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Abstract

NAFLD impacts 30% of Western population, yet FDA-approved treatments remain elusive
due to its incomplete understanding. Thus, this PhD sought to generate a minimally invasive

platform to track NAFLD longitudinally and explore pre-clinical therapeutic options.

Before doing so, a secondary project was executed to provide technical training, that aimed to
establish a platform for tracking tumour vascularization through intravital imaging. For that,
renal carcinoma (RCC)-derived cells were transplanted into the anterior chamber of the eye
(ACE) of animals with fluorescent blood vessels. This led to a platform yielding consistently
sized tumours with trackable growth. However, loss of blood vessel fluorescence within
tumours, likely due to Tie2 downregulation, hindered the original goal. Nevertheless, this

platform could potentially be used to test anti-angiogenic/Tie2-normalizing drugs.

The platform to track NAFLD longitudinally was explored next. To do so, in vitro generated
liver tissue with fluorescent lipid droplets would be transplanted into a host animal’s ACE, and
NAFLD would then be induced via high-fat diet regime. It was hypothesized that changes in
fat content could be tracked in the ectopic liver tissue through repeated imaging. Several
approaches were investigated to generate liver tissue capable of long-term vascularization upon
transplantation, which highlighted the difficulty of generating engraftable tissue. Nevertheless,
final experiments showed that so-called liver buds were capable of vascularizing upon
transplantation. Further optimization of intra-ocular liver buds' fat accumulation capacity is

required.

Research demonstrated that glucagon analogue G108 improves hepatic fat and glycemia in
obese animals; however, also leads to lean mass loss. This thesis final aim was to explore
G108's NAFLD potential using the aforementioned NAFLD platform, which could not be fully
validated. Nevertheless, traditional in vivo methods revealed that lowering G108 dosage in the
context of a high-protein diet prevented lean mass loss, without compromising the benefits on

liver fat or glucose tolerance.
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1.1.  The healthy liver

1.1.1. Composition and organization

The liver is a complex organ, and its organization and composition are going to be discussed
from macroscopic to microscopic detail in the paragraphs below. Macroscopically, the human
liver is split into four lobes (Sibulesky, 2013). Microscopically, each lobe consists of numerous
hexagonally shaped units called lobules. Each lobule has one central vein and six portal triads,
one in each corner of the hexagon, composed of a portal vein, a hepatic artery, and a bile duct
(Fig. 1.1). The portal vein carries nutrient-rich blood from the gastrointestinal tract, gallbladder,
spleen, and pancreas, whilst the hepatic artery carries oxygenated blood into the liver. Both
portal and arterial blood perfuse the liver through low pressure channels called sinusoids, which
then drain into the central vein. Thus, the liver receives blood from two sources: the portal vein
and the hepatic artery, which corresponds to 80% and 20% of the hepatic blood volume
perfusion, respectively. Lastly, the bile ducts collect the bile made in the liver, which helps
with digestion of fats in the intestine, to be stored in the gallbladder until needed. Each lobule
is organized into 3 zones depending on the hepatocytes distance to the portal triad, and thus,
perfusion levels. Zone I is the periportal area where hepatocytes are most exposed to fresh
(oxygenated and nutrient rich) blood perfusion, followed by the zone II, which is described as
the pericentral region, and finally zone III, where blood perfusion is the weakest. Whilst all
hepatocytes can perform liver-specific functions, recent studies suggest that the localization of
hepatocytes within distinct zones of the lobule can result in variations in the extent of their
functional capacity. For example, hepatocytes from zone I have strong fatty acid b-oxidation,
amino acid catabolism and gluconeogenic activity; hepatocytes from zone II, on the other hand,
are key in producing new hepatocytes during homeostasis and regeneration; finally,
hepatocytes from zone III are more strongly involved in drug metabolization, glycolysis,
glycogenesis, and lipogenesis (Kalra et al., 2023; Trefts et al., 2017).

The liver is composed by parenchymal cells - hepatocytes and cholangiocytes -, and non-
parenchymal cells - endothelial cells, stellate cells, and the resident macrophages Kupfer cells.
Each of these cell types has distinct roles that work together to regulate liver function across
multiple levels. The hepatocytes, which account for 70% of all liver mass, are responsible for
carrying out many of the previously mentioned liver related functions. The cholangiocytes line
the lumen of the bile ducts but are also actively involved in modifying the composition of the

hepatocyte-produced bile as it flows through the channels (Tabibian et al., 2013; Trefts et al.,
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2017). The hepatic endothelial cells are the building blocks of hepatic blood vessels and are
the second biggest cell type in the liver, just after hepatocytes. There are different types of
hepatic endothelial cells, and the liver sinusoidal endothelial cells (LSECs) form the biggest
subpopulation. These are characterized by being discontinuous, having fenestrations, lacking
basement membrane and tight junctions, and having a great endocytic capacity. All the
previously mentioned characteristics contribute for the effectiveness of LSECs in transporting
molecules from the plasma and into the liver, thus making them key players for the liver normal
function (X. Sun & Harris, 2020). The Kupfer cells are the macrophages that reside in the liver
and are the first immune cells to contact with pathogens that arrive to the liver via portal vein.
Finally, the stellate cells, in healthy conditions, mainly store vitamin A in lipid droplets, but
can then be activated, in response to liver damage, into collagen producing cells, leading to

tissue scarring (Trefts et al., 2017).

Central vein
- Bile duct

— Portal vein

Hepatic artery

Portal triad

LIVER

LOBULE

Figure 1.1. Schematic of liver microscopic organization. Created on BioRender.

1.1.2. Liver roles

The liver is a very important organ involved in, among other things, digestion, immune
response, drug metabolization, protein synthesis, vitamin storage and detoxification. The liver
is also key in maintaining energy levels through metabolization of organic fuels (Trefts et al.,
2017). There are three types of organic fuels: glucose, fatty acids, and amino acids. The role of
the liver in the handling and metabolization of each one of these fuels is further explored below,

and a summary can be found in Fig. 1.2.
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Figure 1.2. Schematic representing the roles of liver in lipid, glucose, and protein metabolism. AA: amino acids; VLDL: very
low-density lipoproteins; TAG: triglycerides; DNL: de novo lipogenesis; Created in BioRender

1.1.2.1. The roles of liver in lipid metabolism

In addition to aiding digestion of dietary fats through bile production, the liver also plays an
essential role in the direct handling and metabolism of lipids, and the tasks it performs can be

broadly grouped into lipid acquisition, storage and usage (Enjoji et al., 2016).

Lipid acquisition includes 1) uptake of dietary lipids from portal blood (portal vein), 2) up-take
of lipids from circulation (hepatic artery), 3) as well as lipids newly made by the liver through
de novo lipogenesis (DNL).

1) The dietary lipids that make it to the liver via portal vein are a minority, since only short
chain fatty acids (SCFA) are small enough to squeeze through the intestinal epithelium. Thus,
most dietary lipids need to enter circulation first before reaching the liver.

2) The lipids exist in circulation in two forms: as fatty acids, that together form the pool of
circulating non-esterified fatty acids (NEFA), and as part of lipoproteins, like chylomicrons,
low-density (LDL) and high-density lipoproteins (HDL). When blood lipid levels are in excess,
the liver can uptake them and convert them into triglycerides (TAGs) for storage in hepatocytes
cytoplasmic lipid droplets. CD36 is the main receptor involved in hepatic fatty acid uptake and

storage.
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3) The liver can also make its own fats through de novo lipogenesis, which is usually promoted
during postprandial conditions and excess energy availability. This pathway is regulated not
only by substrate availability, but also by insulin signaling. During DNL, new fatty acids are
made from the excess of a substrate molecule that is a product of both carbohydrates and protein
catabolism - acetyl-CoA. During carbohydrates catabolism, carbs are broken into glucose
molecules that undergo glycolysis, generating two molecules of pyruvate. Pyruvate can then
enter the mitochondria where it is converted into acetyl-CoA, that enters the Krebs cycle
originating citrate. The citrate, when in excess, can then be transported to the cytoplasm where
it is converted into acetyl-CoA by ATP-citrate lyase (ACLY), and then further converted into
malonyl-CoA by Acetyl-CoA carboxylase 1 (ACC1). Finally, malonyl CoA is then converted
into palmitate by fatty acid synthase (FASN), that can then suffer elongation and desaturation
to give rise to other fatty acids (Enjoji et al., 2016). During protein catabolism, proteins are
broken down into amino acids which, after deamination, and just like in the carbohydrate’s
metabolism, can also provide a substrate for DNL by feeding into the Krebs cycle. Different
amino acids can feed into the cycle at different points, but it always culminates with citrate
exportation into the cytoplasm that will then follow the same pathway previously described for
glucose, originating fatty acids (Charidemou et al., 2019a). The resulting fatty acids produced
by DNL can then be esterified into TAGs, that can either be secreted as VLDL particles to be
distributed to other tissues, or stored in cytoplasmic lipid droplets to be used as substrate for

energy producing-b-oxidation when needed (Enjoji et al., 2016).

Lipid storage includes TAG synthesis, as well as the formation of lipid droplets (LD). TAGs
are made from combining one glycerol and three fatty acid molecules together. Fatty acids are
converted into TAGs for storage as this is a more stable and a less bio reactive/toxic form of
energy source. When TAGs are not exported, they are stored into lipid droplets, which are
made from TAG molecules surrounded by a phospholipid monolayer that contains other
structural proteins. LDs are considered highly metabolically active structures, and, when
energy is needed, they can undergo lipolysis, thus liberating TAGs that can be used as
substrates in energy-producing pathways (Enjoji et al., 2016).

Lipid usage includes 1) lipolysis, 2) fatty acid b-oxidation, as well as 3) secretion of very low-
density lipoproteins (VLDL). The liver is involved in maintaining normal energy levels, and
one such substrate to generate energy is lipids. The liver can use lipids locally to generate

energy or export them to serve as energy to other tissues.
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1) The first step to generate energy from stored lipids is through lipolysis of LD-containing
TAGs, which happens not only through the action of cytosolic lipases, but also through
lipophagy (Mashek et al., 2020). During LD lipolysis TAGs are broken down into its
constituent’s glycerol and fatty acids.

2) The free fatty acids can then undergo b-oxidation in the mitochondria (short, medium and
long-chain fatty acids) or peroxisomes (very long-chain fatty acids). However, whilst still in
the cytoplasm, fatty acids bound for degradation in the mitochondria need to be conjugated
with coenzyme A (CoA) originating a molecule called fatty acyl-CoA. Mitochondrial b-
oxidation requires, as first step, the shuttle of fatty acyl-CoA molecules from the cytoplasm
into the mitochondria. Whilst short and medium-chain fatty acyl-CoAs can simply enter the
mitochondria via a transporter, long-chain fatty acyl-CoAs need to exchange their Coenzyme
A group for a carnitine first, with this reaction being mediated by carnitine palmitoyltransferase
1 (Cptl). After entering the mitochondria, that carnitine is replaced back by a Coenzyme A via
carnitine palmitoyltransferase 2 (Cpt2). This molecule, derived from a long chain fatty acyl-
CoA, is now ready, together with the short and medium-chain fatty acyl-CoAs, to enter a cycle
of 4 stages comprised of dehydrogenation, hydration, dehydrogenation and thiolytic cleavage.
With each cycle, the bond between the first (alpha) and second (beta) carbons of each fatty
acyl-CoA molecule is broken. This releases an acetyl-CoA (which holds two additional
carbons), as well as a molecule made of the leftover carbon structure, to which another
Coenzyme A is added, generating a (two carbon-) shorter fatty acyl-CoA molecule. Because
fatty acyl-CoA molecules bound for degradation have several carbons (2 to 22), and only 2
carbons are removed per cycle, this cycle keeps on going until the fatty acyl-CoA molecule is
completely broken down, always releasing acetyl-CoA at the end of each cycle. The acetyl-
CoA molecules can then be used to make ketone bodies, or can enter the Krebs (TCA) cycle,
ultimately generating NADH and FADH», which will then be used by the mitochondrial
electron transport chain to produce ATP, i.e., energy.

3) TAGs can also be released by the liver as nascent VLDL particles to be used for energy
(through b-oxidation) or for storage in other tissues, like skeletal muscle and adipose tissue.
Nascent VLDL particles are made from a phospholipid membrane, that contains cholesterols
and apolipoproteins, enclosing a load of TAG molecules. Thus, VLDL secretion rate is
controlled not only by TAGs and TAGs constituents’ availability, but also by apolipoprotein
availability. Upon release into the blood stream, these particles further mature by receiving

other apolipoproteins from HDL. Then, when they reach the intended organs, they are broken
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down by lipolipases and the resulting fatty acids can be up taken by the nearby tissue, whilst
the VLDL remnants can go back to the liver for recycling (Enjoji et al., 2016).

1.1.2.2. The roles of liver in glucose metabolism

The liver plays an important role in preserving energy homeostasis, specially under conditions
of nutrient scarcity. Glucose is the principal source of energy used by the body, and so it is not
surprising that the liver plays a key role in its metabolism. In fact, the liver is responsible for
steadily supplying the other organs in the body with glucose during periods of fasting or
exercise. Just like with lipid metabolism, glucose handling by the liver can also be split into

glucose acquisition, storage, and usage (Adeva-Andany et al., 2016).

Glucose acquisition includes the 1) uptake of dietary sugars from portal blood (portal vein), 2)
glucose up taken from blood circulation (hepatic artery), as well as 3) glucose newly made by
the liver through gluconeogenesis (Moore et al., 2012).

1) Sugars can be split into mono- (e.g., glucose and fructose), di- (e.g., sucrose), and
polysaccharides (e.g., starches). Whilst monosaccharides are ready to be absorbed by the
intestinal epithelium, di- and polysaccharides must be digested and broken down into
monosaccharides first, whilst travelling through the gastrointestinal tract. Monosaccharides
leave the intestinal lumen by entering the intestine enterocytes via SLC1 transporters, and
potentially glucose transporter 2 (Glut2), when luminal sugar levels are very high. They can
then be exported out of enterocytes and into blood circulation through Glut2 transporters,
finally reaching the liver via portal vein. Here, some glucose (depending on peripheral blood
glucose levels) and most fructose monosaccharides are removed from the blood before it joins
peripheral circulation (Gromova et al., 2021; Southgate, 1995).

2) Whilst the liver can also uptake glucose from the blood that arrives via hepatic artery, the
portal vein is the main route through which sugars enter the liver. Nevertheless, glucose is the
main sugar found in the blood and, after reaching the liver, it goes into the hepatocytes
passively via the bidirectional Glut2 in a process independent of insulin. Because Glut2 works
both ways, to prevent its diffusion back out of the cell, intracellular glucose is phosphorylated
by glucokinase into glucose-6-phosphate in an ATP-consuming reaction.

3) In addition to acquiring sugars, the liver can also synthesise its own. Gluconeogenesis

consists in the formation of glucose from non-hexose precursors that can originate in the liver,
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but also in extrahepatic tissues, that are released into blood circulation and eventually up taken
by the liver. Examples of such gluconeogenic substrates are lactate, gluconeogenic amino
acids, fructose and glycerol, and this process is inhibited by insulin. Depending on the initial
substrate, gluconeogenic substrates enter the gluconeogenic pathway, which starts with
pyruvate, at different stages. Lactate can be oxidized into pyruvate by lactate dehydrogenase;
amino acids, on the other hand, can be converted into a-ketoacids that are later converted into
TCA cycle intermediates, including pyruvate and oxaloacetate. In addition, specific amino
acids like alanine, can be directly converted into pyruvate through the action of alanine
aminotransferase. Pyruvate can then be converted into oxaloacetate, through pyruvate
carboxylase, which is then converted into phosphoenolpyruvate via phosphoenolpyruvate
carboxykinase. The phosphoenolpyruvate is then sequentially transformed into 2-
phosphoglycerate, 3-phosphoglycerate, 1,3-biphosphoglycerate and glyceraldehyde 3-
phosphate, which condenses with dihydroxyacetone phosphate to originate fructose 1,6-
bisphosphate. It is at this stage that fructose and glycerol substrates can join the gluconeogenic
pathway, by first being converted into dihydroxyacetone phosphate. Fructose 1,6-bisphosphate
is then dephosphorylated into Fructose 6-phosphate, which in turn is converted into the glucose
phosphorylated form of glucose: Glucose 6-phosphate (Moore et al., 2012; L. M. Sanders,
2016).

Regardless of the glucose source, i.e., whether acquired or newly made, hepatic glucose can

then be stored or used, depending on energy availability.

Glucose storage is mainly promoted post-prandially, i.e., in conditions of increased energy
availability, where around 50% of glucose is converted to glycogen through glycogenesis.
Since there are limitations regarding how much glucose can be stored as glycogen, some
glucose can also be converted into fats for storage through the DNL pathway mentioned in the
previous section. During glycogenesis, which is promoted by hormones like insulin, and
inhibited by glucagon, glycogen molecules are made from glucose 6-phophate. Briefly, glucose
6-phosphate is converted into glucose-1-phosphate by phosphoglucomutase, which is in turn
converted into UDP-glucose. Glucosyl groups, derived from UDP-glucose molecules, are then
added together by glycogen synthase to build a 10 to 20 glucosyl residues-long strand. After
that, branching starts to occur via glycogen branching enzyme, an important step that increases,
not only glycogen molecules size, but also its solubility (Daghlas & Mohiuddin, 2023).

Under low energy availability, where glucose storage is not being promoted, glucose can then

be used by the liver.
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Glucose usage includes the pathways of 1) glycogenolysis, 2) glycolysis as well as 3) glucose
excursion into circulation to be used by other organs.

1) Given that glucose is stored as glycogen molecules, the first step, to use glucose, is to break
glycogen stores through glycogenolysis. The first product of this reaction is glucose 1-
phosphate, that is then converted into the common intracellular glucose form: glucose 6-
phosphate.

2) Glucose 6-phosphate can then enter the glycolysis pathway where, in the first step, is
converted into fructose 6-phosphate, which is then phosphorylated in an ATP-consuming
reaction. Finally, the fructose 1,6-biphosphate molecule goes through a series of reactions that
release ATP and that culminate with synthesis of two pyruvate molecules. In addition to the
ATP released through the glycolysis pathway, the final product, pyruvate, can then be
converted into acetyl-CoA and enter the TCA cycle, generating further ATP. As mentioned in
section 1.1.2.1., excess glucose can also be used as a substrate for the synthesis of fatty acids
through DNL, as excess pyruvate leads to excessive acetyl-CoA thus saturating the TCA cycle
and resulting in citrate exportation from the mitochondria into the cytoplasm. Furthermore,
hepatic glucose is also used in other non-energy producing, but still important, pathways, like
the pentose phosphate pathway, that provides precursors for nucleotide and amino acid
biosynthesis.

3) In addition to glucose metabolization to fulfil internal energy requirements, the liver can
also export glucose that will provide energy to other organs. Hepatic glucose excursion is
inhibited post-prandially, mainly by suppression of glycogenolysis, but also through
attenuation of gluconeogenesis. Increased and decreased insulin and glucagon secretion,
respectively, drive this inhibition. Thus, in conditions of low blood sugar, where insulin levels
are low and glucagon high, the liver increases its glucose export rate. This can happen, during
short-term fasting, through breaking of glycogen stores through the previously mentioned
pathway of glycogenolysis and, for longer term fasting situations, by synthesising glucose de
novo through the gluconeogenic pathway. Regardless, since intracellular glucose exists in the
phosphorylated form (glucose-6-phosphate), before leaving the cell it needs to be de-
phosphorylated through the action of glucose-6-phosphatase (G6Pase). Glucose is then ready
to be exported into the blood via Glut2 (Adeva-Andany et al., 2016).
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1.1.2.3. The roles of liver in amino acid metabolism

Amino acids are the building blocks of proteins, and the liver is responsible for synthesising a
great percentage of circulating protein volume. Thus, it is not surprising that this organ has a
key role in amino acids metabolism (Trefts et al., 2017). The liver is involved in amino acid
metabolism in several ways: to synthesise amino acids from other amino acids
(transamination), to dispose of amino acids (deamination) (urea cycle), to generate energy
(TCA cycle), to convert them into glucose or fatty acids through gluconeogenesis and de novo
lipogenesis, respectively, and to generate nucleotides. Just like with lipid and glucose
metabolism, amino acid handling by the liver can also be split into amino acid acquisition,

storage, and usage (Paulusma et al., 2022).

Amino acid acquisition includes 1) up-take of amino acids from blood bound to the liver for
degradation/recycling, 2) uptake of dietary amino acids and 3) synthesis of non-essential amino
acids through transamination.

1) and 2) Given the range of processes in which amino acids are involved, keeping an adequate
level of circulating amino acids is essential for the normal function of the body. In fact, and
given that the liver is responsible for both protein synthesis and amino acid degradation, the
liver is known to be a key player in regulating plasma amino acid levels by up taking them
from and releasing them into circulation. Apart from branched chain amino acids, hepatic
uptake of amino acids is very efficient. The liver extracts amino acids from the blood arriving
from both portal vein and hepatic artery, via transporters located in the hepatocyte’s
membranes. These transporters belong to the SLC family, and different transporters are present
in distinct liver zones, meaning that certain amino acids can be up taken preferentially in certain
areas of this organ (Paulusma et al., 2022). AAs can be split into the essential or non-essential
categories, depending on whether they must be obtained from diet or can be synthesised by the
body, respectively. Thus, the aa up-taken from the blood into the liver can be derived from aa
heading to the liver for degradation or recycling and from digestion of dietary proteins.

3) Non-essential amino acids can also be synthesised from other amino acids through a
reversible process known as transamination. Structurally, aa consist of an amino group linked
to a carbon skeleton. The process of transamination involves both processes of deamination
and amination. Briefly, during this process, which is mediated by transaminases
(aminotransferases) and pyridoxal phosphate, the amino group of an existent amino acid is

transferred (deamination) to an acceptor keto-acid molecule (amination) (which provides the
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carbon skeleton), transforming the latter into a new amino acid, and the original amino acid
into a keto acid. Which non-essential aa will be newly generated depends on both the original
amino acid that provides the amino group, as well as the acceptor keto acid. For example, when
the amino acid L-Glutamate donates its amino group to the keto acid pyruvate, the new amino
acid L-Alanine is generated, together with the new keto acid a-ketoglutarate (Bhagavan & Ha,

2015).

Amino acid storage includes 1) deamination, 2) DNL and 3) gluconeogenesis.

1) In situations of amino acid excess, aa are up taken from blood by the liver. Unlike sugars
and lipids that can be stored as glycogen and TAGs, respectively, amino acids cannot be stored
as amino acids or protein in the liver. Instead, they need to be deaminated first and then
converted into the two others previously mentioned organic fuels: glucose or fatty acids.

2) and 3) Thus, following the first step of deamination, the resulting carbon structure is then
further degraded, and, under high energy availability conditions, degradation products can then
feed into the de novo lipogenic and gluconeogenic pathways, as has been explained in the

previous two sections (Paulusma et al., 2022).

Amino acid usage by the liver includes 1) amino acid disposal, 2) energy production and 3)
protein synthesis.

1) The liver is one of the main organs where amino acids go to be disposed, with the first step
being deamination, where the amino group is separated from the carbon skeleton. The resulting
amino group gives rise to ammonium, a highly toxic compound that needs to be converted into
urea, through the urea cycle, before leaving the liver to be safely excreted it in urine.

2) Under low energy availability, the products of amino acid degradation can enter the TCA
cycle which, just like as explained before for the products of glucose and fatty acid degradation,
leads to NADH and FADH: generation, that can then enter the oxidative phosphorylation
pathway, thus generating ATP.

3) In addition to being a source of energy, amino acids are also used by the liver to synthesise
85-90% of all circulating plasma proteins (with albumin being the most abundant of those).
Furthermore, the ammonia released through amino acid deamination can also be used to
synthesise nitrogen-containing compounds like nucleotide bases (Chandel, 2021; Trefts et al.,

2017).
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1.2.  The liver in non-alcoholic fatty liver disease (NAFLD)
1.2.1. NAFDL definition and aetiology

As explained earlier in this chapter, the liver plays an essential role in maintaining energy levels
within physiological ranges, especially in situations of low energy availability. These processes
are tightly regulated in healthy individuals but, in some situations, they might get dysregulated

and lead to excessive hepatic fat accumulation.

Non-alcoholic fatty liver disease (NAFLD) is a rapidly growing disease in western countries
affecting around 30% of its population. Its prevalence is growing not only in developed, but
also developing countries, where it is becoming the primary cause of end-stage liver disease,
and thus the main indicator for liver transplantation. Recently, given the new insights into this
disease etiology, a panel of experts proposed updating NAFLD’s nomenclature to metabolic
dysfunction-associated fatty liver disease (MALFD). Nevertheless, given that the majority of
studies referenced in this dissertation retained the original terminology, the term NAFLD was
consistently employed throughout this thesis (Eslam et al., 2020). As the name suggests,
NAFLD consists in hepatic fat accumulation, mainly in the form of triglycerides (TAGs), and
is relatively harmless in early stages. However, the continuous excessive hepatic fat
accumulation can lead to lipotoxicity which sensitizes the liver to further insults that injure the
hepatocytes, which can lead to the disease progressing into hepatitis, fibrosis, and cirrhosis.
Hence, depending on the degree of injury caused to the liver, NAFLD can be divided into non-
alcoholic fatty liver (NAFL), characterized by the harmless simple accumulation of fat in more
than 5% of the parenchyma (also known as steatosis), and non-alcoholic steatohepatitis
(NASH), where the hepatocytes sustain injury (Fig. 1.3). Around 20-30% of NAFL patients
progress into NASH, and, of these, between 3-15% progress into cirrhosis. From those, 4-27%

end up developing HCC (Dhamija et al., 2019; Fernando et al., 2019).
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Figure 1.3. Schematic representing potential progression of NAFLD. NAFLD: non-alcoholic fatty liver disease; NASH: non-
alcoholic steatohepatitis; HCC: hepatocellular carcinoma. Created in BioRender.

1.2.2. Pathology of hepatic fat accumulation

NAFLD starts as harmless accumulation of fat in the liver due to an imbalance between lipid
uptake/synthesis and usage. But how does lipid accumulation in the liver ends up leading to

liver disease?

1.2.2.1. Why hepatic fat accumulation leads to lipotoxicity

Although, as the name suggests, lipotoxicity is caused by lipids, these can exert such toxicity
through several ways. Lipotoxicity has been shown to be caused, not only by excessive hepatic

fat accumulation, but also by the presence of certain lipid species.

1.2.2.1.1. Overwhelming of TAG and LD synthesis pathways

In early stage NAFLD, fat accumulation, also known as simple steatosis, does not harm the
hepatocytes that simply store the fats (mainly) as TAGs in their cytoplasmic lipid droplets
(LD). However, the continuous high level of fat getting stored in the liver eventually
overwhelms the TAG synthesis pathway, as well as the lipid droplets storage capacity, meaning
that hepatocytes are no longer capable of properly accommodating additional fats. TAGs are

inert non-toxic molecules that are packed into lipid droplets for storage. As previously
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mentioned, most fats are stored as TAGs which are made of one glycerol and three fatty acid
molecules. Those fatty acids can be saturated, monounsaturated, or polyunsaturated, depending
on the number of double bonds between their carbon atoms, and studies have shown that some
free fatty acids are more toxic than others. For example, polyunsaturated fatty acids (PUFAs)
and monounsaturated fatty acids (MUFAs) have been shown to be beneficial in NAFLD, as
they reduce hepatic lipid deposition, oxidative stress, and inflammation. Saturated fatty acids,
on the other hand, have been shown to have a detrimental effect on hepatocytes, causing cell
damage and death. The mechanisms through which this happens are not fully known, but Jun
N-terminal kinase (JNK)-induced ER stress is thought to play a role. Nevertheless, fatty acids
are only toxic under their free form, which means that they are not toxic when they are packed
into TAG molecules. Indeed, incorporating saturated fatty acids into TAG molecules is a way
of reducing lipotoxicity (Wasilewska & Lebensztejn, 2021). Thus, when the hepatocytes
capacity of packing free fatty acids into TAG molecules and LDs is overwhelmed, the cells can
be exposed to lipotoxic fatty acids and, therefore, to a lipotoxic environment, which leads to a

series of occurrences that can ultimately result in cell damage and death.

1.2.2.1.2. Altered levels of non-TAG lipids

Lipotoxicity is not caused only due to the excessive absolute level of fats, but also due to an
imbalance in the relative levels of the various classes of fats that accumulate in the liver. TAGs
are not directly lipotoxic, but altered levels of other lipids, like cholesterol, sphingolipids and

glycerophospholipids can be.

o Cholesterol: Cholesterol is an important lipid and plays key roles in cell membrane
structure, vitamin and steroid hormone synthesis, among other things. There are several studies
showing that cholesterol homeostasis is altered in NAFLD, and it is influenced by cholesterol
absorption, de novo synthesis, usage, and excretion. Cholesterol can be obtained from diet or
synthesised de novo. Regarding excessive cholesterol absorption, this can be due to excess
dietary intake coupled with diets richer in fats, both common in NAFLD patients, which
contributes to increased levels of ingested cholesterol. Cholesterol synthesised de novo has also
been shown to be upregulated in NAFLD patients due to upregulation of transcription factors
and increased substrate availability. This lipid is used in a plethora of processes, and so, a

decrease in cholesterol usage can also result in increased availability of free cholesterol. For
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example, cholesterol is used for LD, VLDL and bile synthesis, thus, when storage of fats in LD
particles is overwhelmed, and VLDL secretion and bile synthesis are reduced, also often found
in NAFLD patients, less hepatic cholesterol will be used, and more free cholesterol is available.
Research has shown that excessive free cholesterol causes lipotoxicity and is involved in
promoting the progression of NAFL to NASH. Exactly how excess free cholesterol leads to
lipotoxicity is not fully understood, but its pathology might be exerted in different liver cell
types. For example, studies suggest that excess free cholesterol in the hepatocytes precipitates
into crystals that then promote Kupffer cells-mediated inflammation, but direct accumulation
of cholesterol in Kupfer cells lysosomes and hepatic stellate cells have also been suggested to
trigger inflammation pathways and fibrosis. Additionally, other studies suggest that excessive
free cholesterol might also lead to mitochondrial glutathione depletion, which makes
hepatocytes more sensitive to apoptosis. Indeed cholesterol-lowering drugs have shown

positive results in improving NAFLD symptoms (Arguello et al., 2015; Malhotra et al., 2020).

J Sphingolipids: Sphingolipids are important structural constituents of cell membranes.
They include ceramides, whose hepatic levels have been shown to be altered in NAFLD.
Ceramides synthesis is promoted by increased availability of free fatty acids. Thus, excess of
free fatty acids that are not packed into lipid droplet-TAGs, often found in NALFD patients,
increase ceramides synthesis. Exactly how ceramides lead to lipotoxicity is still an area of
active research, but studies have shown that higher levels of hepatic ceramides were associated
with worsened hepatic insulin resistance, activation of inflammatory pathways, cytokine
release, as well as increased mitochondrial reactive oxygen species (ROS). Indeed, studies
carried out in NAFLD animal models where ceramide synthesis was inhibited led to

significantly improvement of steatosis and fibrosis (Wasilewska & Lebensztejn, 2021).

. Glycerophospholipids: Glycerophospholipids are also key constituents of cell
membranes. Phosphatidylcholine is one of the most abundant lipids of this type and, in addition
to having a cell membrane structural role, it also has functions in regulating VLDL synthesis
and secretion. Decreased phosphatidylcholine hepatic levels have been found in NAFLD
patients and a causal role in disease onset and progression has been proposed.
Phosphatidylcholine can be synthesised de novo from diet-derived choline or converted from
phosphatidylethanolamine. =~ Both poor intake of choline, as well as low

phosphatidylethanolamine levels, have been shown to result in decreased levels of

33



phosphatidylcholine in NAFLD patients. How low levels of phosphatidylcholine influence
NAFLD is not fully understood, but decreased levels of this lipid have been shown to impair
VLDL secretion, thus promoting hepatic fat accumulation. Furthermore, low
phosphatidylcholine levels have also been shown to promote de novo lipogenesis through up-
regulation of SREBP1, which results in further hepatic steatosis. Given the role of
phosphatidylcholine as a structural component of cell membranes, low levels of this lipid are
also though to result in a compromised cell membrane integrity that can be more permeable to
pro-inflammatory factors, thus contributing to disease progression. Indeed, increasing
phosphatidylcholine intake has been shown to improve steatosis (Kartsoli et al., 2020; Osipova

et al., 2022; Sherriff et al., 2016).

1.2.2.2. How lipotoxicity is exerted at the cell level

The exact means through which lipids can exert toxicity in the hepatocytes are still an area of
active research. Nevertheless, studies showed that lipotoxicity can be exerted at a cellular level
through 1) dysregulation of cellular organelles function, as well as through 2) direct
modification of intracellular signalling pathways. Both can lead to detrimental effects to the
cell including insulin resistance, inflammation, and apoptosis, which can result in impaired cell
function leading to cell damage and potentially cell death. Although it is not completely known
what leads harmless NAFL to progress into harmful NASH in some patients, the previously
mentioned lipotoxicity-induced events are thought to play an important role (Geng et al., 2021;

Marra & Svegliati-Baroni, 2018).

1.2.2.2.1. Dysregulation of organelles function

In addition to directly affecting specific pathways that lead to detrimental effects in the cell,
toxic lipids can also promote the dysregulation of normal cell function by affecting its
organelles. Among those dysregulated organelles, endoplasmic reticulum (ER) stress and
mitochondrial dysfunction are the most explored ones, and they can both lead to negative

effects in the cell like oxidative stress, inflammation, injury and death.

. ER stress: The endoplasmic reticulum is an important organelle involved in, among

other things, protein folding and assembly, de novo lipogenesis, lipid synthesis (e.g., TAGs,
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cholesterol, phospholipids), storage (LD synthesis) and b-oxidation, as well as VLDL assembly
and maturation. Given the key roles that the ER plays in lipid metabolism, increased
intracellular levels of lipids result in increased levels of lipids in the ER. Thus, the continuous
excessive levels of fats that enter the ER lumen might overwhelm it and interfere with its
normal function. This might lead to altered membrane composition, disrupted ER-to-Golgi
protein trafficking, impaired lipid storage, b-oxidation and assembly of VLDL (promoting
further steatosis), as well as to protein misfolding. Accumulation of misfolded or unfolded
proteins then induces ER stress which, in an attempt to attenuate cellular strain, triggers the
activation of the unfolded protein response (UPR). The initial activation of the UPR pathway
aims to restore ER homeostasis by increasing protein folding, as well as clearance capacity
through autophagy and ER-associated degradation, whilst also reducing secretory protein load
and promoting antioxidant response. However, if the insults continue and the ER stress persists,
the UPR pathway might not be capable of fixing ER function anymore. When this happens, the
UPR pathway switches to a terminal fate where pathways leading to up-regulation of pro-
apoptotic genes, ROS production, calcium release, and pro-inflammatory cytokines production
are induced. Such events will then result in oxidative stress, inflammation and eventually cell
death, and have been linked to NAFLD onset and progression. UPR activation is a common
finding in NAFLD patients, and the degree of its activation varies depending on the stage of
the disease (Akazawa & Nakao, 2018; Geng et al., 2021; Lebeaupin et al., 2018; Rada et al.,
2020).

o Mitochondrial dysfunction: Mitochondria play important functions in cells in general,
like energy and reactive oxygen species production (which have important roles in cell
signalling), and it is involved in the urea cycle. In lipid metabolism, in particular, it is involved
in, among other things, b-oxidation of fatty acids, ketogenesis (where ketone bodies, an
alternative energy source, are synthesized from fatty acids) as well as TAG synthesis. Given
the roles that mitochondria play in lipid metabolism, increased intra-cellular fat accumulation
results in increased levels of fat (and fat metabolism) in this organelle. As previously explained
in section 1.1.2.1., b-oxidation of fatty acids is carried out preferentially in the mitochondria in
a process that leads to ROS production. In situations of excess fats, the mitochondria
antioxidative capacity can be overwhelmed, which can result in the accumulation of ROS
within the organelle. This accumulation can be toxic and lead to the dysregulation of
mitochondrial normal functions (Rada et al., 2020; Sunny et al., 2016). One of those

compromised functions is the b-oxidation pathway, which, can be incomplete and lead to the
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formation of toxic intermediates. Furthermore, when the capacity of fatty acid b-oxidation is
impaired in the mitochondria, fatty acids b-oxidation can be promoted in peroxisomes and the
ER, which results in the formation of ROS. On the contrary of mitochondrial oxidation, where,
under normal conditions, ROS levels are tightly controlled, ROS production in extra-
mitochondrial organelles is not regulated. This leads to an accumulation of ROS in the cell,
leading to oxidative stress, that has detrimental effects in the mitochondria and in the cell in
general. This can ultimately lead to production of pro-inflammatory cytokines, activation of
Kupfer cells and apoptosis. Another mitochondrial function that can be impaired by lipotoxicity
is the electron transport chain through which, as previously mentioned, energy is generated in
the form of ATP. Impaired energy levels can compromise mitochondria function in particular,
and the whole cell in general, resulting in worsening of mitochondrial dysfunction. Thus,
mitochondrial dysfunction has been regarded as one of the contributors for NAFLD severity,
and it is a common finding in patients with NAFLD. In fact, mitigating cellular mitochondria
dysfunction through drugs targeting oxidative stress, as well as through intravascular infusion
of healthy mitochondria, has been shown to improve NAFLD symptoms (Ramanathan et al.,

2022; Simoes et al., 2018).

1.2.2.2.2. Direct modification of signalling pathways

Impacting intracellular signalling directly is another way through which lipids can exert
lipotoxicity and thus impair normal cell function. Different lipids play key roles in intracellular
signal transduction. Thus, when they are in excess, and/or there is an imbalance in the relative
amount of each lipid, both often found in NAFDL patients, normal intracellular signalling can
get dysregulated and lead to negative effects on cells. Indeed, several pathways can be directly

triggered by lipids, such as inflammatory, cell death and insulin pathways (Pei et al., 2020).

. Inflammation pathways: Dysregulated inflammation pathways are a common finding
in patients with more advanced NAFLD. Indeed, studies have showed that some lipids can
directly promote inflammation in liver cells. For example, the PUFA arachidonic acid plays a
key role in promoting hepatic inflammation in NAFLD. Arachidonic acid is a precursor of
eicosanoids which are bioactive lipids that have a potent inflammatory effect. These
eicosanoids can then leave the cells and bind and activate receptors on immune cells (like

macrophages) resulting in the upregulation of inflammatory signalling pathways, which will
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lead to inflammation. Thus, increased hepatic levels of this particular PUFA can increase the
intracellular levels of eicosanoids which in turn induces lipotoxicity through direct influence
in pro-inflammatory signalling pathways (Pei et al., 2020). Saturated fatty acids have also been
shown to trigger inflammation through direct binding to the toll-like receptor (TLR), an
important mediator of inflammatory pathways, which is located on the hepatocyte’s membrane.
The binding results in the activation of the downstream JNK and IKK pathways which are key
players involved in inflammation (Liangpunsakul & Chalasani, 2019). Additionally,
lysophosphatidylcholine, ceramides and free fatty acids can also promote the release of
inflammatory extracellular vesicles carrying inflammatory mediators from the hepatocytes,
that can activate macrophages and thus promote inflammation. In addition, the vesicles can
also be internalized by hepatic stellate cells resulting in its activation. Activated hepatic stellate
cells are known to dysregulate ECM production and can then lead to fibrosis. Thus,
dysregulated lipid quantity and quality can promote inflammation through direct modulation
of cellular inflammatory signalling pathways (Akazawa & Nakao, 2018; Liangpunsakul &
Chalasani, 2019).

. Cell death pathways: Programmed cell death in the context of NAFLD can occur
through apoptosis, necrosis and pyroptosis. Apoptosis is by far the best understood one and it
will be explored next (Hirsova & Gores, 2015). Hepatocytes can undergo apoptosis through
extrinsic and intrinsic pathways. Whilst the intrinsic pathways are secondary to other things
happening in the cell (like ER stress and mitochondrial dysfunction), the extrinsic ones are
promoted by direct action of lipids that alone can trigger death pathways. Despite the distinct
triggers, the process of apoptosis is always mediated by the mitochondria, meaning that both
extrinsic and intrinsic apoptotic pathways converge in this organelle (Ibrahim et al., 2011). The
examples given bellow refer to the lipid-triggered extrinsic pathway. Given that apoptosis in
NAFLD is a secondary consequence of altered hepatic fat accumulation, it is often referred to
as lipoapoptosis. Several lipids have been shown to directly promote lipoapoptosis. For
example, saturated free fatty acids have been shown to trigger the extrinsic death pathway by
promoting GSK-3 mediated phosphorylation of JNK, thus triggering cell death (Akazawa &
Nakao, 2016). Additionally, the extrinsic pathway can also be activated by death receptors like
death receptor 5 (DRS), whose expression is often found to be upregulated in NAFLD patients’
livers. Excess free fatty acids have been shown to upregulate and promote DRS5 self-
aggregation on the cell membrane which then triggers apoptosis, thus also leading to cell death

(Akazawa & Nakao, 2018).
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. Insulin pathways: Another way through which lipotoxicity is induced is by promoting
hepatic insulin resistance. For example, the previously mentioned ceramides can promote, in
addition to inflammation, hepatic insulin resistance, which has a detrimental effect on cells,
through both activation of protein kinase C, IKK and JNK pathways, and through
dephosphorylation of Akt (Liangpunsakul & Chalasani, 2019). In addition to ceramides,
diacylglycerols (DAGs) have also been shown to promote hepatic insulin resistance through
promoting PKCe activation and translocation into the membrane, which in turn inhibits insulin
receptor kinase, and consequently, insulin signalling pathway. Thus, increased DAG levels
impair the normal response of hepatocytes to insulin, which leads to hepatic insulin resistance

(Birkenfeld & Shulman, 2014).

o Autophagy pathways: Another key player in NAFLD is autophagy, which is key in
keeping cellular homeostasis as it is responsible for intracellular organelle turnover, i.e., it
promotes degradation of old/compromised organelles. Lipotoxicity can often damage
mitochondria, which, if not sorted, might lead to/worsen oxidative stress, which plays a key
role in NAFLD pathophysiology. Here, autophagy plays a key role in degrading compromised
mitochondria in a process termed mitophagy, so that they can be replaced by healthy ones.
Research has shown that accumulation of certain fats, such as saturated fatty acids, can directly
inhibit autophagy through Rubicon upregulation, which in turn suppresses one of the final
autophagy steps, the autophagosome formation. Indeed, autophagy has been shown to be
downregulated in the livers of NAFLD patients. Furthermore, together with in vitro
experiments, the downregulation of autophagy has been shown to promote NAFLD
progression. Besides, promoting autophagy in fatty liver has been shown to improve NASH
symptoms. Thus, saturated fatty acids can directly modulate autophagy via Rubicon

upregulation, which has detrimental effects for the hepatocytes (Khambu et al., 2018).

1.2.3. Diagnosing NAFLD

There are several tools available that can aid NAFLD diagnostic, from blood tests and imaging
techniques to the gold standard biopsy. Each has its own advantages and disadvantages so,
employing a combination of techniques, together with the patient medical record, is often the

chosen approach to investigate a potential NAFLD diagnosis.
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Blood tests can be performed to assess blood lipid levels, which are often altered in NAFLD
patients, as well as to assess liver function through quantification of liver enzymes, like alanine
aminotransferase (ALT) and aspartate aminotransferase (AST). However, liver enzymes are
often only altered in more advanced stages.

Imaging techniques can provide additional information about the state of the liver, and the most
common ones employed in NAFLD diagnostic are abdominal ultrasound, magnetic resonance
imaging (MRI) and transient elastography. Whilst ultrasound can detect hepatic fat
accumulation and is, therefore, the go to option for an initial imaging test, it is not very accurate,
since quantification of the level of hepatic steatosis (key information for NAFL diagnosis) is
not precise. MRI, on the other hand, can accurately quantify hepatic fat accumulation, whilst
also providing some information regarding the level of fibrosis. Transient elastography is
mostly used to assess presence of fibrosis through assessment of liver stiffness.

Despite the previously mentioned tests all providing information that can guide NAFLD
diagnostic, liver biopsy is still the golden standard for NAFLD diagnosis and staging (Cataldo
et al., 2021; Juo & Livingston, 2019). Liver biopsies consists in the excision of small pieces of
liver tissue for posterior histologic preparation, where the presence and extent of steatosis,
inflammation, hepatocyte ballooning and fibrosis can all be assessed, and a NAFLD activity
score produced. Steatosis can be visualized and quantified in liver samples stained with
hematoxylin-eosin (H&E) or Oil-Red-O (ORO) stain, and it can present as macrovesicular or
microvesicular (less common and more damaging), depending on the size of the fat vacuoles.
As previously explained in section 1.2.1., NASH consists in the presence of hepatic
inflammation, hepatocyte ballooning and (sometimes) fibrosis in the context of steatosis. Thus,
in addition to H&E, which can also be used to assess hepatocytes shape and highlight the
presence of immune cells, collagen staining dyes, like Sirius red and Masson trichrome, can be

used to assess fibrosis (Leow et al., 2022).

1.2.4. Sources of hepatic fat in NAFLD

As explored earlier in section 1.2.2.1., the pathological effects of NAFLD are caused by
excessive and altered fat accumulation in the liver, but where does that fat come from? A study
by Donnelly and colleagues using multiple-stable-isotopes has identified the contributions of
the different sources of the TAGs that accumulate in the liver of NAFLD patients. They

reported that, in the post-absorptive state, 60% of hepatic fats are derived from the circulating
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plasma pool of non-esterified fatty acids (NEFA), less than 15% come directly from diet, and
26% originate from de novo lipogenesis (DNL) within the liver (Fig. 1.4) (Donnelly et al.,
2005a).
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Figure 1.4. Schematic representing different sources of hepatic fat. TAG: triacylglyceride; VLDL: very low-density
lipoprotein; SCFA: short chain fatty acid; MCFA: medium chain fatty acid; LSFA: long chain fatty acid; LPL: lipoprotein
lipase; NEFA: non esterified fatty acid; DNL: de novo lipogenesis. Schematic inspired on (Donnelly et al., 2005a). Created
on BioRender.

1.24.1. Fats derived from NEFA pool

The free fatty acids (FFAs, i.e., non-esterified with glycerol) found in circulation are commonly
referred to as the pool of non-esterified fatty acids (NEFA). The main source of free fatty acids
that form the NEFA pool is from adipose tissue lipolysis, which, in a normal/healthy situation,
serves to hydrolyze stored TAG into glycerol and fatty acids to be used as energy substrates by
peripheral organs. The circulating FFAs that are not used by the peripheral tissues for energy
are then up taken by the liver, that cannot regulate the amount of FFAs that takes in. This means
that, in a situation of increased levels of NEFA pool (like often reported in NAFLD patients),
the liver will up-take excess FFAs, thus increasing hepatic fat content (Donnelly et al., 2005b;
Duncan et al., 2007).
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1.2.4.2. Fats derived from diet

Dietary fats can enter the liver in 3 ways: 1) the short chain fatty acids can go directly to the
liver via portal vein. However, the medium and long chain fatty acids are too big to be able to
squeeze through the intestinal epithelium. Thus, they must enter the lymphatic system (via
lacteals that eventually drain into the thoracic duct) as part of chylomicrons first, before
entering the blood circulation when the thoracic duct drains into the left subclavian vein. After
that, the blood from the left (and right) subclavian vein drains into the superior vena cava,
finally reaching the heart that pumps it to the lungs, returning to the heart via pulmonary veins
after. The oxygenated blood carrying the dietary chylomicrons is then pumped to the whole
body. When chylomicrons reach organs like the adipose tissue, and cardiac and skeletal muscle,
the lipid components of the chylomicrons are hydrolyzed by lipoprotein lipases, so that the
released free fatty acids can be absorbed by these tissues. 2) During this process, some fatty
acids might escape absorption by those tissues and enter the blood circulation instead,
contributing to the fats that build the NEFA pool, thus ending up being up taken by the liver as
well. 3) After being hydrolyzed by lipoprotein lipase, the chylomicron remnants, which can
still carry some fats, join the blood circulation and are then up taken by the liver to be recycled.
Thus, the leftover fats in the chylomicron remnants also contribute for the hepatic fat content
(Cooper, 1997; Goldberg et al., 2009; Null & Agarwal, 2022; Subclavian Vein: Location,
Anatomy and Function, n.d.). Those 15% of fats stored in the liver of NAFLD patients derived

from diet reported by Donnelly and colleagues includes these three routes.

1.2.4.3. Fats derived from de novo lipogenesis (DNL)

Whilst de novo lipogenesis (DNL) can be seen as a natural process to convert excessive
precursor substances into stored energy, persistent activation of DNL is a key contributor for
the abnormal build-up of triglycerides within hepatocytes. DNL consist in fatty acids synthesis,
mainly in the form of palmitate, from excessive non-lipid precursors like sugars and amino
acids, and it is stimulated by substrate availability and insulin. Carbohydrates are the most well
studied substrates for DNL, with fructose being the most potent DNL-inducing one. When
sugar availability exceeds the body’s needs, which is usually coupled with hyperinsulinemia,

sugar Is up taken primarily by the liver to be converted and stored as glycogen for later use.
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There is a limited amount of sugars that can be stored as glycogen, and so, in situations of high
sugar levels, these can also induce DNL which ends up leading to production of fatty acids that
can subsequently be esterified and stored as triglycerides, thus increasing hepatic fat content.
Therefore, excessive over nutrition that results in increased carbohydrates intake (commonly
found in NAFLD patients), and of fructose in particular, leads to hepatic steatosis (Belew &

Jones, 2022).

1.2.4.4. Deficient fat handling

Even though NAFLD is caused by fat accumulation in the liver, it is not only excessive fat-
storage (prevenient from NEFA, DNL and diet) that contributes to the disease, but also a
defective fat handling. The liver can reduce its fat storage in two ways 1) through fat
exportation in VLDL particles and 2) through fatty acid oxidation. Thus, dysregulation of any
of these (often found in NAFLD patients) can also contribute to increased hepatic steatosis. 1)
As explained in section 1.1.2.1., the liver can export lipids to be used in energy-generating
pathways or to be stored by other organs, as VLDL particles. In NAFLD patients, VLDL export
is increased in earlier stages of the disease, as a measure to try to counteract the excessive
hepatic fat accumulation, but this then plateaus, or can even decrease, as the disease progresses.
This is likely due to the increasingly compromised function of the hepatocytes due to organ
damage caused by lipotoxicity induced-NAFLD advancement, which ultimately also
contributes to hepatic fat accumulation (Ipsen et al., 2018). 2) As mentioned earlier in this
chapter, in situations of low glucose, b-oxidation of fatty acids occurs to generate energy for
hepatocytes and ketone bodies, that are exported into circulation to be used as metabolic fuel
by other organs. In normal conditions, fatty acids oxidation occurs mainly in the mitochondria,
apart from very long chain fatty acids that must be oxidized in the peroxisome due to their size,
this is known as mitochondrial and peroxisomal b-oxidation, respectively. In situations of
excess lipid, like in NAFLD, fatty acids oxidation can also occur in the cytochrome or
endoplasmic reticulum in a process known as omega-oxidation, however this results in
production of reactive oxygen species and oxidative stress. There are conflictive results about
fatty acid b-oxidation levels in NAFLD patients, where studies have showed increased,
unchanged, and even decreased levels with disease progression. However, the main finding is

that the omega-oxidation is often abnormally increased in these patients, which leads to
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hepatocyte damage further impairing liver function, promoting further hepatic steatosis, and

driving disease progression (Ipsen et al., 2018).

1.2.5. Risk factors

NAFLD is widely accepted as a multifactorial disease, but the mechanisms that lead to it are
not fully understood. There have been, however, several risk factors identified in playing a role
in the disease onset and progression (Fig. 1.5). Most of them have some form of metabolic
imbalance, like metabolic syndrome or insulin resistance, but genetics, intestinal microbiome
composition, diet, age and even gender have also been associated with increased NAFLD

predisposition (Huh et al., 2022).
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Figure 1.5. Schematic depicting some of the risk factor associated with NAFLD onset and progression. IR: insulin resistance.
Created on BioRender.

1.2.5.1. Diet

Given NAFLD aetiology, as well as the role of the liver in the metabolism of dietary energy
sources, it comes to no surprise that certain dietary behaviours can pose a risk for disease onset
and progression. The role that diets play in the risk of NAFLD development has been
traditionally associated with increased energy intake, which is a fact. However, and despite

being hard to detangle the effects of diet from obesity in risk of NAFLD, studies have shown
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that diets composed of certain nutrients can be beneficial to NAFLD compared to other iso-
caloric diets, and even in the absence of body weight changes. Thus, the association between
diet and NAFLD is way more complex than just a matter of increased total energy intake.
Balanced diets are composed of healthy levels of macronutrients, like fats, carbs and proteins,
and micronutrients, like minerals and vitamins. Dietary patterns where consistent derangement
of any of these nutrient levels are adopted can negatively impact NAFLD. Simultaneously,
upscaling the intake of specific nutrients over others seems to have a favourable impact in
NAFLD prevention and progression (Berna & Romero-Gomez, 2020; S. M. B. Duarte et al.,
2019). A brief summary of the effects of some of those nutrients in the risk of/protectiveness

against NAFLD can be found bellow.

J Fats: Despite the undeniable association between high dietary fat levels and NAFDL
onset and progression, not all types of fat impact NAFLD equally. Fats can be grouped into
saturated, monounsaturated, and polyunsaturated. Indeed, and despite being somewhat
controversial, it has been shown that whilst diets rich in trans (found in e.g., processed foods
and oils) and saturated fats (e.g., meat and butter) can promote NAFLD, diets rich in
monounsaturated (e.g., avocado and olive oil) and polyunsaturated (e.g., fish and nuts) fats
have been established has having a positive impact in NAFLD risk and progression (Bernd &

Romero-Gomez, 2020; S. M. B. Duarte et al., 2019).

. Carbohydrates: it is well established that diets rich in carbohydrates can increase the
risk of NAFLD, however, just like with fats, distinct types of sugars can affect NAFLD
differently. Sugars can be transformed into fats through de novo lipogenesis, and it has been
shown that fructose (commonly present in sugary beverages and snacks) is the most potent
DNL-inducing sugar. Furthermore, fructose intake has also been associated with increased
intestinal inflammation and permeability. Thus, it comes to no surprise that diets high in
fructose lead to hepatic steatosis and can promote disease progression. Other types of
carbohydrates, however, like fiber, are thought to have a beneficial role in NAFLD, as low
fiber intake has been linked to NAFLD onset and progression, probably by impacting intestinal
microbiome (fiber promotes bacterial growth), another known player in NAFLD (Berna &

Romero-Gomez, 2020; S. M. B. Duarte et al., 2019).
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. Proteins: There are not many studies demonstrating a relation between protein and
NAFLD, and the ones that do so have reported contradictory data. Whilst some studies suggest
that protein seems to have a protective effect against fatty liver (Xu et al., 2020), others suggest
that it might actually be detrimental (Lang et al., 2020). The contradictions in these studies
might be due to, among other things, the source of protein, i.e., animal vs plant-derived, or even
the types of protein (and thus amino acids) used (Khazaei et al., 2023). Regardless, the
mechanism through which high protein diets can lead to improved steatosis might be through
increasing energy expenditure (due to increased amino acid catabolism, an energy costing
process), whilst a possible justification for how high protein diet promotes hepatic steatosis is

through increasing DNL substrate availability (amino acids).

o Micronutrient deficiencies: Micronutrient deficiencies can also play a role in NAFLD.
The liver is a key organ that plays an essential role in micronutrient metabolism. Deficiencies
in several micronutrients, like vitamins, more specifically vitamins A, C, D and E, and
minerals, like zinc, copper, and magnesium, have been shown to be a risk factor for NAFLD
onset and progression. This is thought to be due to the roles these micronutrients play as
antioxidants, antifibrotic, lipoprotectors and even as modulators of the immune system

(Pickett-Blakely et al., 2018).

1.2.5.2. Obesity

Between 50% to 90% of people with obesity have NAFLD. Obesity is defined as excessive
accumulation of fat that can present a health risk, and it is caused by excessive energy intake
which includes higher ingestion of fats and carbohydrates (Obesity, n.d.). As explained in
section 1.2.4.3., fats stored in the body come not only from dietary fats, but also from dietary
sugars that are converted into fats through DNL. Regardless of their origin, fats are stored
preferentially in adipose tissue. However, when the storage capacity of this organ is
overwhelmed, like in obesity, fats can start to be deposited in ectopic places, like the liver.
Furthermore, obesity is also associated with increased lipolysis at the adipose tissue level,
which further increases the amount of free fatty acids in circulation that are available to be up
taken by the liver, further increasing hepatic steatosis. In addition, obesity is characterized by
low-grade inflammation. In fact, it has been observed that the adipose tissue, intestine and even
skeletal muscle of people with obesity often release pro-inflammatory signals that can act in

the liver promoting hepatic inflammation, which contributes to NAFLD progression (Y. Luo
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& Lin, 2021). Thus, obesity is a risk factor not only to hepatic steatosis onset, but also for
disease progression into NASH and even HCC (Fabbrini et al., 2010). Thus, and despite being
hard to detangle the effects of diet and obesity in NAFLD, it comes to surprise that obesity is
one of the best established NAFLD risk factors (Polyzos et al., 2018). Nevertheless, and even
though NAFLD is clearly more prevalent in patients with obesity, about 10-20% of the NAFLD
population is lean (Kuchay et al., 2021).

1.2.5.3. Metabolic syndrome

Metabolic syndrome is defined as a combination of high triglycerides, abdominal obesity,
hypertension, and hyperglycaemia or diabetes, that predispose an individual to cardiovascular
disease. Several of the previously mentioned traits are also known risk factors for NAFLD,
thus, it is widely accepted that NAFLD is the liver expression of metabolic disease.
Furthermore, several studies confirmed that NAFLD is four times more prevalent in people
with metabolic disease, and that several of the previously mentioned characteristics of
metabolic syndrome were also associated with worse NAFLD phenotypes, and vice versa

(Godoy-Matos et al., 2020).

1.2.5.4. Insulin resistance

Insulin is a molecule produced by the beta cells of the pancreas and its secretion peaks in
response to high levels of circulating glucose, like what happens after a meal, for example. The
insulin will then act on several metabolic organs like the adipose tissue, muscle, and liver. In
the adipose tissue, insulin stops lipolysis; in the muscle, insulin stimulates glucose uptake by
muscle cells, whilst also promoting glucose storage as glycogen (glycogenesis); In the liver,
insulin blocks gluconeogenesis, glycogenolysis and hepatic glucose output, whilst also
promoting glycogenesis and DNL (Mu et al., 2019).

Insulin resistance (IR) is a common feature in patients with type 2 diabetes as well as in patients
with NAFLD. In fact, around 70% of patients with type 2 diabetes also have NAFLD
(Mantovani & Dalbeni, 2021; Younossi, Golabi, et al., 2019). Several studies have shown that
insulin resistance can drive and worsen NAFLD, and that NAFLD can drive insulin resistance.
Thus, the relationship between NAFLD and insulin resistance is complex, and it seems to be

bi-directional. IR happens when organs stop responding to insulin as they normally would, and
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it can be split into systemic and hepatic. Whilst systemic IR refers to the impaired response of
muscle and adipose tissue to insulin, hepatic IR refers to the specific insulin insensitivity of the
liver.

In a situation of systemic IR, adipose tissue lipolysis is not downregulated in response to
insulin, which increases both the levels of circulating free fatty acids that will end up being up
taken and stored in the liver, as well as the levels of glycerol, a substrate for hepatic
gluconeogenesis, whose products can then be used as a substrate for DNL. Insulin resistance
in the muscle results in a decrease in the glucose up taken from circulation by the muscle cells
and glycogen synthesis is also impaired, which results in higher levels of circulating sugars,
that can then be up taken by the liver to be used as precursors of de novo lipogenesis. Thus,
systemic insulin resistance results in increased hepatic fat accumulation.

In a situation of hepatic IR, insulin fails to block gluconeogenesis and glycogenolysis, and to
promote glycogenesis, all of which result in higher substrate availability for DNL. Furthermore,
insulin also fails to dampen the hepatic glucose output which leads to hyperglycaemia.
Paradoxically, hepatic insulin resistance does not seem to fail to promote de novo lipogenesis
(Mu et al., 2019). This was initially thought to be due to some sort of pathway selective insulin
resistance, but papers have suggested that de novo lipogenesis is still being promoted under
hepatic resistance conditions due to excess of substrate availability (sugars) (Honma et al.,
2018; Ter Horst et al., 2021). Therefore, hepatic insulin resistance also leads to hepatic

steatosis.

1.2.5.5. Drug-induced fatty liver disease

Several drugs have been shown to cause hepatic steatosis, and, despite the incidence of drug
induced fatty liver disease (DIFLD) in the general population being currently unknown, it is
estimated that around 2% of all fatty liver disease cases are linked to chronic medication intake
(Kolaric et al., 2021). Different drugs can lead to different NAFLD characteristics. For
example, ibuprofen and glucocorticoids (anti-inflammatories), have been shown to induce
microvesicular steatosis, whilst others, like paracetamol (analgesic) and tamoxifen (blocks
oestrogen signalling), induce macrovesicular steatosis. Furthermore, other drugs, like valproic
acid (anti-convulsant) and amiodarone (anti-arrhythmic), have been linked to steatohepatitis.
Given that different classes of drugs induce NAFLD, and different NAFLD characteristics, it

is not surprising that they might do so through different mechanisms. However, the most
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common mechanism is thought to be by promoting lipogenesis and generation of free radicals
that lead to oxidative stress in the hepatocytes. Most drugs do not induce NAFLD in all patients
taking them, i.e., certain drugs promote fatty liver only in some patients, and, often, simply
stopping treatments with these drugs is usually enough to resolve NAFLD (Kolaric et al.,
2021).

1.2.5.6. Other underlying diseases

Some underlying diseases have also been shown to lead to NAFLD. These can have a genetic
component, like several lipid metabolism disorders, or fall into the infectious or inflammatory
categories.

Perhaps not surprisingly, several disorders of lipid metabolism, like abetalipoproteinemia and
lipodystrophy have been identified as potential risks to NAFLD development.
Abetalipoproteinemia and familial hypobetalipoproteinaemia are both autosomal recessive
disorders caused by distinct mutations, but that result in the same outcome, which is impaired
VLDL synthesis and secretion, ultimately leading to hepatic fat accumulation. Another
example is lipodystrophy, also an autosomal recessive disorder, that can be congenital or
acquired, where abnormal fat storage in adipose tissue is impaired, resulting in an increase in
fat stored in the liver (Kneeman et al., 2012). Most of these secondary NAFLD causing
disorders can be treated with dietary lipid restriction.

Infectious diseases like hepatitis C have also been studied as a secondary cause of NAFLD.
Around 55% of these patients present hepatic steatosis that can eventually lead to inflammation
and oxidative stress, which accelerates disease progression into fibrosis and puts them at higher
risk of developing hepatocellular carcinoma. Evidence suggests that hepatic fat accumulation
might favour hepatitis C virus life cycle, and, although the mechanisms through which hepatitis
C leads to NAFLD are not fully understood, this might occur through viral impairment of
hepatic lipid and glucose metabolism (Adinolfi et al., 2016).

Some chronic inflammatory diseases, like celiac disease, have also been shown to represent a
risk for NAFLD development. A study with almost 27000 people reported that celiac patients
were three times more likely to develop NAFLD than the general population, particularly
during the first year of diagnosis. The mechanism through which celiac disease might put

people at higher risk of NAFLD is currently unknown, thus, whether it is the gluten-free diet
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or the celiac disease per se, or other factor, that drive NAFLD frequency in this population is

still an area of active research (Kneeman et al., 2012; Reilly et al., 2015).

1.2.5.7. Genetic predisposition

Some genes have been associated with NAFLD predisposition. Numerous studies in different
populations found a relation between NAFLD and a gene called Patatin Like Phospholipase
Domain Containing 3, or PNPLA3 for short. In this gene, a single nucleotide polymorphism
(known as rs738409 C/G variant), seems to be associated, not only with higher liver fat
contents, but also with a more severe fibrosis if the disease progresses to NASH, as well as a
higher risk of HCC. Functionally, PNPLA3 is known to be involved in regulating TAG
hydrolysis, and thus lipid droplets remodelling, in hepatocytes, as well as stellate cells
activation and fibrogenesis. The mutation on the PNPLA3 gene associated with NAFLD,
decreases PNPLA3 (TAG) hydrolytic capacity leading to hepatic fat accumulation. Studies in
animals carrying the human mutated PNPLA3 variant revealed that silencing it with
oligonucleotides improved both NAFLD activity score and fibrosis in these animals. More
studies are needed to explore the therapeutic potential of targeting this variant in carrier patients

with NAFLD (Sookoian & Pirola, 2017)

1.2.5.8. Intestinal microbiome composition

Several studies in animals and humans found that the composition of the intestinal microbiome
might be a risk factor for NAFLD development and progression. Patients with the disease were
discovered to have specific intestinal microbiome signatures. However, given that NAFLD
patients often present other metabolic imbalances, such as diabetes and/or obesity, it is hard to
detangle which microbiome signatures are NAFLD-specific. Thus, better studies with
appropriate controls are needed to further our knowledge regarding the role of distinct
microbiomes in NAFLD predisposition and progression. The mechanisms through which the
microbiome might be contributing to NAFLD are not totally understood yet. However, several
studies hypothesize that it might be through altering the gut barrier, by increasing gut
permeability. This higher permeability will then result in an increased release of
lipopolysaccharides (LPS; present in the membrane of Gram-negative bacteria) and other

microbially produced metabolites, like choline and ethanol, from the gut into the liver, that
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promote tissue inflammation and impact immunity. Overall, more studies are needed to deepen
our understanding of the role that the intestinal microbiome plays in NAFLD, as well as to

determine its potential as a therapeutic target (Aron-Wisnewsky et al., 2020).

1.2.5.9. Age

Perhaps not surprisingly, NAFLD incidence has been shown to increase with age, as with
advanced age there is higher prevalence of NAFLD risk factors, like the previously mentioned
hypertension, obesity, diabetes/insulin resistance and hyperlipidemia. In addition to an increase
in the disease incidence, it has also been observed that the disease progression into NASH and

cirrhosis is more likely in older patients (Huh et al., 2022).

1.2.5.10. Maternal influence

Several studies have now shown that the presence of obesity and diabetes in pregnancy can
increase NAFLD risk in babies, as well as later in life. A study by Brumbaugh and colleagues
showed, using magnetic resonance spectroscopy, that neonate babies from obese mothers with
gestational diabetes had 68% more fat in their livers than babies from normal weight mothers
(Brumbaugh et al., 2013). Additionally, another study concluded that young adults born from
obese mothers were at higher risk of developing NALFD when compared to controls born from
non-obese mothers (Hagstrom et al., 2021). Although additional research is needed to explain
exactly how maternal obesity and diabetes can influence NAFLD development in the offspring,

managing the future mothers weight seems to be a favorable approach.

1.2.5.11. Gender

It has also been shown that NAFLD is more prevalent in men than pre-menopausal women,
but this shifts after women reach menopause, suggesting that oestrogen might have a protective
role (Huh et al., 2022). In fact, Lee and colleagues have recently shown that this protective
effect seems to be mediated by formyl peptide receptor 2 (FRP2), a protein that plays a role in
inflammatory response in multiple organs and that is activated by oestrogen. FPR2 is highly
expressed in the livers of female mice and silencing it makes females as susceptive to NAFLD
as males; likewise, activating FRP2, by supplementing males’ diet with oestrogen, made them

less susceptive to NAFLD (C. Lee et al., 2022).
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1.2.6. Therapeutic strategies

Currently, the most common therapeutic approach to treat/manage NAFLD consists in changes
in lifestyle, specifically through changes in dietary behaviours, increased physical exercise and
weight loss. Until the present day, there are no FDA-approved drugs for NAFLD treatment,
however, there are several drugs being developed for that matter at the moment with some
already undergoing clinical trials. Furthermore, drug repurposing is also being explored for the
treatment of NAFLD. Given that NAFLD is only harmful in its more advanced NASH stage,
and that there are no approved drugs to treat NAFLD patients specifically, these drugs are
usually only used in NASH patients that have not responded to the lifestyle change approach.
These drugs target several NAFLD characteristics like blood glucose levels, hepatic steatosis,
insulin resistance, inflammation, and fibrosis (Mantovani & Dalbeni, 2021). These main

approaches to manage and treat NAFLD will be further explored next.

1.2.6.1. Lifestyle change
1.2.6.1.1. Weight loss

The main aim of employing lifestyle changes in NAFLD treatment is to reduce body weight.
This comes to no surprise given that excessive body weight, like found in patients with obesity,
is one of the most well-known risk factors for NAFLD onset and progression. Indeed, studies
have shown that a reduction of only 5 to 10% in weight is enough to significantly improve
NAFLD symptoms, such as steatosis and fibrosis (Vilar-Gomez et al., 2015). In fact, evidence
showed that a moderate reduction in body weight even in non-obese patients was enough to
revert NAFLD to some extent (Gunn, 2021). The improvement of NAFLD symptoms is
directly reflected by the levels of lost weight, rather than how that weight loss was achieved.
Thus, reduced caloric intake, bariatric surgery and weight-loss drugs that lead to a meaningful
weight loss all improve NAFLD. A reduction in body weight happens when there is a negative
energy balance, which means that stored energy (like the one in the form of fat) must be used,
so that the body can perform its normal functions. Hence, weight loss benefits NAFLD by
reducing liver fat, enhancing insulin sensitivity, alleviating adipose tissue inflammation,
lowering hepatic oxidative stress, and improving metabolic indicators such as blood lipid
levels—all crucial factors involved in NAFLD pathophysiology (Mantovani & Dalbeni, 2021;

Romero-Gémez et al., 2017).
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1.2.6.1.2. Diet

Several dietary approaches have shown promising results in improving NAFLD. These are
usually composed of increased levels of fruits, vegetables, legumes, fibre, whole grains, and
mono and polyunsaturated fats, and reduced levels of sugared beverages, trans fatty acids, and
red and processed meat (Aboubakr et al., 2021; Houttu et al., 2021). An example of such diet
is the Mediterranean diet and switching to this regime can improve NAFLD in several ways.
The first one is through weight loss, since patients that swop their usual nutritional regime for
the Mediterranean diet often reduce their body weight, which, as explained in the previous
section, is known to improve NAFLD symptoms. This reduction in body weight can be a
consequence of a reduction in the intake of dense calorie sources (like fats), as well as of
reduced energy intake due to increased satiety induced by increased levels of protein intake,
for example. Nevertheless, studies have shown that switching to the Mediterranean regime can
improve NAFLD symptoms even when no changes in body weight are observed (Mantovani
& Dalbeni, 2021). This is because this diet is rich in antioxidants, which are known to reduce
hepatic oxidative stress and inflammation; healthy fats, which are known to promote storage
of toxic lipids as TAG molecules; and fibre, which supports a healthy gut microbiome.
Simultaneously, this diet is also associated with reduced intake of sugars (including fructose),
which improves insulin resistance and reduces de novo lipogenesis, which are also known
players in NAFLD development and advancement (Anania et al., 2018). Thus, for those

reasons, the Mediterranean diet is the most recommended diet for NAFLD patients.

1.2.6.1.3. Exercise

Different types of exercise (e.g., aerobic or resistance) have shown positive effects in
improving symptoms, such as hepatic steatosis, in NAFLD patients (Hashida et al., 2017). The
mechanisms through which exercise can improve NAFLD symptoms are varied, and weight
loss is one of them, through previously explained reasons. However, studies have shown that
exercise can ameliorate NAFLD symptoms even in the absence of body weight changes (Ok et
al., 2018). This is because exercise improves several key players linked to NAFLD onset and
progression. For example, evidence shows that exercise improves systemic and hepatic insulin

sensitivity; it reduces hepatic steatosis by promoting the breakdown and utilization of stored
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fats; and improves inflammation through the release of anti-inflammatory cytokines. As
expected, and just like with diet, exercise-induced benefits in NAFLD patients are only
sustained whilst the exercise regime is maintained. Additionally, studies have also shown that
patients with mutations on PNPLA3 do not respond as well to lifestyle changes as a NAFLD-
therapeutic option. Thus, in situations where patients do not comply, quit, or do not respond to
the lifestyle change-therapeutic approach, drugs can be used instead (Cigrovski Berkovic et al.,

2021; Mantovani & Dalbeni, 2021).

1.2.6.2. Drugs

Although it may be hard to group drugs into a single category, since NAFLD symptoms are
often interlinked, and so, the same drug can affect different aspects of NAFLD, they can be
broadly grouped into drugs that target glucose, lipids or inflammation levels as well as bile acid
pathways (Cruz-Ramén et al., 2017; Fu et al., 2021; Tzanaki et al., 2022; Wiering & Tacke,
2023).

1.2.6.2.1. Glucose lowering drugs

T2DM causes increased blood glucose levels due to inefficient insulin signalling. As previously
mentioned in section 1.2.5.4., T2DM is a known risk for NAFLD development and worsening,
and so, targeting/managing it is one possible approach for pharmacologic NAFLD-treatment.
Oral glucose lowering drugs can target different aspects of T2DM, and some examples are

GLP-1 receptor (GLP-1R) and PPAR agonists (Fu et al., 2021).

o GLP-1R agonists: GLP-1 is an incretin hormone produced by the intestinal L-cells that
enhances insulin secretion in response to a meal. Furthermore, it is also involved in regulating
satiety. Thus, several GLP-1R agonists have been developed to treat patients with T2DM and
obesity, and some of those, like semaglutide and liraglutide, are currently also being tested for
NAFLD treatment (Nevola et al., 2023).

Semaglutide: Semaglutide has been shown to improve several histological markers of NAFLD
(Arai et al., 2022; Loomba et al., 2023; Volpe et al., 2022). For example, semaglutide has been
tested in patients with NASH on a phase 2 clinical trial. That clinical trial has revealed that,

despite no changes in fibrosis were observed, a significant histological improvement in
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hepatocytes ballooning and inflammation levels was reported. Furthermore, patients also
experienced a significant weight loss compared to placebo, a known therapeutic approach to
treat NAFLD. Regarding side-effects, only mild gastrointestinal disorders were reported. A
phase 3 trial is currently on the way (Newsome et al., 2021).

Liraglutide: Liraglutide is another example of GLP-1R agonists. Liraglutide has also been
shown to have positive effects in NAFLD patients that also present with T2DM (T. Song et al.,
2021). Liraglutide is short-lived and it targets the hepatocytes GLP-1R. A phase 2 trial tested
its effects in NASH patients where it led to improved histological markers of NASH and to a
reduction in steatosis and hepatocyte ballooning, although no changes were observed regarding
inflammation and fibrosis levels. Furthermore, glucose tolerance was also improved in
liraglutide-treated patients. The reported side-effects were similar to the semaglutide ones
where mild to moderate gastrointestinal disorders were reported (Armstrong et al., 2016;

Mantovani & Dalbeni, 2021; Nevola et al., 2023).

. PPAR agonists: PPARSs are nuclear receptors that regulate gene expression and are split
into alpha, beta and gamma. Depending on the subtype, PPARs can be expressed preferentially
in certain tissues and perform different functions. For example, PPAR-alpha is mainly
expressed in the liver and is involved in lipid metabolism, including fatty acid breakdown, b-
oxidation and transportation. PPAR-beta is expressed in tissues like liver, heart, adipose tissue,
and gastrointestinal tract, and is involved in lipid and glucose metabolism, as well as energy
expenditure. PPAR-gamma is expressed in adipose tissue, but also liver and skeletal muscle. It
plays key roles in lipid metabolism and increases insulin sensitivity through promoting
adipocyte differentiation. Thus, it comes to no surprise that several PPAR agonists have been
developed to treat dyslipidaemia and T2DM, and that some of these, like pioglitazone, are
being repurposed to treat NAFLD (Lange et al., 2022).

Pioglitazone: Pioglitazone is a PPAR-gamma agonist originally employed to treat T2DM due
to its capacity of improving insulin-resistance. Recently, it has been put through a phase 4
clinical trial to assess its efficacy in treating NASH. This clinical trial showed that pioglitazone
improved overall NAS (which includes histological features of steatosis, inflammation, and
ballooning), in addition to glucose tolerance (Cusi et al., 2016). Thus, despite not being FDA-
approved for NAFLD treatment, possibly due to the serious side effects associated with long
term PPAR-gamma agonism (which include peripheral oedema and weight gain), pioglitazone
is currently on the international guidelines to treat NAFLD patients that also present T2DM
and that do not respond to other therapies (Mantovani & Dalbeni, 2021).
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Lanifibranor: Lanifibranor is a pan-PPAR agonist (i.e., targets all PPAR isoforms) and, on the
contrary to the other drugs mentioned so far, has not yet been approved by the FDA to treat
any disease. Promising pre-clinical results led to a phase 2b clinical trial that showed that this
drug led to improved histologic markers of inflammation, ballooning, and fibrosis, whilst also
improving metabolic parameters, such as glucose metabolism, in patients with non-cirrhotic
NASH (Francque et al., 2021). Given these promising results, and together with the mild side-
effects reported, a phase 3 trial is currently on the way, where the impact of lanifibranor on the
risk of NASH progression into cirrhosis will be assessed (Lange et al., 2022; Mantovani &
Dalbeni, 2021).

1.2.6.2.2. Lipid-lowering drugs

Dysregulated lipid metabolism is a known risk factor for NAFLD onset and progression, and
so, lipid-lowering drugs are another potential way through which NAFLD can possibly be
treated/managed. Examples of such drugs are Niemann-Pick C1-Like 1 (NPCIL1), Hydroxy-
3-methyl-glutaryl-coenzyme A (HMG-CoA) and Stearoyl-CoA desaturase 1 (SCD-1)
inhibitors (Liang & Dai, 2022).

J NPCIL1 inhibitors: NPCIL1 is a protein involved in the transport of cholesterol from
the intestinal lumen to the enterocytes, thus affecting cholesterol intestinal absorption, a known
player in NAFLD pathology. Thus, inhibiting NPC1L1 has been a common approach to treat
patients with hypercholesterinaemia (R. Zhang et al., 2022). One such inhibitor is Ezetimibe.
Ezetimibe: Ezetimibe has been commonly used to treat hyperlipidaemia, and a phase 2 trial
was carried out to assess its performance in NASH treatment. This trial revealed that Ezetimibe
reduced blood cholesterol levels, whilst also improving histological markers of hepatocyte
ballooning and fibrosis (Loomba et al., 2015). However, an increase in HbAlc (marker of
(pre)-diabetes) and hepatic long-chain fatty acids (known to worsen insulin resistance) have
been reported. Thus, the use of Ezetimibe for NAFLD treatment is only likely to be further
explored if combined with other side-effect-mitigating drugs (Mantovani & Dalbeni, 2021;
Toyoda et al., 2019).

. HMG-CoA inhibitors: HMG-CoA is an enzyme that mediates cholesterol synthesis in

the liver. Thus, inhibiting it can lower cholesterol levels. An example of such drug are statins.
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Statins: Statins are FDA-approved drugs for the treatment of high cholesterol and prevention
of cardiovascular events. They work to lower LDL and TAGs whilst increasing HDL levels,
so repurposing statins for NAFLD treatment is a promising approach. Only a few studies have
been conducted to investigate the potential of statins in treating NAFLD (Boutari et al., 2022).
However, whilst one study showed improved overall NAS and liver biomarkers (Hyogo et al.,
2008), another one showed no significant differences in histological nor hepatic biomarkers
(Nakahara et al., 2012) in NASH patients. Thus, and given the small size of the tested patients
on both studies, further research is needed to assert the effectiveness of statins in treating

NAFLD (Boutari et al., 2022; Mantovani & Dalbeni, 2021).

o SCD Inhibitors: Stearoyl-CoA desaturase 1 (SCD-1) is responsible for converting
saturated (SFAs) into monounsaturated fatty acids (MUFAs). Saturated fatty acids are more
lipotoxic than monounsaturated fatty acids, however, SCD1 has also been shown to shift lipid
metabolism away from b-oxidation and towards lipid storage. Thus, inhibiting SCD-1 might
be beneficial in NAFLD (Z. Zhang et al., 2014). Despite no SCD-1 inhibitors having been
approved by FDA so far, there are a few currently undergoing clinical trials such as the new
drug Aramchol.

Aramchol: A phase 2b trial has assessed the efficacy of this drug in treating NASH patients
that also presented T2DM. This study showed that patients taking 400mg of Aramchol
experienced a reduction in steatosis, NASH resolution, improved liver enzymes and reduced
HbAlc. However, no changes in fibrosis levels, or in the percentage of patients that progressed
into cirrhosis, were observed (Ratziu et al., 2021). Thus, future studies might assess Aramchol

treatment in combination with anti-fibrotic drugs (Jeyakumar & Vajreswari, 2022).

1.2.6.2.3. Bile-pathway targeting drugs

Bile is composed by two bile acids: cholic and chenodeoxycholic acids. As highlighted earlier
(see section 1.1.1.), bile is produced in the liver, stored in the gallbladder, and is then shipped
to the intestine to aid the digestion of dietary fats when needed. Thus, dysregulation of the bile
acid metabolism can lead to dysregulated dietary fat absorption. Indeed, NAFLD patients often
present alterations in their bile acid metabolism (X. Zhang et al., 2018), thus targeting this
pathway has been suggested as another potential approach to treat NAFLD (Cruz-Ramoén et
al., 2017).
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. FXR agonist: Farnesoid-X-receptors (FXR) are receptors expressed mainly in the liver
and intestine, and are key players in keeping bile acid, lipid and glucose homeostasis. Hepatic
FXR activation has been shown to reduce bile synthesis, which impairs dietary fat absorption,
stimulates production of anti-inflammatory molecules and holds anti-fibrotic activity. Thus,
FXR activation might be another potential approach to treat NAFLD (Henry et al., 2023). An
example of a FXR agonist is obeticholic acid.

Obeticholic acid: Obeticholic acid (OCA) is a synthetic molecule about one hundred times

more potent than its natural form chenodeoxycholic acid. Phase 2 and 3 trials in NASH patients
treated with OCA revealed reduced steatosis, hepatocyte ballooning, inflammation, and
fibrosis, as well as improved liver biomarkers. However, side effects were reported and
included pruritus and raised LDL and reduced HDL levels (Younossi et al., 2022; Younossi,
Ratziu, et al., 2019a, 2019b). Thus, other trials are currently on the way where the long-term
effects of OCA-treatment will be explored (Henry et al., 2023; Mantovani & Dalbeni, 2021).

1.2.6.2.4. Anti-inflammatory drugs

Given that inflammation is one of the key drivers of NAFLD, mitigating it using anti-

inflammatory drugs might improve NAFLD pathology (Wiering & Tacke, 2023).

o Phosphodiesterase (PDE) inhibitors: PDEs are a group of enzymes that are involved in
regulating the levels of cellular cAMP and c¢cGMP, key second messengers in several
physiological pathways, including inflammation. Thus, drugs that inhibit PDEs can dampen
immune responses and, consequently, inflammation, and might thus improve NAFLD
symptoms (El-Deen et al., 2020). Pentoxifylline is an example of a PDE inhibitor.

Pentoxifylline: Pentoxifylline has originally been approved as a vasodilation-inducing drug,
however, its anti-inflammatory action against TNF-alpha, a key player in NAFLD, made it an
attractive candidate for NAFDL treatment. However, two phase 2 clinical trials in NASH
patients have shown slightly different results. Whilst both studies reported an improvement of
overall NAS, steatosis and hepatic biomarkers, significance was only reached in one of them.
Improvement of fibrosis was also reported on both, though this did not reach significance.
Notably, TAG levels were increased in Pentoxifylline-treated subjects in one of the studies,

which might hold detrimental effects, especially in NAFLD patients. Thus, further studies are
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needed to clarify the effectiveness of this drug in treating NAFLD (Du et al., 2014; Mantovani
& Dalbeni, 2021).

Overall, several drugs are currently undergoing clinical trials with some of them showing
promising results, despite this being often associated with some side-effects. Nevertheless, to
this date, there are still no FDA-approved drugs specifically for NAFLD treatment, so

additional research and drug development are needed.

1.2.7. Glucagon signalling modulation in NAFLD treatment
1.2.7.1. Glucagon

The liver plays a very important role in keeping energy homeostasis during periods of high
metabolic demand like, for example, during fasting and exercise (Trefts et al., 2017). Given
that glucose is the main fuel for cells, keeping energy homeostasis is deeply connected to
keeping blood glucose homeostasis (normoglycemia). So, under fasting conditions, to prevent
hypoglycemia, the liver releases glucose at the same rate as glucose is up taken by the muscles
and other peripheral organs (Han et al., 2016). One of the key players in regulating this is
glucagon, a 29 amino acid long peptide hormone. Under physiological euglycemic conditions,
glucagon is found at a concentration around 7pmol/l, however, under hypoglycemic conditions,
such as during exercise, for example, glucagon concentration can increase up to 3 or 4 times
its basal levels (Rix et al., 2019).

Glucagon is encoded by the gene glucagon. Glucagon gene is translated into the
preproglucagon peptide, which then suffers the action of proteases in the ER leading to the
formation of a proglucagon peptide. Depending on the organ where proglucagon is synthesized,
this peptide can then be further processed into different peptides. Under physiological
conditions, in the pancreas, prohormone convertase 2 processes proglucagon to give rise to
Glucagon, GRPP, IP1 and major proglucagon fragment (MPGF); whereas in the gut and brain,
proglucagon is processed by prohormone convertase 1/3 to give rise to GLP-1, GLP-2, IP2,
Oxyntomodulin and Glicentin. Thus, glucagon is mainly produced by the pancreatic
Langerhans islets alpha cells. After being synthesized, glucagon is stored in peptide vesicles

until there is a need to be released (Holst, 2022; Rix et al., 2019).

1.2.7.2. Glucagon secretion

58



Glucagon release from the alpha cells is controlled by several stimuli. Sympathetic stimulation,
low blood glucose levels, prolonged fasting, exercise, low free fatty acids, high plasma amino
acids and glucose-dependent insulinotropic peptide (GIP) all promote glucagon secretion. On
the other hand, GLP-1, insulin, and high blood glucose levels inhibit it. Furthermore, glucagon
indirectly inhibits its own secretion by promoting insulin release from the neighboring beta-
cells, which in turn inhibits glucagon secretion (Miiller et al., 2017; Rix et al., 2019).

Thus, several glucagon secretion stimuli have been identified and, among these,
hypoglycaemia is the most (physiologically) potent one. But how do glucose levels control
glucagon release? Circulating glucose reaches the pancreas where it is up taken by the alpha-
cells and undergoes glycolysis that culminates with ATP production in the mitochondria. The
ATP levels will then influence ATP-sensitive potassium channels, thus affecting potassium
flux. The efflux of potassium influences the cell membrane polarization and, consequently, the
influx of calcium through voltage-dependent calcium channels. This alters the levels of
intracellular calcium, which are the principal trigger for glucagon release from alpha cells.
Thus, the levels of ATP, potassium and calcium in alpha-cells reflect the levels of circulating

blood glucose thus controlling glucagon release (Miiller et al., 2017).

1.2.7.3. Glucagon roles

Glucagon binds to its receptor, GCGR, a G-protein-coupled receptor, that is expressed mainly
in the liver, but also in the pancreas, kidneys, heart, brain, adipose tissue, and gastrointestinal
tract (Svoboda et al., 1994). Thus, glucagon has roles in several organs and impacts a variety

of intracellular processes (Rix et al., 2019).

1.2.7.3.1. Glucagon in the liver

J Glucose metabolism: Glucagon is involved in a wide range of functions in several
organs, however, one of its most well-known roles is to stimulate glucose production in the
liver. In fact, historically, glucagon has been seen as the counterregulatory hormone to insulin.
To do so, glucagon first promotes glycogenolysis and, when glycogen stores are depleted,
glucagon-stimulated gluconeogenesis kicks in. Simultaneously, glucagon also inhibits
glycogenesis and glycolysis (Ramnanan et al., 2011). All of this leads to an increase in glucose

synthesis and release, as previously explained (see section 1.1.2.2.).
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. Lipid metabolism: In addition to glucose, under low energy availability, glucagon is
also involved in keeping energy homeostasis through the metabolism of other fuels, like lipids.
Indeed, glucagon stimulates lipolysis and fatty acid b-oxidation (to ultimately generate ATP
and ketone bodies), whilst also inhibiting the energy costing process of de novo lipogenesis

(both processes have been explored in section 1.1.2.) (Galsgaard et al., 2019).

. Amino acids metabolism: Glucagon is also involved in the metabolism of amino acids,
one of the substrates used for gluconeogenesis. As previously explained in section 1.1.2, amino
acid catabolism produces toxic waste, ammonia, that needs to be converted into urea to be
safely excreted by the body in urine. Glucagon stimulates this conversion process, whilst also
promoting amino acid catabolism. Glucagon is also involved in sensing the levels of plasma
amino acids, since impaired glucagon action results in hyper aminoacidemia that leads to
hyperglucagonemia. Furthermore, amino acids have been shown to promote glucagon
secretion, as well as alpha-cell proliferation. Thus, glucagon is considered an important part of
an endocrine feedback loop termed the liver-alpha cell axis (Galsgaard, 2020; Hayashi & Seino,
2018).

1.2.7.3.2. Glucagon in other organs

In addition to the previously mentioned roles in the liver, glucagon has also been shown to
perform functions in other organs. For example, evidence shows that glucagon might also play
a role in the brain. Specifically, glucagon reduces food intake and appetite, whilst also
increasing satiety. The mechanisms through which glucagon exerts such functions are not fully
understood yet, but could stem from glucagon action in the liver or via central nervous system.
In the pancreas, glucagon has been shown to regulate the proliferation and differentiation of
insulin-producing beta cells, thus being key in maintaining alpha/beta cells islet ratio. In the
adipose tissue, studies where glucagon infusions were performed led to an increase in patients’
resting energy expenditure. Exactly how this happens is still an area of active research, but
research suggest that it might be via fibroblast growth factor 21 (FGF21). Evidence of a role
for glucagon in heart rate and contractility is still a matter of debate. This is because, although
administration of pharmacologic concentrations has shown an impact on both heart rate and
contractility, physiological concentrations did not. Thus, additional experiments are needed to

address this (Rix et al., 2019; Zeigerer et al., 2021).
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1.2.7.4. Glucagon pathophysiology

Given its involvement in controlling a plethora of intracellular processes across different
organs, it comes to no surprise that glucagon dysregulation might also be involved in the
pathophysiology of several diseases. For example, altered glucagon homeostasis is often found

in NAFLD patients, as well as in well-known NAFLD risk factors, like T2DM and obesity.

J Glucagon in diabetes: Glucagon homeostasis has been found to be dysregulated in
diabetes. In fact, patients with T2DM often present hyperglucagonemia during fasting
conditions, as well as impaired reduction in glucagon secretion in response to a meal. Given
that glucagon promotes hepatic glucose production, this can contribute to hyperglycaemia in
T2DM patients. This is not surprising given that glucagon secretion is inhibited by insulin, and
insulin resistance, including at the alpha-cell level, is a common finding in T2DM. Reduced
insulin secretion (in response to a meal) can also justify the impaired meal-induced regulation
of glucagon levels (Hadersdal et al., 2018). Additionally, evidence also supports that increased
glucagon levels in T2DM patients might be due to extra pancreatic glucagon secretion, given
that experiments performed in totally pancreatectomized subjects showed that glucagon can be
secreted from tissues other than pancreas (Lund et al., 2016). Furthermore, altered glucagon
homeostasis in T2DM might also be due to incretin dysfunction. Incretins are hormones
released from the gut in response to a meal, like GLP-1, that will further stimulate insulin
secretion, whilst inhibiting glucagon secretion. Thus, if incretin release is also dysregulated, or
target tissues are somewhat desensitized/resistant, this might also contribute to altered
glucagon homeostasis. Hence, all the previously mentioned factors might contribute for the
pathologic effect of glucagon dysregulation in diabetes (Hadersdal et al., 2018; Rix et al.,
2019).

. Glucagon in obesity: Glucagon dysregulation has also been reported in patients with
obesity. More specifically, patients with obesity often present hyperglucagonemia, even when
normoglycemic. Additionally, in sharp contrast to lean patients, fasting in obese patients fails
to increase glucagon release. In fact, glucagon secretion in these patients is downregulated from

basal levels in response to fasting (Morita et al., 2021; Stern et al., 2019).
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. Glucagon in NAFLD: Disturbed glucagon homeostasis has also been reported in
NAFLD. More specifically, both altered glucagon secretion and glucagon resistance have been
associated with fatty liver.

NAFLD patients often present altered glucagon secretion, more specifically
hyperglucagonemia, and fail to efficiently downregulate glucagon secretion in response to a
meal (Galsgaard, 2020; Pedersen et al., 2020), but what causes this? Glucagon secretion is
controlled by several factors such as insulin sensitivity, plasma insulin levels, plasma amino
acid levels and incretins (see section 1.2.7.2. for more detail). Even though the exact underlying
factors that lead to increased glucagon secretion in the context of NAFLD remain an area of
active research, these patients also often exhibit other metabolic abnormalities such as
hyperinsulinemia, hyperaminoacidemia, insulin resistance and dysfunctional incretin system.
Thus, all the previously mentioned factors could potentially contribute to the observed
elevation in glucagon secretion. The relationship between NAFLD and hyperglucagonemia is
complex and not fully comprehended (Galsgaard, 2020; Wewer Albrechtsen et al., 2019).
Consequently, it is still unclear whether the observed hyperglucagonemia in NAFLD patients
is merely a consequence of or if it directly contributes to the development/worsening of hepatic
steatosis. As mentioned in section 1.2.7.3.2., glucagon receptor is mainly expressed in the liver,
but also to a less extent in adipose tissue, although this is a controverse topic (Pedersen et al.,
2020; Vasileva et al., 2022b). Nevertheless, a supporting theory for the notion that
hyperglucagonemia might contribute to hepatic steatosis proposes that increased glucagon
levels could act on adipose tissue to stimulate lipolysis. This process releases fatty acids into
the bloodstream, subsequently elevating the levels of fatty acids reaching the liver and
potentially increasing hepatic fat content (HAGEN, 1961; Vasileva et al., 2022a). However,
this remains controverse, as several animal and human in vivo studies have reported that both
physiologic and elevated (e.g., through infusions) glucagon levels do not effectively stimulate
lipolysis in adipose tissue (Gravholt et al., 2001; Hayashi, 2021; Perry et al., 2020; Vasileva et
al., 2022a). Moreover, research involving chronic administration of glucagon analogues
demonstrated an improvement in hepatic steatosis (further explored below in section 1.2.7.5.)
(Hope et al., 2022; T. Kim, Nason, et al., 2018). Thus, it is plausible that hyperglucagonemia
is a consequence of NAFLD rather than directly contributing to its development.

Glucagon resistance is another type of glucagon signalling dysregulation also commonly found
in NAFLD patients. Notably, it is also proposed as a potential factor contributing to the
previously mentioned hyperglucagonemia. The causes of glucagon resistance are still under

investigation, but excessive hepatic fat accumulation has been advanced as a potential
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justification (Wewer Albrechtsen et al., 2019). More specifically, hepatic steatosis has been
associated with a decrease in hepatic GCGR expression, which might justify the reduced
glucagon sensitivity observed in NAFLD patients (Charbonneau et al., 2007; Eriksen et al.,
2019; Wewer Albrechtsen et al., 2019). As highlighted in section 1.2.7.3.1., glucagon plays a
direct role in lipid metabolism, a key player in NAFLD, by promoting hepatic lipolysis and
fatty acids b-oxidation, whilst inhibiting DNL. Thus, in patients with hepatic glucagon
resistance, glucagon might fail to increase lipolysis and fatty acid b-oxidation and decrease de

novo lipogenesis in the liver, all contributing to hepatic steatosis (Galsgaard, 2020).

1.2.7.5. Potential of modulating glucagon signalling in NAFLD treatment

The use of glucagon has been approved by FDA for the specific treatment of severe
hypoglycaemia, however, glucagon is also often used for other purposes off-label, such as, in
beta-blocker and calcium channel blocker overdose, gastrointestinal motility disorders, and as
a diagnostic aid (e.g., colonoscopy) (Morris & Baker, 2023). However, given the short life, low
solubility at a physiologic pH and the instability of working with native glucagon, synthetic
glucagon analogues (i.e., synthetic molecules that resemble native glucagon), as well as
glucagon receptor agonists and antagonists (molecules that activate or inhibit GCGR,
respectively), have been developed. The development of such molecules has contributed for a
surge in the investigation of glucagon signalling modulation in the treatment of other diseases,

such as diabetes and NAFLD.

Given glucagon’s role in raising blood glucose levels, glucagon antagonists were, at some
point, considered as a promising tool to fight hyperglycaemia in T2DM patients. In fact, studies
using glucagon antagonists have shown positive effects in normalizing glycemia, and that this
happens through direct and indirect means. Direct because glucagon antagonists bind to hepatic
GCGR leading to reduced glucose secretion (reduced gluconeogenesis and glycogenolysis).
Indirect because glucagon binding to GCGR also promotes amino acid catabolism, so,
glucagon antagonists lead to reduced amino acid catabolism which leads to increased levels of
circulating amino acids (hyperaminoacidemia). This hyperaminoacidemia then stimulates pro-
glucagon (precursor of both glucagon and GLP-1 peptides) production by the alpha-cells,
leading to increased levels of endogenous glucagon as well as GLP-1. GLP-1 then binds to its

receptors on the beta-cells promoting insulin secretion, that directly lowers hepatic glucose
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output, whilst also promoting increased glucose uptake by peripheral organs, leading to a
reduction in blood glucose, thus improving glycemia. Furthermore, insulin will also inhibit
native glucagon secretion, which further contributes to reducing blood glucose levels (Capozzi
etal., 2022). However, and perhaps not surprisingly due to glucagon’s role in lipid metabolism,
T2DM patients treated with glucagon antagonists often started to exhibit altered lipid
metabolism, including increased levels of LDL, liver enzymes and, importantly, significant

hepatic fat accumulation (Lotfy et al., 2014).

The fact that glucagon receptor antagonism resulted in the dysregulation of (hepatic) lipid
metabolism, led some researchers to hypothesise that GCGR agonism could be a potential
approach to treat fatty liver, in the context of NAFLD. Besides, GCGR agonism has also been
shown to promote autophagy in the liver which, is an important player in NAFLD
pathophysiology (Khambu et al., 2018). This is because autophagy mediates, among other
things, the removal of compromised/damaged organelles, such as mitochondria (mitophagy), a
known contributor for oxidative stress. Thus, GCGR agonism might increase mitophagy in the
hepatocytes, promoting mitochondrial turnover and leading to improvement of oxidative stress,
a known driver of NAFLD. Additionally, autophagy also plays a role in the usage of fatty acids,
termed lipophagy. Lipophagy is necessary to degrade TAGs into free fatty acids, so that these
become available for b-oxidation (Galsgaard, 2020). Given all the previously mentioned
findings, together with the fact that glucagon resistance is often found in NALFD patients, and
that glucagon might hold potential in decreasing food intake, whilst also increasing energy
expenditure, lipolysis and fatty acid b-oxidation, researchers started to explore the effects of
glucagon analogues and GCGR agonists to treat NAFLD patients.

Of course, given that NAFLD patients often also present hyperglycaemia or T2DM, treating
them with a hyperglycaemia inducing drug might sound counterintuitive. In fact, early studies
using high levels of glucagon analogues have shown a negative impact on glycemia. Thus,
therapies using glucagon agonists to target fatty liver simultaneously with glucose lowering
drugs (or dual-agonists) (such as GLP-1, for example) were and are currently still being
investigated (Patel et al., 2018; ROBERTSON et al., 2020).

Nevertheless, and despite initial studies indicating that glucagon agonism led to
hyperglycaemia, recent studies, with lower doses of glucagon agonists, have reported actual
improvement of blood glucose levels. For example, a study using the glucagon analogue
IUB288 showed, in an acute setting, that, whilst hyperglycaemia is indeed induced immediately

after [UB288 administration, this is followed by improved glucose tolerance in treated lean
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animals due to better insulin sensitivity and glucose-stimulated insulin secretion (T. Kim,
Holleman, et al., 2018). This seems to be mediated via AKT activation, a component of the
insulin signalling pathway, which leads to, among other things, expression of glucose
transporter 4 (Huang et al., 2018; T. Kim, Nason, et al., 2018). In fact, another paper showed
that glucagon infusion initially increases hepatic glucose production through increasing
glycogenolysis, however this is only transient. This is because hepatic glucose output goes back
to baseline levels after about 2h, even though glucagon continues to be infused, and it is not
due to shortage of glycogen stores. So, even though glucagon agonism can lead to an increase
in blood glucose levels, this might be only transient (Magnusson et al., 1995). Thus, GCGR
agonism might be a promising tool to treat NAFLD at the end. In fact, another study using the
previously mentioned glucagon agonist [UB288, showed that treated DIO animals had
markedly less hepatic steatosis than vehicle controls (T. Kim, Nason, et al., 2018).

Nevertheless, additional research with other analogues/agonists is needed to address the
potential of chronic modulation of glucagon signalling in the treatment of NAFLD and its
impact on glycemia. In fact, our group has recently published a study showing that chronic
treatment using a novel long-acting glucagon analogue, G108, improved hepatic steatosis, as
well as glycemia, in DIO mice. Nonetheless, optimization is needed to mitigate observed side-

effects (Hope et al., 2022).

1.3.  Invitro and in vivo models to study NAFLD
NAFLD is a multifactorial disease that englobes several disease stages, and so there are several

models available to studying it, from in vitro culture systems to in vivo animal models, which

will be explored next (Fig. 1.6).
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Figure 1.6. Schematic representing some of the currently available in vivo and in vitro models to study NAFLD. PHH: primary
hepatocytes; HFD: high fat diet. Created on BioRender.

1.3.1. In vitro models

The in vitro models to study NAFLD can vary from 2D monocultures to more complex 3D co-

cultures (Ramos et al., 2022a).

1.3.1.1. 2D monocultures

2D monocultures are one of the most used in vitro models and have provided novel insights
into diverse questions. These consist in the culturing of one cell type under two dimensional
conditions. Within the 2D monoculture systems, the most widely used model consists in
exposing primary human hepatocytes (PHHs) (i.e., isolated from liver tissue) to free fatty acids
to induce steatosis. This is because hepatocytes isolated from liver exhibit good and mature
hepatic function that resembles true liver functionality. However, these cells only last for a few
days in culture, meaning that repeated isolation and a significant amount of liver tissue (which
can be hard to get) is needed. In alternative to PHH, hepatocyte like cells (HLCs) differentiated
from different stem cells, like, mesenchymal (MSCs), embryonic (ESCs) or induced
pluripotent stem cells (iPSCs), seem to be a promising approach, since they can be expanded
prior to differentiation and are less invasive to obtain (for iPSCs). However, current
differentiation protocols often lead to immature/incomplete differentiation which leads to
immature hepatocyte functions. Human hepatoma cells lines (like HepG2) have also been
widely used to model NAFLD allowing the observation of phenotypes like inflammation and

oxidative stress. However, given that these cells are derived from hepatic cancers, abnormal
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genetic alterations might lead to aberrant behaviour which might impact research aims (Ramos

et al., 2022a; Soret et al., 2020).

1.3.1.2. 2D co-cultures

The 2D co-culture cell models are more complex than the previously described monocultures,
as they consist in the simultaneous culture of more than one cell type, thus resembling more
the organ in vivo. One example of such model is the co-culture of HuH7 cells (human hepatoma
cell line) and hepatic stellate cells (HSCs). Upon exposing co-cultured cells to free fatty acids,
both HuH7 cell fat accumulation and stellate cells activation (which is associated with fibrosis
severity and NAFLD progression) were observed. However, one of the main drawbacks with
this approach consists in finding a culture medium suitable to accommodate both cell types for
long term culture. Additionally, the utilization of 2D culture conditions renders them an overly

simplistic approach for accurately modelling liver behaviour (Soret et al., 2020).

1.3.1.3. 3D monocultures

3D monoculture cell models are considered to mimic in vivo conditions better than 2D models
and are, therefore, considered more physiologically relevant. One example are PHH spheroids
which are basically defined as clusters of cells that aggregate when grown in suspension. Upon
treatment with fatty acids these spheroids exhibit steatosis together with upregulation of several
lipogenic genes that are also commonly found overexpressed in NAFLD patients. Even though
3D monoculture models modulate liver function better than 2D ones, these still consist of only

one cell type (Soret et al., 2020).

1.3.14. 3D co-cultures

3D coculture cell models are one of the most complex in vitro models currently available to
study NAFLD. One of the most successful models of this kind that convincingly mimics some
of NAFLD most complex phenotypes are liver organoids. Briefly, organoids are 3D culture
systems that mimic the innate physiology of the organ in vivo, and can be derived from several
organs including liver. Organoids are usually derived from culturing adult stem cells on a

matrix and, although they are not obtained by co-culturing different cell types, they often
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develop to a 3D cell structure that can contain more than one cell type. These 3D cultures,
when exposed to different treatments that induce NAFLD, allow the successful observation of
steatosis, inflammation and even fibrosis (Chi & Kim, 2022; Hendriks et al., 2023). In addition
to organoids, another type of 3D co-culture models that looks promising are known as liver
buds, where parenchymal (i.e. hepatocytes) and non-parenchymal (i.e. endothelial cells,
mesenchymal stem cells) cells are combined to give rise to a 3D mini organ (Takebe et al.,
2013a). These liver buds, first developed by Takebe and colleagues, have been shown to
recapitulate many liver functions and to recapitulate NAFLD characteristics upon exposure to
fatty acids, such as fat accumulation and even liver fibrosis when challenged.

Lastly, another promising model to study NAFLD are the organ-on-a-chip devices. These
usually consist in microfluidic devices conceived to incorporate microchannels, chambers as
well as porous membranes, that enable the growth and interaction of several cell types that are
normally present in an organ, in 2D or 3D conditions. Thus, they aim to replicate in vivo
structural organization, cell composition, microenvironment, and physiological processes, and,
in fact, have shown promising results in modelling NAFLD (Kanabekova et al., 2022; Ramos
et al., 2022a; Soret et al., 2020). Despite some of these can be used to study the disease or even
to test potential treatments, some argue that, again, the lack of an in vivo context is a major

disadvantage.

1.3.2. In vivo models

In vivo models are also widely used when investigating NAFLD. These usually consist in using
rodents where NAFLD is induced through stimulating some of its known risk factors, such as
obesity and diabetes, as well pathology drivers, like cellular damage. This can be achieved

either through exposure to certain diets, chemicals, or genetic alterations.

1.3.2.1. Diet induced models

There are many dietary models and, depending on their composition, different NAFLD
phenotypes or even different stages/severities can be induced. Examples of some of the most
widely used NAFLD-inducing diets are the methionine and choline deficient (MCD), and the
high fat diet (HFD), for example (Flessa et al., 2022).

68



. Methionine and choline deficient (MCD) diet: The MCD diet consists in a diet deficient
in two essential nutrients, the amino acid methionine, and the nutrient choline. As previously
explained in section 1.2.2.1.2., decreased choline levels have been shown to lead to decreased
VLDL secretion and increased de novo lipogenesis, both of which lead to hepatic fat steatosis.
Furthermore, low choline levels also lead to compromised cell membrane integrity, which can
make cells more permeable to pro-inflammatory factors leading to inflammation and promoting
disease progression. Methionine, on the other hand, is a key player in diverse cellular processes
including protein and glutathione synthesis, which are important metabolites that help keep
intracellular homeostasis. Thus, methionine deficiency also contributes to hepatocyte
dysfunction, inflammation, and fibrosis, all of which contribute to disease progression. Overall,
although more severe NAFLD phenotypes can be seen in animals fed the MCD diet, studies
have shown that this model induces NAFDL inconsistently, and does not lead to complete

metabolic syndrome (Caballero et al., 2010; Stephenson et al., 2018).

. High fat diet (HFD): Several high fat diets exist, where fat percentage can range
between 45 to 75% of total calorie intake. Furthermore, the types of fats used — saturated,
polysaturated, etc - can also differ. Given that NAFLD is ultimately caused by hepatic fat
accumulation, it is easy to understand the rationale behind using chronic high fat diet to induce
NAFLD in animals. In fact, among the different diet-induced models, HFD-induced are the
ones that resemble the human NAFLD symptoms and pathologies the most, where risk factors
such as obesity, insulin resistance and hyperlipidaemia are established, and hepatic steatosis,
inflammation and, in some rarer cases (longer HFD exposure), fibrosis can be seen.
Additionally, animals kept on a HFD for many months can also exhibit altered gut microbiome,
which is a common finding in NAFLD patients, a known player in disease development. There
are also a few variations to the original HFD where additional components, such as fructose
and/or cholesterol are also added, that usually increase the speed with which NAFLD develops,
as well as the severity of the observed NASH features. A potential set back of the diet induced
models, and the HFD in particular, is that phenotypes can take longer to develop when
compared to other methods, particularly the symptoms of more advance NAFLD (Flessa et al.,

2022).

1.3.2.2. Chemically induced models
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There are various chemical models of NAFLD as well, but they are usually used to induce the
more advanced stage of the disease, NASH. Additionally, these are usually used in combination
with the previously mentioned dietary ones, to better recapitulate NAFLD phenotypes. For
example, streptozotocin injections in combination with HFD result in fat accumulation,
inflammation, and NASH. In alternative, carbon tetrachloride (CCl4) injections also in
combination with HFD leads to lipotoxicity, oxidative stress, ballooned hepatocytes and

fibrosis.

. Carbon tetrachloride (CCl4) injections: CCl4 injections work by directly inducing liver
damage, a known finding in NAFLD. This happens because, when CCl4 is metabolized by the
liver, toxic free radicals are generated, which induce oxidative stress, alter cell membrane
integrity, impairs hepatocyte function and triggers inflammation. In some cases, CCl4
treatment can also lead to very mild steatosis, but this is thought to be due to impaired
hepatocyte lipid metabolism such as impaired mitochondrial fatty acid b-oxidation.
Nevertheless, in contrast to what happens during NAFLD development, none of the previous
events is caused by lipotoxicity due to excessive hepatic fat accumulation, thus, to make this

model more relevant, CCl4 treated animals are often also placed on a HFD (Flessa et al., 2022).

o Streptozotocin injections: Streptozotocin is an antibiotic, and its administration
specifically destroys the pancreatic insulin-producing beta cells, which results in impaired
insulin homeostasis and eventually leads to diabetes development, a known risk factor in
NAFLD. Hence, as previously explained (see section 1.2.5.4.), dysregulated insulin signalling
contributes to hepatic fat accumulation and inflammation, thus driving NAFLD onset and
progression. Combination of streptozotocin with a HFD regime further accelerates and worsens

NAFLD symptoms (Flessa et al., 2022).

1.3.2.3. Genetically induced models

Genetic models are also widely used, but usually only allow for the observation of more severe
phenotypes when in combination with either dietary or chemical ones. Examples of such
models are mice mutant for the leptin gene, an adipokine with an anorexic effect, and mice

carrying the human PNPLA3 polymorphism.
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. Leptin signalling mutants: There are two types of animal models targeting leptin
signalling, one where leptin receptor is defective (db/db mice), and the other where the leptin
protein is defective (ob/ob mice). Leptin signalling increases satiety, thus decreasing food
intake, hence, both animal models present increased food intake, obesity, insulin resistance and
diabetes, all of which are known to have a detrimental effect in NAFLD onset and progression,
as explored earlier in section 1.2.5. Hence, these animals can display moderate to severe liver
steatosis and, if combined with an HFD supplemented with cholesterol and fructose, for
example, or if combined with a chemical insult such as ethanol, in addition to the previous

phenotypes, they also present hepatocyte ballooning and inflammation (Flessa et al., 2022).

. PNPLA3 polymorphism: As previously explained in section 1.2.5.7., PNPLA3 is a
protein with lipase activity that is involved in TAGs hydrolysis. A loss-of-function
polymorphism has been shown to predispose individuals to NAFLD, and so, transgenic animals
carrying such polymorphism can also be used to model increased hepatic steatosis present in
NAFLD. Additionally, if these animals are also kept under certain NAFLD-inducing diets,
such as high sucrose diets, hepatic NAFLD symptoms are exacerbated (Flessa et al., 2022).

1.3.2.4. Platforms to study NAFLD in vivo longitudinally

A common disadvantage to all of the previously mentioned in vivo models is that, in order to
follow the progression of the disease in the same liver, either indirect (e.g., blood tests) or low
resolution (e.g., ultra-sound,) platforms have to be used. In alternative, different animals can
be culled at different time points for liver excision for posterior pathologic analysis, adding a
lot of inter-individual variability to the results, in addition to leading to a vast number of
sacrificed animals. Table 1.1. summarizes the platforms currently available to study NAFLD
longitudinally, and respective advantages and disadvantages. So, despite the existence of good
models capable of inducing NAFLD phenotypes that resemble the human ones, there are no
good platforms to study the onset and progression of the disease or to test drugs, that have an
in vivo context and cellular resolution without compromising on invasiveness or adding inter-

individual variability. Therefore, better platforms are needed.
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Table 1.1. Some of the currently available techniques to study NAFLD longitudinally in vivo.

Technique Brief description Advantages Disadvantages References
Equi t not
Non-invasive. qulpmen .no (Fernandez-
. o routinely available ,
Ultrasound tool is used Longitudinal in labs Dominguez et
to acquire liver images power. . al., 2011;
Ultrasound . . . Complex image .
for posterior analysis No inter- acquisition and Khalid et al.,
and fat quantification. individual q . 2021)
variability analysis.
' Low resolution.
Longitudinal.
MRI is used to acquire Non-invasive. Expensive (Ryu et al.,
MRI liver images for Can be used in | equipment and not 2015;
posterior analysis and combination routinely available | Waghorn et
fat quantification. with probes to in labs. al., 2021)
detect fibrosis.
The liver is surgically
exposed and carefully
'Intréfvital positioned in coverslip . No.t tru.ly (Davis et al.,
imaging of for fluorescent Good resolution. longitudinal 2020: Moon
surgically microscopy imaging. (terminal ’
. . . et al., 2020)
exposed liver | Images can be obtained experiment).
only for a short period
of time (hours).

1.4. Hypothesis and aims

The initial aim of this PhD consisted in carrying out two separate projects that, if successful,
would culminate with the development of two novel in vivo longitudinal platforms: one to study
NAFLD (main project) and the other to characterize tumour vascularization (training project),
both taking advantage of the ACE - a natural window to the body. A simplified schematic
representation summarizing the two projects, as well as the initial aims of this thesis, can be

found in Fig. 1.7.

J Training project: Investigating a platform for the in vivo characterization of tumour
vascularization.

To get trained in ACE transplantation and imaging techniques, key skills for the main project,
a stand-alone training/secondary project was carried out that aimed to develop a platform to
track and characterize tumour vascularization in vivo.

Tumours rely on vascularization to grow beyond a couple of mm?, which makes targeting

tumour blood supply a promising approach to fight tumour growth. However, different

72



tumours, and even the same tumour under different conditions, can employ distinct types of
vascularization. The identification of the type of vascularization being employed by a tumour
is key in choosing which anti-vascularization drug to use. Thus, the goal of developing an in
vivo longitudinal platform to track and characterize tumour vascularization in the same animal
overtime was established. To achieve this, in vitro grown fluorescent cancer cells would be
transplanted into the anterior chamber of the eye of a host transgenic animal with fluorescent
blood vessels. Subsequently, repetitive intravital imaging of transplanted animals would
facilitate the tracking tumour growth, as well as the identification of the type of vascularization
being employed by the tumour. If successful, this platform could then be used to test potential

anti-vascularization drugs targeting specific vascularization types.

o Main project: Investigating a novel in vivo longitudinal platform to study NAFLD.

Despite many in vitro and in vivo models being available to study NAFLD, none allows
NAFLD study in the same animal overtime with commonly available lab equipment, without
compromising on resolution or invasiveness. Thus, the initial and main aim of this thesis was
to develop a novel in vivo platform for the longitudinal monitoring of non-alcoholic fatty liver
disease, by taking advantage of both pre-existing in vitro and in vivo NAFLD models. This
would be achieved by transplanting an in vitro gown 3D liver model with fluorescently labelled
lipid droplets into the ACE of a host mouse, followed by NAFLD induction through HFD
feeding. Then, intravital longitudinal imaging with fluorescence microscopy of transplanted
animals would allow the tracking of NAFLD onset and development, non-invasively, with
good resolution and in the same individual overtime. Furthermore, if successful, this novel
platform was also aimed to be employed in the optimization of glucagon agonism in NAFLD
treatment. This is because it has recently been showed by our group that treating animals that
have fatty liver with a GCGR agonist reduces hepatic fat content and improves glycemia, but

at the expense of lean mass loss.

Hypothesis:

The ACE can be used to establish novel platforms to characterize tumour vascularization and

study NAFLD longitudinally in vivo.

General aims:

73



* Aim 1: Gain expertise in in vivo intra-ocular injections and imaging, whilst developing a
platform to characterize tumour vascularization in vivo (training project).

 Aim 2: Establish a novel in vivo longitudinal platform to study NAFLD by combining in vitro
and in vivo NAFLD models.

* Aim 3: Optimize GCGR agonism in the treatment of NAFLD, ideally using the novel
longitudinal NAFLD platform.
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Aim 1: Gain expertise in in vivo intra-ocular injections and imaging whilst developing a platform to characterize tumour vascularization in vivo
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Aim 2: Establish a novel in vivo longitudinal platform to study NAFLD by combining in vitro and in vivo NAFLD models
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Aim 3: Use the novel NAFLD platform to optimize glucagon agonism in the treatment of NAFLD

Chronically administrate lower doses of glucagon agonist, whilst trying to mitigate lean mass

Perform intra-vital imaging longitudinally to track hepatic fat accumulation, as well as
loss with dietary protein supplementation, in previously established NAFLD platform

EchoMRI to track lean mass
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Figure 1.7. Schematic depicting the initial aims of this thesis. ACE: anterior chamber of the eye; p.t.: post-transplantation; RFP: red
fluorescent protein; GFP: green fluorescent protein; HFD: high fat diet; Gluc: Glucagon. Created on BioRender.
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Chapter II: Investigating a platform for the in

vivo characterization of tumour vascularization

77



2.1. Introduction

2.1.1. Currently available models to study tumour vascularization

There are several models available to study tumour vascularization, from iz vitro systems with
several degrees of complexity, to more physiologically relevant in vivo models (Rahman et al.,
2020).

In vitro cultures have been widely used to elucidate different aspects of tumour vascularization
biology. These cultures can be simple 2D endothelial cell monolayers to study, for example,
the effects of certain growth factors, known to be produced by tumours, on cultured endothelial
cells; to co-cultures, where tumour cells are cultured together with endothelial cells and the
results of their interactions can be studied; to 3D co-culture models, like spheroids made from
tumour and endothelial cells, or vascular organoids, which provide another layer of complexity
(Brassard-Jollive et al., 2020; K. Yanagisawa et al., 2020). Despite their usefulness in
addressing more basic/molecular questions, in vitro models lack the important physiological

context of in vivo systems.

There are several in vivo animal models available to study tumour vascularization
longitudinally, across different species, through intra-vital imaging. Zebrafish models take
advantage of their transparency, which allows for in vivo visualization of tumour blood vessel
development (Revskoy et al., 2019). In chicken, implanting tumour cells, or xenografts, in the
chorioallantoic membrane, allows for the longitudinal study of tumour-triggered blood vessel
development (Eckrich et al., 2020; Javed et al., 2022). Although both previous models hold
many advantages, tumour biology and development in fish and birds have many differences
from the ones in mammals. Such differences include different drug metabolism and differences
in immune system (Chu et al., 2022; Miao et al., 2021). Because of this, mammal models are
usually preferred in the research of tumour biology, as they are seen as more relevant. These
models can be established, for example, in rabbits, rats and mice.

Mouse models are very popular in cancer research, and they can be used to study naturally
occurring or genetically induced tumours, that have many similarities with the human ones,
like the MMTV-PyMT model for breast carcinoma (Attalla et al., 2020). Mice models can also
be used as recipients to cancer cell lines or human derived tumour xenografts (Xu et al., 2019).
In these models, several platforms have been developed to allow for the longitudinal study of

tumours, through intravital imaging, in orthotopic locations, such as the mammary gland or
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abdomen through artificial ‘windows’ (Deng et al., 2021; Kedrin et al., 2008), and in
heterotopic locations, like subcutaneous imaging in the mouse ear (Bentolila et al., 2018a) and
dorsal skinfold chambers (Alexander et al., 2008). However, these procedures often involve
complex and technically difficult surgeries and can cause obvious discomfort to the animals

post-operatively (Alieva et al., 2014).

2.1.2. The potential of ACE as a platform to study tumour vascularization

Another platform for intra-vital imaging of tumours that is technically simpler, and that causes
minimum discomfort to the animals post-operatively, is the anterior chamber of the eye (ACE).
The ACE is a clear, fluid-filled space in the front of the eye that is surrounded by the cornea,
iris, and lens (Fig. 2.1). The iris of the mouse eye has been used as an optically accessible
transplantation site to study various aspects of cell biology. In particular, the ACE has been
widely used to enlighten the effects of diabetes on pancreatic islets function, structure, and cell
plasticity (Ilegems & Berggren, 2021; Leibiger & Berggren, 2017; Salem et al., 2019a).
Furthermore, the ACE has also been used to test drugs that aim to improve insulin secretion,
and it paved the way for the study of islet transplantation as a treatment for diabetes (Joo et al.,
2018; Pancreatic Islet Transplantation Into the Anterior Chamber of the Eye - Full Text View
- ClinicalTrials.Gov, n.d.; Speier et al., 2008). The ACE has also been widely used to study
cancer biology, including the biology of cancer cells, the interactions between cancer cells and
the host immune system, as well as tumour angiogenesis. Here, tumour single cells or 3D
structures, like pre-oncogenic islets, are injected into the host ACE and tracked over time

through repeated imaging (Balan et al., 2019; Inagaki et al., 2022).

Intravital imaging platforms can be coupled with fluorescence microscopy to allow for the
distinction between healthy and tumour tissue, with cellular resolution. Here, tumour cells can
be tagged to express fluorescent proteins. In addition, the recipient host mice can also be
injected with fluorescent dyes, like dextran, to highlight blood vessels. In alternative,
transgenic animals with endogenous fluorescent blood vessel can be used, to allow for the clear
observation of tumours vascularization development, as well as for the interactions between
tumour cells and tumour vasculature (Alieva et al., 2014). One such transgenic animal is the

Tie2-GFP model developed by Motoike and colleagues, that expresses GFP under the control
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of the promotor of the endothelial cell marker Tie2. As a result, these mice have green-
fluorescent endothelial cells, and thus green-fluorescent blood vessels (Motoike et al., 2000).

A summary of different examples of in vivo platforms currently available for longitudinal study
of tumour vascularization, using fluorescence microscopy, in rodents, can be found in table
2.1. Nevertheless, no platforms have been developed, to our knowledge, using the ACE that
allow the longitudinal tracking of cell-line derived fluorescent tumours with consistent growth

rates across animals, that also allow in vivo dye-free characterization of tumour vascularization.

Comnea

Anterior chamber of the eye

Iris

Lense

Created in BioRender.com bio

Figure 2.1. Schematic depicting structures in the eye. Created in BioRender.
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Table 2.1. Examples of in vivo platforms to study tumour vascularization longitudinally through intravital fluorescent imaging.

Examples of in vivo platforms to study tumour vascularization longitudinally through intra-vital fluorescent imaging

Types of tumours Reported types
Brief description yp studied of tumour Advantages Disadvantages References
vascularization
Creating a cranial window | Orthotopic: brain, Good Complex .S“rfv’ery; (Aufet al.,
. . . Invasive;
by either removing the bone. Angiogenesis: resolution; Post-op care 2010; Carbonell
. . bone and sealing with a Heterotopic: glog ’ Can be used to P ) et al., 2009; D.
Cranial window . . . Vascular co- needed;
coverslip, or by thinning glioma, mammary option study Mostly for Duarte et al.,
the bone. Fluorescent cells carcinoma, ption. orthotopic he teroi]o i 2018; Tsukada
can then be injected. melanoma an AML. tumours. p etal., 2021)
tumours.
In host mice with specific Good
Abdominal windows orthotopic tumours an resolution: Complex surgery: | (Bochner etal.,
e Mammary incision is made in the Orthotopic: Liver, ’ PIEX SUTEELY, 2020; Shan et
. . . . Can be used to Invasive;
e Ovarian appropriate area of the spleen, breast and Angiogenesis. al., 2003;
) . study Post-op care
e Pancreatic abdomen and a window pancreas. . Tanaka et al.,
. . . orthotopic needed.
e Liver frame is sutured in place 2012)
. . tumours.
resealing the incision.
Good
An incision is made resolution; Can | Complex surgery;
. through the ribcage . . . be used to Highly invasive; (Entenberg et
Lung window exposing the lungs, and a Orthotopic: lung. Angiogenesis. study Post-op care al., 2018)
window is fixed in place. orthotopic needed.
tumours.
Can be used to
Fluorescent tumours are study .
Surgical orthotopic implanted on orthotopic . orthotopic
. . . . Orthotopic: breast tumours; Only suitable for
implantation with organs of nude mice and . . . . | (M. Yang et al.,
.o . fat pad, prostate, Angiogenesis. Allow tracking | superficial organs;
whole-body visualized through the skin - 2001)
. . and pancreas. of naturally Low resolution.
fluorescence imaging under whole body }
imaging occurring
’ tumour
metastasis.
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Suturing a skinfold
chamber on the depilated

(Cernaianu et
al., 2006;

dorsal skin of the mouse, Good
then surgically removing Orthotopic: resolution; Complex surgery; | Eichhorn et al.,
Dorsal skin flaps the skin from the region melanoma; Aneiogenesis Can be used to Highly invasive; 2008; Koehl et
P under the aperture and Heterotopic: gastric £108 ’ study Post-op care al., 2009;
implanting fluorescent adenocarcinoma. orthotopic needed. Leunig et al.,
tumour cells or xenografts, tumours. 1992)
finally covering with
coverslip.
. Mostly for
A small incision is made Di/[r:n;rs?ag?, heterotopic
. through the cornea, and ) Vasive, tumours; (Balan et al.,
Anterior chamber of . Pro-oncogenic . . No post-op o
cells (suspension or 3D . Angiogenesis. ) Limited to early 2019)
the eye .. islets. care needed;
structures) are injected Good stages of tumour
into the ACE. . development due
resolution. ST
to size limitation.
Minimally
invasive;
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2.1.3. Types of tumour vascularization

Vascularization of solid tumours is key for their development, as it supplies the mass with
nutrients and oxygen, whilst also removing waste products. Without a functional vasculature,
solid tumours can only rely on diffusion of oxygen and nutrients and, thus, can only grow up
to one or two millimetres in diameter. Importantly, vascularization is also a route for tumours
to metastasize. There are currently mainly four well established tumour vascularization types:
angiogenesis (intussusceptive and sprouting), vasculogenesis (or de novo vessel formation),
vessel co-option (or vascular co-option) and vasculogenic mimicry (or vascular mimicry) (VM)
(Lugano et al., 2020a), a schematic of which can be found in Fig. 2.2. These types can be
present simultaneously in the same tumour, and the same tumour can exhibit different types
during its growth, or even as an adaptation in response to certain drugs (Belotti et al., 2021;

Kuczynski et al., 2016).
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Figure 2.2. Schematic illustrating and describing the different types of tumour vascularization.

2.1.3.1. Angiogenesis

Angiogenesis consists in new blood vessels forming from precursor ones and can be triggered
by hypoxia (Inducible Hypoxia Factor l1alpha, HIFlalpha), genetic alterations in tumour cells
that lead to increased production of pro-angiogenic factors, and by tumour-associated
inflammation and recruitment of immune cells that produce pro-angiogenic factors (Lugano et
al., 2020b; Petrova et al., 2018; Ribatti & Crivellato, 2009). Endothelial cells are usually
quiescent (average endothelial cell lifespan is >1 year) (Montezano et al., 2017), but during
angiogenesis they proliferate, migrate, and differentiate. Angiogenesis can be intussusceptive
or sprouting, with the latter being the most common form.

Intussusceptive angiogenesis consists in the formation of vessels by splitting a pre-existing one
into two through the formation of a pillar in the lumen. This type of angiogenesis promotes
tumour growth by increasing the complexity and microvascular density within the tumour. The
mechanisms that lead to it are less clear compared to sprouting, but the vascular endothelial
growth factor (VEGF) is thought to be involved (du Cheyne et al., 2021; Lugano et al., 2020b).
Sprouting angiogenesis consists in a new vessel sprouting from a pre-exiting one and happens
in three stages: 1) Tip cell selection: first, one endothelial cell from a pre-existing vessel starts
migrating towards the chemotactic gradient of pro-angiogenic factors, while secreting proteins
that degrade the matrix to ultimately guide the formation of the new blood vessel. This cell is
known as the tip cell; 2) Sprout extension: next, the tip cell leading the way is followed by
other endothelial cells called stalk cells, that proliferate and form the lumen and junctional
connections of the nascent sprout; 3) Lumen formation: then, the lumen of the newly formed
sprout connects to the original parental vessel, and later with other vessels or other sprouts in
a process known as anastomosis (Lugano et al., 2020b).

In healthy tissues, angiogenesis is tightly regulated by a balance between pro and anti-
angiogenic signals. In tumours, however, this balance is lost and the scale tips towards higher
production of pro-angiogenic factors, an event known as the angiogenic switch, that induces
sprouting. One of the pro-angiogenic factors that triggers sprouting is the vascular endothelial
growth factor (VEGF). In response to VEGF, tip cells start expressing the Notch ligand DLLA4,
as well as the VEGF receptors 2 and 3 (VEGFR2 and VEGFR3, respectively). In the tip cells,
the VEGF pathway inhibits the Notch pathway, promoting sprouting, branching, and increasing
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their migratory capacity. Simultaneously, the DLL4 produced by the tip cells activates the
Notch signalling in the neighbouring stalk cells, which suppresses VEGFR2 and VEGFR3
expression, whilst increasing VEGFR1 expression (decoy receptor for VEGF), preventing
them from acquiring a tip cell phenotype, and increasing their proliferative capacity (Kuczynski
etal., 2016).

New blood vessel formation culminates with blood vessel maturation. The Angiopoietin-Tie2
pathway is involved in regulating blood vessel stabilization through recruitment of mural cells.
The angiopoietin family composed of Angiopoietins 1, 2 and 3/4 (Ang3 is the mouse
orthologue of human Ang4) is also known to play a role in sprouting angiogenesis.
Angiopoietins are ligands for the tyrosine kinase receptor Tie2 (also known as TEK) that is
expressed in endothelial cells. The angiopoietins 1 and 2 are the most well studied of the four
and have been historically seen as agonists and antagonists of Tie2, respectively (Duran et al.,
2021a; Yadav et al., 2015).

The binding of Angl to Tie2 promotes its phosphorylation, and leads to blood vessels
maturation and stabilization, through recruitment of mural cells. The Ang2 function is more
complex, as its role in activating/inhibiting Tie2 is now known to be context dependent. Angl
has more affinity to Tie2 than Ang2, and studies have shown that, in low levels, Ang2 competes
with Angl to bind Tie2, preventing its phosphorylation, and thus working as an antagonist. In
this scenario, Ang 2 prevents vessel maturation, leading to vessel destabilization, which
ultimately leads to vessel regression. However, in the presence of VEGF, Ang2 is known to
promote angiogenesis, since vessel destabilization is essential for new vessels to sprout from
pre-existing ones. Moreover, it has also been showed that, in high levels, Ang2 can also
promote Tie2 phosphorylation, thus working as an agonist (Teichert-Kuliszewska et al., 2001).
Being the most common type of vascularization seen in tumours has made angiogenesis a
desirable target of new cancer drugs. Several anti-angiogenic drugs targeting different pro-
angiogenic factors, like VEGF, have been developed. However, despite a favourable initial
response in many types of cancer, these drugs do not always work, as the tumours often have
(or develop in response to anti-angiogenic therapies) other types of vascularization (Bar &

Goss, 2012; Haibe et al., 2020)

2.1.3.2. Vasculogenesis/de novo vessel formation
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Vasculogenesis, also referred to as de novo vessel formation, consists in the formation of new
blood vessels from scratch, and is mainly present during embryonic development, and post-
natal in sites with ischemic injury. In this type of vascularization, new blood vessels are formed
by the proliferation, differentiation, and association of circulating endothelial precursor cells
(EPC), that are recruited from the bone marrow, into sites of active neovascularization (Johnson
& Wilgus, 2014). In tumours, vasculogenesis is usually seen as a contributor to vessels being
formed by angiogenesis, rather than making vessels from scratch. This type of vascularization
is initiated by crosstalk between tumour cells and EPCs in the bone marrow. The process of
vasculogenesis in cancer is thought to be regulated by growth factors and signalling pathways
that are involved in the regulation of angiogenesis as well. One of those growth factors is
VEGF, which is present in the tumour microenvironment and recruits VEGFR2+ EPCs from
the bone marrow into the tumour (Nolan et al., 2007).

Evidence of vasculogenesis has been reported in several cancers like melanoma, breast cancer
and also RCC (Hashemi et al., 2022; B. Yang et al., 2012; Zarychta & Ruszkowska-Ciastek,
2022). Despite several studies showing that this type of vascularization is important to the
progression and spread of tumours, there are currently no FDA-approved drugs for

vasculogenesis (Marcola & Rodrigues, 2015).

2.1.3.3. Vessel co-option

In tumours with vessel co-option, pre-existing blood vessels from the healthy organ vasculature
are scavenged to support their growth and spread. By co-opting existing blood vessels, tumours
can rapidly obtain the blood flow and oxygen they need to grow, thus surpassing the need for
the lengthier angiogenesis (Kuczynski et al., 2019a).

This type of vascularization has been widely reported in lung carcinoma, breast cancer and also
in metastasis from renal cell carcinoma (Bridgeman et al., 2017a; Donnem et al., 2013;
Kuczynski et al., 2019b; Qian, 2013). Co-option has been associated with increased drug
resistance and poor prognosis in certain cancers (Bridgeman et al., 2017b; Cuypers et al., 2022),
but the specific mechanisms by which tumours co-opt blood vessels, and the best ways to target
this process, remain unknown, although tumour cell adhesion and invasion pathways are

thought to be involved (Kuczynski et al., 2019b).
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2.1.3.4. Vasculogenic mimicry (VM)

VM was the most recently described of the four types of tumour vascularization, and the term
was first coined in 1999 by Maniotis and colleagues (Maniotis et al., 1999). VM quickly
became subject of many studies that established that, in this type of tumour vascularization,
tumour cells line up to form their own fluid-conducting channels, capable of supplying the
tumour with the essential nutrients and oxygen it needs to grow (Seftor et al., 2012). So far,
VM has been reported in many types of cancer including melanoma, breast cancer, lung cancer
and RCC (Andonegui-Elguera et al., 2020; Fernandez-Cortés et al., 2019; Williamson et al.,
2016; You et al., 2021; Z. Zhang et al., 2019), and it can be split into two subtypes: tubular and
patterned-matrix (Folberg & Maniotis, 2004).

VM of the tubular type consists in tumour cell-lined channels that resemble blood vessels
structurally, and that carry blood. In vitro, aggressive cancer cell lines, that have the capacity
for tubular VM, form well defined tubes when seeded on Matrigel, very similar to the tubes
formed by endothelial cells under the same conditions (Q. Luo et al., 2020).

VM of the patterned type, on the other hand, leads to the formation of channels that do not
resemble blood vessels. These channels are made of a basement membrane rich in fibronectin,
collagens, and laminin, that guides the growth and organization of the tumour cells into
functional vessels. Also, when seeded on Matrigel, they form thick cord like tubes that can be
hollow for short distances, but that are clearly distinct from the ones formed in tubular VM and
by endothelial cells. There have been several studies reporting the presence of red blood cells
within these channels, but also studies where red blood cells could not be observed (Q. Luo et
al., 2020). Clarijs and colleagues suggested that VM channels of this type might work as a
lymphatic system, where their primary function would be to carry plasma, but with the
incidental accommodation of red blood cells, which would justify the conflicting evidence
between studies confirming and denying the presence of such cells within patterned VM
channels (Clarijs et al., 2002).

In vivo and ex vivo (i.e., biopsies), VM vessels of both types can be distinguished from
endothelial blood vessels using a combination of histological features: 1) cell type lining the
vessel: VM vessels are lined up by tumour rather than endothelial cells; 2) structure: vessels of
the patterned type do not resemble true blood vessels at all, as they are usually less organized.
For the vessels from the tubular type, even though they look structurally similar to true blood
vessels, their walls are usually thicker and also less organized. Furthermore, while endothelial

vessels are surrounded by the stabilizing pericytes, VM channels often do not have these mural
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cells, or have them at a lower rate; 3) Laminin and endothelial cell markers expression:
endothelial blood vessels express high levels of laminin, whereas VM channels might express
it, but at lower levels; also, specific markers of endothelial cells like CD31 or von Willebrand
factor are highly expressed in true blood vessels, whereas VM channels might not express them
(but sometimes can, if tumour cells transdifferentiate into endothelial cells); 4) Extracellular
matrix: While the extracellular matrix surrounding blood vessels may contain polysaccharides
that can be detected with a periodic acid Schiff (PAS) stain, the blood vessels themselves
would not take up the stain. Since VM channels of the patterned-matrix type are formed by a
deposition of ECM rich in molecules like glycogen, these channels can be distinguished from
true blood vessels using glycogen-staining dyes, such as PAS. Like true blood vessels, channels
of the tubular type might also stain positive for PAS (Q. Luo et al., 2020).

Vasculogenic mimicry is associated with high tumour grade, invasion, metastasis and
decreased survival of patients, so understanding it is key for the development of new cancer
drugs. Currently, there are no approved drugs that are specifically designed to target
vasculogenic mimicry in cancer. However, several existing drugs have shown potential in
targeting and reducing vasculogenic mimicry in preclinical and clinical studies, including anti-

angiogenic and anti-inflammatory drugs (Q. Luo et al., 2020; Serova et al., 2016).

2.1.3.5. Lymphangiogenesis

In addition to blood vessels, growth of lymphatic vessels can also happen in some tumours by
a process known as lymphangiogenesis. Lymphatic vessels are a part of the lymphatic system
which, in healthy tissues, plays an important role in the disposal of excess fluid from tissues as
well as in the transport of immune cells (Ozdowski & Gupta, 2022). Lymphatic vessels within
tumours also serve as an alternative source of oxygen and nutrients, as well as to disseminate
cancer cells to distant organs. In cancer, lymphangiogenesis is often regulated by growth
factors and cytokines produced by the tumour and its TME, such as vascular endothelial growth
factor-C (VEGF-C) (Christiansen & Detmar, 2011). The identification of lymphangiogenesis
in tumours relies on three main features: 1) expression of lymphangiogenic factors; 2)
occurrence of lymphatic endothelial cells undergoing cell division, assessed through markers
of proliferation, like as Ki-67 or PCNA, and 3) increased lymphatic vessel density and invasion
(Ran et al., 2010a). This type of vascularization has been reported in several cancers including

lung, colorectal and breast, and as well as in RCC (Debinski et al., 2013a; OZARDILI et al.,
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2012; Ran et al., 2010b; Saad et al., 2006; J. G. Sun et al., 2009). The specific mechanisms by
which lymphangiogenesis is regulated in tumours are still under active investigation, and there
are currently no FDA-approved drugs to specifically target it. However, several drugs are
currently undergoing clinical trials have shown promising results like VEGF-C, VEGF-D and
Angiopoietin 2 inhibitors (C. Wang & Chu, 2021)
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2.1.4. Renal cell carcinoma (RCC)

Cancer is a condition where cells in a specific part of the body grow and proliferate
uncontrollably. The cancerous cells can invade and destroy surrounding healthy tissue, as well
as metastasize to distant organs. Currently, it is estimated that one in two people will develop
some form of cancer during their lifetime (Cancer - NHS, n.d.). One common cancer is renal
cell carcinoma (RCC), which is the main malignant kidney neoplasm and accounts for about
4% of all adult malignancies worldwide (Alzubaidi et al. 2022). Furthermore, RCC is a
particularly useful and relevant cancer to work with given that all previously described
vascularization types have been observed.

Tumour growth and progression is a complex process that involves several key cellular and
molecular mechanisms. It has become apparent, in recent years, that the role of the tumour
microenvironment (TME) in tumour initiation and progression is just as significant as the
genetic abnormalities initially believed to be the sole cause. The TME refers to the complex
network of physical and biological parts that surround the cancer cells. The participants of the
TME are tumour cells, growth factors/cytokines, immune cells, stromal cells, extracellular

matrix (ECM) and blood vessels (Anderson & Simon, 2020).

Growth factors and cytokines are signalling molecules produced by various components of the
TME and that can impact the behaviour of cancer cells and other cells in the microenvironment.
The role of immune cells in the TME is complex and they can be broadly categorized into pro
and anti-tumorigenic. As the name hints, pro-tumorigenic immune cells can promote tumour
growth, through production of growth factors that aid the cancer cells to evade immune
surveillance, whilst anti-tumorigenic immune cells play a critical role in recognizing and
eliminating cancer cells. The stromal cells support the function of parenchymal cells. In cancer,
they are recruited from nearby endogenous tissue stroma and can promote tumour growth by
producing growth factors and cytokines. The ECM is the complex of proteins that provide
physical support to the tumour cells, and influence tumour progression through the modulation
of cell behaviour and signalling pathways. Lastly, blood vessels play a key role in the TME, as
they support cancer growth by providing it with nutrients and oxygen, removing waste products
and as a route to tumour dissemination (Anderson & Simon, 2020).

As previously described (see section 2.1.3.), there are several types of tumour vascularization.

RCC is known to be highly angiogenic, and drugs that target it are one of the main therapies
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used to treat this cancer. Sunitinib, a tyrosine kinase inhibitor that targets angiogenesis, is one
of the most widely used drugs to treat renal cell carcinoma (RCC). However, while anti-
angiogenic drugs can be effective, they do not cure RCC and are not effective in all patients.
Some patients, despite an initial positive response, seem to develop resistance to the anti-
angiogenic treatment. In some cases, this is because tumours develop other types of
vascularization (Kuczynski & Reynolds, 2019; Montemagno & Pages, 2020; Resistance to
Angiogenesis Inhibitors in Renal Cell Carcinoma — Hematology & Oncology, n.d.; Serova et
al., 2016). Thus, RCC could be a useful tool to study the different types of tumour

vascularization and test anti-vascularization drugs.

2.2. Hypothesis and aims

The main objective of this project was to provide training in ACE transplantation and intravital
imaging, skills that were going to be necessary to the main project in the next chapter of this
thesis, whilst potentially also leading to the development of a novel platform to characterize

tumour vascularization in vivo.

The anterior chamber of the eye is a well-established model for the study of angiogenesis in
tumours. By pairing it with a mouse model with green fluorescent protein (GFP)-tagged
endothelial cells (and thus fluorescent blood vessels), it was hypothesized that the ACE could
be further used to study other types of vascularization longitudinally. To do so, a cancer cell
line tagged with red fluorescent protein (RFP) was used. The chosen cell line was derived from
a mouse renal cell carcinoma (RenCa), since all the four previously mentioned vascularization
types have been observed in RCC. This carcinoma mimics several aspects of human renal cell
carcinoma and is widely used in the field (Cui, 2017; Hirayama et al., 2016; Karashima et al.,
2017; Murphy et al., 2017; Salumbides et al., 2009). Thus, by implanting fluorescent tumours
in the ACE of host mice with fluorescent blood vessels, this platform would enable, not only
the monitoring of tumour growth, but also the identification and characterization of the
different types of vascularization happening in these tumours in vivo. This information could

be valuable for subsequently testing suitable anti-vascularization drugs.

Hypothesis
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The anterior chamber of the eye is a viable site to characterize tumour vascularization in vivo

longitudinally.

Aims

1. Gain expertise in ACE injections and intravital imaging.

2. Define a strategy that leads to the consistent development of tumours in the ACE over a
short period of time.

3. Quantify tumour growth over time and characterize the types of tumour vascularization in

Vivo.
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2.3. Materials and methods
2.3.1. Animals

Animal procedures were conducted in accordance with the Animals (Scientific Procedures)
Act 1986. Tie2-GFP mice were obtained from the Jackson Laboratory, and males with 3 to 6
months old were used in all experiments. Animals that received transplantation of cells were

monitored daily for up to 10-days, and no adverse effects were recorded during any experiment.

2.3.2. Cell line

Maintenance: Renca cells were purchased from ATCC and maintained according to supplier’s
guidelines. Briefly, cells were grown in RPMI-1640 medium containing 10% of FBS, 0.1mM
of NEAA, 1mM of Sodium pyruvate, 1x GlutaMAX and Pen/Strep at 37°C and 5% CO-. They
were split twice a week when 80% confluence was reached.

Fluorescent tagging: Renca cells were kindly tagged by Dr Alexandra Milona, where plasmids

constitutively expressing RFP (Addgene) were transduced by lentiviral vectors according to

standard protocols, prior to antibiotic selection of positive cells.

2.3.3. Generating spheroids in vitro

Two methods were used to try to make spheroids out of Renca cells (passage 15 to 35).
Hanging drop: Renca cells were suspended in maintenance medium and aliquoted into 20ul
drops (500 cells per drop) on the lid of a petri-dish. The lid was then inverted and placed on
the dish that contained PBS, and then incubated for 48h at 37°C and 5% CO> (Timmins &
Nielsen, 2007). This experiment was conducted also in the presence of 2% GFR-matrigel
(Corning).

Low-attachment culture: Spheroids were generated according to published protocols (Badea et

al., 2019). Briefly, cells from passage 15 to 45 were trypsinized and re-suspended in
maintenance medium containing or not 2% of GFR-matrigel (Corning). 500 cells were seeded
per well in an ultra-low attachment plate (NuncSphera, Thermo) that was, or not, then
centrifuged at 1000rpm for 5 min at 4°C. The plate was then incubated at 37°C and 5% CO,
and cohesive 3D spheroids were formed after 48h.

Brightfield images were acquired using a Nikon camera attached to a microscope.
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2.3.4. Tube formation vasculogenic mimicry assay

Renca cells were trypsinized and suspended in maintenance medium with or without cobalt
chloride (200uM). Then 4x10* cells were seeded per well of a 96-well TC-treated plate
uncoated or coated with pre-solidified Matrigel.

Brightfield images were acquired using a Nikon camera attached to a microscope

2.3.5. Transplantation into the ACE

Cell suspension/Spheroids were injected into the anterior chamber of the eye following a
previously published protocol (Salem et al., 2019). Briefly, animals were anaesthetized with
isoflurane and placed in a stereotactic frame. The cell suspension or one spheroid (in 1xPBS)
were aspirated into a blunt cannula inserted in a 100ul screw actuated syringe (Hamilton).
Then, a small incision was made in the cornea using a 27G needle, and the cannula inserted in
the anterior chamber of the eye. Lastly, 20ul of cell suspension (containing approximately

2x10° cells) or one spheroid were released per eye and the cannula carefully removed.

2.3.6. In vivo imaging

Brightfield images were acquired using a Nikon camera attached to a microscope in mice under
isoflurane anaesthesia.

Confocal (and multi-photon) fluorescent images were acquired using the Leica SP5/MP FLIM
Upright Confocal microscope after ketamine and xylazine anaesthesia. In experiments where
Cascade Blue dextran (Thermofisher) was used to highlight blood vessels, animals were

injected with the dye via tail vein whilst under anaesthetic.
2.3.7. Post-acquisition image analysis
Post-acquisition image analysis was done using Image J. Movement correction and tumour

area quantification were done using the macros kindly provided by Dr Victoria Salem. Tumour

growth percentage was quantified as change in RFP area from baseline.
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2.3.8. Immunohistochemistry of eye slices

Mice were euthanized and the eyes excised and fixed in 4% PFA (in PBS) overnight at 4°C.
They were then transferred to 30% sucrose solution (in PBS) for 2 days, embedded in cryo
embedding matrix (OCT, Thermo) and stored at -80°C until needed. The frozen eyes were
sliced into 30um slices using a cryostat and immediately transferred to a poly-D-lysin coated
slide. For immunostaining, a standard protocol was then performed using the nuclear dye Dapi
at (lug/ml) and the following antibodies: anti-GFP-AlexaFluor488 conjugate (Invitrogen);
CD31 (BD Pharmingen) and AlexaFluor488 (Thermo). Primary antibodies were used at 1:200
and secondary antibodies at 1:1000. Ex vivo confocal fluorescent images were acquired using
the Zeiss LSM-780 inverted microscope and analysed using Fiji software. For PAS/CD31
double staining, eye slices were prepared as described earlier and stained for CD31 (BD
Pharmingen) using Anti-Rat Ig HRP Detection Kit (Cat# 551013, BD Bioscience) prior to
Periodic Acid Schiff staining using PAS stain kit (Cat# ab150680, Abcam). Bright field images

were acquired using a bright field microscope.
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2.4. Results

2.4.1. Renca cells form spheroids in vitro that engraft and grow upon transplantation

into the ACE of host mice

Experiments were initiated with the injection of a Renca cell suspension containing
approximately 2x10° cells into the anterior chamber of the eye (ACE) of host Tie2-GFP mice,
following previously published protocols (see methods section 2.3.5). This led to the
development of tumours shortly after injection in all mice, that grew overtime (Fig. 2.3) and
that could be successfully observed under fluorescence microscopy (Fig. 2.4). Interestingly,
within some of the formed tumours, the presence of Tie2 positive single cells infiltrating the

tumour could be observed (Fig. 2.5a). This observation was then confirmed ex vivo in

histologically prepared eye slices (Fig. 2.5b and c).

In vivo

4dp.t.

10d p.t.

Mouse #1

Mouse #2

Figure 2.3. Injecting a Renca cell suspension into ACE of host mice leads to development of multiple tumours that grow over
time. Bright field images from two mice injected with the same amount of cells, 4 and 10 days after transplantation. Note high

variability in the size of tumours formed (dotted line). P.t.- post-transplantation; 4.5x magnification.
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Figure 2.4. Renca tumours and host mouse blood vessels can be visualized under fluorescent microscopy. Confocal in vivo
images of two animals 8 days post-transplantation with tumour cells in red and blood vessels in green. P.t.- post-
transplantation; Scale bars are 100pum.
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Figure 2.5. Single Tie2-GFP cells can be observed around and within some tumours. A) Confocal in vivo images of the same
tumour 6, 8 and 10 days post-transplantation, with tumour in red and Tie2-GFP positive cells in green. Arrows point towards
potential Tie2-GFP-positive single cells B) Schematic depicting how eye slices were acquired. C) Confocal images of eye
slices with nucleous stained by dapi in blue, tumour cells in red and Tie2-positive cells in green. P.t.- post-transplantation;
Scale bars are 100pum.

Although the same number of cells were being injected per eye, both the number and size of
the resulting tumours were found to be highly variable across injected eyes (Fig. 2.3 and 2.4).
This caused two problems: on one side, it was hard to track the growth of the exact same tumour
overtime, because there were several per eye and they would eventually merge; on the other
side, it was hard to define a consistent experiment duration, since some mice had bigger
tumours and had to, therefore, be culled earlier than others. Thus, to have better control over
the number and size of tumours formed, spheroids were generated out of Renca cells in vitro

prior to injection into the ACE.

Spheroids are defined as a cohesive 3D cell mass that resembles the tumour in vivo context
better than 2D monolayers, particularly regarding distribution of nutrients, oxygen, CO2, and
metabolic waste. Therefore, they are preferred over 2D monocultures in studies of tumour
biology as well as for in vitro drug screening models, since spheroids replicate the solid in vivo
tumour better in terms of the resistance to drug penetration (Rossi & Blasi, 2022). Spheroids
are formed by spontaneous aggregation of cells followed by binding of cell surface proteins to
the extracellular matrix (ECM), thus resulting in a compact cell mass. There are several
methods available to generate tumour spheroids out of single cells, the main ones being based
on the hanging drop culture, non-adherent culture, and suspension culture (Gunti et al., 2021).
The first attempt at generating spheroids out of Renca cells was carried out using the hanging
drop culture method, due to its simplicity. This method consists in suspending a certain number
of single cells in culture medium, plating the cell suspension into small drops on the lid of a
Petri dish, and then inverting the lid, thus promoting cell aggregation by surface tension and
gravitational force. However, and even though Renca cells aggregated, they failed to form a
cohesive cell mass and thus spheroids (Fig. 2.6, left panel). The non-attachment culture method
was then tested where cells are seeded in pre-treated plates to prevent cell attachment. This
resulted in a cell aggregate that was more cohesive than the one generated with the hanging
drop method. However, those aggregates were still not cohesive enough to be manipulated,
since they often disintegrated when aspirated into the Hamilton syringe used for intra-ocular

injections (Fig. 2.6, middle panel). Centrifugation of the cell culture plates immediately after
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seeding was also tested, in an attempt to accelerate and improve cell aggregation, with the
expectation that this would subsequently improve the cohesiveness of the cell mass formed.
However, the resulting mass was still not stable enough (Fig. 2.6, right panel). Ivascu and
colleagues showed, for the first time, that some tumour cell lines form loose aggregates when
seeded under non-adherent culture conditions. However, in the presence of small amounts of
basement membrane extract, such as Matrigel, those same tumour cell lines gave origin to
compact spheroids (Ivascu & Kubbies, 2006). In fact, studies have been published showing
that adding ECM to the culture medium of cell lines that would form spheroids even in its
absence can enhance several spheroid characteristics, bringing them closer to their respective
in vivo tumours (Badea et al., 2019). Hence, next, 2% matrigel was added to the cell suspension
before it was aliquoted into the non-attachment plates. This time, following centrifugation of
the plate after seeding, compact spheroids were consistently formed (Fig. 2.6, lower right

panel).

In vitro

Low attachment culture

Hanging drop culture

W/o centrifugation W/ centrifugation

Without matrigel

With matrigel

Figure 2.6. Renca cells form cohesive spheroids through low-attachment culture upon centrifugation and in the presence of
Matrigel. Different strategies were used to attempt spheroid formation. Magnification is 4x on left panel and 10x on middle
and right panels.
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Experiments were then carried out to define the number of initial cells that needed to be seeded
per well that led to the formation of spheroids with a size compatible with our experimental
plan. These experiments showed that spheroids made from initially seeding 500 cells per well
were small enough to fit into the Hamilton syringe canula used for the eye injection procedure.
Thus, next, one spheroid was injected per eye of host mouse that, as expected, readily engrafted
onto the hosts iris, and grew over time (Fig. 2.7a). Furthermore, these spheroids led to the
development of tumours of adequate size that could grow for at least 2 weeks, upon ACE
transplantation, without causing any visible discomfort to the host mice. This growth could be
easily quantified in post-acquisition image analysis, and it revealed the high reproducibility of

tumour growth rate between different tumours in different animals (Fig. 2.7b).
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Figure 2.7. In vitro generated Renca spheroids engraft and grow overtime upon transplantation into ACE. A) In vivo confocal
images of the same tumour spheroid (red) and surrounding host vessels (green) taken on days 1, 3, 7 and 10 after
transplantation. Arrows point towards blood vessels that stopped being observed once within the tumour mass. Scale bars are
100pm. B) Graph showing tumour growth (as change in area percentage from baseline) over time of three independent tumour
spheroids, upon transplantation into host mice ACE. p.t. — post-transplantation.
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2.4.2. Intra-spheroid blood vessel fluorescence is lost due to Tie2-GFP down-regulation

Although tumour cells and blood vessels could clearly be observed through fluorescence
microscopy, blood vessel fluorescence was consistently lost within, and only within, the
tumour mass (Fig. 2.7a, lower panel). However, and even though blood vessel fluorescence
could not be observed within the tumours, it was likely that tumours were getting vascularized
because new channel-like looking structures were being formed overtime, as seen on the RFP
channel (Fig. 2.8). Thus, it was possible that the lack of GFP signal from intra-tumour blood
vessels was due to a laser penetration issue since signal intensity does decrease with depth. To
test this hypothesis, imaging experiments were conducted using a multi-photon confocal,
which is known to penetrate deeper into tissues than the previously used single-photon
approach. Single and multiphoton imaging of the same tumour was performed, however, GFP-
positive intra-tumour blood vessels could still not be seen (Fig. 2.9a). It was then hypothesized
that blood fluorescence loss was due to Tie2 and, consequently, GFP downregulation. To assess
this hypothesis host mice were injected with a fluorescent dye that highlights blood vessels.
Indeed, the intra-tumour blood vessels were highlighted, whilst there was still no visible GFP
signal (Fig. 2.9b). These experiments suggest that lack of GFP signal in intra-tumour blood
vessels is not due to a laser penetration issue, and supports the hypothesis of Tie2-GFP

downregulation.
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Figure 2.8. Channel-like looking structures developing in Renca spheroids overtime upon transplantation into ACE. In vivo
confocal images of two tumour spheroids, taken on days 3, 7 and 10 post-transplantation. Coloured panels show a Z-stack
projection of tumour spheroids (red) and hosts blood vessels (green); Grey panels show a single stack of tumour spheroids

(grey) and host blood vessels (green). * Denotes new channels developing overtime. p.t. — post-transplantation. Scale bars are
100pm.
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Figure 2.9. Loss of blood vessel fluorescence within tumours is likely not due to laser penetration issues. A) In vivo confocal
and multi-photon images of the same tumour (red) and surrounding blood vessels (green) taken on day 8 post transplantation.
B) In vivo confocal single stack image of cascade-blue dextran (grey) highlighting blood vessel within the tumour spheroid
(red). Note that no Tie2-GFP expression (green) can be seen. Scale bars are 100pum.

To further address the nature of the intra-spheroid channels, additional experiments were
carried out to characterize them ex vivo. To do so, host animal eyes were excised and sliced as
previously described (see section 2.3.8.)(Fig. 2.5b), followed by immunostaining of the
resulting eye slices. Immunostaining of excised eyes with anti-GFP further validated the
presence of intra-tumour channels and supported the down regulation of GFP as the reason for
the lack of fluorescence in channels within the tumour seen in vivo, since no GFP-positive

channels could be seen within tumours (Fig. 2.10 upper panel), in contrast to the GFP-positive
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blood vessels in nearby healthy tissue (Fig. 2.10 lower panel). Occasionally, one or two GFP-
positive cells could be observed in intra-spheroid channels (Fig. 2.10 and Fig. 2.11), however

further experiments are needed to ascertain their nature.

Ex vivo

Spheroid

Nearby healthy tissue

E = .

Renca-RFP anti-GFP

Figure 2.10. Loss of blood vessel fluorescence within tumours is likely caused by Tie2-GFP down-regulation. Confocal
images of eye slices stained for anti-GFP, showing the spheroid (red) and blood vessels (green). Scale bars are 50pm in
upper panel, and 100pum in lower panel.
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Figure 2.11. Occasionally, a few GFP+ cells could be seen in intra-tumour blood vessels. Confocal images of eye slices

showing the tumour spheroid (red), blood vessels stained with anti-GFP (green) and dapi nuclear staining dye (blue). Scale
bars are 100um.

2.4.3. Cancer cell-lined channels are present in Renca spheroids

Additional experiments were then performed to confirm the endothelial origin of the intra-
tumour channels, by staining eye slices with CD31, another endothelial cell marker. As
expected, these channels were positive for CD31 (Fig. 2.12). Surprisingly however, even
though most of these channels were indeed of endothelial origin, a few channels that seemed
to be lined by cancer cells were found in around 60% of all excised tumours (Fig. 2.12). Around

one to two such channels were usually present within each spheroid.
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Figure 2.12. Presence of channels lined by endothelial cells and channels lined by tumour cells within spheroids. Confocal
images of eye slices stained for CD31 (green) showing the spheroid (red). Scale bars are 100 um.

One of the most recent types of tumour vascularization to be described is vascular mimicry
(VM), where tumour cells line up to form their own fluid-conducting and cancer cells-carrying
channels, simultaneously providing nutrients to the tumour, whilst also enhancing its invasion
and metastasis capacity. Hence, it was hypothesized that the channels lined up by cancer cells
found in the excised tumours were of VM origin. There are currently no established markers
of VM, but there are a set of characteristics that a channel must have to be considered VM: 1)
it is lined by cancer cells, 2) it is positive for PAS staining, 3) ideally contains red blood cells/or
is showed to be connected to functional vasculature and 4) tumour cells have the capacity to
form tube-like structures in vitro. Thus, double staining for PAS and for the endothelial cell
marker CD31was performed in excised eye slices. These revealed that potential tumour-cell

lined VM channels were positive for PAS whilst negative for CD31, however no red blood
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cells were ever detected within these channels, in sharp contrast to their neighbouring
endothelial blood vessels (Fig. 2.13). Renca cells were then assessed for their capacity to form
tube-like structures by seeding them on Matrigel, a well-known approach frequently used to
test the VM capacity of tumour cell lines in vitro. However, when Renca single cells were
seeded on Matrigel, they invaded the matrix and formed spheroids (Fig. 2.14). Abnormal
tumour vascularization, including VM, is known to be stimulated by hypoxia, so Renca cells
tube formation capacity was additionally assessed in a hypoxic environment by supplementing
the culture medium with cobalt chloride, a well know chemical hypoxia model (Mufioz-
Sanchez & Chanez-Cardenas, 2019). However, the single cells still formed spheroids instead

of tube-like channels (Fig. 2.14).
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Figure 2.13. Channels lined by tumour cells are positive for PAS and negative for CD31, and do not seem to be perfused with
blood. Bright field images of 5 consecutive eye slices stained for CD31 (brown) and PAS (pink). Full square shows zoomed
region containing PAS+/CD31+ channel, and dotted square shows zoomed region containing PAS+/CD31- channel.
Magnification is 10x on upper panel and 20x on lower panel.
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Figure 2.14. Renca cells do not form tube-like structures when seeded on Matrigel, instead they form spheroids. Bright field
images of Renca cells two days after being cultured on TC-treated wells vs Matrigel, in normoxic vs hypoxic conditions induced

with chloride cobalt. 4x magnification.
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2.5. Discussion and future studies

This chapter aimed to develop a novel in vivo platform to track tumour growth and that would
allow to characterize the different types of tumour vascularization in the same animal over
time. While attempting to do so, it was demonstrated, for the first time, to our knowledge 1)
that Renca cells can form spheroids, 2) Renca spheroids vascularize through angiogenesis and
grow over time upon transplantation into the anterior chamber of the eye of host mice, 3)
endothelial cells from intra-spheroids blood vessels experience Tie2 downregulation in vivo,
and 4) the presence of intra-spheroid channels of tumour origin, whose nature and purpose can

be subject of further studies.

The aim of using this platform to characterize tumour vascularization in vivo could not be
achieved due to the Tie2-GFP downregulation. However, it was shown, by exclusion, that
angiogenesis seems to be the main type of vascularization employed by Renca spheroids when
transplanted into the anterior chamber of the eye. As explained earlier in this chapter, there are
4 main types of tumour vascularization: angiogenesis, de novo vessel formation, vessel co-
option and vasculogenic mimicry.

Vessel co-option consists in tumours scavenging existing blood vessels from healthy tissue to
get hold of a supply of oxygen and nutrients. Vessel co-option has been reported in lung
metastases of Renca tumours (Bridgeman et al., 2017c¢), in response to anti-angiogenic drugs.
However, the anterior chamber of the eye is naturally avascular, thus, and since the formation
of new channels could be observed as the tumour grew and occupied the ACE, vessel co-option
was probably not involved.

De novo vessel formation consists in new vessels being formed by bone marrow-derived
circulating endothelial precursor cells. Even though blood vessels-endothelial cells could not
be observed within the tumours in vivo due to Tie2-GFP down-regulation, Tie2-GFP positive
single cells could occasionally be observed within some of the tumours formed by injecting a
suspension of Renca cells into the ACE. This observation was confirmed in ex vivo IHC
experiments. Thus, the fact that single Tie2-GFP positive cells could never be observed near
or within the spheroids in vivo or ex vivo, nor CD31 positive cells in ex vivo experiments,
suggests that the newly formed blood vessels are not being formed by de novo vascularization.
Notably, whilst Tie2 is expressed in endothelial precursor cells, CD31 may or may not be
expressed, depending on their degree of differentiation (Hristov et al., 2003; Obi et al., 2012).

In addition, it is important to notice that Tie2 expression is not restricted to blood vessels
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endothelial cells and endothelial progenitor cells. Tie2 is also expressed by lymphatic
endothelial cells, several cancer cells, and hematopoietic cells including monocytes and
macrophages (de Palma et al., 2007; Duran et al., 2021b; Korhonen et al., 2022). Thus, the
single cells observed in tumours originated from Renca single cells injections might not have
been of endothelial origin. Regardless, the point is that no GFP nor CD31 positive cells could
be observed at any point (in vivo or ex vivo) within the intra-ocular spheroids.

Vasculogenic mimicry happens when tumour cells self-organize to form their own fluid-
conducting channels. The presence of tumour cell-lined channels was reported in 60% of all
excised tumours, and, on average, one to two such channels were observed per spheroid (data
not shown). The experiments carried out in this chapter did not address the exact nature of these
channels, however, the fact that not all tumours had them, and that they represented only a
small percentage of the total intra-tumour channels suggests that, even if these are VM
channels, this is not the main type of vascularization present in these spheroids.

Thus, angiogenesis seems to be the main type of vascularization employed by Renca spheroids

upon transplantation into the anterior chamber of the mouse eye.

Blood vessel fluorescence was reported to be lost in vivo exclusively within Renca spheroids.
An initial hypothesis was formulated suggesting that this was due to a laser penetration issue,
a well-known limitation of fluorescence microscopy (St Croix et al., 2005). However, it has
been demonstrated, through the use of multiphoton microscopy, which allows roughly five
times the imaging depth of the confocal approach (Coste et al., 2020), that this was not the
case. This conclusion has been further supported by experiments conducted involving dextran
tail-vein injections.

The transgenic animal model Tie2-GFP, which possesses fluorescent blood vessels, was
employed as host animals. In this model, a green fluorescent protein gene was inserted under
the control of the promotor region of the Tie2 gene, meaning that GFP expression is dependent
on Tie2 expression. Thus, and together with the ex vivo experiments performed using an anti-
GFP antibody that stained vessels in nearby healthy tissue, whilst not staining intra-tumour
blood vessels, it was concluded that the loss of blood vessel fluorescence within spheroids is
likely due to Tie2 downregulation. Additional experiments directly assessing Tie2 levels (e.g.,
[HC with anti-Tie2 antibody) should be performed to further validate that GFP down-
regulation is indeed a consequence of Tie2 down-regulation. Furthermore, whether that down-

regulation is exerted through the direct interaction between Renca cells and host animal
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endothelial cells or is an EC response to the TME was not addressed with the experiments
performed.

There are several hypotheses that might justify why Tie2 downregulation occurred in intra-
spheroid blood vessels. The Ang-Tie2 pathway promotes vessel stabilization and maturation.
During tumour angiogenesis, existing vessels need to be destabilized (lose stabilizing mural
cells, for example) so that new vessels can sprout. Tie2 is involved in vessel maturation and its
function needs to be reduced to allow new vessels to form in response to the rapidly growing
and highly angiogenic tumours (Holash et al., 1999), like the Renca spheroids. Because of this,
Tie2 activation, which promotes blood vessel stabilization, has been seen as a possible
approach to fight cancers. Such approach has been shown to reduce tumour-BVs leakiness and,
thus, metastasis; whilst also improving blood perfusion, and consequently, tumour drug
delivery, in several cancer models (Park et al., 2016).

In human RCC, changes in Ang-Tie2 pathway have been widely described. These changes are
usually reported at the angiopoietins rather than Tie2 expression levels (Bullock et al., 2010;
X. Wang et al., 2014; Yamakawa et al., 2004). However, it has been shown that Ang2 decreases
Tie2 expression in breast tumours compared to untreated tumours (Mazzieri et al., 2011). In
fact, Currie and colleagues reported specific Tie2 down-regulation at the RNA and protein level
in advanced stages of the disease in biopsies from patients with RCC (Currie et al., 2002), albeit
probably not to the same extent as the level of down-regulation seen in Renca spheroids. In
contrast to the Tie2 downregulation mainly observed in advanced human RCC samples, Renca
spheroids exhibited Tie2 down-regulation from the start. Naturally occurring tumours do not
start as an already established solid mass, but that was what was being accomplished when
transplanting 3D spheroids into the ACE. Thus, it was hypothesized that Renca spheroids were
behaving more like advanced RCC, even immediately after being injected. This idea was
supported by the finding that in Renca tumours formed by transplanting single cells into the
ACE, GFP-positive blood vessels could be observed in excised eye slices. In other words,
whilst Renca tumours originated from single cells might resemble earlier stages of RCC, Renca
spheroids might resemble more advanced stages of the disease. Nevertheless, it is important to
note that whether the blood vessels within the single cell derived-Renca tumours were also of
angiogenic origin, or if they were co-opted, for example, could not be ascertained. Therefore,
care should be taken when drawing comparisons between the two approaches.

Another possible cause for the Tie2 downregulation in intra-tumour channels is the fact that
blood pressure is often altered in large and abnormal cancer vessels. Idowu and colleagues

showed that reduction of the mean arterial pressure, in a mouse model of hypotension, leads to
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the reduction of Tie2 expression through GATA3, without altering expression levels of Tie2
ligands (Idowu et al., 2021). Many tumours exhibit reduced microvascular pressure (Jain et al.,
2014; Siemann, 2011), which can lead to accumulation of vascular contents and elevated
interstitial fluid pressure. The vast amounts of vascular contents (including red blood cells) in
intra-tumour vessels, seen in the histologic preparations of tumour slices double stained for
CD31 and PAS, is an indicator of low blood pressure. Thus, it is possible that the Tie2

downregulation seen in Renca spheroids is due to low microvascular pressure.

The occasional presence of GFP-positive cells in a few intra-tumour blood vessels of unknown
nature was also reported. GFP expression in host mice is under the control of the Tie2 gene.
Tie2 is a well-known marker of endothelial cells, however, other cell types, like macrophages
as well as a subset of tumour associated monocytes, have been reported to express Tie2 in
several cancers, including RCC (L. Chen et al., 2016; Ji et al., 2013; Turrini et al., 2017). Thus,
additional experiments are needed to determine the exact nature of these occasional cells in

intra-tumour blood vessels.

In retrospective, given that the aim of this platform was to enable the observation and
characterization of tumour vascularization in vivo, the use of a host mouse where blood vessel
fluorescent was not dependent on the expression of an endothelial cell protein involved in
angiogenesis should have been considered instead. In other words, it would have been more
appropriate to use animals where the GFP production was not under the control of the Tie2
promotor. In fact, as an alternative, mice like the ones generated by Balan and colleagues,
where all the cells that have ever expressed Tie2 would express fluorescence thereafter,

regardless of changes in Tie2 expression, could have been used instead (Balan et al., 2019).

Ex vivo experiments revealed the presence of tumour lined channels in 60% of all excised
spheroids. It was initially hypothesized that these channels could be formed through VM.
Currently, there are four characteristics to consider tumour-lined channels to be of VM origin:
1) they are lined by cancer cells, 2) are positive for PAS staining, 3) ideally contain red blood
cells/or are connected to functional vasculature and 4) the tumour cells have the capacity to
form tube-like structures in vitro.

The experiments carried out with PAS/CD31 double staining revealed that the tumour lined
CD31 negative channels were PAS positive, which could support that these were formed by

VM. Matrigel was used to make the Renca spheroids in vitro, which is a complex mixture of
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extracellular matrix components that has been used as a supportive matrix for cell culture.
Matrigel contains various growth factors, extracellular matrix proteins, and
glycosaminoglycans, which are polysaccharides that can be detected by PAS staining. Thus,
and given that the whole spheroids seemed to stain positive for PAS, a conclusion regarding
the PAS content of those channels might not be accurate, since the staining was not specific to
the channels. Red blood cells were never observed within these channels. However, it has been
suggested that some VM channels might transport just plasma, which still provides the tumour
tissue with nutrients and oxygen (Clarijs et al., 2002). In the future, it would be worth assessing
the tumours-cell lined channels for the presence of fibrinogen, a protein that circulates in blood
plasma, to assess whether they carried it or not. With the experiments performed, whether these
channels were connected to functional blood vessels could not be addressed. Thus, further
experiments should be performed to check if tumour lined channels ever anastomose with
blood vessels. Renca cells capacity to form channels in vitro was also evaluated. Like
endothelial cells, tumour cells with VM capacity form tube like structures when seeded on
Matrigel. However, when Renca cells were seeded on Matrigel, they invaded the matrix and
formed spheroids. This was not surprising, since Matrigel is a commercial ECM, and invasive
cancer cells are able to migrate away from the original tumour mass, traversing the confining
basement membrane and moving through the three-dimensional (3D) ECM by means of single
or collective cell migration (He et al., 2016; Winkler et al., 2020). Retrospectively, this
experiment was performed using Renca single cells that had been previously cultured as a
monolayer, and it has been shown that 2D cultures can exhibit different characteristics when
cultured under 3D conditions (Birgersdotter et al., 2005; Fontoura et al., 2020). Thus, in the
future, it would be interesting to repeat this experiment by seeding spheroids, or single cells
derived from spheroids, instead, on Matrigel.

Given the lack of red blood cells within these channels, as well as the highly metastatic nature
of RCC, which is known to spread through the lymphatic system, another possible explanation
for the nature of these channels is through the novel concept of lymphangiogenic mimicry
(Karinen et al., 2021a; Q. S. Wang et al.,, 2018). As explored in section 2.1.3.5.,
lymphangiogenesis consists in the development of lymphatic vessels within tumours, in a
similar way to blood vessels during angiogenesis, and has been widely reported in RCC
(Debinski et al., 2013b). Lymphangiogenesis has also been shown to happen in several tissues
surrounding the anterior chamber of the eye, like the naturally avascular cornea (in response to
injury, xenografts transplantation, and to some growth factors) and in some ocular cancers

(Nakao et al., 2012). LY VE-1-positive cells, a marker of endothelial lymphatic cells, have been
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identified in the iris as well (Kaser-Eichberger et al., 2015). The emerging concept of
lymphangiogenic mimicry, first coined by Wang and colleagues, consists in cancer cells
forming lymphatic vessel-like channels capable of carrying cancer cells to lymphatic nodules,
hence increasing metastatic capacity (Q. S. Wang et al., 2018). These channels are positive for
lymphatic endothelial cells markers. Thus, it is possible that the CD31-negative tumour cell-
lined channels could be formed by lymphangiogenic mimicry. In the future, it would be
interesting to assess the expression of LYVE-1 in the CD31-negative channels. In addition to
expressing lymphatic endothelial cells markers, another characteristic of tumour cell lines that
have lymphangiogenic mimicry capacity is, just like in VM, to form tubes when seeded on
Matrigel (Karinen et al., 2021b). However, as discussed earlier, the Renca cells formed
spheroids instead under those conditions.

Another plausible explanation for the nature of the channels lined by the cancer cells is that
they could resemble structures like the tubules found in the kidneys, as described by Guo and
colleagues. Guo and colleagues have shown that human urine-derived stem cells (USCs),
originated from the renal glomerular parietal stem cell population, form spheroids in vitro when
seeded in ultra-low attachment plates, and that these differentiate into renal tubular epithelial
cells in three-dimensional (3-D) culture, in the presence of extracellular matrix, after 7 days.
Under 3D conditions, these spheroids exhibit tubule-like structures (Guo et al., 2020). The
Renca cell line used in this project was isolated from a renal cell carcinoma that arose
spontaneously in a mouse. Renal cell cancer is a disease in which malignant cells form in the
tubules of the kidney. Given the anatomical source of the Renca cells, and that spheroids were
generated in a very similar way, also using ultra-low attachment plates and in the presence of
ECM, it is possible that these channels might be the tubule-like structures observed by Guo
and colleagues. In future experiments, it would be interesting to have a look at histologic
preparations of the in vitro spheroids, to look for the presence of these tubule-like structures.
However, if this was the case, such structures would have probably been observed immediately
upon in vivo spheroid transplantation using the RFP channel (since they form in vitro) even
before spheroids become vascularized. Nevertheless, the structures described by Guo and
colleagues only formed after 7 days, and spheroids were never kept in culture for more than
2/3 days pre-transplantation, so this might justify why such channels could not be observed

immediately after in vivo transplantation.

Like all animal models, this platform has limitations worth noting. Tumours usually arise in

well vascularized areas. This platform takes advantage of the anterior chamber of the eye as a
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natural window to the body, however, the ACE is naturally avascular. Thus, the types of
vascularization induced by implanting tumours in this area might not mimic the types of
vascularization of the RCC in its original location. Nonetheless, this platform could still be
useful to test drugs targeting angiogenesis, which is the most widely prevalent vascularization
type observed in tumours, including RCC. Additionally, due to the small size of the ACE, this

platform can only be used to study the early stages of tumour spheroid development.

In conclusion, given all the previously mentioned findings, and even though the initial aim of
establishing an in vivo longitudinal platform to characterize tumour vascularization could not
be achieved, it is possible that the platform developed in this chapter can still be used to test
candidate drugs belonging to the two main tumour vasculature targeting drug groups: anti-
vascularization and vascularization-normalizing drugs. More specifically, both candidate anti-
angiogenic or Tie2-normalizing drugs can potentially be tested in this platform having tumour
growth rate and rescue of blood vessel fluorescence as a readout, respectively. A schematic of
how this platform was generated and a suggestion regarding how it could be employed can be

found in Figure 2.15.
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Figure 2.15. Schematic representing how this platform was developed and how it can potentially be used. Renca cells were
first fluorescently tagged in vitro to express cytoplasmic red fluorescent protein (RFP). Then, spheroids were generated using
ultra-low attachment plates, followed by injection into the anterior chamber of the eye of a host mouse. Tumour growth is then
tracked through repeated intra-vital imaging and quantified through post-acquisition image analysis. Finally, potential anti-
angiogenic drugs can be investigated having as a read-out tumour growth. In addition, drugs targeting specifically the
normalization of Tie2 function, known to play a role in angiogenesis, could also potentially be tested having as readout rescue
of the Tie2-GFP expression in intra-tumour blood vessels. Created in BioRender.
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Chapter III: Investigating a novel in vivo

longitudinal platform to study NAFLD
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3.1. Introduction

3.1.1. Sources of hepatocytes to establish in vitro models

There are several options available to model liver diseases in vitro. Given that hepatocytes are
the effectors of most liver functions, these cells are the common player across all in vitro liver
models available. These hepatic cells used to set up in vitro models can be primary (hepatocytes
isolated from liver), immortalized (usually cell lines established from hepatic cancers) or
hepatocyte like cells (HLCs) (stem cells differentiated into hepatocytes). Working with each
of those brings several advantages and disadvantages. Primary hepatocytes are the most
efficient ones at recapitulating hepatocyte function because they are native liver cells, however,
with the currently available protocols, they can only be cultured in vitro for a limited amount
of time. This makes them unsuitable to be targeted, for example, by molecular techniques like,
Crispr, and, because they cannot be extensively expanded, they also require repeated isolation.
Immortalized hepatocytes, on the other hand, can be expanded and cultured for a long time in
vitro, however, since they are isolated from tumours, they usually carry genetic alterations that
can influence hepatocytes behaviour and function. HLCs are differentiated from stem cells,
which means that they can be extensively expanded before differentiation and, thus, have an
almost unlimited source. However, most differentiation protocols currently available lead to
the generation of hepatic cells with immature hepatic functions/behaviour (Ramos et al.,

2022b).

3.1.2. Invitro differentiation of stem cells into HLCs

During gastrulation, endoderm, mesoderm, and ectoderm are formed. Endoderm will give
origin to hepatocytes, whilst the hepatic non-parenchymal cells, such as liver sinusoidal
endothelial cells, originate from mesoderm. The endoderm then further specifies into hindgut,
midgut, and foregut. Cells from the foregut further differentiate into hepatic endoderm, which
then differentiates into foetal hepatocytes that, post-natal, further develop into fully mature
hepatocytes. During embryogenesis, the development of the liver is a gradual process that
involves a series of interactions between the endoderm and mesoderm tissues. Many pathways
that govern liver development have been identified over the last few years, and this knowledge
has been applied to generate several models to study liver disease in vitro (Lynch et al., 2009;

Zorn, 2008).
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In general, differentiation of cells in vitro can be promoted using cocktails of growth factors,
small molecules, epigenetic modifiers, or combinations of any of these. Growth factors are
proteins biologically made that are isolated and purified for in vitro use. Small molecules are
low molecular weight compounds, that, therefore, can easily diffuse into cells, and can be
obtained from natural compounds, synthetic chemistry or even a combination of both.
Epigenetic modifiers are molecules that can modulate gene expression through targeting
epigenetic marks on the DNA or histones, like chromatin modifiers, for example, thus
influencing which genes transcription is promoted or repressed. In addition to the previously
mentioned methodologies, other approaches can be used to further improve cell differentiation.
These include co-culture with other cell types, e.g., non-parenchymal cells, where cell-cell
interactions promote the activation of key signalling pathways involved in cell-fate
specification; mechanical and physical cues, like, for example, matrix stiffness, that better
mimics the native tissue environment; and culture dimension, where culturing cells in 3D has
been shown to improve cell differentiation success in comparison to 2D approaches, through
better mimicking tissue spatial organization, cell-cell interactions and even oxygen and nutrient
gradient. Furthermore, research has also shown that transplanting cells previously
differentiated in vitro into an in vivo setting promotes further cell differentiation and maturation

(Ramos et al., 2022b)

HLCs can be obtained from differentiating stem cells into the hepatic lineage. These stem cells
can have different origins, like adult stem cells (isolated from adult tissues), embryonic stem
cells (ESCs) (isolated from the inner cell mass of blastocysts) and induced pluripotent stem
cells (iPSCs) (adult cells genetically reprogramed to acquire a stem phenotype), and they can
have different degrees of stemness. Thus, depending on the degree of stemness of the initial
cells (i.e., how committed they already are for the hepatocyte lineage), different protocols can

be used to generate HLCs.

There are several protocols available to differentiate pluripotent stem cells, like ESCs and
iPSCs, into HLCs. However, the most efficient ones — those yielding cells capable of closely
mimicking native primary hepatocytes in their hepatocyte functions — typically adhere to the
same three-step approach: 1) induction of definitive endoderm, 2) hepatic endoderm

specification and 3) hepatic maturation.
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1) The formation of definitive endoderm involves a complex sequence of events that are
regulated by multiple signalling pathways. BMP, Nodal and Wnt all promote endoderm
specification in vivo, so using compounds iz vitro that mimic their action will lead to endoderm
specification. One of those compounds is Activin A, which binds to the same receptors as
Nodal, thus mimicking its function and promoting definitive endoderm specification (Zorn,
2008).

2) For the next stage of embryonic liver development, the endoderm is patterned into
midgut, hindgut, and foregut, and this is specified by the activation of specific transcription
factors like Haematopoietically Expressed Homeobox (HHEX). The activation of HHEX
transcription factor guides the patterning of endoderm into foregut, the precursor of liver.
Growth factors such as fibroblast growth factor (FGF) and epidermal growth factor (EGF)
activate HHEX expression, so these molecules can then be added to the definitive endoderm
cells to promote specification into foregut. Adding BMP4 then promotes hepatic endoderm
specification from foregut (J. M. Rossi et al., 2001; Zorn, 2008).

3) Lastly, hepatic maturation is achieved by adding molecules like HGF, Oncostatin M
and Dexamethasone, that synergistically promote the expression of liver-specific genes, such
as hepatocyte nuclear factors (HNFs), albumin, drug metabolizing genes (like cytochrome
P450 enzymes), whilst simultaneously promoting cell survival and polarity and inhibiting cell
proliferation. Altogether, these events will contribute to functional hepatic characteristics

(Zorn, 2008).

When it comes to differentiating HLCs from adult stem cells, the choice of differentiation
protocols depends on the tissue where the cells were isolated from, and how committed they
already are towards the hepatic lineage. For example, LGRS5-positive stem cells isolated from
liver have been shown to have the capacity to generate both bile duct cholangiocytes and
mature hepatocytes. These cells are more committed to the biliary lineage but can be
differentiated into HLCs in vitro, upon exposure to certain growth factors as shown by Huch

and colleagues (Huch et al., 2013).

3.1.3. Liver spheroids and organoids as in vitro NAFLD models

As previously explained in chapter I, depending on the aim or questions to be studied, different

in vitro NAFLD models with different degrees of complexity can be used. Primary hepatocytes,
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hepatic tumour-derived cell lines and HLC can all be used to create 2D and 3D NAFLD models.
Two of the most widely used models that recapitulate liver function and NAFLD characteristic

are organoids and spheroids (Soret et al., 2020).

Spheroids are 3D structures created by the natural clustering of one (like primary hepatocyte
spheroids) or more (usually co-culture with non-parenchymal cells) cell lines in a fluid
environment with or without the presence of an extracellular matrix. As mentioned in the
previous chapter, there are several methods available to generate spheroids, but the most
commonly used ones are the hanging drop method, and culture on ultra-low attachment (ULA)
plates (S. M. Kang et al., 2021). A summary of different culture strategies available to generate
hepatic spheroids in NAFLD research can be found on table 3.1.

In the past, the word ‘organoid’ has been utilized to describe the resulting products of a range
of different 3D culture methods, that imitate the structure and function of an organ with varying
degrees of accuracy. As a result, what is considered as an organoid by some researchers might
be considered a spheroid by others. In this thesis, organoids, or more specifically hepatic
organoids, were defined has complex 3D structures that can be created by culturing pluripotent
stem cells (PSCs), liver tissue stem cells, liver progenitor cells, or liver parenchymal cells, in
a scaffold, that lead to the development of self-organizing structures that recapitulate the
functionality of the tissue of origin (Prior et al., 2019). The scaffolds used to make hepatic
organoids are designed to mimic the spatial organization of the liver, allowing for the accurate
modelling of the organ’s structure and function. There are several strategies available to
generate liver organoids. The source of the initial cells seeded on the scaffold influences the
complexity of the resulting organoids in terms of cell types present and capacity for liver
functions.

The mammalian liver po’sesses a remarkable regenerative ability, and two modes of damage
response have been described: 1) A massive proliferative response of mature hepatocytes upon,
for example, partial hepatectomy and 2) the “‘oval cell’’ response that emanates from the biliary
tree when most hepatocytes are affected by chronic liver disease, and thus, cannot proliferate,
or are too slow to respond. Huch and colleagues took advantage of the lessons learned from
the hepatic oval cell response and generated liver organoids by embedding bi-potent liver
progenitor cells, found in the bile ducts, on Matrigel, followed by differentiation into hepatic
liver organoids though exposure to certain growth factors (Huch et al., 2013). More recently,

Hu and colleagues took advantage of the hepatocyte proliferative response and generated liver
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organoids, that could be cultured for long-term, by embedding single hepatocytes in matrigel
and culturing them in a proliferation-inducing medium (Hu et al., 2018). A summary of

different strategies available to generate hepatic organoids can be found in table 3.2.
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Table 3.1. Summary of different strategies to make liver spheroids in vitro.

Stat;t;;‘(gs)c ell Brief description Advantages Disadvantages References
Monoculture
Mature hepatocytes; Absence of biliary and non-
Primary Spheroids were formed by seeding primary Keep mqtu.re hepatqcytes payenchymal cells; . | (Kozyraetal.,
hepatocytes hepatocytes on ULA plates characteristics/function for Not sulj[able for expansion; 2018)
' days; Not suitable for long term
Easy and quick to set up. culture.
HepG?2 cells are derived
from hepatic cancer and can
Spheroids were generated by seeding HepG2 cells More sensitive to drugs than tglll;t Ca?‘fg E:n::ilcc ?&Lecr;gzss (Stampar et al.,
on ULA plates. 2D cultures. Absence 5 £ other non- ’ 2019)
parenchymal and biliary
cells.
HepG2 -
Spheroids are formed by encapsulating HepG2 cell fr(flrﬁph(gzactiegIZaEgse(rlearrll\(liegan
suspension in a semipermeable alginate capsule. thus carrI; genetic alterations
The alginate capsule forces the cells together, thus Improved hepatic function that alter hepatic function: (Khalil et al.,
promoting cell aggregation and spheroid formation, compared to 2D culture. Absence (f)f other non- ’ 2001)
whilst allowing access to nutrients and oxygen in arenchvmal and biliar
the culture medium. p Y cells Y
ESCs were initially differentiated into the hepatic Absence of other non-

ESCs lineage under 2D culture, and then spheroids were Better hepatic function than arenchvmal and biliar (Subramanian
made by culturing committed cells on ULA plates when cultured 2D. P y cells Y etal., 2014)
where they underwent further hepatic maturation. '

Spheroids were gener'ated by seedlng IPSCS. on Differentiated spheroids Absence of non- o
. agarose plates. Spheroids were then differentiated . . o (Rashidi et al.,
iPSCs . .| remained stable for one year in parenchymal and biliary
into mature hepatocytes through exposure to certain 2018)
culture. cells.
growth factors.
Co-culture
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iPSCs and human adipose microvascular
endothelial cells (HAMECs) were co-cultured on

Spheroid hepatic function was

Absence other non-
parenchymal cells and
biliary cells;

iPSC-HLC + . . . . Endothelial cells were not | (Pettinato et al.,
agarose to promote spheroid formation. Spheroids somewhat improved by co- . .
HAMECsSs . . isolated from liver; 2019)
were then exposed to a cocktail of growth factors to culture with HAMEC:s. . R
. . Endothelial cells distribution
promote hepatic maturation.
was not homogeneous
within spheroid.
HepG?2 cells are derived
Develop fibrosis in response to from hepatic cancer and can
Spheroids are formed by seeding immortalized fatlz acids trea tmgnt' thus carry genetic alterations (Pingitore et
HepG2 + LX-2 | hepatocytes (HepG2) and immortalized HSCs (LX- Y . L that alter hepatic function; &
Respond to anti-steatosis drug al., 2019)
2) on ULA plates. Absence of other non-
treatment. .
parenchymal and biliary
cells.
Primary Primary hepatocytes and all NPCs were isolated at Co-culture with NPCs Amount of each type of non-
once. Spheroids were then generated by co- . . . . (Baze et al.,
hepatocytes + . improved spheroids hepatic parenchymal cells is
. culturing hepatocytes and non-parenchymal cells . . 2018)
primary NPCs . function. variable across batches.
mixture on ULA plates.
Hepatocytes, liver sinusoidal endothelial cells, Good hepatic functions; Loss of liver sinusoidal
Hepatocytes + hepatic stellate cells and Kupfer cells were All cells used were isolated endothelial cells and Kupfer (van Os et al
LSECs + HSCs individually isolated from liver. Spheroids were from liver; cells from spheroid after a 2022) ?
+ KCs formed after co-culturing all cell types on ULA Can be used to model NASH few days in culture.

plates.

due to presence of HSCs.

Absence of biliary cells.
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Table 3.2. Summary of different strategies to make liver organoids in vitro

Stz:;t;:%ssell Brief description Advantages Disadvantages References
Parenchymal cells
Good hepatic Low p%ating efﬁiliency;
maturation; Organosid(;v;legern(;v::) f,‘orm by
Hepatocytes are isolated from mouse liver, embedded in Engraft onto liver upon . . .
Hepatocytes Matrigel and cultured in defined medium, originating 3D transplantation; recapitulating regenerative (Huctal,
liver organoids with extensive bile canaliculi networks. Can be expanded and response rather tha.n liver 2018)
stably kept in culture for development,
<everal months. Absence of non-parenchymal
cells
Stem cells
Organoids seem to form by
Stem cells, or bile duct fragments containing stem cells, are Easily an.d qulékly recapitulating regenera}tlve
. . L . established; response rather than liver
ASCs embedded in Matrigel resulting in Fhe devgloprqent of liver Can be expanded and development: (Huch et al.,
organoids that can be further differentiated into the . ’ 2013)
hepatocyte lincage. stably kept in culture Immature hepatocyte
over months; function; Absence of non-
parenchymal cells;
iPSCs are first differentiated into foregut spheroids that are No endothelial cells:
then embedded in Matrigel in the presence of a defined Multiple liver cell Immature hepatic-like C,GHS‘ (Ouchi et al.,
medium that leads to the formation of organoids containing lineages develop; Hich in ter-baﬁch variabilit ’ 2019)
hepatocytes, cholangiocytes, Kupfer and stellate-like cells & Y
' . . ?ﬁlel:gel: (111:5;1‘;;1_1 No Kupf.er or stellate §ells
iPSCs iPSCs are cultured on Matrigel and exposed to a sequential Functional hepa tobil,iary present in the organoids;
cocktail of growth factors to induce mesoderm and Reduced hepatic function;
endoderm lineages, followed by hepatoblasts. These then stmctu£§ls tha"c;)‘roduce Organoids’ hepatic-like cells (Wuetal.,
differentiate into hepatocytes and cholangiocytes forming Or anoicliseeflrgl f upon are not well-kept overtime 2019)
an hepatobiliary organoid that also contains some tg lant ;g . tp upon transplantation, with
endothelial-like cells. ransprantation o some migrating into liver.
ectopic spleen for at least
8 weeks.
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iPSCs are first differentiated into definitive endoderm
followed by specification into hepatic lineage. An
enrichment step for Epcam+ cells is then carried out
followed by embedding of sorted cells in Matrigel, giving
rise to liver organoids that can be further differentiated into
functional hepatocytes.

Can engraft onto liver
upon transplantation.

Immature hepatic functions;
Absence of non-parenchymal
cells.

(Akbari et
al., 2019)

mESCs

mESCs were first differentiated into definitive endoderm
followed by hepatic specification. The cells were then
dissociated and embed in Matrigel where they were further
committed to the hepatic lineage.

Can engraft onto liver
upon transplantation.

Differentiation into
hepatocyte-like cells was
done on cell aggregates
derived from organoids;
Absence of non-parenchymal
cells.

(S. Wang et
al., 2019)

Multi-lineage

Hepatic
endoderm cells
(from iPSC) +

HUVECs +
MSCs

Three cell types are co-cultured on Matrigel where they
self-organize to form a liver bud.

Multiple liver cell types;
Vascular network in
Vitro;
Vascularize upon in vivo
transplantation even in

ectopic places.

Needs to be transplanted in
vivo to further maturation;
Lack HSCs, Kupfer cells and
cholangiocytes;

Bud architecture does not
recapitulate liver tissues
architecture.

(Takebe et
al., 2013b)
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3.1.4. Strategies available to generate vascularized in vitro grown 3D models

A functional vasculature is present in almost all tissues in the body and plays key roles in
keeping healthy tissue function. Blood vessels play a fundamental role in supplying cells with
oxygen and nutrients, whilst also removing waste products. Additionally, BVs are also essential
for tissues to be exposed to hormones, signalling molecules, and immune system cells, whilst
also playing important roles in thermoregulation, tissue repair, wound healing, and keeping
tissue osmotic balance (Tucker et al., 2022). 3D models, including spheroids and organoids,
hold several advantages against 2D ones. However, a common problem of working with such
models is that many of them do not vascularize upon in vivo transplantation. Because of that,
pre-vascularization, i.e., creating a functional microvasculature in in vitro generated tissues,
prior to in vivo transplantation, has emerged as a promising strategy in tissue engineering. By
generating a microvasculature before in vivo transplantation, the in vifro grown tissues are
better equipped to establish rapid and efficient blood supply upon transplantation, promoting
tissue integration and survival. Thus, given all the previously mentioned roles that
vascularization plays in the maintenance of healthy tissues/organs, several strategies have been
developed with the aim of pre-vascularizing in vitro models.

During tissue formation, vascularization is first promoted through vasculogenesis (or de novo
vessel formation), where progenitor endothelial cells infiltrate the tissues and fuse to give rise
to primitive tubes. Later, angiogenesis kicks in, where new vessels are formed from pre-
existing ones. When new blood vessels anastomose with pre-exiting ones a new vasculature is
formed and, overtime, these are perfused with blood and further matured when perivascular
cells attach to their walls (Tucker et al., 2022). Current approaches available to generate
vascularized 3D in vitro models can be based on mimicking either vasculogenesis or
angiogenesis. Below are the main strategies that can be, and have been, employed to generate

vascularized 3D models in vitro (Strobel et al., 2023).

3.1.4.1. Co-culture with ECs

Endothelial cells (ECs) are the building blocks of blood vessels thus, co-culture of parenchymal
cells with ECs is one of the most common ways to generate vascularized 3D tissues. Here, a
process that resembles vasculogenesis takes place, where the ECs organize themselves to give

origin to primitive-like tubes. However, this approach often leads to the formation of unstable
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vessels due to lack of stabilizing mural cells. Regardless, different studies have shown that
adding ECs to their cultures (including to 3D organoid and spheroid cultures) is enough to
promote in vitro vascularization and, in some cases, engraftment and vascularization success
upon in vivo transplantation (Dissanayaka et al., 2014; S. Kang et al., 2012; D. H. Lee et al.,
2004; Osaki et al., 2018; Pham et al., 2018; Shi et al., 2020; Verseijden et al., 2010). A specific
example is the approach by Peng and colleagues, where 3D hepatic organoids (derived from
hepatocytes) were co-cultured with ECs on ultra-low attachment plates, which led to the

development of vascularized 3D hepatic organoids (Peng et al., 2018).

3.1.4.2. Co-culture with ECs and vessel stabilizing cells

Given that co-culture of parenchymal cells with ECs can lead to unstable blood vessels,
additional cells can be added to the culture to promote vessel stabilization and maturation.
Among these, one of the most chosen ones are MSCs, given that they play roles in promoting
angiogenesis, produce paracrine signals that promote EC survival, and are well known to
exhibit pericyte-like characteristics (blood vessel stabilizing cells) (Cristante et al., 2021;
Melchiorri et al., 2014). Thus, generation of spheroids in vitro through the co-culture of
parenchymal cells with ECs and MSCs has been previously done (Ying Tsang et al., 2021).
Additionally, co-transplantation of MSCs, ECs and organoids has also shown to increase
vascularization success upon in vivo transplantation (Sharmin et al., 2016). Another example
that demonstrates the success of co-culturing these two cell types with parenchymal cells in
vitro are liver buds.

Takebe and colleagues first came up with a way of generating liver buds capable of
vascularizing for long-term upon in vivo transplantation. They did so by co-culturing iPSC-
derived hepatic endoderm cells with human umbilical vein endothelial cells (HUVECs) and
MSCs, on a Matrigel layer. This resulted in all cell types working together to self-organize into
a 3D structure that presented characteristics of a foetal liver and that they called liver bud.
Additionally, they also showed that these liver buds could be further matured (regarding
hepatic functions) upon in vivo transplantation into ectopic locations (Takebe et al., 2013b,
2014). Since then, other people have followed and modified their approach to generate new
liver bud models. For example, Ramachandran and colleagues generated liver buds, following
Takebe’s approach, from adult human primary hepatocytes, liver sinusoidal endothelial and

mesenchymal stem cells. They did so using Upcyte cell lines, which consist in primary cells
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that have been genetically reprogramed to transiently proliferate. These cells can thus undergo
a finite number of divisions (20-40 population doublings), but after removing the proliferation-
inducing factors they (mostly) behave like the original primary cells (Ramachandran et al.,
2015). Li and colleagues then followed the same approach to generate even more complex liver
buds that, in addition to the three initial cell types, also included HSCs. In their approach, all
three cell types (HLCs, ECs and HSCs) were differentiated from MSCs (J. Li et al., 2019a).

3.1.4.3. Co-culture with stromal vascular fraction

Tissues are made of parenchymal cells, which carry most of an organ’s function, but also of
stromal cells, which are defined as a heterogenous group of connective tissue cells that provide
support for parenchymal cells. Whitin the stromal cells, there is a stromal vascular fraction
(SVF). SVF often refers to specifically adipose tissue derived SVF, since its where its most
commonly isolated from. This fraction is specifically composed of all cell types present within
the vascular niche, that go beyond endothelial and perivascular cells, including endothelial
progenitor, mesenchymal stem, hematopoietic and immune system cells (Valentin et al., 2016).
Due to containing stem cells, SFV can be cultured on its own to generate 3D vascularized
organoids (Muller et al., 2019), or in co-culture with parenchymal cells. Co-culturing
parenchymal cells with cells from the stromal vascular fraction has led to the formation of 3D
vascularized structures that have a more complex and relevant microvascular cellular
composition than 3D models generated from parenchymal cells alone. A specific example is
the work by Nunes and colleagues that generated a 3D vascularized structure capable of hepatic
functions that engrafted and vascularized upon in vivo transplantation. This was achieved by

co-culturing SVF cells and HepG2 cells embedded in collagen (Nunes et al., 2013).

3.1.4.4. Co-culture with isolated micro vessel fragments

Whilst co-culture of parenchymal cells with stromal vascular fraction has proved useful in the
successful vascularization of 3D in vitro grown tissues, these do not completely recapitulate
the complex cellular organization and matrix composition of microvessels seen in vivo. Thus,
another approach using microvessel fragments (MVF) isolated from tissues has been
developed. This approach consists in isolating intact 3D MVFs by digesting away the other

tissue cellular components, such as the parenchymal cells. The resulting MVFs, that still retain
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their 3D structure, can then be co-cultured with parenchymal cells, leading to the development
of a vascularized 3D structure (Strobel et al., 2021). For example, Nalbach and colleagues
showed that co-culture of pancreatic islet-cells with MVFs leads to the formation of pre-
vascularized islet organoids that have superior vascularization, viability and functionality upon

in vivo transplantation when compared to islets alone (Nalbach et al., 2021).

Even though generating vascularized 3D liver models in vitro adds an additional layer of
complexity to traditional 3D models, these still lack the important in vivo context. The in vivo
setting is especially important for the accurate modelling of multifactorial diseases such as
NAFLD. Thus, and as previously explored in section 1.3.2., NAFLD in vivo models are also
available, where the disease is induced through diet, chemicals, or genetic alterations.
Nonetheless, given the difficulty of tracking what is happening in the animal’s liver over time
due to the liver natural position deep in the body, as well as the lack of minimally invasive
techniques commonly available in labs to allow liver visualization with good resolution, these
models are also not ideal on their own. Thus, better platforms are needed to model NAFLD
longitudinally in vivo. One such platform that has been widely used to provide good resolution
and non-invasive longitudinal power to study a wide range of biological processes, is the

anterior chamber of the eye (ACE).

3.1.5. The potential of the ACE as a platform to study NAFLD longitudinally in vivo

The anterior chamber of the eye (ACE) has been used as a transplantation site for the
longitudinal tracking of several biological processes for more than 150 years. The fact that the
iris is highly vascularized contributes for the successful engraftment of different tissues in this
location. In fact, the ACE has been used for the transplantation, as mentioned in the previous
chapter, of tumours, as well as of healthy tissues from several origins including heart, muscle,
prostate, brain, kidney, and liver (Gupta & Chowdhury, 1992; llegems & Berggren, 2021;
Robert et al., 1998). Consequentially, the ACE has been used to study several biological
processes, such as, tissue vascularization, regeneration, and rejection, as well as, immune
responses, the initial stages of fertilized egg development, and numerous metabolic processes
(Ahlgren & Bengtsson, 1962; Chang et al., 2020; Kistler et al., 2014; Tun et al., 2022).
Furthermore, the ACE is also compatible with drug testing, as several studies have shown that

cells transplanted into the ACE respond to systemically administered drugs. Nevertheless,
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when it comes to using the ACE as a transplantation site, nothing has brought as many novel
insights as the transplantation of pancreatic islet (Ilegems & Berggren, 2021; Salem et al.,
2019b).

Indeed, research using islets transplanted into the ACE has revealed key insights into islet
vascularization, innervation, engraftment and survival, as well as, into islet development and
the roles it plays in glycemia control (S. N. Yang & Berggren, 2019). Pancreatic islets, or islets
of Langerhans, are small cellular clusters that contain the previously mentioned alpha and beta
cells responsible for glucagon and insulin production, respectively, both key players in keeping
normal blood glucose levels. Thus, given the previously mentioned roles of (dysregulated)
glycemia and insulin signalling in NAFLD onset and progression (see section 1.2.5), islet

dysregulation can be tightly connected to NAFLD.

Given the previously mentioned experiments and findings using the ACE as a transplantation
site, the question arose as to whether the ACE could also serve as a suitable platform for
studying the effects of non-alcoholic fatty liver disease (NAFLD) in the liver. In fact, in the
1930s, Hans Popper transplanted a small piece of liver tissue into the ACE of the same
individual. Despite the tissue initially vascularizing and connecting to the iris vasculature, the
transplanted tissue rapidly degenerated and eventually disappeared. This is not surprising given
that getting adult tissue to engraft in ectopic places is notoriously difficult (Bock & Popper,
1937; Gupta & Chowdhury, 1992). Later, in the 1980s, Rao and colleagues transplanted a
suspension of primary hepatocytes into the ACE, however, and even though they were reported
to engraft onto the iris for several weeks, no signs of vascularization were mentioned or evident
from figures of histological preparations of excised eyes. This means that engrafted hepatocytes
probably relied on diffusion of oxygen and nutrients, from the aqueous liquid that fills the ACE,
to remain viable, rather than blood perfusion (Rao et al., 1986). This is not surprising, given
that triggering and sustaining vascularization depends on the production of pro-angiogenic
signals, which the hepatocytes alone, under physiologic conditions, might not be able to do.
Nevertheless, establishing a connection to the host's vasculature is crucial for transplanted cells
to be exposed to the host's physiological environment, enabling them to experience a true in
vivo context.

Despite the potential impact on normal cellular roles when transplanting tissues or cells into
ectopic locations, the aforementioned studies employing pancreatic islets have convincingly
demonstrated their utility as precise indicators of what is going on with in sifu islets. This

includes effectively monitoring changes in beta-cell function and islet volume/mass in response
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to various stimuli, like diabetes and drugs (Ilegems & Berggren, 2021). Thus, this chapter
aimed to explore whether liver cells transplanted into the ACE would be capable of

accumulating fats and whether they could be used as reporters of the host animal liver, in the

context of NAFL.
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3.2. Hypothesis and aims

There are several in vitro hepatic models available to study NAFLD, however, they lack the
important in vivo context. Likewise, there are plenty of in vivo models to study this disease, but
these lack the important resolution, or have it, but at the cost of needing expensive lab
equipment or animal well-being (for being so invasive). Thus, it was hypothesized that in vitro
generated liver models transplanted into the ACE could successfully vascularize and
accumulate fat in response to host animals being fed a high fat diet, thus being capable of
modelling NAFLD. This platform would give the in vitro model an in vivo context, and the in

vivo model better resolution at minimum discomfort.

Hypothesis

In vitro generated liver model can engraft and vascularize upon transplantation into the anterior
chamber of the eye, and can be used to track NAFLD initiation and initial progression overtime

when host is challenged with high fat diet.

Aims

1. Generate liver model in vitro capable of vascularizing for long-term upon in vivo ACE
transplantation

2. Assess if engrafted liver model accumulates fat in response to feeding host HFD

3. Fluorescently tag lipid droplets of liver model cells

4. Use intra-ocular liver model to track NAFLD initiation and progression in vivo through

intravital imaging
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3.3. Materials and methods
3.3.1. Animals

Animal procedures were conducted in accordance with the Animals (Scientific Procedures)
Act 1986. Animals used in this project were C57B1/6J and SCID purchased from Charles River.
Animals that received transplantation of cells were monitored daily for up to 60-days, and no

adverse effects were recorded during any experiment.

3.3.2. Cell lines

3.3.2.1. Liver organoids

Isolation: The liver organoids were generated before the beginning of this PhD by Dr
Alexandra Milona. They were generated and maintained following (Huch et al., 2013) protocol.
Briefly, bile ducts were dissected from the mouse liver and bile duct fragments were seeded on
growth factors reduced Matrigel (Corning).

Maintenance: (Bile duct/stock) organoids were expanded once a week, re-fed every two days
with expansion medium and kept at 37°C, 5% CO,. Expansion medium was composed of
Advanced DMEM/F12 (Invitrogen) supplemented with 1% Pen/Strep (Gibco), 1% Hepes
(Thermofisher), 1x GlutaMax (Thermofisher) 1% B27 (Gibco), 1.25 mM N-Acetylcysteine
(Sigma), 10 nM gastrin (Sigma), 50 ng/ml EGF (Peprotech), 10% rSpondinl conditioned
media, 100 ng/ml FGF10 (Peprotech), 25 ng/ml HGF (Peprotech) and 10 mM Nicotinamide
(Sigma).

Differentiation: liver organoids were split as usual, seeded and kept for two to four days under

the usual expansion medium. Then, the medium was changed to contain 50 ng/ml EGF
(Invitrogen), 100 ng/ml FGF10 (Peprotech), 50 nM A8301 (Tocris Bioscience), 10nM Gastrin
12 (Sigma) and 10 uM DAPT (Sigma-Aldrich), and 30 uM dexamethasone (Sigma) for the last
three days of the differentiation. Differentiation medium was changed every other day for a

period of nine to fourteen days.

Fluorescent tagging: undifferentiated liver organoids were kindly tagged by Dr Alexandra
Milona, where plasmids expressing GFP under the control of FoxO1 gene (Addgene) were
transduced by lentiviral vectors according to standard protocols prior to antibiotic selection of

positive cells.
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3.3.2.2. Hepatic endothelial cells

Isolation: Endothelial cells were isolated from liver, based on a previously published protocol.
Briefly, two mice from 2 to 6 weeks old were culled, livers were excised and minced into small
pieces and digested in collagenase type I (200 U/ml, Gibco) for 1h with constant rotation. The
digested suspension was then passed through a 70um cell strainer to remove large undigested
blocks and washed with PBS2.5%BSA. The pellet was then incubated in
0.125%Trypsin0.01%EDTA to obtain a single cell suspension for 10 minutes. Trypsin was
discarded and the pellet washed with PBS2.5%BSA. Endothelial cells were then isolated with
miniMACs kit (Milteny Biotech). Briefly, cells were incubated with FC blocking solution at
4°C for 30 minutes, washed twice in PBS2.5%BSA and further incubated with rat anti-mouse
CD31 (BD Pharmingen), rat anti-mouse CD105 (BD Pharmingen) and biotinylated isolectin
B4 (BD Pharmingen) for 30 minutes at 4°C. After two more washes with buffer, the pellet was
incubated with anti-rat and streptavidin-conjugated microbeads for 15 min at 4°C, and loaded
into the columns according to manufactures instructions. Finally, the cells were washed and
seeded onto plates pre-coated with 0.1% gelatine (Sigma) in commercial endothelial cells
medium (Cat#M1168, Generon) at a density of 3x10° cells/cm?.

Maintenance: Cells were re-fed every two days and kept in a 37°C and 5% CO2 atmosphere.

They were split once a week with TryplX (Gibco) and kept for a maximum of 2 passages.

3.3.2.3. Mouse mesenchymal stem cells

Maintenance: OriCellTM STRAIN C57BL/6 MOUSE Mesenchymal Stem Cells (Cat#
MUBMX-01001) isolated from bone marrow were purchased from Cyagen and kept according
to manufactures instructions. Briefly, cells were kept in OriCellTM Mouse Mesenchymal Stem
Cell Growth Medium in a 37°C and 5% COz atmosphere, re-fed every other day and split with
TryplX when 80% confluent.

3.3.2.4. Human embryonic stem cells

Maintenance: hESCs were kept on a matrigel layer (1:20) in maintenance medium. Cells were

kept at 37°C and 5% CO», re-fed every other day and passaged with accutase when 70%
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confluent. Maintenance medium: KSR medium supplemented with 10 ng/ml of bFGF

(Peprotech).

Differentiation: For differentiation experiments, hESCs (WiCell Research Institute) were

passaged as usual and seeded at 5 x 10° cells per (Matrigel-coated) well of a 6-well plate
(Corning) in maintenance medium. 24h later, the cells were differentiated into definitive
endoderm by exposure to definitive endoderm medium for 3 days, followed by 5 more days in
Hepatic endoderm medium to generate hepatic endoderm cells. At this stage, cells were
trypsinized and used to make liver buds. Definitive endoderm medium: RPMI/B27
supplemented with Activin A (100ng/ml)(Qkine) and Torin (15nM)(Bio-techne); Hepatic
endoderm medium: DMEM containing 20% KSR medium supplemented with BMP4
(20ng/ml)(Peprotech) and bFGF (10ng/ml); Hepatocyte maturation medium: HCM medium
(Lonza) supplemented with HGF (20ng/ml)(Peprotech) and OSM (20ng/ml)(Biotech).

3.3.3. Assessing fat storing and de novo lipogenesis capacity in vitro

To assess fat storage capacity cells were treated with water-soluble oleic acid (300uM, Sigma)
overnight, or for 3 days with re-feeding every day. To assess DNL, cells were treated with
differentiation medium, or differentiation medium supplemented with 1720nM insulin or
supplemented with 5.5mM glucose, 10mM fructose and 1720nM insulin, as previously shown
(Kozyra et al., 2018). For lipid droplet staining, cells were incubated with LipidTOX
(ThermoFisher) for 40 minutes, stained with DAPI, washed, and mounted in Vectashield

(VectorLabs).

3.3.4. RT-qPCR

RNA extraction: organoids were collected from Matrigel and washed in cold 1xPBS. The
organoids pellet was then snap frozen in liquid nitrogen, and 500ul trizol (Fisher Scientific)
and 1 steel bead (Qiagen) were added per Eppendorf. The samples were then mechanically
homogenized for 3 minutes at 30Hz using a tissue homogenizer. 500ul chloroform were then
added to each Eppendorf followed by centrifugation at 12000g for 15 minutes. The supernatant
was then transferred to a new Eppendorf, 500ul of 70% isopropanol were then added to it and

the tubes were gently inverted, before being centrifuged at 16000g for 15 minutes. The
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supernatant was then discarded, and great care was taken not to disturb the RNA pellet. The
pellet was then washed with 70% ethanol and let to air dry. Finally, the RNA pellet was re-
suspended in RNAse-free water, the concentration measured using a spectrophotometer
(NanoDrop) and stored at -80°C until needed. cDNA synthesis: cDNA was made from lug of
total RNA samples using the iScript™ c¢DNA Synthesis Kit (Bio-Rad) as per manufactures
instructions. qPCR: qPCR was performed using iTaq™ Universal SYBR® Green (Bio-Rad)
as per manufactures instructions, and the primers wused were cyclophilin
(housekeeping)(M_Ppif_1), G6Pase (m_g6pc_1) and ApoC2 (M_Apoc2_1)(kickstart primers,
Bio-Rad, UK).

For data on Figure 3.15, RNA was extracted using Tri Reagent (Sigma), and cDNA using the
Protoscript II reverse transcriptase (NEB). Then, gPCR was done with Sybr Green Jumpstart
Taq ready Mix (Merk) using a StepOnePlus real time PCR system (Applied Biosystems) and
the primers from Table 3.3.

The relative quantification of target gene expression was calculated using the 2—ACt method

with normalization to the respective housekeeping genes.

Table 3.3. List of primers used in data from Fig. 3.15.

Gene Forward Primer (5°- 3’) Reverse Primer 3°-5’

AFP TGGGACCCGAACTTTCCA GGCCACATCCAGGACTAGTTTC

ALB | CCTTTGGCACAATGAAGTGGGTAACC | CAGCAGTCAGCCATTTCACCATAGG
FoxA2 GGGAGCGGTGAAGATGGA TCATGTTGCTCACGGAGGAGTA
Sox17 GGCGCAGCAGAATCCAGA CCACGACTTGCCCAGCAT

Sox2 GCCGAGTGGAAACTTTTGTCG GCAGCGTGTACTTATCCTTCTT

Oct4 TCGAGAACCGAGTGAGAGGC CACACTCGGACCACATCCTTC
RPL22 TCGCTCACCTCCCTTTCTAA TCACGGTGATCTTGCTCTTG

3.3.5. Generation of engraftable liver model
3.3.5.1. Using liver organoids

3.3.5.1.1. Seeding 3D differentiated organoids and ECs in ULA plates

Bile duct organoids were first differentiated, and endothelial cells isolated as previously
mentioned (see sections 3.3.2.1. and 3.3.2.2., respectively). Then, differentiated organoids
were collected from Matrigel with cold PBS, and washed twice in cold PBS through

centrifugation. Endothelial cells were tripsinized and re-suspended in 1:1 medium, which
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consisted in an equal mixture of EC medium and Organoid differentiation medium. One
organoid and 2000 ECs were cultured per well of 96-well ULA plate (Corning). Medium was
changed every day.

3.3.5.1.2. Seeding 3D differentiated organoids, ECs and MSCs in ULA plates

Organoids and ECs were prepared as previously described in section 3.3.5.1.1. MSCs were
kept as explained in section 3.3.2.3. and were tripsinized into a single cell suspension. Then,
one organoid, 2000 ECs and 570 MSCs were re-suspended in warm 1:1 medium (ECs medium
: Organoid differentiation medium with Dex) and immediately seeded per well of 96-well ULA

plate. Medium was changed every day.

3.3.5.1.3. Seeding differentiated organoid-derived single cells, ECs and MSCs in ULA
plates

ECs and MSCs were prepared as previously explained (see section 3.3.5.1.1. and 3.3.5.1.2.,
respectively). Differentiated organoids were collected from Matrigel with cold PBS and
washed twice through centrifugation. They were mechanically dissociated into smaller cell
clusters, and then incubated with 0.125%Trypsin0.01%EDTA for 20 min to obtain a single cell
suspension. Then, 450 single cells from differentiated organoids, 315 ECs and 90 MSCs were
re-suspended in warm 1:1 medium (ECs medium : Organoid differentiation medium with Dex)

and immediately seeded per well of 96-well ULA plate. Medium was changed every day.

3.3.5.1.4. Seeding differentiated organoid-derived single cells, ECs and MSCs on
Matrigel

Pre-chilled flat bottom 96-well plates (Thermofisher) were coated with cold diluted Matrigel
(2:1 mixture of Matrigel : ECs medium) and incubated for 30-60 minutes at 37°C. Single cells
from differentiated organoids, ECs and MSCs were prepared as previously explained (see
sections 3.3.5.1.3., 3.3.5.1.1. and 3.3.5.1.2., respectively). Cells were seeded according to the
ratio optimized by Takebe and colleagues (10:7:2, HLCs:ECs:MSCs). Then, Matrigel coated
plates were removed from 37°C and 4x10* single cells from differentiated organoids, 2.8x10*

ECs and 8x10° MSCs were re-suspended in warm 1:1 medium (ECs medium : Organoid
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differentiation medium with Dex) and immediately seeded per well. Medium was changed
every day.

3.3.5.2.Using HLCs

3.3.5.2.1. Seeding hHE cells, ECs and MSCs on Matrigel

Matrigel coated plates, ECs and MSCs were prepared as previously described (see sections
3.3.5.1.4., 3.3.5.1.1. and 3.3.5.1.2.). hESCs were differentiated into HE cells as previously
described (see section 3.3.2.4.). Cells were seeded according to the ratio optimized by Takebe
and colleagues (10:7:2, hHE cells:ECs:MSCs). Then, hHE cells were tripsinized and, when 96-
well plates were used, 4x10* single cells from differentiated organoids, 2.8x10* ECs and 8x10°
MSCs were re-suspended in warm 1:1 medium (ECs medium : Hepatocyte maturation
medium) and immediately seeded per well. When 384-well plates were used, 2.1x10* hHE
cells, 1.5x10* ECs and 4.2x10° MSCs were re-suspended in warm 1:1 medium (ECs medium :
Hepatocyte maturation medium) and immediately seeded per well. Medium was changed every

day.

3.3.6. Transplantation of in vitro models into the ACE

In vitro models were injected into the anterior chamber of the eye following a previously
published protocol (Salem et al., 2019a). Briefly, animals were anaesthetized with isoflurane
and placed in a stereotactic frame. Then, organoids and LBs were aspirated (in 1xPBS) into a
blunt cannula inserted in a 100ul screw actuated syringe (Hamilton). Then, a small incision
was made in the cornea using a 27G needle, and the cannula inserted in the anterior chamber

of the eye. Lastly, 1-3 organoids/LBs were released per eye and the cannula carefully removed.

3.3.7. In vivo imaging
In vivo intra ocular imaging was performed as previously shown (Speier et al., 2008). Bright
field images were acquired using a Nikon camera attached to a microscope, whilst animals were

under isoflurane anaesthetic.

3.3.8. Immunocytochemistry
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Cells were fixed with 4% PFA for 30 min. For immunostaining a standard protocol was then
performed using the following antibodies: anti-GFP-AlexaFluor 488 conjugate (Invitrogen);
rat CD31 (BD Pharmingen), rat CD105 (BD Pharmingen), rabbit HNF4a (abcam), rabbit CD44
(abcam), mouse anti-albumin (Merck, A6684, 1:100), rabbit anti-AFP (Abcam, ab169552,
1:500), rabbit anti-E-cadherin (CST, #3195, 1:200), AlexaFluor 488 (Thermo) and AlexaFluor
633 (Thermo). Dapi (Invitrogen) was used to counterstain the nucleous and slides were
mounted with Vectashield (VectorLabs). Primary antibodies were used at 1:200, unless
specifically mentioned otherwise, and secondary antibodies at 1:1000. Confocal fluorescent
images were acquired using the Zeiss LSM-780 inverted microscope and analysed using Fiji

software.

3.3.9. Immunohistochemistry of eye slices

Mice were euthanized and the eyes excised and fixed in 4% PFA (in PBS) overnight at 4C.
They were then transferred to 30% sucrose solution for 2 days, embedded in cryoembedding
matrix (OCT, Thermo) and stored at -80°C until needed. The eyes were sliced (5, 10 or 30um)
using a cryostat and immediately transferred to poly-D-lysin/Superfrost Plus slide (VWR).
For immunostaining, a standard protocol was then performed using the following antibodies:
anti-GFP AlexaFluor 488 conjugate (Invitrogen); CD31 (BD Pharmingen) and AlexaFluor 488
(Thermo). Primary antibodies were used at 1:200 and secondary antibodies at 1:1000.

Ex vivo confocal fluorescent images were acquired using the Zeiss LSM-780 inverted

microscope and analyzed using Fiji software.

3.3.10. Albumin ELISA
Albumin levels were measured using the human Albumin ELISA kit (Merk) in medium
samples of HLCs on day 13 of the differentiation protocol. Medium had been changed 24h

prior to collection. Medium incubated for 24h without cells was used as control. After medium

samples were taken, HLCs were collected and counted.

3.3.11. Statistical analysis

Statistical test used were Unpaired t-test and One-way ANOVA, on GraphPad Prism.
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3.4. Results

3.4.1. Attempting to generate liver model capable of vascularizing in vivo using liver

organoids
3.4.1.1. Differentiated liver organoids only

3.4.1.1.1. Isolation and validation of hepatic organoids

This chapter aimed to develop a platform that was easy and quick to set up in any lab. To do
so, attempts were carried out to generate an engraftable NAFLD model in vitro, using liver
organoids isolated from adult mouse tissue first. Liver organoids were specifically chosen (as
opposed to other primary models) due to the advantages mentioned earlier in this chapter,
including good hepatic function and possibility of long-term culture (essential for the following
aim of fluorescent tagging of lipid droplets). These organoids were isolated from mouse bile
ducts and were kept as a stock of undifferentiated bile duct organoids, as originally shown by
Huch and colleagues. Bile duct organoids can be kept in culture for months and have been
shown to have the capacity to commit into the hepatocyte-lineage upon exposure to a defined
cocktail of growth factors. Thus, for experiments, bile duct organoids were differentiated into
the hepatocyte lineage, also as previously shown, and are hereafter referred to as differentiated

liver organoids (Huch et al., 2013) (see section 3.3.2.1.) (Fig. 3.1a).

The differentiation of bile duct organoids into the hepatocyte lineage was validated by
assessing the expression of hepatocyte markers, such as, hepatic nuclear factor 4a (HNF4a),
through immunostaining (Fig. 3.1b), and glucose-6-phosphatase (G6Pase) and apolipoprotein
C2 (ApoC2), through qPCR (Fig.3.1c). Not surprisingly, due to the reported heterogeneity of
the cells that compose the same organoid, HNF4a expression was present in many, but not all
organoid cells. The expression of the liver stem cell and immature hepatocyte marker, EpCam,

was also assessed through immunofluorescence. EpCam expression in the developing liver in
vivo gradually decreases as the hepatocytes mature (Huch & Doll¢, 2016). However, and as

shown by Huch and colleagues, some EpCam expression was still retained in differentiated
organoids (Fig. 3.1b). qPCR experiments revealed that differentiated organoids expressed
Go6Pase and ApoC2, whilst stock bile duct organoids did not. However, but as expected,
differentiated liver organoids ApoC2 and G6Pase expression levels were still greatly reduced
when compared to liver tissue. Overall, these findings align with Huch and colleagues'

research, as they demonstrate the potential of bile duct organoids to differentiate into the
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hepatocyte lineage. However, like many existing differentiation strategies and protocols, liver
organoid hepatocyte-like cells still exhibit immaturity rather than achieving full maturation.

Experiments were then carried out to assess whether the differentiated liver organoids were
capable of performing hepatic functions. Organoids capacity to accumulate fat was evaluated
first, given that this is a key requirement to model NALFD in vitro. As previously explained in
chapter I, the fat that accumulates in the liver of NAFLD patients has three main sources:
uptake of diet-derived fats, uptake of fats from the circulating pool of non-esterified fatty acids
(NEFA) and de novo lipogenesis. To investigate differentiated organoids capacity for fat
uptake, organoids were exposed to oleic acid (OA) and their response was assessed through
staining with a lipid-specific dye — LipidTOX. These experiments showed that differentiated
liver organoids were capable of accumulating fat when challenged, and that the extent of fat
accumulation seemed to increase with longer exposer to OA (Fig. 3.2a). Then, experiments
were carried out to evaluate differentiated liver organoids capacity for de novo lipogenesis. De
novo lipogenesis consists in the synthesis of fat from non-lipid precursors like, for example,
sugars, with fructose being the most potent DNL-inducing one. Thus, differentiated organoids
were next exposed to glucose and fructose in the presence of insulin, as previously done
(Kozyra et al., 2018). Despite a trend showing that the differentiated organoids exposed to
sugars accumulated more fat than vehicle controls, this difference did not reach statistical
significance, even after 7 days of treatment (Fig. 3.2b). Thus, additional experiments, using
higher concentration of sugars, should be performed. Overall, these experiments suggested that
differentiated organoids can effectively accumulate fat when challenged with fatty acids and

may also be capable of DNL although additional experiments are needed to address this.

Thus, bile duct organoids that can be differentiated into liver organoids with hepatic functions

were successfully established, as originally showed by Huch and colleagues.
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Figure 3.1. Validation of the differentiation of isolated liver organoids. A) Schematic illustrating isolation and differentiation
of liver organoids. Briefly, mice livers were digested, and bile ducts collected. Bile ducts were then minced and cultured in
matrigel. For differentiation into hepatocyte-lineage, organoids were cultured in differentiation medium containing growth
factors for approximately 10 days. B) Confocal images of differentiated liver organoids expressing hepatic-lineage markers
HNF4a (green) and EpCam (red), and nuclear dye dapi (blue). Scale bars are 30pum and 50um for insets. C) qPCR data showing
that differentiated organoids express hepatocytes markers G6Pase and ApoC2 in sharp contrast to undifferentiated ones, but
still to a less extent than hepatocytes from liver tissue.
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Figure 3.2. Liver organoids differentiate into functional hepatic organoids capable of fat uptake, and maybe de novo
lipogenesis. A) Confocal images of differentiated liver organoids treated with oleic acid (OA) overnight or for 3 days, and
stained with lipidTOX (green or red) and nuclear dye dapi (blue). Graphs showing quantification of lipid droplet area per cell,
in controls and oleic acid treated organoids. Unpaired t-test; ** p-value < 0.01, **** p-value < 0.0001; B) Confocal images of
differentiated liver organoids treated with insulin or insulin (Ins), glucose (Glu) and fructose (Fru), overnight and for 7 days,
and stained with lipidTOX (red) and nuclear dye dapi (blue). Graphs with quantification of lipid droplet area per cell, in
controls and oleic acid treated organoids. Scale bars: 30um. Each symbol represents one organoid. One-way ANOVA; ns: p-
value > 0.05.

3.4.1.1.2. Transplantation of differentiated liver organoids into ACE

Huch and colleagues showed that liver differentiated organoids can engraft onto mice liver
upon orthotopic transplantation (Huch et al., 2013). Thus, next it was investigated if the
differentiated liver organoids were also capable of engrafting onto the iris after being injected
into the anterior chamber of the eye (ACE) of a host animal. Differentiated organoids were
transplanted into the ACE as previously explained (see section 3.3.6.). However, even though
they seemed to adhere to the iris, they never vascularized and eventually started shrinking until

completely disappearing after a few days (Fig. 3.3 and data not shown).

In vivo differentiated liver organoid

4d p.t.

7d p.t

Figure 3.3. Differentiated liver organoids do not vascularize after transplantation into the anterior chamber or the eye. Bright
field images of the same mouse taken 4 and 7 days post-transplantation (p.t). 4x magnification and insets are digitally zoomed
in areas
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3.4.1.2. Differentiated liver organoids enriched with endothelial cells

Differentiated liver organoids did not vascularize upon transplantation into the ACE.
Angiogenesis, the most common type of post-natal vascularization in healthy tissues, is
triggered by pro-angiogenic factors. Even though hepatocytes are known to express pro-
angiogenic factors at low levels constitutively, and higher levels in response to stress situations,
like liver regeneration (Fernandez et al., 2009), the fact that liver organoids did not vascularize
in vivo was not surprising, since generation of engraftable and vascularized adult organoids is
notoriously difficult (H. Li et al., 2021). It has been shown that depending on the
transplantation site, organoids vascularization can stem from the organoid itself, or from the
hosts vasculature (Daniel & Cleaver, 2019). Since the differentiated liver organoids do not have
endothelial cells, and given that endothelial cells are also known to produced proangiogenic
factors key in triggering angiogenesis, it was hypothesised that enriching differentiated
organoids with ECs could improve engraftment/vascularization rate. Successful co-culture of
3D liver organoids (established from hepatocytes) and endothelial cells (isolated from human
umbilical vein) has previously been done. However, despite the successful development of an
EC-rich organoid, no experiments were conducted to assess its vascularization capacity upon
in vivo transplantation (Speier et al., 2008). As mentioned in chapter I, liver ECs play a key
role in efficient fat uptake by the liver. This is because of their characteristic fenestrations, that
allow for the easy movement of fats from blood to the hepatocytes. Hence, considering that the
project's objective involved transplanting the in vitro generated model into a host mouse to
induce NAFLD through high-fat diet feeding, it became evident that the utilization of
endothelial cells specifically isolated from the liver held significance for the prospective

success of this platform.

3.4.1.2.1. Isolation and validation of hepatic endothelial cells

To isolate ECs from mouse liver, a previously published protocol by Marelli-Berg and
colleagues was followed and optimized (Marelli-Berg et al., 2000). Briefly, the mouse liver is
collected, digested, and dissociated into single cells that are then labelled with antibodies
against markers of ECs. The cells are then incubated with magnetic microbeads conjugated
with the appropriate secondary antibody, and finally sorted using magnetic cell sorting (see

methods section 3.3.2.2.) (Fig. 3.4a). The identity of the isolated endothelial cells was assessed
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through immunofluorescent staining against the endothelial cell markers CD31 and CD105.
These experiments revealed that most cultured cells were indeed ECs (Fig. 3.4b). Isolated ECs
function was also investigated through the tube formation assay. Briefly, whilst endothelial
cells exhibit a cobble form under usual maintenance conditions, i.e., when seeded on gelatine-
coated plates, they have the capacity to form tube-like structures when seeded on Matrigel.
Both characteristics were observed in the ECs isolated from mouse liver (Fig. 3.4c). Thus, ECs

were successfully isolated from mouse liver tissue.
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Isolation of endothelial cells from mouse liver
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Mouse liver Dissociation Immuno-labelling Magnetic cell sorting Liver endothelial cells
B ECs isolated from mouse liver

Figure 3.4. Validation of endothelial cells isolated from mouse liver. A) Schematic illustrating how endothelial cells were
isolated. Briefly, mouse livers were minced and dissociated into single cells. Cells were then incubated with antibodies against
endothelial cell markers, followed by incubation with anti-rat microbeads. Finally, labelled cells were separated using a
magnetic cell sorter, and plated; Created in BioRender. B) Confocal images of isolated endothelial cells stained for CD31,
CD105 (green) and dapi (blue). Scale bars are 50um; C) Brightfield images of isolated endothelial cells seeded on gelatine vs
matrigel coated plates. 10x magnification. ECs: endothelial cells.

3.4.1.2.2. Co-culture of differentiated liver organoids and endothelial cells on ULA
plates
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Next, differentiated organoids were co-cultured with hepatic endothelial cells, as previously
shown (Peng et al., 2018) (see methods section 3.3.5.1.1.). Briefly, one organoid and 2000 ECs
were seeded per well of a 96-well ultra-low attachment (ULA) plate (Fig. 3.5a). These plates
undergo a special treatment to prevent cell attachment to its surface, thus promoting ECs
adhesion to the organoid instead. Because organoids size can vary widely within the same well,
organoids were filtered through cell strainers, so that only organoids larger than 100um would
be used for co-culturing experiments. A few days after co-culturing, the ECs could be observed
coating the differentiated organoids surface (Fig. 3.5b).

To have a better look at the interaction between differentiated organoids and ECs,
immunofluorescent staining experiments were performed on EC-coated organoids. These
confirmed that ECs were indeed attached to the organoid surface, but that their distribution was
uneven (Fig. 3.5¢).

Nevertheless, differentiated organoids were successfully enriched with primary hepatic

endothelial cells.
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Strategy: Differentiated liver organoids + ECs on ULA plates

‘ Differentiated liver organoid

Liver endothelial cell

Ultra-low attachment plate

B Created in BioRender.com bio

Day 0
Day 3

Figure 3.5. EC-rich liver organoid made from co-culturing differentiated liver organoids and endothelial cells (ECs) on ultra-
low attachment (ULA) plate. A) Schematic of how EC-rich liver organoids were made. B) Bright-field image of EC-rich liver
organoid 0 and 3 days after co-culture with endothelial cells. B) Confocal images of EC-rich liver organoid stained for

endothelial cell marker CD31 (green) and nuclear dye Dapi (blue). Upper panel shows z-tack projection and lower panel single
stack. Scale bars are 50um.
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3.4.1.2.3. Transplantation of differentiated liver organoids enriched with ECs into the
ACE

The EC-rich differentiated organoids were then transplanted into the ACE of host mice as

previously explained (see section 3.3.6.). Despite a few blood-perfused vessels initially

153



forming around some of the transplanted organoid’s surface, these did not look robust and
eventually retracted after only a few days (Fig. 3.6). This was followed by the shrinking of the
organoid that eventually disappeared (Fig. 3.6 and data not shown).

Thus, EC-rich organoids cannot be used to model NAFLD in vivo using the ACE.

In vivoe liver organoid made from culturing differentiated liver organoid + ECs on ULA plate

4d p.t.

Tdp.t

Figure 3.6. Liver organoid made from differentiated liver organoids and endothelial cells (ECs) briefly vascularize after
transplantation into the anterior chamber or the eye. Bright field images of the same mouse taken 4- and 7-days post-
transplantation (p.t.).

3.4.1.3. Differentiated liver organoids enriched with endothelial and mesenchymal stem

cells
3.4.1.3.1. Co-culture of differentiated organoids with endothelial and mesenchymal stem
cells on ULA plates

Mature blood vessels are made not only from endothelial cells, but also from stabilizing mural
cells. Mesenchymal stem cells (MSCs) have been shown to differentiate into blood vessel-
stabilizing perivascular cells when co-cultured with endothelial cells (Koike et al., 2004;

Takebe et al., 2012, 2013b). Thus, given that the blood vessels formed around the EC-rich
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differentiated organoids quickly regressed, next mesenchymal stem cells (MSCs) were also
added into the co-culture system. Even though the isolation of MSCs from bone marrow was
planned to be carried out by us in the lab, the optimization of such protocols is often time-
consuming. Thus, to quickly assess whether this approach would lead to the formation of an
engraftable structure capable of vascularizing upon in vivo transplantation, initial experiments
were carried out with commercially available MSCs. For the MSCs to have the capacity to
differentiate into blood vessel stabilizing cells, their stemness must be preserved, so their
stemness was first validated through CD44 immunostaining experiments (Fig. 3.7). Then,
differentiated liver organoids, ECs and MSCs were co-cultured on ULA plates (Fig. 3.8a) as
explained in section 3.3.5.1.2.. Generation of vascularized liver organoids from co—culturing
HLC, ECs and MSCs in ULA plates has been previously done, although no transplantation
experiments were conducted to validate whether these could actually vascularize in vivo (Ying
Tsang et al., 2021). After only a few days, the ECs and MSCs coated the organoid’s surface
(Fig. 3.8b). To assess the distribution of MSCs and ECs on the differentiated organoids,
immunofluorescent staining experiments using antibodies against ECs and MSCs markers
(CD31 and CD44, respectively) were then performed. To enable the visualization of the
differentiated organoid, this time organoids that expressed cytoplasmic GFP constitutively
(FoxO1-GFP) that were available in the lab were used (see methods section 3.3.2.1). These
experiments confirmed that the co-culture of those 3 cell types resulted in an organoid coated
with ECs and MSCs (Fig. 3.8c). Thus, EC-MSC-rich differentiated liver organoids were

successfully generated.
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Figure 3.7. Mesenchymal stem cells stain positive for CD44. Confocal images of cultured mesenchymal stem cells stained for
CD44 or IIAB-only (FITC) (green) and nuclear dye dapi (blue). Scale bars are 50um.

Strategy: Differentiated liver organoids + ECs + MSCs on ULA plates
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Figure 3.8. Liver organoid made from differentiated organoids, endothelial cells (ECs) and mesenchymal stem cells (MSCs)
on ultra-low attachment (ULA) plate. A) Schematic of how liver organoids were made. B) Bright-field images of liver organoid
0, 1 and 3 days after co-culture with liver endothelial and mesenchymal stem cells. C) Confocal images of liver EC-MSC-rich
organoids stained for CD31 (red), CD44 (yellow) and nuclear dye dapi (blue), and showing FoxO1-GFP liver organoids in
green. Scale bars are 50um.

3.4.1.3.2. Transplantation of differentiated liver organoids enriched with endothelial

and mesenchymal stem cells into the ACE

EC-MSC-rich organoids were then transplanted into the ACE. This time, visibly more robust

blood vessels formed around the organoid. However, the blood vessels seemed to disappear
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between 7 and 14 days post-transplantation (Fig. 3.9). To confirm this, eyes from mice 7 and
14 days post-transplantation were excised and sliced. As expected, while vessels surrounding
the organoid could clearly be seen on day 7 (Fig. 3.10a), by day 14 these were completely gone,
and so was most of the liver organoid (FoxO1-GFP), as evidenced by the reduced GFP signal

observed (Fig. 3.10b).
Thus, EC-MSC-rich organoids cannot be used to model NAFLD in the specified in vivo setting.

In vivo liver organoid made from culturing differentiated liver organoid + ECs + MSCs on ULA
plate

4dp.t.

Tdp.t

Figure 3.9. Liver organoids made from differentiated liver organoids, endothelial cells (ECs) and mesenchymal stem cells (MSCs)
briefly vascularize after transplantation into the anterior chamber or the eye. Bright field images of the same mouse taken 4 and 7
days post-transplantation (p.t.). 4.5x magnification and insets are digitally zoomed in areas.
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Figure 3.10. Blood vessels regress over time from liver organoids transplanted into anterior chamber of the eye. Slices of excised
liver organoids made from co-culturing differentiated liver organoids (green), endothelial cells (ECs) (Red) and mesenchymal stem
cells (MSCs) stained with nuclear dye dapi (blue) on ultra-low attachment (ULA) plate, A) 7 and B) 14 days post-transplantation.
Arrow points to a few GFP-positive cells. Scale bars are 50 pm.

3.4.1.4. Aggregates made from differentiated liver organoid-derived single cells,

endothelial and mesenchymal stem cells on ULA plates

3.4.1.4.1. Co-culture of single cells from differentiated organoids with endothelial and

mesenchymal stem cells on ULA plates

The previous co-culture systems led to the formation of differentiated liver organoids whose
surface was coated with ECs and MSCs. These structures appeared to get vascularized through
the development of blood vessels on their surface, however BVs quickly regressed. Thus,
experiments were carried out that aimed to generate more homogenously vascularized liver
organoids. To do so, differentiated liver organoids were dissociated into single cells, that were
then co-cultured with ECs and MSCs (Fig. 3.11a) on ULA plates. As mentioned earlier in this
chapter’s introduction, co-culture of HLCs and non-parenchymal cells (ECs and hepatic stellate
cells) in ULA plates has been previously done, and specific co-culture of organoid-derived

single cells and other cell types, including endothelial cells, has also been previously published
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(Choi et al., 2021; S. Wang et al., 2019). This strategy led to the formation of cell aggregates
that were stable enough to be manipulated (Fig. 3.11b). However, immunofluorescent staining
experiments revealed that ECs distribution in the resulting cell aggregate was neither

homogeneous nor consistent between experiments (Fig. 3.11c¢).
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Strategy: Single cells from differentiated liver organoids +

ECs + MSCs on ULA plates
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Figure 3.11. Liver spheroids made from co-culturing differentiated liver organoids-derived single cells, endothelial cells (ECs)
and mesenchymal stem cells (MSCs) on ultra-low attachment (ULA) plate. A) Schematic of how liver spheroids were made;
B) Bright-field image of liver spheroid 0, 3 and 7 days after co-culture with liver endothelial and mesenchymal stem cells. C)
Confocal images of liver spheroids stained for CD31 (red), and nuclear dye dapi (blue). Scale bars are SOpum.
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3.4.1.4.2. Transplantation of aggregates made from differentiated liver organoid-

derived single cells, endothelial and mesenchymal stem cells into the ACE

Even though the previous strategy did not lead to the expected structure with homogenous ECs
distribution, they were still assessed for their vascularization capacity upon transplantation into
the ACE. However, those aggregates never vascularized, and eventually disappeared from the

ACE (Fig. 3.12 and data not shown).

In vivo liver organoid made from culturing single cells from differentiated liver organoid + ECs +
MSCs on ULA plate

4d p.t.

7dp.t

Figure 3.12. Liver spheroids (LS) made from culturing differentiated liver organoids-derived single cells, endothelial cells
(ECs) and mesenchymal stem cells (MSCs) on ULA plate do not vascularize after transplantation into the anterior chamber or
the eye. Bright field images of the same mouse taken 4 and 7 days post-transplantation (p.t.). 4x magnification and insets are
digitally zoomed in areas.

3.4.1.5. Liver buds from differentiated liver organoid-derived single cells, endothelial and

mesenchymal stem cells
Takebe and colleagues replicated in vitro the complex interactions between different cell types
that happen during liver organogenesis in vivo. They did so by co-culturing induced pluripotent

stem cell (iPSC)-derived hepatic endoderm cells (HE) with ECs and MSCs on Matrigel. Upon
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seeding, they observed that the three cell types organized themselves into a 3D structure that
they called liver bud (LB). These LBs could be further matured upon exposure to growth factors
that promoted HE cells differentiation into mature hepatocyte like cells (HLCs). Furthermore,
LBs presented homogenous distribution of all cell types and, more importantly, were capable
of vascularizing for long term upon transplantation into several ectopic locations, including
brain, sub renal capsule and mesentery (Takebe et al., 2014). Thus, it was hypothesised that
liver buds could be obtained by co-culturing single cells derived from differentiated liver
organoids, ECs and MSCs on matrigel (Fig. 3.13a), and that these could vascularize upon
transplantation into the ACE. However, after several attempts, liver buds never formed (Fig.

3.13b).
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Strategy: Single cells from differentiated liver organoids + ECs + MSCs on
matrigel

/_. == ]

| --
—_— — I
Dissociation  ®&" g ‘
into single cells i

A

Pre-coated matrigel plate p < .

Failed liver bud formation

. Differentiated liver organoid * Mesenchymal stemcell @B Liver bud

Liver endothelial cell Matrigel Created in BioRender.com bio

B

Example #1
Example #2

Figure 3.13. Liver buds failed to form when co-culturing single cells from differentiated organoids, endothelial cells (ECs)
and mesenchymal stem cells (MSCs) on matrigel. A) Schematic illustrating how liver bud formation was attempted. B) Bright-
field images of two failed attempts, 2 days after co-culture. 4x magnification and insets are digitally zoomed in areas.

3.4.2. Attempting to generate liver model capable of vascularizing in vivo using

hepatocyte like cells
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The initial aim of this project was to establish an in vitro NAFLD model out of primary cells
isolated from adult mouse tissues, so that it could be quickly established in any lab. However,
considering the previous unsuccessful attempts to generate a structure capable of long-term
vascularization upon transplantation into the ACE, a decision was made to alter this strategy.
Since Takebe and colleagues had shown that liver buds made from hepatocyte like cells
(HLCs), ECs and MSCs could engraft upon transplantation into several ectopic organs (Takebe
et al., 2013b), it was next decided to adopt their approach using HLCs differentiated from
embryonic stem cells (ESCs).

Takebe’s approach to generate liver buds consisted in first differentiating human induced
pluripotent stem cells (hiPSCs) into hepatic endoderm (HE) cells, followed by their co-culture
with ECs (from human umbilical vein, HUVECs) and MSCs (from human bone marrow) on
Matrigel for the bud generation stage, and finally inducing hepatic maturation of HE cells-
containing buds into HLCs (Fig. 3.14).

There are several protocols available to differentiate mouse ESC into HE cells and HLCs,
however, these usually require optimization for each specific mESC cell line. Thus, for the
sake of time, a collaboration was established with a lab at Imperial College London that was
doing this routinely . Dr Wei Cui’s lab routinely differentiates human embryonic stem cells
(hESCs) into HE cells and HLCs. Thus, it was next investigated whether liver buds made using
human HE cells and mouse ECs and MSCs would form, and if so, if they vascularized for long-

term upon transplantation into the ACE.

Takebe and colleagues strategy: hiPSC-derived HE+ HUVECs + MSCs on matrigel

Differentiation . Further
- differentiation into
~o [o} N - mature HLCs

I (0] | > | |
0 0@ g { | —*

f Pre-coated

L hEcells matrigel plate

Mature liver bud

(") iPSC colony HUVEC Matrigel

HE cell #- MSC @ Liver bud

Figure 3.14. Schematic representing Takebe and colleagues’ approach to generate liver buds.

3.4.2.1. Liver buds from human HLC
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3.4.2.1.1. Differentiation of hESCs into HLC

Dr Wei Cui’s lab routinely differentiates hESCs into HLCs. Their approach to generate HLCs
from hESCs is based on the 3-step differentiation strategy previously explained in section 3.1.2.
Briefly, hESCs are first differentiated into definitive endoderm cells, that are then committed
into the hepatic endoderm lineage, and finally matured into HLCs. Representative images of
the validation experiments of the successful differentiation of hESCs into definitive endoderm
cells, hepatic endoderm and HL.Cs can be found in Fig. 3.15 and were kindly provided by Faiza
Farhan. Overall, these experiments showed that, whilst the differentiation protocol is
successful, this is only to some extent, since not all cells expressed albumin, and most cells still

exhibited immature hepatocyte markers, as indicated by alpha-foetal protein (ACE) expression.

DE differentiation Hepatic specificati Hep:
RPMI/B27 KSR medium HBM medium
100 ng/m AA+ 15 nMTorin 20 ng/ml BMP4 + 10 ng/ml | 20 ng/ml HGF+20 ng/ml
bFGF osM
D-1 DO D3 D8 D13
Ll | | L (b
itia o Ferentiati Collection s
I"'}";.‘ , Rowps dngy diffeeutinsion & g hESCa Stage? - DE differentiation  Stage 2 - Hepatoblast  Stage 3 - HLC maturation
SeRae Lo MEF-CM RPMI1840 KSR medium HBM medium
density bFGF ActivinA + Torin BMP4 + bFGF HGF + OSM
(3-4 days) (5 days) {up to 5 days)
ALB/AFP E-Cad Merge-DAPI
ocT4
N R ar ALB ELISA
o ph | w -
< o I =T g™
of - . u 3
| - a- = . = "
S| pedd TFeed Fies 3 1000 r
0w o
Bl sox £
al . sox17 ALB &
é . g 5 - “, — E 500 ¥
q ol -1l = . & z
I T [I i =% :
%l - - o Y z—*
ol .. PLL [iE— T 1 T T T T 7T
| #ees g s D6 D7 D8 D9 D10 D11 D12 D13
days in HLC differentiation

HLC differentiation stage

Figure 3.15. hESCs are successfully differentiated into HLCs. A) Schematic depicting differentiation strategy used. B) Bright
field images of hESCs at different stages (days 0, 1, 3, 7, 9, 11 and 13) of the differentiation protocol; Scale bar = 100pum. C)
HLC:s stained for alpha-foetal protein (AFP) or albumin (Alb) (green), e-cadherin (E- Cad)(red) and dapi (blue); Scale bar =
50um. D) Expression levels of the stem cell markers Oct4 and Sox2, definitive endoderm markers Foxa2 and Sox17, and
hepatocyte markers AFP and Alb, in cells at different stages of the differentiation protocol. One-way ANOVA; *: p-value <
0.05; **: p-value < 0.01; ***: p-value < 0.001; E) Albumin production by cells at different stages (days 6, 7, 8, 9, 10, 11, 12,
and 13) of the differentiation protocol. DE: definitive endoderm; Hb: Hepatoblast. MEF-CM: Mouse embryonic fibroblasts
conditioned medium.

3.4.2.1.2. Liver bud formation from hHE cells
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Cells for the bud formation experiments were handed over to our lab at the HE stage. Then,
hHE cells were co-cultured with mouse hepatic ECs and MSCs on Matrigel coated plates, as
previously described, in a 1:1 mixture of ECs and hepatic maturation inducing medium (Fig
3.16a) (see section 3.3.5.2.1.). These experiments were first carried out in matrigel-coated 96-
well plates, and buds successfully started forming after only a few hours (Fig. 3.16b, upper
panel). However, the resulting LBs were too big to be injected into the ACE, so the experiment
was then repeated using a lower total number of cells, whilst keeping the same cell type ratio,
as also previously done by Takebe and colleagues (Takebe et al., 2017). Given that seeded cells
need to be in close contact with each other for the bud to form, this time they were seeded on
smaller (Matrigel-coated) wells of 384-well plates. As a result, LBs, that were small enough to
be transplanted into the ACE, formed (Fig. 3.16b, lower panel). Additionally, these buds

consistently presented an even ECs distribution (Fig. 3.16c).
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Strategy: Hepatic endoderm cells + ECs + MSCs on matrigel
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Figure 3.16. Liver buds made from co-culturing parenchymal human and non-parenchymal mouse cells. A) Schematic
representing how liver buds were made. B) Pictures of liver buds forming 0.5, 24, 48 and 72h after seeding, in 96 and 384-
well plates. 4x magnification. C) LB’s stained with CD31 (green) and Dapi (blue) at 72h after seeding. Scale bars = 50pum.

3.4.2.1.3. Transplantation of liver buds from hHE cells into the ACE

LBs capacity of vascularizing in vivo upon ACE transplantation was then assessed.

Up to this point, all the cells used when attempting to establish the engraftable in vitro model
were syngeneic, i.e., from the same genetic strain as the recipient host animal (C57BL/6).
However, because the HLCs used to make these buds were from human origin, to avoid

rejection issues, for these experiments severe combined immunodeficiency disease (SCID)
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animals were used as hosts. As the name suggests, these animals lack a working immune
system, which prevents xenogeneic transplanted tissues, i.e., from a different species, from
being rejected.

Finally, the transplantation of these LBs into SCID animals ACE consistently resulted into
visibly vascularized LBs, and at least 50% of them remained vascularized for the whole
duration of the experiment, so over 2 months (Fig. 3.17). The initial vessels were big and often

leaky, but gradually normalized, probably as a result of blood vessel maturation.
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In vivo liver bud made from culturing hHE cells + ECs + MSCs on matrigel
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Figure 3.17. Liver buds transplanted into host ACE vascularize for long term. Two examples of LBs transplanted into the
ACE, imaged at days 2, 5, 9, 13, 15 and 51 post-transplantation. 4.5x magnification. Insets are digitally zoomed images of
boxed areas.
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| Ex vivo ‘

Liver bud in ACE Host’s liver

Figure 3.18. Liver buds remain vascularized two months post-transplantation, but BVs density is lower than in liver tissue.
Liver buds and liver tissue were sliced and stained with Dapi (blue) and CD31 (red). Scale bars = 50pum.

3.4.2.1.4. Assessing whether intra-ocular liver buds from hHE cells accumulate fat

Given that some LBs were capable of long-term vascularization, it was next assessed whether
they could accumulate fat in response to the host mouse being fed an HFD, and, if so, how that
fat accumulation would compare to in situ hepatic fat accumulation. Thus, host animals were
put on a HFD 2 weeks post-transplantation, where they remained for 6 more weeks. Animals
were then culled at day 60 p.t., the eyes excised, sliced and stained with the lipid dye LipidTOX.
Whilst obvious lipid droplets could be observed in the host animal liver, this was not the case

in liver buds (Fig. 3.19).

| Ex vivo ‘

Liver bud in ACE Host’s liver

Figure 3.19. Liver buds fail to accumulate fat in response to host being fed an HFD. Liver buds and liver tissue were excised,
sliced, and lipid droplets were stained with LipidTOX (red) and nucleous with Dapi (blue). Scale bars = 50pum.
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3.5. Discussion and future perspectives

This chapter aimed to develop a minimally invasive novel platform to track the initial stages
of NAFLD in the same animal overtime. Whilst trying to do so it was shown, that 1) co-culture
of differentiated liver organoids with hepatic ECs originates an EC-coated organoid, that, upon
in vivo transplantation, can sometimes vascularize, but the vessels are unstable and quickly
regress; 2) adding MSCs to that co-culture strategy results in an EC-MSC-coated organoid that
is still only capable of vascularizing for short term upon in vivo transplantation, although with
visibly more stable vessels; 3) co-culture of differentiated organoid-derived single cells with
ECs and MSCs on ULA plates originates aggregates with uneven cell distribution that are not
capable of vascularizing upon in vivo transplantation; 4) co-culture of differentiated organoid-
derived single cells with ECs and MSCs on Matrigel fails to produce liver buds; 5) co-culturing
cells from different species (human HE cells and mouse ECs and MSCs) still leads to the
formation of liver buds following Takebe’s approach; 6) at least some of those liver buds are
capable of vascularizing for long-term (> 2 months) upon in vivo transplantation into the ACE,
although further experiments are needed to assess whether or not they are capable of

accumulating fat.

Transplanting an in vitro generated liver model into the ACE means that these will be in an
ectopic place, which could potentially impact their success in replicating liver functions that
are key for modelling NAFLD, such as fat uptake, synthesis, and storage. The natural occurring
liver position within the body is key for several liver roles. An example of this is the filtering
of potential gut-derived pathogens from the blood, that reaches the liver via portal vein, before
that blood joins systemic circulation. Additionally, bile is produced in the liver by the
hepatocytes, stored in the gallbladder and then carried into the intestine via bile ducts when
needed, to aid fat digestion. Thus, liver’s location near the intestine (and portal vein connection)
is also essential for the normal digestion of diet-derived fats. The liver position near the
pancreas is also key for its ability to quickly regulate glycemia, since glucose level-stimulated
pancreatic insulin and glucagon secretion promote liver glucose uptake and release,
respectively. Nevertheless, experiments where pancreatic islets were transplanted into the
ACE, showed that intra-ocular islets efficiently regulated glycemia in animals with
compromised in situ pancreatic islets (S. N. Yang & Berggren, 2019).

Despite the challenges associated with working with an ectopic liver model, in this chapter it

was hypothesized that transplanting the in vitro generated liver model into the ACE would not

171



greatly impact its capacity to uptake, synthesise and store fats. As mentioned previously in
chapter I, a study by Donnelly and colleagues revealed that the fats that accumulates in the
livers of NAFLD patients have three origins: 1) DNL, 2) NEFA pool and 3) diet. 1) DNL refers
to the generation of fats from non-fat precursors, such as sugars, with fructose being the most
potent-DNL inducing one. To assist in regulating blood glucose levels, the liver possesses the
ability to extract a significant amount of glucose derived from the diet and the intestine from
portal blood before it enters systemic circulation. Additionally, evidence suggests that this first
pass clearance effectiveness is even bigger for fructose (Tappy & Le, 2010). Given that DNL
consists in the conversion of sugars into fats, and that the liver might be exposed to higher
sugar levels than the rest of tissues (including the ACE) due to its physical proximity and direct
connection to the intestine (portal vein), this could indeed impact the DNL rate in ACE liver
models compared to the liver in situ. However, DNL was estimated to contribute only by 25%
of the fats that accumulate in the livers of NAFLD patients (Donnelly et al., 2005a). 2) NEFA
pool is the highest contributor to hepatic fat in NAFLD patients (60%). The NEFA pool refers
to the group of circulating non-esterified fatty acids that is found in systemic circulation, so, in
theory, vascularized liver models in the ACE could be exposed to the NEFA pool. 3) Only 15%
of hepatic fats in NAFLD patients are derived directly from diet. Moreover, of these 15%, only
a portion (SCFA) flows directly from the intestine to the liver via portal vein since the rest
(MCFA and LCFA) must enter systemic circulation first as part of chylomicrons. The fats in
the chylomicrons can then enter the liver by either spilling into the NEFA pool, or as part of
chylomicron remnants bound to the liver to be recycled. Thus, in theory, some dietary fats
could also reach the vascularized liver models in the ACE via NEFA pool and uptake of
chylomicron remnants. Therefore, in theory, it was possible for an ectopic vascularized liver
model to accumulate fat in response to the host being challenged with an HFD. In fact, research
has shown that hepatocytes transplanted into ectopic places, like the spleen, accumulate fat,
similarly to the hepatocytes in situ, in response to Dex treatment (Lupp et al., 1998). However,
the spleen is also connected to the portal circulation. Nevertheless, there are some medical
conditions where lipids can accumulate in patients’ eyes thus further validating that fats can
travel through the blood that irrigates the eye (Broekhuyse, 1971, 1972; Fraunfelder et al.,
1976; Hall et al., 2020; Secondi et al., 2019).

Importantly, research has suggested that intestinal microbiota can play a key role in NAFLD
development and progression, given that gut microbiota derived substances (like pro-
inflammatory LPS) reach the liver via portal vein and worsen NAFLD. Since the ACE is not

connected to the portal system, liver models would not be exposed to such substances.
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Additionally, the ACE is probably not compatible with modelling advanced NAFLD stages
(NASH), since it is a relatively immune privileged location, and the immune system is a known
important contributor to disease progression into NASH. However, the initial aim of this
chapter was to develop a platform to track the initial stages of NAFLD that would also allow
us to test drugs directly targeting hepatic fat accumulation, such has glucagon analogues/GCGR
agonists, which is the root cause of NAFLD in first place. Thus, NAFLD severity and
progression could be milder in intra-ocular liver models when compared to the liver in situ.

In addition to studying the initial stages of NAFLD longitudinally, it was hypothesised that this
novel platform, had it worked, could also potentially be used to test NAFLD targeting drugs,
such as glucagon analogues/GCGR agonists. The potential of GCGR agonists in lowering
hepatic fat resides in the fact that they directly increase hepatic lipolysis and fatty acids b-
oxidation, whilst also reducing DNL rate, all resulting in depletion of hepatic fat storages. Most
oral drugs reach the liver via portal vein, which could indeed be a problem, since the liver
models were going to be in an ectopic location with no access to such route (Vaja & Rana,
2020). However, several drugs, including GCGR agonist, can be administered subcutaneously,
thus quickly entering systemic circulation, and therefore circumventing the potential problem

posed by orally administered drugs.

Experiments were conducted to assess the differentiation success of stock bile duct organoids
into the hepatocyte lineage. These experiments revealed that HNF4a was consistently
expressed in differentiated organoids (although it was not homogeneously expressed in all cells
within the same organoid); that most cells still retained EpCam expression (although levels
varied in the cells within the same organoids) and that G6Pase and ApoC2 expression levels
were much higher in differentiated vs undifferentiated organoids (where no expression was
detected), but still greatly reduced when compared to liver tissue. These experiments, despite
being in accordance with the results from the paper that originally generated this model (Huch
et al., 2013), revealed that the differentiation protocol was somewhat, but not completely,
successful in generating mature HLCs. In vitro differentiation of stem cells into mature HLCs
that resemble and behave as primary hepatocytes has been widely recognised as a challenging
task (C. Chen et al., 2018). As previously explained in this chapter’s introduction, in addition
to exposure to certain growth factors, several other approaches can promote differentiation and
maturation of undifferentiated/immature cells into the hepatocyte lineage, such as co-culture
with non-parenchymal cells, as well as in vivo transplantation (i.e., due to vascularization that

exposes cells to host blood). Therefore, as the project was initially designed with the goal of
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co-culturing differentiated liver organoids alongside liver hepatic endothelial cells (non-
parenchymal cells), and subsequently transplanting the resulting structures into a host animal
ACE, it was hypothesized that further maturation of the differentiated liver organoids could be
achieved further down the line.

Regardless, functional experiments revealed that these differentiated organoids were already
capable of accumulating fat when challenged with oleic acid, and potentially, DNL-inducing
substrates, in vitro, which are key to accurately model NAFLD.

It is important to note that, due to the fact that hepatocytes-only were not routinely available in
the lab, liver tissue was used as a positive control for the qPCR experiments assessing the levels
of hepatic markers in undifferentiated vs differentiated organoids. This is not ideal as the liver
comprises cell types beyond hepatocytes. As such, the reduced expression levels of the hepatic
markers might be underestimated in the organoids (when compared to primary hepatocytes),

due to the diverse cell composition of the liver.

Hepatocytes are known to produce several pro-angiogenic factors, such as VEGF, and
angiopoietin 1 and 2, in response to stress situations like wound healing or hepatectomy (Peng
et al., 2021). These pro-angiogenic factors can then promote the proliferation and migration of
LSECs (Shimizu et al., 2001). In fact, research has shown that overexpressing VEGF in
hepatocytes is enough to promote their engraftment and trigger neovascularization upon in vivo
ex situ transplantation (Ajioka et al., 1999). Huch and colleagues showed that the differentiated
organoids used in the experiments carried out in this chapter were shown to engraft to some
extent upon transplantation into the liver, although no evidence of vascularization was shown
(Huch et al., 2013). Nonetheless, and given that the levels of pro-angiogenic factors expressed
by the organoids were not assessed, an attempt was made to transplant them into the ACE.
However, no evidence of vascularization could be seen, and they soon disappeared from the

ACE, probably due to immune system intervention.

One of the strategies used to generate tissues in vitro capable of engrafting and vascularizing
upon in vivo transplantation is co-culture with ECs. LSECs play an important role in the
capacity of the liver to efficiently uptake fats (McMahan et al., 2016). This was the reason why
LSECs were chosen for this project as opposed to other endothelial cell types/lines. To isolate
ECs from mouse liver a previously published protocol was followed and optimized (Marelli-
Berg et al., 2000). Whilst more recent papers were available that offered a higher yield and

purity of hepatic LSECs, these usually involved complex techniques, such has in situ digestion
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of liver tissue through portal vein cannulation. Given that no one in our department was
familiarized with such methodology, Marelli-Berg and colleagues approach was chosen for its
ease of use and in sake of time. Briefly, this protocol consisted in extracting and digesting liver
tissue, followed by incubation of the resulting single cell suspension with EC specific
antibodies prior to magnetic cell sorting. The liver is not only composed by sinusoidal
endothelial cells (LSECs), but also portal and central ECs. Antibodies against CD31, CD105
and Isolectin-B4 were used to specifically label hepatic ECs. However, even though these are
specific markers of ECs, they are not specific to LSECs. Despite this, LSECs are the most
abundant population of ECs in the liver, so the vast majority of isolated ECs should be LSECs
(DeLeve & Maretti-Mira, 2017; Duan et al., 2018; Ruan et al., 2021; X. Sun & Harris, 2020).

In addition, two of the characteristics that make LSECs so effective at quickly and efficiently
transferring fat from blood to hepatocytes are their high endocytic capacity and the presence of
fenestrations on their surface (McMahan et al., 2016). However, some studies have suggested
that these fenestrations are quickly lost, and their endocytic capacity rapidly declines, upon
short-term in vitro culture (DeLeve & Maretti-Mira, 2017). No experiments were conducted to
assess whether this was the case in the cultured primary ECs. Therefore, this could potentially
impair the capacity for the in vitro liver model to uptake fat from circulation upon in vivo

transplantation.

Since differentiated organoids did not vascularize upon in vivo transplantation and, as explored
in section 3.1.4.1., co-culture with ECs is one of the strategies used to generate pre-vascularized
tissues, given the simplicity and practicality of this approach, co-culture of 3D differentiated
organoids and hepatic ECs was attempted. This strategy led to the formation of ECs-coated
organoids that could occasionally trigger vascularization upon ACE transplantation. However,
the new vessels were clearly unstable and quickly regressed over time. This finding was not
completely surprising. Whilst some research has demonstrated that co-culture with ECs alone
can generate structures capable of vascularizing upon in vivo transplantation, other studies
show that such approach often results in the formation unstable primitive-like tubes rather than
mature vessels. This instability is attributed to the lack of vessel-stabilizing cells in the co-
culture system. Hepatic ECs are known to have a somewhat long lifespan that can vary from
months to years, however, when vessels are not properly matured, through interaction with
vessel-stabilizing cells, ECs can undergo apoptosis leading to vessel regression.

To overcome this, MSCs were also added to that co-culture system. As explored in section

3.1.4.2., MSCs are widely known to have vessel stabilizing characteristics, whilst also
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producing paracrine signals that promote angiogenesis and ECs survival. However, this
approach was only somewhat successful. Indeed, this strategy led to the formation of ECs-
MSCs-coated organoids that quickly vascularized upon ACE transplantation. The new vessels
looked notoriously more mature and stable, when compared to organoids co-cultured with ECs
only. However, these too regressed only a few days post-transplantation. This was not
expected, since, as referenced in section 3.1.4.2., formation of pre-vascularized tissues, through
co-culture with ECs and MSCs, have been shown to be capable of long-term vascularization
by several researchers upon transplantation into various ectopic locations. Thus, next it was
hypothesised that the problem laid with the organoids employed, or more precisely, in the
methodology used for generating those pre-vascularized organoids, rather than with the cell
types themselves. Indeed, the way the ECs-MSCs-coated organoids were generated led to the
distribution of those cells only on the organoids outside surface. Thus, subsequently, an effort
was made to create uniform pre-vascularized organoids following Takebe's approach, first by
co-culturing differentiated organoid-derived single cells with ECs and MSCs under low-
attachment conditions, and then on a Matrigel layer. However, culturing the three cell types
under low attachment conditions led to the formation of aggregates with non-homogenous ECs
distribution, that failed to vascularize upon in vivo transplantation. Likewise, seeding those
cells on a Matrigel layer was also unsuccessful since it failed to produce a bud.

Using single cells derived from organoids in co-culture experiments has been previously done
(Choi et al., 2021). However, the digestion of these 3D structures can impact the resulting
single cells fitness, which might justify why the three cell types failed to properly interact to
form homogenous aggregates and LBs.

On the other hand, in Takebe’s approach, to recapitulate the cellular interactions that happen
during embryogenesis, liver buds were formed using hepatic endoderm cells, not differentiated
HLCs (the single cells derived from differentiated organoids used in this chapter can be
considered HLCs). Thus, this could potentially justify why the buds failed to form.
Alternatively, single cells derived from undifferentiated (stock/bile duct) organoids could have
been used instead. However, stock organoids resemble more hepatoblasts (cells with bi-potent
differentiation capacity into hepatocytes and cholangiocytes lineage) rather than hepatic
endoderm cells, meaning that they would still be more differentiated/committed into the
hepatocyte lineage than the cells used by Takebe and colleagues (Chi & Kim, 2022; Kulkeaw
et al., 2020). Additionally, the organoids differentiation protocol takes 14 days of exposure to
a cocktail of growth factors. Many cell lines do not last that long in in vitro culture, (like the

hepatic ECs isolated for the co-culture experiments), and others can start undergoing
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spontaneous differentiation (MSCs). Moreover, one of the difficulties of co-culture systems is
finding a culture medium that is compatible and suitable for all cell lines. For all the
aforementioned reasons, it was hypothesised that co-culturing undifferentiated liver organoid-
derived single cells with ECs and MSCs for 14 days was likely not compatible with Takebe’s

LB formation approach.

Given how successful Takebe’s LBs were at vascularizing upon transplantation into several
ectopic places (cranial window, sub-renal capsule, and mesentery), the generation of LBs that
more closely resembled Takebe’s was attempted. To do so, ECs, MSCs and HE cells were co-
cultured on a Matrigel layer. To quickly and effectively differentiate ESCs into HE, a
collaboration was established with Dr Wei Cui’s lab that routinely differentiates hESCs into
hHE cells. This meant that human parenchymal and mouse non-parenchymal cells would be
co-cultured together. Even though, to our knowledge, no one has attempted to make LBs
following Takebe’s approach using cells from different species before, co-culture of human
hepatocytes/HLCs and mouse non-parenchymal cells (and vice-versa) has been previously
done (Hsu et al., 2021; Sengupta et al., 2020). Indeed, the co-culture of human parenchymal
and mouse non-parenchymal cells led to the successful formation of LBs. However, these were
too big to be transplanted into the ACE. Therefore, smaller LBs were subsequently generated
by reducing the number of total cells, whilst keeping the same cell type ratios, as previously
shown in a more recent publication from Takebe and colleagues (Takebe et al., 2017).

As previously noted (see section 3.1.5.), transplantation of in vifro grown tissues into the ACE
of host animals might lead to immune system-mediated rejection, which might confound the
results regarding LBs in vivo vascularization capacity. To avoid that, all the cell types used for
experiments up to this point were derived from animals from the same genetic background as
the future host (C57Bl/6). Thus, in experiments using LBs made from mouse and human cells,
LBs had to be transplanted into severe combined immunodeficiency disease (SCID) animals.
SCID animals have an impaired immune system since they lack mature T and B lymphocytes,
which are important mediators of immune responses (J. Chen et al., 2022; Takebe et al., 2012).
Thus, transplanting LBs of mixed species origin into SCID animals eliminates the risk of
immune system-mediated LB rejection.

Transplantation of these LBs into the ACE led to quickly vascularized structures that remained
vascularized throughout the whole experiments (> 2 months). However, it was hard to define
the success rate at which LBs vascularized for long term upon ACE transplantation. This is

because, despite being clear that all LBs quickly vascularized shortly after transplantation into
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the ACE, approximately half of the LBs seemed to lose their 3D structure and flatten overtime.
Since none of the LBs cell types were fluorescently tagged, it could not be determined with
certainty whether LBs were flattening and merging with the host tissue, or whether they were
completely disappearing (i.e., dying). Thus, additional experiments are needed to assess this.
Nevertheless, the number and size of LB’s blood vessels that clearly remained in the ACE until
the end of the experiment, seemed to decrease as time passed by, and ex vivo experiments
confirmed that blood vessel density was notoriously lower in LBs compared to liver tissue.
Some blood vessel regression was expected, since it is part of the maturation process of newly
developed vasculatures to remove redundant vessels (Lokmic & Mitchell, 2008). Furthermore,
a modest decrease in blood vessel density was also evident in Takebe’s results (Takebe et al.,
2013b). However, in contrast with the evidence reported in this chapter, they reported that LBs
blood vessel density was similar to the host’s liver tissue.

Nevertheless, the LBs were still vascularized and so, in theory, its cells could be exposed to
the hosts blood and, consequently, to circulating fats. Hence, the ability of transplanted LBs to
accumulate fat in response to the host animal being fed a high-fat diet for approximately 6
weeks was assessed. However, LBs failed to accumulate fat, in sharp contrast to the host’s
liver. This could be potentially explained by several scenarios:

1) Even though the protocol used in Dr Wei Cui’s lab consistently leads to the successful
differentiation of hESCs into hHLCs, the approach carried out in this chapter to originate LBs
required the adaptation of the last differentiation step. This is because, to recapitulate
embryonic liver development whilst keeping all three cell types viable under the same co-
culture conditions, liver buds are made by initially co-seeding cells at the HE stage with ECs
and MSCs, in a 1:1 mixture of EC maintenance and hepatic maturation medium. This means
that the third stage of the HLC differentiation protocol — hepatic maturation — is induced using
a 1:1 mixture of ECs and hepatic maturation mediums. However, and even though this was the
exact approach that Takebe and colleagues employed in the original protocol, this could have
prevented the full and successful differentiation of LBs-HE cells into mature HLCs, and thus
their capacity to perform hepatocyte-specific functions. This could justify why LBs were
incapable of accumulating fat after challenging host animals with HFD. Therefore, additional
experiments assessing the identity of in vifro LBs parenchymal cells should be performed, like,
for example, immunofluorescent staining against albumin/AFP and fat transporters, as well as
fat staining upon in vitro exposure to fatty acids.

2) Another possible justification is the fact that LBs-HLCs might have dedifferentiated

upon in vivo transplantation. In this situation, LB-HE cells could have been successfully
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differentiated into HLCs in vitro, but then dedifferentiated into less mature cells upon ACE
transplantation, thus also affecting their capacity for fat uptake and storage. Dedifferentiation
of hepatocytes/HLCs upon in vivo transplantation is a well-known concern in the field (Lupp
et al., 2003). In fact, even in situ hepatocytes can undergo dedifferentiation in response to
certain hepatic regeneration stimuli (H.-S. Kim et al., 2019). However, other research has
shown that hepatocytes transplanted into ectopic places, including the spleen, do not
dedifferentiate and remain functional for long term (J. Li et al., 2019b; Mito et al., 1979). Thus,
additional experiments should be performed to assess the identity of intra-ocular LBs
parenchymal cells, like, for example, albumin/AFP staining of excised LBs.

3) Another possible explanation is that the ECs that compose the LBs blood vessels might
not allow the LBs exposure to circulating fats. This can be caused by two things. On one hand,
the hepatic ECs used to make the LBs might have lost their fenestrations prior to in vivo
transplantation due to extended in vitro culture, as explained earlier (DeLeve & Maretti-Mira,
2017). This could significantly impair the LBs exposure to circulating fats, and thus its capacity
to accumulate fat in response to the host animal being fed an HFD. On another hand, the BVs
within the LBs might be of hosts origin (i.e., stemmed from the iris) rather than of hepatic ECs
origin. The ACE is filled with the aqueous humour and is, under physiological conditions,
immune privileged. This is because of the blood-aqueous barrier that selectively controls the
molecules that pass from the blood to the aqueous humour. This selectivity is, at least in part,
due to the iris blood vessels ECs having tight junctions and lacking fenestrations, which makes
them impermeable to large molecules (Labelle, 2017). Research in pancreatic islets
transplanted into the ACE has shown that, depending on how long the islets remain in in vitro
culture prior to transplantation, the newly formed islet blood vessels can originate from the
islet itself or from the host animal tissue (in this case, the iris) (Xiong et al., 2020). However,
this is because islets ECs disappear with extensive in vitro culture, but CD31 staining of LBs
at the transplantation day revealed that ECs were still widely present. Nevertheless, if LBs ECs
died during/shortly after transplantation and the LBs blood vessels stemmed from the iris, they
may not allow for LBs to be exposed to circulating fats. Therefore, additional experiments are
needed to address this question, like, for example, making liver buds using hepatic ECs isolated
from the Tie2-GFP animals used in the previous chapter II. In this situation, presence of GFP
signal in intra-LBs BVs would indicate that they were of hepatic ECs origin, whereas absence
of GFP signal would indicate BVs of host animal origin.

4) Finally, if none of the previous hypotheses proves to be true, another possibility is that

LBs might not have been able to accumulate fat in response to the host being fed an HFD,
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because the ACE might simply not be compatible with such aim. Even though, in theory, in
vitro grown liver models transplanted into the ACE could accumulate fat due to all the

previously mentioned reasons, this might simply not be the case.

It is important to note that the generated LBs were missing other hepatic cells that play
important roles in NAFLD onset and progression, like Kupffer cells and HSCs. As explained
in section 1.2.2.1, these cells are involved in mediating NAFLD-associated inflammation and
fibrosis, which are important drivers of NAFL progression into NASH. Thus, LBs missing
these cells would probably not be able to model the whole spectrum of non-alcoholic fatty liver
disease. However, the ACE is probably not compatible with modelling NASH anyway, since
it is a relatively immune privileged location that is also not exposed to the gut’s microbiome,
both known important contributors to NASH development. Nevertheless, this chapter’s aim
was to develop a platform to track the initial stages of NAFLD that could also be used to test
drugs directly targeting hepatic fat accumulation, which is the root cause of NAFLD in first
place. Thus, although the presence of additional hepatic non-parenchymal cells would make
this platform more relevant, this was not detrimental to successfully accomplish the initial aim

of modelling the initial stages of NAFLD.
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Chapter IV — Optimization of chronic GCGR-
agonism in the treatment of NAFLD
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4.1. Introduction

4.1.1. A new glucagon analogue, G108, improves glycemia and possibly hepatic steatosis

in obese mice

Our group has recently published a study on the effects of G108 chronic treatment in a diet-
induced obese (DIO) mouse model (Hope et al., 2022). G108 is a new long-acting glucagon
analogue and was generated by incorporating a fatty acid tail in the C-terminus of a peptide
whose sequence was based on both endogenous glucagon and oxyntomodulin (a GLP-
IR/GCGR co-agonist). In that study, it was concluded that, at a sub-anorectic dose, chronic
GCGR agonism using G108 lead to improved glycemia and hepatic steatosis. Despite these
two promising outcomes, other G108 treatment-induced outcomes were reported that affected
plasma amino acid levels, energy expenditure, and lean and fat masses. More specifically, it
was showed that G108 treatment leads to hypoaminoacidemia (low plasma amino acid levels),
that subsequently, leads to an increase in energy expenditure that decreases fat mass, whilst
also leading to loss of lean mass (Hope et al., 2022). Given that this chapter aimed to explore
G108's potential to treat fatty liver and improve blood glucose levels, all the other previously
mentioned outcomes of G108-chronic treatment will be considered as secondary/side effects.

The side effects of glucagon chronic treatment will be further explored below.

4.1.2. Side effects of G108 chronic administration: hypoaminoacidemia, increased

energy expenditure, and fat and lean mass loss.

4.1.2.1. G108 chronic treatment induces hypoaminoacidemia

Amino acids are the building blocks of proteins and so balanced amino acid levels must be kept
to maintain normal cell function. There are 20 different amino acids, and they can be split into
essential (EAA) and non-essential (NEAA) categories, depending on whether or not they can
be synthesized in the body (Lopez & Mohiuddin, 2023). As previously explained (see section
1.2.7.), glucagon acts on the hepatic GCGR to, among other things, promote amino acid
catabolism directly through activation of catabolic pathways, as well as by promoting amino
acid uptake from the plasma into the liver (Miller & Birnbaum, 2016). Thus, it not surprising
that, in a chronic setting, glucagon receptor agonism might lead to low plasma amino acid

levels.
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The connection between glucagon signaling and hypoaminoacidemia has been previously
reported in a plethora of studies, using both native and synthetic glucagon. For example,
Bromer and Chance reported a drop in plasma amino acids in rabbits injected with glucagon
obtained through crystallization. This drop in amino acids was sustained for longer when the
glucagon halftime was increased through zinc complexation (Bromer & Chance, 1969). Also,
hyperaminoacidemia and hypoaminoacidemia have been reported in diseases where glucagon
levels are decreased (pancreatectomy) and increased (glucagonoma), respectively (Barazzoni
et al., 1999; Boden et al., 1980). Additionally, altered plasma amino acid levels have also been
reported in studies using glucagon analogues. Several GCGR multi-agonists (i.e., drugs that
target more than one receptor) have been shown to induce hypoaminoacidemia in patients. In
fact, hypoaminoacidemia is now widely used as a read out for GCGR agonism (W. Li et al.,
2020).

The study with the glucagon analogue G108 further confirmed these observations and the role
of the hepatic GCGR in glucagon mediated hypoaminoacidemia. Indeed, it was shown that
plasma total amino acid levels drop in response to chronic G108 treatment, and experiments
carried out in knock-out animals validated that this is dependent on the hepatic GCGR.
Furthermore, some individual essential and non-essential amino acids, like lysine and alanine,
for example, were reported to be preferentially affected over others, like phenylalanine and
glutamate. Accordingly, G108 also led to the upregulation of genes involved in amino acid

catabolism (Hope et al., 2022).

4.1.2.2. G108-induced hypoaminoacidemia leads to increased energy expenditure

and consequentially fat mass loss

Energy is essential for all types of biological processes, and energy balance is reached when
the amount of energy spent (energy expenditure) is the same as the amount of energy ingested
(food intake). When the intake of energy is higher than the energy spent, excess energy is
stored, mainly in adipose tissue. Equally, when more energy is spent than ingested, energy
stored in adipose tissue is used, leading to a reduction in fat mass. Energy expenditure is defined
as the amount of energy the body uses and can be split into three main sections: basal metabolic
rate, which is the energy spent during rest; thermic effect of food, which is the energy used
during digestion, absorption, and food processing; and, lastly, physical activity, which is the

energy expended during movement (Hills et al., 2014).
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For over six decades, it has been widely recognized that glucagon has the capacity to elevate
energy expenditure, as supported by numerous studies using both native glucagon and
glucagon/GCGR analogues/agonists/co-agonists. For example, acute glucagon administration
in rats enhances whole body oxygen consumption, a readout of energy expenditure (Davidson.
et al., 1960; Hills et al., 2014). This observation has been widely validated in human studies as
well (Kleinert et al., 2019).

Given that amino acids are the building blocks of proteins it is not surprising that altered levels
might impact distinct processes in the body. The idea that altered plasma amino acid levels
might impact energy expenditure has been hinted in several studies. For example, low protein
diets, which might lower plasma amino acid levels, can lead to increased energy expenditure.
These diets are known to affect not only EE, but also food intake. Nevertheless, studies showed
that low protein diets result in an increase in EE even in the absence of increased energy intake
(Pezeshki & Chelikani, 2021). Despite most of these studies not validating that plasma amino
acid levels were effectively reduced by the low protein diets, it is widely known that diet protein
restriction results in reduction of, at least, some plasma essential amino acids, since the human
body cannot produce them (Sjoberg et al., 2020). Furthermore, several other studies have
shown that diet restriction of specific amino acids results in increased EE as well. Many of
these studies also report a concomitant increase in food intake, which brings up the question of
whether, in these situations, increased energy expenditure is a consequence of increased energy
intake (thermic effect of food), rather than a response to hypoaminoacidemia per se (Hasek et
al., 2010; Lees et al., 2017; Pezeshki & Chelikani, 2021). However, pair feeding studies have
shown that, even when animals are fed the same number of calories on both control and amino
acid restricted diets, there is still a significant increase in energy expenditure on the latter. This
suggests that the increased energy expenditure in response to low protein diets is indeed due to

low availability of proteins/amino acids (Malloy et al., 2006).

Though there is plenty of evidence suggesting that both glucagon and hypoaminoacidemia can,
independently, lead to increased energy expenditure, whether glucagon-induced
hypoaminoacidemia is what drives energy expenditure in glucagon-treated individuals is still
an area of active research. In fact, in our recently published study, this relationship was further
validated. Firstly, it was shown that chronic G108 treatment, which leads to
hypoaminoacidemia, also leads to increased energy expenditure, as seen in experiments

performed using metabolic cages. Furthermore, increased energy expenditure seemed to be
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responsible for the reduction of fat mass observed in G108-treated animals. This is because
rescuing plasma hypoaminoacidemia with a high protein diet prevented G108-mediated
increase in energy expenditure, and fully rescued fat mass loss. Moreover, feeding mice with a
diet specifically designed to contain the same (reduced) levels of amino acids as the ones
measured in plasma of the mice chronically treated with G108, also led to an increase in energy
expenditure and fat mass loss. Altogether, these results support the idea that glucagon-mediated

increased energy expenditure and fat mass loss are caused as a response to hypoaminoacidemia

(Hope et al., 2022).

4.1.2.3. G108-induced hypoaminoacidemia leads to lean mass loss

The human body consists in 70-90% of lean mass, which is calculated as total body weight
minus fat mass. Lean mass thus includes the weight of organs, like muscles, but also of body
fluids. A healthy human has around 40-50% muscle mass, and this is tightly regulated by a
balance between muscle protein synthesis and degradation. Thus, when the level of proteolysis

surpasses the level of protein synthesis, muscle mass is lost (Wolfe, 2006).

There are several pathways controlling protein degradation, with the main ones being the
autophagy-lysosome and the ubiquitin-proteosome pathways. The autophagy lysosome
pathway is responsible for elimination of insoluble proteins and defective cytoplasmic
organelles. In this process, a sequence of actions results in the creation of an autophagosome
that contains the structures intended for breakdown. Later, the autophagosome fuses with a
lysosome, producing an autolysosome where the actual degradation takes place. Examples of
genes involved in this pathway are Mapllc3b and Bnip3 (Xia et al., 2021). The ubiquitin
pathway, on the other hand, is responsible for the degradation of short-lived and misfolded
soluble proteins. Here, ubiquitin ligases tag proteins intended for degradation with ubiquitin,
which will then be recognized by the proteosome, where protein degradation takes place. A
gene involved in this pathway is Fbxo32 (aka Atrogin-1), which is part of the F-box only
family, that encodes a muscle specific ubiquitin ligase (Sandri, 2013).

Muscle protein synthesis is regulated by several stimuli like exercise, protein intake (diet),
amino acid availability, hormones (like insulin), age and even sleep. There are several
pathways known to regulate protein synthesis in response to the previously mentioned stimuli,

with the most well-known one being the mTOR. Upon activation, mTOR leads to the activation
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of S6K, which promotes translation initiation, as well as repression of 4EBP1, a known
suppressor of translation initiation. This, in combination with the role that mTOR also plays in
directly inhibiting proteolysis, leads to muscle protein synthesis (Baptista et al., 2010; Dossou

& Basu, 2019).

Studies conducted with both native glucagon and glucagon analogues provided evidence that
this peptide hormone is associated with lean mass loss. In human studies, patients were infused
short term with physiological levels of glucagon, which led to a decrease in muscle markers of
protein synthesis. Although a conclusive loss in lean mass was not reported, the scale of muscle
turnover was skewed towards muscle loss (Pacy et al., 2005). Other studies that show
endogenous glucagon leading to lean mass loss are the ones mentioned in one of the previous
sections regarding glucagonoma. Indeed, in addition to hypoaminoacidemia, loss of lean mass
is also a known symptom in these patients (Barazzoni et al., 1999).

Studies with glucagon analogues have reported an effect on lean mass as well. For example,
two studies using the glucagon analogue IUB288 in lean mice reported that animals
experienced a loss of lean mass (Habegger et al., 2013; Okun et al., 2021). Additionally,
another study on obese mice revealed that a GLP-1R/GCGR co-agonist also led to lean mass

loss after a 13-day treatment (Day et al., 2012).

The muscles are the main storage site of amino acids. In fact, it has been acknowledged since
the 1960s that, in the event of reduced nutrient intake, muscle protein acts as the main storage
to replenish blood amino acids absorbed by other tissues (Wolfe, 2006). There are several
studies linking low plasma amino acids with lean mass loss as well. One of the most common
causes of lean mass loss is ageing. Several studies have shown a link between sarcopenia, i.e.,
patients experiencing loss of muscle mass due to age, and low plasma amino acid levels (Y et
al., 2022; Yamada et al., 2018). Sarcopenia can also happen in association with other diseases.
For example, another study evaluated the plasma amino acid levels in patients suffering from
heart failure, before and after spending one year at a rehabilitation center. The authors reported
a notable and significant correlation between low baseline serum concentration of branched
chain amino acids, and the occurrence of skeletal muscle mass loss one year later (Tsuji et al.,

2019).

There have been reports linking both glucagon and hypoaminoacidemia, independently, with

lean mass loss. However, whether glucagon leads to lean mass loss via hypoaminoacidemia is
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still an area of active research. The recent study published by our group supports this
hypothesis. First, it was showed that animals chronically treated with G108, that thus present
with hypoaminoacidemia, experience lean mass loss, as evidenced by MRI readings, grip
strength tests and expression levels of proteolysis markers in muscle samples. Furthermore,
rescue of plasma amino acid levels in G108-treated animals through diet supplementation with
either protein or total amino acids (EAA and NEAA) alleviated loss of lean mass. Additionally,
feeding mice with a diet with matched levels of amino acids to the ones found in the plasma of
G108 treated animals, resulted in lower plasma amino acids, and also led to lean mass reduction
(Hope et al., 2022). Thus, these results suggest that glucagon-induced lean mass loss is
mediated by hypoaminoacidemia. The exact mechanisms and pathways through which
glucagon mediated-hypoaminoacidemia induces lean mass loss are currently not fully

understood, but but some suggest is through mTORCI1 .

4.1.3. Partial mitigation of G108-induced side-effects does not prevent improved

glycemia or hepatic steatosis

The study published by our group previously showed that G108-chronic treatment improves
glycemia and potentially hepatic steatosis, whilst also leading to some secondary effects such
as hypoaminoacidemia-mediated lean mass loss (Hope et al., 2022). To address whether G108
could be used to improve glycemia and hepatic fat without the lean mass loss side effect,
several strategies were considered to rescue plasma amino acid levels. The most common way
to increase plasma amino acids is through diet supplementation. Providing G108-treated
animals with a diet with twice as much protein partially rescued plasma amino acid levels and
lean mass loss (Hope et al., 2022). Remarkably, G108 chronic agonism still improved glucose
tolerance and fatty liver, even after the side effects were partially mitigated (Hope et al., 2022).
However, even though high protein supplementation helped mitigating the lean mass loss side

effect, a complete rescue was not achieved.
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G108 chronic treatment
improves fatty liver and
glycemia but has side effects

7.5nmol/kg G108, daily
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G108-induced side effects are
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Problem: Despite a clear improvement under protein supplementation,
G108-treated animals still experienced lean mass loss

Figure 4.1. Schematic depicting relevant findings of (Hope et al., 2022). Daily treatment of DIO-mice with 7.5nmol/kg of
G108 improves hepatic steatosis and glycemia, whilst also leading to hypoaminoacidemia-induced lean mass loss. Providing
the treated animals with a diet high in protein only partially rescued hypoaminoacidemia and, consequently, lean mass loss,
whilst still allowing the beneficial effects on fatty liver and blood glucose levels.

188



4.2. Hypothesis and aims

Our group has recently published a study on the effects of chronic GCGR agonism in DIO-
mice using a novel glucagon analogue, G108 (Hope et al., 2022). That study uncovered that
daily administration of 7.5 nmol/kg G108 improves glycemia, and potentially reduces hepatic
steatosis (not all samples were tested and objective quantification was not performed), however
it also promoted hypoaminoacidemia-induced lean mass loss. Loss of lean mass was
successfully reduced by providing the animals with a diet higher in protein. High protein
supplementation was effective at preventing loss of lean mass to some extent, whilst still
allowing the benefic effects of GCGR agonism on hepatic steatosis and glycemia, suggesting
that these might be governed by distinct pathways. Because lean mass loss is a serious side
effect, and it was only partially rescued it in the initial study (Hope et al., 2022), this chapter
aimed to test whether a complete rescue of lean mass loss was possible without affecting the

glycemia and hepatic fat positive effects of G108 chronic treatment.

Hypothesis

It is possible to completely prevent lean mass loss in G108-chronically treated animals whilst

still improving glycemia and hepatic steatosis.

Aims

1. Assess contribution of high protein diet only to the outcomes reported on G108-treated
high protein diet fed animals.
- Include high protein diet vehicle control group in all experiments.

2. Test strategies to completely prevent lean mass loss in G108-chronically treated mice:
- Test lower G108 doses of 5 and 2.5 nmol/kg.
- Test lower G108 doses of 5 and 2.5 nmol/kg in the context of high protein

supplementation.

3. Assess whether G108-chronic treatment still improves glycemia and hepatic steatosis

after complete mitigation of lean mass loss.

- Perform objective quantification of hepatic fat content in all samples.

189



4.3. Materials and methods
4.3.1. Animals

Animal procedures were conducted in accordance with the Animals (Scientific Procedures)
Act 1986. Mice used in this chapter were male C57B1/6 (Charles River UK) housed in a
temperature-controlled room (21°C) with a 12h light/dark cycle. All mice had access to water

and respective diets Ad libitum throughout the whole study unless mentioned otherwise.

4.3.2. Chronic G108 treatment

Fifty 4-week-old male mice were provided with accesses to 60kcal% high fat diet (D12492,
Research diets) ad libitum for 4 weeks to induce obesity. The number of animals for this study
was chosen based on previously published study (Hope, 2022; Hope et al., 2022). Then, they
were single housed and provided with a diet containing 45kcal% fat and either standard (SP)
(20kcal%) (D08091803, Research Diets) or high (HP) (40kcal%) (D08091801, Research Diets)
protein for 2 weeks prior to the beginning of the study (table 4.1). During the study, mice were
injected subcutaneously daily between 9 and 11 am for 22 days, with equal volumes (50ul) of
vehicle (water for injections), 2.5nmol/kg or Snmol/kg G108 solutions. G108 solutions were
prepared by diluting G108 powder in water for injections everyday immediately before

injections.

Table 4.1. Animal diets composition.

] Carbohydrate
0 o
Fat (kcal%) Protein (kcal%) (kcal%)
Standard protein
(SP) » 2 .
High protein
(HP) » 0 °

4.3.3. Body weight and food intake

Body weight was measured daily and food intake every other day with the same weighing

scale.
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4.3.4. Lean and fat mass MRI measurement

Lean and fat mass were measured using an EchoMRI analyser (EchoMRI-100H) in the
morning, one day before the beginning of injections and then again at days 13 and 21. The
animals were inserted into a transparent cylindrical Perspex tube which was then cautiously
placed inside the MRI analyser. After the scan, values were recorded, and the animals were

returned to their respective cages.

4.3.5. Grip strength

Grip strength measurements were taken one day before the beginning of injections, and then
again at day 21. To measure the forelimb grip strength of mice, a dedicated grip strength meter
was used. Each mouse was gently placed on a grip strength bar and allowed to grip it. The grip
was then released by gently pulling the mouse's tail, and the maximum force applied to the bar
was measured and recorded. This process was repeated three times, with a one-minute interval

between each measurement. Finally, the average of all recorded measurements was calculated

4.3.6. Plasma amino acid quantification

Total plasma amino acids were measure in terminal plasma samples acquired on day 22 of the

study, using a commercial kit (MAKO002, Sigma).

4.3.7. Intra-peritoneal glucose tolerance test (Ip-GTT)

Due to the cohort size and limited number of researchers available, ip-GTTs were performed
over two days (24 mice on day 13 and 26 mice on day 15). On the morning of the test, mice
were injected with either vehicle, 2.5 or 5 nmol/kg of G108 and body weight was recorded as
per usual. They were then fasted of food and water for 5Sh and moved to the procedure room 1h
prior to the beginning of the test for acclimatization. A baseline blood glucose measurement
was taken via tail venesection using a glucose monitor (GlucoRX), followed by intra-peritoneal
injection of 2g/kg of a glucose solution (in water). Blood glucose measurements were also
taken at 20, 40, 60 and 90 minutes post glucose challenge. At the end of the test, mice were

returned to the respective cages and access to food and water was restored.
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4.3.8. Histology: double ORO and haematoxylin staining

Liver samples were consistently collected from the same lobe and same region within the lobe
across different animals. Liver samples were snap frozen and later mounted on a holder with
OCT and sliced into Sum slices using a cryostat. Slices were collected onto SuperFrost slides
(Cat# 17284884, Fisher Scientific) and stored at -80°C until needed.

For ORO and haematoxylin staining, slides were removed from -80°C and let to equilibrate at
room temperature for 10 minutes. Slides were then dipped in a 4% PFA solution, rinsed in 60%
triethyl phosphate and immersed in 1% ORO solution (Cat# A12989.14, VWR) (in 60%triethly
phosphate) for 25 minutes. Excess ORO solution was then removed by rinsing slides in 60%
triethyl phosphate followed by distilled water. Lastly, haematoxylin counterstain was
performed by dipping slides on haematoxylin solution (Sigma), followed by washing in
distilled water. Slides were mounted in aqueous mount (Sigma) and sealed with coverslips.
ORO-stained slides were imaged within 2 days of staining protocol using an automated slide
scanner, and quantification of hepatic fat percentage was performed using an automated macro
developed by Dirk Doorman from LMS Microscopy facility that quantified the percentage of
positive ORO staining area per total area imaged. ORO staining scoring was performed by a
blind researcher that classified an average of 3 slices per liver sample from 1 to 10 (with 1

being no hepatic fat observed).

4.3.9. RT-qPCR

RNA extraction: liver and quadricep samples were collected to an Eppendorf and snap frozen
in liquid nitrogen. 1 steel bead (Cat#69989, Qiagen) was added to each Eppendorf, followed
by 1ml TRizol (Cat# 15596026, Fisher Scientific), and samples were then mechanically
homogenized for 3 minutes at 30Hz using a tissue homogenizer (Brand and Model). 500ul
chloroform were then added to each Eppendorf followed by centrifugation at 12000g for 15
minutes. The supernatant was then transferred to a new Eppendorf, 500ul of 70% isopropanol
were then added to it and the tubes were gently inverted, before being centrifuged at 16000g
for 15 minutes. The supernatant was then discarded, and great care was taken not to disturb the
RNA pellet. The pellet was then washed with 70% ethanol three times and let to air dry. Finally,
the RNA pellet was re-suspended in RNAse-free water, the concentration measure using a

spectrophotometer (NanoDrop) and stored at -80°C until needed.
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cDNA synthesis: cDNA was made from lug of total RNA samples using the iScript™ cDNA
Synthesis Kit (Cat#1708891, Bio-Rad) as per manufactures instructions.

qPCR: qPCR was performed using iTaq™ Universal SYBR® Green (Cat# 1725122, Bio-Rad)
as per manufactures instructions, and the list of primers used (KiCqStart primers) can be found

in the table below.

Table 4.2. List of primers used in qPCR experiments.

Gene Catalog number
Cyclophilin M_Ppif_1
B-actin M_B020004C17Rik_1
4ebp m_4ebpl_1
Fbxo032 m_fbxo32_1
Mapllc3b m_mapllc3b_1
Bnip3 m_bnip3_1
Assl m_assl_1
Asl m_asl_1,
Cpsl m_cpsl_1
Arg m_arg_1
Fasn m_Fasn_1
Cptla M_Cptla_1
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4.4. Results

4.4.1. Lean mass loss is completely prevented by 2.5Snmol/kg G108 dose in the context of

high protein supplementation

The study presented in this chapter aimed to fully mitigate lean mass loss induced by G108
chronic treatment and then assess whether the improvement of NAFLD features is still
maintained. Simultaneously, this study also aimed to address the effects of HPD alone on the
outcomes reported in the original publication, given that this group was missing in that study
(Hope et al., 2022). Two strategies were defined in an attempt to completely prevent lean mass
loss. 1) First, it was assessed whether simply lowering G108 dose (from 7.5) to 5 or 2.5 nmol/kg
was enough to prevent lean mass loss; 2) Secondly, it was tested whether lowering G108 dose
to 5 or 2.5 nmol/kg under high protein conditions was enough to prevent lean mass loss. While
doing so, the impact of increased protein intake alone on lean mass, glycemia, and/or hepatic
fat accumulation over time was also explored. Thus, for this study an additional control group
was included, that was missing in the initial publication, of vehicle treated mice fed a high
protein diet. Thus, the experiments in this chapter were performed in the following 6 groups:
Veh, SP and Veh, HP: Animals treated with vehicle and kept under standard or high protein
diets, respectively; 2.5, SP and 2.5, HP: animals treated with 2.5 nmol/kg G108 and kept under
standard or high protein diets, respectively; 5, SP and 5, HP: animals treated with 5 nmol/kg
G108 and kept under standard or high protein diets, respectively. A schematic of this study’s

experimental design can be found in Fig. 4.2.
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Figure 4.2. Schematic of study’s experimental design. Created in BioRender.
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The effect of the two pre-determined approaches to mitigate lean mass loss in G108-treated
animals was first studied on body weight and food intake. First, regarding body weight, there
was no significant difference caused by dietary protein content, as evidenced by the similar
trends in body weight of vehicle-treated mice kept under SP and HP conditions. Body weight
was also not affected with the lower 2.5 nmol/kg dose of G108, irrespectively of dietary protein
amount (Fig. 4.3). However, animals treated with the higher 5 nmol/kg dose, and kept under
standard protein conditions, exhibited body weight loss since early on the study, with this
difference reaching significance from day 6 (Fig. 4.3a). By the end of the study, 5, SP animals
had lost nearly 4g of body weight (11% of baseline body weight), in sharp contrast to both
Veh, SP and HP controls that gained 1.6g (5.5%) and 0.9g (3.3%), respectively (Fig. 4.3b and
c¢). Feeding animals injected with 5 nmol/kg G108 a high protein diet seemed promising in
preventing body weight loss in the first 12 days of the study. However, shortly after that they
also started to lose weight, with such drop reaching significance from day 16 (Fig. 4.3a). By
the end of the study, animals from the 5, HP group had lost a total of 0.5g (1.5%) body weight
(Fig. 4.3). Although the difference in body weight between 5, HP and Veh, HP animals did not
reach statistical significance, the trend towards body weight loss is clear. Thus, despite high
protein supplementation clearly blunting body weight loss induced by chronic 5 nmol/kg G108
treatment, this was still not enough to completely prevent it over time (Fig. 4.3a). Overall, these
results show that body weight preservation was only completely achieved in mice treated with

the lower 2.5 nmol/kg G108 dose, irrespective of dietary protein content.
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Figure 4.3. Chronic G108 treatment with 5 nmol/kg, but not 2.5 nmol/kg, leads to body weight loss. A) Graph depicting daily
change in body weigh from baseline; Graphs depicting total body weight change from baseline in B) grams and C) percentage.
Data expressed as + SEM Two-way ANOVA with post-hoc Dunnett’s and Tukey’s tests. *: p-value <0.05; **: p-value <0.01;
**%: p-value < 0.001; ****: p-value < 0.0001. Indicates significance compared to Veh, SP.

Regarding the effects on food intake, all animals kept on a high protein diet started eating
significantly less than the ones from the vehicle SP group between the 14" and 16" day of the
study (Fig.4.4a). Indeed, total food intake data showed that all groups fed a high protein diet
ate slightly, but significantly, less than their counterparts kept on a standard protein (Veh, SP:
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59.1g vs Veh, HP: 53.9¢g; 2, SP: 60.2g vs 2, HP: 54.5g; 5, SP: 59.8g vs 5, HP: 54.1g). There
were, however, no differences caused by G108 treatment in food intake, regardless of dosage
(Fig. 4.4). Thus, these results show that, indeed, higher dietary protein content alone, but not
G108 treatment, is responsible for a slight reduction in food intake in G108, HP groups.
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Figure 4.4. High protein diet, but not G108, reduces food intake. A) Daily and B) total food intake from baseline. Data
expressed as = SEM. Two-way ANOVA with post-hoc Dunnett’s and Tukey’s tests. *, # and +: p-value < 0.05; **, ## and

++: p-value < 0.01; *** ### and +++: p-value < 0.001. On a), * indicates significance of Veh, HP; # indicates significance of
2.5, HP; and + indicates significance of 5, HP; compared to Veh, SP.

Next, an assessment was conducted to determine whether the observed changes in body weight
were attributed to alterations in fat and/or lean mass content. Despite an initial non-significant
difference at day 13 of the study, by day 21, fat mass content was similar between vehicle SP
and HP controls, with both having gained 1.6g (19.6% of baseline fat mass) and 1g (17.1%) of
fat mass, respectively, throughout the study (Fig. 4.5). Consistent with the body weight data,
the lower 2.5 nmol/kg dose did not lead to any change in fat mass either, regardless of protein
content (Fig. 4.5). However, after only 13 days of daily G108 injections, mice treated with the
higher 5 nmol/kg dose, and kept under standard protein conditions, had already lost 1.3g
(14.6%) of fat mass, in contrast to vehicle SP controls that had already gained 0.9g (10.7%).
This trend continued until the end of the study. High protein supplementation significantly
attenuated fat mass loss in animals treated with 5 nmol/kg G108. By day 21 of the study, the
5, HP group increased its fat mass in 0.3g (4.6%), whilst the SP and HP controls had an increase
of 1.6g (19.6%) and 1.1g (17.1%), respectively. Despite the control groups gaining around four
times more fat mass than the animals from the 5, HP group, this disparity did not reach
statistical significance (Fig. 4.5). Overall, these results show that fat mass is completely

preserved in animals treated with the 2.5 nmol/kg dose, regardless of dietary protein content,
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but for the animals treated with 5 nmol/kg dose fat mass preservation is only partially achieved

under high protein supplementation.
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Figure 4.5. Chronic G108 treatment with 5 nmol/kg, but not 2.5 nmol/kg, leads to fat mass loss. Change in lean mass from
baseline in A) grams and B) percentage, at days 13 and 21 of the study. Data expressed as =+ SEM. Two-way ANOVA with
post-hoc Tukey’s test. **: p-value < 0.01; ****: p-value < 0.0001.

The impact of G108 chronic treatment on lean mass and muscle function was investigated next.
Regarding the lean mass, MRI data showed that there was no significant difference between
vehicle SP and HP groups, with both having lost 0.1g (0.5% of baseline lean mass) and 0.5g
(2.1%) lean mass, respectively, by day 21. For the 2.5nmol/kg dose, after 13 days into the
study, animals kept on a standard protein diet had lost 0.8g (3.6%) of lean mass, which was a
significantly higher drop compared to the respective Veh, SP control. This trend was
maintained until the end of the study (day 21) (p-value=0.05) (Fig. 4.5). However, higher
protein intake completely rescued the lean mass loss seen in standard protein conditions, since
animals from the 2.5, HP group lost only 0.5g (2.3%) of lean mass, which was very similar to
the lean mass lost in vehicle HP controls. For the higher Snmol/kg dose, animals kept under
standard protein conditions had already lost a significant amount of lean mass by day 13
(2.2g/10.1%), and such loss was maintained until the end of the study (day 21). High protein
supplementation was enough to cut G108-induced lean mass loss in half, to only 1.1g (4.9%),
by day 21. However, animals in this group still lost significantly more lean mass when
compared to the vehicle SP control group. Animals from the 5, HP group lost more than double
the amount of lean mass compared to vehicle HP control (4.9% vs 2.1%). Whilst this difference
did not reach statistical significance, it was close (p-value=0.07) (Fig. 4.6a and b). Overall,
these results show that lean mass was only completely preserved in animals receiving the lower
2.5 nmol/kg G108 dose, and specifically only under conditions of high protein

supplementation.
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The impact of G108-chronic treatment on muscle size and function was assessed next by
comparing terminal quadriceps weight, and grip strength before (baseline) and after (day 21)
the respective treatments, respectively. Extensive lean mass loss might translate into smaller
muscles, so quadriceps weights were compared across the different groups. However, by the
end of the study, no differences in quadriceps weight were observed between any of the groups
(Fig. 4.6¢). Regarding muscle function, no significant differences were seen in animals treated
with either vehicle or 2.5nmol/kg G108 dosage, irrespectively of dietary protein levels.
However, in line with the lean mass loss data, animals treated with the higher Snmol/kg dose
kept under a standard protein diet had significantly reduced strength by the end of the study
(120.1g at baseline vs 95.7g at day 21). In contrast to the lean mass data, high protein
supplementation was enough to completely prevent loss of muscle function in animals
chronically treated with 5 nmol/kg G108 (Fig. 4.6d). Overall, these results indicate that muscle
function was only impaired in animals treated with the higher 5 nmol/kg G108 dose, and only

under standard protein conditions.
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Figure 4.6. Lean mass loss is completely prevented by high protein supplementation in mice chronically treated with 2.5
nmol/kg, but not 5 nmol/kg G108. Change in lean mass from baseline in A) grams and B) percentage, at days 13 and 21 of the
study. C) Quadricep muscles weight at day 22 of the study; D) Grip strength at baseline and at day 21 of the study. Data
expressed as £ SEM. Two-way ANOVA with post-hoc Sidak’s and Tukey’s test. *: p-value < 0.05; **: p-value < 0.01; ***:
p-value < 0.001; ****: p-value < 0.0001.
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As explained in section 4.1.2.3., loss of muscle mass happens when the rate of muscle
degradation surpasses the rate of muscle synthesis. Thus, to have a more in dept look at muscle
turnover, the expression levels of markers of protein degradation and synthesis on quadriceps
samples were analyzed. Specifically, the markers of the autophagy pathway Mapllc3b and
Bnip3, and of the ubiquitin pathway Fbxo32 were investigated. The expression levels of 4ebpl,
a known repressor of protein synthesis, were also studied. Surprisingly, no obvious differences
could be observed between any of the groups regarding the expression levels of the protein
degradation markers Bnip3, Mapllc3b and Fbxo32 (Fig. 4.7b, ¢ and d). Unexpectedly,
although this did not reach statistical significance, high protein diet seemed to promote 4ebpl
upregulation, as indicated by the slightly increased expression levels seen in Veh, HP compared
to Veh, SP and 2.5, HP compared to 2.5, SP (Fig. 4.7a). Furthermore, a statistically significant
increase was observed between 5, HP and 5, SP groups. G108 treatment did not seem to affect
4ebpl expression levels, as evidenced by the similar expression levels between Veh, SP; 2.5,
SP and 5, SP groups as well as the similar expression levels between their counterparts Veh,
HP; 2.5, HP and 5, HP groups (Fig. 4.7a). Overall, these results show that, in contrast to what
was previously reported in the original study (Hope, 2022; Hope et al., 2022), with these lower
doses, G108-chronic treatment did not lead to a visible change in protein synthesis nor

degradation markers.
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Figure 4.7. Expression levels of muscle turnover markers do not reflect lean mass loss. qPCR of markers of muscle turnover
A) Eukaryotic translation initiation factor 4E-binding protein 1 (4ebpl); B) F-box only protein 32 (Fbxo32); C) Microtubule

associated protein 1 light chain 3 beta (Mapllc3b); D) BCL2 interacting protein 3 (Bnip3). Data normalized to b-actin. Data
expressed as £ SEM. Two-way ANOVA with post-hoc Tukey’s test. *: p-value < 0.05.

Our group has previously shown that G108-induced lean mass loss happens due to a whole-
body response to hypo aminoacidemia. Thus, the hepatic expression levels of genes involved
in amino acid catabolism, as well as plasma amino acid levels, were investigated across the
different groups at the end of the study (day 22). Specifically, the expression levels of Cpsl,
Assl, Arg and Asl genes involved in the urea cycle, a key pathway in amino acid catabolism,
were analyzed. RT-qPCR on liver samples showed that, although not significantly, the
expression levels of most tested genes, namely Cps1, Assl and 4sl, were upregulated by higher
dietary protein, as indicated by the increased fold of Veh, HP compared to Veh, SP groups
(Fig. 4.8 a, b and d). Furthermore, and as expected, expression of all tested amino acid catabolic
genes was increased by both 2.5 and 5nmol/kg G108 doses under standard protein conditions
(Fig. 4.8). Despite Cpsl and Assl expression being upregulated by both G108 doses when
compared to the respective Veh, SP control, this did not reach statistical significance for the
2.5, SP group (Fig 4.8 a and b). As expected, HP supplementation did not prevent G108-

mediated increased expression of the tested genes. In fact, and in line with the previously
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mentioned observation that a high protein diet on its own seems to promote upregulation of
most aa catabolism genes, high protein seemed to further upregulate the expression levels of
all tested genes in the context of G108 treatment (Fig. 4.8). This trend of high protein further
up regulating the expression levels of genes involved in amino acid catabolism in the context
of G108 did not reach statistical significance for the 2.5 nmol/dose, but it did so for the higher
5 nmol/kg dose on Arg and 4sl, as evidenced by the comparison between 5, SP and 5, HP
groups (Fig. 4.8 ¢ and d). Overall, this data shows that both high protein diet and G108
treatment increase the expression of genes involved in the catabolism of amino acids, and that
together these two factors have an additive effect.

Next, amino acids levels were measured in terminal plasma samples. Vehicle control animals
kept under a high protein diet exhibited slightly higher levels of plasma amino acids, than when
raised under standard protein conditions (5.3 vs 4.2 nmol/ul, respectively), although not
significantly. As expected, animals kept under a standard protein diet, and treated with either
dose of G108, had significantly decreased plasma amino acid levels, when compared to vehicle
SP controls, of 2.3 nmol/ul each. High protein supplementation completely rescued amino acid
levels in animals treated with both doses to 3.8 nmol/ul each (Fig. 4.8¢). Overall, these results
confirm that G108 promotes plasma hypoaminoacidemia, that HP diet fully rescued
hypoaminoacidemia in animals treated with G108, but that there is no difference between the

two doses tested.
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Figure 4.8. G108-chronic treatment with both 2.5 and 5 nmol/kg dose induces hypoaminoacidemia, that is completely rescued
by high protein supplementation. A) Expression levels of genes involved in hepatic amino acid catabolism (urea cycle)
Carbamoyl phosphate synthase 1 (Cpsl), B) Arginosuccinate synthase 1 (Assl), C) Arginase (Arg) and D) Arginosuccinate
lyase (Asl). Data normalized to cyclophilin. E) Plasma total amino acid levels at the end of the study (day 22). Data expressed
as = SEM. Two-way ANOVA with post-hoc Tukey’s test. *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001; ****:
p-value <0.0001.

4.4.2. Improved glycemia and hepatic steatosis are still maintained after complete

mitigation of lean mass loss

Experiments were then conducted to assess whether the improved NAFLD features of glycemia
and hepatic steatosis previously reported after chronic G108 treatment, in DIO mice, (Hope et
al., 2022) were still preserved after complete mitigation of lean mass loss. The groups treated
with the higher G108 dose were also tested as a positive control.

Dietary protein content did not influence whole glucose excursion after glucose loading, as

evidenced by the similar profiles and areas under the curve (AUC) of vehicle SP and HP control
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groups. However, baseline glucose levels were slightly, but significantly, lower on vehicle
control animals kept on a high protein diet (10.1 vs 7.3 mmol/l in SP vs HP groups,
respectively). G108-treatment significantly improved glucose tolerance in a similar fashion
with both doses and regardless of protein level supplementation (Fig. 4.9). So, overall, these
results show that the complete mitigation of lean mass loss, achieved in animals treated with
2.5 nmol/kg dose and kept under high protein conditions, does not prevent G108-mediated

improvement of glycemia in DIO mice.
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Figure 4.9. G108-chronic treatment still improves glycemia after complete mitigation of lean mass loss. ip-GTT A) profile
and B) area under the curve. In a) * indicates significance compared to vehicle, SP group. Data expressed as £+ SEM. Two-
way ANOVA with post-hoc Dunnett’s and Tukey’s test. *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001.

The impact of G108 chronic treatment on hepatic steatosis was then investigated. To do so,
liver samples from each animal were stained with the fat dye Oil Red O (ORO), and
representative images from each group can be found in Fig. 4.10a.

The differences in ORO staining were first evaluated by blind relative-scoring. Here, stained
liver sections were scored from 1 to 10 according to the amount of positive ORO staining (with
1 representing less hepatic fat). The results suggested that, despite no significant difference (p-
value=0.4), vehicle animals fed a high protein diet seemed to have slightly less hepatic fat, as
evidenced by the lower 5.1 score, than vehicle animals kept under standard protein conditions,
that had a scoring of 7.2. Both 2.5 and 5 nmol/kg G108-treated groups kept under standard
protein conditions had significantly improved hepatic steatosis than the respective Veh, SP
control group, as indicated by the lower scoring of 3.3 and 2.1, respectively. HP

supplementation did not prevent the reduction in hepatic fat accumulation seen with both G108
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doses that were still significantly lower than vehicle SP control. However, when compared to
Veh, HP group, and despite the clear trend, the decrease in hepatic steatosis was only
significant with the higher Snmol/kg G108 dose (Fig. 4.10b).

Subsequently, the percentage of ORO positive staining in each sample was also objectively
quantified through automated post-acquisition image analysis. The results obtained supported
the blind-scoring ones. Again, despite not significant, controls fed a high protein diet had nearly
4% less hepatic fat than controls kept under a standard protein diet (11% vs 14.7%,
respectively). The percentage of hepatic fat was also significantly reduced with both G108
doses under standard protein conditions, with the 5, SP group having half the hepatic fat of the
2.5, SP group (2.5% and 5%, respectively). Higher protein intake did not prevent the reduction
in hepatic fat percentage. However, and just like in the blind-scoring results, despite the 2.5,
HP group having more than two times less hepatic fat than the Veh, HP controls (5% vs 11%,
respectively) this did not reach significance, whereas the 5, HP group did (Fig. 4.10c). Overall,
these results show that G108-mediated improvement of hepatic steatosis is still preserved, even
after complete mitigation of lean mass loss, as evidenced by the reduced scoring and percentage
of ORO staining in the 2.5, HP group.

As explored in section 1.2., hepatic fat accumulation is tightly regulated by the mechanisms
governing hepatic fat acquisition and disposal. Four main pathways are involved in keeping
this balanced: fat uptake (directly from diet and from the NEFA pool), de novo lipogenesis,
fatty acid b-oxidation and fat exportation in very low-density lipoproteins. Glucagon is widely
known to suppress de novo lipogenesis and promote b-oxidation, thus experiments were then
conducted to gain insight into how G108 was reducing hepatic fat under the defined
experimental settings. To do so, the expression levels of Carnitine palmitoyl transferase |
(Cptla), involved in fatty acid b-oxidation, and Fatty acid synthase (Fasn), involved in de novo
lipogenesis, were measured. First, higher levels of dietary protein seemed to downregulate
Fasn, as evidenced by the reduced fold of Veh, HP compared to Veh, SP groups, although this
did not reach a significant level. G108 treatment with both 2.5 and 5 nmol/kg doses also led to
a downregulation of Fasn expression when compared to Veh, SP controls, with this drop
reaching significance with the higher 5 nmol/kg dose. Despite Fasn being downregulated by
both high protein and G108 individually, when in combination, these factors do not seem to
have a synergistic effect. In fact, it is quite the contrary, since 2.5, HP and 5, HP groups have
slightly higher expression levels than 2.5, SP and 5, SP groups, respectively, although not
significantly. Indeed, the 2.5, HP, but not the 5, HP, group showed increased Fasn expression

when compared to the respective Veh, HP control group. As evidenced by comparing Veh, SP
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and Veh, HP groups, dietary protein levels did not seem to have a great effect on Cptla
expression. G108 treatment, on the other hand, led to its up regulation with both 2.5 and 5
nmol/kg doses, with this reaching significance only for the higher 5 nmol/kg dose (p-
value=0.07 for Veh, SP vs 2.5, SP). High protein supplementation did not seem to impact Cptla
expression levels in G108-treated animals, with both 2.5, HP and 5, HP groups being increased
in comparison to Veh, HP, although this only reached significance for the latter (Fig. 4.10e).
Overall, these results suggest that G108 still reduces hepatic steatosis even under conditions of
complete mitigation of lean mass loss. However, exactly how this happens is presently unclear,
since G108 seems to reduce hepatic fat accumulation, at least in part, by up-regulating fatty
acid b-oxidation and down-regulating de novo lipogenesis, but high protein diet somewhat

mitigates these effects.
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Figure 4.10. G108-chronic treatment still improves hepatic steatosis after complete mitigation of lean mass loss. A)
Representative images of liver samples stained with oil red o (ORO) (bright red) and haematoxylin (blue). B) ORO staining
scoring by blinded individual. C) Quantification of ORO staining as percentage. Expression levels of genes involved in hepatic
fat metabolism D) Fatty acid synthase (Fasn) and E) Carnitine palmitoy] transferase I (Cptla). Data expressed as = SEM. Two-
way ANOVA with post-hoc Donnett’s and Tukey’s test. *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001. Scale
bars = 20um.
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4.5. Discussion and future perspectives

This chapter aimed to define a strategy to significantly improve hepatic steatosis and blood
glucose levels in diet-induced obese mice using the novel glucagon analogue G108, whilst
completely preventing the previously reported side effect of lean mass loss. Altogether, this
study 1) validated that G108 chronic treatment indeed leads to a quantifiable reduction in
hepatic steatosis; 2) reported some high protein diet only-influenced outcomes; 3) defined a
strategy to mitigate lean mass loss that still improves hepatic fat and glycemia; and 4) by
confirming that the reduction in hepatic fat and blood glucose levels still happens under
conditions of complete rescue of hypoaminoacidemia, this study further confirmed that G108

exerted such effects through separate pathways (Fig. 4.11).

In contrast to the original G108 study, the results presented in this chapter showed that food
intake was significantly and consistently reduced in groups fed a high protein diet, regardless
of whether they were receiving drug or vehicle treatment.

This was not surprising as high protein diets are known to have a satiating effect, and several
studies have shown that animals kept on a high protein diet often display decreased food intake
when compared to animals kept on a standard protein regime (French et al., 2017; Morell &
Fiszman, 2017; Paddon-Jones et al., 2008; Vu et al., 2017).

In addition to distinct protein levels, the SP and HP diets used in this study also had higher and
lower carbohydrates levels, respectively. The notion that higher dietary carbohydrate levels
can increase appetite and accelerate hunger return has been prevalent for some time, and several
recent studies and clinical trials have supported these ideas (Chandler-Laney et al., 2014;
Ebbeling et al., 2018; Geiselman & Novin, 1982). Thus, the experiments performed in this
chapter are not enough to pinpoint whether animals raised on the high protein diet had
decreased food intake due to increased protein levels or decreased carbohydrate levels, or both.
The reduced food intake observed in animals from HP fed groups could be problematic because
of two-fold: first, one of the aims of this study was to test G108 potential on reducing hepatic
steatosis on a diet induced obesity mouse model. This model was chosen because chronic high
fat dietary intake is known to lead to hepatic fat accumulation (Van Herck et al., 2017). Since
both SP and HP diets have the same percentage of fat, and animals kept on a HP diet ate less,
this means that animals feeding on the high protein diet ingested less fat than the ones feeding
on the standard protein diet. This might lead to HP groups accumulating less hepatic fat than

SP groups. Regardless, since the appropriate controls were used, G108-treated groups can
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always be compared to the vehicle HP group to assert G108-specif effects, including on hepatic
steatosis, thus discriminating from any food-intake related effect. Secondly, the aim of
providing mice with a high protein diet was to increase their protein intake. Given that animals
kept on the high protein diet ate significantly less than the ones kept on standard protein
conditions, one could be unsure whether higher protein intake was actually achieved. However,
high protein diet had twice as much protein than the standard one (40 vs 20 kcal%,
respectively), so for animals kept on high protein diet to eat less protein than the animals on

standard protein diet, they would have had to eat two times less food, which was not the case.

Changes and differences in lean mass were evaluated using several tests, specifically, echo-
MRI, grip strength, quads weight and expression levels of markers of muscle protein turnover.
Altogether, the results showed that complete prevention of G108-induced lean mass loss was
achieved only when using a lower 2.5 nmol/kg dose, and specifically under high protein dietary
supplementation.

All groups seemed to have lost lean mass during the study, with both vehicle controls included.
This might have been because the animals were being injected and weighed daily, which can
be stressful, and it has been shown that chronic stress can induce loss of muscle mass in mice
(Allen et al., 2010; Fushimi et al., 2023). Additionally, and despite not reaching statistical
significance either, vehicle control animals kept on a high protein diet lost four times more lean
mass than the ones kept under standard protein conditions. This was unexpected given that high
protein diets are known to preserve and increase muscle mass (Carbone & Pasiakos, 2019).
Regardless, given that animals were all handled by the same researcher throughout the whole
study, and that the appropriate controls were used, this potential stress/dietary protein content-
induced trend towards loss of lean mass does not pose a problem.

The MRI data indicated that animals treated with 5 nmol/kg dose experienced lean mass loss,
in both standard and high protein dietary conditions, when compared to vehicle control animals
kept on a standard protein diet. When compared to vehicle controls fed a high protein diet, only
the 5, SP animals had significantly lost more lean mass. Animals from the 5, HP group also
lost more lean mass, in fact twice as much, than vehicle controls kept under the same dietary
protein conditions, yet this difference did not reach statistical significance (p-value = 0.07).
Despite this, it is likely that this trend would have reached statistical significance if the study
had continued for a few more days, hence the conclusion that lean mass loss was not completely
prevented in the 5, HP group either. Mice treated with 2.5 nmol/kg dose kept under standard

protein conditions also lost more lean mass than Veh, SP controls, with this difference reaching
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significance at day 13 of the study. Despite not reaching significance at day 21, 2.5, SP animals
still lost 7 times more lean mass than the respective controls. Furthermore, when comparing
Veh, SP and 2.5, SP groups, the p-value was of 0.05, when data was plotted as change in
percentage, and 0.07 when data was plotted as change in grams. As such, this difference would
have probably reached significance again if the study had continued for a few more days, thus
the conclusion was drawn that lean mass loss was not completely prevented in the 2.5, SP
group either. It seems that animals treated with the 2.5 nmol/kg dose kept under high protein
conditions lost slightly, but insignificantly, more lean mass than animals form the Veh, SP
group. There was, however, no difference in lean mass change from baseline between the 2.5,
HP and Veh, HP groups. Thus, the slight reduction in lean mass seen in the 2.5, HP animals
seems to be a dietary protein content-, rather than G108-, mediated effect, which led to the
conclusion that G108-mediated lean mass loss was completely prevented in animals from the
2.5, HP group.

Grip strength experiments performed at baseline and at day 21 of the study showed that only
mice treated with the 5 nmol/kg dose kept under standard protein conditions had significantly
impaired muscle strength. Even though, according to the MRI data, animals treated with
2.5nmol/kg kept under the standard protein diet, as well as the ones treated with 5 nmol/kg kept
on the high protein diet, also lost lean mass, these results suggest that such losses were not
enough to compromise muscle function.

In contrast to the results from the initial G108 study (Hope, 2022, p. 90), loss of lean mass was
not reflected in quads weight, as no differences were detected between any of the groups. First,
the doses used in the experiments detailed in this chapter were 33% (5 nmol/kg) and 67% (2.5
nmol/kg) lower than in the original study (7.5nmol/kg) (Hope, 2022; Hope et al., 2022), which
resulted in a more modest loss of lean mass, comparatively. Secondly, weighing of muscle
samples as a method to detect potential muscle mass loss is experimentally challenging, since,
for example, some quadricep tissue can be lost during separation from the femur. Additionally,
the quadriceps frequently exhibited fat, and despite efforts to remove it, this factor might have
also influenced the accuracy of the results. In sum, muscle weighing might not be an accurate
read out of muscle mass content, at least when compared to MRI, and this might justify the
lack of results reproducibility.

To have a more detailed look into what was happening between the different groups regarding
muscle protein turnover, the expression levels of markers of muscle proteolysis (bnip3,
mapllc3b and fbxo32) and synthesis (4epbl) were measured on quads samples. These genes

were specifically chosen because the original G108 study had previously demonstrated their
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responsiveness to G108-chronic treatment. Unexpectedly, and in contrast with previous
observations (Hope, 2022, p. 124), there were no significant G108-induced differences in the
expression levels of the tested genes. This was unexpected given that the MRI data showed
that 2.5, SP; 5, SP and 5, HP groups all lost more lean mass than vehicle controls, and muscle
mass is controlled by the ratio of muscle degradation and synthesis. In the original study,
despite reaching statistical significance, proteolysis markers bnip3 and map1lc3b were only 1-
fold upregulated in G108- vs vehicle-treated animals, under the same standard protein
conditions (Hope, 2022, p. 124). Given that in the experiments conducted in this chapter G108
dosage was reduced in approximately 33% (5 nmol/kg) and 67% (2.5 nmol/kg), it is not
surprising that the effect on proteolysis markers expression is also flattened. Additionally, the
original study ran for slightly longer than this one (27 days vs 22 days of G108/vehicle
treatment) which might have further contributed for a less obvious effect on markers of muscle
turnover. Furthermore, as explained in section 4.1.2.3., loss of muscle mass happens when the
rate of muscle degradation surpasses the rate of muscle synthesis. However, muscle is a highly
plastic tissue, so gene expression can fluctuate overtime, which could justify the lack of
differences on muscle proteolysis/synthesis markers at the time point quadriceps were
collected.

Despite no differences could be seen in the expression levels of the tested genes between
vehicle and G108 treated animals kept under the same dietary protein conditions, high protein
levels seemed to upregulate 4ebpl expression. Indeed, all animals kept under a high protein
diet, i.e., Veh, HP; 2.5, HP and 5, HP groups, presented higher expression levels of 4ebp ! than
their counterparts Veh, SP; 2.5, SP and 5, SP groups. Given that high protein diets usually
promote muscle synthesis, and that 4ebp 1 is a repressor of protein synthesis, the opposite result
was expected. mRNA levels do not always reflect what is happening protein wise, so, looking
into protein levels and/or activation status (e.g., phosphorylation status), could provide us with
further information. For example, protein translation, and thus muscle synthesis, is controlled
by 4ebp1 phosphorylation status rather than quantity, where translation is promoted by 4ebp1
repression through phosphorylation (Ma & Blenis, 2009). Thus, performing western blot to
compare 4ebpl phosphorylation levels across the different groups would have provided
additional information regarding whether protein synthesis was being affected.
No studies were available to substantiate the findings reported in this study regarding the
upregulation of 4ebpl expression by a high-protein diet. Nevertheless, if protein synthesis is
indeed being suppressed by HP diet, these results agree with the MRI data that showed that

Veh, HP animals had lost, not significantly, but four times more lean mass than animals from
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the Veh, SP group. In fact, all animals kept on a HP diet (regardless of G108/vehicle treatment)
seem to have lost more lean mass and express higher 4ebp 1 levels when compared to Veh, SP

animals.

The original study using the G108 compound showed that the lean mass loss observed in G108-
chronically treated animals happens as a response to hypoaminoacidemia (Hope et al., 2022).
That study revealed that mice treated with a 7.5 nmol/kg G108 dose had significantly reduced
plasma amino acid levels, that were only partially rescued under high protein dietary
conditions. These results fitted with echo-MRI data showing that lean mass loss was also only
partially mitigated on animals injected with 7.5 nmol/kg G108 kept on a high protein diet (Hope
et al., 2022).

The data on hepatic amino acid catabolic genes produced in this study recapitulated the results
from the initial publication, where G108 treatment led to their upregulation regardless of
dietary protein content (Hope et al., 2022). This is because glucagon receptor agonism, and
thus G108, promotes the upregulation of amino acid catabolic genes, and the high protein
supplementation rescues plasma amino acids by increasing amino acid availability, not by
inhibiting amino acid catabolism.

Chronic treatment with both 2.5 and 5 nmol’kg G108 doses led to a significant reduction in
plasma amino acid levels under standard protein conditions, when compared to vehicle controls
kept on the same diet. Both doses reduced plasma amino acids to the same level. MRI data
showed that animals treated with the higher 5 nmol/kg dose kept under SP conditions lost three
times more lean mass than animals treated with 2.5 nmol/kg kept on the same diet. So, given
the claim in the original study that hypoaminoacidemia is the driver of lean mass loss, and that
animals on the 5 nmol/kg dose lost significantly more lean mass than animals on 2.5nmol/kg
dose, a difference in plasma amino acid levels between these two groups was expected.
However, this was not the case. Furthermore, protein supplementation fully rescued amino acid
levels on animals treated with both 2.5 and 5 nmol/kg doses to levels seen in control vehicle
animals kept under standard protein conditions. However, MRI data showed that, under HP
conditions, animals treated with the higher dose still experienced significant lean mass loss,
whereas animals treated with the lower dose displayed a complete prevention of lean mass loss.
Hence, given that hypoaminoacidemia is proposed as the driver of lean mass loss, lower plasma
amino acid levels were expected on the 5, HP group, at least when compared to the Veh, SP
animals, and potentially also when compared to the 2.5, HP group. In the original study it was

showed, through mass spectrometry, that some amino acids were preferentially reduced by
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G108-chronic treatment, whilst others were unchanged (Hope et al., 2022). In addition, a study
performed on obese Zucker rats showed that a high protein diet preferentially upregulated some
amino acids, like lysine and glutamine, whilst not affecting, or sometimes even downregulating
others, like alanine and glycine, respectively (French et al., 2017). Therefore, differences
between the afore mentioned groups could potentially be observed in specific, rather than total,
plasma amino acids’ levels. Additional experiments assessing plasma levels of such amino
acids, like alanine or lysine, would address this question. Another possible explanation for the
previously mentioned results is as follows: G108-induced hypoaminoacidemia is a result of
increased amino acid catabolism induced by chronic glucagon agonism. Animals treated with
higher levels of G108 had slightly higher expression levels of the hepatic amino acid catabolic
genes cpsl and ass than animals treated with a lower G108 dose. Hypoaminoacidemia is what
directly stimulates lean mass loss, but amino acid availability also conditions protein turnover
and consequently muscle mass balance. It is possible that, when mice are treated with the lower
2.5 nmol/kg dose, HP supplementation is sufficient to rescue hypoaminoacidemia, whilst the
leftover amino acids are also enough to be used for protein synthesis in the muscle. On the
other hand, in animals treated with the higher Snmol/kg dose, the HP might be enough to rescue
plasma hypoaminoacidemia, but there are no amino acids left to be used for protein synthesis,
since amino acid catabolism is more strongly promoted by a higher G108 dose. However, if
this was the case, the expression of muscle synthesis marker 4ebp/ should be reduced in 2.5,
HP animals, when compared to 5, HP. Nevertheless, additional experiments where animals
treated with the 5 nmol/kg dose are provided with a diet slightly higher in protein could help
address this hypothesis. Another potential explanation might be the influence of the time of
day or the interval between G108 administration and sample collection. It is possible that the
data obtained at this timepoint may not accurately reflect the true differences between doses

due to it being a non-representative moment in the overall response timeline.

Next, glucose tolerance was assessed across the different groups through an ip-GTT. During a
glucose tolerance test, a glucose bolus is given to the animal, in this case via intra-peritoneal
injection, and blood glucose levels are measured at several time points, including at baseline
(i.e., before glucose bolus is given). The quicker the glucose is cleared from the blood, the
smaller the area under the curve, and the higher the glucose tolerance (Virtue & Vidal-Puig,

2021).
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The ip-GTT data revealed that all G108 treated groups displayed significantly improved blood
glucose tolerance, regardless of dietary protein level, when compared to the respective vehicle
controls.

Given that a healthy/lean control group was not included in this study, whether control groups
had a normal or impaired glucose tolerance could not be assessed. This means that the
experiments conducted in this study cannot determine whether G108 improved disrupted or
normal glucose tolerance. Nevertheless, and although comparing results performed in different
experiments is not the best practice, other studies have reported similar glucose excursion rates
to the ones observed in this study, in healthy C57B1/6J mice of similar age, thus suggesting
that vehicle control animals had a normal glucose tolerance (Fisher-Wellman et al., 2016).
Regardless, G108 treatment significantly lowered glycemia and improved glucose tolerance,
even after lean mass loss was completely mitigated.

Remarkably, animals receiving vehicle and kept under the high protein regime had
significantly lower basal blood glucose levels than controls kept on the standard protein diet.
Despite this, there were no differences regarding overall blood glucose excursion between
those two groups, as evidenced by the similar AUCs. Yet, for the standard and high protein
diets to be isoenergetic, whilst having the same percentage of fat and different percentages of
protein, the percentage of carbohydrates had to differ between the two diets (35% on SP and
15% on HP). Thus, whether exposure to the high protein diet resulted in improved basal blood
glucose levels due to increased dietary protein, and/or due to decreased carbohydrates, was not
addressed. Importantly, there are studies suggesting that both can improve glycemia
individually, as further explored below.

There have been conflicting results on whether high protein diets are a beneficial strategy for
improving glycemia long term. Additionally, many studies claiming that high protein diets
improve glycemia compare diets that also vary in carbohydrate levels (Drummen et al., 2018;
Gannon et al., 2003). Nonetheless, there is evidence that high protein diets affect glucose
homeostasis through various metabolic pathways, one of which is insulin secretion. Insulin
promotes glucose uptake from the blood and into organs, and its secretion can be directly
modulated by the amino acid products of protein digestion (Y. Yanagisawa, 2023). In fact, in
a study done back in the late 70s, researchers observed that infusing amino acids for one hour
starting immediately before a GTT, in diabetic patients, significantly improved glucose
tolerance in response to the glucose oral bolus, due to a sustained increase in insulin levels
(Seino et al., 1977). Whilst Veh, HP animals had lower basal glucose levels, glucose tolerance

was similar between the two controls. Nevertheless, diabetes first starts as increased fasting
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blood glucose levels, so, perhaps, control animals raised on a high protein diet had lower fasting
blood glucose levels than Veh, SP animals due to increased plasma insulin levels. Although
plasma insulin levels were not measured in this study, plasma total amino acids were indeed
elevated in Veh, HP compared to Veh, SP mice. Thus, amino acid-induced increased insulin
levels could be the reason why control animals kept on the high protein regime presented lower
basal blood glucose levels than animals fed a standard protein diet.

The content of carbohydrates in meals, which are broken into glucose molecules by the body,
is known to affect glycemia as well. In fact, several studies have shown that diets higher in
carbs can lead to increased blood glucose levels when compared to low carb diets, and
switching to a low carbohydrate diet has showed promising results in patients with diabetes
(Foley, 2021; Low-Carb Diets Position Statement (May 2021) | Diabetes UK, n.d.; Pavlidou et
al.,2023; Stentz et al., 2016). Since the standard protein diet had higher levels of carbohydrates,
this could be another possible explanation of why Veh, SP animals had significantly higher
fasting basal glucose levels than the controls kept on the high protein diet. In addition to the
higher percentage of carbohydrates in the SP diet, food intake data showed that animals under
standard protein conditions ate slightly, but significantly, more than animals under high protein
conditions. This might have further exacerbated the difference in carbohydrates consumption,
and thus fasting basal glucose levels, between control groups.

Additionally, another contributor to the observed lower basal blood glucose levels in Veh, HP
animals could be hepatic fat content. Veh, HP animals had slightly reduced hepatic steatosis
than animals from the Veh, SP group. The liver is a very important organ in regulating
glycemia. As explored earlier in section 1.1.2.2., the liver is responsible for keeping normal
glycemia through up-take and release (gluconeogenesis and glycogenolysis) of glucose from
and into the blood. Such tasks can be influenced by deranged hepatic fat content (L. Li et al.,
2019). Thus, lower hepatic steatosis in Veh, HP animals could also justify the lower basal blood

glucose levels.

ORO staining experiments revealed that vehicle controls kept on a high protein diet seemed to
accumulate considerably less hepatic fat than when kept under a standard protein regime,
though this was not significant. This was evidenced by the blind scoring, as well as by the
automated quantification performed through post-acquisition image analysis. Despite not

reaching statistical significance, a difference of over 25% less hepatic fat might be meaningful.
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Hepatic steatosis is a result of increased hepatic fat accumulation, influenced by levels of
ingested fats, circulating pool of NEFA, and de novo lipogenesis, as well as by deficient fat
handling, which is influenced by fatty acid b-oxidation and VLDL secretion.

The food intake data revealed that all groups fed a high protein diet ate slightly, but
significantly, less than the corresponding treatments on standard protein. Given that SP and HP
diets had the same levels of fat (45 kcal%), this means that HP groups consumed slightly less
fat than the SP groups, and this could have contributed to the lower percentage of hepatic
steatosis observed in Veh, HP livers.

It is important to note that, in addition to different protein levels, the SP and HP diets used in
this study also had higher and lower levels of carbohydrates, respectively. This is because
balanced diets are composed by fats, carbohydrates and proteins, meaning that for a diet to
remain isocaloric when the levels of protein vary, the levels of at least one of the other
macronutrients has to change as well. In fact, other studies have investigated the effects of
different dietary protein levels on liver steatosis using diets that also had distinct levels of
carbohydrates. For example, the previously mentioned study on obese Zucker rats, as well as
a study in mice, reported that animals kept on a high protein diet accumulated less hepatic fat
than the ones on standard protein. Similar to the diets used for our study, the carbohydrate
levels were also lower in their high protein compared to normal protein diet (French et al.,
2017; Schwarz et al., 2012). Thus, with the experiments performed in this chapter it is unclear
if the reduced levels of hepatic fat observed in the control animals kept under the high protein
diet regime are indeed due to the higher protein levels, or due to lower carbohydrate content.
Importantly, there is evidence that both increased dietary protein levels and reduced
carbohydrate levels can improve hepatic steatosis independently.

High protein diets are often used as an approach to reduce hepatic steatosis (De Chiara et al.,
2019). The mechanisms through which high protein diets might affect hepatic fat accumulation
are not completely understood. However, one way might be through increasing energy
expenditure, that can create an energy deficit, thus promoting lipid b-oxidation whilst
supressing fat synthesis in the liver (Schwarz et al., 2012). The energy expenditure levels were
not assessed in this chapter, however increased energy expenditure would probably be reflected
as lower body weight, since, in addition to liver, other tissues fat reserves are affected (for
example, adipose tissue). In fact, the body weight data revealed a potential trend where the
control animals raised on the high protein diet put on slightly less weight than Veh, SP animals
over the course of the study. The fat mass data also supported this, as Veh, HP animals gained

slightly less fat mass than SP controls over time. Of course, these modest differences might
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also be a simple consequence of the slightly reduced food intake rather than increased energy
expenditure.

Another possibility is that high protein diets or, more specifically, increased amino acids levels
from high protein diets, directly stimulate glucagon release, which can then decrease de novo
lipogenesis, whilst also increasing hepatic fatty acid b-oxidation (J. Zhang et al., 2022).
Glucagon levels were not measured in this study, however, the expression levels of the de novo
lipogenesis marker Fasn were slightly downregulated in Veh, HP compared to Veh, SP
animals, though this did not reach statistical significance. Furthermore, the marker of fatty acid
b-oxidation Cptla was also marginally up-regulated in control animals fed a high protein diet.
These results are in line with McGarry and colleagues’ observations that, when DNL is
upregulated, Cptla, and thus fatty acids b-oxidation, is repressed (McGarry et al., 1977).
Regarding low carbohydrate diets, these are thought to improve fatty liver through decreasing
de novo lipogenesis (Pichon et al., 2006). As previously explored in section 1.1.2.1, during de
novo lipogenesis, fats are made from non-lipid precursors, with the main substrate for this
process coming from carbohydrate’s catabolism. Briefly, upon ingestion, carbohydrates are
broken down into sugars that are internalized by cells and converted into pyruvate through
glycolysis. The resulting pyruvate can then be used for energy by entering the TCA cycle, or,
in situations of energy excess, can serve as a de novo lipogenesis substrate. Thus, diets richer
in carbohydrates promote DNL by increasing substrate availability. As discussed earlier,
standard and high protein diets had a different percentage of carbohydrates of 35kcal% and
15kcal%, respectively. Thus, mice on the SP diet had 20% more substrate available for de novo
lipogenesis than mice on the HP diet. Furthermore, animals fed the standard diet ate
significantly more than the ones on high protein conditions, which brings those 20% higher
levels of DNL substrate availability even higher. In agreement with this, the ip-GTT results
showed that Veh, HP animals had significantly lower basal blood glucose levels than Veh, SP
animals, which supports the idea that sugar availability is indeed increased in control mice kept
on the standard protein regime. As previously mentioned, the expression of the DNL marker
Fasn was slightly upregulated in Veh, SP compared to Veh, HP animals, though this did not
reach statistical significance. Moreover, Cptla levels, a marker of fatty acids b-oxidation, were
slightly upregulated in the HP diet. As previously mentioned, higher levels of DNL are enough
to inhibit Cptla expression (McGarry et al., 1977).

In this study, it was not assessed if the levels of plasma free fatty acids or VLDL exportation
rate contributed to the reduced hepatic steatosis observed in Veh, HP animals. However, studies

in mice have shown that animals fed the same amount of fat accumulate less hepatic fat under
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high protein conditions at least in part due to increased VLDL secretion (Schwarz et al., 2012).
Nevertheless, the slightly reduced fat consumption, together with the reduced rate of DNL and
slight increase in fatty acid b-oxidation, could justify why control animals kept on a high
protein regime presented 25% less hepatic fat than the ones fed the standard protein diet.
Whether these differences were caused by increased high protein and/or decreased
carbohydrate dietary levels is currently unknown.

ORO staining experiments also revealed that G108 chronic treatment effectively reduced
hepatic steatosis in a dosage dependent way, independently of dietary protein content and, thus,
under conditions of complete lean mass loss mitigation. This was evidenced by the results of
both the blind scoring, as well as by the automated quantification performed through post-
acquisition image analysis. Animals treated with the higher 5 nmol/kg dose had significantly
reduced hepatic steatosis when compared to both vehicle SP and HP controls. Animals treated
with the lower 2.5 nmol/kg dose experienced similar reductions in hepatic fat accumulation
under SP and HP diets, that were significantly lower than Veh, SP controls. However, the high
protein diet seemed to have a benefic effect on hepatic fat on its own and, thus, despite the 2.5
nmol/kg treated animals having less than half of the hepatic fat of Veh, HP controls, this
difference did not reach statistical significance. Regardless, and in addition to improving
glycemia, the aim of this study was also to improve hepatic steatosis in diet-induced obese
mice through G108 treatment, whilst completely preventing lean mass loss, which was
accomplished by a lower G108 dose together with dietary protein supplementation (i.e., Veh,
SP vs 2.5, HP comparison).

Experiments were conducted with the aim of providing additional insights into the mechanisms
by which G108 improves hepatic steatosis. G108 is a glucagon analogue and GCGR agonist,
and glucagon is known to reduce de novo lipogenesis, whilst also increasing fatty acids b-
oxidation.

Indeed, under SP conditions, G108-treated animals exhibited decreased Fasn expression levels,
a marker of de novo lipogenesis, in a dose dependent fashion. HP diet on its own also seemed
to downregulate Fasn expression. Unexpectedly, however, HP in the context of G108 treatment
seemed to upregulate Fasn expression when compared to G108-treated groups kept on a
standard protein regime.

Whilst it is clear that products of both carbohydrates and amino acid catabolism can be used as
substrates for DNL, whether diets rich in protein can actually promote DNL is not so clearly
defined (Cross et al., 2023). For example, a recent study claimed that, in rats, a high protein

diet blunted DNL markers when compared to a low protein diet (Margolis et al., 2016). Yet,
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another study in humans claimed that a high protein diet promoted DNL (Charidemou et al.,
2019b). In both studies, however, the high protein diets also had lower levels of carbohydrates
compared to the low protein diet, meaning that the differences observed might be due to
different carbohydrate, rather than protein, levels. Nevertheless, the study on humans, showed,
in vitro, that treating hepatocytes with individual specific amino acids was enough to increase
markers of DNL, thus supporting the hypothesis that a higher dietary protein content (rather
than lower carbohydrate quantities) might directly promote DNL. Therefore, although there is
evidence that high protein diets can promote DNL, this is still not entirely clear. Many studies
refer to the products of carbohydrate catabolism (as opposed to amino acids catabolism, for
example) as being the main substrate for DNL (F. W. B. Sanders et al., 2018; F. W. B. Sanders
& Griffin, 2016; Z. Song et al., 2018). However, no studies can be found comparing how
strongly carbohydrates/sugars vs proteins/amino acids promote DNL when under similar
levels. Nevertheless, if the assumption is made that sugars are stronger promotors of DNL than
amino acids, but that increased amino acids levels can also promote DNL, a possible
explanation for the results observed is as follows: 2.5, HP vs 2.5, SP and 5, HP vs 5, SP had
increased DNL because their sugar (substrate) availability was the same (evidenced by similar
basal blood glucose levels), however, the levels of plasma amino acids were higher in the HP
groups, which led to an increase in DNL in high protein fed G108-treated animals. These
assumptions also fit with the previously discussed results regarding the levels of accumulated
hepatic fat in the control groups, where the Veh, HP group had lower DNL than Veh, SP group,
because their sugar availability was lower (evidenced by lower basal glucose levels), and
despite their plasma amino acid levels being higher.

Cptla was also individually upregulated by HP and G108, in a dose dependent way, however,
just like with Fasn, HP in the context of G108 treatment led to a slight downregulation in
comparison to G108, SP groups. As previously mentioned, higher levels of DNL are known to
inhibit Cptla, therefore this is in accordance with the Fasn data.

It 1s important to notice that, even though there was evidence that DNL might be slightly
increased and b-oxidation slightly reduced, in G108-HP compared to G108-SP groups, this did
not translate into a noticeable difference in hepatic steatosis levels. This is not surprising, since
there is evidence that increased/decreased DNL/b-oxidation do not always correlate with
increased hepatic fat accumulation, as other pathways might come into play to regulate hepatic

fat accumulation (like increased VLDL secretion, for example) (Cross et al., 2023).
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Importantly, even though the G108 doses are expressed as nmol/kg, they were not adjusted to
the body weight of each animal, for convenience. Instead, each group baseline body weight
average was used. This means that slightly heavier and lighter mice could have received less
and more than the intended doses, respectively. This could justify some of the variability

observed in data within G108-treated groups.

Finally, even though the study lined out in this chapter showed promising results of G108
improving hepatic fat and glycemia, it was also showed that G108 dosage must be tightly
regulated to prevent lean mass loss even under high protein dietary condition. NAFLD patients
often present glucagon resistance (Galsgaard, 2020). However, the animals used in this study
were not assessed for glucagon sensitivity. Thus, in the future, additional experiments should

be performed to optimize G108 usage in treating NAFLD in the context of glucagon resistance.

Treatment with a lower G108
dose under protein
supplementation conditions
improves fatty liver and glycemia
without side effects

2.5nmol/kg G108, daily

| Protein
supplementation

! '

T Plasma amino J, Hepatic steatosis
acids

J’ Blood glucose

J- levels
4 Lean mass

Figure 4.11. Schematic summarizing study’s findings. Lowering G108 dose to 2.5 nmol/kg in the context of dietary
protein supplementation improved hepatic steatosis and glycemia without any lean mass loss.
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Chapter V - Concluding remarks
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Three general aims were defined at the beginning of this PhD: 1) Gain expertise in in vivo intra-
ocular injections and imaging, whilst developing a platform to characterize tumour
vascularization in vivo (training project); 2) Establish a novel in vivo longitudinal platform to
study NAFLD by combining in vitro and in vivo NAFLD models; 3) Optimize GCGR agonism
in the treatment of NAFLD using the novel longitudinal platform if it works.

1) The main goal of this aim was to gain expertise in intra-ocular injections and intravital
imaging, skills that would be essential for the main project. Additionally, it was also proposed
that, whilst developing those skills, a novel platform could be developed to characterize tumour
vascularization in vivo. However, this could not be achieved due to technical issues.
Nevertheless, whilst trying to do so, interesting findings came to light. First, it was shown that
Renca cells could form spheroids in vitro following a previously published approach. Such
spheroids were capable of vascularizing through angiogenesis and grow over time upon
transplantation into the anterior chamber of the eye of host mice. However, upon
transplantation into the in vivo setting, the endothelial cells that composed the intra-spheroid
blood vessels experienced a down-regulation in Tie2 expression, which resulted in GFP
downregulation. This renders this platform unsuitable for the longitudinal in vivo
characterization of tumour vascularization since blood vessels cannot be observed. Finally, the
presence of intra spheroid channels of tumour origin was also observed, and the nature and
purpose of such structures can be subject of further studies. Nevertheless, this platform can still
potentially be used in other purposes, such as, testing of potential anti-angiogenic drugs having
tumour size as a readout; and testing of potential Tie2 normalizing drugs having intra-spheroid
blood vessel fluorescence as a readout.

2) The aim of establishing a novel in vivo longitudinal platform to study NAFLD by
combining in vitro and in vivo NAFLD models could not be achieved within the timeframe of
the PhD studies. However, whilst trying to do so, the outcomes of different strategies that
attempted to generate liver organoids capable of vascularizing into the host animal iris upon in
vivo transplantation were tested and reported. In addition, it was showed that co-culturing cells
from different species still lead to the formation of liver buds following a previously published
approach. Moreover, at least some of those liver buds were capable of vascularizing for long-
term (= 2 months) upon in vivo transplantation into the ACE. However, further experiments
are needed to assess whether they are capable of accumulating fat when the host animal is

challenged with an HFD.
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3) This aim initially sought to use the novel NALFD platform developed in the main
project to optimize GCGR agonism, using G108, in the treatment of NAFLD. However, that
platform could not be established on time. Nevertheless, using traditional in vivo methods, a
strategy was still developed where G108 chronic treatment improved hepatic fat steatosis and
glycemia whilst completely mitigating previously reported side effects. These results also
supported the hypothesis that G108 exerts its effects on hypoaminoacidemia induced lean mass
loss, and in glycemia and hepatic steatosis through distinct pathways. Thus, the experiments
conducted in this project support the idea that glucagon-based therapy may be an effective
treatment for NAFLD, provided that lean mass is monitored and sustained by adequate dietary

protein intake.
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