cell line has the ability to
produce albumin, alpha fetoprotein (AFP) and to grow in a glucose deficient medium.

Moreover, HepG2/C3A exhibit a strong epithelial-like morphology.

2.2.2 Hepatocytes-like cells derived from hiPSC
Hepatocytes-like cells have been differentiated from Cellartis human iPS cell line 22
(ChiPSC22). Cellartis human iPS cell lines were delivered with the Cellartis DEF-CS™ 100

Culture System which is a complete system for efficient cell expansion.

2.2.3 Beta -cells derived from hiPSC
Beta-cells have been differentiated from Cellartis hiPS beta cells ChiPSC12 lines using
hiPS beta cell media kit (Cat. N° Y10108, Takara Bio, Europe). Manufacturer’s instructions
recommended daily or every two days medium renewal and to use the cells within 16 days

post-thaw.

2.3 Perfusion system for cell culture

2.3.1 Perfusion circuit with the IDCCM platform

In order to parallelize culture biochips and test multiple conditions Leclerc et al.,
(Patent n°® W02011107519) developed the Integrated Dynamic Cell Culture Microchip
(IDCCM) platform. Inspired from a 24-well plate and fabricated by heat press of polycarbonate
to form 24 wells, the IDCCM can host 12 independent biochips. The platform is composed of
2 parts: atop and a bottom layer. The bottom layer corresponding to the 24 culture reservoirs
with the biochips plugged via the two polypropylene connectors at the bottom of each couple
of reservoirs (2 ml of culture medium per well). The top layer is the interface with the
perfusion circuit. Indeed, to each couple reservoir a perfusion circuit is associated ensuring
the culture medium circulation. The perfusion circuit is composed of silicone (ID=0.63mm,
ISMATEC) and PTFE tubing (ID = 0.56 mm, Adtech) that are squeezed through the peristaltic
pump (ISM949, ISMATEC) actuators forcing the circulation of the culture medium from a

reservoir to another through the biochip. The two layers are sealed with a silicon joint and the
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whole system is quenched with a clamping system. A plexiglass support is designed to hold
the IDCCM on the peristaltic pump. The different components of the IDCCM was sterilized by
autoclaving before each experiment. The IDCCM can either ensures the culture of
independent biochips, or the culture reservoirs can be connected to study the interactions of

serial biochips to understand the organs interactions.

Toplayer Topview
Siliconseal

ST
. B, e

g' Peristaltic pump
Bottom layer Biochip  ottom view
g.bd‘\’. - -'0.-; = -
R —
/ ~ ‘ + §
13,1cm
| Biochip

Figure 2. 3: Design of the Integrated Dynamic Cell Culture Microchip (IDCCM) platform. (A)
Different compartments of the IDCCM platform. (B) The IDCCM connected to a peristaltic
pump. (C) Schematic representation of the IDCCM and perfusion culture operating mode

(adapted from Messelmani, 2023).

2.3.2 Perfusion circuit with bubble trap

The bubble trap system (MEDICOLAB) was a cylindrical glass reservoir with a volume
of 2 ml. It is composed of an inlet at the mid-height and an outlet at the bottom. The bubble
trap system was connected to a biochip and to the peristaltic pump using silicone (ID=0.63mm,
ISMATEC) and PFTE tubing (ID = 0.56mm, Adtech). Each microchip was independently
connected to one bubble trap with its proper perfusion loop. The culture medium flowed from
the top to the bottom to avoid any air bubbles in the biochip. The system is maintained in an
upright position thanks to a homemade PDMS support. Before each experiment, the perfusion
circuit (biochip, tubing and bubble trap) was sterilized by autoclaving.
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_ Plug B > Microchip

Peristalticpump Tuk;ings

Figure 2. 4: Design of the dynamic culture system using bubble traps. (A) Design of a bubble
trap. (B) Schematic representation of the perfusion culture with bubble traps. (C) Set up for
the perfusion culture in biochips using bubble traps (Essaouiba, 2020).

2.4 Cell culture experimental procedures

2.4.1 Preparation of the fatty acid solutions

Oleic acid (C18:1) and palmitic acid (C16:0) are the most abundant dietary FFAs and
represent 31% and 27%, respectively, of total plasma FFAs. The oleic acid (OA, Sigma-Aldrich),
was dissolved in EtOH 99% at 500 mM. Palmitic acid (PA, Sigma-Aldrich), provided as sodium
salts, was prepared in stock solution of EtOH 50% at 150 mM. A 10% BSA stock solution was
prepared in sterile water. Fatty acids mixtures were prepared according to the following

percentages:

- OA mixture consisted of 0.13% of OA stock solution, 4.4% of stock BSA solution and
95.47% of MEM.
- PA mixture consisted of 0.2% of PA stock solution, 4.4% of the stock BSA solution and
95.4% of MEM.
This resulted to an OA concentration of 0.5 mM and a PA concentration of 0.33 mM in mixture
with BSA (1:20 final ratio) per total of 15 ml. The control experiments were performed with

the vehicle that consisted of 4.4% of the stock BSA solution and 95.4% of MEM.
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2.4.2 HepG2/C3A as model for human liver steatosis model

2.4.2.1 Cell maintenance

HepG2/C3A cell line (ATCC-CRL-10741, France) was used as hepatocyte model for the
proof of concept of the NAFL liver-on-chip model. The HepG2/C3A cell line was cultivated in a
T75 cm? flask with treated surface. Cells were cultured in Minimal Essential Medium (MEM)
with phenol red (Life Technologies, Grand Island, NY). The culture medium was supplemented
with 10% decomplemented fetal bovine serum (FBS; Life Technologies, Grand Island, NY), 2
mM L-glutamine, 0.1 mM nonessential amino acids (NEAA), 1 mM sodium pyruvate (all
supplements are from PAN Biotech, Aidenbach), 100 U/ml streptomycin/penicillin (Life
Technologies, Grand Island, NY) and was renewed every 2 days. At confluence, the cells were
detached using 0.25% trypsin-EDTA (Life Technologies, Grand Island, NY) for 5 min at 37°C and

were seeded at a density of 13,000 cell/cm?.

2.4.2.2 Dynamic cell culture setup

HepG2/C3A cells were detached from the T75 flask using 0.25% trypsin-EDTA (Life
Technologies, Grand Island, NY) and 75,000 cell/cm? were injected into the biochips. The
seeded biochips were then placed in a 5% CO2 and 37°C incubator overnight for cell adhesion.
After the adhesion step, the biochips were plugged into the IDCCM and each well were loaded
with 2 ml of fresh MEM supplemented medium (4 ml/biochips). The IDCCM were then
connected to the peristaltic pump through the perfusion circuit and the flow rate was set at
15 pL/min. The whole system was placed in a humidified incubator at 5% CO2and 37°C. After
4 days of dynamic culture we started the fatty acids treatment. The culture medium was
prepared with the different fatty acids treatments: (i) Oleic acid (0.66 mM); (ii) Palmitic acid
(0.33 mM); (iii) Oleic acid/Palmitic acid (2:1). The culture medium was renewed every 2 days.
At every culture medium changing, samples are saved for quantification analyses. After 2 days
and 7 days of fatty acids treatment biochips were detached from the circuit and the cells were
fixed for staining. At the 18t day of culture, the perfusion was stopped, the biochips were

detached and the whole system was rinsed in bleach then in Milli-Q® water.
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Figure 2. 5: Experimental procedure used for the NAFL liver-on-chip.

2.4.3 HLC differentiated from hiPSC as model for human liver steatosis

2.4.3.1 Cell thawing and plating

Cellartis human iPS cell line 22 (ChiPSC22) were thawed following the manufacturer’s

instructions. ChiPSC22 were seeded at 10,000 cells/cm? in a coated 6-well plate and

maintained using Cellartis DEF-CS 100 Culture System (Cat. N° Y30020, Takara Bio, Europe) in

an incubator at 37°C, 5% CO; and >90% humidity. Cells were cultured until 30% confluence

with daily medium changes.

2.4.3.2 Protocol of hiPSC differentiation into HLC under static conditions

The differentiation protocol was composed of four steps (S1, S2, S3 and S4) during which

media composition and atmospheric condition were specifically defined. From S1 to S3, cells

were culture in RPMI 1640 (Sigma, Saint-Louis, MQO) supplemented with 2% B-27 (Life

Technologies, Grand Island, NY) to promote cell survival and media was renewed every day.

First step (S1; 5 days, 37°C, 20% 02, 5% CO;), corresponding to hiPSC differentiation in

definitive endoderm (DE) cells, was divided in two sub-steps:

86



Chapter Il. Materials & Methods

(i) S1.1 medium was supplemented with CHIR99021 (Stemcell Technologies,
Grenoble, FRANCE) at 2uM and Activin A (R&D Systems, Minneapolis, MN) at 100
ng/ml during 2 days

(ii) S1.2 medium was supplemented with Activin A (R&D Systems, Minneapolis, MN)
at 100 ng/ml during 3 days

Then, DE cells entered S2 (5 days, 37°C, 5% 02, 5% CO2) and were cultured in medium
supplemented with B-FGF (Peprotech, Cranbury, NJ) at 10 ng/ml and BMP-4 (Proteintech,
Rosemont, IL) at 20 ng/ml to engage differentiation into hepatoblast-like cell. In order to reach
the immature hepatocyte commitment, cells were cultured in medium supplemented with
HGF (Peprotech, Cranbury, NJ) at 20 ng/ml. During this third step that last 10 days, cells were
cultured in 37°C, 5% 03, 5% CO; as in S2.

2.4.3.3 Protocol of hiPSC differentiation into HLC under fluidic conditions

Sterilised biochips were coated with 20 mg/ml Matrigel solution (Corning, Europe) in
order to promote cell adhesion. At the end of S3, cells were detached with TrypLE (Life
Technologies, Grand Island, NY) from Petri dishes and transferred in biochips. After 48h of cell
adhesion, Step 4 of the differentiation process was initiated and applied to 28 days using a 10
ul/min perfusion rate. For this last step, cells were cultured in DMEM/Ham’s F-12 medium
(Fujifilm Wako, Osaka) supplemented with 10% decomplemented FBS (Life Technologies,
Grand Island, NY), 1% N-2 (Life Technologies, Bleiswijk), 1% insulin transferrin sodium (Life
Technologies, Bleiswijk), 100 U/ml streptomycin/penicillin (Life Technologies, Grand Island,
NY), 2 mM L-glutamine (PAN Biotech, Aidenbach), 0.1 mM NEAA (PAN Biotech, Aidenbach),
20 ng/ml HGF (Peprotech, Cranbury, NJ), 10 ng/ml EGF (Peprotech, Cranbury, NJ), 1 mM
Ascorbic Acid (Sigma, Saint-Louis, MO), 10 mM Nicotinamide (Sigma, Saint-Louis, MO), 0.2 um
Dexamethasone (Sigma, Saint-Louis, MO), 5 uM Rock Inhibitor (Stemcell technologies,
Grenoble), 5 uM A8301 (Stemcell Technologies, Grenoble), 0.2 mM N-acetylcysteine (Sigma,
Saint-Louis, MO) for hepatic maturation. To induce steatosis, cells were exposed to oleic acid
at 0.5mM during the last 14 days of S4. Perfusion culture was performed with the bubble trap

set up at 37°C under 20% O and 5% CO; and medium were renewed every two days.
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Figure 2. 6: Schema of the hiPSC differentiation protocol.

2.5 Experimental setup for human pancreas model

2.5.1 hiPSC as model for human pancreas: 3D spheroids formation and culture
using honeycomb technology
2.5.1.1 Honeycombs technology
In order to form 3D spheroids, we used the honeycomb technology developed by
Shinohara et al.>2. Briefly, this culture system corresponds to polygons made of PDMS with
geometric characteristics of 126 um width and 129 um depth. The 8000 PDMS honeycombs

sheet is set on a bottomless 24 well plate in order to promote gas exchange.

To prevent cell adhesion, the plate was coated with a Pluronic-PBS solution (Pluronic®
F-127; Life Technologies, Grand Island, NY) overnight at 37°C. Then, the plate is rinsed three
time with PBS (Life Technologies, Grand Island, NY) and sterilised by ultraviolet (UV) for 3 h.

Finally, honeycombs sheet was rinsed and filled with 500 pL of maintenance culture medium.
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Figure 2. 7: Design and structure of the honeycombs microwells plate (adapted from
Essaouiba et al.,2021).

2.5.1.2 Cell thawing and seeding

Cellartis hiPS Beta cell (ChiPSC12) were thawed following manufacturer’s instructions.
After thawing, five wells (filled with 500 pl of culture medium) were seeded at 6x10° cells/wells
and incubated in a humidified incubator at 5% CO; and 37°C. After 24h, culture medium was
adjusted at 1 ml. Maintenance culture medium was changed daily by replacing only 600 pl of
culture medium with fresh medium in order to avoid spheroids being aspirated. On day 4, B-
cells spheroids were formed and two wells were used to seed the biochips while the other
two were used to seed six new wells. The culture medium was renewed according to the
manufacturer’s recommendations and culture were maintained until day 16. Then, islet-like
spheroids were harvested and fixed for staining. Finally, the wells were cleaned with sodium

dodecyl sulfate 2% (SDS; Life Technologies, Grand Island, NY) and rinsed with Milli-Q® water.

2.5.2 Dynamic culture in biochip

After sterilisation, biochips and tubing were filled with maintenance culture medium
in order to remove air bubbles. The bubble traps were filled with 2 ml of culture medium.
After 4 days of culture, the spheroids, formed in the honeycombs, were suspended by gently
aspirating and discharging the medium using wide orifice pipette tips with low binding. Then,
100 pl of cell solution were collected from the well and seeded in biochips. One well of the
honeycomb plate allows three biochips to be seeded. After spheroids seeding, the biochips

were incubated at 37°Cin a 5% CO; supplied incubator for 1 h to allow spheroid trapping by
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the crests. Then, the biochips were connected to the perfusion circuits and peristaltic pump,
and the perfusion started at 15 pl/min. The entire setup was continuously incubated at 37°C
in @ 5% CO2 supplied incubator. The culture medium was renewed according to the
manufacturer’s recommendations. At every culture medium changing, samples are saved for
quantification analyses. On the 18™ day of culture, the perfusion was stopped and biochips
were detached from the circuit. Islet-like spheroids were harvested and fixed for staining. The
biochips were cleaned with SDS 2% (Life Technologies, Grand Island, NY) while the circuit

system was cleaned with bleach. Then, the whole system was rinsed with Milli-Q® water.
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Figure 2. 8: Schematic representation of the differentiation procedure of Cellartis® hiPSC
beta-cells (created in Biorender.com).
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2.6 Staining and immunostaining process

2.6.1 Liver-on-chip models staining process

Concerning both liver-on-chip models (hiPSC and HepG2/C3A) cells were washed with
phosphate buffer saline solution (PBS) and fixed with paraformaldehyde 4% (PFA, MP
biomedicals) at room temperature (RT) during 30 min. PFA is then washed with PBS and the
samples are stored in PBS until staining. In order to perform the immunohistochemistry
staining, the samples were permeabilized with 0.5% Triton X-100 solution for 30 min at room
temperature. Then the unspecific binding sites were blocked with PBS/1% BSA (Life
Technologies, Grand Island, NY) solution for 30 min. The primary antibodies are diluted in the
blocking solution (following the manufacturer recommendations) and incubated with the

samples overnight at 4°C.

After washing three times with PBS, the secondary antibody’s solution diluted in
PBS/1% BSA solution is introduced and samples are incubated at 4°C overnight. Then, nuclei
were stained using DAPI (4',6-diamidino-2-phenylindole, D1306, Invitrogen) at 10 pg/ml for
30 min at RT. Finally, the staining solution is washed three times and samples are stored in

PBS until observation. The primary and secondary antibodies used are presented in Table 2.1.

All observations were made with a confocal microscope (Zeiss LSM 710). Samples were
mounted in a coverslip with a drop of PBS to prevent them from drying out during the

acquisitions.

Table 2. 1: Primary and secondary antibodies used for hepatocytes immunostaining.

Immunostaining / Function  Primary antibody Secondary antibody
Albumin Goat anti-human albumin Donkey anti-Goat IgG Alexa
Liver specific protein (a80-129A, Bethyl) fluor®488

(ab150129, Abcam)
CYP3A4 Rabbit anti-CYP3A4 Donkey anti-Rabbit IgG
Enzyme involved in (ab3572, Abcam) Alexa Fluor® 568
oxidation reactions of (A10042, Invitrogen)

various compounds
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E-cadherin Mouse anti-E-cadherin Donkey anti-Mouse Alexa
Mediator for cell-cell (BDB610181, BD Fluor® 647

adhesion Biosciences) (ab150107, Abcam)

BSEP (ABCB11) Rabbit anti-Human Donkey anti-Rabbit IgG
The ATP-dependent ABCB11/BSEP Alexa Fluor® 568
secretion of bile salts into (ab155421, Abcam) (A10042, Invitrogen)

the canaliculus of
hepatocytes
PECAM (CD31)

Mouse anti- Human Donkey anti-Mouse Alexa

Platelet endothelial cell PECAM/CD31 Fluor® 647

adhesion molecule (ab24590, Abcam) (ab150107, Abcam)

2.6.2 Pancreas-on-chip model staining process

Islet-like spheroids were harvested in an untreated TCPS24 wells plate after for
staining. Islet-like spheroids were washed with PBS and fixed in paraformaldehyde 4% at 4 °C
overnight. Then, islet-like spheroids were permeabilized with 1% Triton X100 in PBS for 3 h at
4 °C and wash three times with PBS for 30 min under oscillation. Non-specific binding sites
were blocked a 3% BSA solution for 24 h at 4 °C. Primary antibodies were diluted in a 3% BSA
solution (following the manufacturer recommendations) and incubated for 48 h at 4 °C. After
a wash step, secondary antibodies were incubated in a 3% BSA solution at 4 °C for 24 h. Then,
islet-like spheroids were washed and nuclei were stained with DAPI (4',6-diamidino-2-
phenylindole, D1306, Invitrogen) at 10 ug/ml for 30 min at RT. Finally, the staining solution is
washed and samples are stored in PBS until observation. The primary and secondary
antibodies used are presented in Table 2.2. All observations were made with a confocal
microscope (Zeiss LSM 710). Samples were mounted in a coverslip with a drop of PBS to

prevent them from drying out during the acquisitions.
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Table 2. 2: Primary and secondary antibodies used for islets immunostaining.

Immunostaining / Function  Primary antibody Secondary antibody

Insulin Rabbit anti-Insulin anti-Rabbit I1gG Alexa Fluor®
(ab181547, Abcam) 568

Glucagon Mouse anti-Glucagon anti-Mouse IgG Alexa Fluor®
(G2654, Sigma-Aldrich) 488

2.6.3 Lipid droplet and total collagen staining

Lipid droplet accumulation within hepatocytes were stained using Oil Red O of the
Hepatic steatosis kit (Life Technologies, Grand Island). The cells were fixed as previously
described (section 5.1.1) and the staining process was followed according the manufacturer’s
instructions. Samples were immediately observed under a light microscope. The lipid droplets

appeared in red while the nuclei appeared in blue.

Total collagen was stained using the dye combination of the Sirius Red/Fast Green
collagen staining kit (Chondrex, Woodinville, WA). After fixation (section 5.1.1), the cells were
stained according the manufacturer’s instructions. Under a light microscope, total collagen

appeared in purple while non-collagenous proteins appeared in green.

2.7 Albumin and urea measurement by ELISA sandwich

Albumin, secreted by the hepatocytes, is a major component of the human serum.
Albumin concentration was determined using the Human Serum Albumin DuoSet ELISA kit
(R&D Systems, Minneapolis, MN) according to the manufacturer’s guidelines. First, a flat-
bottom 96 well microplates was coated with diluted mouse anti-human serum albumin
capture antibody (2 pg/ml) overnight at RT After a wash step, non-specific bindings were
blocked with a PBS/1% BSA solution during 1 h at RT. The standard curve was created by serial
dilution of the recombinant human serum albumin standard (160 ng/ml) in the PBS/1% BSA
solution. Diluted standards and samples were then distributed in duplicate in the coated 96-
well microplates and incubated for 2 h at RT. After the incubation, excess solutions were
washed away and biotinylated mouse anti-human serum albumin antibody (125 ng/ml) was

added in each well and incubated for 2 h at RT. After a wash step, streptavidin conjugated to
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horsedish-peroxidase is incubated in the dark for 20 min at RT. The reaction was revealed with
a 1:1 (v/v) mix of two reagents (hydrogen peroxide and tetramethylbenzidine) in the dark for
20 min at RT. Finally, the reaction was stopped with a 2N sulfuric acid solution and absorbance

was measured with a microplate reader at 450 and 540 nm (Spark 10M, TECAN).

2.7.1 Urea measurement by colorimetric method

The production of urea, a chemical compound produced in the liver, was measured
directly from the culture medium by an improved Jung method using the Urea Assay Kit
(QuantiChrom DIUR100; BioAssay Systems, Hayward, CA). The reaction consists of the
condensation of o-phthalaldehyde (OPA) with urea to form a colored complex. First, the two
reagents A and B are mixed 1:1 (v/v). Then, in a 96-well plate with a transparent bottom, the
samples, standard and blank were introduced in duplicate together with the reagent mixture
A and B and incubated for 50 min at room temperature. Finally, the optical density was

measured at 430 nm with a microplate reader (Spark 10M, TECAN).

2.8 RNA extraction and RT-qPCR analysis

All RT-gPCR analysis were performed at the IEMN laboratory (UMR 8520) of the
Université de Lille. Total RNA was extracted and precipitated from cells by adding TRIzol
(Invitrogen™, ThermoFisher) and chloroform: isoamyl alcohol (4 %). Concentration and purity
of RNAs were determined using NanoDrop ™ One © Spectrophotometer (Life Technologies,
Europe). RNA was transcribed into cDNA using 1 pg total RNA as a template, 1l of random
hexamers (Roche Diagnostics, Germany) and M-MLV (Moloney Murine Leukaemia Virus)
reverse transcriptase (Life Technologies, Europe). Then, real-time quantitative reverse
transcription polymerase chain reaction was performed using SsoAdvanced Universal SYBR®
Green Supermix (Biorad, Hercules, CA) on an AriaMx Real-time PCR System (Agilent, USA). The
20 ul reaction volume included 2 pl of cDNA, 10 ul of SsoAdvanced Universal SYBR® Green
Supermix, and 1 pl of primers (forward and reverse, 100 nM each). Each sample was analyzed
in triplicate. Gene expression analysis was normalized against 60S acidic ribosomal protein PO
(RPLPOQ). The primer sequences are available in the Table 2.3 and Table 2.4. The mixture was
incubated in AriaMx Real-time PCR thermal cycler at 95°C for 5's, 59°C for 20 s and 72°Cfor 5

s for 40 cycles.
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Genes

ALB

Cyp3A4

INSRA

INSRB

GLUT2

P16

P21

FASN

SREBP1

RPLPO

Table 2. 3: Primers used in RT-qPCR of hepatic cells.

Sequences

f_TGCTTGAATGTGCTGATGACAGG

r_AAGGCAAGTCAGCAGGCATCTCATC

f_CCAAGCTATGCTCTTCACCG
r_TCAGGCTCCACTTACGGTGC
f_TTTTCGTCCCCAGGCCATC

r_GTCACATTCCCAACATCGCC

f_CCCCAGAAAAACCTCTTCAGG
r_GTCACATTCCCAACATCGCC

f_TACATTGCGGACTTCTGTGG
r_AGACTTTCCTTTGGTTTCTGG
f_CTCGTGCTGATGCTACTGAGGA
r_GGTCGGCGCAGTTGGGCTCC
f_AGGTGGACCTGGAGACTCTCAG
r_TCCTCTTGGAGAAGATCAGCCG
f_AGCCCTGTGCTGTTCCAG
r_AACTCCAGGTTGTCCCTG
f_TCAGCGAGGCGGCTTTGGA
r_GACTTCACCTTCGATGTCGGTCAG
f_ ACCTCCTTTTTCCAGGCTTT

r_ CCCACTTTGTCTCCAGTCTTG
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2.9 Metabolomic analysis

The culture medium was collected for the different conditions of each experiment and

the samples were frozen in liquid nitrogen until analysis.

2.9.1 Samples preparation

The metabolomic analysis was performed on the culture media collected at the end of
the experiments. For each culture condition, 6 samples from 3 independent experiments were
used for 2 days of exposures, 5 samples from 3 independent experiments were used for 4 days
of exposures; and 5 samples from 3 independent experiments were used for 7 days of

exposures.

The procedure for sample preparation and metabolite extraction followed our
previously published method?3. In brief, 250 pL of culture medium was combined with 500 pL
of an extraction solution (-20 °C) consisting of water, acetonitrile, and isopropanol in a ratio
of 2:3:3. This solution also contained 4 mg/L of ribitol and 2.75 mg/L of a-aminobutyric acid
(aABA). The mixture was stirred in an Eppendorf thermomixer (1500 rpm) for 10 min at 4 °C.
After that, insoluble materials were removed through two centrifugation steps at 14000 rpm
for 15 min. Subsequently, the samples were dried for 4 h at 35 °C in a speed-vac system and

stored at -80 °C until further analysis.

Before injection into the gas chromatograph-mass spectrometer (GC-MS), the samples
were dried again for 2 h, and 10 pL of a methoxyamine solution in pyridine (20 mg/mL) was
added. Following 90 min at 30 °C, 90 uL of N-methyl-N-trimethylsilyl-trifluoroacetamide
(MSTFA) was added, and the reaction continued for 30 min at 37 °C. Finally, 100 pL of the

resulting solution was transferred to an Agilent vial for injection.

The GC-MS analysis was performed using an Agilent 7890B gas chromatograph coupled
to an Agilent 5977A quadrupole mass spectrometer. The column used was a Rxi-5SilMS from
Restek. For quantification of saturated compounds, a split mode with a ratio of 1:30 was used
for injection. The oven temperature ramp ranged from 60 °C for 1 min, then increased at a
rate of 10 °C/min to 325 °C for 10 min. Helium was used as the carrier gas with a constant flow
of 1.1 mL/min. The temperatures for the injector, transfer line, source, and quadrupole were

set at 250 °C, 290 °C, 230 °C, and 150 °C, respectively. The mass spectrometer was turned on
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after a solvent delay of 5.90 min, and data was collected in the range of 50-600 u. External
retention index calibration was performed using a fatty acid methyl ester mix (C8, C9, C10,

C12, C14, C16, C18, C20, C22, C24, C26, C28, C30).

Raw data files obtained from Agilent were analyzed using AMDIS software
(www.amdis.net). Metabolite identifications were conducted using the Agilent Fiehn GC/MS
Metabolomics RTL Library (version June 2008). Peak areas were determined using Agilent
Masshunter Quantitative Analysis in both splitless and split 30 modes. To ensure accuracy,
automated peak integration was verified manually for each compound, and peak areas were
normalized to ribitol. Metabolite contents were expressed in arbitrary units, representing

semi-quantitative determinations.

Finally, OA and PA contents in the samples were normalised by the OA and PA contents

detected in the blank culture medium (medium not exposed to the cells).

2.9.2 Metabolomic statistical analysis
The metabolomic multivariate data analysis was performed using MetaboAnalyst 5.0%.
The data were auto-scaled (mean-centered and divided by the standard deviation of each

metabolite).

Firstly, we performed an ANOVA to clarify if we could detect difference between the
treatments for each time points. Then, supervised partial least squares-discriminant analysis
(PLS-DA, comparison of more than two groups) were applied to get the maximum separation
between control and treated groups, and to explore the variables that contributed to this
separation. The quality of PLS-DA model was evaluated by the R2Y (fitting degree) and Q2
(prediction parameter) values. To determine the best discriminators metabolites, the adjusted
p_value < 0.05 was used from the ANOVA analysis (FDR < 0.05). Heatmap and hierarchical
clustering were performed using the normalized data (auto-scale features, Euclidean distance
measure, and ward clustering method on the ANOVA analysis). Finally, pathway enrichment
analysis was performed with MetaboAnalyst using the selected significant metabolites. Then,
a similar analysis was performed to extract the difference between the time points on each

treatment.
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2.10 Statistical analysis

The data are expressed as the mean + SD. A Student's t-test was used for statistically
evaluating pairs of groups. Two-way ANOVA and post-Tukey's multiple comparison test were
used to compare groups of three or more. The significance level was set at p < 0.05 and

calculated on GraphPad Prism version 3.01.
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Chapter IlI:

Development of a NAFL-on-chip using a
HepG2/C3A-based liver-on-chip

In this chapter, we investigated the effect of several fatty acids in order to develop a relevant
NAFL liver-on-chip model. We used HepG2/C3A cell line as hepatocyte model for study acute
and chronic exposure to fatty acids. After exposure, HepG2/C3A cells were analysed
structurally and functionally in order to highlight (i) if our liver-on-chip can reproduce the NAFL
behaviour (ii) what fatty acids treatment is the more relevant to mimic NAFL (iii) advantages
of NAFL liver-on-chip model. This chapter is partially extracted from the article “Investigation
of the lipotoxicity of oleic acid, palmitic acid and their mixture on human hepatocarcinoma in

a 3D dynamic micro environment”.
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3.1 Introduction

The deleterious effects of non-alcoholic fatty liver disease (NAFLD) are becoming a
growing challenge for public health as a direct effect of the increasing prevalence of diabetes
and obesity worldwide. NAFLD is the most common chronic liver disease in the Western world
notably. As defined in Chapter |, NAFLD is characterized by hepatic steatosis when no other
causes for secondary hepatic fat accumulation (e.g., excessive alcohol consumption) can be
identified. NAFLD ranges to benign steatosis (NAFL; 80%) without evidence of inflammation
to Non-Alcoholic Steato-Hepatitis (NASH; 20%) which is associated with lobular inflammation
and apoptosis that can lead to fibrosis, cirrhosis and Hepato-Cellular Carcinoma (HCC)%2.
Moreover, the risk of a cardiovascular disease is significantly increased in patients affected by
NAFLD and their complications?. Since NAFLD is strongly associated with obesity and diabetes,
the disease has been recently redefined as metabolic (dysfunction)-associated fatty liver
disease (MAFLD)3. Nevertheless, the consideration of this new terminology is still on going. In
the past 70 years, research has been conducted on rodent models of obesity (high fat diet;
high cholesterol diet; db/db mice (diabete mice); ob/ob mice (obese mice) in order to
investigate the pathophysiology of NAFLD and led to the “two-hit hypothesis”?%. According
to this, the first hit refers to hepatic accumulation of lipids secondary to sedentary lifestyle,
high fat diet, obesity and insulin resistance. Then, the “second hit” activates inflammatory
cascades, mitochondrial dysfunction, oxidative stress promoting disease progression toward
fibrogenesis®. However, progress in the last decade demonstrated that this hypothesis cannot
fully explain the heterogeneity of the pathophysiology, leaving room for the “multiple-hit
hypothesis”®. Indeed, NAFLD involved metabolic dysfunctions resulting from organs

interactions, dietary habits, gut microbiota, genetic and environmental factors”8.

In terms of diagnostic, the most precise test to NAFLD detection is histology analysis
of liver biopsy despite a non-uniformly distribution of the disease in the liver. Although this
test is the gold standard, non-invasive tests are privileged for NAFLD detection. Indeed,
numerous non-invasive scores based on abdominal ultrasound (AUS), Magnetic Resonance
Imaging (MRI) and/or Magnetic Resonance Spectroscopy (MRS) and serum biomarkers
allowed to determine presence, but not severity of liver steatosis®. Even though several

international guidelines have been published the past few years, inconsistent attitudes are
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still noticed in screening and detection strategies due to non-uniformity but above all to
sample and inter-observer variations causing inappropriate management of patient!ll,
Currently, there are no specific drug therapies for the treatment of NAFLD. Changes in diet
and lifestyle are recognize as the first strategies while drug therapy mainly focused on glucose
and lipid metabolism regulation and anti-inflammation®. Indeed, progress in developing
pharmacologic therapies for NAFLD has been hampered by several challenges, including a high
screening failure rate and the reliance on an invasive gold standard that could be unclear and
accompanied by high and variable placebo responses!?. Thus, it is necessary to develop new
biomarkers to enable concrete non-invasive diagnosis of the patient, prognosis and propose
NAFLD-specific therapy. Moreover, reliable biomarkers would allow to identify subpopulation
of patient according to disease severity and to treat them with adjust therapy!%!3. Thus, the
progression and development of new technologies in NAFLD diagnostics and therapy is crucial

to find a unified position for NAFLD management.

Lately, several emerging technologies, developed for the need of the toxicology and
pharmacology fields, have created opportunities for a more modern approach to liver disease
study including steatosis using 3D hepatic cultures in spheroids and organoids4*®. Of those
technologies, organ-on-chip is a strong candidate to replace the traditional animal-based
model'’. They also have the potential to efficiently replace 2D primary cell cultures in which
the cell physiological properties and regulations are often lost. The liver-on-chip approach is
hence based on the conviction that the reconstitution of the physiological microenvironment
of the organ is key in obtaining in vivo-like cell cooperation and responses and will provide a
detailed unravelling of the cellular and molecular events underlying a specific
pathophysiological condition®1°. Our group, among very few others, has developed
successful liver-on-chip solutions allowing to gain new insights in liver metabolism?°,
biomarkers identification and predictive toxicology?¥??. This innovative technology was also
used to investigate the development of liver steatosis and the key aspects of NAFLD
progression?3=2>. Among them, our team, initially focused on pesticide actions, have already
validated the possibility of recapitulating steatosis via the use of our human primary

hepatocytes integrated to a liver-on-chip approach?®.
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In order to extend the investigations on NAFL using organ-on-chip we propose to
characterize the effect of several free fatty acids using our HepG2/C3A based liver-on-
chip?2?7:28, We selected oleic acid (OA), palmitic acid (PA) and a mixture of oleic and palmitic
acids (OA/PA) as far as they are common dietary products with strong impact on human’s
health, including obesity and NAFLD?°-3!, The objective is to confirm whether our hepatic
organ-on-chip can reproduce such behaviour and if so, to highlight new pathophysiological

processes and to extract potential biomarkers by studying cell morphologies and functions.

3.2 Pathophysiological characterization of the NAFL liver-on-chip based on
HepG2/C3A cell line
As described in Chapter Il, we perfused HepG2/C3A cells with high concentration of FFAs
(0.66 mM OA, 0.33 mM PA or 1 mM OA/PA (2:1)) for 2 or 7 days. First, we analysed
gualitatively the cell proliferation rate for each condition, then we observe the development

of intracellular lipid accumulation which is a NAFL hallmark.

3.2.1 Morphological observation reveals noticeable difference between the
different FFAs treatments

HepG2/C3A cells were inoculated into coated biochips and were incubated overnight
at 37 °C for cell adhesion. Observation at phase contrast microscopy before microfluidic
perfusion demonstrated the successful cellular adhesion as cells were elongated and

homogenously dispersed inside the microsystem (Figure 3.1).
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Figure 3. 1: Cells morphology after 24 h after seeding.

After 7 days of exposure to FFAs, we observed a multilayer cell proliferation inside the
biochips while after 2 days this proliferation was less important for all experiments.
Nevertheless, when compared to control, OA and OA/PA experiments, PA experiments
showed a weaker cell density particularly after 7 days of exposure as shown in Figure 3.2B.
Indeed, numerous biochips presented degraded tissues in which cells have detached from the
biochips. Cell counting at the end of experiment, showed a similar proliferation of the
HepG2/C3A in all conditions at day 2. Then, between day 2 and day 7, we measured an
increase of the cell proliferation in control and OA experiments (proliferations between D2 vs
D7 for control and OA have a p-value < 0.05), whereas any statistic difference in the
proliferation between for PA and OA/PA treatments was detected (Figure 2C). Nevertheless,
PA (4.7+1.6x10° cells) treated biochips showed a two-fold decrease of cell numbers compared

to OA (9.1+2.1x108 cells) treated biochip after 7 days of exposure.
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Figure 3. 2: Morphological and functional analysis of HepG2-C3A. (A) Cell morphology at the
end of the 2 days and (B) 7 days exposure experiment. (C) Collected cell number in control
and treated samples after 2 and 7 days of culture. Statistically analysed by ANOVA test with
*p<0.05; **p<0.01. n=3.

3.2.2 NAFL was successfully induced on HepG2/C3A based liver-on-chip

As we know that the exposure of cell to high concentration of FFAS led to lipid
accumulation of neural lipids we assessed lipid droplet accumulation using Oil Red O as shown
in Figure 3.3. Firstly, we observed an absence of lipid accumulation in the control situations
after two days of exposure. In parallel, the analysis revealed a slight accumulation of lipid in
OA conditions when compared control situation (Figure 3.3A). Conversely, on the PA and
OA/PA tissues, we did not observe such clear accumulation. After 7 days of FFA exposures, we
found, as for the 2 days FFAs exposure, an absence of lipid accumulation in control tissue. On
the OA treated tissues we observed a larger lipid droplet accumulation when compared to the
2 days exposure situations (Figure 3.3B). We did not observe any change in lipid accumulation

for PA and OA/PA tissues when compared to 2 days exposure tissues.
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Figure 3. 3: Intracellular lipid droplet staining using Oil Red O (A) after 2 days and (B) 7 days
of FFAs exposure. Scale bar: 20 um.
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3.2.3 ROS investigation reveals the toxic action PA treatment

As we know that FFAs can generate Reactive Oxygen Species (ROS), we assessed ROS
generation using a fluorogenic dye, 2',7'- dichlorofluorescin diacetate (DCFDA). Fluorescence
microscopic observation shown no notable difference between the experiments after 2 days
of exposure (Figure 3.4A) while intense green fluorescence in OA and OA/PA experiments have
been observed after 7 days of exposure (Figure 3.4B). Indeed, fluorescence intensity

assessment demonstrated a decrease in green fluorescence for PA experiment when

compared to OA and OA/PA experiments (Figure 3.4C).
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Figure 3. 4: ROS detection using DCFDA staining on control and samples treated for (A) 2
days and (B) 7 days. (C) Fluorescence intensity assessment of ROS staining. Statistically
analysed by ANOVA test with *p<0.05, ** p<0.005, A p<0.0001. n>3.

108



Chapter Ill. Development of a NAFL-on-chip using a HepG2/C3A-based liver-on-chip

3.3 Functional characterization of the NAFL liver-on-chip based on
HepG2/C3A cell line

3.3.1 Albumin and CDH1 assessment reveals decreased in albumin secretion and
dedifferentiation following exposures

Assessment of albumin secretion is commonly used as a liver function test to indicate
potential liver injury and pathology. First, we investigated albumin secretion by
immunostaining. We observed a fluorescent signal for all experiments for both end points.
However, the fluorescent signal for treated cells was weaker compared to healthy cells after
2 days of exposure, especially for PA experiments when compared to OA and OA/PA. (Figure
3.5A). This tendency was still observable at day 7. Indeed, albumin expression seemed to be
weaker for PA condition when compared to CTRL, OA and PA condition (Figure 3.5B).
Nevertheless, there was no obvious difference between CTRL, OA and OA/PA albumin
expression. We also evaluated CDH1 (E-cadherin) for all conditions. The exposure to FFA,
particularly PA and OA/PA mixture, contributed to reduce the intensity of the CDH1 signal for

both end point with a more significant effect observed after 2 days of exposure.

CTL

OA

PA

OA/PA
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CTL

OA

PA

OA/PA

Figure 3. 5: Immunostaining of control and treated samples after (A) 2 days and (B) 7 days of
FFAs exposure. Scale bar: 100 um.

Then, we performed measurement of albumin secretion in culture media samples. We noticed
a significant decrease of the albumin secretion for the treated cells after 2 days of exposure.
Indeed, healthy cells albumin secretion reached 109.62+20.3 ng/day/10° cells while treated
cells did not reached 32 ng/day/10° cells. Then, we established that, after 7 days of exposure,
the cells produced about 81.21+15.34 ng/day/10° cells, 52.45+21.24 ng/day/10° cells,
128.98+31.33 ng/day/10° cells and 84.9+25.68 ng/day/10° cells in control, OA, PA and OA/PA
conditions, respectively. We observed a significant higher albumin secretion in PA when

compared to control OA, PA and OA/PA condition.
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Figure 3. 6: Albumin secretion in control and treated samples after 2 and 7 days of culture.
Statistically analysed by ANOVA test with *p<0.05; **p<0.01; A p<0.0001. n=5.

3.3.2 RT-qPCR analysis highlights disruption in the expression of key genes involved
in liver function and lipid metabolism in 7 days- treated samples

The comparison of the mRNA levels by RT-gPCR demonstrated that any (or only a

weak) perturbation of the mRNA expressions of ALB, CYP3A4 (hepatic differentiation), INSRA,

INSRB, FASN, SREBP1 (lipid metabolism), GLUT2 (glucose transport), p16, p21 (cell cycle,

senescence related genes) after 2 days of cultures in OA, PA and OA/PA treated conditions

when compared to the controls. Nevertheless, a weak upregulation of INSRA, INSRB, p16 and

p21, was observed in OA/PA samples (Figure 3.6).
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After 7 days of culture (Figure 3.7), we found that all fatty acid treatments induced an
upregulation of the CYP3A4 mRNA when compared to controls. Then OA and PA led to the
reduction of ALB mRNA whereas OA/PA appeared to restore control levels. OA and OA/PA
treatments did not modulate the mRNA expression of FASN, GLUT2, INSRA in our biochip
experiments. Conversely, PA treatments contributed to downregulate those genes when
compared to control, OA and OA/PA conditions. SREBP1 was downregulated in both PA and
OA/PA conditions. The p21 gene appeared downregulated in PA treatments and only a weak

upregulation was detected on the p16 gene in OA/PA conditions.

3.4 Discussion

We have compared the HepG2/C3A response cultivated inside a microfluidic biochip to
three FFA treatments. The literature largely reported the hepatoprotective effect of oleic acid
to palmitic acid injury3>33. This effect was partially observed in our biochip model after 7 days

of exposure as we will discuss in the following paragraphs.

A reduction of the viability, in dose and time dependent manner under PA, OA, OA/PA
was observed in 2D culture of HepG232, Furthermore, OA hepatoprotective effect under PA
treatment due to OA/PA exposure was reported by Zeng et al.3?. In our data, we observed any
perturbation of the proliferation at after 2 days of exposure between all conditions. Then,
after 7 days of exposure, we even measured a significant proliferation in control and OA
treatments (when compared to 2 days situation). As, the increase of the proliferation was not
significant in PA and OA/PA treatments, this result may tend to demonstrate a negative effect
of the PA on the proliferation. However, the hepatoprotective effect of OA on PA in OA/PA
was not highlighted by the proliferation assay. When compared to conventional 2D well
plates cultures, our biochip provided a dynamic and 3D micro environment that is suitable for
dense and large HepG2/C3A proliferation?®3435, Such environment is therefore more suitable
for cell growth when compared to 2D models leading to difference with literature

observations.

Regarding the carbohydrates and lipid metabolisms, GLUT2, a glucose transporter, is
induced in OA3® and PA treated HepG23’. In other studies, using HepG2 cells, PA was also

associated with down regulation of insulin receptor3® and with the reduction of the glucose
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uptake3?. In the present analysis, we found down regulation of GLUT2 and INSRA only in PA
treatments but not in OA and OA/PA illustrating the probable restoration by OA to the PA
negative effect for both mRNA levels. We also found the downregulation of FASN, SREBP1 by
PA and the partial recovery of those mRNA levels due to OA in the OA/PA treatments. Our 3D
results appeared different from 2D recent literature that reported that FASN and SREBP1
MRNA levels are (i) not modulated by OA, (ii) induced by PA, (iii) and then restored to control
levels in AO/PA treatments after 24 h of exposure in HepG232. Furthermore, SREBP1 protein
is also reported to increase in HepG2 with 24 h PA treatments®®. However, SREPB1
upregulation was PA dose dependent and did not occur at 0,66 mM after 24 h of treatment in
HepG24'. After 2 days of FFA exposure, we did not detect OA and PA effect on FASN and
SREBP1. Although we observed a recovery like-effect by OA in OA/PA condition after 7 days
of treatments at the mRNA level, additional investigations are required to refine the

understanding of those complex tendencies.

Then, we found that all FFA treatments led to modify the hepatic classical
differentiation markers consistently with the literature. We measured an over expression of
the mRNA of CYP3A4 mRNA levels after 7 days of exposure. This finding is consistent with
HepG2 reports in which CYP3A4 was reported to be upregulated under oleic acid via AMPK-,
PKC-, and NF-kB—dependent pathways, and under the palmitic acid via probably the PKC-
dependent pathway®. In parallel, the albumin secretion and the albumin immunostaining
demonstrated a clear reduction of the albumin level in FFA treated condition (when
comparing the controls of the 2 days of treatments), which appeared consistent with several
literature reports (in rat hepatocytes after 24 h of exposure 3343 and after 72 h in AML12
cells*®3). Although we detected a downregulation of the ALB mRNA levels at day 7, we observed
that the albumin secretion was not significantly modulated anymore after 7 days of exposure
in OA and OA/PA conditions (when compared to the controls). We furthermore detected an
increase of the albumin cell secretion in PA conditions. It was reported that FFA did not affect
mRNA levels after day 7 of treatment in HepG2/C3A spheroids**. In addition, albumin protein
is used to transport FFA%, as an antioxidant*® and therefore to detoxify FFA accumulation.
Finally, as HepG2/C3A are tumoral cells, abnormal behavior cannot be excluded. Additional

analysis would be required to fully understand this mechanism.
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At the immunostaining level we also confirmed a reduction of CDH1 intracellular
expression after 2 days of exposure. CDH1 is a marker of epithelial specification and its
expression is reduced during hepatic dedifferentiation*’. Consistently, a reduction of CDH1
mRNA levels in HepG2 has been documented after 48h and 72h of OA/PA exposures®. In
parallel, CDH2 protein (CDH1 reduction and CDH2 increase is hallmark of epithelial to
mesenchymal transition and dedifferentiation?’) is reported to increase during OA/PA
exposure in parallel to TGFa activation in HepG2 spheroids**. Then, we did not detect any
clear alteration by FFA of CDH1 after 7 days of treatments in our experiments (immunostaining
data). Interestingly, at longer time of culture, it was also reported that the OA/PA treatment
did not affect CDH1 mRNA levels after day 7 of treatment in HepG2 spheroids?* which was

also consistent with our immunostaining data finding.

Then, we investigated lipid accumulation and characterized reactive oxygen species
production in our model. We observed lipid accumulation only in OA treatments. This
accumulation increased with the time of exposure. Long term FFA exposition gradually led to
a steatosis and is well characterized by the hepatic ballooning (illustrated by the lipid droplet
accumulation, Takahashi et al.*8. Consistently literature reported higher lipid accumulation of
OA when compared to PA in HepG2 cells®. Interestingly, our finding indicated that the PA co-
exposure to OA led to reduce this lipid accumulation. In fact, in HepG2, PA treatment resulted
in a significant decrease in the OXPHOS complex assembly and in their faster degradation, a
weaker ATP production which could explain the lower ROS production in our PA conditions°.
Furthermore, we detected an intense ROS expression in OA and OA/PA treatments whereas
PA treatment led to weaker ROS secretion. In fact, in HepG2, PA resulted in a significant
decrease in the OXPHOS complex assembly and in their faster degradation, a weaker ATP

production® which could explain the lower ROS production in our PA conditions.

Finally, FFA are often associated with senescence and modification of cell cycle®!.
Senescence was characterized by the increases of the p21 and p16 genes in HepG2 which in
turn contribute to promote pro NASH’s signallings®2. In our data set, the p21 mRNA was
downregulated only in PA conditions (whereas the p16 mRNA was weakly up regulated in
OA/PA). As result we were not able to particularly conclude on the status of the senescence
process within our biochip. In fact, we hypothesis that the liver cell model (HepG2/C3A) used
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in this study promote 3D organization of the tissue within the biochip and contribute to

enhance continuous cellular multi-layer proliferation.

3.5 Conclusion

We have used a liver-on-chip technology to investigate the effect of free fatty acids on
HepG2/C3A cells. We observed that the FFA treatments did not modify significantly the
HepG2/C3A proliferation after 2 days of exposure. All FFA treatments led to the upregulation
of CYP3A4 mRNA levels after 7 days of exposures. We found that palmitic acid treatment led
to a lipid metabolism perturbation that was characterized by the important downregulation
of GLUT2, INSRA, FASN and SREBP1 mRNA levels after 7 days of exposure. However, the co-
exposure of oleic acid with palmitic acid restored the mRNA levels of GLUT2, INSRA, FASN and
partially of SREBP1. Oleic acid exposure was associated with a lipid accumulation in the cells
that was not observed in PA and suppressed in OA/PA conditions. Finally, the oleic acid
exposure and oleic/palmitic acids co-exposure led to higher ROS productions when compared

to control and palmitic acid treated conditions.
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Chapter IV:

NAFL-on-chip model: Investigation of the
metabolomic profiles of the exposed HepG2/C3A
cells

In this chapter, we studied the metabolic signatures of oleic acid, palmitic acid and their
mixture on our HepG2/C3A-based liver-on-chip. We aim to investigate the metabolic
perturbation associated to the different treatments and extract potential biomarkers of NAFL
and liver injury. Furthermore, the results in this chapter allowed us to better define the range

of relevance of our model.
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4.1 Introduction

We recently introduced “metabolomics-on-a-chip” approach to our group to better
investigate the metabolic changes in our biological systems. Metabolomics is a cutting-edge
field in the realm of omics sciences that focuses on the comprehensive study of small
molecules (< 1500 Da), known as metabolites, within biological systems!. These metabolites
serve as the functional readouts of cellular processes, reflecting the dynamic interplay
between genes, proteins, and environmental factors. By employing advanced analytical
techniques such as mass spectrometry (MS) and nuclear magnetic resonance (NMR)
spectroscopy, metabolomics can be used to identify and quantify a wide range of metabolites
present in biological samples, including blood, urine, and tissues?. One of the key advantages
of metabolomics is its ability to provide a real-time snapshot of an organism's metabolic state,
making it a powerful tool in various fields such as biomarker discovery, drug development,
and personalized medicine3. Additionally, metabolomics can be used to uncover subtle
metabolic perturbations associated with diseases, offering valuable insights into disease
mechanisms and progression but also potential therapeutic targets*. We previously
investigated the effects of various molecules (e.g., drugs, solvents, pesticides) on liver
metabolism using our liver-on-chip models and metabolomic analysis®™. Since the past years,
several study in NAFLD started to adopt metabolomic analysis on biological samples to
investigate the pathophysiologic role of the metabolome in patients with NAFLD and extract

disease-specific biomarkers for improved diagnosis®¢ .

In this same approach, we proposed to investigate the perturbation of the metabolomic
profile due to the effects of free fatty acids using our HepG2/C3A-based liver-on-chip. For that
purpose, we have selected the oleic acid (OA), palmitic acid (PA), and a mixture of OA and PA
(OA/PA). Indeed, we previously demonstrated the potential of our HepG2/C3A-based liver-
on-chip to mimic NAFL when exposing the cells to fatty acids, in Chapter 3. HepG2/C3A cells
were found to exhibit different dysregulations in their functions (including ROS production
lipid accumulation and albumin secretion decrease) depending on the fatty acid to which they
were exposed. We aim now to characterize the pathophysiologic metabolic network resulting

from those FFA exposures in order to extract potential biomarkers.
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4.2 Morphological analysis still reveals a weaker cell density for PA treatment

HepG2/C3A cells were exposed, under dynamic condition, to OA, PA and OA/PA for 2
and 7 days. Cells morphology at the end of experiment is presented in Figure 4.1. As in Chapter
3.2.1, we observed after 2 days of exposure a massive cell proliferation inside all the biochips
for all condition unless for PA condition. Indeed, the cell density seems to be weaker when
compared to other treatment and control condition (Figure 4.1A). We noticed, an increase in
cell density for all condition after 7 days of exposure. Nevertheless, we still observed a less

dense multilayer tissue for the PA condition (Figure 4.1B).
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Figure 4. 1: (A) Cell morphology at the end of the 2 days and (B) 7 days of exposure
experiments.

4.3 Oleic acid and palmitic acid basal productions are complementation

dependent

The footprint of the oleic acid and palmitic acid confirmed the presence of those compounds
in their respective medium. In addition, we found that HepG2/C3A were able to produce very
low levels of palmitic acid under control conditions (Figure 4.2B). OA treated cells were
secreting PA after 4 days and 7 days of exposure but consumed OA. Similarly, PA treated cells
consumed PA and led to a weak secretion of OA. Finally, cells treated with OA/PA treatments
reduced the levels of OA and PA in the culture medium leading to their consumptions when

compared to controls.
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Figure 4. 2: (A) Oleic acid and (B) palmitic acid level obtained by metabolomic analysis at day
2, day 4 and day 7. Statistically analysed by Kruskal-Wallis test with * p<0.05; **p<0.005;
* v<0.0005; A p<0.0001.

4.4 Overall metabolomic profiling demonstrated a metabolic kinetic due to

FFA treatment

To identify the metabolomic signature of each condition, we performed a multivariate
analysis to compare the exo-metabolome of exposed HepG2/C3A cells on day 2, day 4 and day
7. At day 2, the PLS-DA score plots showed (Figure 4.3A) that the different groups are mixed
illustrating a poor discrimination between the conditions. At day 4, we observed the
populations started to separate although the CTRL and OA conditions were still superimposed
(Figure 4.3B). At day 7, PA condition cluster is clearly separated from CTRL and OA condition
clusters that are still superimposed, indicating its distinct metabolic profile. Regarding OA/PA
condition, its metabolic profile was between OA and PA conditions, representing the mixture

of both FFA (Figure 4.3C).
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Figure 4. 3: PLS-DA scores plots of the overall metabolomic profiles at (A) day 2, (B) day 4
and (C) day 7.

An ANOVA test coupled with the PLS-DA analysis contributed to the extraction of the
metabolites significantly modulated for each condition (with a p-value below 0.05 and VIP,
Variable Importance for the Projection, scores of above 1.) The heatmaps of the significant
metabolites and pathways used to discriminate each treatment according the time point are
presented in Figure 4.4. At day 2, we observed a slight modulation of the exo-metabolome
with only four metabolites denoted on the heatmap (Figure 4.4A). Indeed, we noticed a
consumption of oleic acid for both OA and OA/PA conditions when compared to CTRL
condition. We also observed a higher consumption of palmitic acid and higher production of
palmitoleic acid for PA condition when compared to CTRL condition. Moreover, we found
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varying degrees of lysine consumptions in all treatments although the consumption was
higher for PA condition (Figure 4.4A). There were 13 differentially expressed metabolites after
4 days of exposure and the start of a switch in the metabolic signature was observed (Figure
4.4B). The CTRL medium was characterized by the production of proline, trans-4-hydroxy-L-
proline, tyrosine and malic acid and the consumption of phosphoric acid. The OA condition
also showed a production of tyrosine but, unlike the CTRL condition, we observed a
consumption of proline, trans-4-hydroxy-L-proline and malic acid and a production of
phosphoric acid. Furthermore, OA/PA and PA conditions demonstrated a similar metabolic
pattern. We found a higher consumption of amino acids such as leucine, threonine and
aspartic acid. We also observed a higher production of proline and a production of uracil
(Figure 4.4B) when compared to CTRL condition. After 7 days of treatment, we extracted 14
differentially expressed metabolites (Figure 4.4C). We still observed similar features between
OA/PA and PA conditions. Indeed, we noticed a higher production of proline, beta-alanine,
palmitoleic acid, and a higher consumption of threonine and tryptophan for both OA/PA and
PA conditions when compared to CTRL condition. However, we observed for PA condition only
a production of oleic acid, a higher production of cholesterol (when compared to CTRL and
OA/PA conditions) and a lower consumption of nicotinamide when compared to CTRL
condition. Concerning the OA condition, we detected a production of tyrosine, a consumption
of palmitic acid, trans-4-hydroxy-L-proline, sarcosine, cholesterol, and a higher consumption
of oleic acid when compared to CTRL condition. Unlike PA condition, we observed a higher
consumption of nicotinamide for OA condition when compared to CTRL condition (Figure

4.4C).
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Figure 4. 4: Heatmaps and tables representing the metabolites significantly modulated and
the altered pathways corresponding at (A) day 2, (B) day 4 and (C) day 7.
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4.5 Identification of the specific metabolomic signatures of OA, PA and OA/PA

treatment

We compared the exo-metabolomic signature of the CTRL versus the different
treatments (OA, PA and OA/PA) at each time point (day 2, 4 and 7). The specific metabolomic
for each treatment at day 4 and day 7 are presented in the following paragraphs. As the
differential analysis for all treatment at day 2 did not show important variations, we presented
the associated PLS-DA dot plots and heatmaps in the Supplementary figures at this end of this

chapter (section 4.10).

4.5.1 Differential analysis of CTRL vs OA treatment

First, the PLS-DA plots for day 4 and day 7 showed two groups that were separated
although close to each other (Figures 4.5A, B). Moreover, we observed an important variability
of samples for the OA conditions regardless the time point (Figures 4.5A, B and Supp. Fig. 1A).
At day 2, using ANOVA analysis we extracted only two metabolites that were differentially
expressed between CTRL and OA condition (Supp. Fig. 1B). We observed an important
consumption of oleic acid for the OA condition while there was a production for CTRL
condition. Furthermore, this tendency was also observable for 1-monostearin (also known as
1-stearoyl-rac-glycerol) which is a long chain molecule typically occurring in the body as a by-
product of the breakdown of fatty acids. Nevertheless, we observed an important variability
in the metabolism of 1-monostearin between the samples of the CTRL condition (Supp. Fig.
1B). After 4 days of exposure these metabolites were not differentially expressed anymore
(Figures 4.5C). We extracted four news metabolites which are malic acid, caprylic acid,
phosphoric acid and pyroglutamic acid. We noticed that OA condition led to a lower
production of malic acid and caprylic acid, and higher production of pyroglutamic acid when
compared to CTRL condition (Figure 4.5C). Conversely to the CTRL condition we observed a
production of phosphoric acid (Figure 4.5C). At day 7, OA condition presented a lower
consumption of glutamine and pyruvic acid and a lower production of oxalic acid and
palmitoleic acid. We noted a switch of the metabolic signature of oleic acid and nicotinamide,
which, unlike to CTRL condition, were consumed and produced, respectively, in OA condition

(Figure 4.5D).
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Figure 4. 5: Comparison of the metabolomic profiles of CTRL and OA condition. (A, B) PLS-DA
scores plots at day 4 and day 7, respectively. (C, D) Heatmaps of the metabolites significantly

modulated at day 4 and day 7, respectively. + production; ++ higher production; -
consumption; - - higher consumption in comparison with basal culture medium.

Finally, we highlighted that 4 days of OA treatment contributed to enrich the

glutathione metabolism and the malate-aspartate shuttle allowing the regulation of glycolysis

and lactate metabolism (Figure 4.6A). At day 7, the top 5 enriched pathways were related to

nitrogen metabolism (the urea cycle, ammonia recycling, glutamate metabolism), to amino

sugar metabolism and nicotinate and nicotinamide metabolism.

Enrichment ratio also
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extracted the phenylacetate metabolism (implied in the excretion of nitrogen) and the

degradation of the pyruvaldehyde, a toxic metabolite (Figure 4.6B).

Glutathione Metaholism . . Enrichment Ratio

15

Gluconeogenesis - . : 20

Malate-Aspartate Shuttle . @

Glycerol Phosphate Shuttle - . P-value
Beta-oxidation of Very Long Chain Fatty Acids - .':'_‘_ 0.25
0.20

Vitamin B6 Metabolism - 0.15

Lactose Synthesis gég

T T T T 0.00

0,5 1 1,5 2 2,5
-log10 (p-value)
B
Enrichment Ratio

Urea Cycle - ® e 10

Ammonia Recycling | ® ® 20

30

Amino Sugar Metabolism . ® o

Nicotinate and Nicotinamide Metabolism | o] P-value
Glutamate Metabolism | ® 0.20

0.15

Warburg Effect .4 ° 0.10

| | | | 1
1 1,5 2 2,5 l 8 gz
-logl0 (p-value)

Figure 4. 6: Extract of the enrichment pathway dot plots for OA condition at (A) day 4 and (B)
day 7. The complete dot plots are in Supp. Fig.4 at the end of this chapter.

4.5.2 Differential analysis of CTRL vs PA treatment

First, after 2 days of treatment with palmitic acid, we noticed a production of palmitoleic
acid and benzoquinone when compared to the CTRL condition (Supp. Fig. 2). Then, we
observed an intense metabolome perturbation in PA when compared with CTRL particularly
after 4 days of exposure (Figure 4.7). Indeed, the PLS-DA plot showed that PA condition is
clearly separated from CTRL condition from the fourth days of exposure (Figure 4.7A). We
extracted 15 metabolites that were differentially expressed between both conditions. On one
hand, we observed a higher production of palmitoleic acid when compared to CTRL condition
(Figure 4.7C). In another hand, many metabolites implied in the metabolism of arginine and

proline was modulated suggesting a perturbation of the pathway. In fact, we found a decrease
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in trans-4-hydroxy-L-proline production associated with a high production of proline and
ornithine, and a lower consumption of aspartic acid when compared to CTRL condition.
Furthermore, we noticed a lower consumption of asparagine and a production of threonine,
leucine and tryptophan (Figure 4.7C). At day 7 of exposure, we observed a lower consumption
of palmitic acid but still observed a higher production of palmitoleic acid in PA condition when
compared to CTRL condition. In addition, as for 4 days of exposure, we noticed changes in the
amino acid’s metabolism with a lower production serine and trans-4-hydroxy-L-proline, a
lower consumption of leucine and a production of threonine. As in the OA condition,
nicotinamide production was detected at this same time point, whereas no production was
observed in the CTRL condition. Furthermore, PA treatment was particularly characterized by

the production of beta-alanine at day 7 (Figure 4.7D) and oxalic acid at both day 4 and day 7
(Figure 4.7C, D).
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The Enrichment ratio highlighted at day 4, five pathways related to nitrogen
metabolism (the urea cycle, ammonia recycling, aspartate metabolism,) as the top 5 enriched
pathways (Figure 4.8A). At day 7, the top 5 enriched pathways were the citric acid cycle,
glutamate metabolism, Warburg effect, glycine/serine metabolism and
valine/leucine/isoleucine degradation. The Enrichment ratio also extracted the degradation of
the pyruvaldehyde, a toxic metabolite, as for OA treatment for this same time point (Figure

4.8B).

4.5.3 Differential analysis of CTRL and OA/PA mixture treatment

As for the other treatments, we did not observe a specific metabolic signature for the
OA/PA treatment after 2 days aside only oleic acid and arginine seemed to have been
consumed by the cells (Supp. Fig. 3). At day 4, we identified 13 metabolites that were
differentially expressed between when compared to control condition (Figures 4.9A). As for
PA condition, we noticed a lower consumption of aspartic acid; a lower production of trans-4-
hydroxy-L-proline; a higher production of proline and threonine when compared to CTRL
condition. In contrast to PA treatment for the same time point, we observed a consumption
of leucine and oleic acid (Figure 4.9C). After 7 days of treatment, we observed a lower
production (serine and glycine) and consumption (tryptophan, asparagine and cystine) of
amino acids when compared to CTRL condition. We also detected some features of both OA
and PA conditions for the same time point, as a higher production of proline and oxalic acid
and a production of threonine and nicotinamide when compared to CTRL condition.
Nevertheless, we particularly noticed a production of cholesterol in OA/PA treated cells when

compared to OA and PA treated cells (Figure 4.9D).
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Figure 4. 10: Extract of the enrichment pathway dot plots for OA/PA condition at (A) day 4
and (B) day 7. The complete dot plots are in Supp. Fig.6 at the end of this chapter.

The enrichment analysis demonstrated that the top 5 pathways, at day 4, were the
arginine/proline metabolism, the glycine/serine metabolism, the urea cycle, the beta-alanine
metabolism and the malate-aspartate shuttle (Figure 4.10A). At day 7, the glycine/serine
metabolism was the more enriched pathway followed by the bile acid biosynthesis, the
ammonia recycling, methionine metabolism and the steroid biosynthesis pathways (Figure

4.10B).

4.6 Common and specific metabolites of the different treatments

We elucidated the common and specific metabolites of each treatment at day 4 and day
7 by designing a Venn'’s diagram. As shown in Figure 4.11A, at day 4 there were no metabolites
common to the three treatments. OA, PA and OA/PA treatments presented three, seven and
six specific metabolites, respectively (Figure 4.11A). However, we highlighted that the OA/PA
mixture treatment shared seven metabolites in common with the PA treatment while there
were no metabolites in common with the OA treatment. Among the metabolites common
with the PA treatment, we found a production of trans-4-hydroxy-L-proline, proline, citraconic
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acid and consumption of leucine, threonine, aspartic acid and ornithine (Figures 4.7 and 4.9).
Interestingly, at day 7 we extracted two metabolites that were common to the three
treatments: oxalic acid and nicotinamide (Figures 4.11C, D). Nicotinamide was produced by all
treated cells at day 4 and 7 while oxalic acid was consumed by OA-treated cells and highly
produced by cells treated with PA and the mixture (Figures 4.5, 4.7 and 4.9). As on day 4,
OA/PA condition had more metabolites in common with the PA condition than the OA
condition. Indeed, the OA/PA condition shared the consumption of palmitic acid, threonine
and serine with the PA treatment whereas it only shared the consumption of oleic acid with
the OA treatment (Figure 4.11D). In addition, cells treated with OA/PA for 7 days showed the
greatest metabolic change, with 10 specific metabolites differentially expressed including

amino acids and lipids (Figure 4.11D).

B
Compared treatment Total Common metabolites
OA vs PA 1 Malic acid
Trans-4-hydroxy-L-proline, proline, citraconic
OA/PA vs PA 7 acid, leucine, threonine, aspartic acid, ornithine
Pyroglutamic acid, phosphoric acid, caprylic
OA 3 X
acid
PA 7 Palmitoleic acid, norvaline, asparagine, oxalic
acid, tyrosine, tryptophan, succinic acid
ine. 1- . . I
OA/PA 6 Sarcosine, mo.nost.earln,. u'ramll, palmitic acid,
oleic acid, adipic acid
D
Compared treatment Total Commaon metabolites
OA vs OA/PA vs PA 2 Oxalic acid, nicotinamide
QA vs PA 2 Palmitoleic acid, pyruvic acid
OA vs OA/PA 1 Oleic acid
OA/PA vs PA 3 Threonine, pamitic acid, serine
OA 1 Glutamine
PA 5 Trans-4-hydroxy-L-proline, citramalic accid,

beta-alanine, leucine, succinic acid

Sarcosine, norvaline, asparagine, glycine,
OA/PA 10 proline tryptophan, dioctyl phthalate, cystine
eicosapentaenoic acid, cholesterol

OA/PA

Figure 4. 11: (A) Venn’s diagram of OA, PA, OA/PA treatment and (B) table of the common
metabolites at day 4. (C) Venn’s diagram of OA, PA, OA/PA treatment and (D) table of the
common metabolites at day 7.
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4.7 Discussion

A general feature of our metabolome analysis concerned the lipid and fatty acid
metabolisms perturbation due to the OA, PA and OA/PA treatments from 2 days of
treatments. The perturbation of lipid metabolism is a hallmark of fatty acid exposure on liver
cells. Thus, oleic acid is reported to modify the lipidic secretion in hepatocytes (intracellular
lipidomic showed the increases of diglycerides, triglycerides and acyl carnitine; the reduction
ceramide, cholesterol ester, lysophosphaticylcholine, phosphatidylglycerol)’. Although, we
did not detect directly those compounds in our extracellular metabolomic analysis, we found
in Chapter 3 a lipid accumulation inside of the cells of our OA cultures consistently with the
triglycerides lipidomic accumulations. An important feature of the mixture of OA/PA at day 7
is the switch from production of lipids toward their consumption (oleic, palmitic,
eicosapenteanic acids), the stop of palmitoleic acid production (when compared PA and
OA/PA) in our model. Larger lipidomic analysis on HepG2/C3A spheroids confirmed complex
lipidic metabolism switch in OA/PA co-exposures?®. Furthermore, we noticed that the
presence of palmitic acid in the PA exposures contributed to increase the production of
palmitoleic acid and to stop the PA production when compared to controls. Palmitoleic acid is
synthesized from palmitic acid via SCD-1 in the endoplasmic reticulum?®. Although palmitoleic
acid effect in NAFLD/NASH is still contradictory!®, palmitoleic acid was reported to reduce the
lipid accumulation, to increase the insulin secretion and to improve the glucose homeostasis?;
in addition to prevent lipo-apoptosis coupled and with anti-inflammatory effects?®-2. Then,
we found a lower production of cholesterol in OA/PA treated condition after 7 days of culture.
Interestingly, too high cholesterol level is a pro-steatosis signaling, leading to lipotoxicity

including endoplasmic stress and a pro-apoptosis in hepatocytes?3.

After 7 days of exposure, we found that the OA, PA, and OA/PA commonly increased
the production of nicotinamide. Nicotinamide is natural molecule that acts as a coenzyme in
energy transfer inside the cell?*. It was involved in the improvement of liver regeneration and
liver function?. Furthermore, it is known as a protection against liver steatosis and metabolic
imbalances in NAFLD?*. Nicotinamide derivatives are also reported to improve glucose
tolerance in mice plasma with elevated FFA2® and correct the glycolysis and fatty acid beta-

oxidation in citrin-KO mice?’. In addition, serum levels of nicotinamide phosphoribosyl
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transferase (NAMPT) are associated with hepatic de novo lipogenesis (DNL) in a sex-
dependent manner in NAFLD’ patients. Parallelly, we found that PA increased the production
of oxalic acid which is an end product derived from glyoxylate metabolism. Changes in
glyoxylate metabolism and high release of oxalic acid was correlated with kidney stones
formation and kidney damage. Recently, NAFLD was associated with an increased risk of
kidney stones. As results, the detection of these compounds appeared consistent with the
literature and would be potential biomarkers of fatty acid exposure in our HepG2/C3A-based

liver-on-chip model.

When compared to their controls, OA led to lower consumption of glutamine (at day
7), PA and OA/PA led to ornithine and proline productions at day 4, PA led to lower production
serine and trans-4-hydroxy-L-proline at day 7 and OA/PA to high proline production at day 7.
Those metabolites perturbations showed that an important feature of our data set was the
perturbation of the biological processes related to the nitrogen metabolisms (in treated
samples, when compared to control, after 4 days and after 7 days of exposure). This
interpretation was reinforced by the pathway enrichment analysis. Although the urea was
detected in our medium, no particular modulation of this metabolite was measured when we
compared the CTRL and the FFA treatments at each time points. However, it is recently
reported that NAFLD contribute to downregulate nitrogen genes involved in nitrogen
conversion?®. Furthermore, urea cycle dysregulation leads to ammonia accumulation in the
blood of NAFLD’ patients. In addition, the disruption of glutamine/glutamate metabolism is a

pathway reported to lead to ammonia accumulation in cirrhotic patients after NAFLD?°,

Regarding the specificity of each fatty acid, overall, the OA exposure appeared to
induce only a mild modification of the metabolome as far as only few metabolites
discriminated the treated conditions and the controls. OA is reported to promote larger lipid
droplet accumulation when compared to PA in HepG2 cells and to lead to weaker
mitochondrial oxidative metabolism3°. Furthermore, in the early stage of steatosis, the
lipotoxicity is characterized by an intense ROS production via the increase of the beta-
oxidation of free fatty acid accumulated in the cells3!. In our culture model, however, we
found that OA treated cells displayed an important ROS generation in lipid accumulation
dependent manner (reported in Chapter 3). Interestingly, after 4 days of exposure, we
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detected a clear production of L-pyroglutamate in OA treated conditions. The 5-

oxoproline/pyroglutamate is reported as a typical ROS biomarker32.

Literature report metabolome perturbation of the phenylalanine, tyrosine, fatty acid
metabolism and bile acids when HepG2 are exposed to 400 pM of palmitic acid33.
Furthermore, tryptophan, kinerusine and carnitine were discriminant to separate NAFLD,
NASH to cirrhosis subjects33. After 4 days of exposure, we detected a switch from a production
in control cells to a consumption of tyrosine in PA treated cells. We also found a switch from
a consumption to a production of tryptophan in PA treated cells. Furthermore, after 4 days
and 7 days of PA treatment, we detected a modification of the metabolism of TCA
intermediates and substrates (such as a lower consumption of pyruvic acid, succinic acid and
citramalic acid; a switch from a consumption to a production of beta-alanine at day 7 when
compared to control condition). PA is reported to enhance mitochondrial oxidative
metabolism in HepG23° but to reduce it in some other work3*. Thus, our signature reflected a
modification of the energy and respiration state in PA treated conditions when compared to
control, in which we may suspect a lower TCA activation (because of lower consumption of
the metabolites) and thus a lower oxidative phosphorylation. Furthermore, it appeared
consistent with our Chapter 3 data in which we observed a lower ROS production in PA

conditions. Nevertheless, additional experiments are necessary to confirm this hypothesis.

Then, we found a specific glycine/serine pathway signature in OA/PA treatments
illustrated by the lower production of glycine and serine. In fact, it is reported that serine, via
liver folate metabolism, regulate hepatic lipogenesis and NADPH3°. Then, in parallel,
important serine deprivation alters glycerophospholipids and sphingolipids metabolisms and
potential mechanism for serine-derived lipids in mitochondrial processes are reported3®.
Furthermore, low serine and glycine are also more and more reported as a disease hallmark
(in neuropathy?’; in alcoholic liver disease?). In parallel, serine is also an important metabolite
for nucleotide and redox metabolism functions via folate metabolism as well3¢. More
particularly, serine is a precursor of glycine and cysteine for glutathione synthesis3®;
glutathione being an important anti-oxidant involved in ROS detoxification. Furthermore, we
detected a switch from a production to consumption of sarcosine (sarcosine is a related
compound in the serine/glycine/folate pathways), when compared to control. Interestingly,
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sarcosine is reported to increase in human and rat bloods in the case of dietary restriction and
to reduce with aging3°. Finally, it is largely reported that OA co-exposure with PA can reduce
and attenuate the PA toxicity. Regarding the OA/PA and PA signatures after 7 days of
exposure, OA co-exposure to PA seems to reduce the productions of palmitoleic acid and
cholesterol when compared to controls, restore the levels of TCA substrates and beta-alanine
(when compared to PA condition, Figures 4.7 and 4.9). As cholesterol, palmitoleic acid, TCA,
and beta-alanine may have different role in response to fatty acids’ overloads, additional
investigation would be required to confirm if there is a potential bridge with the serine

metabolism.

4.8 Conclusion

In this chapter, we have performed a metabolomic analysis to extract the modification
of the exo-metabolome of HepG2/C3A cells when exposed to oleic acid, palmitic acid and
oleic/palmitic acid mixture. Due to the microenvironment of the organ-on-chip technology we
observed a multilayer cell proliferation that lead to 3D-like tissue. The three fatty acids
treatments led in a dependent manner to switch the fatty acid beta-oxidation and the
lipogenesis. Furthermore, they commonly led to increase the production of nicotinamide
which could appeared as a potential biomarker of FFA exposure in our model as well as oxalic

acid.

Then, all treatments led to modify the nitrogen metabolism processes. Specific
signatures, illustrating the cell response to each exposure were extracted. The oleic presented
a moderate metabolome perturbation in which we detected the production of pyroglutamate
as potential ROS detoxification marker. The palmitic acid particularly contributed to modify
the TCA intermediates and substrates illustrating a potential cellular respiration adaptation.
Finally, the palmitic/oleic acids mixture were characterized by lower production of serine and
glycine and consumption of sarcosine highlighting a perturbation of the serine, glycine, folate
related pathways. This perturbation was coupled with lower cholesterol synthesis and a more
global reduction of the fatty acid and lipid metabolisms. Overall, our data demonstrate the
sensibility of our strategy, using organ-on-chip technology coupled with metabolomic

profiling, to investigate pro-steatosis cellular response.

141



Chapter IV. NAFL-on-chip model: Investigation of the metabolomic profiles of the exposed HepG2/C3A cells

4.9 References

1 J. F. Xiao, B. Zhou and H. W. Ressom, TrAC Trends in Analytical Chemistry, 2012, 32, 1—
14.

2 K. Burgess, N. Rankin and S. Weidt, in Handbook of Pharmacogenomics and Stratified
Medicine, 2014, 181-205.

3 A. Artati and J. Tokarz, in Metabolomics for Biomedical Research, 2020, 137—-157.

4 S. Qiy, Y. Cai, H. Yao, C. Lin, Y. Xie, S. Tang and A. Zhang, Signal Transduct Target Ther,
2023, 8.

5 J. M. Prot, A. S. Briffaut, F. Letourneur, P. Chafey, F. Merlier, Y. Grandvalet, C. Legallais
and E. Leclerc, PLoS One, 2011, 6, e21268.

6 L. C. Snouber, A. Bunescu, M. Naudot, C. Legallais, C. Brochot, M. E. Dumas, B. Elena-

Herrmann and E. Leclerc, Toxicological Sciences, 2013, 132, 8-20.

7 R. Jellali, P. Zeller, F. Gilard, A. Legendre, M. J. Fleury, S. Jacques, G. Tcherkez and E.

Leclerc, Environ Toxicol Pharmacol, 2018, 59, 1-12.

8 L. Shintu, R. Baudoin, V. Navratil, J.-M. Prot, C. Pontoizeau, M. Defernez, B. J. Blaise, C.
Domange, A. R. Péry, P. Toulhoat, C. Legallais, C. Brochot, E. Leclerc and M.-E. Dumas,
Anal Chem, 2012, 84, 1840-1848.

9 T. Messelmani, A. Le Goff, F. Soncin, F. Gilard, Z. Souguir, N. Maubon, B. Gakiére, C.
Legallais, E. Leclerc and R. Jellali, Toxicology, 2023, 492, 153550.

10 M. Masoodi, A. Gastaldelli, T. Hyotylainen, E. Arretxe, C. Alonso, M. Gaggini, J. Brosnan,
Q. M. Anstee, O. Millet, P. Ortiz, J. M. Mato, J. F. Dufour and M. Oresi¢, Nature Reviews

Gastroenterology & Hepatology 2021 18:12, 2021, 18, 835-856.

11 Y. Zhou, M. Oresi¢, M. Leivonen, P. Gopalacharyulu, J. Hyysalo, J. Arola, A. Verrijken, S.
Francque, L. Van Gaal, T. Hy6tylainen and H. Yki-Jarvinen, Clinical Gastroenterology and

Hepatology, 2016, 14, 1463-1472.e6.

142



Chapter IV. NAFL-on-chip model: Investigation of the metabolomic profiles of the exposed HepG2/C3A cells

12

13

14

15

16

17

18

19

20

21

22

N. Perakakis, S. A. Polyzos, A. Yazdani, A. Sala-Vila, J. Kountouras, A. D. Anastasilakis and
C. S. Mantzoros, Metabolism, 2019, 101, 154005.

Y. Jung, M. K. Lee, P. Puri, B. K. Koo, S. K. Joo, S. Y. Jang, D. H. Lee, Y. J. Jung, B. G. Kim,
K. L. Lee, T. S. Park, K. T. Kang, D. H. Ryu, S. W. Kang, D. Kim, S. Oh, W. Kim and G. S.
Hwang, Aliment Pharmacol Ther, 2020, 52, 1603-1614.

C. Caussy, J. C. Chuang, A. Billin, T. Hu, Y. Wang, G. M. Subramanian, C. S. Djedjos, R. P.
Myers, E. A. Dennis and R. Loomba, Therap Adv Gastroenterol, 2020, 13.

H. Y. Kim, Clin Mol Hepatol, 2021, 27, 553-559.

R. Mayo, J. Crespo, I. Martinez-Arranz, J. M. Banales, M. Arias, I. Mincholé, R. Aller de la
Fuente, R. Jimenez-Agliero, C. Alonso, D. A. de Luis, L. Vitek, J. Stritesky, J. Caballeria,
M. Romero-Gémez, A. Martin-Duce, J. M. Mugilierza Huguet, J. |. Busteros-Moraza, M.
O. Idowu, A. Castro, M. L. Martinez-Chantar, P. Ortiz, R. Bruha, S. C. Lu, P. Bedossa, M.
Noureddin, A. J. Sanyal and J. M. Mato, Hepatol Commun, 2018, 2, 807-820.

C. Xu, D. Song, A. L. Holck, Y. Zhou and R. Liu, ACS Omega, 2020, 5, 11314-11323.

M. A. Bermudez, L. Pereira, C. Fraile, L. Valerio, M. A. Balboa and J. Balsinde, Cells, 2022,
11, 2146.

Z.-H. Yang, H. Miyahara and A. Hatanaka, Lipids Health Dis, 2011, 10, 120.

C. 0. Souza, A. A. S. Teixeira, E. A. Lima, H. A. P. Batatinha, L. M. Gomes, M. Carvalho-
Silva, I. T. Mota, E. L. Streck, S. M. Hirabara and J. C. R. Neto, Mediators Inflamm, 2014,
2014, 1-12.

C. 0.Souza, A. A. S. Teixeira, L. A. Biondo, L. S. Silveira, C. N. de Souza Breda, T. T. Braga,
N. O.S. Camara, T. Belchior, W. T. Festuccia, T. A. Diniz, G. M. Ferreira, M. H. Hirata, A.
B. Chaves-Filho, M. Y. Yoshinaga, S. Miyamoto, P. C. Calder, J. K. Sethi and J. C. Rosa
Neto, Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids, 2020,
1865, 158776.

Y. Akazawa, S. Cazanave, J. L. Mott, N. EImi, S. F. Bronk, S. Kohno, M. R. Charlton and G.
J. Gores, J Hepatol, 2010, 52, 586—-593.

143



Chapter IV. NAFL-on-chip model: Investigation of the metabolomic profiles of the exposed HepG2/C3A cells

23

24

25

26

27

28

29

30

31

32

33

34

O. Tirosh, Oxid Med Cell Longev, 2018, 2018, 1-15.

R. R. El-Kady, A. K. Ali, L. M. El Wakeel, N. A. Sabri and M. A. Shawki, Ther Adv Chronic
Dis, 2022 ,13.

H. Wan, J. Li, H. Liao, M. Liao, L. Luo, L. Xu, K. Yuan and Y. Zeng, Mol Med Rep, 2018, 19,
555-562.

A. Nahle, Y. D. Joseph, S. Pereira, Y. Mori, F. Poon, H. E. Ghadieh, A. Ivovic, T. Desai, S.
S. Ghanem, S. Asalla, H. T. Muturi, E. M. Jentz, J. W. Joseph, S. M. Najjar and A. Giacca,
Int J Mol Sci, 2021, 22, 13224.

W. W. Yau, G. Bin Chen, J. Zhou, J. C. Francisco, N. K. Thimmukonda, S. Li, B. K. Singh
and P. M. Yen, Hum Mol Genet, 2023, 32, 1922-1931.

P. L. Eriksen, H. Vilstrup, K. Rigbolt, M. P. Suppli, M. Sgrensen, S. Heebgll, S. S. Veidal, F.
K. Knop and K. L. Thomsen, Liver International, 2019, 39, 2094-2101.

K. L. Thomsen, P. L. Eriksen, A. JC. Kerbert, F. De Chiara, R. Jalan and H. Vilstrup, JHEP
Reports, 2023, 5, 100780.

A. Eynaudi, F. Diaz-Castro, J. C. Bérquez, R. Bravo-Sagua, V. Parra and R. Troncoso, Front

Nutr, 2021, 8, 775382.

R. G. R. Mooli and S. K. Ramakrishnan, Cell Mol Gastroenterol Hepatol, 2022, 13, 1267—-
1270.

W. E. Gall, K. Beebe, K. A. Lawton, K.-P. Adam, M. W. Mitchell, P. J. Nakhle, J. A. Ryals,
M. V. Milburn, M. Nannipieri, S. Camastra, A. Natali and E. Ferrannini, PLoS One, 2010,
5, e10883.

S. Aggarwal, V. Yadav, R. Maiwall, A. Rastogi, V. Pamecha, O. Bedi, J. S. Maras, N.
Trehanpati and G. Ramakrishna, Biochem Biophys Res Commun, 2023, 643, 129-138.

I. Garcia-Ruiz, P. Solis-Mufioz, D. Fernandez-Moreira, T. Mufioz-Yagie and J. A. Solis-

Herruzo, DMM Disease Models and Mechanisms, 2015, 8, 183—191.

144



Chapter IV. NAFL-on-chip model: Investigation of the metabolomic profiles of the exposed HepG2/C3A cells

35

36

37

38

39

L. Zhang Shengli Zhang, T. J. Biol, L. Zhang and S. Zhang, Turkish Journal of Biology, 2022,
46, 298-306.

X. Gao, K. Lee, M. A. Reid, S. M. Sanderson, C. Qiu, S. Li, J. Liu and J. W. Locasale, Cell
Rep, 2018, 22, 3507-3520.

M. K. Handzlik, J. M. Gengatharan, K. E. Frizzi, G. H. McGregor, C. Martino, G. Rahman,
A. Gonzalez, A. M. Moreno, C. R. Green, L. S. Guernsey, T. Lin, P. Tseng, Y. Ideguchi, R.
J. Fallon, A. Chaix, S. Panda, P. Mali, M. Wallace, R. Knight, M. L. Gantner, N. A. Calcutt
and C. M. Metallo, Nature, 2023, 614, 118-124.

C. SHI, L. WANG, K. ZHOU, M. SHAO, Y. LU and T. WU, J Nutr Sci Vitaminol (Tokyo), 2020,
66, 536—-544.

R. O. Walters, E. Arias, A. Diaz, E. S. Burgos, F. Guan, S. Tiano, K. Mao, C. L. Green, Y.
Qiu, H. Shah, D. Wang, A. D. Hudgins, T. Tabrizian, V. Tosti, D. Shechter, L. Fontana, I. J.
Kurland, N. Barzilai, A. M. Cuervo, D. E. L. Promislow and D. M. Huffman, Cell Rep, 2018,
25, 663-676.€6.

145



Chapter IV. NAFL-on-chip model: Investigation of the metabolomic profiles of the exposed HepG2/C3A cells

4.10 Supplementary Figures

Supp. Fig. 1: (A) PLS-DA scores plots and (B) Heatmap of the metabolites differentially

expressed in OA condition at day 2.
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Supp. Fig. 2: (A) PLS-DA scores plots and (B) Heatmap of the metabolites differentially

expressed in PA condition at day 2.
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Supp. Fig. 3: (A) PLS-DA scores plots and (B) Heatmap of the metabolites differentially
expressed in OA/PA condition at day 2.
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Supp. Fig. 4: Enrichment pathway dot plots for OA condition at (A) day 4 and (B) day 7.
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Supp. Fig. 5: Enrichment pathway dot plots for PA condition at (A) day 4 and (B) day 7.
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Supp. Fig. 6: Enrichment pathway dot plots for OA/PA condition at (A) day 4 and (B) day 7.
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Chapter V:

Perspectives toward a full NAFL-on-chip model
based on human induced pluripotent stem cells —
Preliminary results of the cell differentiation
process

As enounced in Chapter |, iPSC has emerged as an attractive cell source that can be directly
generated from the patients' skin fibroblasts, blood cells and other somatic cell sources.
Therefore, patient-specific hiPSCs could serving as an extremely valuable resource for
previously inaccessible cell types such as primary hepatocytes. In this chapter, we explored
the potential of using human induced pluripotent stem cell to obtained hepatocyte-like cells.
Because our final objective is to develop an advanced NAFL-on-chip model and study the
crosstalk between liver and pancreas we also explored the differentiation of hiPSC into beta-

like cells spheroids.
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5.1 Liver-on-chip based on hiPSC: Toward an advanced NAFL-on-chip model

5.1.1 Introduction

Depending on the study aim, the cell type used in hepatic in vitro research has to fulfil
specific metabolic functions in order to reflect the situation in the native organ. PHH are
currently the gold standard for hepatic in vitro culture models, since they directly reflect the
specific metabolism and functionality of the human liverl. However, the difficult logistics to
obtain PHH, their cost and their early loss of hepatic functions have driven researchers to
explore alternative cell sources. Thus, liver cell lines, such as HepG2/C3A and HepaRG, are
widely used due to their good availability and cost. Despite good preservation of certain
hepatic functions, cell lines have limitations in the reproduction of the in vivo environment

and making it difficult to understand the underlying mechanisms of diseases’2.

For the past few years, pluripotent stem cells (PSCs) have been attracting scientist’s
attention, due their ability to proliferate and to differentiate into cells that arise from the 3
germ layers (ectoderm, endoderm, and mesoderm) from which all tissues and organs
develop3. Since Takahashi and Yamanaka* generated pluripotent stem cells by reprogramming
somatic cells, human induced pluripotent stem cell (hiPSC) have been widely used. Indeed,
hiPSC, as embryonic stem cells, are able to proliferate and differentiate into any cell type.
However, these properties are also constraints. hiPSC differentiation requires understanding
and mastering cell signaling pathways in order to obtain the desired cell type. Thus, to control
cell differentiation pathway into the desired tissue, it is necessary to manipulate culture
conditions as composition of the cell culture medium and the atmosphere in the incubator.
Despite efforts to control the extracellular environment, it is difficult to achieve a similar effect
to in vivo. Indeed, the tissues obtained are often heterogeneous with undifferentiated cells
and enhanced differentiated cells which are not fully functional. Moreover, a variability
between the different existing hiPSC lines has been demonstrated a non-compatibility

between some hiPSC cell line and the desired cell types>.

hiPSC differentiation into hepatocytes-like cells (HLC) have shown some interest since
a decade®. Numerous hiPSC lines and protocols have been developed by researchers in order
to study the physiology of the liver and the associated diseases. Nevertheless, there is a typical

protocol, based on Si-Tayeb et al.,” which consist of four differentiation phases during which
152



Chapter V. Perspectives toward a full NAFL-on-chip model based on human induced pluripotent stem cells —
Preliminary results of the cell differentiation process

the cells require different growth factors. First, hiPSC differentiate into definitive endoderm
cells by 5 days of activin A treatment. Next, differentiation to hepatoblast-like cell is induced
by the presence of fibroblast growth factor-2 (FGF2) and bone morphogenetic protein-4 (BMP-
4) in the culture medium for 5 days. Then immature hepatocytes are obtained after 5 days of
treatment with hepatocyte growth factor (HGF). These two previous steps have to be
performed under a 4% 02 atmosphere. For the last step, cells are treated during 5 days with
hepatocyte culture medium supplemented with endothelial growth factor (EGF) or oncostatin
M (OSM) in order to enhance hepatocytes maturation®, Many types of medium have been
developed to establish a stable maintenance method for hiPSC and their differentiation to
HLC. Essential 8 (E8), is a xeno-free medium which is widely used for hiPS cell culture. This
culture medium was developed based on TeSR medium, and contain the 8 essential
components needed for stem cell culture: insulin, selenium, transferrin, L-ascorbic acid, FGF2,
transforming growth factor beta 1 (TGF-B1) in DMEM/F12 (Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F12) and NaHCOs for pH adjustment®°, Among the most used
media we also find RPMI-1640 which is composed of L-glutamine, HEPES, sodium pyruvate,
glucose, and sodium bicarbonate. When used for hiPSC maintenance, RPMI-1640 is usually
supplemented with B-27, a serum-free supplement that promote serial generation of stem
cells!. Invivo, the composition and stiffness of liver’s extracellular matrix (ECM) cooperatively
regulate hepatic phenotype. The ECM is composed of glycoproteins such as collagen, fibrillin,
elastin, fibronectin, and laminin. Most of them are commercially available, including
fibronectin, different types of collagens, and laminin derivatives and can be used for hiPSC
maintenance and differentiation. Other biomaterials are also used such as gelatin, Geltrex and
Matrigel® despite its batch-to-batch variability in its protein concentration and composition??.
Thanks to the combination of all these methods, human ES/iPS cells can be stably cultured for
a long time. However, there has been no investigation of the optimal protocol to obtain

functional hepatocytes such as human mature primary hepatocytes.

Despite a control of biophysical and biochemical signals the HLC differentiated from
hiPSC are immature. The immaturity of these cells can be explained in particular by the
absence of a biophysical environment. Indeed, topography, shear stress, and substrate rigidity

are factors influencing the phenotype of future cells'®'4. Considering these characteristics and
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based on the typical protocol, Professor Sakai’s team propose an optimized protocol for the
differentiation of the TkDN4-M hiPSCs line into HLC in a microfluidic system®®. Indeed, they
developed and evaluated different strategies for hepatic differentiation of hiPSCs and
highlighted that partial on-chip differentiation promote hepatic maturation when compared
to differentiation in Petri dishes!®!’. Furthermore, in previous works, our group has developed
a NAFL liver-on-chip model using HepG2/C3A cell lines to investigate the features of the
disease and extract dysregulated metabolic pathways. Nevertheless, this model has
limitations in the reproduction of the in vivo NAFL physiopathology due to the genetic
perturbation of the wnt/B-catenin pathway which is responsible of lipid metabolism
dysregulation. Thus, to improve our previous model and to have a better approximation to in
vivo, we attempted to reproduce our NAFL liver-on-chip model by adapting the partial on-chip
protocol to the Cellartis® hiPSC cell line 22 (ChiPSC22, Takara Bio, Europe). We evaluated
maturation and steatosis-like state of differentiated hepatocytes by RT-qPCR analysis,

immunostaining analysis and several hepatic functional analyses.

5.1.2 Adaptation of the partial on-chip differentiation for Cellartis® cells

To differentiate ChiPSC22, we modified the four-step partial on-chip differentiation
protocol developed for hepatic differentiation of hiPSC*®. First, we performed a cell expansion
step, by culturing cells in 6-well plate according to the manufacturer’s recommendations.
Once their reach 30% confluence, we used CHIR99021 and activin A to induce the definitive
endoderm, followed by a bFGF (basic fibroblast growth factor) and BMP-4 treatment to steer
them into the hepatic lineage. Immature hepatocytes like-cells obtained after HGF treatment
were detached and transferred to Matrigel®-coated biochips for maturation step. In this final
step, cells were cultured under a 10 pL/min perfusion flow rate and exposed to HGF,
dexamethasone, nicotinamide, ascorbic acid, transforming growth factor beta 1 receptor
(TGF-B1R) inhibitor and rock inhibitor. In this adapted protocol, the first two steps (S1 and S2)
lasted 5 days, S3 10 days and S4 14 days. RPMI-1640 supplemented with B-27 was used for all
steps except the last one for which it was replaced by DMEM/Ham’s F-12 (Figure 2.6). At the
end of this protocol, the cells were observed and presented much smaller sizes than expected
for mature adult hepatocytes. (Figure 5.1A). Moreover, albumin and CYP3A4, specific hepatic

markers were moderately expressed by immunostaining (Figure 5.1B).
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CYP3A4

Figure 5. 1: (A) Cells morphology at day 22, 28, 30 and 34. (B) Albumin (green) and CYP3A4
(red) immunostaining. Scale bar: 100 um.

5.1.3 Optimization of the adapted partial on-chip differentiation for Cellartis® cells
To promote hepatocytes maturation, we decided to extend the last step of the
differentiation protocol by adding 14 days of culture (Step 4.2). After 48 days through the

differentiation procedure, cells formed a confluent tissue layer and displayed hepatocyte-
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specific cuboid and bi-nucleated morphology indicating that ChiPSC22 had been differentiated
into HLCs (Figure 5.2A). First, cell maturation was assessed by an albumin immunostaining
which is a specific hepatic marker. We observed sparse green fluorescent cells indicating
albumin secretion (Figure 5.2B). This observation was confirmed with albumin quantification
in the culture medium sampled on days 36 and 48 of the Step 4.2. Results shown in Figure 5.
2. C, demonstrated a low production of alobumin (69.28+29.5 ng/day) from the first two days
of Step 4.2. At day 48, albumin production reached 196.83+42.937 ng/day which is almost 3-
fold higher than day 36.
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Figure 5. 2: (A) Cells morphology at day 38 and 48. (B) DAPI (blue) and Albumin (green)
immunostaining at the end of differentiation. (C) Albumin production at day 36 and day 48.
Statistically analysed by Student t-test. n=3.
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5.1.4 Development of the NAFL liver-on-chip based on Cellartis® cell line

5.1.4.1 Exposure condition and morphological analysis
To develop our NAFL model using HLC from pluripotent stem cell, we exposed the cells

to fatty acid. Oleic acid (OA) was chosen because i) it is one of the most abundant fatty acid
in the diet ii) it promotes lipid accumulation in the form of lipid droplets in the cytoplasm of
hepatocytes iii) it is less toxic than palmitic acid as demonstrated in Chapter 3. Oleic acid was
introduced in the culture medium at 0.5mM and cell was exposed for the duration of Step 4.2
i.e. 14 days. The morphological analysis demonstrated the successful cellular adhesion of both
control group (non-treated HLC) and treated group (HLC exposed to OA). However, when
compared to the control group, the treated group exhibit a less dense cell layer although the
population of cells showing a hepatocyte phenotype appears to be larger than those in the

control group (Figure 5.3).

Figure 5. 3: Cells morphology at the end of the differentiation protocol.

5.1.4.2 Immunostaining
We performed the immunostaining of the albumin (Figure 5.4), two markers major

markers of hepatocytes functionalities. For both control and treated group, cells were positive
to albumin, with a higher intensity of the signal in the treated group. E-cadherin (CDH1) a
marker of epithelial specification whose expression decreases during hepatic
dedifferentiation, was also stained. The intensity signal of CDH1 remained similar for both
conditions which indicates that the presence of OA did not alter the differentiation process

(Figure 5.5).
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Albumin Merge

Control

Oleic acid

Figure 5. 4: DAPI (blue) and Albumin (green) immunostaining at the end of the differentiation
and exposure protocol for control and treated group. Scale bar: 100 um.

DAPI CDH1 Merge

Figure 5. 5: CDH1 immunostaining on the control and treated group after differentiation and
exposure protocol. Scale bar: 100um.

Control

Oleic acid

5.1.4.3 Functional analysis: albumin and urea production
We assessed HLC functionality by measuring albumin and urea in the culture medium at

the end of the differentiation process. Results showed that albumin secretion was not
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significantly different between the control group and the treated group, with 263.83+83.9
ng/day and 290.87+125.7 ng/day, respectively (Figure 5.6A). Furthermore, urea production
remained in low levels for both control group and treated group. As observed in Figure 5.6B,
urea production for the treated group (22.745.2 ug/day) was not significantly different than

the control group (16.8+2.4 pg/day).
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Figure 5. 6: (A) Albumin production in both control and treated group at day 48. (B) Urea
production in both control and treated group at day 48. Statistically analysed by Mann-
Whitney test. n=3.

5.1.4.4 FFA-induced lipid accumulation
We compared the lipid accumulation in the tissue using an oil red staining (Figure

5.7A). We did not observe lipid accumulation in the control group. Conversely, the oil red
staining revealed a clear accumulation of lipid in OA treated group. Moreover, we compared
the production of collagen and non-collagenous proteins (Figure 5.7B). The control group
presented a heterogeneous extra cellular matrix profile with both staining. For the treated
group, we observed an intense green network staining suggesting that OA treatment promote

non-collagenous proteins expressions.
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Oleic acid

Control
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Figure 5. 7: (A) Lipid droplets staining on control and treated group at day 48. (B) Non-
collagenous (green) and total collagen (purple) proteins staining on control and treated
group at day 48. Scale bar: 100 um.

5.1.4.5 RT-qPCR analysis
The RTgPCR analysis is presented in Figure 5.8. The comparison of the mRNA levels by

RTqPCR demonstrated that OA treatment induced an upregulation of the CYP3A4 mRNA levels
when compared to control group. Conversely, we observed a downregulation of GLUT2 mRNA

levels in treated cells. Nevertheless, the treatment did not modulate the mRNA expression of

ALB, CK7, INSRA and INSRB when compared to control group.
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Figure 5. 8: MRNA expression of selected NAFL genes after differentiation and exposure
protocol. n=2.

5.1.5 Discussion

In this work we investigated the development of a NAFL liver-on-chip using human
pluripotent stem cells. First, we adapted the partial-on-chip protocol, developed by Danoy et
al.*® to the Cellartis® ChiPSC22 cells. This adapted protocol is composed of four step whose
last step (S4) is performed during 14 days in perfused biochip. We found that cells obtained
at the end of the differentiation procedure were not fully matured. Danoy et al.'® improved
their protocol by sorting CPM* at the end of S3 and added longer maturation in Petri before
to inoculate the cells in biochips®. Our cells did not exhibit mature hepatocyte phenotype
and functions and these results may be explained by the loss of the function of hepatic
progenitors during cells transfer in the biochips'®. Consequently, we investigated the
improvement of the maturation into HLC by culturing the cells longer in the microfluidic
system in order to promote their adaption to their new environment and further
differentiation. By extending the perfused culture to 28 days, we obtained cuboid and bi-
nucleated cells corresponding to hepatocyte-specific morphology®®. Moreover, we detected a

secretion of albumin by immunostaining. However, the albumin secretion remained low when
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compared to PHH?%2l, Our preliminary results showed the necessity to extend the
development on the Cellartis cells to adapt the protocol to liver on chip cultures, either by
practicing the CPM+ sorting, modulating the culture medium with well-known hepatic

maturation chemical such as dexamethasone?223,

Based on the extended protocol we proposed a first tentative of hepatic steatosis
model. For fatty liver simulation, OA, which is an unsaturated fatty acid, was used. Cells were
exposed during the second maturation step which last 14 days (Step 4.2). We explored cells
morphology and noticed that treated group exhibit more cells with a hepatocyte phenotype
supposing that the fatty acids treatment enhanced cellular morphology. Although such results
have, to our knowledge, never been demonstrated for HLC, however, it has been proven that
fatty acid treatments (oleic or/and palmitic acids) promote the maturation of hiPSC-
cardiomyocytes when used in addition or replacing glucose as an energy source?#%>, RT-qPCR
analysis showed an overexpression of CYP3A4 in treated group but comparable albumin
expression that confirming partially this hypothesis. In parallel, albumin and CDH1
immunostaining did not highlight any substantial maturation in the treated group.
Furthermore, functional analysis confirmed that the production of albumin was comparable
in both groups. Similar results were found for urea production that remained low for both
groups. Values obtained for both albumin and urea quantification could not be normalized by
the number of cells considering the fragility and the value of the samples. As a result,

additional experiments would be required to be able to compared with literature data.

Finally, lipid droplets were observed by oil red staining in treated group indicating that
oleic acid treatment induced an accumulation of triacylglycerol (TAG). Gene expression
analysis showed that fatty acid synthase (FASN) was relatively more expressed in treated
group than control group. Although this was not observed in our results, that could be partly
explained by an increase of the lipogenic transcription factors sterol regulatory element-

binding protein-1 (SREBP-1)2527,
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5.2 Evaluation of the transfer of pancreatic beta-like cell spheroids protocol

5.2.1 Introduction

As explained throughout the Chapter 1, the pathophysiology of the metabolic syndrome
and its progression are not fully elucidated. Nevertheless, it has been shown that NAFLD and
T2DM are respectively the hepatic and pancreatic manifestation of Mets, and that the two
conditions are linked in complex ways. Indeed, although insulin resistance seems to be at the
heart of these metabolic diseases, other mechanisms also seem to play a role. Therefore, in
order to study the interdependence of NAFLD and T2DM it is essential to develop in vitro
models allowing to mimic the liver and pancreas simultaneously. Cellular engineering
approach represents the most appropriate approach to mimic and recapitulate the complex
biological physiology of the MetS and more specifically the link between NAFLD and T2DM.
Nevertheless, only few studies explored the association between NAFLD and TD2M in an in

vitro model.

Microfluidic platforms have successfully proven their ability to reproduce tissue/organ
functions beyond the limits of traditional 2D culture. The most recent innovation is to use
organ-on-chip technology to reproduce the behaviour of a group of organs. Most of the time,
multi-organ-on-chip tries to faithfully emulate the in vivo environment and interactions
between organs. The implied signalling pathways create synergic effects on cells which
enhance their functions compared to monocultured cells. Nevertheless, the transition to
multi-organ-on-chip systems require to have previously enhanced organ-on-chip systems.
Each organ type needs individualized system to mimic its micro-environment. For the
pancreas, microfluidic platforms are usually design with trapping sites in which human islets
are immobilized and cultured under flow as perfusion is essential to maintain their viability

and to remove metabolic products?®.

As PHH, human pancreatic islets are difficult to obtain, therefore alternative sources of
cells, including the differentiation of stem cells and progenitor cells into insulin-producing
beta-cells have been studied over the years. Thus, differentiation of hiPCs toward beta-cells
represents a promising process in regenerative medicine and diabetes research. Indeed,
several studies were conducted on the use of human beta-cells derived from iPSC to restore

endogenous insulin secretion?®732, In addition, other studies have demonstrated the value of
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using beta-cells derived from iPSC for disease modelling as they provide a better
understanding of multiple form of diabetes33-3°. However, only few experimental studies

investigated the correlation between T2DM and NAFL.

In this context, we explored the generation beta-like cell spheroids using iPSC and
organ-on-chip technology as a pancreatic model for a liver-pancreas-on-chip. This pancreas-
on-chip model, pre-established by Essaouiba,2020 included the combination between static
and dynamic culture for iPSC differentiation. Up to now, our beta cells differentiation was
performed in collaboration with LIMMS in Tokyo. In order to move a to full harmonise liver-
pancreas model at BMBI, using Cellartis® hiPSC cell line and thus similar donors, we
investigated the feasibility to transfer to protocol from LIMMS to BMBI. For that purpose,
honeycomb technology was sent to Compiegne by our colleagues. Then the pancreas protocol

and biochip culture were tested on site.

5.2.2 Generation of beta-like cell spheroids

Cellartis® hiPSC cell line 12 (ChiPSC12, Takara Bio, Europe) were used to derive beta-
like cells. As described in Chapter 2.5.1, the cells were seeded in honeycomb microwells at a
density of 6x10° cells/wells. We observed formation of aggregate with a rough circumference
24 h after cell seeding and spheroids surrounded with a nudge of cells after 4 days of culture
(Figure 5.9A). The formed spheroids were collected from honeycombs well and inoculated
into crest biochips (n=1 honeycomb well for 3 biochips) for 11 to 12 days of dynamic culture.
At the end of perfusion, we confirmed the presence of spheroids (about 100

spheroids/biochips) illustrating successful dynamic perfusion (Figure 5.9B).

Day 1 Day 4 Day 16
(after seeding) (transfert day) (end of experiment)
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Figure 5. 9: Morphology of hiPSC derived-B-cells cultivated in honeycombs and biochips. (A)
Beta-like cell spheroids formation in honeycomb wells. (B) Beta-like cell spheroids in biochip
after 12 days of perfused culture.

5.2.3 Immunostaining analysis
Immunostaining analysis shown positive spheroids for both glucagon and insulin
(Figure 5.11). Glucagon-positive cells appeared to be located at the periphery of the spheroids,

while insulin-positive cells seemed to be located in the spheroids core.

Hoechst Insulin Glucagon Merge

Biochips

Honeycombs

Figure 5. 10: Insulin (red) and Glucagon (green) immunostaining of beta-like cell spheroids at
the end of culture in biochips and honeycombs well. Cell nucleus are stained with DAPI (blue).
Scale bar: 100 um.
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5.2.4 Discussion

We successfully transfer the pancreas-on-chip culture protocol to BMBI. In fact, we
perfectly performed spheroids and dynamic culture. Pancreatic spheroids maintained their
integrity for both honeycomb and biochip condition until the end of the differentiation
process. Interestingly, immunostaining highlighted that the beta-like cell spheroids obtained

had a bi-hormonal profile of as they showed glucagon and insulin positive populations.

These promising results lead to a collaboration between BMBI, LIMMS and IEMN in
order to the study of the pancreatic subpopulations and their potential role on hormone

regulation. This work has been published as an article which is attached in Annex I.

5.3 Conclusion

In this perspectives chapter, we investigated the development of liver-on-chip and
pancreas-on-chip by using human induced pluripotent stem cells as the global objective of this

project is to develop a multi-organ-on-chip model.

First, we proposed a differentiation protocol of hiPSCs into hepatocytes in a microfluidic
system and a primary analysis of its impact on the cells were performed. We highlighted that
after seeding, our cells require at least 14 days to stabilize in the biochips to obtain a more
functional phenotype. While improvement in our differentiation protocol is still necessary, we
used it to propose a model of an hiPSC-based NAFL-on-chip. We observed intracellular TAG
accumulation in treated group when compared to control group but no significant difference
in the expression of genes involve in NAFL development. Nevertheless, the present results are
very encouraging toward the use of our hiPSC-based liver-on-chip for modelling NAFL

pathological process.

Parallelly, we successfully reproduced the differentiation protocol of hiPSCs into
pancreatic cells by combining static and dynamic culture. The static culture displayed round
spheroids able to handle dynamic culture for 12 days. Surprisingly, immunostaining shown the
bi-hormonal nature of our pancreatic spheroids opening up exciting new perspectives in the

study of cell subpopulation and hormone regulation in the pancreas.
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In conclusion both of this hiPSC-based organ-on-chip experiments need to be repeated
and enhanced in order to obtain mature cells and significant results. We assumed that co-
culture of both liver and pancreas on-chip may have a positive effect on cell maturation, we
still need to investigate this hypothesis. Nevertheless, those primary results demonstrated
the feasibility of hiPSC-based organ-on-chip for early disease modelling. Indeed, these models
can enable the generation of patient specific hiPSC-based liver or/and pancreas-on-chip,
allowing disease understanding and treatment testing considering genetic components and

interindividual variability.
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The harmful impacts of non-alcoholic fatty liver disease (NAFLD) are increasingly
posing a significant public health challenge due to the global rise in diabetes and obesity rates.
Notably, NAFLD stands as the most prevalent chronic liver disorder in the Western world. It is
characterized by hepatic steatosis, wherein no other contributing factors, such as excessive
alcohol consumption, can account for the accumulation of fat in the liver. Due to the
complexity of this disease, there is still no therapeutic solution although several drugs are
under clinical trials. The lack of pertinent model could be a potential bottleneck to identify
potential candidate drugs. Recent advancements in microfluidic devices have emerged as a
potent tool for preserving cell functionality and extending the lifespan of various cell
populations when compared to traditional in vitro models. Furthermore, research has shown
that cells are highly responsive to the biomechanical stimuli found in living organisms,
emphasizing the importance of incorporating such stimuli as a crucial parameter in creating
relevant in vitro models. Organ-on-chip is proposed as solution to combine 3D culture and
multicellular tissues (even organ-to-organ interaction) by providing a microenvironment
allowing biochemical and biomechanical stimulation (through dynamic culture). However,
developing liver-on-chip models as viable alternatives to animal testing remains a formidable
challenge. While various models have been proposed in scientific literature, to our knowledge,
none have been effectively adopted by pharmaceutical companies for drug discovery. Indeed,
many of these models lack the capability to faithfully replicate in vivo biological processes or

consider the intricate microenvironment and physiology of living organisms.

In this work, we try to bring some incremental steps toward the development of liver-
on-chip useful to mimic the liver steatosis. In the first part of our work, we investigated if the
HepG2/C3A-based liver-on-chip of the laboratory was a pertinent model to reproduce the
characteristic of fatty liver disease. Indeed, our technology was previously used to investigate
drugs and chemical toxicity but was never applied to reproduce a liver disease. We found that
the treatment of oleic acid, palmitic acid and the mixture of oleic and palmitic acid lead to
specific HepG2/C3A response. More particularly, we found that the oleic acid and

oleic/palmitic acid treatment did not modify the HepG2/C3A proliferation. However, both
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treatments led to reactive oxygen species production. In addition, the oleic acid led to the
accumulation of lipid. In parallel, the palmitic acid treatment limited the HepG2/C3A
proliferation. This limitation was coupled with a low reactive oxygen production and no lipid
accumulation. The palmitic treatment led to a lipid metabolism perturbation that was
characterized by the important downregulation of glycolic and lipidic genes illustrated by the
GLUT2, INSRA, FASN and SREBP1 mRNA levels. Interestingly, the co-exposure of oleic acid with
palmitic acid restored the mRNA levels of GLUT2, INSRA, FASN and partially of SREBP1.
Although, several patterns of our result appeared consistent with the large literature using
HepG2 as liver model for steatosis (either in 2D or 3D spheroids), some physiopathological
responses that we observed may include some bias due to the tumoral properties of the
HepG2/C3A cell line. Nevertheless, this model was pertinent because it allows to screen easily
a large panel of parameters during the establishment of our model and confirmed the
sensibility of our organ-on-chip technology to response various free fatty acid stimuli. Then in
a second part of our investigation, we have extended the characterization by proposing a
metabolomic profiling of the treatments of oleic acid, palmitic acid and the mixture of oleic
and palmitic acids. Previously, our laboratory has demonstrated in the past the potential of
the organ-on-chip technology to extract hepatoxic signature regarding environmental
chemical (pesticides, solvent), drugs (paracetamol, flutamide), but we never confirmed the
potential of extracting physiopathological signatures in liver disease-like model. As we
established different responses in term of cell growth, lipid accumulation and oxidative stress
expression depending on the fatty acid treatments, we were interesting to investigate the
cellular secretome modified in our model. The purpose of such analysis was to extract typical
metabolic signatures to be able to define potential biomarker and metabolic patterns. Our
model has displayed its interest as far as we were able to establish specific metabolic profile
for each treatment but also a common response of the three tested treatments. The three
different fatty acid treatments induced a shift in the fatty acid beta-oxidation process and
lipogenesis in a dependent manner. Additionally, they commonly led to the modulation of the
nicotinamide and oxalic acid metabolism, which could potentially serve asbiomarkers. In
parallel, all treatments resulted in modifications to nitrogen metabolism processes. Distinctive
patterns, reflecting the cellular response to each exposure, were identified. Oleic acid

treatment induced a mild perturbation in the metabolome, with the detection of
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pyroglutamate production, potentially indicative of reactive oxygen species (ROS)
detoxification. Palmitic acid, on the other hand, appeared to significantly alter tricarboxylic
acid (TCA) intermediates and substrates, suggesting potential adaptations in cellular
respiration. Lastly, the combination of palmitic and oleic acids was characterized by reduced
production of serine, glycine, and a consumption of sarcosine, indicating a disruption in this
pathway. This disruption was accompanied by decreased cholesterol synthesis and a more
comprehensive reduction in fatty acid metabolism. Finally, in a third part of our work, we
have move on a more realistic and relevant liver steatosis model by using human induced
pluripotent stem cells. The human induced pluripotent stem cells have the interest because
they can be directly generated from the patients' cell sources. Therefore, patient-specific iPSCs
could serving as an extremely valuable resource to consider patient’ medical conditions.
Furthermore, they can be an alternative to the lack and the cost of human primary
hepatocytes. In the two previous chapter, we found that oleic acid led to the lipid
accumulation and to a moderate metabolic perturbation after 7 days of exposure. As lipid
accumulation and ballooning was a typical hallmark of the early steatosis, we have selected
oleic acid as fatty acid treatment to propose a first tentative of liver steatosis-like model using
our organ-on-chip technology with hepatocyte-like cells. Thus, this chapter led to identify a
protocol, by adapting the existing one, to allow the hepatocyte-like cells differentiation and
culture within our organ-on-chip technology. As a result, we were able to clearly observed the
lipid droplet accumulation and some early collagen synthesis in our model. In this chapter, we
also studied the complete differentiation of human induced pluripotent stem cells into beta
cells. We found a bi-hormonal profile of our cells which led us to the conclusion that we had
islet-like spheroids with both beta and alpha cells. Overall, our work has contributed to
demonstrate the potential of our organ-on-chip technology for the investigation of steatosis.
We have achieved three main milestones: the feasibility study, the metabolic screening
potential and the establishment of a stem cell-derived human hepatocytes model. To this end,
we have bridged the gap between conventional microtechnology, tissue engineering and

molecular biology.

Our multidisciplinary approach is helping to make progress towards an advanced

solution that has yet to be characterized. The future perspectives would be to continue to
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develop and refine the stem cell-derived hepatocyte model and explore its potential for
studying more advanced stages of NAFLD such as NASH and fibrosis (by including stellate cells
and Kupffer cells). In addition, integrating the liver-on-chip model with the pancreas-on-chip
system to simulate multi-organ interactions, which could provide a more comprehensive
understanding of how NAFLD affects the pancreas and how it is linked to insulin resistance

and type 2 diabetes mellitus.
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Annex I: Published article: “Generation of pB-like cell subtypes from

differentiated human induced pluripotent stem cells in 3D spheroids”.

We reproduced here the published paper related to Chapter 5 using the journal policy:

"If you are the author of this article, you do not need to request permission to reproduce
figures and diagrams provided correct acknowledgement is given. If you want to reproduce
the whole article in a third-party publication (excluding your thesis/dissertation for which

permission is not required) please go to the Copyright Clearance Center request page."

178



Published on 12 September 2023. Downloaded by Universite de Lille on 9/14/2023 2:39:31 PM.

¥® ROYAL SOCIETY

Molecular
~OF CHEMISTRY

Omics

View Article Online
View Journal

RESEARCH ARTICLE

Generation of p-like cell subtypes from
differentiated human induced pluripotent stem
cells in 3D spheroidsT

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d3mo00050h

1€ Valerie Plaisance,®
a

Lisa Morisseau,f® Fumiya Tokito, P Stéphane Poulain,
Valerie Pawlowski,? Soo Hyeon Kim, {2 ¢ Cécile Legallais,? Rachid Jellali,
Yasuyuki Sakai,”® Amar Abderrahmani*® and Eric Leclerc (2 *®

Since the identification of four different pancreatic B-cell subtypes and bi-hormomal cells playing a role
in the diabetes pathogenesis, the search for in vitro models that mimics such cells heterogeneity
became a key priority in experimental and clinical diabetology. We investigated the potential of human
induced pluripotent stem cells to lead to the development of the different B-cells subtypes in
honeycomb microwell-based 3D spheroids. The glucose-stimulated insulin secretion confirmed the
spheroids functionality. Then, we performed a single cell RNA sequencing of the spheroids. Using a
knowledge-based analysis with a stringency on the pancreatic markers, we extracted the B-cells INS+/
UCN3+ subtype (11%; B1-like cells), the INS+/ST8SIA1+/CD9— subtype (3%, P3-like cells) and INS+/
CD9+/ST8SIAL-subtype (1%; P2-like cells) consistently with literature findings. We did not detect the
INS+/ST8SIA1+/CD9+ cells (B4-like cells). Then, we also identified four bi-hormonal cells subpopulations
including 3-like cells (INS+/SST+, 6%), y-like cells (INS+/PPY+, 3%), a-like-cells (INS+/GCG+, 6%) and
e-like-cells (INS+/GHRL+, 2%). Using data-driven clustering, we extracted four progenitors’
subpopulations (with the lower level of INS gene) that included one population highly expressing inhibin
genes (INHBA+/INHBB+), one population highly expressing KCNJ3+/TPH1+, one population expressing
hepatocyte-like lineage markers (HNF1A+/AFP+), and one population expressing stem-like cell
pancreatic progenitor markers (SOX2+/NEUROG3+). Furthermore, among the cycling population we
found a large number of REST+ cells and CD9+ cells (CD9+/SPARC+/REST+). Our data confirm that our
differentiation leads to large B-cell heterogeneity, which can be used for investigating B-cells plasticity
under physiological and pathophysiological conditions.
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1. Introduction

The pancreatic f-cells are the prominent cell type within islets
of Langerhans that release insulin, the only hypoglycemic
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hormone of the body." The number and function of these cells
are critical for maintaining blood glucose, as the reduction in
their number and function can lead to relative or absolute
insulin deficiency and ultimately thereby to diabetes, one of the
deadliest diseases worldwide. 3-cell population is heterogenous
including four distinct subtypes.” These subtypes are classified
according to the mRNA and protein levels of ST8SIA1 and CD9
genes,® INS, GLUT2, GCK,” cell adhesion markers,>* and the
cells’ position within the islets (peripheral vs. central).” It has
been observed that the B-cell subtypes that express the lowest
level of ST8SIA1 represent approximately 80% of the cell
population.® These cells that do express very low level of CD9
are referred as f1-cells, whereas P2-cells harbor abundant
CD9.” The remaining cells express high levels of ST8SIA1
together with either low (B3) or high expression of CD9 (B4).?
Glucose competence of B3 and P4-cells is lower than this of 1
and B2-cells.” It has been shown that the f3/B4 subpopulation
is increased in diabetes, possibly contributing to the drop of
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insulin secretion in diabetes.’ Beside of the four B-cell types,
other possible B-cells expressing other hormones exist as
exemplified by the detection of bi-hormonal cells expressing
INS and Glucagon (GCG)® or Somatostatin (SST)® under some
circumstances.

The discovery of these new f-cell subtypes and bi-hormonal
cells very likely involved in diabetes is now challenging the field
in diabetes research. With the lack of available human islets,
the number of the cell models available for investigating their
physiology and development under normal and diabetes con-
dition is very limited. Therefore, it is required to develop cell
models representing these new B-cell subtypes. Toward this
objective, human induced pluripotent stem cells (hiPSCs) are
very promising for mimicking B-cell plasticity and heterogene-
ity. In fact, pancreas in vitro lineage can be differentiated from
hiPSCs into pancreatic B-like cells.”** Although, the matura-
tion and the functionality, similar to those of the primary
human B-cells, is still challenging, the hiPSCs sources would
provide great insight for investigating the pathogenic mechan-
isms of pancreas diseases'®'® and for contributing to cell
therapies and drug development.”'*"

In our previous work, we have proposed a protocol to
generate C-peptide and insulin secreting B-like cells in spher-
oids derived from hiPSCs.*®” We noticed that our spheroids
contained also cells positive to glucagon. A bulk transcriptomic
investigation revealed that the spheroids co-expressed mRNA
related to several hormones’ activities (such as IAPP, INS,
INHBB, GCG,"” and SST'®) when compared to the control of
undifferentiated cells. Those results illustrated a potential cell
heterogeneity. The cells also over expressed several genes of the
lipids’ metabolism (LDLR, SCD, HMGCR, HMGCS1) and var-
ious specific transcription factors (HIC2, WRNIP1, SOX8, FOX
genes'’). In order to clarify the composition of our pancreatic
model, we proposed in this work an additional investigation
consisting of single cell sequencing analysis to extract the f3-cell
subpopulations.

2. Materials and methods
2.1 Pancreas iPSC protocol

The human pancreatic tissues were based on our previous
differentiation protocol from iPSCs'® (Fig. S1 in Supp. File S1,
ESIY). In this protocol, the Cellartis hiPSCs derived B-cells were
provided by Takara Bio (Japan). Cellartis hiPSC beta cells were
differentiated from ChiPSC12 lines and provided in stage 1 of
maturation by the manufacturer.’® The hiPSCs derived B-cells
were differentiated using the hiPSCs B-cell media kit (cat. No.
Y10108, Takara Bio, Japan). We created spheroids using the
PDMS-based honeycombs microwell technology.'®'® The array
of honeycombs, with a 126 um diameter, are located at the
bottom of a 24-well plate format. The honeycombs were pre-
coated with Pluronic F-127-coated (0.01 g ml™ ', Wako). After
washing with PBS, the cells were inoculated at a density of 6 x
10° cells per well (corresponding to 3 x 10> cells per cm?). The
culture medium changed was performed following the cell
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supplier (Takara Bio, Japan). The set of experiments was
performed three times leading to 12 independent honeycombs
well cultures.

2.2 Biological assays

We measured the level of production of insulin via a glucose-
stimulated insulin secretion. For that purpose, at the end of the
experiments, we first washed 3 times the cells using a low
glucose concentration medium (DMEM, 0 mM, Gibco) and
exposed them to the low glucose medium (DMEM, 0 mM,
Gibco) for 1 h. Then, we exposed the cells to high glucose
medium stimulation (DMEM, 25 mM, Gibco) for 2 h 20 min.
Finally, the cells were washed 3 times and exposed once more
to the low glucose concentration medium (DMEM, 0 mM,
Gibco) for 1 h 50 min. The culture medium were sampled
and frozen until measurement. The insulin quantification was
performed using ELISA assays (human insulin ELISA kit, 10-
1113-01, Mercodia), following the manufacturer’s protocol.

2.3 Single cell RNA sequencing

The spheroids from several PDMS-bottom 24-well plate were
collected by pipetting and dissociated into single cells by
Accumax (Inovative Cell technologies, USA) treatment. After
being washed 3 times in total DMEM media containing 10%
FBS, cells were filtrated with a 40 pm strainer and then
resuspended in an appropriate volume of PBS (Mg/Ca-free)
containing 0.04% BSA. We recovered prior analysis 4 + 0.3 x
10° cells. Approximately 8000 cells, with 75% cell survival rate,
were used for GEM (Gel Bead in emulsion) generation using
Chromium Controller (10x Genomics), where RNA molecules
contained in each cell are tagged by specific barcode/UMI
combinations. The molecular-tagged RNAs were converted into
double-stranded c¢DNA followed by library preparation for next
generation sequencing using the Chromium Next GEM Single
Cell 3’ Reagent Kit v3.1 (10x Genomics). The resulting libraries
were quantified by Qubit dsDNA Assay (ThermoFisher Scienti-
fic) and TapeStation D1000 (Agilent). The libraries were
sequenced on an Illumina HiSeq platform with the following
configuration: read 1:28 cycles, read 2:91 cycles and i7 index:
8 cycles, yielding approximately 400 M paired-end reads per
sample. Image analysis and base calling were conducted by
Ilumina software on the HiSeq instrument.

Raw FASTQ reads were imported into a Cell Ranger pipeline
for mapping and gene expression count analyses (10x Geno-
mics, Cell Ranger version 6.1.2; include introns: false, chem-
istry: single cell 3’ v3; transcriptome GRCH38-3.0.0). Additional
details are given in Supp. File S2 (ESIT). The single cell gene
expression study mentioned above were conducted by Azenta
Life Sciences (formerly Genewiz), according to the manufac-
tures’ instructions. Samples analysis and comparisons were
performed using Loupe Browser 6.0.0 (10x Genomics, statistics
methods are given in Supp. File S2, ESIt) applying a features
per barcode filtration threshold set to 9000 to remove potential
multiplets. The percentage of UMIs assigned to mitochondrial
RNAs were limited to 20% per barcode to remove cells with
high mitochondrial gene expression levels from the analysis.

This journal is © The Royal Society of Chemistry 2023
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Gene expression tables for each cell cluster of interest were
exported from Loupe Browser and then processed with Shi-
nyGO (https://bioinformatics.sdstate.edu/go/) for subsequent
pathway analysis (the enrichment analysis is calculated based
on hypergeometric distribution followed by false discovery rate,
FDR, correction.”® The FDR was set at 0.05 in our study) and by
iDEP96 (https://bioinformatics.sdstate.edu/idep96/) for hier-
archical clustering and gene representation.”’ Sequencing data
supporting the findings presented in this study were deposited
at Zenodo (https://zenodo.org) with the following Digital Object
Identifier: https://doi.org/10.5281/zenodo.7960673. All supple-
mentary table data files and supplementary figures prepared
for this study are available in ESIT supplementary files provided
to the journal.

3. Results

3.1 Morphology and basal functional analysis

We presented the spheroids’ morphologies 24 h after seeding
(Fig. 1A) and at the end of the culture (16 days, Fig. 1B). The cell
suspension aggregated into spheroids within the first 24 h of
culture. The spheroids were formed inside the honeycomb and
their size was controlled by the microgeometry. They grow up to
reach the border of the honeycomb. This led to spheroids with
a controlled size driven by the honeycomb geometry of about
130 pm in diameter. The spheroids remained at the bottom of
the honeycomb during the cultures and inside the honeycomb.
We did not observe particular overgrowth above or outside of
the honeycombs. We did not detect differences on the spher-
oids’ morphologies when we compared the honeycombs from
the different dishes and experimental campaigns. We also
confirmed that the insulin secretion by glucose stimulation
was functional as show in Fig. 1C. The results demonstrated a

120 pm
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3.3 £+ 1.2 induction in high glucose conditions (n = 3 honey-
combs, p_value < 0.05).

3.2 Single-cell sequencing results confirmed the pancreatic
differentiation

A knowledge-based data analysis using the pancreatic lineage
hallmarks allowed to extract the specific endocrine differentia-
tion patterns. We confirmed the successful differentiation by
checking that the cell population largely did not express
pluripotent markers (NANOG, POUS5F1, Fig. 2A and B) neither
mesoderm nor definitive endoderm markers (such as FGF4,
SOX17, Fig. 2C and D). The pancreatic progenitor markers
NEUROG3, PAX4, NKX6-1, NKX2-2 were expressed in 20%,
13%, 35% and 60% of the populations respectively (Fig. 2E-
H). We also confirmed that the cell population expressed the
endocrine specification markers (NEUROD1 is expressed in
65% of the population, MAFB is expressed in 73% of the
population, Fig. 2I and J). However, the most advanced B-cells
markers, such as MAFA, UCN3, were weakly expressed (only in
2% and 11% of the population respectively) illustrating partial
B-cells maturation (Fig. 2K and L). Nevertheless, the predomi-
nance of the B-cells lineage was illustrated by the overall levels
of INS that was expressed in 100% of the sequenced population
(Fig. 2M).

3.3 Knowledge based analysis confirmed the presence of
seven typical B-cells subtypes

3.3.1 Identification of the typical p-like cells subpopulation
based on literature markers. By addressing the knowledge on
specific pancreatic markers, we extracted, from the insulin
positive cells, seven B-cells subtypes representing 32% of the
overall cells’ population based on literature data and markers.
The plume plots of mRNA levels of the markers used to
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Fig. 1 (A) Morphologies of the spheroids after 24 h of culture; (B) morphologies of the spheroids at the end of the culture (day 16); (C) insulin secretion in
glucose stimulation assays: ratio of insulin between low and high glucose (n = 3 honeycombs, p_value < 0.05).

This journal is © The Royal Society of Chemistry 2023

Mol. Omics


https://bioinformatics.sdstate.edu/go/
https://bioinformatics.sdstate.edu/idep96/
https://zenodo.org
https://doi.org/10.5281/zenodo.7960673
https://doi.org/10.1039/d3mo00050h

Published on 12 September 2023. Downloaded by Universite de Lille on 9/14/2023 2:39:31 PM.

Research Article

Pluripotent Pluripotent Mesoderm Definitive endoderm

Log2 Exp Log2 Exp Log2 Exp Log2 Exp
A s NANOG pouse1 (C s D sox17

1.0 1.0 00 50

00 00 00 00

Pancreatic progenitor
Log2 Exp Log2 Exp Log2 Exp
PAX4

E F Y NKX6-1 G NEUROG3
: 2
50 50 60
A 3 oY
P
w o
00 ¥ 0.0 00
Endocrine specification
Log2 Exp Log2 Exp . Log2 Exp
H 5 NKX2- 1 = NEURODT Y MAFB

¢ 6.0 6.0

> 5 ¥
[ 0.0 ¥ 0.0
Endocrine cells
Log2 Exp Log2 Exp Log2 E:
K -  ucns L MAFA M ez P

5.0 3.0 a

00 : 00 10

Fig. 2 mRNA expression levels of selected genes based on UMAP low-
dimensional space visualization of the sequenced cell populations and
illustrating the levels of maturation of the pancreatic spheroids: (A) and (B)
pluripotent, (C) mesoderm, (D) definitive endoderm, (E)-(H) pancreatic
progenitor; (I) and (J) endocrine specification, (K) and (L) advanced B-cells,
(M) insulin markers.

discriminate the populations: GCG, SST, PPY, CD9, ST8SIA1,
GHRL and UCN3 (INS), compared to the overall population, is
presented in Fig. 3A (Supp. File S3, ESIt). The heatmap of the
top 10 discriminating genes is presented in Fig. 3B. The INS+/
UCN3+ population showed the highest level of INS and
UCN3 (mature B-like cells), 11% of the overall population,
upregulating also INS-IGF2 (as reported in the literature®®).
This population was CD9— and ST8SIA1— (representing poten-
tially a B1-cells like subtype®). The top upregulated genes of this
population enriched the GO_biological processes related to
regulation of peptide hormone secretion, neuropeptide path-
way, and hormone secretion (Fig. 4A). We also identified an
INS+/ST8SIA1+/CD9— population (B3-like cells subpopulation,?
3%). This population expressed cell cycle genes (CDK1, CCNB1,
CCNB2) and REST. The top upregulated gene of this population
enriched the GO_biological processes related to digestive
development and extra cellular matrix organization (Fig. 4B).
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Then, we detected the INS+/CD9+/ST8SIA1— population (B2-
like-cell subpopulation,® 1%, this population also overex-
pressed SLC2A5). However, the specificity of the INS+/
ST8SIA1+/CD9— cells were very low as far as this population
was characterized by only 8 genes differentially expressed
(Supp. File S3, ESIt). Using this knowledge-based analysis, we
did not extract significant INS+/CD9+/ST8SIA1+ (B4-cells sub-
population, nb: in fact, there is just one cell in our dataset with
this feature). The specific stratification of the INS+/CD9—/
ST8SIA1— (B1-cells), INS+/CD9+/ST8SIA1— (B2-cells) and INS+/
CD9—/ST8SIA1+ (B3-cells) populations is given in Fig. 3C (addi-
tional stratifications are given in Fig. S2 in Supp. File S1, ESI¥).

The other B-cells subtypes selectively co-expressed high
levels of INS+/ARX+/GCG+ (B-o-like cells, 6%), INS+/SST+ (B-3-
like cells, 6%, population with also high level of HHEX, ISL1,
LEPR, ETV1 consistently with literature®>>?), INS+/PPY+ (B-y-
like cells, 3%, population with also high level of IAPP, TPH2
and PYY) and INS+/GHRL+ (B-e-like cells, 2%), illustrating the
large pancreatic heterogeneity and the B-cells plasticity of our
spheroids. The top upregulated genes of the INS+/GHRL+
subpopulation highly enriched the cholesterol and lipid biolo-
gical processes (Fig. 4C); the top genes of INS+/SST+ cells
enriched nervous system development related biological pro-
cesses (Fig. 4D); the top genes of INS+/PPY+ cells enriched the
angiotensin related processes, the peptide hormone proces-
sing, the feeding behavior, endocrine process, and the several
inflammation related processes (Fig. 4E); finally the INS+/ARX+/
GCG+ upregulated genes enriched the histamine response and
heparan sulfate synthesis, the cell mobility and cell migration
processes (Fig. 4F).

3.4 Data driven analysis revealed the heterogeneity and new
types of B-like cell subpopulations in our spheroids

Then, to identify new potential cell subpopulations, we per-
formed a data driven analysis on our dataset. The analysis
contributed to extract 10 typical cell subpopulations (Fig. 5A,
Supp. File S4, ESIT). Using a selected list of pancreatic genes
including mature, immature, and functional markers (Supp.
File S4, ESIt), we observed that the 10 cell subpopulations were
classified under three distinct branches according to the hier-
archical clustering presented on the heatmap of gene expres-
sion shown in Fig. 5B (a second heatmap showing the
expression levels of the top 10 genes in each cluster is given
in Supp. Fig. S3 in Supp. File S1, ESI}).

3.4.1 A first branch grouped the most mature like B-cells
subtypes. The first branch regrouped three cell subpopulations.
Among them, we distinguished a subpopulation characterized
by the highest level of PPY, IAPP, CGA, NTS genes (PPY+/IAPP+
in Fig. 5A, 9% of the overall population). This subpopulation
also co-expressed high levels of GLP1R, GCGR, WNT4 conco-
mitant with low FZD6, INSR. The top 200 genes expressed by
this subpopulation enriched the neuropeptide molecular func-
tions and various neuro/synaptic biological functions (Fig. 6A,
KEGG enrichment is given in Fig. S4 in Supp. File S1, ESIt).

The second population of this branch was characterized by
the high expressions of DPP4, KDR, SPON1, PDK4, CTNND2

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Plume plots of selected genes used to sort and extract main B-like cells subpopulations: GCG+, SST+, PPY+, CD9+, ST8SIAl+, PPY+, GHRL+
and UCN3+ (INS+); (B) heatmap of expression of the top 10 genes representative of each subpopulation; (C) heatmap of expression of specific genes
involved in the stratification of the INS+/CD9—/ST8SIA1— (B1-like-cells), INS+/CD9+/ST8SIALl— (B2-like-cells) and INS+/CD9—/ST8SIA1+ (B3-like-cells)

subpopulations.

genes while co-expressing INS, SST and GCG (DPP4+/KDR+ in
Fig. 5A; 18%). The top 200 highly expressed genes enriched the
reactome pathways related to sodium/calcium exchangers,
the synthesis secretion and inactivation (i) of glucose depen-
dent insulinotropic polypeptide, (ii) of incretin, (iii) and GLP1
(Fig. 6B, KEGG enrichment is given in Fig. S5 in Supp. File S1,
ESIY).

The third subpopulation was characterized by increased
levels of TTR, SST, GCG, UCN, CRH and APOA1 genes expres-
sions (TTR/GCG/SST in Fig. 5A; 14%) It also expressed low
levels of ST8SIA1 and CD9 genes. The top 200 genes in this
subpopulation enriched the biological processes related to
hormones transport, lipid transport, ions and cations homeo-
stasis (Fig. 6C), the reactome of incretin, ghrelin, peptide
hormones, fatty acids, and insulin-like growth factors
(Fig. 6D). KEGG enrichment is given in Fig. S6 in Supp. File
S1 (ESIY).

Those three populations superimposed with most of the
cells of the INS+/ARX+/GCG+, INS+/SST+ and INS+/PPY+ sub-
types described in Section 3.3.

3.4.2 Identification of three type of cycling cells among the
B-cells. The second branch of the heatmap of Fig. 5B grouped
three subpopulations of cells highly expressing cell cycle mar-
kers such as CDK1, CCNA2, CCNB1, CCNB2.

This journal is © The Royal Society of Chemistry 2023

The “pure cycling” population expressed the highest levels
of CDK1, CCNA2, CCNB1, CCNB2 and LDHA (Cycling cells in
Fig. 5A) and represented 3% of the overall population. As those
cells also presented low level of CD9 and moderate expression
of ST8SIAL1, it could reflect a proliferative portion of a (33-like
cells following one classification of the literature® (nb: this
population may reflect a potential source of 3 like-proliferative
cells observed in T2DM?). The top genes hallmark the mitotic,
microtubule organization as top biological processes (Fig. S7 in
Supp. File S1, ESI¥).

The second subpopulation of this branch was characterized
by the high levels of SLC2A2, SCL2A4, GCGR, GCKR and low
INSR (6%). Interestingly, this subpopulation also co-expressed
ST8SIA1 while moderately expressing the PPY, SST, and GCG
genes and with a low level of INS (SLC2A4+/GCKR+ in Fig. 5A).
Nevertheless, this population reflected a very poor specificity
when compared to other 9 populations (Supp File S4, ESIT) and
no significant enrichment could be detected.

Then, we distinguished in this branch a particular subpo-
pulation expressing immature markers such as REST, PDGFRA,
ESRRB, LAMA1, SOX9, SLC2A1 and SPARC genes, but also the
highest levels of CD9 (CD9+/SPARC+/REST+ in Fig. 5A, 8%).
Furthermore, this population presented low level of ST8SIA1. As
such it appeared to include a part of the pf2-like-cells described

Mol. Omics
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Fig. 4 Enriched GO_biological processes extracted from ShinyGO and highlighted from top expressed genes in (A) INS+/UCN3+ subpopulation, (B) in
INS+/ST8SIA1+/CD9— subpopulation, (C) in INS+/GHRL+ subpopulation, (D) in INS+/STT+ subpopulation (E) in INS+/PPY+ subpopulation, (F) in INS+/

ARX+/GCG+ subpopulation.

in Section 3.3. This subtype expressed various genes involved in
TGF-B and NOTCH signaling pathways. This population also
expressed the lowest levels of INS gene and of pancreatic
mature markers such as MAFB, NEUROD1 and NEUROG3
genes when compared to other populations. The top 200 genes
enriched extracellular matrix biological process, mesenchyme
development, the tube and blood vessel formation (Fig. S8A
and B in Supp. File S1; KEGG enrichment is given in Fig. S9 in
Supp. File S1, ESI¥).

Then, we refined the analysis of this CD9+/SPARC+/REST+
subpopulation. We re-clustered those CD9+/SPARC+/REST+
cells, and we extracted four typical subtypes, Fig. 7A (Supp. File
S5, ESIt). More particularly, we found a CD9+/BMP4+/SPARC+
positive subpopulation (1% of the overall population and
representing about 16% of cells within the CD9+/SPARC+/
REST+ cells) expressing the highest levels of TGF-f§ and NOTCH
genes (such as BMP4, SMAD3, TGFB2, and NOTCH3) but also a
large panel of ECM genes including LUM, COL6A3, EGFLAM,
COL3A1, endothelial membrane markers (VWF, PECAM1) and
HGF. The top 200 genes expressed in this subpopulation high-
lighted the reactome pathways of carbohydrates sulfotransfer-
ase (CHST3, CHST4), MET receptor, collagen process and

Mol. Omics

NCAM-1 interactions as well as the biological processes related
to the mesenchymal development (Fig. 7B). A second subpopu-
lation co-expressed GHRL+/UCN3+/INS+/SST+, and was positive
to KRT20, ISL1, ACSL1, ARX, PAX6, PAX4, FFAR3, ARX, NEU-
ROG3, NKX6-1, NKX2-2 (2% of the overall population and
representing about 28% of cells within the CD9+/SPARC+/
REST+ cells). The top 200 genes enriched the reactome related
to NEUROG3 progenitor, Ghrelin synthesis, serotonin and
melatonin biosynthesis and of free fatty acids receptors
(Fig. 7C). Altogether, the data converge toward a common root
of the endocrine progenitor population expressing typical
o,B,7,0,e-like cells marker genes in this subpopulation. This
population represented about 2% of the overall population. The
third one (2% of the overall population and representing about
28% of cells within the CD9+/SPARC+/REST+ cells) was positive
to SOX3, NOG and CTGF (involved in connective tissue in
pancreas development), various ECM markers (COL2A1, FN1),
cell cycle genes (CDK1, CCNB1, CCNB2, CCNE2) but also REST.
The top upregulated genes enriched cell cycle processes
(Fig. 7D). Finally, the last one (2% of the overall population
and representing about 28% of cells within the CD9+/SPARC+/
REST+ cells) not only expressed CDLN4, CDLN6, SCL2A2, IGF2,

This journal is © The Royal Society of Chemistry 2023
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and more particularly the genes GP2, LYZ, ANXA4, SPINK1 and
SDC4 that are typical pancreatic acinar markers,”*> but also
the CST4 and SLC4A4 and SPP1 genes (that are pancreas ductal
markers®>”). This subpopulation was also characterized by
low expression levels of INS, GCG, TTR, SQLE and SCD when
compared to other four populations. The top upregulated genes
of this fourth subpopulation enriched bicarbonate transport,
excretion/secretion biological processes (Fig. 7E; nb: pancreas
ductal cells control bicarbonate secretion®®)

3.4.2.1 Identification of four endocrine progenitors of f-cells
subtypes. Finally, the third clustering branch extracted from the
heatmap presented in Fig. 5B grouped the four populations co-
expressing the typical pancreatic transcription factors repre-
sentative of immature endocrine cells such as NEUROGS3,
NKX6-1, PAX4 (endocrine progenitor markers), and NEUROD1,
NKX2-2 (more advanced endocrine maturation) but a moderate
level of INS.

Among those four subpopulations, one population co-
expressed more specifically the SOX2, NEUROG3, CFAP126,
MAPK10 genes, reflecting an on-going differentiation, in parallel
to the low levels of GLP1R and GCGR (6%, SOX2+/NEUROG3+).
The top 200 genes expressed in this population enriched the
endocrine system development and MAPK cascade (Fig. 8A; KEGG
enrichment is given in Fig. S10 in Supp. File S1, ESIY).

This journal is © The Royal Society of Chemistry 2023

A second subpopulation presented an upregulation of various
liver like markers such as HNF1A, FOXA2, APOA1, APOA2, AFP,
ALB, NR1H4 and CYP27A1 when compared to other populations
(10%, HNF1A+/APOA2+). Most of the GRHL+ cells presented in
Section 3.3 were associated with this subpopulation. Consistently,
the hallmark of this HNF1A+/APOA2+ population enriched the
lipids, sterol, cholesterol metabolic pathways (Fig. 8B; KEGG
enrichment is given in Fig. S11 in Supp. File S1, ESIf).

Finally, the two last subpopulations displayed very closed
signatures, as far as both expressed INHBA, INHBB, PDX1,
MAPK10, MAPK12, NKX6-1, NKX2-2, GCK, GLP1R. Firstly,
the labeled INHBA+/INHBB+ expressed more largely those
markers (11% of the over cell population). The top 200 genes
of this population enriched amylin, calcitonin receptors
activities, and hormones activity (Fig. 8C). The biological
processes were related to Mast cells degranulation, leucocytes
and immune response, or angiogenesis (Fig. 8D; nb: the top
genes did not contribute to extract significant KEGG pathway
enrichment). Secondly, the KCNJ3+/MYH4+ subpopulation
(16%) was showing high levels of glycolytic genes (HIF1A,
GCK, PCK2, SLC2A2, GLP1R, INSR, PPARA), potassium ion
channels (KCNJ3) and serotonin biosynthesis (TPH1). The
200 top expressed genes were related to ions and cations
transports (Fig. 8E; KEGG enrichment is given in Fig. S12 in
Supp. File S1, ESIY).
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Fig. 7 (A) Heatmap of gene expression levels for selected genes illustrating the expression profiles of the different subtypes of cells identified upon re-
clustering of the CD9+/SPARC+/REST+ cell population; enriched pathways identified by the top highly expressed genes in the four subtypes of cells

extracted from re-clustering of the CD9+/REST+/SPARC+ population.

4. Discussion

We have performed a characterization of the f-like cell sub-
populations derived from induced human pluripotent stem
cells in 3D spheroids. The analysis confirmed the endocrine

Mol. Omics

differentiation. We did not achieve a mature B-cells specific
tissue as far as we detected immature endocrine like progeni-
tors, endocrine like progenitors and transdifferentiated like -
like cells. Although all cell population expressed INS gene, we
observed a graduation of the level of expression of this gene.

This journal is © The Royal Society of Chemistry 2023
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Furthermore, our previous studies revealed that not all the
islets expressed the INS protein.'® Nevertheless, we confirmed
the advanced maturation by the GSIS assays illustrating func-
tional spheroids.

There are several classifications of the fB-cell subtypes in
the literatures, including from primary islets or from hiPSCs
derived tissues.?** In our study, we detected three types of B-like
cells, the INS+/UNC3+/STSSIA—/CD9—, INS+/CD9+/STSSIA1—,
INS+/ST8SIA1+/CD9—, consistently with the p1, B2, B3 cells
classification.” We did not find a B4-like cells (INS+/STSSIA1+/
CD9+ subpopulation) conversely to literature.>*" Dorell et al.,
noticed that the proportion of ST8SIA1 cells (B3 and B4 cells)
can differ from donors and from healthy to disease patients.’
They are also less responsive to glucose. Our protocol may also
lead to promote a preferential differentiation route which reduced
the occurrence of B4 cells. Furthermore, in our analysis, the INS+/
ST8SIA1+ cells present a poor transcriptomic specificity as far as

This journal is © The Royal Society of Chemistry 2023

they overexpressed only 5 genes (ASB5, CSMD3, CXCL5, DUSP2)
and weakly expressed UCN3 when we compared them to other -
like cells subtypes. As the literature displayed more complex
ST8SIA1+ profile with its expression in up to 20% of B-cells profile
in human primary islets,*" our results illustrate that our spheroids
still not reflect a complete adult pancreatic profile.

Then, the pancreatic markers including somatostatin, ghre-
lin and pancreatic polypeptide genes were largely expressed in
our cells. The graduation of the levels of expression of those
pancreatic markers led to extract a large heterogenic cell
population. The panel of bi-hormonal profile was previously
detected in hiPSCs in vitro p-cells differentiation.?® In addition,
several poly-hormonal cells in human islets were classified
based on their expression of calcium regulated genes.** Inter-
estingly, our data-driven identified TTR+/GCG+/STT+ cells sub-
population have shown that the top genes enriched the calcium
signalling pathway (Fig. S6 in Supp. File S1, ESIY). In parallel,
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the observation of transdifferentiation of B-cells in other hor-
mones secreting cells is largely observed in the literature.**°
We confirmed the presence in our spheroids of a B-like cells
(high INS+/UCN3+ 11%), B-5-like cells (INS+/SST+, 6%), B-y-like
cells (INS+/PPY+, 3%), B-o-cells (INS+/GCG+, 6%) B-e-like cells
(INS+/GHRL+, 2%). The B-cells plasticity is now largely accepted
and is illustrated by their capability to dedifferentiate. The
dedifferentiation is observed under various metabolic stimula-
tions (such as hyperglycemia) and inflammation process
(through cytokines for instance) leading to reactive oxygen
species accumulation which in turn conduct to f-cells
dysfunction." Dedifferentiation often results either to the con-
version from mature phenotype to endocrine progenitors’
phenotypes, or to cell apoptosis. The consequences are the -
cells dysfunction and the progression of pathology in the
pancreas. Dedifferentiation is largely observed in diabetic
patients.>” The plasticity of the B-cells is also illustrated by
their ability to trans-differentiate to other hormones secreting
cells.®*° It is suspected that this process occurred naturally
with aging patients, diabetic patients. In vitro, the trans-
differentiation was observed in insulin positive cells changing
for glucagon positive cells under free serum cultures.

In addition to bi-hormonal’ profiles and multi-lineage like
subtypes, several types of mature like cells (o- and B-like cells),
of progenitors (NKX6.1+; PDX1+), and several rare cell subtypes
(including ONECUT3+; SST+/HHEX+ cells similar to our INS+/
SST+ subpopulation) were reported from in vitro hiPSC derived
tissues.?® Our data-driven analysis also revealed several types of
advanced pancreatic profiles and progenitors. We found an
advanced endocrine profile with 18% of the cells co-expressing
INS and GCG and highly co-expressing KDR and DPP4. KDR
(VEGFR2) is an endothelial marker found during islet
3%3% DPP4 is also involved in GLP1 response
and glucose homeostasis.* DPP4 is expressed in human pan-
creatic islets and in both beta cells and alpha cells.*' Propor-
tion of DPP4 of o and B-cells is reduced in type 2 diabetes.
Furthermore, its inhibition improves B-cells function and sur-
vival in type 2 diabetes®' which is consistent with lower
expression of this marker in our most advanced endocrine
profiles extracted by the data-driven analysis (PPY/IAPP and
TTR/SST/GCG profiles in Fig. 5).

Then, we identified four typical endocrine progenitors’
populations. Among them, the first one expressed SOX2+/
NEUROG3+ that are typical endocrine progenitor markers.*
NEUROG3+ positive cells were also classified as pancreatic
progenitors.”® Secondly, one population present a liver-like
signature with highly expressing HNF1A transcription factor.
This result is coherent with the fact that liver and pancreas arise
from common multipotent population.**** Furthermore, our
results show that this liver-like progenitor population superim-
posed with the Ghrelin expressing like population (INS+/GHRL+).
Interesting, literature report that GHRL stimulates the hepatocyte
proliferation®® and identified it as a key regulator of liver steatosis
(via the regulation of lipid metabolism™®).

Then, another progenitors’ population was characterized by
high levels of INHBA and INHBB (activin A and B ligands).

vascularization.
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In fact, endocrine differentiation is reported to interact with
activins signals.”” Furthermore, other single cell sequencing
identified endocrine maturation via INHBA routes from fetal
pancreas population in a mesenchymal compartment.*® Thus,
it was predicted that the pancreas endocrine development
in humans was dependent on signal input from the mesench-
ymal niche environment.*® This population also overexpressed
NKX6-3 gene and co-expressed high levels of NKX6-1 and PAX4
genes which are two genes appearing in one progenitor-like
population®® and one rare premature cell population.®® Then,
the target genes of this population enriched the processes
related to mast cells. Mast cells are rich in heparan and
histamine, that can bridge this population with some of the
cells of the INS+/ARX+/GCG+ subtype identified by the
knowledge-based analysis in Section 3.3 (as this population
also enriched histamine and heparan processes). As INHBA and
INHBB are both expressed in normal o-cells, whereas only
INHBA is expressed in PB-cells,” we suspect that INHBA+/
INHBB+ is one potential a-cell progenitor source. Finally, we
extracted a subpopulation highly expressing TPH1 gene, co-
expressing FEV, LMX1A, SCL18A1, with low ISL1 level, which
could be consistent with a literature analysis that identified
among stem cell-like enterochromaffin cells (TPH1+/FEV+/
LMX1A+/SCL18A1+/ISL1-) during B-cell differentiation.>
Finally, we identify four INS+/REST+ subpopulations that
displayed a potential pancreatic niche profile with an immature
progenitor signature prior the endocrine specification. In fact,
those cells expressed the lowest level of INS gene in our overall
dataset, which is consistent with the role of REST as a repressor
of B-cell identity.® A first CD9+ subtype co-expressed TGFp,
SPARC, NOTCH3 and ECM genes. The co-expression of SPARC,
TGFB and NOTCH3 genes in this population could reflect a
pancreatic-like tumoral population.”’”> However, the TGF-B
signaling is also a key mechanism in B-cell differentiation, in
inhibiting the exocrine cell differentiation®® and repressing
pancreatic ductal cell proliferation.”® TGF-B also promotes
p16 cell cycle regulator which controls self-renewal of adult
endocrine stem cells®® (nb: which appeared consistent with cell
cycle genes expression in this population’s heatmap presented
on Fig. 5B). This subtype was also characterized by the enrich-
ment of biological process related to the pancreatic mesench-
yme. Consistently with our result, several evidence shows that
pancreatic mesenchyme is supporting pancreatic epithelial cell
growth and differentiation during organogenesis.”® Further-
more, NOTCH plays an important role in the development of
pancreas from immature progenitors.”” Positive NOTCH
blocked endocrine differentiation and led to mesenchymal
routes to ductal and acinar cells.>” More particularly, NOTCH3
is expressed in pancreas mesenchyme.>® The second subtype of
CD9+ cells co-expressed SOX9+/PDX1+/NEUROG3+, the mar-
kers of endocrine progenitors such as PAX4 and ARX, the
NOTCH1 and NOTCH2 genes. The pancreatic ductal niche is
characterized by SOX9+/PDX1+/NEUROG3+ positive cells com-
mitted to generate endocrine progenitors. 10% of the pancrea-
tic ductal cells are also reported to produce glucagon and
insulin.>®> NOTCH1 and NOTCH2 are the first NOTCH genes

This journal is © The Royal Society of Chemistry 2023
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expressed in the pancreatic epithelium development,”® and
need to be repressed for endocrine specification.’” Therefore,
the profile of this subtype is consistent with a profile of a
common root of the immature pancreatic progenitor as the one
observed in developmental embryology.’” Our CD9+ like-niche
profile was completed by a subpopulation co-expressing
CLDN6+ (CLND6 is a tumoral marker;*® but is also an early
marker of the epithelialization during embryogenesis®'), GP2
(acinar marker,®> and progenitor pancreatic marker®?), CST4
and SLC4A4 (pancreas ductal marker) and moderately NOTCH1
and NOTCH2 genes. Finally, the last subtype co-expressed
NOTCH1, NOTCH2, NOG (a BMP and TGF-f signaling inhibitor
promoting pancreatic development®®) and CTGF (involved in
the pancreatic PB-cells replication during embryogenesis®®)
which appeared as another immature progenitor lineage before
the endocrine specification.

5. Conclusions

We performed a B-cells like differentiation into pancreas like
spheroids. The spheroids were capable to secrete insulin,
although 3D differentiation did not lead to fully mature specific
pancreatic lineage. We observed an important heterogeneity of
the B-like cell populations. The subpopulations included hor-
mone secreting-like cells with a, B, §, vy, € profiles. We also
extracted four endocrine progenitors’ populations. The imma-
ture endocrine progenitors were characterized by the expres-
sion of CD9. Even if we did not reach fully mature profile, we
believe that our model would be a suitable tool to investigate
pancreatic development and the pancreatic cells plasticity.
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Annexes

Annex Il: yESAO exchange program report

The yESAO exchange programme award is an exchange program set up by the European
Society for Artificial Organs (ESAQ). The aim is to establish international and interdisciplinary
collaboration between young researchers in order to improve our scientific knowledge and

gain experience of research in a new environment. The two collaborators

My colleague Julio Rodriguez-Fernandez from the Center for Biomaterials and Tissue
Engineering (CBIT) at the Universitat Politecnica de Valencia (UPV) and | were awarded a grant
to carry out our collaborative project entitled "Modelling Non-Alcoholic Fatty Liver Disease
by culturing HepG2C3A cells using a microfluidic biochip combined with a biomimetic

hydrogel". The report on this one-month project is reproduced on the following pages.
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Introduction and objectives:

To understand the molecular mechanisms implicated in Non-Alcoholic Fatty Liver Disease
(NAFLD), hepatic steatosis has been mimicked in 2D in vitro models supplemented with high
concentrations of oleic and/or palmitic acids [1]. Nevertheless, to better elucidate the cellular
mechanisms under hepatic steatosis it is needed to represent the complex architecture of the liver
tissue by using 3D in vitro models and recreate its key features such as shear stress, zonation,
nutrient/gas exchange and waste/toxins removal [2]. Hydrogels have been widely used as 3D in
vitro models because of their tunable composition and ability to reproduce the native tissue
structure and composition of the hepatic extracellular matrix which is mainly composed by
collagen (type I, type IV, and type V) and glycosaminoglycans such as hyaluronic acid (HA) [3].
The aim of this project will be to develop a steatosis liver-on-chip under dynamic conditions with
hepatic cells embedded inside a 3D hydrogel to mimic liver architecture and steatosis

environment.

Materials and Methods:

1. Microsystem design
The biochip consists of a large cell culture chamber which is manufactured with two
polydimethylsiloxane (PDMS) layers. The bottom PDMS layer, used as a support for cell
attachment, consists of a series of microchambers interconnected by microchannels and its
specific geometry makes a uniform flow field possible above the microstructures. The upper
PDMS layer is composed of a reservoir with a depth of 100 ym for culture medium perfusion.

After sealing the two layers, the total resulting depth and volume of the assembled cell culture



chamber are 200 um and 40 pL respectively, with a cell growth surface area of 2 cm?[4]. The

biochips are sterilised by autoclaving before use.

2. Gelatin-Hyaluronic acid (Gel-HA) hydrogel preparation
Tyramine conjugates of gelatin (Gel) and hyaluronic acid (HA) are crosslinked enzymatically by
horseradish peroxidase (HRP) and H202. Volumetric ratio between polymers and crosslinker is
80% either Gel and/or HA, 10% HRP and 10% H202. Hydrogel is prepared by mixing first the
polymers (2-4% w/v) with HRP and then at the last step the addition of H20: starts the crosslinking
process with the desired volume [5]. Polymers are sterilised by filtering with 0.22um filters

previous a sterile process of freeze-dry.

3. Mechanical and stability assays
Mechanical properties of the selected hydrogels are analysed by different measurements based
on oscillatory rheology. Firstly, a time sweep (1Hz and 1%), frequency sweep (1%) from 0.01Hz
to 10Hz and an amplitude sweep (1Hz) from 0.1% to 20%. Geometry selected is a 20 mm flat
plate heated at 37°C. Hydrogel stability inside the biochip under dynamic conditions is tested

using syringe pumps for perfusion of a blue solution then manually assessing the integrity.

4. Hydro-chip: Gel-HA hydrogel integration in biochip
Gel-HA hydrogel is put into the PDMS biochip through the connectors by two different syringes.
Thus, one syringe contained Gel-HA 20-80 (2%) precursor solution and HRP (12.5 U/mL), while
on the other the content was H202 (20 mM). The crosslinking started when both solutions were
pushed back and forth through the PDMS biochip, 4-5 complete syringe cycles are enough to
ensure a proper crosslink. Then, chips along the syringes are left for 15-20 min at 37°C to ensure

a proper crosslink.

5. HepG2/C3A cell culture in hydro-chip and static hydrogel
The HepG2/C3A cell line (ATCC HB-8065) is a human hepatocyte cell line coming from a
hepatocellular carcinoma. HepG2/C3A cells are cultured in T75 culture flask with supplemented
Minimal Essential Medium (MEM) with phenol red and maintained at 37°C in a 5% CO: supplied
incubator. At a confluence of 80%, cells are detached with 0.25% trypsin-EDTA for 5 min in order

to be seeded in biochips.

The steps in order to fill the biochips with Gel-HA hydrogel are similar to what is described
previously in section 4, but this time, cells are included in the precursor solutions of Gel-HA along
with the HRP. A total of 200000 HepG2/C3a cells/biochip is thoroughly homogenized and
embedded within the hydrogel before an incubation step at 37°C for 30-45 min to ensure a proper
crosslink. Then, the hydro-chip are connected to the bubble trap (containing 2 mL of fresh
medium), and the perfusion is started using a peristaltic pump with a flux rate of 10 pL/min. The

whole system is placed in an incubator at 37°C and 5% CO..



For static hydrogel condition HepG2/C3A cells are added to Gel-HA mixture (200,000
cells/hydrogel). Finally, 90 uL of the Gel-HA cell suspension is crosslinked with 10 pL of H202 (20
mM) on 24-well plate, resulting hydrogels of 100 L.

For both hydro-chip and static hydrogel conditions culture medium are sampling after 4 and 6
days of culture.

6. Exposure to free fatty acids
After 4 days of culture, cells in hydro-chip and static hydrogel are exposed to oleic acid (0.66 mM
for 2 days. An oleic acid (OA, Sigma-Aldrich) stock solution, is first prepared in EtOH 99% at a
concentration of 500 mM. Then, as a vehicle, we used a 10% BSA solution prepared in sterile
water. Oleic acid solution at 0.66mM is obtained according to the following percentages: 0.13%
of OA stock solution, 4.4% of 10% BSA solution and 95.47% of MEM. Medium sampling for
biological assays is performed after exposure (day 6).

7. Biological assays
Albumin concentration was determined on the culture media using the Human Serum Albumin
DuoSet ELISA kit (R&D Systems, Minneapolis, MN) according to the manufacturer’s guidelines.
Ureogenic capacity is measured directly from the culture medium by an improved Jung method
using the Urea Assay Kit (QuantiChrom DIUR100; BioAssay Systems, Hayward, CA). F-actin
staining with phalloidin is performed to observe the cells structure. Finally, steatosis is evaluated
by staining cytoplasmic lipid droplets with Oil red O.

Results

1. Gel-HA hydrogels exhibit liver-like mechanical properties and long-term
stability in dynamic and non-dynamic systems.
The Gel-HA 20-80 hydrogels exhibit a storage modulus (G’) of 400 Pa (Figure 1A). Gel-HA

hydrogels inside biochip under dynamic conditions retained integrity for 5 days (Figure 1B).
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Figure 1. Mechanical properties of hydro-chip. (A) Storage modulus (G') of Gel-HA 20-80 hydrogels by oscillatory
rheology. (B) Stability test of biochip fill with Gel-HA hydrogel after 5 days of perfusion at 10 pL/min.



2. HepG2 cells embedded in Gel-HA hydrogels confined in PDMS
biochips: morphological and functional analysis

24 hours after seeding, the cells started to aggregate and create spheroids both in hydro-chips
and static hydrogels (Figure 2A). After 6 days of culture, large size spheroids were observed in
both hydro-chip and static hydrogel. To analyze the actin cytoskeleton of the spheroids, F-actin
staining with phalloidin was performed. The actin cytoskeleton of the cells was perfectly
observable with the microscope’s binoculars but slightly visible in the confocal images as shown
in the Figure 2B. We can assume that there is a network of actin throughout the spheroids.

Day 1 Day 6 Day 6

Hydro-chip

Hydrogel

Figure 2. Morphological analysis of HepG2/C3A cells in hydro-chip and static hydrogel. (A) Contrast-phase
image at day 1 and 6 of culture in hydro-chip and static hydrogel. (B) Confocal images of cells embedded in hydro-chip
and static hydrogel after 6 days of culture. Nuclei are stained in blue and F-actin are stained in green. Scale bar 100 um.

Assessment of albumin secretion is commonly used as a liver function test to indicate potential
liver injury and functionality. We found a similar albumin secretion in both hydro-chip and static
hydrogel after 4 days of culture. At day 6, we also observed no significant differences between
hydro-chips and static hydrogels regarding albumin secretion. Nevertheless, a significant
increase in albumin secretion in static hydrogel condition between day 4 and day 6 (Figure 3A)
was observed. Urea quantification revealed significantly higher levels in hydro-chip than in static
hydrogels (0.92+0.012 and 0.77+0.036 pg/h, respectively) at day 4. After 6 days of culture,
although we observed a significant increase of urea levels for both hydro-chip and static hydrogel
when compared to day 4; urea levels in hydro-chip remained higher than those in static hydrogel
(1.73+£0.077 and 1.57+0.076 ug/h, respectively) (Figure 3B).
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Figure 3. Functional analysis of Hepg2/C3A cultured in hydro-chip and static hydrogel for 4 and 6 days. (A)
Albumin secretion quantification. (B) Urea secretion quantification. *At least p<'0.05 and ** at least p<'0.01; T-test
statistic was performed for comparison between conditions.

3. In vitro disease modelling of NAFLD using hydro-chip and HepG2/C3a

cells
We observed intracellular lipid droplets in cells for both hydro-chip or static hydrogel after
treatment with OA for 2 days as shown in Figure 4A. Lipid accumulation seemed to be more
important in treated static hydrogels to hydro-chip. However, urea quantification did not show

significant changes after2 days of fatty acid exposure (Figure 4B).
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Figure 4. Hydro-chip and static hydrogel as model for steatosis. (A) Intracellular lipid droplet staining on control and
treated samples. (B) Urea secretion quantification of control and treated samples at day 6.




4. Discussion & Conclusion
The present work combines the advantages of a hydrogel based on Gel-HA and microfluidic
culture. Literature has widely shown that 3D configuration (spheroids) enhances cellular
morphology reorganization, metabolic capability but also regulates the development of liver
disorders[6], [7]. Furthermore, microfluidic culture allows to reproduce zonation-like patterns,
shear stress and reduces the accumulation of toxic compounds [4], [8].

Liver tissue is described as a soft tissue with a high ratio between cells/ECM. However, despite
this ratio liver ECM displays relatively high mechanical properties. In fact, it has been described
that a healthy liver exhibits a storage modulus (G’) between 400-600 Pa [3], [5]. Therefore, the
chosen Gel-HA 20-80 ratio hydrogels reproduce a healthy liver-like mechanical properties and

can sustain flow at 10uL/min for at least 5 days.

The HepG2/C3a cells proliferated in hydro-chip and static hydrogels and formed spheroids after
24hours. After 6 days of culture, spheroids in perfusion culture (hydro-chip) and in static hydrogels
seemed to reach a similar size. The present study demonstrated non-significant differences in
albumin secretion in hydro-chip and static hydrogels after 4 and 6 days of perfused culture. While
higher levels of urea were observed in hydro-chips when compared to static hydrogels at day 4
and 6. We hypothesized that the dynamic environment promoted metabolic capability as

demonstrated in Messelmani et al., 2022.

Regarding NAFLD modelling, we found intracellular lipid accumulation for both hydro-chips and
static hydrogels. Although, hydrogels showed a higher lipid accumulation than hydro-chips, urea
levels in control and treated conditions were similar. This phenomenon may suggest that hydrogel

along the dynamic flow potentially allow to better mimic physiological features in the liver tissue.

5. Conclusion and outlook
We have developed a hydro-chip by combining a Gel-HA hydrogel and a microfluidic biochip to
investigate steatosis development in HepG2/C3a cells. The preliminary results described in this
report show the potential of this combination to better mimic liver disease. We believe this work
must be taken further.
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