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Abstract

The liver is a complex organ involved in many important physiological functions. Several
hepatic diseases, such as alcohol-related liver disease and drug-induced hepatotoxicity, are
associated with liver inflammation. Thus, it is of extreme relevance to understand the mechanisms
involved in liver inflammation to develop the best strategies to fight these diseases. The hepatic
macrophages, resident Kupffer cells and monocyte-derived macrophages, are known to play a
critical role in the liver inflammatory response. Although the diversity of experimental models
available to address hepatic diseases has been growing, there is still a need for models that can
depict the contribution of macrophages to the inflammatory response upon injury.

Having this in mind, the aim of this project was to develop a 3D cell-based model to study
liver inflammatory response, by integrating the immune and hepatocyte components and
assessing the effect of the heterotypic cellular crosstalk on the phenotype and functionality of
both cell types. In a first step, aggregation of HepG2 cells in stirred-tank vessels, previously
implemented in the lab in 125 mL-spinner vessels, was downscaled to 30 mL vessels. The HepG2
cells within the spheroids presented important features of the hepatocyte phenotype, namely the
characteristic cell polarization, observed by fluorescence microscopy, and biosynthetic function,
evaluated through the production of albumin. Based on the hypothesis that peripheral monocytes
may differentiate into liver macrophages when in contact with hepatic cells, a co-culture of
HepG2 spheroids and monocytes was established and characterized throughout 7 days of culture.
Immunofluorescence microscopy showed that some monocytes infiltrated into the hepatic
spheroids. Analysis of monocyte, macrophage, and KC markers by flow cytometry revealed that
monocytes differentiated in co-cultures, acquiring an anti-inflammatory phenotype, as shown by
the increase of the surface proteins CD163 and CD206 at day 7 of culture. These results suggest
that the monocytes in contact with HepG2 cells acquired a similar phenotype as KCs after 7 days
of culture.

The model here established is a first step in setting up cell models for the study of the
mechanisms involved in the differentiation of monocytes recruited to the liver upon injury and

their role in the development of several liver diseases.

Keywords: Liver, macrophages, Kupffer cells, inflammation, 3D culture, HepG2 cells






Resumo

O figado é um 6rgao complexo envolvido em muitas funcdes fisioldgicas importantes. Varias
doencas hepaticas, como a doenca hepatica alcodlica e a hepatotoxicidade induzida por
medicamentos, estdo associadas a inflamacdo hepatica. Como tal, é de extrema relevancia
compreender 0s mecanismos envolvidos na inflamacédo hepatica para desenvolver as melhores
estratégias de combate a essas doencas. Os macrofagos hepaticos, compostos pelas células
Kupffer residentes e pelos macréfagos derivados de mondcitos, desempenham um papel critico
na resposta inflamatoria hepatica. Embora a diversidade de modelos experimentais disponiveis
para estudar doengas hepéticas tenha vindo a crescer nos ultimos anos, ainda ha necessidade de
modelos que possam retratar a contribuicdo dos macréfagos hepaticos humanos para a resposta
inflamatoria.

Considerando o estado da arte, 0 objetivo deste projeto foi o desenvolvimento de um modelo
celular 3D para estudar a resposta inflamatoria hepatica, integrando a componente imunolégica e
hepéatica, bem como a avaliacdo do efeito da interacdo celular heterotipica no fenétipo e
funcionalidade dos dois tipos celulares. Num primeiro passo, a agregacao de células HepG2 em
frascos de agitacdo (spinners), previamente implementado no laboratério em frascos de 125 mL,
foi reduzida para frascos de 30 mL. As células HepG2 nos esferdides apresentaram caracteristicas
importantes do fenétipo hepatico, nomeadamente a polarizacdo celular, observada por
microscopia de fluorescéncia, e funcdo biossintética, avaliada através da producéo de albumina.
Com a hipotese de que mondcitos periféricos em contato com células hepaticas se diferenciam
em macrofagos hepaticos, estabeleceu-se uma co-cultura de esferoides de HepG2 e mondcitos,
que foi caracterizada ao longo de 7 dias. As imagens de microscopia de imunofluorescéncia
mostraram que alguns mondcitos infiltraram os esferoides hepéticos. A analise de marcadores de
monacitos, macréfagos e KC por citometria de fluxo revelou que em co-cultura, 0s mondcitos se
diferenciaram. O aumento das proteinas CD163 e CD206 na superficie celular do dia O parao 7°
dia de cultura sugere que os mondcitos adquiriram um fenétipo anti-inflamatério. Estes resultados
sugerem que os mondcitos em contato com células HepG2 adquiriram um fen6tipo semelhante
ao das KCs.

O modelo aqui estabelecido é um primeiro passo na criacdo de modelos celulares para o
estudo dos mecanismos envolvidos na diferenciacdo de mondécitos recrutados para o figado apds

lesBes e seu papel no desenvolvimento de diversas doencas hepaticas.

Palavras-chave: Figado, macréfagos, células Kupffer, inflamacéo, cultura 3D, células
HepG2
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1. Introduction

1.1. Liver: components and functions

The liver is a vital organ with major physiological functions, such as the metabolism of
carbohydrates, lipids and proteins and the detoxification of the blood*?. Moreover, the liver plays an
important role in the metabolism of xenobiotics, since hepatocytes express many of the enzymes and
transporters involved in this process®®, as described below.

The liver is composed of hepatocytes, which are the parenchymal cells and constitute 60-80 % of
the cells in the human liver, and of non-parenchymal cells (NPCs)’. The population of NPCs is
comprised of: liver sinusoidal endothelial cells (LSECs, approximately 50 %); Kupffer cells (KCs, 20
%), the resident macrophages (Mes); hepatic stellate cells (HSCs, 1%); liver dendritic cells (DCs, 1%);
cholangiocytes (5%), the biliary cells; and intrahepatic lymphocytes (25%), such as the natural killer
cells (NK), the natural killer T cells (NKT) and the y3 T cells’®. The interaction of the parenchymal and
non-parenchymal compartments is crucial for the function of the liver, as NPCs are reported to improve
the maintenance of hepatocytes’ differentiated phenotype!®*2. Moreover, as reviewed in Godoy et al,
NPCs positively influence hepatocyte functions, e.g., by inducing cytochrome P450 (CYP450)
expression or the acute phase response of hepatocytes®,

1.1.1.Hepatocytes

Hepatocytes, the effector cells of the liver, are polygonal-shaped cells'* that are aligned between a
capillary network as cords around the central vein, creating a hexagonal-shaped lobule®®. At each vertex
of the lobule, there is a portal triad, which consists of branches of the portal vein, bile duct, and hepatic
artery (Figure 1.1)%.

hepatocyte

.\ central
2N ( vein

\
\ P e bile duct
N 53 — ortal vein
portal triad X l

hepatic artery

Figure 1.1. Hlustration of the structure of a liver lobule. The liver lobule has a central vein from which the
sinusoids and hepatocytes radiate, creating a hexagonal shape. The vertices of the hexagon have portal triads
formed by a bile duct, a portal vein and a hepatic artery. Adapted from Grunsven (2017).



The lobule is the basic functional unit of the liver and is characterized by a functional zonation®. This
consists of differentially functionalized hepatocytes according to the proximity to the central vein or the

hepatic artery, as shown in figure 1.2,

A Liver Sinusoid
] ]
Periportal : Central Lobular : Perivenous
] 1
il | |
& ’:(:z] \ : :
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!
Zone 2 : Zone 3
Central Lobular | | Perivenous
A

Figure 1.2. Liver zonation (A) Schematic of the liver zonation and corresponding functionalities; (B)
Immunostaining of human liver tissue with an antibody against CYP3A4 (brown), showing the differential
expression of CYP enzymes across the zones of the liver microstructure. Adapted from Tomlinson et al. (2019),
Frontiers in Bioengineering and. Biotechnology and Lecluyse et al. (2012), Critical Reviews in Toxicology.

Functions such as gluconeogenesis and urea production are associated with the periportal section, while
xenobiotic metabolism, glycolysis and glutamine synthesis are linked to the perivenous portion of the
liver'®, Regarding xenobiotic metabolism, hepatocytes express drug-metabolizing enzymes, which are
classified into two main groups, phase I and phase 11'®?°. The enzymes from phase I include mostly
CYP450 enzymes and flavin-containing monooxygenase isoforms. These increase the polarity of drugs
by adding or exposing a polar group, normally through oxidation, reduction, or hydrolysis reactions*%,
Phase Il metabolizing enzymes (e.g., glutathione S-transferase, glucuronosyltransferase, N-
acetyltransferase, etc.) enhance the polarity of the drugs or their metabolites after phase | reactions, by
conjugation with molecules such as glutathione!®?°. This process leads to the biotransformation of the
parent compound, to increase their lipophilicity and consequently excretion by drug transporters, which
is considered the phase Il (e.g., Multidrug-resistance-associated protein 2, MRP2)?L, Another of the
major functions of the liver is the production of serum proteins, of which albumin is the most abundant
one. Albumin is responsible for the maintenance of the oncotic pressure of the blood and the transport
of several molecules in the plasma, including drugs®*24, Experimentally, the secretion of this protein is
often a readout of hepatocyte biosynthetic function®. Another marker often used for the characterization
of hepatocytes is the hepatocyte nuclear factor 4 alfa (HNF4a), a transcription factor with an important
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role in the hepatic identity. HNF4a regulates the expression of multiple hepatic genes, such as albumin
and those involved in glucose, fatty acid, cholesterol, and drug metabolism?%’, being essential for the
functional differentiation of hepatocytes?®?. Furthermore, HNF4a triggers the formation of tight
junctions during liver development®, which are important for hepatocyte polarity. Hepatocytes are
distinguished for being highly polarized cells, characterized by lateral, basal, and apical domains

spatially segregated by tight junctions (Figure 1.3).

Apical luminal domain

Half canaliculus
X :
» t
’ Canaliculus

\ - Golgi apparatus
| Hepatocytes

Figure 1.3. Schematic of the domain organization of hepatocytes. Red: luminal domains, dark blue: lateral
domains engaged in cell-cell adhesion, gray: basal domain, facing the space of Disse, yellow: tight junctions.
Adapted from Treyer et al. (2013).

The lateral domain is responsible for cell-cell contacts, while the basal domain mediates the cell-
extracellular matrix interactions (ECM). These are often referred to as the basolateral membrane.
Additionally, along the lateral cell-cell contacts, in the apical domain, hepatocytes form narrow lumens
between adjacent cells termed bile-canaliculi, which are delimited by tight junctions®. Specific
transporters that excrete drugs and the bile secreted by hepatocytes are localized in these tight
junctions®. One of the ways to experimentally detect these canalicular structures and thus, evaluate
hepatocyte morphology in vitro is through the detection of MRP2, which localizes at the apical
membrane®. A simpler approach is the detection of F-actin rich regions at the cellular junctional sites

delineating these bile canalicular structures®®,



1.1.2. Innate immune cells in the liver

The liver innate system is composed of KCs, the resident Mes, DCs, NKs and NKT cells®,
Together with the antimicrobial effector molecules (inflammatory cytokines, chemokines, acute phase
proteins, complement) they coordinate to eliminate invading pathogens and damaged host cells®.

KCs are the predominant Mes in the liver and its first line of defense, since some of the KCs reside
in the periportal region, where there is transport of systemic bacteria and bacterial products from the gut
to the liver®, Thus, the resident Mes are mainly responsible for clearing circulating endotoxins,
microorganisms, viruses, dead cells and debris through phagocytosis®*#. It has been reported that KCs
originate from erythromyeloid progenitors that during embryogenesis are generated in the yolk sac and
migrate to the nascent fetal liver‘’. The body of research on the characterization of the liver-resident
macrophage populations relied on mice models. Recently, MacParland et al. reported the first study on
the human liver. The authors resourced to single-cell RNA-sequencing to profile the cell populations of
the human liver, shedding new light on the distinct intrahepatic macrophage populations*. The M¢s
(defined as cluster of differentiation (CD)68-expressing cells) were categorized into two distinct
populations: immunoregulatory KCs, which presented increased expression of genes from pathways
related with immune tolerance, such as the V-set and immunoglobulin domain containing 4 gene
(VSIG4) and CD163, and that were defined by the expression of the macrophage receptor with
collagenous structure gene (MARCO), amongst other genes; proinflammatory Mes, that revealed a
transcriptional profile similar to that of recently recruited macrophages* (e.g., decreased expression of
CD163 and increased expression of genes involved in inflammatory pathways), as previously reported
in mice*2. To examine functional differences between both Mg populations, tumor necrosis factor
(TNF)-a secretion was assessed via intracellular cytokine staining after each population was stimulated
in vitro with lipopolysaccharide (LPS) and interferon (IFN)-y. The results demonstrated that MARCO*
Maos secreted less TNF-a in response to stimulation than MARCO CD68* Ms, suggesting that the latter
are more pro-inflammatory, thus consolidating the previous observations in gene profile*. MARCO is
aclass A scavenger receptor involved in phagocytic cell-mediated innate immune responses**#4, VSIG4
is a complement receptor and has been shown to act as a co-inhibitory ligand that induces tolerance in
liver T-cells and NKT-cells in mice upon liver injury®. MARCO and VSIG4 were selected as KCs-
specific markers to perform the characterization of the immune cells in this thesis work, along with
monocyte markers (CD14, CD16), markers for M1-phenotype (CD80) and M2-phenotype (CD163,
CD206).

Human liver DC originate from bone marrow precursors*® and are responsible, together with KCs,
for initiating the innate immune response against invading pathogens or liver injury®®. KCs and DCs
possess pattern recognition receptors that recognize pathogen-associated molecular patterns (PAMPS),
including components of invading pathogens, such as LPS or damage-associated molecular pattern

molecules (DAMPSs), such as endogenous ligands released by damaged host cells®*. Upon activation,
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KCs mostly act through the production of reactive oxygen species (ROS) and by releasing
proinflammatory cytokines such as interleukin (IL)-1B, IL-6, TNF-a and transforming growth factor
(TGF)-B, which will further activate and recruit other immune cells, such as neutrophils and
monocytes®,

Monocytes and neutrophils, which originate from a common myeloid progenitor in the bone
marrow, circulate in the blood stream as non-differentiated cells and are the first circulating immune
cells to arrive to the foci of the injured liver®. Following recruitment, monocytes can differentiate into
Meos or myeloid DCs which may replenish the existing populations, contributing to homeostasis, host

defense, tissue remodeling, and repair®.

1.1.3. Liver macrophages: Kupffer cells and macrophages derived from circulating monocytes

In humans, there are three populations of blood circulating monocytes identified by the expression
of the surface markers CD14 and CD16: CD14**(high detection), CD16°(negative) for classical,
CD14"*, CD16*(positive) for intermediate; CD14*, CD16"* for non-classical®*. The differential
expression of these surface receptors corresponds to either a proinflammatory (non-classical) or anti-
inflammatory (classical) phenotype®.

Several studies have demonstrated that upon liver injury monocytes are recruited to the damaged
tissues, and differentiate into diverse myeloid cells, such as monocyte-derived Mgs®*. A study
comprising 226 patients with chronic liver disease (CLD), showed an increase of blood circulating
monocytes, in particular CD14*CD16* inflammatory/non-classical monocytes, compared to healthy
controls (184 donors). Increased circulating monocyte counts correlated with disease progression, and
there was a significant accumulation of infiltrating CD14*CD16" cells in the cirrhotic liver®. This
monocyte subset was correlated with the release of proinflammatory cytokines, such as TNF-a and C-
C chemokine ligand 4 (CCL4), also known as macrophage inflammatory protein (MIP) 1-B, revealing
its contribution to the perpetuation of intrahepatic inflammation®. Moreover, C-C chemokine receptors
(CCR) 1, 2 and 5, the receptors for CCL3/MIP1a, CCL2 (or monocyte chemoattractant protein-1 —
MCP-1) and CCL4 (or MIP1B), respectively, were upregulated in the fibrotic livers®>. The mRNA of
ccl2 and ccl5 was upregulated in the fibrotic liver and the serum concentrations of CCL3 and CCL4
were increased in CLD patients®®. Therefore, the authors suggested that the recruitment and
differentiation of those monocytes were regulated by chemokine signaling. CCL2, for instance, has long
been identified as a chemoattractant for monocytes®, being responsible for the activation of several
intracellular signaling cascades related to cell migration, such as the JAK2/STAT3%% and MAPK3®
signaling pathways. Miura et al. found that the mRNA of ccl2 and its receptor, CCR2, were upregulated
ininfiltrated Mes isolated from livers of mice with nonalcoholic steatohepatitis (NASH)®. Furthermore,
CCR2" mice showed reduced hepatic Mo infiltration, highlighting the relevance of this receptor in

monocyte recruitment®®. Heymann et al. revealed another chemokine receptor involved in this process,
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CCRS8, which was upregulated upon injury in liver macrophages. These exhibited higher migratory
activity compared with macrophages from CCR8” mice®. Besides liver injury caused by chronic or
acute diseases, liver infection is another situation that triggers monocyte recruitment into the liver. A
well-described example of this scenario is the infection by Listeria monocytogenes (reviewed in Serbina
et al., 2012%%). Blériot et al. (2015) showed that KCs, which capture the bacteria, undergo necroptosis
leading to the depletion of the resident Mg pool and recruitment of circulating monocytes. The latter, in
afirst step, differentiated into M1-Mes to control the bacterial load and then shifted to an M2 phenotype,
differentiated into new KCs, replenishing the liver as resident Ms®2. In this study, the authors proposed
IL-33 as the cytokine involved in this recruitment. Their results demonstrated that KCs necroptosis
triggers hepatocytes to release 1L-33, which in turn triggers IL-4 production by basophils, leading to the
proliferation and M2 differentiation of recruited monocyte-derived macrophages®.

The mechanisms and factors associated with monocyte differentiation into KCs in the liver are
unknown. As such, the interest in this matter has been growing and researchers have been trying to
characterize this phenomenon, mostly employing mice models. A study from Scott et al. suggested that
bone marrow-derived monocytes can give rise to self-renewing KCs if the niche is available. Using a
mice model of diphtheria toxin-mediated depletion of KCs*, the authors showed that these monocyte-
derived KCs presented matching phenotypical and transcriptional features with embryonic KCs. The
features included similar size and granularity, equal phagocytic capacity and expression of the 100 most
enriched genes in embryonic-KCs*. The authors also observed monocyte-derived KCs in livers of
postnatal mice, suggesting that besides the cells from embryonic origin, monocyte-derived KCs may
also contribute to the niche of KCs found in adult mice*2. Another study by the same group demonstrated
that the combined actions of HSCs and LSECs are essential for the monocyte infiltration and
differentiation into KC-like cells®. Their results showed that upon KCs loss, HSCs and LSECs are
activated by TNFa and IL-1, which in turn produce chemokines and adhesion molecules, such as CCL2,
and Vascular Cell Adhesion Molecule-1 (VCAM-1), responsible for the monocyte engraftment®,
Furthermore, HSCs and LSECs along with hepatocytes induced the expression of the transcription
factors inhibitor of DNA binding 3 (ID3) and liver X receptor-a (LXR-a), which were shown to control
the identity of KCs®®. Figure 1.4 sums up the achievements of this study.



Liver Liver Sinusoidal Hepatic Resident Recruited
Hepatocyte Endothelial Cell Stellate Cell Kupffer Cell Monocyte

Figure 1.4. Mechanisms involving monocyte recruitment, differentiation, and proliferation in the liver upon
Kupffer cell loss. Injured KCs release IL-1 and TNF, activating LSECs and HSCs, which in turn secrete CCL2,
VCAM-1 and SEL-E. The latter are responsible for the recruitment of monocytes to the site of injury, which will
acquire the KC identity through the action of LXRa, ID3 and BMP9, secreted by LSECs, hepatocytes and HSCs,
respectively. After differentiation, monocyte-derived KCs proliferate through the combined actions of CSF1 and
IL34, secreted by LSECs and HSCs. KCs (Kupffer Cells), IL-1 (Interleukin-1), TNF (Tumor Necrosis Factor),
LSECs (Liver Sinusoidal Endothelial Cells), HSC (Hepatic Stellate Cells), CCL2 (C-C motif chemokine ligand-
2), VCAM-1 (Vascular Cell Adhesion Molecule-1), SEL-E (Selectin-E), BMP9 (Bone Morphogenetic Protein 9),
CSF1 (Colony Stimulating Factor-1), IL34 (Interleukin-34), LXRa. (Liver X receptor-a), ID3 (Inhibitor of DNA
binding 3). Graphical abstract from Bonnardel et al., 2019.

1.1.4. Kupffer cells in liver diseases and drug metabolism

Although essential for the maintenance of the liver physiological microenvironment, the activation
of KCs is associated with liver injury. In fact, many liver pathologies, such as drug-induced liver injury
(DILI) and alcoholic liver disease (ALD), are reported to be mediated by the interaction of parenchymal
cells with non-parenchymal cells, such as KCs and HSCs®-¢8,

Adachi et al. showed that KC inactivation prevents the pathological effects of ethanol in the organ,
such as steatosis, inflammation and necrosis®®. The authors suggested that KCs may have a role in the
development of ALD by stimulating ethanol metabolism in hepatocytes, which requires oxygen,
consequently causing pericentral hypoxia®®.

In another study, Sass et al. treated mice with concanavalin A (Con-A), which causes severe TNF-
a—and IFN-y—mediated liver injury, to study the role of nitric oxide (NO) in liver damage. TNF-o and
IFN-y are known to induce inducible nitric oxide synthase (iNOS). The study showed that the expression
of the iNOS gene was upregulated in both hepatocytes and KCs after Con-A treatment’®, demonstrating
that both cell types were activated through the pathways. The authors also demonstrated that the TNF-
o- and IFN-y-mediated activation of KCs upon liver injury contributed to the progression of the

inflammation.



Besides their role in liver disease, KCs also play an important role in drug metabolism. A clear
example was reported by Ding et al. in mice with hampered KC functionality through gadolinium
chloride (GdCI3) injection™. The total CYP450 content and the activities of CYP2E1 and CYP3A were
assessed 1 day after injection, showing already some reduction, after 3 and 6 days™. In the same study,
this inhibitory effect was reverted by treatment with an immunomodulatory polysaccharide derived from
the root of Angelica sinensis, which activated KCs, leading to restored metabolic activity’t. Another
study has shown the influence of KCs on specific CYP450 isoforms, such as CYP1A2. LPS-treated co-
cultures of rat hepatocytes and KCs showed a downregulation at gene and protein levels of the CYP1A2
and of transcriptional activators of CYPs, namely the nuclear receptor aryl hydrocarbon receptor (AhR)
and the AhR nuclear translocator (Arnt), which was not observed in hepatocyte monocultures’. This
downregulation was attenuated by anti-TNFa and anti-IL-1p blocking antibodies, suggesting that
proinflammatory cytokines released by KCs were involved in the downregulation of CYP1A272,

DILI is a hepatotoxic injury induced by the toxicity of drugs or their metabolites. The symptoms
of this disease include weakness, poor appetite, dark urine and fever’. This disease is one of the major
causes of the withdrawal of drugs from the market’ . Acetaminophen (APAP), or paracetamol, is one
of the most widely used drugs to experimentally demonstrate DILI. Wang et al. demonstrated that
hepatocyte necrosis caused by APAP toxicity releases DAMPs, which can interact with toll-like receptor
4 (TLR4) to induce inflammation’®. It has been shown that KCs are activated by DAMP molecules,
possibly via TLR signaling, inducing ROS production and secretion of other inflammatory mediators.
This process leads to the recruitment of other immune cells to the site of injury, perpetuating the damage
observed in DILI (Figure 1.5)".
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Figure 1.5. Representative scheme of immune-mediated drug-induced liver injury (DILI). The hepatocyte
damage caused by a drug triggers the release of DAMPs, activating the innate immune cells. These activated cells
can either work towards cell repair by the production of IL-10, IL-13, and TGF or contribute to inflammation by
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secreting TNFa, IL-B, and IFN-y. The adaptive immune cells, that can be recruited from circulation, can perpetuate
the hepatic injury. DAMPS (Damage-associated Molecular Patterns), IL-10 (Interleukin-10), IL-13 (Interleukin-
13), TGFB (Transforming Growth Factor-B) TNFa (Tumor Necrosis Factor-a), IL-B ((Interleukin-f), IFN-y
(Interferon-y). Adapted from Waddington et al. (2018).

The broad involvement of KCs in the liver response to drugs, as well as in the disease progression,
highlights the importance of accounting for these cells in experimental models of disease as well as
models for drug development, to more accurately predict immune-mediated DILI.

1.2. Experimental Models

In this section, some of the models designed to recapitulate the liver or some of its functions, will
be presented, as well as their usefulness/application in the study of liver diseases and/or in drug testing.
These models can be divided into in vivo (animal models) and in vitro (cell culture models), the latter
can be two- or three-dimensional (2D and 3D, respectively) cultures.

1.2.1. Animal models

Studies on the pathophysiological mechanisms of liver diseases and drug metabolism have been
employing animal models. Among the available animal models, mice and rats are the most commonly
used, since the entire genome of the mouse is known and 99% similar to the human genome®’; rodents
have a short reproductive cycle and a lower maintenance cost; they can carry different mutations, and
their small size makes them easy to handle®'®2, Animal models can address systemic effects or
responses, with the integration of the immune and endocrine systems, which release soluble factors that
can affect the liver response to a drug or injury®. However, animal models present significant
differences in drug pharmacokinetics and pharmacodynamics in comparison to humans?. Olson et al,
studied toxicity to 150 compounds and showed that rodents are predictive of 43 % of human toxicity,
while nonrodents (dogs and primates) are predictive of 63%54.

To overcome interspecies variability, chimeric humanized mice are alternative models. Human
cells are injected in immune-deficient mice to repopulate the organ of interest ®. Regarding liver models,
a study by Guo et al. demonstrated a successful human hepatocyte repopulation of the mouse liver upon
transplantation. The authors reported that the human hepatocytes in the mouse produced human albumin,
expressed alpha-fetoprotein transcripts and metabolic enzymes, such as CYP1A2 and UGT1A1%,
Tateno et al. used transgenic urokinase-type plasminogen activator severe combined immunodeficiency
(uPA/SCID) mice in their study, which are characterized by a severe hypofibrinogenemic state and
accelerated hepatocyte death triggered by urokinase over-production in the liver®”. They demonstrated
liver repopulation of uPA/SCID mice transplanted with human hepatocytes, achieving a replacement

index (RI) as high as 96%. However, the mice had to be treated with a drug that has anti-human
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complement factor activity to survive with Rl >50%. The transplanted hepatocytes expressed mRNAs
of human CYPs, among other human genes. Specifically, CYP3A4 and CYP1A1/2 were up-regulated
when the mice were treated with known inducers, rifampicin and 3-methylcholanthrene, respectively®.
However, humanized models present some drawbacks: for instance, they can present low levels of B
cells or impaired immune responses to antigens®, which compromises addressing the impact of immune
responses in drug metabolism. Also, the host innate immunity often impairs engraftment. Furthermore,
humanized mice models are produced at high costs due to the costly stem cells, primary human
hepatocytes used for grafting and the specific conditions they may require®.

Despite the promising results achieved with animal models, especially chimeric mice, overall, the
lack of accuracy representing human immune responses® in the current animal models is still a
drawback that must be overcome. Taking into consideration the disadvantages of animal models
discussed above, in addition to the ethical issues, there is a constant search for alternative models.

1.2.2. In vitro human models

Many cell sources can constitute in vitro models, such as primary human cells, immortalized
hepatoma cell lines, stem cell-derived (adult or embryonic) and human induced pluripotent stem cells
(hiPSC). Beyond that, these models can be based on different culture systems that go from simple well

plates to complex bioreactors.

1.2.2.1. Cell sources

Primary human hepatocytes (PHH) are obtained from liver biopsies, surgical resection and
marginal livers, and they have been reported to retain in vivo drug biotransformation activity. The use
of PHH to study the liver overcomes the issue of interspecies differences observed in animal models.
Therefore, PHH have been the gold standard in vitro model for toxicological studies®?®. The major
disadvantages of this cell source are the reduced availability associated with primary material and the
high costs of commercially available cells. The inter-donor variability can be both a disadvantage, in a
way that is harder to systematize an efficient treatment, and an advantage since it enables the
identification of potential toxic effects that will only occur in a portion of the patients. Another
disadvantage of PHH is their dedifferentiation, which can be reverted with complex culture systems®-

% The latter will be addressed in section 1.2.2.2.

Human hepatoma cell lines, which reconstitute some of the functions of differentiated hepatocytes,
have been used as an alternative for PHH. These cell sources have a long lifespan, are highly available,
easy to handle, scalable and cheaper than PHH"-*°. Among the several available hepatoma cell lines,
HepG2 and HepaRG cells are the most widely used'®1%, A study by Berger et al. compared the
metabolic activity of PHH, HepaRG and HepG2 cells. The authors showed that HepaRG have a
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metabolic activity more similar to PHH than HepG2, which has limited basal metabolic activity and
poor response to CYP inducers'®. HepaRG is a bipotent cell line that can differentiate into biliary-like
cells (BLCs) and of hepatocyte-like cells (HLCs). It is a highly proliferative progenitor cell line with
high functionality of CYP450 isoforms, phase Il enzymes and phase Il transporters upon
differentiation®®. Lubberstedt et al. demonstrated that HepaRG have great potential as a surrogate for
PHH, since their CYP metabolic activity was comparable. However, this cell line also presented
significantly higher CYP activity than in PHH for CYP2C9, CYP2C19 and CYP2D6, at later time-
points and for CYP3A4 already at day 0%. Besides, higher albumin production and galactose/sorbitol
elimination rates were also observed for HepaRG compared with PHH%®, HepG2 cells are high
proliferative cells derived from a hepatocellular carcinoma, and one of the most widely used models for
in vitro toxicological studies, along with primary hepatocytes®9101-1%4 Although this cell line features
many hepatic functions, the expression and activity of CYP enzymes, responsible for drug metabolism,
is barely detectable in regular 2D cultures, as mentioned above!®1%, Nonetheless, our group and others
have reported HepG2 cell models in which biosynthetic function, CYP-mediated metabolism, hepatic
phenotype and cell polarization, with the presence of bile-canaliculi-like structures, were successfully

achieved and improved®*197108,

hiPSCs can be an unlimited source of HLCs with well-characterized genetic and drug
metabolization profiles, being capable of accurately predict the hepatotoxicity of compounds 1%, Stem
cells have the capacity to self-renew and regenerate tissue and organ systems%°, For instance, hiPSCs
can differentiate into cells that mimic the pathophysiology of the liver disease, as such, these cells
constitute an important platform for disease modeling as reviewed by Corbett et al*'t. However, hiPSCs
lines often present karyotype abnormalities and most protocols currently available do not enable the

generation of fully mature hepatocytes'?114,

Fa2N4, are non-tumorigenic immortalized hepatic cells that were proposed as a potential PHH
surrogate to assess CYP induction. It was shown that these cells have a similar morphology to that of
human hepatocytes and that the inducibility of various drug-metabolizing enzymes is maintained.
Furthermore, Fa2N4 are easily maintained and propagated. However, studies showed that these cells
present low basal enzyme activities, only detected by sensitive analytical methods, and lower expression

of several hepatic uptake transporters when compared with PHH38.,

1.2.2.2. Culture systems

Throughout the years, 2D hepatic cultures have been losing their spotlight in the field of liver
research, since they present some limitations and do not faithfully recapitulate in vivo liver
mechanisms**s,

PHH cultured as 2D monolayers lose their polygonal structure and hepatocyte functions, such as

the production of albumin and expression of CYP450 and other metabolic enzymes, within hours'61%7,
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This problem led to the development of alternative culture methods, usually by providing
microenvironmental clues to the hepatocytes. The sandwich model consists of culturing a cell monolayer
on top of an ECM and overlaying it with another layer of ECM. Usually, the liver ECM protein
component, collagen!8, or a basement membrane mimetic, such as Matrigel®®, are employed. Although
it has been reported by Bell et al. and by Rowe et al. that this model maintains cells viable for up to 14
days, due to the increased cell-ECM and cell-cell contact'?®, hepatocytes dedifferentiation is still an
issue'?°12t To study both acute and chronic toxicity, there was a need to develop models that could
maintain functionality for longer periods of time.

Targeting better cell characteristics (viability, phenotype and function) by a better recapitulation of the
physiological conditions, culture formats in which cells are in a 3D architecture have been developed®.
The hepatic phenotype in 3D cell structures is improved on a molecular and histological level. This is
due to a maximization of cell-cell contacts that induces hepatic polarization'®":122 Within the 3D
structure, there is the formation of nutrient and oxygen gradients that can resemble the functional
zonation seen in vivo'®12%, For instance, Li et al. determined the toxicity of 100 drugs known to cause
DILIin 2D PHH monolayer cultures and 3D cultures. The 3D PHH spheroids showed higher predictivity
of the toxicity of the compounds than 2D cultures of the same PHH lot; the latter failed to detect the
toxicity for many of these DILI compounds*?*. Another example is the work of Vorrink et al. where the
transcriptional and metabolic patterns of PHH cultured in 2D and 3D were compared'?®. The authors
demonstrated that PHH spheroids remained metabolically stable for at least 3 weeks, as shown by the
stable expression of CYP2C8, CYP2C9 and CYP3A4'%, On the other hand, the metabolic profile of 2D
PHHs was rapidly compromised, which corroborated with the increase of GSTP1 expression, an
indicator of undifferentiated hepatocytes!?. The functional activities of CYP1A2, CYP2C8, CYP2C9,
CYP2D6, and CYP3A4 were, as well, highly elevated in 3D compared to 2D culture’?. Moreover, 3D systems
have been shown to improve HepG2 morphology and functionality. Gaskell et al. made a comparison
between 2D and 3D HepG2 cultures where they demonstrated that the spheroids could better recapitulate
the liver zonation and polarization®. The authors showed that biosynthetic function (albumin and urea
production) was higher in 3D than in 2D cultures®. Furthermore, spheroids were more predictive in
toxicological studies, presenting higher sensitivity (lower IC50 values) to the hepatotoxins tested than
2D monolayer cultures®. The work of Ramaiahgari et al. showed an increased sensitivity to compounds
known to cause DILI, when HepG2 cells were cultured in 3D compared to 2D culture. This phenomenon
was suggested to be related to the enhanced phase 11 activity of HepG2 cells when cultured as spheroids
compared to monolayers'®. Another great advantage of 3D culture systems is the possibility of
performing repeated drug exposure studies, because of the extended culture time!®’. This 3D
conformation can be obtained by an array of experimental methodologies, from cell aggregation in
hanging drops and culture on ultra-low attachment (ULA) surfaces (based on gravity), to hollow-fiber
or stirred-tank bioreactors (based on agitation), and organ-on-a-chip systems (based on microfluidics,

figure 1.6), among others115,
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Agitation-based systems can provide to the spheroids the necessary diffusion of soluble factors and
oxygen that prevents the formation of necrotic centers!®. Moreover, stirred-tank systems are
reproducible methods, that provide long-term cultures in which spheroid morphology and size can be
manipulated, adjusting the hydrodynamic conditions, and produce a high number of spheroids, making
it compatible with the feeding of high-throughput screening platforms!?. Another advantage of these
systems is that it enables non-destructive sampling, ideal for continuous monitoring of culture status in

the process of optimization'?’.

1.2.2.3. Co-culture systems

The incorporation of different cell types to generate co-cultures increases the complexity of the
model, and potentially provides a better recapitulation of the tissue and its physiology and
pathophysiology, compared to monocultures'?®. Mesenchymal stem cells (MSCs) are multipotent
stromal cells, capable of self-renewal and differentiation into several cell types, such as osteoblasts,
adipocytes and chondroblasts. It was reported in 2D cultures that MSCs are important for supporting the
proliferation, viability and improving functions of hepatocytes in vitro, making MSCs advantageous to
use in co-culture with hepatocytes'?®. Rebelo et al. reported that the 3D co-culture of mesenchymal stem

cells with PHH (spheroids in a stirred-tank bioreactor) improved the hepatocyte functionality®°.
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Researchers aiming to study the role of the immune cells in liver inflammation and the various liver
diseases have been developing co-cultures of hepatocytes, non-parenchymal cells and monocytes or
macrophages from several sources. Nguyen et al. established a human-derived hepatocyte-KCs
micropatterned co-culture (MPCC), in 96-well plates, to assess the indirect impact of cytokines in drug
metabolizing enzymes and transporters®*, The MPCC consisted of a hepatocyte pattern created by
seeding these cells on rat-tail collagen type 1-patterned substrates that mediated selective cell adhesion.
Murine embryonic fibroblasts were seeded 18-24h later and cryopreserved human KCs were cultured
on top of this patterned layer after 7 days'*®. This model had an experimental window of approximately
2 weeks, where metabolic capacity (albumin and urea production) and functionality (CYP3A4 activity
and cytokine secretion) were demonstrated. IL-1p treatment caused an immune modulatory response,
resulting in the downregulation of CYP3A4, and of other metabolic enzymes’ activity and gene
expression. It was also observed an upregulation of C reactive protein (CRP) gene expression, and acute
phase proteins — a-1-acid glycoprotein s(AAG) and serum amyloid A2 (SAA2) protein — indicative of
inflammation®*°. Their results showed that the incorporation of KCs enhanced the IL-1pB effects, and
that co-cultures had increased sensitivity to cytokine stimulation compared with monocultures'®,

Another study, by Granitzny et al., aiming to unravel the role of monocytes and macrophages in
the onset of iDILI, established two 2D co-culture systems of two human cell lines, HepG2 and the
monocyte-like cell line, THP-1.The latter was used directly and after differentiation into hepatocyte-like
cells. The authors employed a membrane-insert system and seeded the HepG2 cells in the lower
compartment and the monocytes or macrophages on the porous membrane in the insert. Monocultures
and co-cultures, with and without non-toxic doses of proinflammatory factors (LPS, TNF), were
exposed to different reference iDILI drugs. The results showed an enhanced hepatotoxicity in the co-
cultures of HepG2 and monocytes co-exposed to Ketoconazole and LPS. Similarly, when the co-cultures
of HepG2 and macrophages, exposed to LPS, were treated with Trovafloxacin or Diclofenac, enhanced
hepatotoxicity was observed. Together, the results support the hypothesis that an inflammatory
environment and the action of proinflammatory factors are critical for the development of iDILI*3L,

Recently, Bell et al. published a 3D cell model based on co-cultures of cryopreserved PHH and a
mixture of human NPCs. The model was challenged with LPS and TGF-p for functional
characterization, and with APAP to study hepatotoxicity**>. NPCs were characterized by the detection
of CD68, indicative of KCs presence, and of a-SMA, a classical marker of activated stellate cells
implying the presence of HSCs as well in the spheroids. The NPCs were analyzed as a mix and were
proven to be active and have a protective effect against APAP-induced hepatotoxicity. This was
demonstrated by: i) higher PHH survival upon APAP treatment; ii) lower levels of APAP metabolite
that causes glutathione depletion and generates reactive oxygen species, leading to cell necrosis; iii)
consequently, less glutathione depletion was observed, which means less oxidative injury caused by
APAP; iv) higher levels of (microRNA) miR-382 and miR-155, microRNAs that participate in liver

regeneration and inflammation, respectively®®2. Even though this work provided a model to study the
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effect of NPCs upon APAP-induced toxicity, the contribution of each NPC population cannot be
individually assessed in the injury progression and the contribution of recruited circulating monocytes
was not contemplated in this model, which is an important step in liver injury and still not entirely
understood.

Recently, organoids have been important contributors to the study of liver disease. Organoids are
3D in vitro models that rely on the abilities of stem cells to differentiate into various cell types and to
self-organize, forming 3D structures that recapitulate the cell types and some of the functions of the
tissue 133, An example is the work of Ouchi et al, which employed organoids containing hepatocyte-like
cells, HSCs, cholangiocytes, and KCs, all derived from hiPSCs, to model steatohepatitis'**. The authors
showed that upon treatment with a free fatty acid, the organoids presented features observed in the livers
of steatohepatitis patients, such as fibrosis and the release of inflammatory cytokines (I1L-6, TNF-o)3,

The models developed so far have contributed to great advances in this field. However, some are
very complex, limiting their use in high throughput analysis, one of the most important steps for the
drug industry. Furthermore, as already mentioned, there is still a need to recapitulate the KC
repopulation that happens in the liver upon injury.

1.3. Thesis aim and scope

The aim of this project was to develop a 3D cell-based model to study immune-mediated drug
hepatotoxicity and the liver inflammatory response, by integrating both the immune and hepatocyte
components and assess their crosstalk. We reasoned that the differentiation of human peripheral
monocytes into Kupffer-like cells (KLCs) could be driven by stimulating factors produced by
hepatocytes in co-culture if the latter retained their original characteristics in long-term cultures.
Therefore, we chose a 3D culture strategy, known to improve the hepatic cell phenotype — spheroids.
The host lab had previous experience in this model system, having implemented spheroid cultures in
stirred-tank culture vessels for PHH® and HepG2%, employing spinner vessels and stirred-tank
bioreactors of 30 mL to 300 ml. As a first approach, we chose the hepatic cell line, HepG2, to set up this
model because of its higher availability and the host lab expertise.

Within this context, this thesis work had two specific objectives:

1. To implement the aggregation of hepatic cells in a downscale stirred-tank culture system,
which allows the usage of primary monocytes. To accomplish this, different agitation
conditions were tested in a recently-developed 30 mL spinner vessel, towards the generation
of HepG2 spheroids. Cultures were monitored daily to assess the aggregation profile and cell
viability.

2. To establish a 3D co-culture of hepatocytes and liver macrophages. HepG2 spheroids were co-
cultured with monocytes isolated from human peripheral blood mononuclear cells (PBMCs),

in 30 mL spinner vessels for 7 days. To verify if we could indeed generate a co-culture with
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KLCs, the model was characterized at days 0 and 7. Surface receptors detection through flow
cytometry and immunofluorescence microscopy were employed to assess the cellular

phenotype of both cell populations.
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2. Materials and methods

2.1. HepG2 2D culture

HepG2/C3A cells were originally obtained from ATCC (CRL-10741). The culture medium employed
for maintenance of HepG2 was Dulbecco’s Modified Eagle’s Medium (DMEM), low glucose (1 g/L)
supplemented with 10 % (v/v) fetal bovine serum (FBS) and 1 % (v/v) penicillin-streptomycin
(Pen/Strep; 10,000 units/mL), all from Invitrogen, Thermo Fisher Scientific. Cells were expanded every
3 days in adherent cell culture t-flasks (Falcon). Briefly, cells were rinsed twice with phosphate-buffered
saline (PBS; Thermo Fischer Scientific), incubated with 0.05 % trypsin-EDTA (Ethylenediamine
tetraacetic acid; Thermo Fischer Scientific) for 5 minutes at 37°C and the culture medium was used to
inhibit trypsin enzymatic activity. The cell density and viability of the cell suspension were
determined by the trypan blue exclusion assay (described in section 2.3.2). Cells were seeded at a
cell density of 5x10¢ cell/cmzand maintained in the incubator (Nuaire) at 37°C, 5 % CO. in a humidified
atmosphere.

2.2. HepG2 3D culture

2.2.1.Implementation of HepG2 aggregation in 30 mL spinners

HepG2 aggregation was previously established in our lab in 125 mL spinner vessels from Corning®,
Aiming to down-scale the 3D cultures, HepG2 aggregation was implemented in 30 mL spinners, Kindly
provided by Able Corporation. HepG2 were inoculated at a cell density of 3x105cell/mL in 30 mL of
culture medium supplemented with 10 % of filtered FBS to reduce the possibility of cell clumping
around fibers usually present in FBS. HepG2 cells were maintained under agitation, in spinner vessels,
placed on a magnetic stirrer plate (2mag AG) in an incubator (Nuaire), at 37°C in 5% CO.. To optimize

aggregation, three different agitation profiles were tested, as shown in table 2.1.

Table 2.1. Spinner agitation profiles.

Ti Strategy 1 Strategy 2 Strategy 3
ime

(rpm) (rpm) (rpm)
Day 0 40 60 80
Day 1 50 - 65 70-85 90 - 105
Day 2 70 90 110
Day 3 70 90 110
Day 4 75 100 120
Day 5 85 110 120
Day 7 95 110-120 125
Day 8 95 120 125
Day 9 105 120 125
Day 10 105 120 125
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The feeding of the HepG2 3D cultures was performed by the addition of DMEM supplemented with 5
% filtered FBS. The percentage of supplemented FBS was lower to reduce the formation of cell clumps.
Two strategies were employed: (i) 50 % medium exchange every 3 days (at 3,5,8 days of culture) —
optimized for the 125 mL spinner vessels; (ii) 30 % medium exchange every 2 days (at days 2,4,6) —to
test if earlier nutrient supply would positively affect the spheroids viability. The aggregation profile

(spheroid diameter and cell concentration) was assessed throughout culture time.

2.3. Establishment of HepG2: Monocyte co-cultures

The strategy followed for the establishment of the co-culture was to inoculate human monocytes with
HepG2 spheroids. Monocytes were isolated from PBMCs and HepGz2 cells were cultured in spinner
vessels for 4 days, to induce spheroid formation.

2.3.1. Aggregation of HepG2 cells in 125 mL spinners

Although achieving HepG2 aggregation in 30 mL spinners, the cell viability was decreasing early along
culture time. Therefore, a strategy previously implemented in the host laboratory, using 125 mL spinner
vessels (Corning®), was employed for the aggregation of HepG2 cells® (table 2.2).

Table 2.2. Culture conditions for HepG2 aggregation in 125 ml spinner vessels.

Culture Medium DMEM Low glucose+ 10% FBS filtered + 1% Pen/Strep
Environmental 37°C, 5% CO,

parameters

Cell concentration 3x10° cell/mL
Volume 75 mL

Cell number 22.5x106 cells
Stirring rate 40-90 rpm

2.3.2. Monocyte isolation

Monocytes were isolated from frozen human PBMCs using the EasySep™ Human Monocyte Isolation
Kit (#19359, StemCell Technologies) following the manufacturer’s instructions. This isolation is
achieved by a negative selection approach, where the non-monocytic cell fraction of PBMCs is bound
to a mix of antibodies that are coupled to magnetic beads, separating them from the CD14+CD16-
monocytes. Briefly, the cells were sequentially incubated with the kits’ monocyte isolation cocktail and
platelet removal cocktail, each for 5 minutes at room temperature. Afterwards, cells were incubated with
the magnetic particles for another 5 minutes at room temperature. Finally, PBS supplemented with 2%
(v/v) of FBS and 2mM of EDTA (Ethylenediamine tetraacetic acid) was added and the tube was placed
into the “The BigEasy” EasySep™ Magnet (#18001, StemCell Technologies), for 2.5 minutes, at room

temperature. The non-bound cell suspension, containing the monocytes, was poured into another tube.
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The cell concentration was determined by the trypan blue exclusion method performed in a Fuchs-
Rosenthal hemocytometer as described in 2.4.2.

In order to distinguish monocytes from HepG2 and assess their distribution in the co-culture, monocytes
were labelled with CellTrace™ Violet (CellTrace; Invitrogen, ThermoFischer Scientific), a fluorescent
dye that can be detected through several cell divisions **°. This cell-permeant dye is cleaved by
intracellular esterases generating highly fluorescent compounds that bind covalently to cellular amines.
Cells were incubated with the CellTrace, diluted 1:1000 in PBS, for 20 minutes at 37°C. After
incubation, the cell suspension was washed to remove the excess of CellTrace and stored on ice until
used for inoculation of the spinner. A fraction of the isolated monocytes was immediately processed
for flow cytometry (day 0 analysis), as described in section 2.4.5.

2.3.3. Implementation of the HepG2: Monocyte Co-cultures

After 4 days of aggregation, the HepG2 spheroids were transferred into 30 mL spinners (ABLE
Corporation) and immediately co-cultured with the CellTrace Violet-labeled monocytes. The culture
conditions followed for the maintenance of the HepG2:monocyte co-cultures are represented in tables
2.3and 2.4.

Table 2.3. Culture conditions for the co-culture of HepG2:monocytes and HepG2 monoculture controls.

. DMEM Low glucose+ 10% FBS
S /e U filtered + 1% Pen/Strep
Cell concentration 5x10° cell/mL
Volume 30 mL
Total cell number 15x10°8 cells
Co-culture Monoculture
Cell Ratio (Hep: Mo) 2:1 -
5
[HepG2] 3(;'§|3|/an€ 5x10° cell/mL
1.67x10°
[Monocyte] cell/mL -
Number of vessels 2 1

Table 2.4. Agitation profile in 30 mL spinners.

Time Agitation rate
(rpm)

Day 0 80

Day 1 90

Day 2 100

Day 3

Day 4 105

Day 5 115
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The initial agitation rate was set at 80 rpm and changed throughout culture time based on the aggregation
profile of the cells and their viability, which was assessed by fluorescence microscopy. The feeding
regimen was performed by a 50 % media exchange with DMEM supplemented with 5 % filtered FBS

at days 2 and 5 of culture.

2.3.4. Monocyte 2D culture

A 2D monocyte monoculture was prepared in parallel to the 3D co-culture (section 2.3) and
differentiated into M1 and M2 macrophages employing prototypic inducers, to serve as a control of
macrophage differentiation. After isolation, monocytes were resuspended in MZ1-Macrophage
Generation Medium DXF (Promocell) or M2-Macrophage Generation Medium DXF (Promocell) to
generate two distinct macrophage subtypes: pro-inflammatory (M1) or anti-inflammatory (M2)
macrophages, respectively. Monocytes were plated at a final concentration of 1x10° cells/mL, in a 6-
well plate, 3 mL/well (two wells per each differentiation medium) and the plate was maintained in static
conditions at 37°C and 5 % CO.. At day 6 of culture, 2 mL of medium was added. On day 7 of culture,
the M1-macrophage wells were supplemented with IFN-y (50 ng/mL) and LPS (10 ng/mL) and the M2-
macrophages with IL-4 (20 ng/mL). On day 9 of culture, 100% of the medium was exchanged with fresh
medium supplemented as in day 7. The analysis of monocyte differentiation into M1 and M2

macrophages was performed on day 10 of culture.

2.4. 3D Culture characterization

2.4.1. Cell viability assessment

Cell viability was monitored by fluorescence microscopy using a fluorescent live/dead assay. HepG2
spheroids were incubated with fluorescein diacetate (FDA) and propidium iodide (PI), both from Sigma-
Aldrich — Merck, diluted 1:1000 in PBS. FDA is a cell membrane-permeant dye, which once inside
viable cells is converted by esterases to a green fluorophore, fluorescein, labeling viable cells. Pl is a
fluorophore that can only penetrate cells that lost membrane integrity and by intercalating with DNA
bases, labels dead cells with red fluorescence. Labeled spheroids were visualized in a fluorescence
microscope (DMI6000, Leica).

2.4.2. Quantitative determination of cell concentration and viability

Culture samples were taken periodically to determine cell concentration and cell viability, using the
trypan blue exclusion method in a Fuchs-Rosenthal hemocytometer. This blue cell membrane
impermeant dye cannot penetrate viable cells, only cells that lost plasma membrane integrity. Whereas

non-viable cells become dark blue, viable cells appear clear. This method allows the quantitative
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determination of viable cell concentration (by assessing the number of viable cells per volume) and the
percentage of viable cells (by determining the number of viable cells relative to the total number of
cells). For this method, a single cell suspension is required. Thus, spheroid samples from day 1 of culture
were directly diluted in 0.1 % (v/v) trypan blue solution (Thermo Fischer Scientific), whereas from day
3 of culture onwards (when cells are already organized in spheroids), spheroid trypsinization was
performed prior to cell counting. Briefly, the aggregates were sedimented by centrifugation (up to
100x g), for up to 2 min, washed with PBS, and incubated with trypsin for 5 min. Trypsin was inhibited
by adding the -culture medium with 10% FBS and cells were counted in aFuchs-
Rosenthal hemocytometer.

2.4.3. Determination of spheroid diameter

The determination of spheroid diameter was performed by importing fluorescence microscopy images
of the live/dead assay into the open-source software Image J (version 1.52a). By adjusting the threshold
that defines the spheroid boundaries, the software automatically determines the Feret’s diameter for

each one of the spheroids.

2.4.4. Phenotype characterization by immunofluorescence microscopy

For the optimization of HepG2 aggregation in 30 mL spinner vessels, HepG2 spheroids were
collected for phenotypic characterization at days 3, 8, and 9 of culture. Spheroids were fixed in a
solution of 4 % (w/v) paraformaldehyde (PFA, Fluka) with 4 % (w/v) sucrose (Merck) in PBS, for 20
min. After fixation, the cells were permeabilized and blocked with a solution of 0.2 % (w/v) Fish Skin
Gelatin (FSG, Sigma-Aldrich) and 0.1 % (v/v) Triton X-100(TX-100, Merck) in PBS, for 30 min.
Permeabilization allows the access to intracellular epitopes and the blocking step minimizes antibody
unspecific binding. Incubation with primary antibodies (Table 2.5) diluted in 0.125 % FSG (w/v) and
0.1 % TX-100 (w/v) in PBS was performed for 2 h and incubation with secondary antibodies (Table

2.5) diluted in the same solution was performed for 1 h.

Table 2.5. List of antibodies used for immunofluorescence microscopy.

Antibody Host Supplier Dilution
Prima Anti-HNF4ao. Mouse Abcam 1:200
"y Anti-Albumin Sheep Abcam 1:1000
Invitrogen,
Ale?(a Fluor 647 Donkey Thermo Fischer 1:500
anti-mouse 1gG Scientific
econdary Alexa Fluor 594 Invitrogen,
. Donkey Thermo Fischer 1:500
anti-sheep 19G Scientific
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Additionally, spheroids were also incubated with FITC-conjugated phalloidin (A12379, Thermo Fischer
Scientific) for 20 min and nuclei were counterstained with DAPI (Thermo Fischer Scientific) diluted in
PBS for 5 min. All incubations were performed at room temperature and away from the light, and three
washing steps with PBS were performed between each incubation period. After this process, spheroids
were mounted in ProLong™ Gold Antifade Mountant (without DAPI, Thermo Fischer Scientific) and

air-dried away from light, at room temperature, for 24 h.

For the co-cultures, the samples were collected at days 0 and 7 of culture and processed as described
above, with the exception that the nuclei were not counterstained with DAPI. The spheroids were
mounted inslides using ProLong™ Gold Antifade Mountant (without DAPI, Thermo Fischer
Scientific) and coverslips. Spheroids were visualized using a point scan confocal microscope (SP5,
Leica) and the generated images were analyzed with Image J software (version 1.52a).

2.4.5. Phenotype characterization by flow cytometry

To assess co-cultured monocytes differentiation along time, samples were collected at days 0 and 7 for
flow cytometry analysis. Cells were recovered from the spinners and centrifuged at 100xg, for 1 minute,
to sediment the spheroids. The supernatant containing mostly monocytes was further centrifuged at
400xg for 10 minutes, while the spheroids were trypsinized for 5 min, at 37 °C. After inactivation of
trypsin with culture medium containing 10% FBS, the cells recovered from the spheroids were added to
the monocyte fraction and centrifuged at 400xg, for 10 min. The cells were resuspended in ice-cold PBS
(-/-) until immunostaining. For the 2D macrophage differentiation controls, cells were recovered at day
10 of culture. Monolayers were incubated with 2 mM EDTA in PBS for up to 15 minutes and detached
with a cell scraper. After recovery, the cells were centrifuged at 400xg for 10 minutes and then
resuspended in PBS with 2% (v/v) FBS. To characterize the phenotype of monocytic cells along
cultures, antibodies recognizing surface markers characteristic of each population were employed:
CD14-AF488 (#557700, BD Biosciences) and CD16-APC (#360706, BioLegend) for monocytes;
CD206-AF700 (#321132, Biolegend) and CD163-PE (#326506, Biolegend), for M2-macrophages;
CDB80-PE (#305208, Biolegend) for M1-macrophages; and MARCO-PE (#15-5447-42, Invitrogen) and
VSIG4-APC (#17-5757-42, Invitrogen) for resident macrophages (KCs). The samples were incubated
for 45 minutes with four different antibody mixtures and two were just incubated with buffer, to serve

as negative controls, as shown in table 2.6.
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Table 2.6. Labeling strategy for flow cytometry analysis.

Conditions
M2-phenotype M1-phenotype KC-phenotype
CD16arc CD206AF700
CD206 k700 CD1base VSIGanarc

Dilution: 1:20 in PBS (final volume — 80 uL)

After incubation, the samples were washed with PBS (400xg, 10 min) and analyzed in FACS Celesta

cytometer. The results were analyzed with the FlowJo software.
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3. Results and Discussion

3.1. Implementation of HepG2 3D cultures in 30 mL spinner vessels

Aggregation of the HepG2 cell line in stirred-tank culture systems was previously established in
the host laboratory using 125 mL spinner vessels (Corning®)%, In this thesis, the aim was co-culturing
this cell line with primary human monocytes, to which the access is limited. Thus, the first task of this
work was to downscale 3D HepG2 cultures. For this purpose, we used 30 mL spinner vessels (ABLE
Corporation). As these only recently became commercially available, not all the parameters required to
describe the hydrodynamic conditions of this system are known. Therefore, an empirical approach was
employed to implement the aggregation of HepG2 cells in this new system, based on our expertise on
the aggregation of human hepatic cell lines and tumor cell lines in spinner vessels!®1%137_ Single-cell
suspensions of HepG2 were inoculated at a cell density of 3x10> cell/mL, in 30 mL of culture. Three
aggregation strategies were tested, varying the initial stirring rate: (i) 40 rpm (strategy 1, S1), (ii) 60 rpm
(strategy 2, S2) and (iii) 80 rpm (strategy 3, S3). The cultures were monitored every day to assess cell
viability and follow the aggregation profile (spheroid diameter and cell concentration). Based on these

readouts, we empirically adjusted the agitation rate throughout culture time (Fig. 3.1).
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Figure 3.1 Characterization of HepG2 aggregation in 30 mL spinner vessels. (A) Representative fluorescence
microscopy images of live/dead assay (Fluorescein diacetate (FDA) — green, live cells; Propidium lodide (PI) —
red, dead cells) of strategy 1 (S1), 2 (S2) and 3 (S3) at days 3 and 8 of culture. Scale bar — 250 um. (B) Feret
diameter of 71 spheroids from each aggregation strategy: S1, at 40 rpm; S2, at 60 rpm and S3, at 80 rpm, at days
3) and 8of culture. Mean £ S.D. (C) Cell concentration profile for each aggregation strategy.

By day 3 of culture, the three strategies employed generated mostly viable, compact and small
aggregates with a spherical shape, termed spheroids (Fig. 3.1A). Spheroid size at day 3 of culture was
similar between the three aggregation strategies, which was further corroborated by the quantitative
determination of the average diameter of 71 spheroids (Fig 3.1B). These results showed that, at day 3 of
culture, spheroids presented an average diameter of 74.82 um + 18.75, 62.25 um £ 11.51, and 64.71 um
+14.96 in S1, S2 and S3, respectively. Along culture time, a tendency for increasing spheroid Feret
diameter was observed; at day 8 of culture, the average was 172.61 um + 49.24 in S1, 177.56 pm =
45.12 in S2 and 152.41 um £ 43.32 in S3 (Fig. 3.1B). The higher agitation rates employed in S3 may
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explain the slightly lower Ferret diameter observed in these spheroids, compared with the other
strategies. Ghasemian et al. have shown that higher impeller speeds create higher shear stress conditions,
reducing spheroid size in spinner vessels'*®. Despite the increase in spheroid size throughout culture
time in all strategies, spheroids presented average diameters below 200 um, the maximum size described
without problems in the diffusion of nutrients and oxygen within spheroids®®. It was demonstrated by
Barisam et al. that a decrease in glucose and oxygen concentrations within spheroids, resulting from
higher diameters, leads to the presence of apoptotic/necrotic centers'“. These spheroid cores are
identified by morphological features, such as cell rounding, apoptotic nuclei (pyknotic and fragmented
morphology) and cell death in the center of the spheroid **!. Indeed, we did not observe increased dead
cell labeling in the central part of the spheroids (Fig. 3.1A).

At week 2 of culture, a higher heterogeneity in spheroid diameter was observed, compared to week
1 (Fig. 3.1B), which is in agreement with what was reported previously by our lab'®. However, from
week 2 onwards, loss of spheroid compactness and increased cell death were observed by the more
frequent detection of propidium iodide (PI)-positive cells and lower cell packing density per spheroid

(already visible at day 8 in S1, white arrows Fig. 3.1A)'%,

Despite the slight differences observed, the growth profiles were similar among the three
aggregation strategies (Fig. 3.1C). Cells presented a proliferative profile up to day 4 of culture, after
which the cell concentration started to decrease (Fig. 3.1C). The beginning of this decay corresponds to
the first medium exchange, in which single cells are removed. The decrease in cell concentration was
aggravated with an increase in cell death, observed in the 3D cultures at day 8 (Fig 3.1A). Furthermore,

a gradual cellular attachment to the vessel and impeller was observed from day 4 onwards, leading to a

considerable reduction in the spheroid number by day 10 of culture (Fig. 3.2).

FDA - Live cells | ! — dead cells

Figure 3.2. Characterization of HepG2 spheroid cultures in 30 mL spinner vessels - cell viability and
spheroid morphology. Representative fluorescence microscopy images of live/dead assay. Fluorescein diacetate
(FDA) — green, live cells; Propidium lodide (PI) — red, dead cells; Strategy 1 (S1), strategy 2 (S2) and strategy 3
(S3), at week 2 of culture (day 10 for S1, S3 and day 11 for S2). Scale bar — 100 pm.

Whilst less drastically than in S1, cellular attachment to the vessel and impeller was also observed

in S2 and S3. Therefore, the spheroid cultures were not maintained further than 11 days. Notably,
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besides viable, spheroids generated by the three aggregation profiles also maintained hepatocyte

phenotype up to week 2 of culture (Fig. 3.3).

Figure 3.3. Characterization of HepG2 spheroid cultures in 30 mL spinner vessels — cell phenotype.
Detection by immunofluorescence of hepatocyte nuclear factor 4 alfa (HNF4a, red) and albumin (red). F-actin
was detected with phalloidin (green), and nuclei were counterstained with DAPI (blue). Images from strategy 2 at
days 3 (A) and 8 (B). Scale bars — 150 um (up) 250 pm (down). Representative images of N=1 independent
experiments.

Specifically, the cell polarization typical of hepatocytes was observed by the accumulation of F-
actin filaments in the apical portion of the plasma membrane!#2143, As our lab and others previously
showed'®, the F-actin accumulation at the cellular junctions throughout the spheroid resembles the

biliary-like structures, typical of polarized hepatocytes. Hepatocellular polarity is essential for liver
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functions such as endocytosis, endosome distribution, glucose metabolism and signaling'*2. The hepatic
identity was confirmed by the presence of the HNF4a, a nuclear transcription factor important for the
liver development®. HNF4a is mostly expressed in mature states during hepatocyte differentiation from
pluripotent stem cells!®4 and was present in most of the cells constituting the HepG2 spheroids (Fig.
3.3). HNF4a expression is reported to be higher in 3D models than in monolayer cultures!>46, The
biosynthetic function was assessed by the presence of albumin, a plasma protein that is synthesized by
the liver?. Albumin was present in a fraction of the cells, as described for HepG2 cell spheroids'®®. These
features were maintained from day 3 to day 8 of culture.

Despite successfully obtaining hepatic spheroids at a smaller scale, the cultures were only fully
viable for about 10 days. This could have happened because of manipulation issues, when taking
samples from the spinners, such as an incorrect placement of the spinner on the agitation plate; the cell
concentration could be inadequate for the spinner hydrodynamic conditions since HepG2 are highly
proliferative. As 10 days of culture do not represent an optimal experimental window for further
introducing monocytes, another strategy was employed. Hence, HepG2 aggregation was performed in
125 mL spinner vessels from Corning®; at day 4 of culture, HepG2 spheroids were transferred into the

30 mL spinners together with a single cell suspension of monocytes, to generate co-cultures (Fig. 3.4).

HepG2 c% 3 .:f_\
‘ — ‘ Monocytes
+

& u HepG2

HepG2 aggregation in spheroids Co-culture in 30 mL
125 mL spinner (4 days) spinner (7 days)
Cell density 3x10° cell/mL 5x105 cell/mL
Cell Ratio
2:1
(HepG2:Monocytes) =
Agitation speed 40— 80 rpm 80— 115 rpm

Figure 3.4. Experimental scheme for the HepG2 aggregation and co-culture of HepG2 cells with monocytes.

By day 4 of HepG2 aggregation in 125 mL spinners, the culture was mainly composed of compact
and viable spheroids, in which HepG2 cells maintained the hepatic phenotype, as previously reported,
Therefore, spheroids with 4 days were selected for the co-cultures with monocytes.

In order to optimize the agitation rate in the 30 mL spinners for the culture of transferred spheroids,
a 3D monoculture of HepG2 was performed. The 30 mL-spinner culture was initiated at 80 rpm, and the

cell viability was assessed throughout time (Fig. 3.5).
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Figure 3.5. Assessment of HepG2 spheroids transferred into 30 mL spinners. Representative fluorescence
microscopy images of live/dead assay (Fluorescein diacetate (FDA) — green, live cells; Propidium lodide (PI) —
red, dead cells) of spheroids at days 4, 7, 14 and 21 of culture. Scale bar — 250 pm.

Spheroids maintained high cell viability and did not fuse for as long as 17 days of culture in 30 mL
spinners (Fig. 3.5). Along culture time, spheroids suffered slight changes in their morphology (e.g., at
day 7 of culture) but recovered the spherical shape, without losing cell viability (Fig. 3.5). Based on cell
viability and spheroid morphology, an agitation profile was established for the co-culture experiments
(table 2.4, section 2).

In parallel, HepG2 spheroids maintained in the 125 mL spinner showed similar cell viability and
spheroid morphology to the ones cultured in the 30 mL spinners (data not shown), suggesting that both
culture formats sustained the culture of HepG2 spheroids generated in 125 mL spinners. Given the
success of this approach, it was employed for the co-culture of HepG2 spheroids with human monocytes
isolated from PBMCs.

3.2. Establishment of a 3D HepG2: Monocytes co-culture

As described above, monocytes were inoculated in 30 mL spinners together with HepG2 spheroids
(produced in 125 mL spinners and collected at day 4, as described in section 3.1, Fig. 3.6). Based on
previous studies, the ratio 2:1 (HepG2:Monocytes) was chosen for our system!32, Three independent
experiments were performed to test the hypothesis of monocyte differentiation into KLCs in culture with
HepG2. To characterize the co-culture, cell viability and monocyte distribution were assessed along

culture time by fluorescence microscopy (Fig. 3.6).
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Figure 3.6. Assessment of co-cultures of HepG2 spheroids and peripheral monocytes. Representative
fluorescence microscopy images of live/dead assay (Fluorescein diacetate (FDA) — green, live cells; Propidium
lodide (PI) —red, dead cells), at days 0 and 7 of co-culture. Monocytes stained with CellTrace violet — white. Scale
bars — 200 um; zoomed-in images — 100 um.

The co-cultures were maintained for one week, along which high cell viability was observed and
although showing high heterogeneity in size, the spheroids retained their compactness throughout
culture time. Some of the monocytes, shown in white, were observed superimposed with the spheroids
(Fig. 3.6 zoomed-in images), which suggests cell adhesion or infiltration, although this could only be

verified through confocal microscopy.

As previously shown for monocultures, the HepG2 spheroids recapitulate the hepatic phenotype
with the apical accumulation of F-actin filaments and the hepatic function, shown by the presence of
albumin. Moreover, by labelling monocytes with the CellTrace™ dye, it was possible to observe by

confocal microscopy some infiltration of immune cells into the spheroids (Fig. 3.7).
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Figure 3.7.Culture characterization by immunofluorescence microscopy. Detection of F-actin (green), HNF4a
(blue), albumin (red) and monocytes (white). Images from experiment 1 at day 7 of culture. Scale bars — 50 um.
Blue arrows indicate monocytes.

To characterize the phenotype of monocytes and their differentiation into macrophages along

culture time, the presence of cell surface markers specific for different cell populations was evaluated

by flow cytometry at days 0 and 7 of culture. The panel consisted of CD14 and CD16 for monocytes;
CD80 for M1-macrophages; CD206 and CD163 for M2-macrophages and KCs; and VSIG4 and

MARCO for KCs. As mentioned before, three independent experiments were performed. However, the

number of cells retrieved from the first two experiments was not sufficient to perform a thorough

characterization; therefore experiment 3 was accounted as N=1 for this readout.

The analysis of the results was performed on FlowJo software and consisted of applying gating

strategies to the samples, defining the populations of interest. The control samples, where the gates were

defined, consisted of unlabeled cells that were only incubated with PBS. This strategy enabled to discard

the autofluorescence of the cells when analyzing the labelled samples. On day 0, approximately 95000

monocytes isolated from PBMCs were analyzed (Fig. 3.8).
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Figure 3.8 Selection of the population of interest for myeloid cell phenotype characterization by flow
cytometry. Flow cytometry 2D plots of monocytes at day 0. A) Side Scatter Area (SSC-A) versus Forward Scatter
Area (FSC-A), to eliminate cell debris. B) Forward Scatter Height (FSC-H) versus FSC-A to define singlets within
the live cell gate. C) FSC-A versus CellTrace Violet to identify monocytes within the singlet gate.
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The first gate applied (Fig. 3.8A) was to separate the live cells from the debris and dead cells
based on their size (FSC-A, forward scatter area) and complexity (SSC-A, side scatter area). This
resulted in a population containing 93 % of the cells assessed, 88438 events. Although the samples were
filtered before analysis, some doublets pass through the strainer. To confirm the presence of doublets,
cells can be plotted as illustrated in Figure 3.8B. To eliminate the doublets from the population of
interest, the cells were plotted as FSC-H (forward scatter height) versus FSC-A (forward scatter area).
The events that presented an enlarged area for the same height (lying outside the linear zone), indicated
signal from cells that were acquired coupled to each other, and were considered the doublets'*’; the gate
was applied to the single cells that appear on a diagonal. The next step was the identification of
monocytes by detection of CellTrace™ cells in the single-cell population. The phenotype analysis was
performed within this gate. The surface receptors CD14 and CD16, commonly used for monocytes
characterization®® were assessed and most of the monocytes were CD14* CD16 (91.6 %), characteristic
of the classical blood circulating monocytes*® (Fig. 3.9). Furthermore, this reveals a high efficiency in
the isolation process since the used kit (EasySep™ Human Monocyte Isolation Kit) claims to purify this
specific population.
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Figure 3.9. Characterization of the monocytes before co-culture (day 0). Flow cytometry 2D dot plots within
the CellTrace Violet-positive population, showing the gating strategy to characterize the cell phenotype. The
stained samples are represented in blue and the unstained (negative control) in orange. The percentages and number
of events displayed correspond to the stained sample.

We also assessed M1-like (CD80) and M2-like (CD206, CD163) macrophage markers, to have
a baseline for the differentiation analysis. CD80 was not detected in any cell, which was expected, since
the sample contained peripheral blood monocytes and this marker is detected in macrophages stimulated
by inflammatory stimuli**®%°. On the other hand, few cells showed positivity for CD163 (8.81 %) and
CD206 (5.91 %). There are two possible explanations for these results: i) there was unspecific antibody
binding that could be excluded with an isotype control; ii) there was contamination upon the process of
isolation. Since the blood was collected from apparently healthy donors, these alterations were probably
not related to phenotype fluctuations that occur in sepsis and other inflammatory diseases®®15L,

Furthermore, the substantially low median fluorescence intensity (MFI) observed for CD206 and CD163
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in these cells at day 0 (120 and 81.4 Arbitrary Fluorescence Units (AFU), respectively) demonstrated
that this positivity for M2 markers probably has no biological significance (Fig 3.10B).
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Figure 3.10. Phenotype characterization of monocytes/macrophages in co-cultures of HepG2 spheroids and
peripheral monocytes. A) Percentages of positive cells detected for each marker, analyzed within the CellTrace
violet™ population. B) Median fluorescence intensity (MFI) of each marker analyzed.

Moreover, the monocytes did not express any of the KC markers (Fig. 3.9), which was in
accordance with the literature, as VSIG4 and MARCO are reported to be absent or at low levels in
circulating monocytes, being only expressed by inflammatory monocytes®21%3, Overall, the monocytes
that were co-cultured with HepG2 cells presented the typical phenotype of classical blood circulating
monocytes® (Fig. 3.10A).

After 7 days of co-culture, the phenotype of the immune cells was once more assessed by flow

cytometry. The same gating strategy was applied to define the population of interest (CellTrace+ cells,
Fig. 3.11).
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Figure 3.11. Gating strategy to define the population of interest for phenotype characterization. Flow
cytometry 2D dot plots of the immune cells at day 7 of co-culture (control condition). A) Side Scatter Area (SSC-
A) versus Forward Scatter Area (FSC-A) plot to eliminate cell debris. B) Forward Scatter Height versus FSC-A
plot to define singlets within the live cell gate. C) FSC-A versus CellTrace Violet plot to identify monocytes within
the singlet gate.
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Within the co-culture, the myeloid cells accounted for 4.5 % of the total cells analyzed. The number
of immune cells in the sample was expected to be low because the inoculation ratio was 2:1 (HepG2:
Monocytes) and, unlike the monocytes, this hepatic cell line is highly proliferative. The decrease of
CD14* cells and simultaneous increase of CD16" cells is related to activation of monocytes, suggesting

that they are differentiating in the co-culture with the HepG2 cells* (Fig. 3.12).
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Figure 3.12. Characterization of the immune cells at day 7 of HepG2 : monocytes co-culture. Flow cytometry
2D dot plots within the CellTrace Violet-positive population, showing the gating strategy to characterize the cell
phenotype. The stained samples are represented in blue and the unstained (negative control) in orange. The
percentages and number of events displayed correspond to the stained sample.

When assessing M1 and M2-like macrophage markers in the sample, CD80 was not detected whilst
74.6 % of the cells were CD206*CD163* (Fig. 3.12). Comparing with day 0, the results suggest that
monocytes differentiated towards an anti-inflammatory (M2) phenotype!*. Although a small population
of cells positive for VSIG4 and MARCO was detected, the MFI for these markers was very low
(Fig.3.10B). It is important to note that VVSIG4 and MARCO antibodies were not validated in a positive
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population before the experiment, meaning that we cannot ensure their specificity and selectivity.
According to the most recent literature in human KCs, these cells are characterized by the expression of
CD68, MARCO and CD163, the last two related to anti-inflammatory/tolerance responses*. On the
other hand, monocyte-derived KCs are associated with a proinflammatory phenotype and in fact, a lower
CD163 expression compared to liver-resident KCs*%2, These observations may suggest that in our
model, the monocytes started acquiring a phenotype that is more similar to KCs in homeostasis rather
than the monocyte-derived KCs phenotype. However, since we observed negligible detection of the KCs
markers, we cannot take conclusions on the identity of the monocytic cells. Tumor-associated
macrophages have an immunosuppressive phenotype®*, which was also described in monocytes
cultured with cancer cell lines™®. Thus, the M2-polarization of monocytes observed in our model may
be due to the tumor origin of the HepG2 cells. Furthermore, the cellular crosstalk needed for the
differentiation into KCs was probably not achieved, as we used a cell line that does not completely
recapitulate PHH. A more complex cellular environment may be needed to achieve this, since it has
been shown, in mice, that HSCs and LSECs also secrete factors that drive this differentiation®?,

In parallel, 2D monocyte cultures were performed to serve as controls for the differentiation of the
monocytes. Cells were either stimulated with IFN-y and LPS to generate M1-Mgs or with IL-4 to
generate M2-Megs. After 10 days of culture, their phenotypes were assessed as described above.
Comparing the percentage of CD14*CD16" monocytes in co-culture for 7 days with 2D controls, a
similarity with the results from M2-phenotype control was observed (Figure 3.13).
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Figure 3.13. Characterization of the immune cells after 10 days of differentiation in 2D cultures. Flow
cytometry 2D dot plots showing the gating strategy to characterize the cells phenotype. The stained samples are
represented in red and the unstained (negative control) in blue. The percentages and number of events displayed
correspond to the stained sample.

The M1-phenotype marker was not detected in any of the differentiated controls. Since this is not
recurrent and even M2-Mos usually present considerable percentages of CD80* cells (Annex 1, previous
analysis from the lab) this happened because the CD80 antibody was not included in the incubation
mixture. M2 markers were detected in both controls, to a less extent for M1-Mgs, as expected (Figure
3.14).
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Figure 3.14. Characterization of the immune cells after 10 days of differentiation in 2D cultures. Flow
cytometry 2D dot plots showing the gating strategy to characterize the cell phenotype. The stained samples are
represented in red and the unstained (negative control) in blue. The percentages and number of events displayed
correspond to the stained sample.

This was also observed in previous experiments (Annex 1), however, the previous data shows
higher percentage of CD206*CD163* cells in M2-Mes (approximately 90%) as expected for M2-
polarized Mos. Again, the monocytes in co-culture showed a similar profile to 2D M2-Mgs rather than
M1, with 74% CD206"CD163" cells. Regarding KC markers, considerable percentages of VSIG4* cells
were detected in both controls, contrarily to what was observed in our co-culture samples. This was
observed as well in another 2D differentiation experiment (Annex 1, where the percentage of VSIG4*
cells was higher than 80%. Overall, the controls corroborate the observations that the monocytes
cultured with HepG2 differentiated into M2-like Mes.
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4. Conclusions

The aggregation of HepG2 cells was successfully downscaled to 30 mL vessels, providing viable
spheroids that could recapitulate the hepatic phenotype and function for at least 8 days. The
accumulation of F-actin filaments at the cellular junctions throughout the spheroids was indicative of
cell polarization. The hepatic identity was confirmed by the detection of HNF4a, which is essential for
the functional differentiation of hepatocytes and the formation of tight junctions. Detection of albumin,
one of the plasma proteins produced by the liver, in a fraction of the cells, was indicative of biosynthetic
functionality.

A co-culture of HepG2 cells and monocytes was established in the 30 mL spinner vessels and
maintained for 7 days with high cell viability. Again, the typical hepatic phenotype and function were
observed in the cultures by fluorescence microscopy detection of F-actin, HNF4o and albumin. Flow
cytometry analysis of the monocytes demonstrated that differentiation occurred throughout culture time.
The increase in CD16* cells indicated activation of the monocytes. Furthermore, the increase in CD163*
and CD206" cells suggested that monocytes differentiated towards a M2-like M phenotype. An anti-
inflammatory phenotype is closer to what was observed for KCs rather than liver monocyte-derived
Maos. However, very few cells were positive for the KC markers, VSIG4 and MARCO, suggesting that
monocytes did not acquire a KC-like phenotype. This could be related to the tumoral origin of HepG2

and their poor recapitulation of the hepatocyte-monocyte crosstalk that drives monocyte differentiation.

This work was a first step in the development of 3D cell-based models to study the role of
monocyte-derived Mes in liver inflammation and disease. The integration of monocytes in hepatic
spheroids gives assess to the cellular crosstalk and the liver immune responses upon injury. Having this
in mind, the next step of this work would be to assess the functionality of the immune cells in this
system. Another important step is to translate this model to PHH:Monocyte co-cultures, since this cell
source gives more physiological results than any cell line, as PHH could provide the necessary factors

for the differentiation of monocytes into KLCs.
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Figure 6.1. Flow cytometry data M1 and M2 macrophage phenotype. Data generated previously by the host
Laboratory, on M1 and M2 macrophages differentiated in 2D, following the protocol described in the Materials
and Methods. A) Percentages of positive cells within CD45* cells and Median Fluorescence Intensity for the
markers CD80, CD163 and CD206 for M1-macrophages (black) and M2-macrophages (red). Data presented as
mean * SD of 5 independent experiments. B) Percentages of positive cells within CD45* cells and Median
Fluorescence Intensity for the markers MARCO and VSIG4, for M1-macrophages (black) and M2-macrophages
(red). Results from one independent experiment.

=49 -



