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Abstract

HBYV is a hepatotropic, partially double-stranded DNA virus that has been associated with
chronic liver diseases such as liver cirrhosis and hepatocellular carcinoma (HCC). It has eight
genotypes and many subtypes, with different risks of disease progression. Risks of HCC
development is especially high in certain ethnic groups, suggesting the importance of host
genetics in the disease outcome. Despite the development of highly effective nucleoside and
nucleotide analogues that can control HBV replication, there is currently no curative
treatment. Pegylated IFN-a is able to achieve functional cure in a small proportion of
patients, and the exact mechanism of how this phenomenon occurs in some and not the

others, is not yet clear.

A major problem with HBV study is the lack of in vitro or in vivo model system that can
recapitulate clinical disease progression. Many in vitro model systems utilise hepatoma-
derived cell lines that suffer from significant physiological and immunological limitations
that restrict understanding of complex viral-host interactions. Primary hepatocytes have been
considered the “gold standard” for in vitro studies but suffer from major limitations, for
instance, they rapidly dedifferentiate in culture, have limited lifespan and are labour intensive

to isolate and maintain.

Stem-cell derived hepatocyte-like cells (HLCs) have gain significant research interest in
recent years due to their ability to self-replenish in their stem cell stage and following
differentiation, are able to achieve mature hepatocyte-like metabolic phenotypes. Studies
using induced pluripotent stem cells (iPSC) derived HLCs have shown the ability of this
model system to support HBV replication. iPSC, however, is not an ideal model system due

to high rates of de novo mutations introduced during reprogramming process.



Another stem cell-derived liver model system is the adult stem cell (AdSC) derived liver
organoids that was first developed in the Hans Clevers laboratory by Meritxell Huch. This
model system recapitulates liver regeneration from ductal stem cells following liver injuries.
Following differentiation, the organoids can achieve metabolic phenotypes similar to liver
tissue. Importantly, these organoids are genetically stable during culture and carry the genetic

signatures of the original host.

In this thesis, we developed and characterise the AdSC derived liver organoids as a novel
model system for assessing HBV lifecycle, cellular responses and also demonstrate their
utility in assessing antiviral response. We first characterise this culture system and the
differentiation processes using mouse liver tissues. We subsequently adapted the culture
system to generate human liver organoids from liver biopsy specimens to increase the
applicability of this culture system as a personalised drug testing platform. We have shown in
this thesis that the differentiated human liver organoids expressed higher levels of metabolic
markers such as albumin and CYP3A4 expression. In addition, we demonstrated the
importance of assessing functional HBV entry receptor (NTCP) expression during the course

of differentiation to determine the optimal timing for HBV infection.

Also arising from this thesis was the observation that the liver organoids can be infected with
both cell culture and plasma derived HBV from different genotypes (B, C, D). In contrast to
HepG2-NTCP, DMSO has no influence on the differentiation and infectivity of HBV in liver
organoids. Importantly, we noticed that HBV infection in different donors resulted in very
different viral dynamics, suggesting that individual host factors play an important role in

HBYV infection and replication. Antiviral response can also be assessed using the liver

Vi



organoids culture system as demonstrated by lack of infection following treatment with

Myrcludex B.

Another novel discovery is that the interferon-stimulated genes (ISG) response to either RNA
mimics or [FN-a stimulation is considerably different in their levels and timing of mRNA
induction. These findings confirm our postulation that the liver organoids can demonstrate
phenotypic donor variations in innate immunity. Having demonstrated that the liver
organoids are immune competent, we assessed ISG induction in liver organoids following
HBYV infection. We noticed that although there were some donor variations in ISG
expressions, the overall level of ISG induction following HBV infection was very poor. This
result confirm that HBV is a poor inducer of ISGs and thus resolving some of the previous

conflicting findings from studies using less physiological model system.

In summary, we have developed a novel in vitro model system to evaluate HBV infection and
the innate immune response. We have shown that the organoids demonstrate individualised
HBYV viral dynamics and ISG response and are responsive to antiviral treatment. We believe
we have significantly improved our understanding of the innate immune response to HBV
infection and the findings from this thesis will help pave the way for future development of a

personalised antiviral platform for novel anti-HBV therapeutics.
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1 Introduction

1.1 Epidemiology and Clinical Presentation of Hepatitis B Virus (HBV)

HBYV is a hepatotropic virus with partially double-stranded DNA genome consisting of 8
geographically distinct genotypes (A-H), multiple subgenotypes and 9 serotypes. It

has a worldwide distribution with the highest prevalence (>8% seroprevalence) in West
Africa and East Asia [1]. It affects more than 240 million people worldwide with

887,000 associated deaths in 2015, mainly attributed to cirrhosis and hepatocellular
carcinoma [2]. The majority of transmission occurs at birth or early childhood, with 90% of
infections progressing to chronic hepatitis B. Acute infections are often subclinical [3]and
fulminant hepatitis is uncommon and caused by immune mediated hepatocyte injury. Co-
infection of HBV with other hepatotropic viruses such as HCV and Hepatitis Delta virus
(HDV) accelerate cirrhosis and risk for HCC (up to 45% lifetime risks). Co-infection of HBV
with HIV also significantly increases the risks of HCC and liver-disease associated mortality
[4, 5]. Ethnicity (Asian and African) and HBV genotypes (A and C) are major determinants
of cirrhosis and HCC development. However, unlike other hepatitis viruses, HBV-associated
HCC can occur without liver cirrhosis [6]. In selected patients, HBV replication can be
temporarily suppressed with short-term pegylated IFN therapy or long-term nucleoside
analogue (NA) therapies. However, there is currently no effective treatment to achieve long
term cure, and the NA therapy is often required lifelong. Earlier generation of NA therapy
(e.g., Lamivudine) has been associated with development of drug resistance within a short
period but this has largely been overcome with newer generation NA (e.g., Tenofovir,
Entecavir) [7, 8]. However, interruption to NA can be associated with significant HBV flare
and in some cases liver decompensation [9]. The international bodies such as WHO recognise

the challenges of achieving HIV cure and the need for better understanding of HBV biology.



Key areas of research identified in the international strategic plan for HBV cure (ICE-HBV)
includes viral and host factors attributing to chronic hepatitis B, immunological responses

HBYV control and co-infection of HBV with other hepatitis viruses and HIV [10].

1.2 HBV Virion Structure and Genome

Human HBYV is an enveloped DNA virus from the Hepadnaviridae family which consists of
mammalian HBV (human HBV, woodchuck WHV, ground squirrel GSHV) and avian HBV
(duck DHBYV and heron HHBV). Viruses from this family contain (1) a unique genome that
consists of a partially double stranded genomic DNA, (2) a RNA-dependent DNA
polymerase, (3) pre-genomic RNA as replication template and (4) species and tissue tropism
[11]. It has a spherical envelope containing host-derived lipids, glycoproteins and surface
antigens (HBsAg). The capsid is a 27nm icosahedral core consisting of core antigen
(HBcAg), DNA polymerase and a 3.2kb genome in the form of relaxed circular dsDNA
(rcDNA) (Figure 1). The HBV genome contains 4 overlapping reading frames (S, C, P and
X) with multiple initiation codons interspersed the S and C domains, hence generating

multiple functionally distinctive proteins [12, 13] (Figure 2).



Figure 1: Structure of HBV Virion and Incomplete Virus

From Left to Right. (A) An electron microscopy picture showing HBV particles present in
serum, representing complete and incomplete viruses (filamentous, spherical, empty virions).
(B) Complete HBV virus and (C) incomplete virus in the form of subviral particles
(filamentous form). (Mandell, Douglas, and Bennett's Principles and Practice of Infectious
Diseases. Elsevier 2010)

Figure 2: HBV Genome Organisation Map, Viral Transcripts and Proteins (A) Genomic
organisation of HBV showing overlapping genes. (B) Major transcripts of HBV

genome. (C) Major proteins expressed by HBV. (Lamontagne. Hepatitis B virus molecular
biology and pathogenesis. Hepatoma Research 2016)



1.3 HBYV Life Cycle

1.3.1 Viral Entry and NTCP

HBYV hepatocyte entry encompasses three sequential events, (1) a low affinity, reversible
binding to Heparan Sulfate Proteoglycans (HSPGs), (2) high affinity binding to Sodium
Taurocholate Co-transporting Polypeptide (NTCP) [14] and (3) endocytosis mediated
internalization. Interestingly, the primary receptor for HBV remained unidentified for many
years until recently where NTCP was identified as the primary entry receptor for HBV and
HDV through gene silencing experiments on human and Tupaia hepatocytes [15]. This has
revolutionised HBV research as cell culture models were developed that paved the way for
entry and receptor studies as well as viral inhibition studies. The NTCP receptor is a
transmembrane protein expressed at the basolateral membrane of hepatocytes and interacts
with the PreS1 region of HBV (Figure 3). In in vitro cell culture models, naturally occurring
NTCP mutations such as S267F and NTCP inhibitors (e.g., Myrcludex B, Cyclosporin) will
abrogate HBV infectivity, suggesting NTCP is essential for HBV entry [14]. NTCP mRNA
and HBV infectivity can be enhanced in the HepaRG cell line with the addition of 2.5%
DMSO through an unknown mechanism [16]. Myristoylation or cholesterol modification of
PreS1 (N-terminus of L protein) is essential for its interaction with NTCP. The post-receptor
entry event involves either endocytosis or caveolae-, clathrin- or macropinocytosis-dependent

membrane fusion but the process is not fully understood [17].



Figure 3: HBV Life Cycle

HBV life cycle as indicated from (1) receptor binding to NTCP, (2) release and transportation
of rcDNA into the nucleus, (3) transcription of mRNAs from cccDNA, (4) packaging of RNA
into viral nucleocapsid following interactions with Pol and Core, (5) regulatory roles of core
protein in cccDNA transcription and (6) excretion of mature virions. (Liang et al. Experimental
models of hepatitis B and C—new insights and progress. Nature Reviews Gastroenterology &
Hepatology. 2016)



1.3.2  Viral Internalisation, cccDNA Formation and Genome Integration

Following viral internalisation, the HBV nucleocapsid and its covalently linked polymerase
are transported to the nuclear pore complex through a microtubular-dependent mechanism,
facilitated by the importin o and 3 receptors (Figure 3 step 2). The mature HBV capsid
interacts with nucleoporin 153 to release the relaxed circular DNA (rcDNA) genome in the
nucleus that is subsequently converted to covalently closed circular DNA (cccDNA) through
a multi-step process [18] (Figure 4), including the removal of viral polymerase at the minus
strand by tyrosyl-DNA phosphodiesterase 2 (TDP 2) and removal of the RNA primer at the
plus strand through unknown host enzymes. This is followed by removal of redundant
sequences from the negative strand by flap structure-specific endonuclease 1 (FEN1) and
repair of the positive strand by host DNA polymerase «/8/3 [19]. The cccDNA is formed by
ligation of the both the DNA strands and arranged in a chromatin like structure with histone
and non-histone proteins, referred to as minichromosomes. The exact mechanism for
formation of cccDNA relies on host-cell factors and is poorly understood. While artificial
model systems such as HBV transgenic mice are useful model to study various aspects of
HBYV lifecycles, they do not produce cccDNA, hence does not fully recapitulate the viral
lifecycle. About 10% of rcDNA is linearised for host genome integration (estimated to be
1:10,000 hepatocytes) (Figure 3) [12]. Genome integration is not an essential process for

replication of HBV but may play a role in HCC pathogenesis [20].

1.3.3 Genomic Replication

Using cccDNA as a template, HBV exploits the host RNA polymerase II to generate a series
of mRNAs. Four major transcripts include the full length 3.5-kb pgRNA, subgenomic RNAs
such as 2.4-kb PreS mRNA, 2.1-kb S mRNA and X mRNA. RNA splicing also results in

additional transcripts (Figure 5). The major spliced variant SP1 RNA encodes for HBV



splicing-generated protein (HBSP) which has been shown to play a role in cell viability,
proliferation and TNF-a signalling [21]. Hepatocyte host factors such as Hepatocyte Nuclear
Factor (HNF), RXRalpha plus PPARalpha are major regulators of the pgRNA and play a
significant role in determining the hepatotropism of HBV [22]. All four mRNAs utilise the

same polyadenylation signal and exportation of mRNAs are assisted by various host factors.

Figure 4: HBV cccDNA Minichromosome Formation
(Yuchen Xia, Haitao Guo. Hepatitis B virus cccDNA: Formation, regulation and therapeutic
potential. Antiviral Research. 2020)



Figure 5: HBV Transcripts
(Ajiro et al.. Oncogenes and RNA splicing of human tumour viruses. Emerging Microbes and
Infections. 2019)



1.3.4 Genome Packaging and Secretory Pathways

The pgRNA has a bicistronic role as a reverse transcription template for the (-) DNA strand
and translation of HBV core proteins. The pgRNA interacts with HBcAg and Pol and the
complex undergoes a conformational change to form a mature nucleocapsid. In the post-ER
pre-Golgi compartment, mature nucleocapsids interact with envelope proteins (translated
from subgenomic mRNAs) to form complete virions which are secreted through the
multivesicular body pathway as mature virions (Dane’s particles) [23]. Independently, the
envelope proteins are also secreted in abundance without the nucleocapsid to form small

spherical and filamentous non-infectious subviral particles (Figure 1).

1.4 HBYV ORF & Proteins

The relaxed circular DNA organisation of the HBV genome consists of a complete (-) strand
with the P protein linked to the 5’ end, and an incomplete (+) strand with RNA
oligonucleotide that is derived from pre-genomic RNA (pgRNA). The relatively small 3.2kb
genome means that the overlapping ORFs must be utilised to maximum coding capacity. The
four major ORFs consists of overlapping genes that encode for seven proteins, i.e., HBx,
core, polymerase, L-HBsAg, M-HBsAg, S-HBsAg, precore/HBeAg. The precore/core gene
encodes for the nucleocapsid and HBeAg. The L-/M-/S- Surface genes encode for envelope
for the large, medium and small proteins. The Pol gene encodes for reverse transcriptase,
RNase H and terminal protein domains. The X gene encodes regulatory X-protein. Of these
proteins, core and HBsAg proteins are structural proteins for the infectious virions whereas
HBeAg is independently secreted from the cells. In addition, direct repeat 1 & 2 (DR1, DR2)
plays an important role in strand specific DNA synthesis and enhancers 1 & 2 (ER1, ER2)

assist with genome transcription.



1.4.1 Polymerase ORF

The HBV Polymerase is a multifunctional protein consists of 4 functional domains, i.e.,
terminal protein, spacer, Pol/RT and RNaseH [24]. The terminal protein is a unique feature of
Hepadnaviridae, and a tyrosine residue serves as a primer for the synthesis of minus-DNA
strand. The terminal protein also plays an important role in pgRNA binding, RNA binding
and protein priming. Only a short segment of the N and C terminal of the spacer are
important in polymerase function. The Pol/RT region helps reverse transcribe the (-) strand
DNA from pgRNA and subsequent synthesis of the (+) strand DNA. The RT region shares
significant homology to the HIV RT, and therapeutic RT inhibitors are active against these
two viruses. The fourth domain, RNaseH plays a role in degradation of pgRNA template

during the (-) strand DNA synthesis.

1.4.2  Precore/Core ORF, HBcAg, HBeAg

HBcAg is encoded from pre-genomic RNA (pgRNA) as a 21kD protein. It is expressed
intracellularly as either soluble dimers or icosahedral capsids. HBV core protein is translated
from pgRNA at position 1901 to form the 183 aa protein. (Figure 3) The predominant role of
core protein is nucleocapsid assembly. The core protein dimers assemble into viral
nucleocapsid which helps package the pgRNA and polymerase. In addition, the core protein
plays a role in regulation of nucleosome spacing in cccDNA and the initiation of reverse

transcription [25].

HBeAg is expressed by all viruses in the Hepadnaviridae family. It is not essential for
maintenance of infection but plays a role in viral persistence through immune evasion [26,
27]. The biosynthesis of HBeAg starts with translation of the precore mRNA at position
1814, forming precore protein (p25). The 19aa signal peptide helps traffic the nascent HBeAg

to the ER in which intracellular HBeAg (p22) is formed following removal of the signal
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peptide by signal peptidase. Further removal of C-terminal domain leads to formation of
secreted HBeAg (p17). In cell culture model using the hepatoblastoma cell line HepG2-
NTCP, cytosolic HBeAg is proposed to have immunomodulating effect which is not seen
with the secreted HBeAg [28]. Cytosolic HBeAg significantly reduces transcription from the
IFN-stimulated response element activity by interfering with nuclear translocation of
pSTATI, a key transcription factor involved in the host antiviral IFN response, leading to a
dampened ISG response to IFN-a[29]. This finding may have clinical correlation in which

HBeAg positive patients are more resistant to IFN-a therapy [30].

Figure 6: Biosynthesis of HBcAg and HBeAg
(Mitra et al.. Hepatitis B Virus Precore Protein p22 Inhibits Alpha IFN Signalling by Blocking
STAT Nuclear Translocation. Journal of Virology 2019)
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1.4.3 PreS/S ORF, HBsAg

The PreS1/PreS2/S ORF contains three in-frame start codons that encode for three HBV
surface proteins (Figure 6): (1) large HBV surface protein (LHBs) which includes the
PreS1/PreS2 and S domains (389-400aa), (2) middle HBV surface protein (MHBs) which
includes PreS2 and S domains (281aa) and (3) small surface protein (SHBs) which contains
only the S domain (226 aa) (Figure 7). These envelope proteins are anchored by the S-
domain to the ER membrane at the first transmembrane region (TM1) [31]. Transmembrane
region 2 (TM2) is located at aa position 80-98 and helps translocation of the aa across the ER

membrane into the ER lumen.

LHBs encompasses two conformations: (1) the PreS1/PreS2 domain is translocated across the
ER membrane and is involved in the mature viral particle attachment process, and (2) the
PreS1/PreS2 domain is orientated towards the cytoplasm and interacts with nucleocapsid to

trigger intracellular signal transduction through protein kinase C.
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Figure 7: HBV Surface Proteins
(Eble et al.. The N-terminal (pre-S2) domain of a hepatitis B virus surface glycoprotein is
translocated across membranes by downstream signal sequences. Journal of Virology. 1990)
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1.44 X ORF, HBxAg

HBx is a regulatory protein encoded by the smallest ORF resulting in a 154aa protein. It
plays several important roles, including transcription of cccDNA, enhancement of HBV
replication and is associated with oncogenesis [32]. At a cellular level, HBx has extensive
effect on the signalling cascades of hepatocytes, including apoptosis pathways [33],
transcription factor activation (AP-1, AP-2, NFAT) [34], innate immune pathways (NF-kb)
[35-37] and oncogenic pathways (p53, Akt, Wnt/b-catenin) [38-40]. In HCC cells, genome
integrated HBx is often active despite absence of HBV replication, suggestive of the role of
HBx in maintaining HCC phenotype. At present, the exact roles of HBx on hepatocytes are

still unclear due to a lack of single acceptable model system [41].

1.5 Viral Variants and Genotypes

HBYV consists of many variants due to lack of a 3’ to 5’ exonuclease activity to proofread the
polymerase gene. These HBV variants are associated with significant geographical variation
and clinical phenotypes, e.g., IFN resistance, vaccine escape, immune escape etc. Immune
escape variants with precore A1896 mutation and basal core promoter T1762/A1764
mutation for example, are associated with high rates of HCC development [42]. Genetic
mutations in these HBV variants are archived in the cccDNA and can re-emerge upon
changes in selection pressure. Significant genetic mutations that can result in viral evolution,
however, are limited in HBV due to the constraints of overlapping genes, with essential viral
proteins often encoded by more than one gene. Thus, the most common genetic variation

seen in HBV consists of intra or intergenotypic recombinant virus.

The gold standard for HBV genotyping is phylogenetic analysis of the complete genome,

often performed using Sanger sequencing. HBV can be categorised into 10 genotypes (A-J)
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and more than 40 subtypes based on nucleotide variations of 8% and 4-8%, respectively [43].
HBYV genotypes have been linked to many clinically important features [44]. Genotype B and
C are the most common genotypes in Asia (Figure 8) [45]. Genotype B has been associated
with more HBeAg loss, lower viral load, less cirrhosis and HCC development than Genotype
C (OR 5.11) [46-48]. Genotype A which is widely distributed in Africa is associated with
more severe liver inflammation (raised ALT levels) and liver cirrhosis compared to Genotype
D [49], whereas South American Genotype F is associated with more death from liver
complications when compared with Genotype A & D [50]. In addition, HBV genotypes are
also important in determining antiviral response, in particular to IFN-a treatment. Non-
comparative studies have independently showed that Genotype A & B have a reasonable IFN
response rates between 40-50% [51, 52] whereas Genotype C and D are associated with poor
IFN response (13-24%) [53]. Importantly, different route of transmissions in various HBV
genotypes with Genotype A predominantly acquired through sexual transmission, Genotype

B and C through vertical transmission, and Genotype D a mixture of both [54, 55].
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Figure 8: Global Hepatitis B Genotype Distribution
(Velkov. The Global Hepatitis B Virus Genotype Distribution Approximated from Available Genotyping Data. Genes 2018)
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1.6 Natural History and Pathogenesis to HBV Infection

1.6.1 HBYV Transmission

HBYV transmission can occur via three mechanisms, perinatal, sexual and bloodborne.
Perinatal infection is the most common form of transmission and in Asian countries and in
the pre-vaccination era, 10-30% of babies born from HBsAg positive HBeAg negative
mothers developed chronic infection [56], whereas 70-90% of babies born from HBeAg
positive mothers developed chronic infection. Sexual and parenteral exposures to HBV result

in <5% of chronic infection, presumably due to more mature immune system in the adults.
p y y

1.6.2 Phases of Chronic HBV
Clinically, chronic HBV infection can be categorised into four phases: (1) immune tolerant

(2) immune active/clearance, (3) inactive carrier (4) immune escape.

1.6.2.1 Immune Tolerant Phase

The immune tolerant phase occurs early in the disease involving infants, children and young
adults in which there is high level of viral replication, HBeAg positivity and normal liver
functions. The majority of these HBV infected children are asymptomatic. In some cases,
newborns to HBV-infected mothers were able to demonstrate HBV-specific T-cell responses,
suggesting that there is adaptive immune response in place at the early foetal life. The
immune response generated in the foetus or infants, however, are less pro-inflammatory,
presumably an evolutionary adaptation to avoid immune reactions in utero [57, 58]. Studies
of circulating and intrahepatic HBV-specific T cells in CHB patients in the immune tolerant
phase have shown that although a T cell response was present, the global T cells ability to
produce IFN-6 and TNF-a is impaired. Similarly, IFN-0 release from NK cells is also stunted
[59]. ALT elevations have been more strongly associated with intrahepatic recruitment of

granulocytes, monocytes and non-antigen specific T cells, which would explain the lack of
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significant inflammatory response in these patients [60]. Transcriptomic analyses of
peripheral blood samples showed poor expression of type I-III IFNs, proinflammatory
cytokines (IL-1RA, IL-6, TNF, IL1B), T and NK cells cytokines (IL-17A, IL-21, IL-13) [61].
Despite a lack of ALT elevation, histologic investigations of children with CHB showed
presence of focal necrosis and Kupffer cell hyperplasia [62]. These findings are suggesting
that background liver damage is occurring in the immune tolerant phase despite seemingly
normal liver enzymes. It remains unclear how this background inflammation translates into
the long-term clinical outcome of CHB with unchecked viral replication as few studies
examine the natural history of CHB in immune tolerant phase. One study comparing the
cumulative risks of HCC and liver-associated events over 10 years in those with immune
tolerant phase did not find any difference in the clinical outcome untreated patients and those

treated with NA [63].

1.6.2.2 Immune Active

The immune active phase is characterised by high level of HBV DNA, liver inflammation
with elevated liver transaminases, and sometimes evidence of liver fibrosis. The HBeAg to
HBeAD seroconversion may occur during this period and is a marker for an active targeted
immune response to HBV. Serum IL-10 and IL-12 are elevated during the immune active
phase, possibly as a result of liver inflammation [64]. IL10-1082 G/G genotype is associated
with higher serum IL-10 levels whereas IL-123-10993 C/G genotype is associated with
higher IL-12 secretion in PBMC [65]. Similarly, IL-10, IL-123 and IFN-y mRNA
expressions were upregulated in liver tissues from patients with immune active phase [66,
67]. In the liver tissue, there is lower furin and higher PD-1/PD-L1 expression, presumably

induced by IFN-y to avoid excessive hepatocyte damage [68, 69]. Furin suppression may
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contribute to reduction in HBeAg and HBsAg biosynthesis, thus accelerating HBeAg

seroconversion.

The annual spontaneous HBeAg to HBeAb seroconversion rate is very low (1.70%) in the
first decade of life [70]. The majority of the children with chronic HBV infection as in the
immune tolerant phase enter the immune active phase after puberty onset. The exact trigger
that leads to immune active phase is not currently known. However, a number of studies have
drawn possible associations. For example, in one study, an increased in 5-alpha reductase
type II (SRD5A2), an enzyme responsible for converting testosterone to more potent
dihydrotestosterone, is associated with early HBeAg seroconversion in males [71].
Dehydroepiandrosterone sulphate (DHEAS) has been considered a potential candidate for
inducing HBeAg seroconversion due to its potent immune-modulating activity and that it
increases 2-3 years before the onset of puberty [72]. Early menarche is also associated with
early HBeAg seroconversion in females. However, it remains unclear whether the changes in
HBV-directed immune response is a direct result of hormonal changes or a bystander effect.
Studies examining the timing of HBeAg seroconversion suggests ethnicity and genotype may
have some impact. The average age of HBeAg seroconversion is in the third decades for most
Asians and Italians, whilst most Greeks seroconvert in second decades of life [48, 73, 74].
Studies on Asians with CHB suggests a decade earlier HBeAg seroconversion in genotype B

in comparison with genotype C [48].

1.6.2.3 Immune Control
Following seroconversion from HBeAg to HBeAb, patients with CHB enter the immune
control phase. This is accompanied by a non-replicative phase characterised with low serum

HBYV DNA, normalization of ALT and histologic activity. However, the highest number of
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basal core promoter (BCP) and pre core (PC) mutants are seen in this phase. The clinical
consequence of the emergence of BCP & PC mutants is unclear due to conflicting results on
their associations with HCC and liver cirrhosis [42, 75, 76]. The overall prognosis of the
inactive carrier is generally good. Spontaneous HBsAg clearance may occur at <0.5%
annually [77]. Peripheral blood analyses showed higher level of T cell and lower level of IFN

transcription activities during the immune control phase [61].

1.6.2.4 Immune Escape

Due to selection pressure from HBeAg/HBeAb seroconversion, replication competent HBV
variants with precore or core-promoter region may be selected. The most common variant
(G1896A) is HBeAg deficient due to presence of a stop codon in the precore region. Other
variants contain mutations in the start codon of the precore region (A1762T) or in the core
promoter region (G1764A), resulting in reduced HBeAg production. Dual BCP mutations
A1762T/G1768A have been associated with HCC development due to upregulation of SKP2
and downregulation of p21. BCP mutations but not PC have been associated with liver
inflammation and cirrhosis [78]. Gene signature analyses from serum in immune escape
phase suggest restoration of NK cell activities with associated ALT elevation, consistent with

the findings of liver inflammation in clinical studies [78].

1.6.3 Immune Response in Acute Infection

The innate immune response represents the first line of defence against viral infection and is
key for establishing an antiviral state and the generation of a robust adaptive response [79].
Conserved regions of viral nucleic acids or proteins, often referred to as pathogen associated
molecular patterns (PAMPs) are first recognized by the pattern recognition receptors (PRRs),

inducing downstream cytokines and ISG expressions, eventually leading to an antiviral state.
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Traditionally HBV has been regarded as a stealth virus due to lack of downstream ISGs
stimulation. However, it is now recognized that HBV can be detected by a number of PRRs.
HBYV core antigen can trigger signalling through TLR-2 receptor recognition on Kupffer
cells, leading to suppression of HBV-specific T cell immunity [80] while HBV pgRNA can
bind to RIG-I in hepatocytes and trigger a weak type I but strong type III interferon responses
[81]. HBV DNA can also be detected by the cyclic GMP-AMP Synthase (cGAS) when

exposed in the cytoplasm [82].

In adult infection, the majority of individuals undergo an acute infection and subsequent viral
clearance. The dynamics of acute HBV infection suggest that there is an early non-cytopathic
mechanism in restricting HBV replication which precedes elevation of ALT and T-cell
infiltration [83-86]. In human and chimpanzee models, acute HBV infection has not resulted
in type-I interferon upregulation except immunosuppressive cytokine IL-10 [87] . It is highly
probable that this early control of HBV replication is achieved by NK and NKT cells due to
their early peak in peripheral blood during acute infection. In the HBV transgenic mice
model, NK and NKT cells have been shown to restrict HBV replication while in the
chimpanzee model, IFN-y release by NK and NKT cells is associated with reduction in HBV
DNA [87]. Ex-vivo experiments also suggest that IFN-y can destabilise cccDNA.
Importantly, T cell mediated responses are essential in eliminating HBV from infected
hepatocytes. It is achieved by a strong polyclonal T-cell response towards HBV core and e

antigen and various cytokines released from CD8+ T cells [84, 85].

1.6.4 Immune Response in Chronic Infection
In chronic HBV infection, NK cells demonstrate a restricted functional response and are able
to induce CD8 T-cell depletion occurs through caspase-8-mediated apoptosis [88]. In vitro

studies using HepaRG cells and primary human hepatocytes (PHH) have shown a lack of
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IFN-mediated immune response [89]. Other studies have shown direct interactions between

HBYV viral proteins with innate immune signalling molecules, resulting in active suppression

of ISG expression (Table 1). Collectively, HBV is a poor inducer and active suppressor of

innate immune responses, although the cellular response and ability of HBV to dampen the

innate responses is not well characterised.

Table 1: Inmunomodulating Effect of HBV

Mechanisms Reference
LUBAC HBYV induces parkin and linear ubiquitin assembly [90]
complex to attenuate MAVS activation
HBsAg Inhibits TLR2 and JNK, preventing IL-12 production [91]
HBYV polymerase | Inhibits a5 and protein kinase C-8, preventing activation [92]
of STAT1/2 heterodimers
HBsAg/HBeAg Inhibits interaction of major vault protein (MVP) and [93]
MyD88, thus suppressing type I IFN
HBsAg/HBeAg Inhibits ISG tetherin which plays a role in preventing viral [94]
budding
HBYV polymerase | Interacts with DDX3 and subsequently inhibits TBK 1 [95]
HBYV polymerase | Interacts with HSP90P to prevent activation of IKKs [96]
HBx Inhibits IRF3 & IRF7 translocation [97]
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1.7 Hepatocellular Carcinoma in HBV

While the mechanisms that contribute to HCC development remain unclear, it is obviously a
result of multifactorial insults to the liver over an extended period of active HBV replication.
This is clearly shown in many clinical studies in which HBV viral load is independently
associated with HCC risks across many HBV genotypes, ethnicity, age and geographical
locations [98]. One of the hallmarks of chronic HBV infection is its ability to induce
oncogenesis through four major mechanisms: (1) chronic inflammation and regeneration, (2)
direct impact of HBV proteins on oncogenes and tumour suppressor genes, (3) epigenetic
changes and (4) tumour favourable microenvironment. The HBx plays a central role in many
of these mechanisms, through its interactions in a myriad of cellular signalling, such as
Ras/Raf/MAPK/ERK, JAK/STAT, PI3K/AKT, Wnt/B-catenin and apoptosis (external and

intrinsic) pathways [37, 99-107].

In chronic infection, HBV is able to minimise the activation of innate immune response in
order to persist in hepatocytes. Persistent viral replication and ineffective viral clearance from
NK, NKT and PMN cells help mediate hepatocyte injury. This creates an environment of
chronic inflammation, oxidative stress, hepatocyte destruction, fibrosis and tissue
regeneration which encourages genetic instability. Numerous signalling pathways, such as
Ras/Raf/MAPK/ERK, JAK/STAT, PI3K/AKT, Wnt/B-catenin and apoptosis (external and
intrinsic) pathways, have been implicated for the pathogenesis of HBV-induced HCC through
pro-proliferative, anti-apoptotic and increasing the malignant transformation potential of cells
[106, 108-113]. However, the extent of individual pathway in oncogenesis is less defined.
HBx has been shown to directly activate the MAPK-ERK pathway through interaction with
Ras, leading to hepatocytes entering into a proliferative S phase, which is vulnerable to
malignant transformation [114]. In addition, activation of JAK-STAT signalling activation

has been shown to be strongly associated with the development of HCC, and HBx is capable
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of constitutively enhancing the expression of STAT3 and STATS within this pathway [115].
Another pathway activated by HBx is the PI3K/AKT pathway which leads to dysregulation
of cell growth and transformation [116]. The Wnt/B-catenin pathway has been increasingly
recognised in its association with many cancers, including HCC. This pathway plays an
important role in regulation of stem cell activation and proliferation and studies using
hepatoma cell lines suggests that HBx, in addition to Wnt-1 is critical in the activation of

Wnt/B-catenin signalling cascade [112].

In addition to chronic inflammation, HBV viral proteins also have direct impact on
carcinogenesis through interactions with oncogenes. HBx upregulates miRNA miR-181
which in turn downregulates PTEN, resulting in uncontrolled cellular proliferation [117].
Upregulation of miR-148a and miR-602 by HBx results in inhibition of tumour suppressor
proteins. HBx also directly binds to the C-terminus of p53, the tumour suppressor gene,
leading to interference in p53-mediated apoptosis, which may have a role in early stages of

HCC development [118].

In chronic HBV infection, HBV integration into the host genome is often a random event,
although integration at chromosomal fragile sites, scaffold attachment regions and repeat
sequence-rich regions have been described [119, 120]. Host genome integration events often
result in integration of HBx and truncated PreS/S sequences into many sites of host DNA,
inducing oncogenesis through trans-acting mechanisms. Upregulation of EpCAM and 3-
catenin by HBx in adult hepatocytes suggest induction of stem cell phenotypes in HBV
infection [121]. In HCC xenograft models, invasive tumours can only be generated from
EpCAM+ cells, suggesting the association of stem cell phenotypes with HCC oncogenesis

[122].
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In animal models, HBx and HBs induce calcium accumulation in the mitochondria with
resultant activation of PYK2, SRC kinases and increased reactive oxygen species which are
involved in early HCC oncogenesis [123]. In addition, CD8 T cell exhaustion induced by
HBx-stimulated upregulation of TGFB1 promotes a tolerogenic environment in the liver

[101]. Furthermore, HBx also upregulates ANG2, promoting angiogenic environment for

HCC.

1.8 Antiviral Therapy and Drug Development
Interferon-a was the most widely used drug for HBV treatment in the 1990s. Since then,

various nucleoside/nucleotide analogues (NA) have been developed with great success in

controlling HBV replication.

NA are prodrugs that require cellular uptake and conversion by cellular kinases into active
triphosphate metabolites. The active form of NA serves as a competitive inhibitor of natural
nucleotide for DNA synthesis, resulting in chain termination. NAs also have an additional
mechanism of action by interfering with protein priming. Guanosine analogues (e.g.,
Entecavir) can interfere with HBV protein priming whereas adenosine analogues (e.g.,
Adefovir, Tenofovir) can impair synthesis of dGAA trinucleotide. Both HBV and HIV share
many structural and functional similarities in their reverse transcriptase, and therefore could
be inhibited by similar NA. Tenofovir (Tenofovir disoproxil fumarate TDF or Tenofovir
alafenamide TAF) and Entecavir are the two most biologically active and most widely used
direct-acting antivirals for HBV. TDF is the initial formulation used in the treatment of HBV
and HIV. TAF is a later formulation in the form of a prodrug in which the phosphorylated
moiety tenofovir diphosphate accumulates in the intracellular compartment at much higher

concentration. The differences in pharmacokinetics allow TAF to be used at a lower
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treatment dose, minimising potential renal and bone complications. Both Tenofovir and
Entecavir (ETV) treatment have been associated with reduced viral reactivation, hepatitis and

mortality compared with other NAs [124].

NA are often prescribed for long-term suppression of HBV, thus preventing NA resistance is
crucial in the management of CHB. This is particularly relevant to HBV due to its high
estimated mutation rate of 1.4-3.2 x107 nucleotide substitution per site and high level of viral
replication in the liver [125]. Most common resistance mutations occur during NA therapy
are L180M (spacer region) and M2041/V (YMDD motif, Pol/RT region) [126]. Clinically,
cumulative resistance associated with Lamivudine (LMV), Adefovir and Telbivudine use is
significantly higher than Tenofovir and Entecavir [127]. Virological breakthrough in TDF or
ETV often requires accumulation of several mutations in the RT regions. Interestingly, due to
the structural similarities between the RT between HIV and HBV, use of ETV in HIV can
select for M1841/V mutation, promoting resistance of other anti-HIV drugs such as LMV and

emtricitabine [128].

The effect of NA on the development of HCC is not entirely clear-cut. Meta-analysis of
Nucleos(t)ide analogues suggest that ETV-treated patients have a lower incidence for HCC
compared with LMV. Despite this, NA-treated patients with pre-existing liver cirrhosis have

a 5.49x higher incidence of HCC than those without cirrhosis [129].

Pegylated interferon-a (2a/2b) is the only drug that can achieve functional cure at a modest
rate (3-7%) in selected HBV genotypes. Functional cure is an important treatment endpoint
for CHB, which is defined by sustained HBV surface antigen clearance. Sustained HBV

surface antigen loss is associated with lower liver cirrhosis and liver associated mortality
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[130]. HBV genotype A and B appear to have a higher rate of HBeAg and HBsAg loss than
genotype C and D, although these are not direct comparative studies [131]. Higher pre-
treatment level of liver inflammation (ALT levels) is a strong predictor of favourable
response [132]. The mechanism of interferon-a in restricting HBV is not fully elucidated due
to the complexity of HBV interactions with the innate immune system. In cell culture and
murine models, interferon-o induces degradation of HBV cccDNA by induction of

APOBEC3s (a cytidine deaminase) and cell-mediated innate immune response [133].

Current treatment strategies have two major shortfalls: (1) treatment of HBV patients is often
life-long and (2) HCC risk under NA treatment is reduced but not eliminated [134]. As such
novel therapeutic strategies (Table 2) are in constant development and employ the use of (1)
direct acting antivirals that target various parts of the HBV life cycles and (2) immune
modulators that induce HBV clearance from infected cells with various host-targeting
strategies. Drug development has been challenging due to a lack of physiologic in vitro

model system in the discovery of novel antiviral host targets and prediction of drug toxicity.
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Table 2: Novel HBV Treatment

Mechal.lism of Drug Clinical Trial NIH Clini?al Trial Reference
Action Stage Identifier
Direct Acting Antivirals
Entry receptor Myrcludex B Phase 2 NCT02881008 [135]
inhibitor
RNA silencers ARC-520/-521 Terminated NCT02452528 [136]
ARB-1467 Terminated NCT02631096
ARB-1740 Preclinical [137, 138]
ALN-HBV02 Phase 1/2 NCT02826018
GSK 3228836 Phase 1 NCT04676724
Core protein AL-3778 Phase 1/2 NCT03125213
inhibitors ABI-H0731 Phase 1 NCT03109730
BAY 41-4109 Phase 1 [139]
GLS4 Phase 1 [140]
JNJ-56136379 Phase 1 NCT03361956
AB-423 Preclinical N/A
HBsAg release REP 2139 Phase 2 NCT02565719
inhibitors REP 2165 Phase 2 NCT02565719
Immune Modulators
RIG-1 NOD2 SB 9200 Phase 2 NCT02751996 [141-143]
activator
SMAC inhibitor Birinapant Terminated NCT02288208
Checkpoint PD-1/PDL-2 mAb Phase 1B ACTRN12615001133527 [144]
inhibitors CTLA-4 mAb Phase 1 NCTO01445379
IL-7 CYTI107 Phase 1/2a N/A
Interferon-A Phase 2 NCT01204762 [145]
TLR-7 agonist GS-9620 Phase 2 NCT01590654
Therapeutic GS-4774 Phase 2 NCT01943799
vaccines ABX 203 Phase 2/3 NCT02249988
AIC649 Phase 1 N/A
FB-02.2 Phase 1 NCT02496897
INO-1800 Phase 1 NCT02431312
TG1050 Phase 1/1B NCT02428400 [146]
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1.9 HBYV in vitro Model Systems

The evolution of cell culture techniques and our understanding of stem cell biology have
allowed significant development of HBV in vitro model systems over the past decade.
Technologies such as 3D culture, co-culture systems and tissue engineering techniques are
gradually closing the gaps between in vitro and in vivo culture systems. Earlier culture
systems using hepatoma derived cell lines such as HuH-7 or HepG2 predominately suffer
from poor susceptibility to HBV infection, thus requiring the use of transfected plasmids to
study the HBV life-cycle. With the recent discovery of NTCP as the HBV entry receptor, the
short-coming of transformed cell lines has been predominately overcome with the creation of
NTCP-expressing cell lines [147]. The major focus of HBV culture system development is
now drawn to the applicability of such model systems. Qualities such as physiologic and
anatomical resemblance to the liver organ, their ability to model for disease pathogenesis
(E.g., HCC, liver cirrhosis, viral resistance) and application such as drug responsiveness to
various therapeutic targets have become very important, if we are to develop novel treatment

strategies with the ultimate aim of HBV cure.

Here we describe some of the currently used in vitro model systems for HBV modelling,
focusing on human tissue derived culture systems. These models can be broadly categorised
into: (1) immortalised cell lines, (2) primary hepatocytes and (3) stem cell-derived
hepatocyte-like cells (HLCs) and are summarised in Table 1 outlining the advantages and

disadvantages of each model system.
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Table 3: Classification of In vitro Model Systems for HBV

In vitro Model Advantages Limitations Reference
Immortalised Long-term culture Low level infection
Cell Lines Metabolic activities and Requires
HepaRG immune response di ffer(elntia tion [148]
comp 221323; tI:: rslmary Difficult to work with
Low viral inoculum. Defective immune
HLCZ Supports long-term HBV [149]
infection fesponses
Immortalised hepatocytes, Tran?ﬁﬁgﬂ cells
HuS-E/2 susceptible to HBV and . . [150]
HCV transformation with
prolonged culture
Immortalised hepatocyte- Transformed cells,
PH5CH like cells, susceptible to limited [151]
HBV and HCV characterisation
Huh7-NTCP Long-term culture Defective immune [14]
responses
HepG2-NTCP Long-term culture Defective immune [14]
responses
Requires
HepaRG-NTCP Long-term culture differentiation [14]
Primary Gold standard for o .
Hepatocytes PHH metabolic activities Limited life-span [152,153]
. - Low viral inoculum. Good
Microfluidic . .
Culture + viral spread Highly complex [154-157]
Kupffer Cell Maintains PHH system.
UpHer et differentiation
Low viral inoculum . .
5C-Cultured . . Similar complexity
PHH Support HBV 1nfectlog for with PHH isolation [158]
a reasonably long period
Stem Cell Human Liver Genetic and phenotypic Lack of other
Derived Organoids resemblance with host . .
immunologically [159]
Hepatocyte (adult stem hepatocytes important coll tvoes
Like Cells cells) Long-term culture possible P yP
Genome instability
Sustain full HBV lifecycle Limited lifespan
Can be co-cultured with Optimisation of [160-165]
iPSC-HLC non-parenchymal cells differentiation
required
Incomplete
reprogramming
Long-term culture of well Limited avallabl!lt.y
characterised ES cell line due to cellular origin
ESC-HLC . . ) Complex [164]
Sustain full HBV lifecycle . L
and viral spread differentiation
) process
Others PHH-Progenitor Expandable PHH Limited life-span [166]

Reversion
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Table 4: Culture Characteristics of in vitrro Models

Chromosomal ; . Susceptibility to Level of HBV Culture Innate Immune S Genetic . .
Model Abnormalities Cellular Origin NTCP Expression HBV Infection Replication Co-culture 3D Culture Complexity Response Donor Variation Manipulation Other infection
. Improved
. Inoculum of > R
Bipotent . . Low. pgRNA } ; metabolic
HepaRG Present progenitors from \((letst Fol:g\:{mg 200 gEB/\c;ell peaks between Cdnlrllot tolelrtate T activities Moderate Good No Yes HCV
hepatoma tierentiation ce day 5-8 cell co-culture Effect on HBV
unknown
Inoculum of 20 High. Similar to
HLCZ Unknown Hepatocytes Yes GE/cell ccHBV & .PHH Unknown Unknown Low Unknown No Yes HCV
or pHBV
Inoculum of >
Yes. Following 200 GE/eell Unknown. No
HuS-E/2 Unknown Hepatocytes differentiation ccHBV or pHBV comparison Unknown Yes Low Unknown No Yes HCV
from transgenic parison.
mice
PH5CH Unknown Liver epithelial Unknown Yes. Inoculum Unknown Unknown Unknown Low Unknown No Yes HCV
cells unknown
Huh7-NTCP Present Hepatoma Yes Poor Unknown Yes Low Poor No Yes Unknown
Poor
10-100 GE/cell
HepG2-NTCP Present Hepatoma Yes ccHBY Good Unknown Yes Low Poor No Yes No
HepaRG-NTCP Present Hepatoma Yes Yes Good Unknown Yes Moderate Good No Yes Unknown
PHH No Hepatocyte Yes Yes High Yes Yes High Good Yes Poor ggz
Microfluidic Yes. Low
Culture + Kupffer Unknown Hepatocyte Yes inoculum 0.05 High Yes Yes High Good Yes Unknown Unknown
Cells GE/cell
5-C PHH Unknown Hepatocyte Yes Yes. 10 GE/cell High Unknown Unknown High Good Yes Unknown. HCV
Probably low
Human Liver Inoculum of >
S . . Yes. Following 200 GE/cell pgRNA peaks . . . . .
Or%?:[(:(i;l({:(;u“ No Bipotent stem cell differentiation cHBV or less for day 8-10 Yes Yes High Good Yes Yes HCV
i ‘ sHBV
. - . Yes. Following Inoculum 500- . . . . .
iPSC-HLC Unknown Somatic cells differentiation 5000 GE/cell High Yes Yes High Good Yes Poor HCV
Embryonic cell
ass . ; pgRNA and
ESC-HLC Unknown mass (gej-rrr} Y??i Follg\&{mg Inoculum of 50- cccDNA peak at Unknown Yes High Unknown Yes Poor HCV
layers) within differentiation 300 GE/cell day 12
blastocyst Y
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Table S: HBV Disease Modeling

Drug Resistance Liver Inj & Modeling for A ment of
Model Acute Infection | Chronic Infection & Viral Spread Innate Immunity Jury HCC ssessment 0
Development Regeneration Host Factors
Development
HepaRG Yes No No Limited Yes No Unknown Yes
HLCZ Yes Yes No Yes Unknown No No Limited
HuS-E/2 Yes No No Limited Unknown No No Limited
PH5CH Yes No No Unknown Unknown Unknown No Unknown
HepG2-NTCP Yes No No No No No No Limited
Primary Yes No No Yes Yes No No Yes
Hepatocytes
Microfluidic 3D Yes No No Yes Yes No No Yes
culture
5-C PHH Yes Yes.(};l})lsto 3 No Yes Yes No No Yes
ESC HLCs Yes Yes.(};l})lsto 28 No Yes Unknown No No Yes
iPSC HLCs Yes Yes No Yes No
AdSC Organoids Yes Unknown Unknown Yes Yes Potentially with T Unknown Yes

cell co-culture
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Table 6: Potential Clinical Applications of HBV Model Systems

Model Drug Screen Pers%r:;l;soenél?rug Personalised Drug Toxicity Viral Reactivation Co-infection with other Viruses
HepaRG Yes No No
HLCZ Yes No No Unknown Yes
HuS-E/2 Yes No No Unknown Yes
PH5CH Unknown No No
HepG2-NTCP Yes No No. Lack drug metabolism No
Primary Hepatocytes Yes Yes Yes Unknown Yes
Microfluidic 3D Culture Yes Yes Yes Unknown Unknown
5-C PHH Yes Yes Yes Unknown Yes
ESC HLCs Yes Yes Yes Unknown Yes
iPSC HLCs Yes Yes Yes Yes
AdSC Organoids Yes Yes Yes Unknown Yes
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1.9.1 Immortalised Hepatocyte/Hepatoma Cell Lines (Table 3)

1.9.1.1 HepaRG

HepaRG cells are a bipotent human progenitor cell line that originates from a resected liver
tumour of a HCV infected patient [167]. HepaRG cell carry some karyotypic abnormalities
with translocations between chromosome 12 and 22, albeit much lower genetic aberrations
than the immortalised hepatoblastoma cell line, HepG2 [167]. HepaRGs are genetically stable
in culture and are not tumourigenic despite their origin. Proteome and secretome analyses
suggest that HepaRG closely resembles primary hepatocytes [167]. They can be
differentiated into a mix of hepatocyte- and cholangiocyte-like cells and assume hepatocyte
polarity when exposed to either DMSO or Forskolin [168]. HepaRGs are serum-dependent,
and when cultured with 2% DMSO during the process of differentiation, can demonstrate
high levels of hepatocyte metabolic activities, including drug detoxifying enzymes and drug
sensing receptors. In addition, HepaRG cells have an intact Wnt--catenin pathway with

significant upregulation of progenitor cell marker, LGRS upon Wnt stimulation [169, 170].

Phenotypically, HepaRG cells retain some features of the biliary oval cells with high
expression of CK19 and M2-PK. Progenitor markers are suppressed during the differentiation
process. When transdifferentiated under low density in vitro culture conditions, they change
from a proliferative phase to static phase and finally assume a differentiated phase consisting
of a mixture of hepatocyte and biliary-like cells. Transplantation in mice with differentiated
or undifferentiated HepaRG, however, results in a predominant hepatocyte phenotype

capable of repopulating the liver [171].

Despite significant similarity between HepaRG and PHH, susceptibility of HepaRG to HBV

infection is low and requires well-defined culture conditions. This includes the use of PEG to
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precipitate the virus, prolonged differentiation of more than two weeks with 2% DMSO and
glucocorticoids. Proliferative HepaRG cells do not express functional NTCP receptor, and
thus are unlikely to be permissive to HBV [172]. Defined differentiation medium consisting
of DMSO and 4SM results in highly differentiated HepaRG cells, however, the level of HBV
replication is still lower than PHH [173]. Culture of HepaRG cells in a 3d spheroids format
can improve expression of metabolic markers but the effect on HBV infection is unclear
[174]. Typically, HBV replication in HepaRG cells peaks between day 5-8 with gradual
decline over 4-6 weeks, hence limiting its capacity to model for chronic infection [148]. In
order to compensate for this short-coming, HepaRG-FRG chimeric mice have been
developed and are able to sustain HBV infection for more than 40 weeks [173]. Another
limitation of HepaRG cells is its intolerability of other culture media, hence restricting T-cell

co-culture system development to assess complex innate immune interactions [175].

1.9.1.2 HLCZ

The HLCZ cell line is a clonal line derived from a hepatoma resected from a HCV patient,
with subsequent isolation following inoculation into immunodeficient mice [149]. This cell
line is permissive to HBV infection with very low inoculum and efficiently replicates HBV to
similar levels of PHH. The HBV pgRNA gradually increases overtime supporting cellular
spread and HBV replication for at least 90 days and therefore serves as a potential candidate
for chronic HBV infection modelling in long-term studies. In addition, this cell line also
supports the full life cycle of HCV and allows co-infection of HBV/HCV[149]. HLCZ is yet
to be fully characterised, and current understanding of its genetics, metabolic activities and
innate immune response in comparison with PHH is limited. It is unclear if this cell line
would permit modelling for development of drug-resistance HBV and assessment for viral

reactivation following antiviral cessation.
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1.9.1.3 HuS-E/2

HuS-E/2 is a primary hepatocyte cell line derived from a 9-year-old patient with primary
hyperoxaluria [176]. Isolated hepatocytes were transduced with CSII-EF-hTERT and LT or
HPV18/E6E7 to induce proliferation and immortalization. The HPV18/E6E7 immortalised
clones were named HuS-E. The genetic background and stability in culture is yet to be

characterised.

HuS-E/2 expresses comparable levels of albumin, apoliporotein-Al, transferrin and CYP450
to PHH at earlier stage of isolation. The CYP450 expression appears to decrease over time,
suggesting gradual dedifferentiation in culture. Albumin and HNF4 expression can be further
enhanced with 3D culture. Due to the transformed nature of HuS-E/2, increase in MMP2,
MMP9 and AFP activities were seen with prolonged culture, consistent with development of

tumour phenotypes.

HuS-E/2 is poorly susceptible to HBV infection unless it is cultured in 2% DMSO. DMSO
treatment significantly increases NTCP expression and infected cells from 1% to 30% [177].
However, despite DMSO treatment, as the culture start to develop more tumour-like

phenotype, the susceptibility to HBV also decreases.

1.9.1.4 PH5CH

PHS5CH is an epithelial cell line originated from a liver resection for a patient with HCC. The
normal liver tissue was isolated and subjected to SV40 large T antigen transduction to create
an immortalised cell line [178]. The PH5CH expresses both cytokeratin and albumin,
consistent with an epithelial/ductal cell origin. Earlier characterisation showed no p53

oncogene abnormalities, but karyotypic and genetic characteristics are largely unknown. This
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cell line while difficult to maintain in culture, is susceptible to both HBV and HCV infection,

although the susceptibility and level of HBV replication is unclear [179].

1.9.2 NTCP-expressing Cell Lines

Human hepatoma derived cell lines such as Huh7 and HepG2 are not permissive to HBV
infection and vector delivery systems are required to introduce the HBV genome, such as a
1.3x mer-HBV [180]. Hence it is not possible to study the HBV entry mechanism using these
cell lines. However, the recent discovery of NTCP as a HBV entry receptor has allowed
engineering of NTCP transduced hepatoma cell lines with high permissiveness to HBV

infection [147].

HepG2-NTCP is now widely used to study HBV infection in culture and allows infection
with as low as 10 genome copies/cell when infected under spinoculation and cultured in the
presence of DMSO and PEG [181]. This culture system allows short-term assessment of viral
spread evident with co-culturing with HepDE19-GFP cells that produce HBV. It is unclear
whether this cell line would sustain HBV replication beyond 2-3 weeks. It has also been used
in drug efficacy screening for HBV antivirals. Other NTCP-expressing cell lines, including
Huh7-NTCP and AML-NTCP (murine liver) are considerably less permissive to HBV
infection [147, 182]. Some murine/rodent cell lines reconstituted with human NTCP
(Hep56.1D-NTCP, Hepal-6-NTCP and TC5123-NTCP) are non-permissive to HBV
infection but are susceptible to HDV infection [14, 183]. As HDV utilises NTCP as an entry
receptor, additional host-factors that permit HBV infection may account for these differences.
The infection rates in HepaRG-NTCP are slightly less than HepG2-NTCP but appears to
have similar levels of replication and HBeAg/HBsAg secretion. Most recently, a derivative of
Huh7 cell line, Huh7D-NTCP has been shown to produce higher levels of HBV replication

compared to HepG2-NTCP [184].
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The major limitation of hepatoma-derived cell lines is the non-physiological nature of the
culture system. Hepatoma cell lines in general, suffer from altered cellular metabolism, and
hence is not a suitable model for assessing antiviral metabolism and toxicity. In addition,
altered innate immunity significantly limits the assessment of cellular responses to various

hepatotropic viral infections [185].

1.9.3  Primary Human Hepatocytes

While primary hepatocytes isolated from liver donors can be infected with HBV, and once
often considered the gold standard, they are difficult to isolate, refractory to passage, rapidly
dedifferentiate in culture and there is significant donor variability [186]. In general, close
association with a liver transplant unit is essential to receive normal liver “cut down”
samples. By culturing multiple islets of primary hepatocytes among the fibroblast cells,
micropattern co-culture system (MPCC) is able to maintain hepatocyte differentiation for up

to 3 weeks [160], although this culture system is technically challenging.

3D microfluidic PHH culture is another liver-on-a-chip culture system developed to mimic
the liver physiology and architecture in an attempt to reduce hepatocyte dedifferentiation in
culture [155, 156]. In this system, the PHH are seeded in collagen-coated scaffolds, and
allowed to form islands of 3D microtissue. It is continuously perfused with growth medium
to provide nutrients. This system can be cultured with non-parenchymal cells such as Kupffer
cells, stellate cells and liver sinusoidal endothelial cells. The PHH developed typical
hepatocyte polarity and sustained metabolic activities and NTCP expression at the level of
freshly isolated PHH were observed for up to 40 days. Despite having similar levels of
metabolic marker expression with PHH spheroids, the 3D microfluidic has a distinctive

advantage in which it can be infected with very low inoculum of HBV. Inoculum as low 0.05
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GE/cell can lead to sustained infection of at least 25 days, at a level much higher than self-
assembling PHH. This culture system also allows assessment of innate immune response,

cell-cell interactions and antiviral response.

Xiang et al. subsequently developed a five chemical (5-C) culture system for PHH to
maintain the phenotypes of terminally differentiated hepatocytes [158]. They established a
defined culture medium consisting of FSK, SB43, DAPT, IWP2 and LDN193189 in order to
block TGF-p signalling and epithelial-mesenchymal transition (EMT) expression. This leads
to maintenance of mature hepatocyte surrogate markers such as albumin, urea and CYP450
enzymes expression for up to four weeks. The 5-C PHH can be infected with HBV as low as
10 GE/cell, with HBV replication up to at least 35 days. Drug and innate immune response
can be assessed using this culture system and the 5-C PHH can also be infected with HCV.
However, the use of PHH is not feasible for most laboratories due to the technical demanding

nature of their isolation and culture.

Another novel model system developed by Hu ef al. involves reprogramming mature
hepatocytes into proliferative hepatocyte organoids, with transcriptomic profiles of these
organoids very similar to PHH [187]. Proof-of-concept transplantation experiment was
carried out successfully by repopulating damaged mouse liver with human hepatocyte
organoids. This model system shows great similarity to PHH and could serve as an

alternative model system to study HBV.
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1.9.4 Stem-cell derived Hepatocyte-like Cells (HLCs)

1.9.4.1 Embryonic Stem Cells Model

Embryonic stem cells are pluripotent stem cells derived from the inner layers of blastocyst
stage pre-implantation embryos [188]. Various embryonic cell lines have now been
developed and characterised for their karyotypic features, gene expression for “stemness” and
genetic stability in culture conditions. Bhattacharya et al. noted a significant variation of gene
expression between different embryonic cell lines during the early stages of cell line
differentiation into embryoid bodies [189]. These differences may reflect the inherent
potential of each cell line to differentiate towards specific lineages. One such example is the

H1, H7 and H9 cell lines which have been used to generate HLCs [190].

Generation of immature hepatocyte-like cells from ESC requires a three-stage process: (1)
development of definitive endoderm from HI line (Activin A, Wnt3A), (2) Differentiation
into early hepatocytes (KSR, KODMEM) and (3) differentiation into immature hepatocytes
(OSM, HGF). This process can take at least 17 days and further development into HLCs with
high level of hepatocyte markers may require even more advanced and prolonged

differentiation process with addition of dexamethasone and insulin [191, 192].

Xia et al. assessed the differentiation and susceptibility of H9-derived HLCs to HBV
infection [164]. H9 cell line consists of normal 46, XX karyotype with all three germ layers
with typical expressing stem cell markers (SSEA-3/4, TRA-I-60, TRA-1-81, alkaline
phosphatase). The ESC-derived HLCs achieved highest levels of NTCP mRNA at day 12 of
differentiation and is susceptible to HBV infection from low inoculum of 50 GE/cell. With
inoculum of 300 GE/cell, infection rates between 50-70% can be achieved. HBV replication

as indicated by cccDNA and HBV RNA expression peak at day 14 post-infection, coincides
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with extracellular secretion of HBeAg/sAg. This culture system could support HBV infection
for at least 28 days. Drug responsiveness to infected HLCs to Myrcludex or Entecavir appear

to be more apparent than PHH or hepatoma cell lines.

While embryonic stem cells have their place, the main drawback of using ESC-derived HLCs
in HBV modelling is its ethical concerns of using embryonic tissue in research. This model
system is now predominately superseded by iPSC derived HLCs which can support similar

levels of HBV replication without the ethical concerns of cellular origin.

1.9.4.2 Induced Pluripotent Stem Cells Model (iPSC)

iPSC are pluripotent stem cells derived from reprogramming of well-differentiated somatic
cells such as skin fibroblasts, keratinocytes, melanocytes, adipose cells, blood cells etc. Using
ectopic expression of Yamanaka factors (Oct3/4, Sox2, KIf4 and c-Myc) through either
genetic and non-genetic approaches, somatic cells can be reprogrammed to achieve
pluripotency [193]. In the process of reprogramming, c-Myc is the most important factor.
This process is relatively conserved among all primates and the resultant iPSC shares many
similarities with ESC such as pluripotent gene expression, DNA methylation and embryoid
body formation. Ang et al. detailed a roadmap to differentiation of hepatocytes from
pluripotent stem cells [194]. Following reprogramming of somatic cells to iPSC, a multi-step
sequential differentiation is required to achieve hepatocyte phenotypes. iPSC is initially
differentiated to definitive endoderm phenotype, followed by formation of liver bud, and
further differentiation into hepatocyte and cholangiocyte lineages. The hepatocyte-like cells
derived from iPSC have been shown to demonstrate similar levels of metabolic markers and
NTCP as PHH. The iPSC-HLCs are permissive with HBV, although requires very high

inoculum to achieve infection and to assess HBV spread through the culture [162].
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Further improvement of HBV replication can be achieved by culturing the iPSC-HLC in 3D
extracellular matrix to allow self-organisation into liver organoids [165]. Ten days post-
infection, these iPSC-HLC liver organoids demonstrate HBV pgRNA, cccDNA and
extracellular DNA at the levels of PHH and are able to sustain infection for at least 20 days.
It can also be used to study ISG kinetics post HBV infection for up to 3 weeks, albeit the ISG

induction is more restricted compared to primary hepatocytes [160, 195, 196].

The main limitation of iPSC-derived culture system is the high rates of de novo mutations.
Chromosomal abnormalities can occur following reprogramming and during passages,
resulting in large clonal differences [197, 198]. The use of lentiviral vectors to deliver
reprogramming transcription factors raise concerns of insertional mutagenesis and
carcinogenesis potentials. Incomplete reprogramming can also occur resulting in cells that are
vastly different from parental cells. These cells may demonstrate tendency for teratoma
formation, poor growth, poor differentiation and abnormal transcription [199, 200]. The use
of iPSC in translational medicine would require application of stringent criteria to link both

biological and molecular phenotypes of iPSC with parental cells [201].

1.9.4.3 LGR5+ Stem Cell Model

LGRS5+ intrahepatic ductal cells represent the bipotent adult stem cells that would regenerate
the liver in the event of significant liver injuries. These stem cells, sometimes addressed as
adult stem cells, originate from a subpopulation of hepatoblasts (~2%) during early
embryonic development and persists into adulthood in non-proliferative state [202, 203].
During liver tissue damage, TET1-mediated hydroxymethylation and Kupffer cell mediated

activation of Wnt/B—catenin pathway initiates these liver progenitor cells to undergo
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regenerative pathways [204-207]. These stem cells have the potential to develop into either

hepatocyte or cholangiocyte lineages.

Upon stimulation with the exogenous factors Wnt3a, R-spondin and Noggin, these liver
bipotent stem cells proliferate in culture and develop into self-organising liver organoids
[208]. These organoids are genetically stable with 10-fold fewer base substitutions compared
with iPSC during cell reprogramming. Following differentiation, liver organoids developed
both hepatocyte and ductal phenotypes with upregulation of metabolic markers and
detoxifying reactions. All these features suggest that the LGR5+ liver organoids have the
potential to be used to predict individual cellular physiology due to the integrity of their
genetic signatures. Similarly, liver organoids could potentially be used to assess hepatotropic
viral infections in each individual and predict personalised drug response. To date, the utility
of LGR5+ liver stem cells as a model of hepatotropic viral infection has not been extensively

explored and as such, is the major focus of this thesis.

1.10 Challenges and Gaps in Current Modeling

Despite significant development in HBV modelling systems in recent years, there is still lack
of a “one size fits all” system. Earlier model systems that utilise immortalised hepatocytes
suffer from poor infectivity and lack of genomic, transcriptomic and proteomic
characterisations and it is unclear if these models truly resemble the human hepatocytes.
Subsequent development of NTCP expressing hepatoma cell lines allow better HBV infection
and replication but suffers from significant genetic and immunological aberrations. PHH
which are often considered the “Gold Standard” also experiences transcriptomic alterations in

culture and lose their mature hepatocyte phenotypes soon after plating.
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The most fundamental goal of a HBV model system is to achieve the ability to predict
clinical response and replicate disease pathogenesis. This encompasses characteristics such as
physiologic resemblance to hepatocytes, maintenance of differentiation, ability to support
chronic infection, intact innate immune response, ability to assess drug response and viral
dynamics and predict individual responses to therapy. Advances in tissue engineering
techniques allow maintenance of PHH phenotypes and HBV replication for longer, thus
achieving some of these goals. However, reproducibility of these model systems cannot be
assessed due to lack of regenerative potentials. In addition, most of the PHH culture systems
do not utilise physiologic oxygen tension in the liver, thus potentially altering the hepatocyte
metabolism. Furthermore, these PHH models are highly dependent on being able to obtain

fresh normal liver for isolation of hepatocytes.

In contrast, stem cell derived culture systems in general have the advantage over PHH in
regard to long-term expansion capability in the undifferentiated state. However, in vitro
differentiation processes in these stem cells still could not achieve a complete transcriptomic
resemblance to PHH. As such, high HBV inoculum is often required to achieve infection and
replication. This finding could be due to the lack of liver non-parenchymal cells which are
important in the development and maintenance of mature hepatocyte functions. Similar to
PHH, the reproducibility of stem cell culture system in HBV infection is difficult to assess

due to the heterogeneity within the stem cell population and variation following passages.

In order to advance the clinical utility of HBV model systems, a standardised quality control
for homogenous differentiation and genetic stability is required. Comparison with a standard
culture system such as PHH would allow estimation of the level of HBV infection and

replication. The laborious nature of PHH maintenance and costs, however, are often
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prohibitory to such comparison. In addition, assessments of NTCP expression and HBV

cccDNA quantification are not standardised, thus limiting inter-studies comparison.

Integration of non-parenchymal cells, T cells and plasma cells in the culture would likely
improve the hepatocyte differentiation and clinical utility in assessing the global immune
response, potentially replacing in vivo culture systems. Future development in HBV model

system should evaluate the epigenetics of HBV infection and early HCC oncogenesis.

1.11 Hypothesis and Aims

The main goal to this thesis is to develop and assess human liver organoids as an in vitro
model for hepatotropic viral infection, using HBV as an example. In addition, we will assess
the interindividual differences in HBV infection and the innate immune response to viral
infection. The long-term goal is to develop a personalised platform for assessing viral

infection dynamics and drug response.

Hypothesis - human liver organoids are a suitable in vifro model system to assess HBV

infection and the cellular response to infection.

Aims:
1. To establish and characterise mouse and human liver organoids for downstream
hepatotropic viral infections
2. To assess HBV infection and the antiviral response in human liver organoids
3. To investigate the innate immune response in human liver organoids following HBV

infection
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2  Methods

2.1 General Molecular Methods

2.1.1 Oligonucleotides

All DNA oligonucleotides (primers) that were used for PCR, gqRT-PCR and sequencing were
synthesised by Sigma-Aldrich in lyophilized form at the HPLC purification standard. Stock
was diluted in nuclease-free TE buffer to 20uM and stored at -20°C long-term. The volume
required for dilution was determined using the GraphPad molarity calculator [209].

2.1.2  RNA Extraction

Confluent cells or organoids from one well (24-well plate) is required as starting material.
Organoids were pooled and washed in 15-mL centrifuge tube with cold PBS followed by
centrifugation at 300 x g at 4°C for 10 minutes. This process was repeated twice to achieve a
defined cellular pellet and separation from extracellular matrix (BME2). Following removal
of extracellular matrix, S00uL of TRIsure (Bioline) was added. Total RNA and viral RNA
were extracted using phase separation as per manufacturer’s instructions. Quality of RNA
was examined with either spectrometry or Nanodrop 2000 using 260/280 absorbance ratio
before proceeding to downstream analysis.

2.1.3 gRT-PCR

All RNA samples were diluted to the same concentration with nuclease-free water before
proceeding to qRT-PCR. cDNA first strand synthesis and amplification were performed
using a one-step preparation Luna Universal qPCR mastermix (NEB). For each sample, 10uL
reaction mix was prepared consisting of 0.2uL forward and reverse primers (20uM), SuL of
2X SYBR Green Mix (NEB), 0.5uL of reverse transcriptase, 1.6uL of nuclease-free water
and 2.5uL of RNA. gqPCR was performed on StepOnePlus Real-time PCR System (Applied

Biosystems) under the following cycling conditions: initial denaturation 95°C for 60s,
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denaturation 95°C for 15s, extension 60°C for 30s for 40 cycles and melt curve analysis 60-
95°C (ramp rate 5°C /s) continuous. Primer sequences used are provided in the

supplementary material. For assessment if relative gene transcription, expression of a stable

liver house-keeping genes mRNA (e.g., RPLPO, GAPDH) in each sample is used as control.

2.1.4 Statistical Analyses

All experiments were performed in triplicates for each culture condition and tested in
duplicates for qPCR or antigen quantification with chemiluminescent assays. For qRT-PCR
analysis, expression of genes is first normalised to house-keeping gene for each sample.
Differential expression of genes between 2 or more groups were compared using 2-way
ANOVA analysis in Prism 8. Charts were presented as mean +/- SEM with level of
significance according to standard GraphPad format for p values.

2.1.5 Immunoblotting

Confluent organoids from 12-well trays were harvested by washing the tray with ice-cold
PBS and centrifuged at 300 x g for 10 minutes at 4°C to pellet the cells. This process was
repeated twice to ensure a good separation between cell pellet and extracellular matrix.
Following removal of extracellular matrix, organoids were resuspended in 100uL cell lysis
buffer (Abcam) with the addition of protease inhibitor (Sigma Aldrich). Cell lysate was
incubated on ice for 20 minutes followed by centrifugation at 12,000 xg for 10 minutes at
4°C. Protein fraction was collected for downstream immunoblotting.

For protein transfer, 15uL of protein sample was first mixed with 4x loading buffer and
boiled at 95°C for 5 minutes. Sample was loaded in polyacrylamide gel with 7uL of Precision
Plus Protein Kaleidoscope marker (BioRad) added as protein standard. Gel electrophoresis
was carried out in running buffer (900mL dH20, 100mL 10x Tris Glycine SDS) at 100V for

60 minutes. Protein transfer was carried out using the Trans-Blot Turbo Transfer System
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using the mixed MW protocol (BioRad) onto nitrocellulose membrane. Membrane was
subsequently blocked with 5% skim milk in 0.1% TBS-T for 1 hour in gentle agitation.
Following rinsing with 0.1% TBS-T twice, membrane was incubated with primary antibody
diluted in 1% skim milk at 4°C overnight in gentle agitation. Membrane was washed five
times at 5 minutes interval before addition of horseradish peroxidase-conjugated secondary
antibody diluted in 1% skim milk and further incubated for 1 hour at ambient temperature.
Membrane was washed five times at 10 minutes interval. Chemiluminescent detection was
carried out using the SuperSignal West Femto Maximum Sensitivity Substrate kit (Thermo

Scientific) and imaged with Chemi DocTM MP Imaging System (BioRad).

2.2 Immunofluorescence Microscopy

Immunofluorescence staining of a three-dimensional structure such as liver organoids can be
carried out using wholemount technique or p-slide Chamberslide and examined with
confocal or 3D-microscope.

2.2.1 Wholemount

Wholemount staining was used if large quantity of organoids was required or if organoids
were cultured in different experimental conditions. Confluent wells of organoids in 6-well
tray were placed on ice for 30 minutes and washed with ice cold 0.1% BSA repeatedly until
no visible extracellular matrix left before proceeding to fixation with 4% PFA for 30 minutes
at room temperature. After fixation, organoids were incubated with 50mM NH4Cl for 30
minutes to remove autofluorescence. This was replaced with blocking solution (1xPBS, 0.1%
Triton X-100 vol/vol, 1% DMSO vol/vol, 1% BSA) and the organoids were incubated at
room temperature for two hours. Additional blocking was performed by incubating with 5%
BSA for a further 30 minutes. Organoids were subsequently incubated with appropriate

dilution of primary antibodies (in 0.1% BSA) at 4°C on gentle agitation for 16-48 hours. Four
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times of interval washes with 0.1%BSA/PBS was performed, followed by a 2-hour
incubation with secondary antibodies and 10 minutes incubation with DAPI at 1:1000
dilution. Following gentle centrifugation, organoids were resuspended in Vectashield antifade
mounting medium (Vector Laboratories) and transferred to a glass slide. After mounting the

coverslip, the slide was sealed with nail polish and placed at 4°C overnight to dry the seal.

2.2.2  p-slide Chamberslide

Chamberslide staining of organoids provide a faster and more cost-effective option for
immunofluorescence due to the smaller volume of reagents required. Organoids stained using
this method are more likely to retain an intact 3D structure due to lack of compression from a
coverslip. Organoids were first cultured in p-Slide 8 well chamberslide (Ibidi) until 80-90%
confluent before performing the staining procedures as above. Vectashield was added to each
chamber before imaging with confocal microscope.

2.2.3 Confocal Microscope

Immunofluorescence labelled organoids were visualised using the Olympus FV3000 confocal
laser scanning microscope. Laser intensity and exposure were adjusted based on positive
control sample and percentage of signal offset was determined using the negative control
sample to minimise artefact detection. Multi-dimensional imaging of organoids was
performed using the Z-series. For organoids with diameters between 150-200pum, 30-50
slices acquisition is sufficient to generate a 3D reconstruction. Image deconvolution, volume
and Z-plane views were generated using CellSens software (Olympus). 3D reconstruction
and animation were performed using Imaris software (Bitplane).

2.2.4 3D-Microscope

Immunofluorescence-labelled organoids were placed in a micro-centrifuge tube and loaded
with 1.5% low melting agar (Sigma) that was pre-heated to 35°C. Using a ImL Tuberculin

syringe, the gel embedded organoids were pumped into a size 4 glass capillary (GmbH). The
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capillary was immersed in PBS with light protection and allowed to set at room temperature.

Visualisation of the organoids were done using Zeiss Lightsheet Z.1 with a 20x lens.

2.3 Electron Microscopy

Organoids were washed with cold medium to remove BME2 and fixed with 4%PFA/1.25%
glutaraldehyde/4% sucrose for 1 hour. After fixation, organoids were treated with 2% OsO4
for 1 hour, washed with 4% sucrose, followed by gradual dehydration with 70, 90 and 100%
ETOH and gradual infiltration from 100% propylene oxide to 100% resin before
polymerization at 70°C for 24-48 hours. Blocks were sectioned at 40nm slices and imaged

using the FEI Tecnai G2 Spirit TEM.

2.4 Histopathology

Organoids were washed twice with cold PBS to remove the extracellular matrix before
fixation with 4% PFA for 30 minutes at room temperature. Organoids were pelleted with
gentle centrifugation at 70xg for 5 minutes and subsequently embedded in pre-heated
HistoGel (Thermo Scientific) in a cryomould. HistoGel was allowed to set on ice for 10
minutes and placed in 10% formalin overnight before transferring into 70% ETOH for
histology processing and paraffin embedding. Organoids were sectioned at Sum and fixed to
glass slide by heating to 60 for 20 minutes. Haematoxylin and Eosin staining was performed

as previously described [210].

2.5 Tissue Culture

2.5.1 General Cell Lines
Cell lines used in this thesis includes HepG2, HepG2-NTCP, HepAD38 and Huh 7.5. HepG2

(ATCC HB-8065) is an immortalised hepatocellular carcinoma cell line derived from a 15
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years old Caucasian male. It is used as a negative control for NTCP expression. HepG2-
NTCP is a HepG2 cell line that is stably transfected with human NTCP and is permissive to
HBYV infection[211]. Huh-7.5 (CVCL_7927) derives from parental clone Huh-7 cells, which
are hepatocellular carcinoma cell line originated from a 57 years old Japanese male.
Following selection for their high permissiveness to HCV infection and replication, Huh-7.5
cells were cured of HCV through prolonged treatment with IFN-a[212]. This cell line was
kindly provided by Professor Charles Rice.

2.5.2 Organoids Culture

2.5.2.1 Generation of Wnt-3a, Rspol and Noggin Conditioned Media

2.5.2.1.1 Wnt-3a

Wnt3a cell line was provided by Professor Hans Clevers from the Hubrecht Institute[159].
Wnt3a cells are cultured in DMEM (Gibco cat 12430054), 10%FBS, 1%
penicillin/streptomycin and 300g/mL Zeocin and passaged using TrypLE Express
(ThermoFisher). For conditioned medium production, 1.5-2 x10° cells were seeded in T175
flask and cultured until 75% confluence. Growth medium was replaced with 40mL of harvest
medium (without Zeocin) and cultured for a further 7 days. Harvest the conditioned medium
by filtering through a 0.45um filter cup. Conditioned medium was stored at 4°C for up to 6
months or -20°C for up to 12 months. L Wnt-3A (ATCC CRL-2647) is a mouse fibroblast
cell line which can also be used as an alternative for conditioned medium production given
high amino acid sequence homology between human and mouse Wnt-3a.

2.5.2.1.2 Rspol

The 293T-HA-Rspol-Fc cell line was provided by Professor Nick Barker. The Rspol growth
medium consists of DMEM, 10% FBS, 1% penicillin/streptomycin and 150g/mL Zeocin.
Similar to Wnt-3a conditioned medium production, after reaching 75% confluency, the

growth medium was replaced with harvest medium which consists of Advanced DMEM/F-
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12, 1% penicillin/streptomycin, 1x Glutamax and 10mM Hepes. Conditioned medium was

stored at 4°C for up to 6 months or -20°C for up to 12 months.

2.5.2.1.3 Noggin

The Noggin cell line was provided by Professor Hans Clevers from the Hubrecht Institute. It
was cultured in DMEM, 10% FBS, 1% penicillin/streptomycin and 500pg/mL G-418.
Noggin conditioned medium production and harvest medium are similar to Rspol.

2.5.2.2 Quantification of Conditioned Media Activity with TCF/LEF Assay

TCF/LEF assay is a beta-catenin reporter assay and is routinely used for testing of Wnt-3a
and Rspol activities before the conditioned media are used for organoids culture.
Conditioned media produced from L cells (ATCC CRL-2648) and L-Wnt3a (ATCC CRL-
2647) were used as negative and positive controls respectively.

HEK293T cells were transfected with either M50 Super 8x TOPFlash (#12456 Addgene) or
M51 Super 8x FOP Flash (TOPFlash mutant, #12457 Addgene) plasmid using Lipofectamine
2000 along with a Renilla luciferase vector (pRL-TK) as a transfection control. 24 hours
post-transfection, culture medium was replaced with respective conditioned media (Wnt3a,
Wnt3+Rspol 1:1 vol/vol, L2 and L-Wnt3a) and cultured for a further 48 hours. Cells were
harvested and tested for luciferase expression using the Dual-Luciferase Reporter Assay
(Promega). TOP/FOPwny ratio of >25 indicates adequate Wnt activity and

TOP/FOPwnyrspo: TOP/FOPwn: >5 indicates adequate Rspol activity.

2.5.2.3 Patient Selection and Organoids Isolation

Patients who underwent liver resections for metastatic carcinoma or core biopsies were
recruited through the Gastroenterology and Liver Tissue Repository at the Royal Adelaide
Hospital with ethics approval from the hospital research committee. Tissue distant from
resected tumour (>10cm away) or fragments of core biopsied tissues (weight 20-50mg) were

used for organoids isolation. Tissues were minced and digested with collagenase to single
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cells before embedded in reduced growth factor extracellular matrix (Cultrex BME2, R&D
Systems). Selective isolation of ductal stem cells was achieved using Isolation Medium (IM)
consisting of Expansion Medium (EM) supplemented with 5%v/v Noggin conditioned
medium (homemade), 30% v/v Wnt3a conditioned medium (homemade) and 10uM of Y-
27632 (Sigma), cultured under standard incubator conditions (80% N2, 15% O> and 5% CO»)
until organoids were visible. Organoids were subsequently cultured and passaged in EM
which consists of Advanced DMEM/F12 (ThermoFisher) supplemented with 1x B27
(ThermoFisher), 1x N2 (ThermoFisher) 1.25mM N-acetylcysteine (Sigma), 10mM
nicotinamide (Sigma), 10% v/v R-spondin conditioned medium (homemade), 10nM
recombinant human gastrin (Sigma), 50ng/mL EGF (Peprotech), 100ng/mL FGF-10
(Peprotech), 25ng/mL HGF (Peprotech), 10uM forskolin (Tocris), and SuM A83-01 (Tocris).
2.5.2.4 Organoids Differentiation

Following digestion with TrypLE (ThermoFisher), organoids were seeded as single cells and
cultured with EM supplemented with 10uM Y-27632 for 4-5 days to avoid anoikis. Once
organoids reformed (20-30pum diameter), medium was changed to EM supplemented with
BMP-7 (Peprotech) for 5 days, followed by 10 days in Differentiation Medium (DM) to
induce hepatocyte differentiation. DM consists of Advanced DMEM/F12, 1x B27
(ThermoFisher), 1x N2 (ThermoFisher), ImM N-acetylcysteine (Sigma), 10nM recombinant
human gastrin (Sigma), 50ng/mL EGF (Peprotech), 25ng/mL HGF (Peprotech), 100ng/mL
FGF-10, 0.5uM A83-01 (Tocris), 10uM DAPT (Sigma), 3uM Dexamethasone (Sigma),
25ng/mL BMP-7 (Peprotech), and 100ng/mL (FGF-19 (Peprotech).

2.5.2.5 Organoids Transfection and Polyl:C Stimulation

Organoids were cultured in 6-well tray until confluent. Following removal of extracellular
matrix, organoids were placed in 3mL of TrypLE Express (Thermo Fisher) and incubated at

37°C for 15 minutes. Interval aggressive agitation by pipetting was performed every 5
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minutes and a small aliquot was examined under the light microscope to ensure complete
dissociation of organoids into single cells. Cells were washed with Advanced DMEM/F12
(Gibco) and centrifuged at 300 x g for 5 minutes. Supernatant was removed and cells were
resuspended in growth medium supplemented with 10uM Y-27632. Transfection reagents
were prepared according to the Lipofectamine 3000 protocol. For Polyl:C stimulation,
lpug/mL concentration was used. Following mixing with transfection reagents, organoids
were placed in a non-adherent tray for spinoculation at 600xg at room temperature for 1 hour.

Media change was performed after 24 hours.

2.6 HBYV Infection System

2.6.1 Generation of Cell Culture-derived HBV Viral Stock

Cell culture derived HBV (genotype D) were prepared from supernatant of HepAD38 cells
cultured in Advanced DMEM/F12 (ThermoFisher) supplemented with 10% FCS and
400pg/mL G-418 for ten days. Culture supernatant was collected through a 0.4 um filter and
precipitated using PEG8000 (final concentration 8%) overnight before centrifuged at
15,000xg at 4°C for one hour. Viral pellet was reconstituted in Advanced DMEM/F12 at

1/50-1/100 of the original volume. Genotyping was performed using S gene sequencing

described by Li et al..[213]

2.6.2 Generation of Plasma-derived HBV Viral Stock
Untreated HBV-infected patients with high viral load were recruited from the Royal Adelaide
Hospital via GLiTR. 80-100mL of blood in EDTA-free gel tube was acquired from each

patient. Following centrifugation at 2000xg at 4°C for 15 minutes, plasma was stored

unprecipitated in in -80°C as viral stock.
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2.6.3 Genotyping of Plasma HBV

HBV DNA was extracted from stored plasma using NuceloSpin Blood (Macherey-Nagel)
and eluted to 50uL. PCR for S gene was performed using Q5 High Fidelity 2x Master Mix
(NEB) for the following conditions: initial denaturation 98°C 30s, cycling 95°C 10s, 60°C
30s, 72°C 40s for 35 cycles and final extension 72°C 2 minutes. 10uL of DNA was run on
1% agarose gel to check for 1.2kb PCR product before proceeding to PCR clean-up with
Isolate II PCR and Gel Kit (Bioline) following manufacturer instructions. DNA was
quantified and checked for purity with Nanodrop 2000 before performing Sanger sequencing
with S gene primers. Sequencing reads were checked for Q20 values and signal intensity
before alignment with reference sequences using NCBI Nucleotide [214]and HBVdb[215].
2.6.4 Quantification of HBV Viral Load

HBYV viral load was determined with qPCR using a standard curve generated from a dilution
of linearised 1-mer HBV plasmid. The HBV standard was prepared by HindII-HF and xhol
digestion of 1.3-mer pBB45HBYV plasmid. Following DNA gel electrophoresis, linearised
6769 kb band was cut out and gel extracted using Isolate II PCR clean up kit. Concentration
of the DNA was determined using Nanodrop2000. The mass of a single plasmid molecule

was calculated using the following formula and was determined to be 7.418e-18g.
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Plasmid mass at different copy numbers were determined next.

Copy# Mass of plasmid DNA
(2)

300,000 2.23e-12

30,000 X7.418e-18g | 2.23e-13

3,000 2.23e-14

300 2.23e-15

3 2.23e-16

First dilution of plasmid standard was prepared using the formula C1V1=C2V2 followed by
10-fold dilutions.

Following qPCR, Ct values of samples were compared with the Ct values of the standards
using linear regression analysis performed on Prism 8 (GraphPad). The log2DNA copies
determined for each sample can be converted to normal DNA copies using the EndMemo
log2 conversion tool[216].

2.6.5 Viral Infection Protocol

Before infection with virus, BME2 was first removed by repeat washing with ice cold
DMEM. Organoids were resuspended in culture medium and a 50uL aliquot is taken for cell
counting. The aliquot of organoids was pelleted with benchtop centrifuge and the medium
replaced with 50uL of TrypLE Express and incubated for 15 minutes at 37°C. Aggressive
pipetting was performed to ensure dissociation of organoids into single cells before cell

counting with a haemocytometer. Total number of cells were calculated as follow:
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Cell Count from Aliguot X Total Volume

Total Cell Number =
Aliquot Volume

Known inoculum of virus was added to the cells to achieve the desired MOI or genome
copies/cell. PEG8000 was added to achieve a final concentration of 8% before plate
spinoculation at 600xg for one hour at 35°C in a non-adherent plate. Equal volume of culture
medium + 10% Rspo1 conditioned medium (vol/vol) + 10uM Y-27632 were added and the
organoids were cultured for a further 20-24 hours. Virus inoculum was removed by repeated
washing with DMEM to avoid subsequent detection of input virus. When large viral
inoculum was used, organoids were washed at least 8-10x and the step repeated after
48hours. Organoids were subsequently seeded into new non-adherent plate and cultured with

appropriate culture medium.

2.6.6 Quantification of HBV infection from Infected Organoids

2.6.6.1 Supernatant HBV DNA

Following infection with HBV, 200 uL of supernatant from culture was subjected to two
DNasel treatment (2U/uL) in the presence of 1L of 1M MgCly/sample to remove non-
encapsidated HBV DNA. Samples were incubated at 37°C for 2 hours followed by addition
of 25uL of 5x STOP buffer (2.5% w/v SDS; 100mM Tris pH7.5; 125mM EDTA). HBV

DNA was isolated using the NuceloSpin Blood (MaCherey-Nagel) and quantified using

qPCR using a standard curve generated from dilutions of 1-mer HBV.

2.6.6.2 cccDNA

Intracellular DNA was extracted using NucleoSpin Tissue Kit (Macherey-Nagel) and eluted

to 50uL. 10uL of DNA was subjected to TS5 exonuclease digestion to remove rcDNA, dsl
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DNA, PF-rcDNA. For each 10uL reaction, 10U/uL of TS exonuclease (NEB) and 10x NEB
buffer 4 were added and incubated at 37°C for 30 minutes followed by inactivation at 99°C
for 5 minutes. qPCR was performed using the following cycling conditions: denaturation
95°C 10 minutes, amplification 95 15s, 60°C 5s, 72°C 45s, 88°C 2s for 40 cycles, melt curve
analysis 951s, 65°C 15s, 95°C 2 acquisitions per °C continuous. The cccDNA primers were
validated against previously described primers by Singh et al..[217]

2.6.6.3 HBV RNA

Extracted cellular RNA was checked for purity and quantified using Nanodrop 2000 and
diluted to 20ng/uL. 50ng of RNA was used in each qRT-PCR reaction to assess for HBV
pgRNA and total RNA. Quantification was performed by comparing the CT values to a
standard curve generated from linear regression analysis of 10-fold dilutions of a linearised 1-
mer HBV plasmid. Parallel samples without reverse transcription was used to rule out DNA
contamination. In the setting of DNA contamination due to large viral inoculum, RNA was
treated with DNase followed by inactivation using the TURBO DNA-free Kit (Invitrogen)

according to manufacturer instructions.

2.6.6.4 Secreted HBeAg and HBsAg

Supernatant (200uL) was collected from infected organoids for HBeAg and HBsAg
quantification using the Elecsys HBeAg and HBsAg II kit chemiluminescent microparticle
immunoassay (CMIA) on the Cobas €602 instrument (Roche). Results were reported as S/CO

ratio.
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2.7 RNA Sequencing & Analyses

Total RNA was extracted using TriSURE as above followed by RNA clean-up using the
RNeasy PowerClean pro CleanUp Kit (Qiagen). Quantification was performed using Qubit
RNA HS Assay Kit (Invitrogen) and diluted to 200ng/uL for each sample. Total RNA was
converted to strand specific [llumina compatible sequencing libraries using the Nugen
Universal Plus mRNA mRNA-Seq library kit from Tecan (Mannedorf, Switzerland) as per
the manufacturer instructions (MO1442 v2). Briefly, 500ng of total RNA was polyA selected
and the mRNA fragmented prior to reverse transcription and second strand cDNA synthesis
using dUTP. The resultant cDNA is end repaired before the ligation of Illumina-compatible
barcoded sequencing adapters. The cDNA libraries were strand selected and PCR amplified
for 12 cycles prior to assessment by Agilent Tapestation for quality and Qubit fluorescence
assay for amount. Sequencing pools were generated by mixing equimolar amounts of
compatible sample libraries based on the Qubit measurements. Sequencing of the library pool
was done with an Illumina Nextseq 500 using single read 75bp (v2.5) sequencing chemistry.
[llumina high-throughput sequencing data was processed using a standard RNA-seq analysis
workflow. Raw single-end FASTQ reads were assessed for quality using FastQC/[218] and

ngsReports[219] (https:/bioconductor.org/packages/release/bioc/html/ngsReports.html), and then

aligned to the GRCh37.p13 version of the human genome

(https://www.ncbi.nlm.nih.gov/genome/annotation euk/Homo sapiens/105/) using the transcriptome

algorithm STAR[220]. After alignment, mapped sequence reads were summarised to
GRCh37 gene annotation using featureCounts, available through the package RSubread

(https://bioconductor.org/packages/release/bioc/html/Rsubread.html).

Differential gene expression was carried out using R/Bioconductor packages limma[221] and
edgeR[222], using mean-variance relationship estimates of the log-counts from the limma

voom method[223] and contrasts defined between each sample group. KEGG pathway and
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Gene Ontology enrichment were also carried out using R/Bioconductor packages, and

heatmaps and upset produced using pheatmap (https://cran.r-

project.org/web/packages/pheatmap/index.html) and upSetR (https://cran.r-

project.org/web/packages/UpSetR/index.html). All code carried out in the study 1s available in the

RMarkdown document (Supplementary Materials).
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3 Chapter 3: Generation and Characterisation of Mouse and Human
Liver Organoids

3.1 Development of Mouse Liver Organoids

Prior to the development of human liver organoids, mouse liver organoids were generated
and characterised as a proof of concept. As human liver tissues are hard to come by, mouse
livers are readily available. Mouse liver organoids were generated with a 100% success rate
from four C57bl/6 male and female mice each. Ductal structures isolated from collagenase
digested livers were first handpicked using transfer pipettes and seeded into extracellular
matrix (Cultrex BME2 or Matrigel). Organoids were cultured in Isolation Medium (IM)
consisting of Expansion Medium (EM) supplemented with 5%v/v Noggin conditioned
medium (inhouse), 30% v/v Wnt3a conditioned medium (inhouse) and 10uM of Y-27632
(Sigma) for three days. These conditioned medium cell lines were provided by Professor
Nick Barker and Professor Hans Clevers. Subsequently, organoids were incubated in EM
(refer to methods), and after seven days, we observed the organoid emergence from the
ductal structures (Figure 9A). Four weeks after isolation and expansion, a confluent
collection of cystic organoids appeared and were visible with the naked eye. (Figure 9B). At
this point in the isolation process, the undifferentiated organoids were frozen to establish a
biobank for later use. Organoids were harvested and frozen down with 10%
DMSO/Advanced DMEM/F12 and thawed successfully, similar to routine cell culture
freezing and thawing (Figure 9C). No foetal calf serum was required in the freezing and

thawing process which is a major advantage of this culture system.

The gross morphology of organoids appeared as round cystic structures and next, we

investigated the cellular morphology of the liver organoids. Undifferentiated liver organoids
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were fixed with 4% PFA and incubated with a specific antibody against cell membrane
adhesion molecule, E-Cadherin, which will outline the shape of the cells and provide a clear
cellular organisation of the organoids. Stained organoids were embedded in low-melting agar
and examined using a Lightsheet Z.1 3D microscope (Figure 9D, Movie 1). At 20x
magnification, the organoids with diameter from 50-200pum can be visualised in entirety
(Figure 9D). Reconstruction of images captured at four different angles showed the internal
structure of the organoids, with mostly thin one to two layered epithelial linings and multiple

cavities (Figure 9D, right).
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Figure 9: Mouse Liver Organoids Isolation from Ductal Structures

Brightfield microscopy of C57bl/6 mice livers (n=4). (A) Representative pictures of three
ductal structures isolated following collagenase and dispase digestion. Temporal progression
showed emergence of stem cell collections (organoids) through the ductal structures. Scale bar
= 100pum (B) confluent organoids as cystic structure at day 30 from isolation (left) and visible
to the naked eyes (right). (C) organoids thawed from -80°C at day 0 (left) and regeneration at
24 hours after cultured in EM supplemented with ROCKi (right). (D) Four angle views (left)
of mouse liver organoids captured under 20x lens on 3D microscope, Zeiss Lightsheet Z.1.
Immunostaining with E-cadherin (green) and DAPI (blue). Cross section of mouse liver
organoids (right).
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Movie 1: 3D Microscopy of Mouse Liver Organoids
Gross morphology of mouse liver organoids captured under 20x lens on 3D microscope, Zeiss
Lightsheet Z.1. Immunostaining with E-cadherin (green).
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The undifferentiated organoids comprise predominantly of immature stem cells with the
potential to be differentiated into mature hepatocytes. To initiate this process, the
undifferentiated organoids were cultured for at least 12 days in Differentiation Medium
(DM), with the last three days supplemented with dexamethasone (refer to methods).
Throughout the differentiation process, the organoids showed morphological alterations from
clear cystic structures to darkened, more distorted shapes (Figure 10A). The cellular structure
also changed from more oval shaped cells to polygonal shaped, similar to mature hepatocytes
(Figure 10B-C). Next, we assessed the expression at the mRNA level of metabolic markers
(albumin, CYP3A4) as surrogates for mature hepatocyte function. Albumin and CYP3A4
expression were upregulated following differentiation, albeit lower than the corresponding
liver tissue from which the organoids originated from (Figure 11A-B). We then assessed the
expression of LGRS, a cellular marker of intrahepatic ductal stem cells. We would expect
LGRS to be highly expressed in undifferentiated organoids due to the high proportion of stem
cells, compared to differentiated ones. Indeed, this was the case with LGRS mRNA
expression significantly higher in the undifferentiated organoids (Figure 11B). We further
assessed the mRNA expression of hepatocyte nuclear factor-4 (HNF4a), which is an essential
element that promotes the transition of endodermal cells to hepatocyte progenitor cells [224].
In addition to its role as a marker for early hepatocyte cell fate differentiation, post-
translational modification of HNF4a also leads to suppression of cellular proliferation,
through epigenetic repression of pro-mitotic genes [225]. Following differentiation, the
mouse liver organoids expectedly express HNF4 mRNA expression, with concomitant
reduction in cellular proliferation as indicated by lack of organoids growth. The expression of
HNF4a mRNA was lower than liver tissue, suggesting a lower proportion of organoid cells

committing to the hepatocyte cell fate as compared with the liver. Immunofluorescence
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staining of organoids with anti-albumin antibody showed significantly more albumin
expression following differentiation (Figure 11C).

Overall, the differentiation process changes the expression of cellular markers (CYP450,
LGRS and HNF4a) at the mRNA level towards a mature hepatocyte phenotype. At the
protein level, increased cellular albumin staining was demonstrated, an indication of mature

hepatocyte synthetic function.
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Figure 10: Morphological Changes of Mouse Liver Organoids Following Differentiation
Brightfield microscopy and immunofluorescence of mouse liver organoids during the process
of differentiation (n=4). Black scale bar = 500mm, white scale bar = 100mm (A) Temporal
morphological changes of mouse liver organoids at different stages of differentiation (day 1,
3, 6 and 13). Undifferentiated organoids were cultured in EM until day 1 of differentiation in
which medium was changed to DM from day 1-9, and DM supplemented with dexamethasone
from day 10-12. (B) Microscopy showed cellular morphological changes from early
differentiation (day 3, top) and late differentiation (day 13, bottom). 20x magnification. (C)
Immunofluorescence staining of differentiated organoids with E-Cadherin (Green) and DAPI
(Blue). 20x magnification.
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Figure 11: Metabolic Activities of Mouse Liver Organoids

Hepatocyte metabolic marker comparison between corresponding mouse liver and isolated
organoids (n=2). (A) Metabolic markers (albumin, CYP3A4) of mouse liver (ML),
undifferentiated organoids in expansion medium (EM), and differentiated organoids (D12) in
differentiation medium (DM). Water (W) as contamination control and HPRT as gene
expression control. (B) gqRT-PCR of metabolic markers (albumin, CYP3A4) and cellular
markers (LGRS as stem cell marker, HNF4a as hepatocyte marker) relative to GAPDH,
normalised to undifferentiated organoids. (C) Representative figures of two experiments.
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Following characterisation of structural and metabolic features of mouse liver organoids, we
performed a proof-of-concept experiment to assess the susceptibility of mouse liver
organoids to viral infection as this is a major focus of this thesis. Zika virus (ZIKV) was
selected due to its broad tissue tropism and its ability to infect hepatoma cell lines. Using a
ZIKV strain PRVABCS59, derived from an infected patient in Puerto Rico, we designed an
experiment to assess susceptibility of infection throughout the organoid differentiation
process (Figure 12A) [226]. This lineage of ZIKV was selected due to its high replicative
capabilities in vitro and in vivo [226]. The use of extracellular matrix (Cultrex BME2 or
Matrigel) to culture organoids may preclude viral access to the organoids. To ensure
accessibility of virus, organoids were resuspended and washed in cold medium to remove the
extracellular matrix before introduction of ZIKV at MOI of 5. The organoids were incubated
with the virus for two hours at 37°C followed by multiple washes to remove the inoculum. A
schematic representation of ZIKV infection protocol is shown in Figure 12B. No significant
cell death was observed using light microscopy at the time of harvest. At 24hpi, organoids
were fixed with 4% PFA and stained with a hybridoma-derived anti-Flavivirus envelope
antibody (D1-4G2-4-15, ATCC HB-112) and anti-Zona Occludens-1 antibody [227].
Envelope positive cells were seen in both differentiated and undifferentiated organoids with
different patterns of infection that range from scattered staining of individual cells to more
distinctive foci (Figure 12C, right top, bottom). Loss of tight junction marker, ZO-1 was seen
at the viral foci (Figure 12C, right middle). We also quantify ZIKV RNA following
extraction of total RNA from infected organoids throughout differentiation using qRT-PCR.
This revealed that indeed organoids could support ZIKV infection with undifferentiated
organoids harbouring the most infection (Figure 12D). To determine if ZIKV infected
organoids produce infectious viruses, supernatant was collected at 24hpi for quantification of

extracellular infectious virus using plaque assay (Figure 12E). However, results were
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inconsistent and difficult to correlate to qRT-PCR or immunofluorescence due to low level of
infection in this early timepoint of harvest. It may be that if the organoids were harvested at a
later timepoint, more infectious viruses may be recovered. In summary, mouse liver
organoids can support ZIKV infection and replication and provide proof-of-concept for

further studies.
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Figure 12: ZIKYV Infection in Mouse Liver Organoids

(A) Schematic representation of the timeframe and experimental design of ZIKV infection in
mouse liver organoids at different stages of mouse liver organoids. (B) Process of ZIKV
infection in mouse liver organoids. (C) Immunofluorescence staining of mouse liver organoids
at 24hpi at with ZIKV at MOI 5. Enlarged pictures on the right indicate infectious focus (top),
loss of tight junctions (middle) and scattered distribution of infected cells (bottom). (D) qRT-
PCR quantification of intracellular ZIKV RNA relative to RPLPO. (E) Plaque assay
quantification of extracellular ZIKV infectious particles using Vero cells.
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3.2 Innate Immune Competency of Mouse Liver Organoids

One of the issues in using transformed cell lines to study host responses is that these cell
types often have defect or deficiencies in their innate sensing ability to detect pathogens. In
many cases, the use of primary cells can overcome this and thus we investigated the innate
immune response of mouse liver organoids. We anticipated that the primary nature of these
cells would allow a robust response, however, it was unclear of the innate immune
competency of cells as they differentiate. In previous studies assessing infectivity of human
embryonic stem cells (hESC), hESCs at the pluripotent stage are highly resistant to infection
by RNA viruses whereas partially differentiated multipotent stem cells are partially
permissive [228]. Transcriptomic analysis of hESC and iPSC using RNA-seq and protein
expression studies suggest selective expression of a subset of ISGs (EIF3L, IFITM1, IFITM3
and BST2). These ISGs were expressed at high basal level in pluripotent stem cells, but the
cells are refractory to IFN stimulation. In contrast, well differentiated cells are highly
responsive to IFN stimulation [229, 230]. The ISG expression in liver organoids have not
been previously characterised. It is possible that the liver organoids may have slightly
different ISG expression and susceptibility to viral infection as compared with pluripotent
stem cells, as the liver organoids cells are bipotent and more differentiated towards the
biliary/hepatic cell fate.

Before assessing the intricacies of human liver organoid differentiation and the corresponding
changes in innate immune response, we first explored the ability of mouse liver organoids to
mount an ISG response to either IFN stimulation or viral infection. As proof-of-concept
studies, mouse liver organoids were separately stimulated with either mouse IFN-a at
1000U/mL or infected with ZIKV at MOI of 5 at various timepoint of differentiation.
Unstimulated and uninfected organoids at similar differentiation timepoints were used as

normalization controls. The high IFN-a dose of 1000U/mL is expected to stimulate a
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significant ISG response in any innate immune competent cells. IFIT-1 and Viperin were
used as surrogate markers for IFN response as significant upregulation of mRNA of these
two ISGs have been observed in various cell lines (Huh7, Hela) following viral infection or
stimulation with either Polyl:C or IFN [231-233]. As predicted mouse liver organoids
respond to mIFN-a across differentiation time points with peak expression of IFIT1 mRNA
and Viperin mRNA at 5- and 10-days post-differentiation, respectively (Figure 13).
Interestingly, IFIT mRNA was induced to the same degree following IFN- a stimulation at
day 5, however it significantly decreased thereafter. However, Viperin mRNA was not
induced to the same extent at any time. Collectively, this most likely reflects the low level of
infection of the cultures with possible limited spread of ZIKV over the 15-day time course.
Alternatively, the ISG response may be dampened, similar to previous reports in hepatoma
cells as infection progresses [231]. Another potential explanation for this finding could be
attributed to the differences in mechanism of ISG induction by IFN- a and ZIKV infection.
In contrast to IFN- a stimulation, ISG induction by ZIKV relies on TLRs/PAMPs. Functional
expression of TLRs in organoids can be further explored using Polyl:C stimulation

experiments.

In any case, these proof-of-concept experiments indicate that liver organoids have an intact
JAK/STAT IFN signalling pathway and can respond to viral infection. Further studies using
the viral RNA genome mimic Polyl:C would also determine the competency of cytosolic

pattern recognition receptors such as RIG-I/MDAS and the TLRs.
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Figure 13: ISG Response in Mouse Liver Organoids to Interferon Stimulation and

ZIKYV Infection

qRT-PCR for IFIT-1 and Viperin mRNA in mouse liver organoids following stimulation with

mIFN-a at 1000U/mL or infected with ZIKV at MOI of 5, normalised to RPLP0O. RNA was

harvested at 16hpi/hps.
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3.3 Development of Human of Liver Organoids

Following the successful production and differentiation of mouse liver organoids and their
ability to be infected with a non-hepatotropic virus, we proceed with the development and
characterisation of human liver organoids. The recruitment of patients was through a
collaboration with the Department of Gastroenterology and Hepatology at the Royal Adelaide
Hospital with existing human research ethics committee approval via the Gastroenterology
and Liver Tissue Repository (GLiTR). The study cohort consisted of patients undergoing
hepatectomy for liver tumour resection and patients who underwent elective liver biopsy for
diagnosis of underlying liver disease. The exclusion criteria for enrolment are, (1) history of
chemotherapy over the last six months, (2) known history of blood borne viral infection (e.g.,
HIV, HBV, HCV), (3) prior history of cirrhosis and, (4) those who were unable to provide a
consent. The inclusion criteria were left deliberately broad to allow recruitment of a range of
patients with relatively normal liver. The large majority of tissues were derived from patients
undergoing liver resection for metastatic liver cancer. For this reason, most of the donors
recruited for this study are males with a median age of 63 (range 43-72). This creates a
gender and age bias in our study. However, future studies will need to increase the
recruitment of female donors, possibly through liver biopsy. Two patients with prior history

of chemotherapy (>6 months) were included in this study.

For liver resection, resected livers and tumours were placed on ice and transported to the
histopathology laboratory as soon as possible. Livers were examined by a consultant tissue
pathologist at SA Pathology and excess healthy liver tissue distant from the tumour (i.e.,,
>10cm from tumour margin) was resected and placed in ice cold basal medium. For liver
biopsies, excess core biopsy sample (e.g., sample too small for histopathology examination)

was obtained and placed directly in ice cold basal medium.
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The process of human liver organoid generation starts with a simple collagenase digestion of
liver tissue that is a slight departure from the complex two-step digestion in PHH isolation
[234]. Instead of harvesting ductal structures as was the case in the mouse liver, the human
liver was digested to single cells and inoculated into extracellular basement matrix and
cultured in isolation medium. Isolation medium consists of expansion medium, Wnt-3a and
Noggin (supplied as culture supernatant) and supplemented with Rho-kinase inhibitor which
is crucial in preventing anoikis (cell dissociation apoptosis) (see methods). Liver organoids
were generated from 9 liver resections and 3 core biopsies. Patient and sample characteristics
summarised in Table 7. Resected liver tissue from one patient failed to culture liver organoids
on two separate occasions, possibly related to prior chemotherapy. Despite the small amount
of starting material from liver core biopsies, we observed that organoids grew to confluency
within 2-3 weeks from isolation with 100% success rate. Subsequent differentiation requires
a two-step process with initial culture with EM supplemented with BMP7 for three days
followed by differentiation medium (includes gastrin, EGF, HGF, FGF-10, A83-01, DAPT,

dexamethasone, BMP-7 and FGF-19) for 12 days. This process is outlined in Figure 14A.

3.4 Storage and Regeneration of Liver Organoids

Following successful isolation and expansion of undifferentiated liver organoids, we
established a pool of organoids for freezing in liquid nitrogen for long-term storage.
Undifferentiated organoids consist of predominantly stem cell population which have the
capacity to regenerate from fragments or single cells. However, this feature diminishes
following differentiation. The storage process begins with culturing the undifferentiated
organoids until confluent in extracellular matrix before undergoing multiple washes with cold

DMEM to remove the extracellular matrix. Organoids of different sizes were then digested

76



with ImL of TrypLE Express for 10 minutes, followed by mechanical disruption into either
single cells or fragments by pipetting. Organoids were then resuspended in freezing media
consisting of Advanced DMEM/F12, 10% DMSO supplemented with Y-27632 to avoid cell
dissociation induced apoptosis, and temporarily stored in -80°C using standard freezing
chamber for 24 hours in 500pL aliquot (see methods). Organoids were transferred to liquid

nitrogen for long-term storage.

As part of the culture optimisation, we assessed if frozen organoids can be revived easily
after storage. To revive the organoids, frozen aliquots of organoids were thawed quickly in a
37°C waterbath and washed gently with cold Advanced DMEM/F12 to remove the DMSO.
Organoids were resuspended in cold extracellular matrix and cultured in droplets of matrix
(previously described) in either isolation media or expansion media with Y-27632 for the first
5 days. Expansion of organoids by day 5-7 is a good indication of successful revival. Time-
lapse microscopy showed cellular expansion within the organoids that can be observed within

24 hours (Movie 2).
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Movie 2: 24-hour Time-lapse of Undifferentiated Human Liver Organoids

Time-lapse of undifferentiated human liver organoids in expansion medium over 24 hours,

examined with confocal microscopy at 10x magnification.
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Table 7: Human Liver Organoids Isolation - Patient Demographics

Recent
Age Gender Disease Cirrhosis Procedure Weight (g)
Chemotherapy
43 M Metastases Y N Resection 0.55
53 M Gall bladder CA N N Resection 0.97
67 M Metastases N N Resection 3.9
69 M Metastases CRC N N Resection 2.0
71 M Gall bladder CA N N Resection 2.7
72 M Metastases N N Resection 1.14
62 M HCC N Y Resection 2.04
Abnormal Liver
57 F Function N N Biopsy 0.02
64 M NAFLD N N Biopsy 0.05
26 M HCC N N Biopsy 0.03
62 M Metastases N N Resection NA
67 M Metastases Y N Resection 2.03
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3.5 Structural Characteristics of Liver Organoids

To characterise differentiation of human liver organoids and to determine if organoids
develop a specific liver organ phenotype, we assessed the sequential morphological changes
of organoids throughout differentiation. In an undifferentiated state, the liver organoids were
cystic and clear and readily expanded. However, following initiation of the differentiation
process, they assumed a branched and budding appearance that extended from the cystic
spheroid structure (Figure 14B). A differentiation phenotype can be seen as early as 5 days
after culture in differentiation media (+BMP7) while more consistent differentiation
phenotypes are seen across all the organoids thereafter up to 15 days. We also attempted to
culture organoids in the absence of extracellular matrix in non-adherent wells, under
expansion conditions. In this case, organoids assumed a dark appearance without branching,
and were slow to expand, suggestive of partial differentiation when cultured in suspension.
This highlights the dependency of a 3D matrix to maintain undifferentiated phenotype and for
ongoing expansion of organoids. Histological examination (H&E) suggests a change from a
ductal-like phenotype with single-layered epithelium to a multilayered hepatocyte-like
phenotype following differentiation (Figure 14C). Given the lack of endothelial cells and
other non-parenchymal cells, ontogenic development of liver zonation and sinusoids are not
seen [235]. Clearly there is significant change in the morphology of human liver organoids as

they differentiate to a more hepatocyte-like phenotype.

Next, we explored the expression of Zona occludens-1 (ZO-1) in liver organoids, a
scaffolding protein localised specifically to the tight junctions. ZO-1 interacts directly with F-
actin and other cytoskeletal proteins and play an important role in regulating the organisation
of the apical cytoskeleton [236]. ZO-1 localisation is often used to indicate apical polarity of

hepatocytes. In liver organoids, the differentiation process is accompanied by partial
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hepatocyte polarisation as evident by immunostaining of Zona Occludens-1 (tight junction
marker) redistribution as assessed by confocal microscopy and 3D reconstruction using
Imaris software (Figure 13). In an undifferentiated state, ZO-1 distribution appears to outline
the complete surface of the cells, forming a lattice-like structure. However, following
differentiation, ZO-1 distribution relocalised to the interior of differentiated organoids,
showing interconnecting network with appearance similar to the distribution of bile canaliculi
in liver tissue. This is in contrast with columnar polarisation seen in MDCK cell sandwich
culture (Figure 15) [237]. Similarly, HLCs from other stem cells such as hESC or iPSC can
also be cultured under Transwell conditions to develop columnar polarisation. Columnar
polarisation is useful in the functional assessment of albumin, urea, lipoproteins and bile
acids secretions and secretion of HAV and HEV [238]. However, the effect of columnar
polarisation on hepatocyte differentiation and hepatotropic viral replication are largely
unknown. HLCs that developed hepatic polarisation under 3D culture conditions (spheroids,
suspensions or in extracellular matrix) or in micropatterned co-cultures can recapitulate
hepatocyte functions to a greater degree and had been shown to support HBV replication
[239-241]. In summary, the location of ZO-1 expression following liver organoid

differentiation suggest the HLCs developed a hepatocyte-like polarised phenotype.

We next examined the liver organoids at the ultrastructural level using transmission electron
microscopy that revealed evidence of hepatocyte phenotypes and liver microarchitectures
(Figure 16). The undifferentiated organoids showed evidence of glycogen granules,
microvilli and tight junctions (Figure 16A). Before the process of differentiation, these
organoids are columnar in appearance and consist of single layered epithelium. They are
unpolarised with microvilli on one surface, similar to a biliary ductal structure. Tight

junctions were consistently spaced in between the cells. Following differentiation for 15
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days, there were significant changes in the cellular structures and arrangements (Figure 16B).
The cells appeared to be more dysmorphic in size and morphology, with some cells
expressing increased lipid vacuoles, glycogen, tight junctions, bile cannaliculi, mitochondria
and rough endoplasmic reticulum. In some areas, cells assumed a hexagonal shape and
arranged in a “honeycomb” like structure. Microvilli appeared to be expressed on all surfaces
of the cells and appears sparser and more elongated. Similarly, tight junctions are also less
frequently seen, located on certain surfaces, bordering the bile canaliculi. This appearance is
consistent with the confocal microscopy findings, with redistribution of tight junctions from
consistent spacing across the cell surfaces to limited distribution of tight junctions, suggestive
of cellular and structural polarisation of the hepatic phenotype. The differentiated organoid
cells also contain glycogen granules with typical floret arrangement, consistent with a
hepatocyte phenotype. Collectively, these results confirmed changes in cellular ultrastructure
and architecture of liver organoids following the process of differentiation, with

demonstration of liver organ phenotypes.

82



Differentiation

4x

uo

DO

Figure 14: Morphological Characteristics of Human Liver Organoids

(A) Schematic illustration of human liver organoid isolation, expansion and differentiation. (B)
Morphological changes of human liver organoids during differentiation, examined with
brightfield microscopy, 4x magnification. (C) Haematoxylin and eosin staining of
undifferentiated organoids (UO) and differentiated organoids (DO).
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Figure 15: Hepatic Polarisation of Human Liver Organoids

(A) Differences between true hepatocyte polarity and cellular polarity in sandwich culture. (B)
Left: Confocal microscopy images of undifferentiated organoids (UO) and differentiated
organoids (DO) stained with Zona-occludens-1 (ZO-1, tight junction marker) and DAPI. 20x
magnification. Right: 3D reconstruction of confocal images with Imaris software to illustrate
the surface lattice-like distribution of ZO-1 and redistribution following differentiation. Note
the change in ZO-1 localisation between UO and DO liver organoids suggesting a polarised
phenotype.
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Figure 16: Electron Microscopy of Liver Organoids

TEM of human liver organoids. Images with blue borders were digitally enlarged from the
corresponding images on the left (A) undifferentiated human liver organoids. (B) differentiated
organoids. Tight junction (TJ), microvilli (MV), glycogen (Gly), lipid vacuoles (LV),
mitochondria (M), endoplasmic reticulum (ER) and bile cannaliculi (BC).
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3.6 Metabolic Characteristics of Liver Organoids

Next, we examined whether differentiation associated structural and morphological
development is accompanied by physiological changes in liver organoids. Mature
hepatocytes carry out many different functions, including production of albumin, urea, bile
acids, drug metabolism through CYP450 enzymes, and detoxifying reactions to name a few.
Albumin production can occur in early hepatic progenitor cells although at very low levels
[242]. Significant upregulation of albumin production is often used as an indicator for
hepatocyte maturation and comparison with PHH is often used as an indicator for the degree
of differentiation [243, 244]. The CYP450 family of enzymes on the other hand, represents
the most important drug metabolising enzymes in the liver. CYP450 enzymes undergo
sequential upregulation of different isotypes during the process of liver maturation. CYP1A1
represents the predominant subtype during organogenesis, followed by CYP2E1 during the
second trimester foetal stage. In infants, CYP2D6 is the predominant subtype and CYP3A4
becomes the predominant subtype in adult liver [245]. Although each isotype has been
responsible for the metabolism of different drugs and compounds, the reason for such
transition from CYP1A1 predominant to CYP3A4 predominant has not been entirely
elucidated. CYP1A1, CYP2D6 and CYP2E1 are mostly responsible for xenobiotics
metabolism and play a small role in drug metabolism. CYP2E1 and CYP3A4 are important
for alcohol metabolism and are inducible by alcohol consumption in adults [246]. CYP3A,
CYP2C9 and CYP2C19 account for the bulk majority of drug metabolism in adults [247].
Thus, in many studies investigating liver stem cell or organoid maturation, assessment of

CYP450 enzyme expression is used to determine liver differentiation.

Using qRT-PCR, we assessed the albumin, CYP3A4 and CYP2D6 mRNA expression as

markers of liver organoid differentiation, in undifferentiated, differentiated and in
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corresponding liver tissue from which the organoids were derived. Three organoids (from
different patients) were differentiated using the standard protocol for 15 days, after which
total mRNA was extracted for qRT-PCR analysis. As seen in Figure 17, there was significant
upregulation of albumin mRNA following differentiation. When compared with the
undifferentiated state, interestingly, we noted variation in the expression between individual
donors. The level of albumin expression in differentiated organoids as expected was not as
high as the liver tissue. CYP3A4 mRNA expression was also upregulated following
differentiation, with equal variability between donors. There was no correlation between the
level of albumin expression and CYP3A4 expression (Figure 17A). There is also no clear
correlation between higher albumin expression in liver tissue with corresponding albumin
expression in liver organoids before or after differentiation. CYP2D6 expression was
upregulated but at a slightly lesser degree than CYP3A4, consistent with a partial maturation
of hepatocytes. Collectively, the differentiation process of liver organoids resulted in

increased mRNA expression of metabolic markers, consistent with liver maturation.

Leucine-rich repeat-containing G-protein coupled receptor 5 (LGRS5) is a marker for liver
regenerating stem cells in both adults and children and is often used as a marker for
hepatocyte stem cell isolation and undifferentiation [248, 249]. In the liver, LGRS expression
is extremely low, however, following liver injury, immunohistochemistry staining identified
weak positive cells within the bile ducts in normal liver [203]. In chronic liver injury, such as
hypoxia, LGR5+ cells rapidly expanded and make up of >50% of regenerated liver in
children. Lineage tracing shows that these regenerative LGR5+ stem cells originate within
the pericentral hepatocytes rather than the ductal cells [250]. The LGR5+ stem cells are Wnt-
responsive and the subsequent -catenin pathway activation results in cellular proliferation

and hepatocyte zonation [251, 252]. In our undifferentiated organoids, we noticed very high
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levels of LGRS mRNA expression as expected as we selectively stimulate the proliferation of
these LGRS+ stem cells using Wnt-3a conditioned medium and co-receptor sensitiser R-
spondin-1, resulting in activation of canonical and non-canonical -catenin pathways [253-
256]. Also, as expected, there is significant downregulation of stem cell marker (LGRS)
following the differentiation process, consistent with the withdrawal of Wnt3a/R-spondin-1,
indicating a phenotypic shift from a stem-cell lineage to more differentiated hepatocytes
(Figure 18). This process corresponds with cell cycle arrest in which the organoids no longer
expand. Interestingly, we noticed some of the liver tissues also expressed low levels of LGRS
mRNA, suggestive of potential liver injuries, possibly initiated by immune response to the

liver tumours in these patients.

Hepatocyte nuclear factors (HNFs) are hormone receptors expressed in hepatocytes and
among the different subtypes, HNF4a is the most abundant [257]. HNF4a helps recruit RNA
polymerase II to genes that are important in inducing the transdifferentiation of endoderm
into hepatic progenitors [224]. Hence, HNF4a is not exclusively expressed in mature
hepatocytes. Cytokeratin-19 (KRT19) and Sry-related high mobility group-box gene 9
(SOXO9) are expressed in biliary cells and are often used as markers for cholangiocyte
differentiation [258, 259]. In human liver organoids, HNF4a and KRT19 have comparable
level of expressions, before and after differentiation, suggesting equal proportions of cells
with hepatocyte and ductal phenotypes. Inmunofluorescence staining for hepatocyte marker

HNF4a and ductal marker SOX9 confirmed these findings (Figure 17B).
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Figure 17: Metabolic and Cellular Markers of Human Liver Organoids

(A) qRT-PCR from three different organoids following differentiation, in comparison with
tissue of origin. Expressed as fold change, relative to GAPDH. Mean+/-SEM. (B)
Immunofluorescence staining of UO and DO with SOX9, HNF4a and albumin. 20x

magnification.
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Our qRT-PCR analysis revealed gene expression to suggest a hepatocyte phenotype in
differentiated organoids. To further explore this at the whole transcriptome level, we
generated 4 organoids from 4 different donors and differentiated them for 15 days using the
standard differentiation protocol. Total RNA was extracted from the liver tissue and
corresponding undifferentiated and differentiated organoids using TriSURE. RNA clean-up
was performed using the RNeasy PowerClean pro CleanUp Kit (Qiagen) followed by
quantification using the Qubit RNA HS assay. All RNA extracts were normalised to
200ng/pL and sent for RNASeq at SAHMRI. Total RNA was converted to strand specific
Illumina compatible sequencing libraries using the Nugen Universal Plus mRNA mRNA-Seq
library kit (Tecan) as described earlier. Equimolar of cDNA library was prepared and
sequenced using [llumina NextSeq. Bioinformatic analysis was performed by Dr J. Breen
from SAGC. A heat map of selected liver specific metabolic markers and cellular markers to
visualise the differences between primary liver tissue and corresponding organoids revealed
three distinct clusters between liver tissue, undifferentiated and differentiated organoids
(Figure 18A), suggesting that indeed the differentiation process generated cell populations
with different phenotypes. Upset Plot analysis (Figure 18B) was performed to provide
visualisation of the proportion and cross-section between the transcriptomics of liver tissue,
undifferentiated and differentiated organoids. The horizontal bars on the lower left of the
Upset Plot indicates the proportion of all mRNA transcripts in each category. Together,
differentiated organoids and liver tissue made up the bulk majority of the transcripts.
Similarly, undifferentiated organoids and liver tissue also made up a large portion of the
transcripts. In comparison, differentiated and undifferentiated organoids consist of only a
small proportion of transcripts. The vertical bars at the top right indicate the cross sections
between these groups. The largest portion of mRNA intersections occur between the

undifferentiated organoids-liver and differentiated organoids-liver, suggesting that large
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proportions of these transcripts (n=1673) are expressed in the liver tissue and not in the
organoids. Consistent with what has been observed in the heatmap, Upset Plot analysis
confirms that despite improved metabolic marker expression in differentiated organoids, the
overall transcriptome of differentiated liver organoids is more similar to undifferentiated

organoids.

Assessment of liver metabolic markers (albumin, CYP3A4, CYP2C9, CYP2C19, etc)
revealed increased expression of these mRNA in comparison to undifferentiated organoids,
that is consistent to our qRT-PCR data for at least CYP3A4. There was similar expression
between differentiated and undifferentiated organoids with higher expression of ductal
markers such as KRT7, KRT19 and SOX9, suggesting that as previously stated, that the
differentiated organoids contain ductal cells in addition to hepatocytes. As predicted from our
qRT-PCR analysis, the stem cell marker LGRS was significantly suppressed in expression in
differentiated organoids as compared with undifferentiated organoids, whereas hepatocyte
marker HNF4a was similar between all three groups. Distinct donor variations were seen
among the differentiated organoids despite similar culture and differentiation conditions.
Interestingly one donor revealed high expression of albumin, CYP3A4, CYP2C9, suggesting
greater differentiation to a more hepatocyte like phenotype. As previously described,
differentiated organoids exhibit more ductal markers overall compared to liver tissue,

consistent with a smaller hepatocyte to ductal cell ratio in the differentiated organoids.

Transcriptomic analysis of HBV pathways in hepatocyte (KEGG) was performed to assess
the basal expression levels of cellular factors that are involved in HBV infection pathways.
Figure S1 (Supplementary) shows that the mRNA expression profiles associated with this

pathway clustered according to differentiation phenotype. Interestingly, expression levels
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were remarkably similar between undifferentiated and differentiated organoids. The overall
cellular factor expression is largely similar between the organoids and liver tissues within this
pathway, with the exception of NTCP (SLC10A1), Matrix Metallopeptidase-9 (MMP-9) and
Transforming Growth Factor-p3 (Figure 18). NTCP mRNA appears to be expressed at very
low levels in undifferentiated organoids with slight increase following differentiation. It is
unclear if this finding would translate into protein expression. This will be explored further in
chapter 4. MMP-9 is an enzyme that catalyses proteolysis in extracellular matrix [260]. it is
released by hepatocytes or macrophages in response to HBV infection and has been shown to
play an important role in HBV replication through its binding to IFN receptor, resulting in
suppression of JAK-STAT signalling pathway [261]. MMP-9 also plays a role in tissue
remodelling in cirrhotic liver [262]. TGF-f has pleiotropic functions in hepatocytes and is
secreted by macrophages in response to liver injury. It can promote liver differentiation and
liver regeneration during liver development [263]. In chronic liver injury, TGF-3 promotes
liver fibrosis and cell death [264]. The lack of TGF-f signalling in liver organoids was

consistent with the lack of inflammatory cell types.

We also assessed for the potential of liver organoids to support other hepatotropic viruses,
and examined the transcriptomic expression of HCV-associated host factors (Figure S2). The
analysis showed equal expression of HCV entry receptors Occludin (OCLN), Scavenger
receptor class B, type I (SCARBI), Claudin-1 (CLDN-1) and CD81 [265-270] among
undifferentiated and differentiated organoids. The mRNA expression of CLDN-1 and CD81
appeared to be slightly lesser than the liver tissue. Again, the susceptibility of organoids to
HCYV infection would require further evaluation of the receptor expression at the protein

levels, not to mention expression of appropriate host factors for HCV replication.
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In the innate immune arm of analysis, strong mitogen-activated protein kinases expression
was noted among the liver organoids (Figure S3). The MAPK ERK1/2 pathway has been
previously shown to be important in supporting hepatocyte proliferation in response to EGF
[271]. mRNA profiling of RIG-I pathway among the liver organoids and liver tissue was

largely similar (Figure S4).

In addition, due to the low oxygen tension in the liver organ, we assessed the transcriptomic
profiles of HIF-1 pathway (Figure S5). The HIF-1 associated genes such as lactate
dehydrogenase (LDHB), Vascular Endothelial Growth Factor (VEGF) and Epidermal
Growth Factor (EGF) were all expressed at similar levels between the organoids and liver

tissue, with the exception of aldolase B and transferrin (TF) (Figure S5).

Next, we assessed the necroptosis and apoptosis pathways in view of their relevance to the
HBYV pathogenesis and potential therapeutic targets (Figure S6 & S7). Necroptosis is a
programmed cell death mechanism induced by inflammation. This could be initiated by
cellular injury or pathogen invasion. Some of the important therapeutic target genes such as
Fas-Associated protein with Death Domain (FADD) and CASP8 were both expressed at
similar levels in the organoids as the liver tissue [272, 273]. Targeted therapy on these genes
have been previously used in the treatment of cancer. Drugs that antagonise the inhibitors of
apoptosis (IAP) proteins have been shown to induce cell death in HBV-infected cells [274,

275].
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Figure 18: RNA Sequencing of Liver Organoids and Corresponding Parental Liver
Tissue

RNA Seq for four undifferentiated and differentiated human liver organoids, with
corresponding liver tissue of origin. (A) Heatmap for selected hepatic metabolic markers (B)
Upset plot for overall transcriptome of human liver organoids in comparison with liver tissue.
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3.7 Optimisation of Human Liver Organoids Culture

Once we had established that the human liver organoids could be successfully isolated and
differentiated into hepatocyte-like cells, we assessed various aspects of culture techniques
that could increase efficiency of differentiation and potentially influence the success of

downstream infection experiments.

In order to develop an infection method that is applicable to multiple different hepatotropic
viruses, we explored the possibility of using a single cell suspension method that would
ultimately increase viral infection efficiency. This is based on the hypothesis that cellular
viral entry receptors could be expressed on different surfaces (i.e., basal vs apical) of
hepatocytes, thus limiting access of virus to entry receptors. Using HCV as an example, the
entry receptors SR-BI, CD81 and CLDNI are all expressed on the basal lateral surfaces
whereas OCLN is expressed solely on the apical surfaces and HCV infection occurs in a
stepwise process [269, 270, 276, 277]. While not physiologically correct, by dissociating the
organoids into single cell suspension, it is possible that the virus has access to all receptors
resulting in efficient internalisation. One of the challenges of single cell dissociation of
organoid cultures is the loss of cellular anchorage that can lead to activation of anoikis.
Anoikis is a programmed cell death upon cell-cell detachment, and physiologically serves as
a protective mechanism to prevent detached epithelial cells from colonizing elsewhere in the
body [278]. Hepatocytes and stem cells are very susceptible to anoikis [279, 280]. To protect
against anoikis we reasoned that the use of the Rho-kinase inhibitor Y-27632 in culture could
prevent this detachment induced apoptosis [281, 282] and render the differentiated organoids
susceptible to infection in single cell suspension as the differentiation process renders the

organoids non-proliferative.
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To determine if single cell suspension was a viable option for generation of differentiated
organoids, we differentiated liver organoids from two different donors using the previously
described protocol for 15 days. In brief, the organoids were washed with cold basal medium
to remove the extracellular matrix and digested with ImL of TrypLE Express supplemented
with Y-27632 for 10 minutes and mechanically dissociated into single cells. It is at this point
that organoid would be infected with hepatotropic viruses. The organoids were then reseeded
into extracellular matrix and cultured under three different conditions, (1) EM (2) DM + 30%
Wnt3a + 10% RSPO-1 (vol/vol) and (3) DM + 10% RSPO-1 (vol/vol). Both Wnt3a and
RSPO-1 helped induce LGR5+ stem cell expansion through the -catenin pathway. All media
were supplemented with Y-27632 for 48 hours to ensure optimal cell survival. Serial light
microscopy pictures and measurements showed median diameter of regenerated liver
organoids to be largely similar between all three media (Figure 19). Organoids from one
donor show large variability in sizes when cultured with DM supplemented with Wnt3a and
RSPO-1 but the median size was similar to the other culture conditions. Overall, this
experiment shows that regeneration of organoids following dissociation into single cells can
occur with either EM or DM supplemented with RSPO-1 and/or Wnt3a. If required,
downstream infection experiment can be performed on differentiated organoids dissociated

into single cells and allowed to reform into multi-cellular organoids.
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Figure 19: Human Liver Organoids Regeneration from Single Cells

(A) Liver organoids regeneration under different culture conditions, examined using light
microscopy, 10x magnification, representative images from two organoids. (B) organoids sizes
under different culture conditions at 48 hours post-dissociation into single cells. Average
diameters of 10 organoids from each field.
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3.8 Optimisation of Human Liver Organoids Differentiation

Our collective findings from earlier differentiation experiments show that similar to other
stem cell derived HLCs, the adult stem cell derived liver organoids undergo differentiation.
However, this seems to be limited in comparison to the metabolic markers expressed in
PHHs. Non-parenchymal cells (e.g., liver fibroblasts, Kupffer cells, stellate cells etc.) play an
important role in liver physiology mainly through expression of cytokines, such as FGF from
stellate cells, OSM, TFG-f, IL-6, TNF from Kupffer cells, HGF from sinusoidal cells, that all
help regulate liver regeneration and function [283-289]. To compensate for the lack of non-
parenchymal cells, the organoids culture media consists of an array of cytokines such as
HGF, FGF, TGF-$, BMP7 and dexamethasone. Among all these cytokines, HGF and OSM

are considered the most important in mature hepatocyte function [290].

Next, we designed an experiment with different growth factor and supplement combinations
to assess their effects on albumin and NTCP mRNA expression, as markers for liver
maturation and possible susceptibility to HBV infection (Figure 20). Addition of Ascorbic
Acid 2-Phosphate (AAP) with or without insulin to differentiation media resulted in
increased albumin mRNA expression in comparison with undifferentiated organoids and
differentiated organoids. However, the increased in NTCP was not significant when
compared with differentiated organoids. Addition of Oncostatin M (OSM) resulted in
suppression of differentiation markers, in contrast with previous reports in iPSC-HLC and
hepatocyte-derived organoids. This finding suggests that OSM plays an important role in
liver maturation only at an early stage, consistent with previous reports that the more
differentiated liver progenitor cells have suppressed hepatocyte maturation with OSM [291,
292]. In conclusion, the adult stem cell derived organoids follow a different path of liver

maturation from iPSC. AAP and insulin slightly improve the expression of metabolic
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markers, but assessment of other growth factors and culture conditions is required for further

improvement of liver organoid differentiation.
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Figure 20: Optimisation of Human Liver Organoids Differentiation
Albumin and NTCP mRNA expression in liver organoids following differentiation for 15 days
in different culture media, normalised to GAPDH and undifferentiated organoids (UD),

expressed as MeantSEM. Representative figure from one donor.
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3.9 Discussion

In vitro cell culture model systems are critical for the study of virus replication, pathogenesis,
and testing and development of antiviral strategies. However, while some viruses propagate
well in culture this is not the case for HBV and over the years there have been significant
impediments to HBV research due to the lack of relevant model systems. While the discovery
of the HBV receptor, NTCP and its ectopic expression on HepG2 cells has been a significant
advance in HBV biology it does have limitations primarily with the fact that HepG2 are
tumour derived and have a number of limitations when compared to primary hepatocytes.
With this in mind we embarked to develop primary liver organoid cultures, initially murine
liver organoids as a proof of concept and ultimately primary human liver organoids as an in

vitro model for HBV infection studies.

Generation of organoid culture is a complex process and therefore prior to our human studies
we sought to optimize our skills in the generation of mouse liver organoids. We adopted a
protocol described by Huch et al. and colleagues in which we isolated ductal structures from
the livers of C57b/6 mice following collagenase digestion. In contrast to human liver
organoids, it is the ductal structures in the mouse liver that contain the stem cells essential for
organoids development. Culture of these isolated ductal structures in isolation medium and in
extracellular matrix provides a 3D substrate and the necessary growth factors for stem cell
expansion and early in the process it was evident that these ball-like structures were budding
off from ductal structures (Figure 9 & 10) until the extracellular matrix was completely full
of these undifferentiated liver organoids. Immunostaining of these undifferentiated organoids
using a specific antibody to E-cadherin to visualise the cell membrane and coupled with
Lighsheet 3D microscopy revealed that indeed the structures were multi-cystic in nature in

which organoid wall was 1-2 cells thick.
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In human liver organoids generation, we successfully characterised the structural changes and
metabolic changes before and after differentiation. The organoids underwent morphogenic
changes in cell structure, arrangement and polarity. Hepatic polarisation, a hallmark of
differentiation was seen in histopathology, immunofluorescence and TEM. The differentiated
organoids assume partial hepatic polarity due to the lack of sinusoidal structure. The
differentiated liver organoids expressed increased levels of albumin and CYP3A4, which are
key markers of hepatocyte differentiation. The level of expression was not as high as the liver
tissue, most probably due to incomplete differentiation in the current organoid culture
conditions, evident with residual ductal marker, SOX9 expression in differentiated organoids
as assessed with immunofluorescence staining (Figure 17). Transcriptomic analysis revealed
the similarities and differences of liver organoids and corresponding liver tissue in
hepatotropic viral pathways, innate immune response and necroptosis. Some of the
differences could be explained by the lack of other non-parenchymal and liver inflammatory
cell types in the organoids. Individual pathway assessment and correlation with the organoids

proteomics are required to confirm these findings.

In liver regeneration, proliferating hepatic progenitors arranged in an unstructured manner.
Polarity of hepatocytes only occur following interaction with bile duct and sinusoidal cells,
unless the hepatic mass assumes a large enough parenchymal density [293]. Cell-cell contact
is essential for this process to occur, and is mediated by adhesion molecules such as E-
cadherin [294]. Establishment of tight junctions and spatially restricted events lead to
reorganistion of intracellular cytoskeleton [295, 296]. Interaction with the sinusoidal proteins
and bile canaliculi help with the establishment of apical and basolateral surfaces [297]
although the mechanism of apical polarity induced by contact with bile canaliculi is less well

understood [298]. Hepatic polarisation is associated with changes in trafficking machinery
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and allows maturation of cellular transportation function of hepatocytes. Similarly, in
undifferentiated human liver organoids, cellular proliferation is not associated with
polarisation, given the lack of sinusoidal cells. Following expansion and differentiation,
partial polarity is seen in organoids, possibly due to the interaction between maturing

hepatocyte-like cells and differentiated cholangiocytes.

When using in vitro culture such as either rat hepatocytes or iPSC, increase blood flow and
oxygenation has led to improve albumin secretion and other metabolic functions [299].
However, this is in contrast with the liver microenvironment which is predominantly perfused
with poorly oxygenated blood. The portal venous system is the main blood supply of liver
and is poorly oxygenated. The well oxygenated hepatic arteries only contribute to 25% of
blood flow, creating an oxygen gradient across the liver tissues. It is unclear if changes in
oxygen tension would alter the metabolism and maturation of liver organoids. However, it
would be possible in future experiments to culture organoids in different concentration of

oxygen and to access hepatocyte differentiation.

In conclusion, human liver organoids can be generated from Wnt-driven selective culture of
hepatic progenitor cells from digested liver tissues. Following differentiation, these organoids
can express some mature hepatocyte functions including albumin secretion and CYP450
metabolism. In comparison with corresponding liver tissues, liver organoids express less
mature hepatocyte markers, possibly due to a combination of factors: (1) equal proportion of
cells undergoing hepatocyte and cholangiocytes differentiation, whereas large proportion of
hepatic regeneration in vivo assume hepatocyte differentiation, (2) lack of sinusoidal
endothelial cells to assist with maturation of cellular protein trafficking mechanisms, (3) lack

of growth factors from non-parenchymal cells and (4) non-physiological oxygen tension in
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culture. Future optimisation of organoids culture should explore the co-culture system with
non-parenchymal cells and culture in different oxygen tension, as previously discussed. Our
ability to generation human liver organoids with a differentiated hepatocyte phenotype now

presents us with a model system to explore this as a model for HBV infection.
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4 Chapter 4: Human Liver Organoids Express The Functional HBV
Entry Receptor, Sodium Taurocholate Co-transporting Polypeptide
(NTCP) and Support HBV Replication

4.1 Introduction

Prior to the discovery of Sodium Taurocholate Co-transporting Polypeptide (NTCP) as a
HBYV entry receptor, studies on HBV infection and life cycle had been challenging [300].
Many potential cellular molecules were identified to bind to the HBV envelope, but none
were found to be essential for HBV infection [301, 302]. HBV infection also demonstrates
species and organ specificity, with only a limited number of cell types being susceptible to
infection [14]. In a breakthrough study from the Urban lab, it is now identified that the NTCP
protein is an essential entry receptor that could render non-susceptible cell lines infectable to

HBV and HDV [16].

4.2 Characterisation of NTCP in Liver Organoids

HBYV entry requires two main factors: (1) a conserved 75aa sequence of the HBV preS1
region [303] with myristylation to the N-terminal[304-306] and (2) expression of functional
NTCP that could interact with the PreS1 region. To assist in downstream HBV infection
studies, we first examined (1) if organoid culture expressed NTCP and (2) the temporal and
spatial relationship of NTCP expression in organoids throughout differentiation to determine
the optimal timing for infection experiments. To investigate this, we differentiated human
liver organoids as described previously over a period of 20 days and examined albumin and
NTCP expression. In the undifferentiated state, NTCP mRNA was expressed at very low
levels in liver organoids, however, NTCP mRNA expression increases following
differentiation especially from day 15 onwards (Figure 21). To determine whether NTCP
expression can be further improved through advanced differentiation, we tested a number of

reagents used in terminal differentiation of iPSC-derived liver buds to form mature
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hepatocyte-like cells (Figure 20). Ascorbic acid-2 phosphate (AAP) has been shown to
upregulate HGF and maintaining hepatocyte differentiation [194, 307, 308] whereas insulin
has been shown to enhance hepatocyte differentiation via the PI3K/AKT pathway [309-311].
AAP and insulin significantly upregulate albumin expression but the effect on NTCP
expression is only modest. In contrast to iPSC and hepatocyte-derived organoids, oncostatin
M significantly downregulates NTCP expression in LGR5+ liver organoids (Figure 20).
Following 15 days of differentiation, we observed significant donor variations in the level of

NTCP expression (Figure 21).

Next, we assessed if NTCP mRNA expression translates into functional protein expression.
In addition to changing hepatocyte polarity in liver organoids during differentiation, an
inverted polarisation phenotype has been described in other types of organoids, posing
potential challenges to HBV infection as NTCP may not be accessible [312]. Using confocal
immunofluorescence microscopy, we observed significant NTCP expression as detected on
the cell surface towards the external part of the organoids and in between adjoining cells,
removed from ZO-1 (localized to apical surface) (Figure 22). However, the expression of
NTCP on the cell surface alone may not necessarily indicate susceptibility to HBV infection.
One reason is that NTCP is a transmembrane protein with two N-linked glycosylation sites
on the external part of the receptor (Figure 23), and it has been shown that glycosylation
deficient NTCP failed to support HBV infection [313]. Another reason is that in our study,
the NTCP antibody used to detect NTCP (Figure 23) are polyclonal in nature and detects
intracellular C-terminal region of the NTCP. Thus, the detection of NTCP by
immunofluorescence is not necessarily a true indication of functional receptor expression and
may not inform susceptibility to HBV infection. For this reason, we therefore visualised the

NTCP expression using a functional binding assay with fluorescent labelled myristoylated
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HBYV PreS1 peptide (Myrcludex B) [15, 314-316]. As schematic of Myrcludex B and its
interaction with NTCP is provided in Figure 21A. We first incubated the HBV PreS1 peptide
with live organoids, followed by fixation and permeabilisation with Triton-X for NTCP
antibody staining. This procedure ensures binding of HBV PreS1 peptide to NTCP is
exclusively on the external portion of the receptor and non-specific binding is not being
visualised. As seen in figure 23, the Myrcludex peptide bound to the liver organoids
indicating cell surface functional NTCP expression. Interestingly, using NTCP antibody
staining revealed low level and inconsistent positivity in undifferentiated organoids that in
time, changed from a cytoplasmic localisation to assuming a cell surface localisation from
day 10 post-differentiation (Figure 23B). This was confirmed using Myrcludex B in which
we observed that PreS1 peptide staining was only seen following day 10 post differentiation.
This suggests that while undifferentiated organoids can express NTCP at a low level, its
expression is limited to the cytoplasm, and as differentiation proceeds functional NTCP is

expressed on the cell surface.
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Figure 21: NTCP Expression in Liver Organoids

qRT-PCR of organoids showing (A) NTCP and albumin mRNA expression during the course
of differentiation, normalised to GAPDH and day 0, expressed as MeantSEM. (B) NTCP
western blot across differentiation timeline, in comparison with HepG2 and HepG2-NTCP,
vinculin as expression control. Red arrow indicates the NTCP bands (C) NTCP mRNA
expression between three different organoids donors. (D) NTCP expression in UO, DO and
corresponding liver tissue.
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Figure 22: NTCP Expression in Liver Organoids

Comparison between immunofluorescence staining of organoids with NTCP and PreS1
functional assay. (A) Three slide views of confocal image of a differentiated organoid, staining
with antibodies against C-terminal of NTCP. (B) NTCP staining of differentiated organoids
and (C) across differentiation timeline.
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Movie 3: NTCP Expression in Liver Organoids
Confocal microscopy of differentiated human liver organoids at 20X, Green — NTCP, Blue —
DAPI, Red — ZO-1
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Figure 23: Expression of Functional NTCP during Organoid Differentiation

Confocal microscopy of HBV PreS1 peptide staining, images at 10x magnification. (A)
Schematics of PreS1 peptide and NTCP antibodies binding sites, with corresponding live cell
images of PreS1 binding assay. (B) Combined NTCP antibodies and PreS1staining across
differentiation timeline. Note the lack of functional NTCP expression during the early stages
of differentiation.
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Movie 4: Functional Receptor Expression in Differentiated Organoids
PreS1 binding assay in human liver organoids following 20-day differentiation, examined with
confocal microscopy. Pink — PreS1, Blue — DAPI.
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4.3 Optimisation of HBV Infection in Human Liver Organoids

Having established the expression of functional NTCP, on organoids and its optimal
expression window, we next decided to perform infection experiments with HepAD38-
derived or plasma-derived HBV using organoids that have been differentiated for at least 15

days.

During the process of optimisation, we infected the organoids with 1000 genome equivalents
of plasma HBV (genotype B) by incubating the differentiated organoids with the inoculum
with and without 4% PEG 8000. PEG has been previously shown to improve HBV infection
and reproducibility in cell culture models using PHH and hepatoma cell lines [182, 317, 318].
The organoids were washed with cold media to remove the extracellular matrix and incubated
with the inoculum and 4% PEG 8000 for 3 hours before multiple washing steps to remove the
inoculum and unbound HBV. The infected organoids were incubated with differentiation
medium supplemented with 4% PEG throughout the experiment. A control without PEG
during the process of infection and post-infection period was used as comparison. Brightfield
microscopy showed minimal cellular death at 15 days post-infection. Immunofluorescence
staining with antibodies directed against HBcAg and HBsAg at day 8 confirmed the presence
of intracellular HBsAg expression although the number of infected cells were low (Figure
24). qRT-PCR using RNA harvested at day 12 post-infection to quantitate HBV pgRNA,
toral HBV RNA, revealed higher levels of HBV total RNA and full-length 3.5kb RNA in the
PEG-incubated organoids in comparison to no PEG. Quantification of HBV DNA in
supernatant through the time course of infection showed a reduction in HBV DNA over the
period of 12 days, suggesting that the infection level was insufficient to sustain ongoing HBV
replication and spread. Despite the washing steps to remove the HBV inoculum, it is likely

that the detection of HBV DNA at the early time point reflects the input HBV due to the high
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viral inoculum used. Low level HBV viral replication may not be readily visible due to the
large quantity of residual viral DNA detected with qPCR. This experiment was repeated with
two different organoids, showing variability in supernatant HBV DNA between the two
organoids. This work indicates that differentiated organoids can be infected with HBV,
although further improvement is required to overcome the issue of low infectivity and

inconsistency of infection.

Spinoculation has been shown to enhance HBV infection in PHH, therefore we performed an
infection experiment using tube spinoculation to increase the chance of cell and virus contact
[319] (Figure 25). DMSO has also been shown to enhance NTCP expression in hepatoma cell
lines and increased HBV infection in PHH, presumably by arresting cell cycle and inducing
hepatocyte differentiation[213, 320-323]. After washing off the extracellular matrix with cold
medium, the differentiated organoids were incubated with either plasma or AD38-derived
HBYV at 1000 genome copies/cell. The organoids were then incubated with 4% PEG,
supplemented with Rho-kinase inhibitor to prevent apoptosis and subjected to tube
spinoculation at 300 x g for one hour at room temperature before resuspension and re-
inoculation into extracellular matrix. The infected organoids were incubated in DM and Rho-
kinase inhibitor for the rest of the experimental time frame to prevent cell death. At day 10
post-infection total RNA was harvested and qRT-PCR for detection of total HBV RNA and
pgRNA was performed (Figure 25, 26). Clearly organoids were infected with both pHBV and
AD38 HBYV, although DMSO did not enhance infection with pHBV. qPCR showed increased
HBYV total RNA and pgRNA at day 10 but intracellular and supernatant HBV DNA were
inconsistent. Unlike immortalised cell lines (HepG2-NTCP, HepaRG), DMSO did not

improve infection in liver organoids.
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One of the major challenges in HBV infection model system is the requirement of high
inoculum to achieve infection and difficulties in achieving consistencies [318, 324]. To
further improve our organoid infection model to achieving greater surface areas exposed to
HBYV, we incubated undifferentiated organoids that had been treated with TrypLE express
until they dissociate into single cells prior to infection. TrypLE dissociates the organoids into
single cells without removing key surface molecules that would normally occur using
Trypsin. These organoids were allowed to regenerate in EM for 5 days to form small
organoids of 20-50um in diameter, before differentiation process. During the 15-day
differentiation process, the organoids did not proliferate and retain original sizes. In order to
allow larger contact area between the organoids and HBV, plate spinoculation method was
used instead (Figure 27). Using organoids regenerated from single cells in combination with
spinoculation, we managed to achieve consistent infections with AD38-derived HBV. The
success of infection at different inoculum was also assessed using immunofluorescence
staining. HBcAg staining 4 days post-infection showed that inoculum of at least 200 genome
copies/cell of cell culture derived HBV is essential for establishment of infection. Infected
cells showed mainly cytoplasmic HBcAg staining, consistent with viral replication (Figure
28,29, Movie 4) [325, 326]. Infection in liver organoids occurred as clusters similar to

infection foci observed in primary hepatocytes [327].
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Figure 24: Optimisation of HBV Infection in Organoids

Optimisation of HBV infection (plasma HBV genotype B) under different culture conditions.
(A) brightfield microscopy. (B) Corresponding immunofluorescence staining of organoids
with antibodies against cAg and sAg. (C) qPCR for HBV pgRNA, total RNA and supernatant
DNA with or without 8% PEG during infection and culture, normalised to total RNA,
expressed as Meant=SEM. (D) qPCR for supernatant DNA in a separate infection experiment
with two different organoids.
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Figure 25: HBV Tube Spinoculation Schematics
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Figure 26: HBV Infection in the Presence of DMSO (Tube Spinoculation)

HBYV infection experiment schematics (organoids n =2, replicates = 3) (A) with or without 4%
DMSO. (B) qRT-PCR for HBV total RNA and pgRNA for two organoids, normalised to total
RNA, expressed as Meant=SEM. (C) qPCR for intracellular DNA and (D) supernatant DNA.
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Figure 27: HBV Plate Spinoculation Schematics
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Figure 28: Organoids Infection Titre Using Plate Spinoculation

Confocal microscopy of organoids infected with different inoculum of cell-culture derived
HBYV, representative images at 20x magnification, staining performed with antibodies against
HBcAg (red), E-Cadherin (green) and DAPI (blue).
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Figure 29: Organoids Infection with Plate Spinoculation

Confocal microscopy of organoids infected with different inoculum of cell-culture derived
HBYV (A) Enlarged image of infected organoids showing intracellular HBcAg staining and (B)
white arrows indicate infected cells.

120



Movie 5: HBV Infection in Human Liver Organoids

Differentiated human liver organoids infected with HBV, examined with confocal microscopy
under 20X magnification. Reconstruction of Z-stack images using Imaris.

Green — E-Cadherin, Blue — DAPI, Red — HBV Core Antigen
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4.4 Assessing HBV Replication and Spread in Human Liver Organoids

Having established that our liver organoids were permissive for HBV infection, we next
investigated various stages of HBV life cycle, including genome replication (3.5kb pgRNA
transcription), viral replication (cytoplasmic core antigen immunostaining) and production of
viral particles into the supernatant (HBeAg, HBsAg, extracellular HBV DNA) over the
period of 2 weeks. Using identical AD38 derived HBV inoculum of 1000 GE/cell, the
infection was performed in parallel for three individual donor organoids using plate
spinoculation as described previously (Figure 30A). Organoids were incubated with the virus
for a further 24 hours at 37°C with 4% PEG and Rho-kinase inhibitor. To avoid the
confounding effect of input virus, organoids were extensively washed with 10mL of cold
basal medium (10x) on day 2 and repeated on day 3. Supernatant and RNA were harvested at
three separate time points, day 4, 8 and 12. As a replication defective control and to assess
input DNA, similar inoculum of heat-inactivated HBV (100°C boiling for 30 minutes) was
used as comparison for all three organoids. For all donor organoids, there was an increase in
HBYV Total RNA, pgRNA and cccDNA across the 12-day time course, consistent with viral
replication, although with significant variations between donors (Figure 30, 31). In contrast,
we noted no increase in HBV parameters in organoids infected with heat-treated AD38 HBV.
Low level of HBeAg and HBsAg was detected in the supernatant of donor 3 treated with
heat-treated HBV. Without a corresponding increase in HBeAg and HBsAg over time, this
finding is most consistent with detection of residual heat-inactivated virus. Extracellular
HBV DNA increases over time and corresponds to HBsAg and HBeAg secretion. The HBV
DNA in supernatant for donor 3 appears to decline slightly at 12 dpi and similarly, HBsAg
S/CO also decline correspondingly (Figure 31). Overall, this experiment suggests more

consistent infection of organoids using the plate spinoculation method and HBV-infected
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organoids can support HBV cccDNA replication, genomic transcript replication and

production of viral particles.
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Figure 30: HBV Replication Dynamics in Human Liver Organoids

(A) Infection experiment timeline with cell-culture derived HBV (ccHBV) for organoids
derived from three different donors, in replicates of three. Assessment of HBV infection
dynamics at three different time points with qPCR for (B) HBV pgRNA, (C) total RNA and
(D) cccDNA, according to corresponding donors, expressed as fold change, normalised to heat-
inactivated HBV (HI-HBV), MeantSEM.
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Figure 31: Extracellular HBV DNA and Protein Dynamics in Human Liver Organoids
(A) HBV DNA in supernatant over three time points, fold change, MeantSEM. (B) & (C) eAg
and sAg secretion in supernatant, measured with CLIA, normalised to heat-inactivated HBV,
expressed as Mean+=SEM.
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4.5 Patient-derived HBV Infection and Drug Responsiveness

Having established that the differentiated liver organoids can support AD38 derived HBV
infection and replication, we further evaluated the potential of this model system in assessing
HBYV infection using patient-derived HBV. If feasible this would have significant benefit to
study different HBV genotypes and variants. Plasma from one patient (HBV genotype C) was
used to determine the inoculum required to achieve infection. Immunofluorescence confocal
microscopy revealed the presence of HBV cytoplasmic HBcAg staining consistently with
inoculum of at least 50 GE/cell (Figure 32, 33). This was significantly lower than inoculum

derived from AD38 cells.

Next, we assessed whether our HBV organoid infection model could be used to evaluate
antiviral strategies and viral reactivation. Organoids were treated with drug either pre (24hrs)
or post (48hrs) infection with plasma HBV (genotype B). Organoids were further incubated
for 21 days, after which HBV replication was evaluated through detection of HBV RNA by
qRT-PCR. Pre-treatment with Myrcludex resulted in a significant decreased in HBV RNA,
whereas post-infection treatment had no clearance of HBV RNA compared with the control
group (Figure 34). This finding is consistent with the mechanism of Myrcludex in which it
prevents HBV entry. On the contrary, treatment pre-infection with a JAK inhibitor did not
change the HBV RNA. After infection has established, treatment with JAK inhibitor results
in an increase in HBV RNA, suggesting that JAKi may have an effect on HBV replication
post-entry. To further confirm these findings, repeat experiment with Myrcludex and JAKi
was performed with similar findings. Concurrent immunofluorescence staining for HBcAg
also confirm the lack of infection in Myrcludex treated organoids. Similar treatment of two

different organoids have shown variation in the degree of HBV RNA changes with drugs.
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Figure 32: Organoids Infection Titre with Patient-derived HBV
Confocal microscopy images of organoids infected with plasma derived HBV (genotype C) at
different inoculum, inset indicates enlarged images of infected areas.
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Figure 33: Organoids Infection with Patient-derived HBV
(A) Three slide view of reconstructed Z-stack image and (B) 3D view of organoids infected
with plasma HBV (genotype C)
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Figure 34: Drug Response in Liver Organoids

Drug treatment of liver organoids infected with plasma HBV (genotype B) for 21 days. (A)
Schematic timeline of experiment and (B) qRT-PCR of infected organoids, normalised to total
RNA, expressed as MeantSEM. (C) qRT-PCR or Myrcludex-treated and (D) JAKi-treated
(Baricitinib) organoids. (E) Corresponding immunofluorescence for HBcAg in the same
experiment. (F) Schematics of treatment timeline for organoids in a shorter time frame. (G)
(H) gRT-PCR of infected organoids, normalised to total RNA, expressed as Mean+=SEM.
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4.6 Organoids Infection with Other Hepatotropic Viruses

4.6.1 HCV

Having established that our organoids can support HBV replication, the next logical step was
to evaluate other hepatotropic viruses. HCV is a member of the Flaviviridae family with sole
tropism for hepatocytes. HCV entry into hepatocytes a sequential process that is tightly
linked to the lipid metabolism of the hepatocytes. It first involves binding to the LDL-R,
GAG and SR-B1 on the basal lateral surfaces of polarised hepatocytes, with subsequent
binding to CD81, CLDN-1, EGFR and finally Occludin in the apical surfaces before

internalisation through membrane fusion process (Figure 35A) [270].

We evaluated the presence of HCV entry receptors in both undifferentiated and differentiated
organoids using qRT-PCR for mRNA expression and immunofluorescence staining for in situ
receptor expression. qRT-PCR results showed that the 4 major HCV entry receptors,
Occludin, claudin-1, SR-B1 and CD81 were expressed at the mRNA level in both
undifferentiated and differentiated organoids (Figure 35). Similarly, immunofluorescence
staining showed presence of all four receptors at both differentiated and undifferentiated
stages. Co-staining with ZO-1 antibody showed that most but not all the Occludin staining

co-localise with ZO-1, predominantly in the internal surface of the organoids (Figure 36A).

An initial attempt to infect the undifferentiated and differentiated organoids with cell culture
derived HCV (Jc1/JFH1, MOI 0.004 Figure 36B) for 72 hours was unsuccessful. Further
attempt to infect the differentiated organoids with Jc1-GFP was not successful (Data not

shown).
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4.6.2 ZIKV & Semliki Forest Virus

As a proof of concept, we assessed the susceptibility of human liver organoids to a positive
strand RNA virus that has been associated with various human pathology due to its broad
tissue tropism [328]. It has been previously shown that ZIKV can infect and impart a
cytopathic effect on hepatocytes and hepatoma-derived cell lines [329, 330]. Most recently,
human stem cell derived HLCs have been shown to not only support ZIKV replication, but

also can be used to assess efficacy of potential antivirals [331].

Semliki Forest Virus (SFV) is a positive strand, single stranded RNA virus from the
Togaviridae family. It can be transmitted to human through mosquitoes vector and is
occasionally associated with significant encephalitis [332]. Studies of SFV lifecycle and
cellular responses predominantly derived from experiments on rodent-derived cell lines and

the true human tissue tropism is unclear [333-337].

Infection experiment with ZIKV and SFV was performed on undifferentiated human liver
organoids at MOI of 5 and 0.1, respectively, using plate spinoculation method. The organoids
were incubated for a further 24 hours before fixation for immunofluorescence staining. The
ZIKV infected organoids were stained with anti-flavivirus E-antigen whereas the SFV
infected organoids were stained with anti-dsRNA. Immunofluorescence microscopy showed
typical cellular staining patterns of infected cells within the organoids (Figure 37).
Concurrently brightfield microscopy did not show significant cytopathic effect at 24 hpi for

both viruses.
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Figure 35: HCV Entry Receptors in Liver Organoids
(A) Schematic diagram depicting the location of HCV entry receptors. (B) HCV entry receptors
mRNA, relative to GAPDH. Experiment performed using pooled organoids for each condition.
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Figure 36: HCV Entry Receptors in Liver Organoids

(A) Immunofluorescence staining of HCV entry receptors in UO and DO, 40x magnification.
(B) HCV RNA fold change in UO, DO, Huh7.5 and HepG2, relative to RPLP0O and HepG?2.
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Figure 37: ZIKV and SFV Infection in Liver Organoids

(A) Confocal microscopy of ZIKV infection (MOI 5) and (B) SFV infection (MOI 0.1) of
undifferentiated liver organoids. ZIKV infected organoids were stained with anti-E whereas
SFV infected organoids were stained with anti-dsRNA, using ZIKV (MOI 10) as a positive
control (not shown). (C) Brightfield microscopy at 24hpi.

134



>

Movie 6: ZIKV Infection in Human Liver Organoids
Undifferentiated human liver organoids infected with ZIKV. Z-stack images from confocal
microscopy at 20X. Green — E-Cadherin, Blue — DAPI, Red — Flavivirus E Antigen
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Movie 7: SFV Infection in Human Liver Organoids
Undifferentiated human liver organoids infected with SFV. Z-stack images from confocal
microscopy at 20X. Green — E-Cadherin, Blue — DAPI, Red — dsRNA
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4.7 Discussion

As we have outlined previously, the in vitro models for HBV infection are somewhat lacking
and thus there is a clear need for an in vitro model that would allow for pathogenesis studies
and evaluation of new drugs and targets. The main focus of this chapter was to assess human
liver organoids as an in vitro model for HBV infection. We show that adult stem cell derived
human liver organoids express functional HBV entry receptor NTCP and can support the full
life cycle of HBV. Interestingly we show that NTCP is expressed during differentiation,
demonstrating the importance of assessing the functional receptor expression rather than

NTCP mRNA or antibody staining which correlate poorly with infectivity for HBV.

NTCP plays a significant physiologic role in hepatic bile acid transport. In the adult liver,
NTCP is expressed on the basal lateral surface of hepatocytes in contact with the sinusoids,
and is responsible for transporting conjugated bile acids from the blood into hepatocytes.
NTCP deficiency in children as a result of homozygous mutations in the SLC10A1 gene
(NTCP), results in cholestatic jaundice and bileacidaemia [338-341]. In early infancy, NTCP
mRNA is poorly expressed, with its localisation predominantly to a perinuclear location. In
children older than 1 year of age, NTCP mRNA is significantly upregulated, suggesting some
form of age related regulation [342]. NTCP also undergoes post-translational glycosylation in
an age-dependent manner with immunodetection in mature hepatocytes, demonstrating a
predominantly apical expression of the glycosylated NTCP protein. Similarly, NTCP
localisation of the differentiated human liver organoids was consistent with a membranous
staining pattern, suggesting maturation of NTCP. Interestingly, the N-glycosylation of NTCP
and movement to the cell surface has been linked to susceptibility to HBV infection [313,
343]. These post-translational modifications of NTCP especially at the N-terminal to which

HBYV binds, is clearly demonstrated in the human liver organoids. The inability of Myrcludex
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to bind to NTCP in the undifferentiated stage, despite the presence of mRNA and protein
expression (intracellular) suggest that during differentiation, NTCP is post-translationally
modified to access cell surface expression and ultimately HBV binding and internalisation.
The dependence on post-translational modification may partially explain the lack of
incremental susceptibility of some hepatoma cell lines to HBV infection when using a NTCP
overexpression construct [344]. While not a major focus of this thesis, our observation in
regards to NTCP expression is our organoid system proves a useful system to study NTCP

gene regulation and localisation future studies.

Due to differences in culture conditions and lack of standardisation of methods in evaluating
HBYV infection, comparison of HBV infection in liver organoids with in vitro models such as
NTCP expressing HepG2 cell or PHH is difficult. Despite this, we achieved HBV infection in
differentiated human liver organoids as evaluated by HBV core antigen staining, HBV
pgRNA, HBV DNA and HBsAg excretion. In comparison with HBV patient liver samples in
which a high percentage of hepatocytes are positive for HBcAg, this was not the case in our
cultures. We noticed that the expression of mature hepatocyte markers is not complete in
differentiated organoids when immunodetection of stem cell and ductal markers showed that
a significant proportion of cells within the organoids retain the ductal or immature
phenotypes despite differentiation and therefore would not support HBV replication. This
finding is consistent with other stem-cell derived HLC models in which the differentiation
process is not complete in vitro. Further optimisation with other culture conditions (e.g.,
higher and lower oxygen, high nutrients, microfluidic model) and co-culture with other liver
non-parenchymal cells may potentially be useful in achieving a more hepatocyte-like
phenotype. During our optimisation experiments, the addition of AAP with or without insulin

did result in increased albumin and NTCP mRNA expression. As achieving complete
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hepatocyte differentiation is beyond the scope of this thesis, we have yet to ascertain if the
increase in albumin and NTCP expression is due to improved maturation of HLCs or an
increase in the proportion of cells undergoing the hepatocyte differentiation. Furthermore,
whether improvement in differentiation in the hepatocyte lineage would result in increased

HBYV infection is yet unknown and will require further evaluation.

One major challenge for all stem-cell derived HLCs especially in 3D culture format is the
ability to achieve consistency. This could be due to a number of reasons: (1) the
unpredictable size of organoids and thus access to nutrients are not consistent, (2)
differentiation between and within organoids are not consistent due to different cell types, (3)
the growth rates of organoids are not consistent between passages due to polyclonal nature
and some cells will undergo senescence at later passages, (4) despite genetic stability, the
composition of stem cells may change and proliferating cells are selected out during
passages, and (5) prolonged period of differentiation and infection experiment introduces
variation in culture conditions. In order to utilise human liver organoids as a translational tool
to predict clinical response, intra- and inter-experimental consistencies are compulsory to
achieve clinical diagnostic standards. Having established that we could indeed infect our
organoids with HBV, our next aim was to modify infection model to a more consistent
platform. By digesting the organoids into single cells and regenerate for 5 days before
differentiation, we managed to achieve more consistent sizes of organoids for experiments.
HBYV infection performed in these smaller organoids using plate spinoculation method has
resulted in consistent infection. Due to the large viral inoculum required, significant amount
of washing steps are required to ensure all the input virus are completely removed before
assessing for viral replication using HBsAg and HBV DNA quantification from the

supernatant. These steps introduce further risks to experimental consistencies. In order to
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assess for inter-experimental variation, establishing an HBV-producing organoid cell line is
crucial. Nishitsuji et al. has established a number of hepatoma cell lines transduced with
HBYV plasmid constructs that express nanolucifease or Gaussia luciferase in cell culture
supernatant [345-347]. These cell lines can be used to assess HBV host-factor expressions
and antiviral response. A material transfer agreement has been established for acquiring these
constructs. However, the transport process has been significantly interrupted due to the
COVID-19 pandemic and the establishment of NanoLuc/gLuc HBV-producing organoids

cannot be achieved during the period of the PhD.

Similar with other HLCs and hepatoma cell lines, the liver organoids required a high
inoculum of cell-culture derived HBV to achieve infection[160, 181, 318, 348, 349]. For
example, using spinoculation, we did not achieve infection until we had added 200GE/cell of
HBYV, that represents a significant amount of viral genomes. Apart from a less complete
hepatocyte phenotype and lower levels of NTCP expression compared to PHH, the
requirement for a high inoculum cannot be entirely attributed to the cell culture model alone.
Consistent with other stem-cell derived HLCs, in our study, the differentiated organoids were
more susceptible to plasma-derived HBV than cell-culture derived HBV. However, for
reasons that are not entirely clear, previous studies have demonstrated that human plasma
contains a high number of infectious virions (Dane particles) compared with cell-culture
produced HBV which consists of a large proportion of non-enveloped viral particles with or
without HBV DNA[350-352]. Furthermore, cell culture-derived HBV can be generated from
a number of different cell lines, for instance, HepAD38, HepDE19, HepG 2.2.15 and its
derivatives[353-358]. It is unclear what proportion of infectious virions is produced from
these cell lines. In comparison to other viruses in which infectious viruses can be quantified

by plaque TCIDS50 assay, routine quantification of inoculum using qPCR for HBV DNA is
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unable to accurately identify the true infective viral inoculum. In addition, there are multiple
different viral concentration techniques, introducing more complexity to the evaluation of

viral integrity and true infective inoculum [359-364].

While we have demonstrated HBV infection of human liver organoids, the question remains,
can they be used as a model for other hepatotropic infection either alone or in co-infection
experiments. To assess the potential of human liver organoids as a model for HCV infection,
we characterised the expression of HCV entry receptors before and after differentiation. The
initial infection experiment with Jc1/JFH1 and Jc1/GFP was not successful, probably due to
the low viral inoculum used in the infection experiment. Attempts to produce high titre virus
from cell culture was not successful when using PEG8000 for viral precipitation. Future
experiment could include ultracentrifugation of HCV or using plasma derived HCV. As
Occludin co-localises with ZO-1 which is internalised during the differentiation process,

infection of differentiated organoids may require cellular disruption to expose the receptor.

Overall, we have established the optimal timing of organoids differentiation in which
functional entry receptor, NTCP is expressed. This information, together with the assessment
of infection inoculum, assist us in establishing consistent HBV infection in organoids to
evaluate HBV replication and downstream assessment of innate immune response to HBV

infection.
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5 Chapter 5: Human Liver Organoids Demonstrate Robust Innate
Immune Response

The innate response to viral infection is the first line of defense against invading pathogens
and is crucial for the outcome of viral infection and shaping a robust adaptive response.
Furthermore, most viruses have evolved mechanisms to evade this response and for many
viruses this is well documented [79, 231]. However, in contrast, studies on the innate immune
response and antiviral effector ISGs in HBV infection are conflicting due to the different
model systems used. Interestingly, it is thought that HBV is a stealth virus, in which it does
not activate an appreciable innate response and thus can evade early antiviral responses [95].
Assessment of individual HBV proteins demonstrated their ability to suppress ISG
expression, however, the overall effect of sensing HBV PRR and subsequent activation of the

innate immune signalling pathway have not been completely resolved [91, 95, 365].

A number of ISGs such as RIG-I, PKR, IFITM1, IRF1, MX1, MYD88, NOS2, PLSCR1 and
RNASEL have been implicated to inhibit HBV replication through different mechanisms,
however, their exact role is unclear [366-370]. Thus, a physiologically intact HBV model
system that mimics hepatocyte infection would help improve our understanding of the natural
history of HBV infection, in particular innate immune responses and knowledge as to

individuals who are able to achieve functional cure after a prolonged period of infection.

The aim of this chapter is to characterise the innate immune response or competency of our

liver organoid model and to further characterise HBV initiated innate responses.

142



5.1 ISGs expression in response to Interferon-o Stimulation
Prior to investigation of the innate response of liver organoids to HBV infection, we first
determined if the organoids are indeed responsive to IFN stimulation initially at the stem cell

state and following differentiation towards a hepatocyte phenotype.

IFN is a key innate immune cytokine and responsible for induction of hundreds of ISG
mRNAs [371]. To dissect the response of liver organoids to IFN-a., timepoint experiments
were performed using both undifferentiated and differentiated human liver organoids
stimulated with 1000U/mL of IFN-a (Figure 38). A relatively high concentration of IFN-o
was used in this initial proof of concept experiment to evaluate the extent of ISG induction
when the cells were saturated with IFN-a.. In hepatoma cell-based model systems such as
Huh7 or HepG2, IFN-a of at least 500U/mL upwards are often required to achieve a
meaningful fold induction in ISGs [372-374]. Total RNA was harvested at 6-, 16- and 24-
hours post-stimulation followed by gqRT-PCR to detect a select panel of ISGs. Significant
upregulation of mRNA for IFITM1, ISG15 and Viperin of at least 100-fold were seen as
early as 6 hours for both differentiated and undifferentiated organoids. Although there were
slight differences in ISG temporal dynamics, overall, it appears that [IFITM1, ISG15 and
Viperin reached sustained induction up to 24 hours. We expected a difference in response
between undifferentiated and differentiated organoids. Interestingly, IFITM1 was
significantly increased in differentiated organoids at 16 and 24 hour-post stimulation.
However, despite a trend for increased Viperin and ISG15 expression in differentiated

organoids, the differences did not reach statistical significance across all time points.

Having established that our liver organoids were responsive to Type I IFN, we next evaluated

ISG induction using a more physiologic concentration of IFN-a (10U/mL and 100U/mL). In
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primary human hepatocytes and in hepatoma cell lines, IFN-a concentration of less than
250U/mL are routinely used to assess activation of the JAK-STAT signalling pathway and
downstream ISG induction [375]. Using IFN-a at concentration of 10 and 100 IU/mL, we
observed significant upregulation of ISGs and the proinflammatory cytokine, CXCL10 in the

human liver organoids.

Overall, the trend suggests a dose response to IFN-a.. Having determined that the organoids
have a highly responsive JAK-STAT signalling pathway, we evaluated the role of donor
variation on three organoids in response to IFN-a (Figure 39). Variation between ISG
induction can be seen at 10U/mL concentration of IFN-o but was more robust at 100U/mL.
Interestingly, donor 3 had a significant upregulation of CXCL10 in comparison with other
donors. Such variation in ISG response between individuals could have a significant
downstream implication, with opportunity to further understand the individual differences in

disease pathogenesis and individual immune response to various hepatotropic viral infections.
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Figure 38: ISG Response to IFN-a Stimulation

(A) Temporal fold induction of ISG mRNAs in UO and DO (replicates of 4) at 6, 16 and 24h
post-stimulation with IFN-o at 1000U/mL (Mean+SEM, n=2). UO = undifferentiated
organoids, DO = differentiated organoids (B) Fold induction of ISG mRNAs at 24h post-
stimulation with two concentrations of IFN-a (Mean+SEM).
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Figure 39: Donor Variation of ISG Response in Human Liver Organoids
Fold induction of ISG mRNAs in DO derived from three separate donors (replicates = 4) at
24h post-stimulation with IFN-o (Mean+SD).
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5.2 1ISGs expression in response to Polyl:C Stimulation and HBV infection

Recognition of HBV PAMPS by PRR and subsequent induction of ISGs has been
controversial. Dansako et al. previously reported HBV dsDNA recognition by the PRR cGAS
with subsequent induction of cGAS-STING pathway and expression of the antiviral effector
IFIT1 [376]. However, the study was performed using human hepatoma Li23 cells and
induction of ISG was not assessed. In another study, Sato e/ al. subsequently described RIG-I
mediated sensing of the 5’-¢ of the HBV pgRNA as the primary mechanism of HBV sensing
in PHH, resulting in a predominant type III IFN activation [81]. However, collectively our

understanding of the hepatocyte recognition of HBV PAMPS is still in its infancy.

Having established that liver organoids can respond to IFN-a stimulation, we next assessed if
organoids could respond to the viral dSRNA genome mimic Polyl:C (Figure 40). In order to
stimulate the cytosolic RIG-I pathway, we stimulated the organoids with Polyl:C through
transfection to stimulate intracellular PRRs. To improve transfection efficacy, the liver
organoids were dissociated into single cells through TrypLE digestion before incubation with
the Polyl:C at 2mg/mL and Lipofectamine 3000 transfection reagents. In comparison to
transfection reagent only as a vehicle control, significant induction of mRNA for RIG-I,
MDAJS, IFITM1, ISG15, Viperin, CXCL10 and IFN-3 was seen at 24 hour post-stimulation
with Polyl:C. Although HBV RNA sensing through the RIG-I pathway has been described
previously in PHH and hepatoma cell lines [81], HBV infection in liver organoids was not
associated with upregulation of RIG-I or MDAS mRNA at 4-, 8- and 12-days post-infection
despite a corresponding increase in HBV RNA (Figure 41). Interestingly, while HBV
replication was established in all these donors, we noted no significant difference in ISG

expression across three timepoints from 4-12 days post-infection.
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In conclusion, we demonstrated that the liver organoids were responsive to Polyl:C
stimulation with a robust innate immune response. Despite HBV replication in liver
organoids, no significant induction of ISG was observed, suggesting HBV has either an
immune evasive or immune suppressive property. This finding supports our current
understanding of innate immune response in HBV infection and that the human liver

organoids could be used to explore the innate immune antiviral strategies.
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Figure 41: ISG Response to HBV Infection in Liver Organoids

(A) Schematics of HBV infection experiment (B) HBV pgRNA fold change, and (C) Fold
induction of viral sensing and anti-viral effector ISGs in UO an DO following HBV infection
among three donors at 1000 GEg/cell using cell-culture derived HBV (ccHBV) and heat-
inactivated HBV (HI-HBV) as control. mRNA expression relative to HPRT and normalised to
uninfected controls at each specific time points (Mean+SEM).
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5.3 Discussion

Defining the innate response to viral infection is key to our understanding of pathogenesis
and informing therapeutic and vaccine strategies. Characterisation of the innate response to
HBYV has been problematic, primarily due to the use of cell-based models, many of which are
tumour derived that may contain defects in innate signalling pathways. We therefore in this
chapter investigated the use of human liver organoids to study innate responses. In this series
of experiments, we have demonstrated that the human liver organoids are highly responsive
to IFN and dsRNA mimic stimulations, in both undifferentiated and differentiated states.
Donor variation in ISG induction was seen, as expected of a physiologic model system.
Importantly, despite a high inoculum, HBV infection and replication are associated with poor
ISG induction. Among the panel of ISGs, IFITM1 was selected as it is strongly regulated by
type I and II IFNSs. It has selective antiviral activities against a range of Flaviviruses through
prevention of viral entry through the lipid bilayer [377]. Although IFITM1 has been shown to
be antiviral against HCV, the role of IFITM1 on HBV is less clear[378]. In the HepaRG
model, HBcAg has been shown to interrupt the stability of polybromo-associated BRM-
associated factors (PBAF) complex, thus interfering with downstream IFITM1 transcription
[379]. The rationale for this is that our initial experiments focused on firstly if our organoid
model could respond to IFN and secondly if there were differences between activation in
undifferentiated and differentiated organoids. Stem cell models such as iPSC and ESC have
higher levels of basal ISG expression but are poorly responsive to IFN stimulation [228]. It
has been theorised that this phenotype serves as a protective mechanism of stem cells to
maintain their pluripotency during viral infection, as IFN induction drives the stem cells
towards differentiation phenotypes [380]. Following differentiation, stem cells progressively
lose their basal ISG expression but become more “inducible” upon stimulation or infection

[228, 381], especially in the EIF3L, IFITM and BST groups of ISGs [382]. The
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characteristics of canonical type I IFN signalling in LGR5+ liver stem cells have not been
previously described. Transcriptomic analyses showed a slightly higher basal mRNA
expression of RIG-I and Toll-like pathway cytokines compared with liver tissues (Figure S3
& S4), although these findings were yet to be confirmed with protein analysis. Our findings
of the high inducibility of the organoids to Type I IFN stimulation, in both differentiated and
undifferentiated forms, is consistent with the findings of other stem cells as LGR5+ stem
cells are much further down the differentiation pathway and have lost that ability for
pluripotency [248]. Collectively, we have shown that the human liver organoids have a
competent [FN and RIG-I pathway, and therefore serve as a good model system to study

innate responses.

In these experiments, we also assessed for ISG15 expression as it is often highly expressed in
the liver tissue following viral infections. In hepatoma model using HepG2.2.15 cells,
overexpression of ISG15 is associated with upregulation of HBV DNA in culture [383]. High
ISG15 expression has also been found in HCC tissue and other hepatoma cell lines,
suggestive the link between ISG15 and oncogenesis [384]. The levels of ISG15 induction in
liver organoids following IFN and Polyl:C stimulation were substantial but the level of
induction following HBV infection was very low, similar to the findings of iPSC-HLC model

[160].

One limitation of our study to determine innate immune activation in response to HBV
infection was the duration of experiment was only up to 12 days, thus restricting our
understanding of ISG induction to acute infection model. Future optimisation of this model
system to sustain HBV infection for a prolonged period of time would expand our

understanding of the innate immune response in chronic HBV infection. In addition, further

152



assessment of type III IFN response in HBV infection would allow a more complete
characterisation of ISG response in liver organoids. In addition, the donor selection process
in this study created a gender bias with males predominating. Further experiment to assess
differences between males and females could uncover differences in sex related innate

responsces.

In addition, the infection rates in differentiated human organoids are not high, possibility due
to incomplete differentiation, as indicated by persistence of ductal cell markers (e.g., SOX9)
following differentiation. The consequence of this is that only some cells are susceptible to
HBYV infection within the differentiated organoids. Further improvement of human liver
organoids differentiation through assessment of different culture conditions and co-culturing
liver organoids with other non-parenchymal cells (e.g., Kupfter cells, stellate cells, liver

fibroblasts etc) may be warranted.

One limitation of this study is the sexual bias in our tissue donor selection. As we were only
looking for healthy tissue from liver resection, most of the cases were from elderly men
undergoing liver resection due to metastatic colon cancer and all the infection experiments
were performed using organoids from male patients. There is increasing understanding of the
presence of sexual differences in immune response to viral infections [385]. Using SARS-
CoV-2 as an example, female patients have a higher level of T cell response and IFN-a
response whereas male patients have a higher level of IL-8 and IL-18 response, and these
differences have an implication on diseases severity and clinical outcome [385-387]. The
sexual differences in innate immune response for HBV is currently unknown and could be
explored further using our organoid model. In addition, it is recently recognised that Hepatitis

B infection affects men more than women, with men having more rapidly progressive liver
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disease and HCC than women [388, 389]. The contributing factors to these differences are

not clear and could be potentially explored in the liver organoid model.

Collectively, our preliminary findings suggest that HBV is a poor activator of the innate
response and subsequent induction of ISGs. This is consistent with other studies using PHH
in which HBV did not induce ISG expression [89, 390]. It further emphasises the importance
of using a physiologic model system when assessing the innate immune response. In addition,
any interactions of individual components of HBV proteins with ISGs must also be
confirmed with the global effect of HBV infection. Future organoid studies should explore if
these individual HBV proteins are capable of activating the innate immune system and

whether additional mechanisms shut down this process.
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6 Conclusion and Future Directions

Chronic Hepatitis B (CHB) has been described as a global silent epidemic by the WHO and
continues to grow as a major public health issue in the developing world, despite having an
effective preventative vaccine for decades. It accounts for a significant number of patients
with liver cirrhosis and/or hepatocellular carcinoma and is a major indication for liver
transplantation worldwide. To date, there is no effective curative therapy available for CHB.
Current treatment with nucleoside/nucleotide analogues are required for long-term
suppression of HBV and do not totally ameliorate the risk of HCC [391]. This treatment
strategy continues to impose significant health care costs and pill burden to patients. Another
therapeutic strategy is short-term use of pegylated IFN-o.-2a to induce a “cytokine storm” in
the hope of controlling the virus temporarily. The exact mechanism of how IFN therapy
achieve viral suppression is not known, but most likely through augmentation of cell
mediated immunity to interfere with various aspects of the HBV lifecycle, including RNA
transcription [392]. Furthermore, the use of IFN therapy could only benefit a very small
proportion of patients for a number of reasons: (1) only some HBV genotypes are responsive
to IFN therapy, (2) HBeAg positive patients are most likely to benefit from IFN therapy than
HBeAg negative patients, (3) high pre-treatment IFN levels is associated with treatment
failure, and (4) risk of liver decompensation in cirrhotic patients and (5) poor toxicity profiles
including exacerbation of mental illness. Clearly, a novel approach to achieving HBV cure is
required to eradicate CHB globally. There has been a significant push to develop curative
therapies, however in many cases there is a lack of a good model system to assess their
efficacies. Despite having a myriad of in vitro model systems for HBV infection, very few of
these systems, are primary in nature and do not account for patient’s host genetic and gender
variability and thus have limited application in clinical use. As an example, our

understanding of the HBV lifecycle, pathogenesis and drug treatment, has relied on cancer
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derived cell lines and animal models. The main limitation is the lack of applicability in
predicting drug response, viral rebound in the setting of multiple drug resistant mutations,
antiviral withdrawal or the use of immunosuppressants. Understanding of the lifecycle of
HBYV is also rather limited and compounded by conflicting results from various non-

physiological model systems.

As new immunotherapies are slowly emerging for HBV, coupled with recent advances in our
understanding of liver regeneration, stem cell-derived liver model systems have gained more
research and clinical interests. Patient derived stem cells (iPSC, ESC, AdSC), pluripotent or
multipotent, have shown great promise in personalised medicine as they retain the genetic
signatures of the hosts. A prime example of this is the response of tumour derived organoids
to certain chemotherapeutic agents [393]. This opens the door for assessment of individual
immune response to viral infections, a concept that is relatively unexplored. Development of
tissue engineering techniques and 3D cell culture system further enhance the differentiation
of stem cells into hepatocyte-like cells (HLCs) that resemble PHH. Each stem cell model
systems have its own unique advantages and limitations. iPSC-derived HLCs are the most
developed stem cell model system to date as it is not hampered by the ethical issues of ESCs.
iPSC-HLCs have been shown to sustain HBV and HCV infections and retain an intact JAK-
STAT signalling pathway. However, high mutation rates introduced during stem cell
reprogramming and culture limit its advancement in regenerative medicine. Adult liver stem
cells (LGR5+) derived HLCs/organoids represent a more recent advancement in stem cell
biology with genetic stability. Assessment of this novel model system in sustaining HBV
infection is limited. In this thesis, we described and characterise the differentiation process of

adult stem cell derived HLCs in the organoids model system, and important features that
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sustain HBV infection. In addition, we demonstrate the utility of organoids culture in

assessing the innate immune response to viral infection and antiviral response.

6.1 Summary of Findings and Future Direction

This thesis encompasses a series of experiments that focused on the development and
differentiation of human liver organoids and has identified a number of advantages and
limitations of this model system. These experiments highlighted the AdSC ability to
differentiate into HLCs, its susceptibility to HBV infection and its robust innate immune
response (Figure 42). Understanding of these novel characteristics of the liver organoid
model system allows us to further explore the liver biology, pathogenesis of HBV infection

and associated diseases and applicability of this model system in translational medicine.

This thesis has demonstrated, for the first time the relationship between functional NTCP
expression and susceptibility to HBV infection in a primary stem cell model. In addition, this
thesis also explored the innate immune response of AdSC-derived organoids to various
stimulations (IFN, Polyl:C) and HBV infection, which have not been previously described.
One limitation of the organoid model system has also been identified, in which the cellular
differentiation into hepatocyte is incomplete and can potentially affect the susceptibility of
the organoids to HBV infection. Further improvement of organoids differentiation process
using different culture conditions (e.g., physiologic oxygen tension, coculture with other non-

parenchymal cells and additional growth factors) should therefore be explored.

The novel biological characteristics of the organoids culture system described here have
allowed us to identify several major areas of research that could stem from this thesis (Figure
43). Examples are (1) modelling for clinical HBV infection (2) transcriptomic

characterisation of host responses to HBV infection (e.g., RNA Seq), (3) evaluation of novel
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HBYV therapeutics, (4) CRISPR Cas9 editing to knock-out/screen for essential HBV host
factors, (5) HBV tumourigenesis using organoid system, (6) hepatocyte differentiation and
HBYV infection in co-culture system with liver non-parenchymal and immune cells, (7) effects
of host-variation (e.g., gender, age) in HBV infection and innate immune responses (8)
infection and/or co-infection with other hepatotropic viral infections (e.g., HCV, HAV, HDV,

HEV) and (9) NTCP biology.

To improve the clinical applicability of human liver organoids, future experiments would
include transplantation of human liver organoids in SCID mice to evaluate if the human liver
organoids are able to engraft and develop its full metabolic potentials in the liver
microenvironment. Transcriptomic analysis of engrafted liver organoids in comparison with
liver organoids cultured in vitro may identify important cellular factors required for
hepatocyte maturation. Further characterisation of the immune response of liver organoids
especially type III IFN response and basal expression of ISGs would help complete the
picture of the innate immune response of human liver organoids. This can be achieved by
assessing the transcriptomics of human liver organoids using RNA Seq in the setting of viral
infection and/or IFN stimulation. Assessment of other hepatotropic viral infections (HCV,
HAV, HDV) and co-infection in liver organoids can be done by first assessing the viral
receptor expression for each virus. Subsequent viral dynamic study either in mono- or co-

infection setting would allow further assessment of viral-viral interactions using qRT-PCR.

In conclusion, we have demonstrated the metabolic characteristics and ability of the human
liver organoids to support the full life cycle of HBV infection. In addition, the presence of
donor variations and an intact innate immune response would allow us to further develop this

model system to inform personalised drug response, toxicity and viral reactivation. The
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human liver organoids are likely to play an important role in the future of drug testing for

novel antivirals.
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Figure 42: Proposed Organoids HBV Model System

Figure 43: Applications of Human Liver Organoid Model System
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7 Appendices

7.1 Mouse Liver Organoids Culture Reagents

Mouse Liver Digestion Medium

Components Stock Concentration | Working Concentration

(mg/mL) (mg/mL)
Collagenase D Neat (lyophilised) 0.125 mg/mL
Dispase 11 10 0.125 mg/mL
DNasel 10 0.1 mg/mL
DMEM Neat Neat

Mouse Liver Organoids Isolation Medium

Components Stock Concentration | Working Concentration
Mouse Liver Expansion Medium Neat Neat
Noggin-conditioned medium Neat 5% (v/v)
Wnt3a-conditioned medium Neat 30% (v/v)

Rho kinase (ROCK) inhibitor (Y-

27632) 10mM 10uM

Mouse Liver Organoids Expansion Medium

Components Stock Concentration | Working Concentration
Basal Medium Neat Neat
B27 (with/without vitamin A) 50x Ix
N-acetylcysteine IM ImM
Rspol conditioned medium Neat 5% (v/Vv)
Nicotinamide IM 10mM
Recombinant human [Leul5]- 10uM 10nM
gastrin

Recombinant mouse EGF lpg/mL 50ng/mL
Recombinant human FGF10 100pg/mL 100ng/mL
Recombinant human HGF 25ug/mL 50ng/mL

7.2 Mouse Liver Organoids Differentiation Reagents

Mouse Liver Organoids Differentiation Medium (Day 0-12)

Components Stock Concentration | Working Concentration
Basal Medium Neat Neat

B.27 sppplement (with/without 50X Ix

vitamin A)

N2 supplement 100X Ix
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N-acetylcysteine IM ImM
lg{;;(r)irrlll‘t;mant human [Leul5]- 10uM 100M
mEGF 1 50ng/mL
Recombinant human FGF-10 100 100ng/mL
A83-01 50mM 50nM
DAPT 10mM 10uM

Mouse Liver Organoids Differentiation Medium (Day 13-15)

Components Stock Concentration | Working Concentration
Basal Medium Neat Neat
\E}ifz niﬁf)il)ement (with/without 50X 1x

N2 supplement 100X Ix
N-acetylcysteine IM ImM
Recqmbinant human [Leul5]- 10uM 100M
gastrin |

mEGF lpg/mL 50ng/mL
Recombinant human FGF-10 100pug/mL 100ng/mL
A83-01 50mM 50nM
DAPT 10mM 10uM
Dexamethasone (day 13-15) 3mM 3uM

7.3 Human Liver Organoids Culture Reagents

Human Liver Digestion Solution

Components Stock Concentration | Working Concentration
(mg/mL) (mg/mL)

Collagenase D (mg) Neat 2.5

EBSS Neat Neat

DNasel (dissolve in water) 10 0.1

Human Liver Isolation Medium

Components

Stock Concentration

Working Concentration

27632)

Human Liver Expansion Medium Neat Neat
Noggin-conditioned medium Neat 5% (v/v)
Wnt3a-conditioned medium Neat 30% (v/v)
Rho kinase (ROCK) inhibitor (Y- 10mM 10uM

Human Liver Expansion Medium

Components Stock Concentration | Working Concentration
Basal Medium Neat Neat
N2 supplement 100X 1x
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B27 (without vitamin A) 50x 1x
N-acetylcysteine IM ImM
Rspol conditioned medium (ul) Neat 10%
Nicotinamide IM 10mM
Recombinant human[Leul5]-

gastrin 10puM 10nM
Recombinant human EGF lug/mL 50ng/mL
Recombinant human FGF10 100pg/mL 100ng/mL
Recombinant human HGF 25ug/mL 25ng/mL
Forskolin 10mM 10uM
A83-01 50uM S5uM

7.4 Human Liver Organoids Differentiation Reagents

Components Stock Concentration | Working Concentration
Basal Medium Neat NA
B27 supplement (with vitamin A) 50X Ix

N2 supplement 100X Ix
N-acetylcysteine IM ImM
lg{;;(r)irrlll‘t;mant human [Leul5]- 10uM 100M
hEGF lpug/mL 50ng/mL
Recombinant human HGF 25pg/mL 25ng/mL
Recombinant human FGF-10 100pug/mL 100ng/mL
A83-01 50uM 0.5uM
DAPT 10mM 10uM
Dexamethasone** 30mM 30uM
BMP7 25ng/mL 25ng/mL
Recombinant human FGF19 100pg/mL 100ng/mL

7.5 Human Hepatocyte Organoids Reagents

Stock Concentration

Working Concentration

Components (ug/mL)

Basal Medium Neat Neat
B27 (without vitamin A) 50x 1x
N-acetylcysteine IM 1.25mM
Rspol conditioned medium (uL) Neat 15%
Nicotinamide IM 10mM
Recombinant human[Leul5]-

gastrin 10uM 10nM
Recombinant human EGF lpug/mL 50ng/mL
Recombinant human FGF10 100pg/mL 100ng/mL
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Recombinant human HGF 25ug/mL 50ng/mL
FGF7 100pg/mL 100ng/mL
CHIR99021 3mM 3uM
Rho Inhibitor 10mM 10uM
TGFa 20pg/mL 20ng/mL
A83-01 50uM SuM
7.6 Primer Sequences
Name Sequence 5° — 3’ Reference
HBYV DNA Forward GTG TCT GCG GCG TTT TAT CA [394]
HBV DNA Reverse GAC AAA CGG GCA ACATACCTT
HBYV pgRNA Forward TGTGGAGTTACTCTCGTTTTTGC [395]
HBV pgRNA Reverse AAGGCTTCCCGATACAGAGC [395]
HBV Total RNA Forward GCACTTCGCTTCACCTCTGC [81]
HBYV Total RNA Reverse CTCAAGGTCGGTCGTTGACA [81]
HBV cccDNA Forward CCAAGTGTTTGCTGACGCAAC In house
HBYV cccDNA Reverse GGAGTTCCGCAGTATGGATCG In house
NTCP Forward CATCTTGGTCTGTGGCTGCT In house
NTCP Reverse GGTGGTCATCACAATGCTGAG In house
Albumin Forward CTGCCTGCCTGTTGCCAAAGC [159]
Albumin Reverse GGCAAGGTCCGCCCTGTCATC [159]
CYP2D6 Forward CTTCAGCTTCTCGGTGCCCA In house
CYP2D6 Reverse GCACAAAGCTCATAGGGGGATGG In house
CYP3A4 Forward TGTGCCTGAGAACACCAGAG [159]
CYP3A4 Reverse GTGGTGGAAATAGTCCCGTG [159]
HNF4a Forward GTACTCCTGCAGATTTAGCC [159]
HNF4a Reverse CTGTCCTCATAGCTTGACCT [159]
LGRS Forward GACTTTAACTGGAGCACAGA [159]
LGRS Reverse AGCTTTATTAGGGATGGCAA [159]
SOX9 Forward GGAAGTCGGTGAAGAACGGG [159]
SOX9 Reverse TGTTGGAGATGACGTCGCTG [159]
KRT19 Forward CGCGGCGTATCCGTGTCCTC [159]
KRT19 Reverse AGCCTGTTCCGTCTCAAACTTGGT [159]
HPRT Forward AAGAGCTATTGTAATGACCAGT [159]
HPRT Reverse CAAAGTCTGCATTGTTTTGC [159]
GAPDH Forward GCATCTTCTTTTGCGTCG [159]
GAPDH Reverse TGTAAACCATGTAGTTGAGGT [159]
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Viperin Forward

AATTGAATTCATGTGGGTGCTTACACCTGCTG

In house [231

Viperin Reverse

AATAGGATCCCTACCAATCCAGCTTCAGATCA

In house [231

IFITM1 Forward CGCCAAGTGCCTGAACATCT In house [231
IFITM1 Reverse CCCGTTTTTCCTGTATTATCTGTA In house [231
ISG15 Forward TGGCGGGCAACGAATT In house [231
ISG15 Reverse GGGTGATCTGCGCCTTCA
CXCL10 Forward GTGGCATTCAAGGAGTACCTC In house [231
CXCL10 Reverse TGATGGCCTTCGATTCTGGATT In house [231

RIG-I Forward

ACAACACCCGTACAATATGATCATG

In house [231

RIG-I Reverse

ACACCAACCGAGGCAGTCA

In house [231

MDAS5 Forward

GAGCAACTTCTTTCAACCACAG

[231]
[231]
[231]
[231]
[231]
In house [231]
[231]
[231]
[231]
[231]
[231]

In house [231

MDAS Reverse

CACTTCCTTCTGCCAAACTTG

In house

IFN-B Forward

TGTCAACATGACCAACAAGTGTCT

In house [231]

IFN-B Reverse

GCAAGTTGTAGCTCATGGAAAGAG

In house [231]

7.7 Antibodies

Antibodies Identifier Application Concentration
Anti-Human Albumin (Bethyl Cat# A80-129, RRID:AB 67016) IF 1:100-200
. . Santa Cruz Biotechnology Cat# sc-7870, 1:100-200
Anti-Human E-Cadherin RRID:AB 2076666 IF
Anti-Human HBsAg Agilent Cat# M3506, RRID:AB 2114741 IF 1:100-200
Anti-Human HBcAg Abcam Cat# ab8637, RRID:AB_306684 IF 1:100-200
Anti-Human HBcAg Agilent Cat# B0586, RRID:AB 2335704 IF 1:100-200
. Sigma-Aldrich Cat# HPA042727, 1:100-200
Anti-Human NTCP RRID-AB 10960691 IF
. (Thermo Fisher Scientific Cat# PA5-80001, IF 1:100-200
Anti-Human NTCP RRID:AB 2747116 WB 1:1000
. Thermo Fisher Scientific Cat# 40-2200, .
Anti-Human ZO-1 RRID'AB 2533456 IF 1:1000
Anti-Human ZO-1 BD Biosciences Cat# 610966, RRID:AB 398279 IF 1:100-200
Anti-Human HNF4a Abcam Cat# ab41898, RRID:AB 732976 IF lpg/ul
Anti-Human SOX9 Millipore Cat# AB5535, RRID:AB 2239761 IF 1:100-200
Anti-Flavivirus Group
Envelope (E) Protein [D1- ATCC® VR-1852™ RRID:AB 827205 IF Neat
4G2-4-15]
Goat Anti-Mouse Alexa Thermo Fisher Scientific Cat# A32723, IF 1:200
Fluor 488 RRID:AB 2633275 )
Goat Anti-Rabbit Alexa Thermo Fisher Scientific Cat# A32731, IF 1:200
Fluor 488 RRID:AB 2633280 )
Goat Anti-Mouse Alexa Thermo Fisher Scientific Cat# A32727, IF 1:200
Fluor 555 RRID:AB 2633276 )
Goat Anti-Rabbit Alexa Thermo Fisher Scientific Cat# A32732, IF 1:200
Fluor 555 RRID:AB 2633281 )
Goat Anti-Mouse Alexa Thermo Fisher Scientific Cat# A32728, IF 1:200
Fluor 647 RRID:AB 2633277 )
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7.8 Drugs

Catalogue Number Company Concentration
Baricitinib HY-15315A Focus Bioscience 1luM
Mycludex B N/A Auspep 100nM
Pegylated interferon-a2b SRP4595 Sigma Aldrich Variable
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7.9 Supplementary Figures
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S1: RNA Sequencing Analysis of Host-Factors Involved in HBV Pathway
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