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Abstract

Abstract

The human hepatitis B virus (HBV) and hepatitis C virus (HCV) belong to different
families. However, both exhibit high species specificity and liver tropism. They can
lead to acute and chronic infection and are major risks for hepatocellular carcinoma.
Although the virus life cycles in hepatocytes have already been characterized in detail,
the roles of liver non-parenchymal cells in early virus infection remain elusive.

HBV was detected in liver macrophages, Kupffer cells, after perfusion of human liver
tissue. The first part of the study presented was aimed to identify the exact
transcytosis pathway of HBV from Kupffer cells (KCs) to hepatocytes. Confocal
microscopy revealed that HBV localized into recycling endosomes within the
macrophages. They co-localized with lipoprotein derived free cholesterol and
Niemann—-Pick C1 (NPC1), a protein involved in cholesterol transport. Association of
intracellular trafficking of HBV with cholesterol was further confirmed by treating cells
with an inhibitor of the cholesterol transport, which blocked HBV recycling to the
plasma membrane in parallel to inhibition of cholesterol effllux. Furthermore, under
pulse chase conditions, ApoA-1 or HDL contained in human serum induced HBV
re-secretion into the cell culture supernatant in association with cholesterol export.
Finally, after co-culturing HBV loaded KCs with primary human hepatocytes (PHHs),
HBV trans-infection of hepatocytes was detected. Taken together, in the first part of
the study we found that HBV utilized the cholesterol transport machinery to
transcytose through liver macrophages and infect hepatocytes in trans.

The second part of the study focused on the interaction of HCV with non-parenchymal
liver cells during the early infection. To mimic the physiological situation, an ex vivo
human liver perfusion model for HCV was established. Using this model, firstly,
permissiveness of perfused liver tissue to HCV infection was evidenced by increasing
numbers of HCV genomes released into the perfusate during 48h perfusion. Secondly,
a time course analysis by immune staining showed that KCs but even more
prominently liver sinusoidal endothelial cells (LSECs) took up HCV at the early time
points. Hepatocytes only became positive for HCV after prolonged perfusion. Thirdly,
48h after initial exposure to HCV, analysis of hepatic gene expression of perfused

human liver tissues by qRT-PCR showed induction of interferons (IFNs).
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To test whether the sequential uptake of HCV in human liver tissue also reflected
trans-infection, HCV loaded KCs were co-cultured with Huh7.5 cells for three days.
The results supported that HCV could trans-infect hepatocytes via binding to
DC-SIGN on KCs as well as L-SIGN on LSECs. To test if KCs and LSECs contributed
to the early IFN induction observed in ex vivo perfused liver, primary human KCs and
primary murine LSECs were exposed to HCV in vitro. HCV exposure induced NF-kB
activation and enhanced IFN-expression already after 6h. To disclose the sensory
pathway resulting in this induction, wild type mice and TLR3-deficient mice were
inoculated with HCV. Only wt mice but not TLR3-deficient mice showed an induction
of pro-inflammatory cytokines in the liver, confirming that the innate immune activation
was TLR3 dependent.

From these data we concluded that HCV particles entering the liver are efficiently
sequestered by KCs and LSECs. This may contribute to efficient hepatocytes
infection in trans via SIGN molecules binding on one side and on the other side leads

to a TLR3-dependent innate immune activation.
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Abbreviation

ABC ATP-binding cassette transporter

Abs Antibodies

AcLDL Acetylated low density lipoprotein

Apo Apoprotein

BSA Bovine Serum Albumin

CHB Chronic Hepatitis B

cLD cytosolic Lipid Droplets

DC-SIGN Dendritic Cell-Specific Intercellular adhesion
molecule-3-Grabbing Non-integrin

DHBV Duck Hepatitis B Virus

DMSO Dimethylsulfoxide

EMCV Encephalomyocarditis Virus

ER Endoplasmic Reticulum

ERAD ER-Associated Degradation

GSHV Ground Squirrel Hepatitis Virus

h.p.i hour post infection

HBCcAg Hepatitis B core Antigen

HBeAg Hepatitis B e Antigen

HDL High Density Lipoprotein

HHBV Heron Hepatitis B Virus

HIV Human Immunodeficiency Virus

HSC Hepatic Stellate Cell

IDL Intermediate Density Lipoprotein

IFN Interferon

IRES Internal Ribosomal Entry Site

IRF Interferon regulatory factor

KC Kupffer Cell

LAMP-1 Lysosomal Associated Membrane Protein 1

LPS Lipopolysaccharide
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LSEC Liver Sinusoidal Endothelial Cell

L-SIGN Liver/lymph node-Specific Intercellular adhesion
molecule-3-Grabbing Non-integrin

LuLD Luminal Lipid Droplet

LVP Lipoviral Particle

MAF Membrane Associated Foci

MDM Monocyte Derived Macrophages

MLV Murine Leukemia Virus
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NTCP Sodium Taurocholate Co-Transporting Polypeptide

NTR Non-Translated Region

PHH Primary Human Hepatocyte

PRR Pattern Recognition Receptor

rcDNA relaxed-circular DNA

RdRp RNA-dependent RNA polymerase

REM Replication Enhancing Mutation

RGHV Ross Goose Hepatitis Virus

RIG-1 Retinoic Acid-Inducible Gene 1

RT Reverse Transcription

SMA Smooth Muscle Actin

SNP Single Nucleotide Polymorphism

STHBV Stork Hepatitis B Virus

TAG Triacylglycerol

VLDL Very Low Density Lipoprotein

VP Viral Particle

WHV Woodchuck Hepatitis Virus




1. Introduction

1. Introduction

1.1 The liver

1.1.1. Gross anatomy and function of the liver

The liver is the largest solid organ in the body and weighs about 1400 g in females
and 1800 g in males. It lies on the right side of the abdomen and anatomically
composed of two lobes. The liver has a unique dual blood supply: 80% is delivered
through the portal vein, which drains the spleen and intestines; the remaining 20%,
the oxygenated blood, is delivered by the hepatic artery”.

The liver is a vital organ that fulfills diverse but closely connected functions, for
example: 1. Detoxification: liver removes and excretes body wastes and hormones as
well as drugs and other foreign substances?. 2. Production: liver is responsible for the
production of several vital protein components of blood plasma like prothrombin,
fibrinogen, and albumins®. 3. Immune regulation: liver produces immune cytokines
against invading pathogens. The liver also has other important but less immediate
functions including production of biles to aid in digestion, storing substances like

certain vitamins, minerals, and sugars?.
1.1.2. Microanatomy and cells of the liver

The liver is a complex three-dimensional structure that can be divided into subunit of
lobules. The center structure of a lobule is the terminal hepatic venule (“central vein”)
and the periphery is delineated by portal triads. Structures within these tracts include
bile duct and ductules, hepatic artery, portal vein, lymphatic vessels, nerve fibers, and
a few inflammatory cells. Blood flow from portal vein to central vein in channels
named sinusoids. The areas between those vessels are filled with parenchymal and
non-parenchymal cells®.

Hepatocytes are the parenchymal cells of the liver. They occupy almost 80% of the
total liver volume and are the chief functional cells in the liver. They are polygonal in
shape and their plasma membranes are separated by tight junctions into sinusoidal—
basolateral and canalicular—apical domains. Hepatocytes are arranged in plates and

are shielded from blood in the sinusoids by liver endothelial cells? >,
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Liver sinusoidal endothelial cells (LSECs) constitute the lining wall of the hepatic
sinusoids. They are characterized by the presence of fenestrations in vivo, which
could filtrate blood passing through to allow free diffusion of small molecules (< 10nm)
from sinus into the space of Disse*. LSECs show huge endocytic capacity for many
ligands including glycoproteins, immune complexes and transferrin® ®. LSECs may
function as antigen-presenting cells in the context of both MHC-I and MHC-II
restriction with the resulting development of antigen-specific T-cell tolerance’. They
are also active in the secretion of cytokines, nitric oxide, and distinct extracellular
matrix components®.

Kupffer cells (KCs) are liver specific macrophages. They are ameboid in shape and
predominantly distributed in the lumen of hepatic sinusoids adhering to the surface of
LSECs®. KCs can clear particulate and foreign materials from the portal circulation
and in turn, produce inflammatory mediators. They are also involved in lipoprotein
clearance as well as bilirubin production®.

Hepatic stellate cells (HSCs) are located in the space of Disse between the LSECs
and hepatocyte plates. They account for 5%—8% of the cells in the liver and have
several important functions like vitamin A storage, extracellular matrix production and
contraction or dilation of the sinusoidal lumen in response to endothelin. A
characteristic feature of HSCs is that when the liver is injured due to viral infection or
hepatic toxins, damaged hepatocytes and immune cells can secret signal molecules

causing trans-differentiation of HSCs into activated myofibroblast-like cells'®"2.
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Figure 1.1. A schematic drawing depicting the localization of liver cells. Red arrow shape indicates
blood flow in sinusoid. Space of Disse is the compartment between endothelial cells and hepatocytes.
LSEC, liver sinusoidal endothelial cell; KC, Kupffer cell; HSC, hepatic stellate cell.

1.2. Cholesterol transport

The liver plays a central role in the regulation of cholesterol levels in the body. It dose
not only synthesize cholesterol for export to other cells, but also removes cholesterol
from the body by converting it to bile salts. Furthermore, the liver synthesizes the

various proteins involved in transporting cholesterol throughout the body™ ™.

1.2.1. Extracellular cholesterol transport

Cholesterol is highly hydrophobic. Its extracellular transportation in the blood
circulation is mediated via lipoproteins, which are particles contains both lipids and
proteins. The hydrophobic lipid core is rich with triacylglycerols (TAG) and cholesterol
esters. The outer layer is composed amphipathic phospholipids and unesterified
cholesterol and distinct amphipathic proteins called apoproteins (Apo)'®.

Lipoproteins are classified according to their density. The lowest density lipoproteins
are the chylomicrons followed by very low density lipoproteins (VLDL), intermediate
density lipoproteins (IDL), low density lipoproteins (LDL), and high density lipoproteins
(HDL). The densities of these lipoproteins are related to the relative amounts of lipids
to proteins in the complex. The higher the protein contents the higher the density of

the lipoprotein.'®
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Chylomicron and VLDL are two forms of ftriglyceride rich lipoprotein (TRL).
Chylomicron is synthesized by enterocytes from exogenous lipids absorbed in the
small intestine". During circulation through human body, TAGs are removed by the
peripheral tissues. As the tissues absorb the fatty acids, the chylomicron particles
progressively shrink until they are reduced down to cholesterol enriched remnants.
The depleted or remnant chylomicrons, containing the dietary cholesterol, eventually
reach the liver where they are cleared from the circulation by binding of their ApoE to
receptors presented only on the surface of hepatic cells™®. Subsequently, the bound
remnants are taken up by the hepatic cells via endocytosis and then catabolized in
the lysosomes'®.

The VLDL is essential in the endogenous lipid-transport pathway. It is secreted by the
liver. As the transport of VLDL particles progresses, the core of lipid is reduced and
the proteins and phospholipids on the surface are transferred to the HDL' 2.
Eventually, a high proportion of the VLDL remnants (or IDL) are converted to LDL with
further loss of TAG.

The LDL is the principle plasma cholesterol carrier and serves as a cholesterol source
for most tissues of the body?. LDL binds to specific cell receptors located on the
plasma membrane of target cells, which is then followed by endocytosis and
degradation of the lipoprotein to its primary components.

The HDL is synthesized de novo in the liver and small intestine, as primarily
protein-rich disc-shaped particle®'. It can obtain cholesterol by extraction from cell
surface membranes using the ATP-binding cassette (ABC) transporter. Alternatively,
the entire HDL particles can enter the hepatocytes through an ApoA-1 receptor
interaction, where they undergo facilitated transfer of cholesterol within the cell'®?,
The primary function of HDL is to remove excess cholesterol from periphery tissues to
the liver so that the cholesterol can be metabolized into bile salts?'.

Importantly, those lipoproteins are in a constant change in composition and physical
structures in the circulation while the peripheral tissues take up the lipid components

and the remnants will return to the liver'® %,

1.2.2. Intracellular cholesterol transport

Cholesterol is an essential constituent in mammalian cell membranes and also serves

as precursor for synthesis of steroid hormones and bile acids'. There are two
8
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sources of cellular cholesterol. De novo synthesis of cholesterol can take place in all
nucleated cells in human and the endoplasmic reticulum (ER) harbors enzymes
essential for cholesterol processing®. Another source of cholesterol is extracellular
lipoprotein. After their internalization via receptor-mediated endocytosis, they are
transported to acidic endosome where cholesterol esters are hydrolyzed and free
cholesterol is released .

Free cholesterol derived from de novo synthesis or released from lipoprotein can
target the plasma membrane for integration and become available to extracellular
acceptors or they may redistribute to equilibrate the intracellular cholesterol pool.
They may also go through esterification in the ER for longer time storage® %.
Cholesterol delivery between those different sites is mediated by non-vesicular and
vesicular mechanisms. Non-vesicular mechanism presumably uses cytosolic lipid
transfer proteins, direct membrane contacts or combinations, which largely remained
unclear. Vesicular mechanism means ftrafficking along cytoskeletal route via
endosomal systems. In the endocytic pathway, the internal membrane of recycling
compartments and the internal vesicles of multivesicular bodies harbor majority of the
cholesterol. The recycling endosomes can transport the cholesterol directly to the
plasma membrane. Alternatively, Niemann—Pick C1 protein (NPC1 and NPC2), which
is located on the late endosome membrane can mediate cholesterol efflux out of the
endosomal system before further maturation of late endosomes into lysosomes #'.
This is supported by the observation that deficiency of NPC protein leads to the
accumulation of LDL-derived unesterified cholesterol in late endosomes®. The NPC
phenotype can also be reproduced by treatment of normal cells with steroids like
progesterone or with hydrophobic amines (class Il amphiphiles) like U18666A%. On
release from the endosomal system, cholesterol is delivered to other membranes,
such as the plasma membrane, ER, recycling endosomes and mitochondria.

When there is excessive free cholesterol inside the cell, a key process to prevent
cholesterol retention is cholesterol efflux, which is a process regulated by ABC

transporter proteins?* 3% 3

. It is suggested that triggered by binding of lipid-poor
ApoA-1 to ABCA1, phospholipids and cholesterol are transferred to ApoA-1 to
generate nascent HDL*. And ABCG1 cooperates with ABCA1 by further adding

cellular lipids to the nascent particle, which results in the maturation of HDL®'.
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1.3. Hepatitis B virus

1.3.1. Classification and origin

Hepatitis B virus (HBV) belongs to the family of Hepadnaviridae. Within the family are
two genera: the orthohepadnavirus genus and the avihepadnavirus genus. The
former infects mammals and is represented by HBV (Hepatitis B Virus), which targets
humans and is the prototype member of this famlily. The other member of this genus
includes viruses such as woodchuck hepatitis virus (WHV) that causes hepatitis in
woodchucks®®, woolly monkey HBV** and orangutan-HBV®, which infect non-human
primates. The latter genus of HBV infect birds, including the duck hepatitis B virus
(DHBV) isolated from Pekin duck®®, Heron hepatitis B virus (HHBV) that is responsible
for hepatitis in herons®, Ross goose hepatitis virus (RGHV) and stork hepatitis B virus
(STHBV)Y.

The Hepadnaviridae viruses share the following characteristics in common. For
example, they have a tropism for liver cells; The double stranded DNA genome
consists of a long negative strand and a short incomplete positive strand of a variable
length; They produce subviral particles and generate persistent infection and replicate
through pregenomic RNA (pgRNA) template via reverse transcription with their own
DNA polymerase®’.

HBV is an old world virus. Competing models of HBV origin have been proposed
since 1990s based solely on sequence and geographic distribution analyses of extant
HBVs®. The main obstacles in chasing the origin and development of HBV include
the difficulties in estimating the real mutation rates in long time scale and a completely
lack of genomic endogenizations in extant avian, rodent and primate’s hosts. Until
recently, endogenous hepadnaviruses was discovered in the genome of the zebra
finch®* “°, which has not been documented as extant HBV host. And this discovery
has revealed that the evolutionary origin of hepadnaviruses is more than 63 million
years older than previously known*'. And in parallel with this finding, birds are
suggested to be the ancestral hosts of Hepadnaviridae, and mammalian hepatitis B

viruses probably emerged after a bird—mammal host switch.

10
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1.3.2. Epidemiology and transmission

HBV infection is a global health problem. It is estimated that >2 billion people
worldwide have been infected with HBV. And around 360 million individuals are
chronically infected and at risk of serious illness and death, mainly from liver cirrhosis
and hepatocellular carcinoma (HCC)*.

Prevalence of chronic HBV infection and the HBV transmission patterns vary
geographically. High endemicity areas include developing regions with large
population such as South East Asia, China and sub-Saharan Africa. About 70 to 90%
of the population becomes HBV-infected before the age of 40, and 8 to 20% of people
are HBV carriers **. The usual mode of transmission is vertical at the time of birth from
a chronically infected mother or horizontal in early childhood from bites, skin lesions
or unsanitary habits**. In intermediate prevalence areas (Mediterranean countries,
Japan, Central Asia, Middle East, and Latin and South America), 2% to 8% of the
given population is HBsAg positive and between 10-60% of the population have
evidence of infection *°. In these areas, mixed patterns of transmission exist, including
infant, early childhood and adult transmission. The prevalence of HBV is low in most
developed areas, such as Western and Northern Europe, Australia and North
America. In these regions, the HBV carrier rate is less than 2%, and less than 20% of
the population is infected with HBV*®. Adult horizontal transmission is the most
common route. The most frequently reported risk factors are injection drug use,

sexual activity and healthcare employment *° ¢

11



1. Introduction

HBsAg prevalence

M >8% =high . }?
B 2%-7% = intermediate J
O <2%=low

Figure 1.2. Global distribution of chronic hepatitis B infection (2006). Estimates of prevalence of
hepatitis B surface Ag (HBsAg) worldwid. Regions colored in dark blue show the highest prevalence
with more than 8% of the population infected, followed by intermediate prevalence (2-7%) and low
endemic areas presented in lighter colors. Modified from Center for Disease Control and Prevention,
us?.

1.3.3. Pathogenesis and treatment
1.3.3.1. Pathogenesis

HBV infection leads to a wide spectrum of clinical presentations in both acute and
chronic disease. During the acute phase, manifestations range from subclinical
hepatitis to anicteric hepatitis, icteric hepatitis, and fulminant hepatitis*® *°. During the
chronic phase, manifestations range from an asymptomatic carrier state to chronic
hepatitis, cirrhosis, and hepatocellular carcinoma®.

Many studies suggest that HBV infection is not cytopathic to hepatocytes® >3,
Experiments in chimpanzees have shown that virus specific T cells are responsible
for eliminating infected cells and thus also become a determinant influencing the
onset and course of liver disease®” *°. Successful HBV specific T cell responses
terminate HBV infection in the host and lead to the recovery of hepatitis B*®. Vice
versa, persistence of HBV infection is resulted from insufficient T cell response, which
could be caused by failure of T cell response induction, or counteraction of virus

against T cell response® . Further more, chronic HBV infection often accompanied

with long term of immune-mediated liver injury, which is characterized by continuous
12
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cycles of low-level liver cell destruction and regeneration that over time will cause
fibrosis, cirrhosis and probably hepatocellular carcinoma (HCC)*® 8. Besides immune
status, the overall clinical outcome of HBV infection is also affected by the age at
infection, the level of HBV replication and the status of co-infection with other virus,

etc®.

1.3.3.2. Treatment

The goal of therapy for chronic hepatitis B (CHB) is to improve quality of life and
survival by preventing progression of the disease to end-stage liver disease like
cirrhosis and HCC®. This goal can be achieved if HBV replication can be suppressed
with an effective treatment. The current approved treatment of HBV has been
centered on interferon and nucleos(t)ide analogues. They suppress HBV replication
but each with their own disadvantages®" .

IFN has been used in the treatment of CHB for many years® . It has the following
advantages. First, IFN has direct antiviral effects includes inhibiting synthesis of viral
DNA®" and leading cccDNA degradation in the host cell through 1SGs®. Second, IFN
modulate the cellular immune response against HBV infected hepatocytes by
increasing the expression of class | histocompatibility antigens and by stimulating the
activity of helper T lymphocytes and natural killer Iymphocytes%. Third, IFN also exert
an anti-proliferative effect and an anti-fibrotic effect to alleviate the pathogenic
progression of the inflamed liver® %%’ However, the major limitations of IFN-based
therapy are its significant side effects, low response rate of treated patients®* .
Nucleos(t)ide analogue is a group of HBV inhibitor represented by lamivudine (LMV),
adefovir dipivoxil (ADV), entecavir, telbivudine, and tenofovir disoproxil fumarate.
They mainly act by inhibiting HBV polymerase activity, which lead to decrease in viral
replication and viral particles release. Since they could not clear virus from infected
host, persistent viral suppression would need life-long treatment®® °. However,
long-term treatment with nucleos(t)ide analogues has been found to be associated
with progressively increasing rates of viral resistance because of emergence of
resistant HBV mutant strains’" "2,

To achieve more satisfactory treatment outcome, a series of anti-viral agents

targeting different steps of HBV life cycle is under development pipeline. For example,

Myrcludex-B is a synthetic lipopeptide consisting of the authentically myristoylated
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N-terminal 47 amino acids of the preS1 domain of the large viral envelope protein (L
protein). It targets specifically hepatocytes and efficiently blocks de novo HBV
infection both in vitro and in vivo™>"®. A phase 0/1 clinical study to evaluate the safety,
tolerability, pharmacokinetics, and immunogenicity of single ascending doses of
Myrcludex-B in healthy volunteers is ongoing. DV-601 is an immune based therapy. It
comprises recombinant HBsAg and HBcAg and aims at promoting stimulation of virus
specific T cell” 7. ARC-520 is a siRNA-based agent targeting transcription of
cccDNA thus reduces the expression and release of new viral particles’®. Those
emerging antivirals will provide additional and improved choices for optimized

regimen development ”’.

1.3.4. Molecular Virology

1.3.4.1. Structure of HBV particles

There are three types of viral particles secreted by HBV infected host cell: infectious
Dane particle and non-infectious subviral particles with sphere or filament shape®.
The Dane particle is a 42 to 47 nm spherical structure with lipid-containing envelope
that consists of small (S), medium (M) and large (L) surface protein®’. Inside the
envelope is an icosahedral capsid with a diameter of ~28 nm assembled by 120
dimers of HBV core protein’’. The capsid harbors a single copy of the partially
double-stranded DNA genome, which is covalently linked to the viral reverse
transcriptase (RT) at the 5’end of the complete strand”® #°.

The subviral particles are produced by budding of HBV envelope proteins from cells
without participation of capsids®. They usually reach a 10,000-fold higher
concentration than Dane particles in patients’ serum and have been speculated to

serve as decoys for the host’'s immune system ®' (Figure 1.3).
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Dane particle Subviral particles

w7

Filaments Spheres

Figure 1.3. Structures of HBV particles. The infectious Dane particles with a diameter of ~42 nm
are composed of a host derived lipid bilayer with integrated HBV surface proteins (L-, M- and
S-protein). This envelope covers the nucleocapsid, composed of viral core proteins. The nucleocapsid
harbors the 3.2 kb HBV DNA genome, covalently linked via the terminal protein to the viral
polymerase. The non-infectious subviral particles (SVP), filaments and spheres, contain neither viral
capsids nor viral DNA. Modified from Glebe,D and Urban,S®'.

1.3.4.2. Organization of HBV genome

HBV genome in the capsid is typically organized as a relaxed circular partially
double-stranded DNA (rcDNA) of around 3.2 kb® #. Minus-strand DNA is complete
and spans the entire genome, while the plus-strands extend to about two-thirds of the
genome length and has variable 3’ ends®. HBV genome is organized into four
open-reading frames (ORF) that produce all the viral products. The longest ORF
encodes the viral polymerase (ORF P). The envelope ORF (ORF S) is located within
the ORF P in a frame-shifted manner. Partially overlapping with the ORF S are the
core (C) and the X ORF. Because of the highly overlapping sequences between
ORFs, a mutation in any area of the genome can have far-reaching consequences for
viral replication and protein production® . Transcription regulatory regions are
present within ORFs and are active following the conversion of rcDNA into a

covalently closed circular DNA form, called cccDNA®.
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Four mRNA products are transcribed from minus-strand DNA using host cell RNA
polymerase Il. They are 3.5kb pregenomic RNA that encode precore, core,
polymerase protein, as well as forming the template for reverse transcription; 2.4kb
RNA encoding L protein; 2.1kb RNA encoding M and S proteins; 0.7 kb RNA
encoding X protein (Figure 1.4)%.

2.4 kb RNA 2.1 kb RNA

PreS/L mRNA

C mRNA/
pregenomic-
PreS1/

L

Surface/

# Polymerase

. o
II]I"II“'"‘|||HIIIIII|I|1IIII!IIIIlIIIIﬂIIII!IIln
X protein

X mRNA

0.7 kb RNA

Figure 1.4. Genome of HBV. Centrally is the partially double stranded DNA. The virus has 4 highly
overlapping open reading frames shown in shadowed bars. Transcription of all four viral mRNAs
begins at different sites, and uniquely ends at a common poly A site. Modified from Kay,A and

Zoulim F3,

1.3.4.3. HBV proteins

HBV surface protein is usually referred as hepatitis B surface antigen (HBsAg). They
are essential for envelopment of capsid. Three types of surface proteins named large
(L), middle (M), and small (S) are expressed by HBV. They are encoded by ORF S,
which is divided by three in-frame AUG start codons into the following domains:
PreS1, PreS2 and S. The L protein encompasses the PreS1 domain (108 or 119 aa
depending on the genotype), the PreS2 domain (55 aa) and the S domain (226 aa);
the M protein encompasses the PreS2 and S domain and the S protein consists of the

S domain®’.

16



1. Introduction

HBV core protein is also known as hepatitis B core antigen (HBcAg). As mentioned
earlier, they participate in nucleocapsid formation. HBcAg is encoded by ORF C and
encompasses either 183 or 185 amino acids depending on the genotype of the virus®.
The primary sequence of core protein can be divided into assembly domain and
protamine domain. The former covers the N-terminal 149 or 151 aa (depending on the
genotype) and is sufficient for the self-assembly of capsids. The latter covers the
C-terminal 34 aa, which is essential for the encapsidation of the pregenome / HBV P
polymerase complex®® 8.

As indicated in figure 1.4, a second product derived from the Pre-C/C ORF is HBeAg.
It is an accessory protein of HBV, which is not essential for replication but important
for natural infection®. This antigen has been used clinically as an index of viral
replication, infectivity, severity of disease, and response to treatment® °'. It is
produced after cleavage of a 212 amino acid precursor encoded by Pre-C/C ORF
starting from the first initiation site®’.

HBV encodes its own polymerase (Pol) that contains 842 or 843 amino acids in most
of genotypes®’. This enzyme displays both a DNA polymerase activity that can copy
either DNA or RNA templates and a ribonuclease H (RNase H) activity that cleaves
the RNA strand of RNA-DNA heteroduplexes. It initiates HBV genome replication from
reverse transcribing pregenomic RNA template inside nucleocapsid. Once the DNA
minus-strand is synthetized, RNase H degrades the RNA template and HBV Pol
starts the synthesis of plus-strand DNA, leading to the formation of relaxed-circular
form of the HBV genome® %> % The translation initiation codon of Pol lies internally
on pregenomic RNA®,

HBx protein is a 17 kDa non-structural protein. Expression of full-length HBx protein is
essential for viral replication in vitro and a critical component of the infectivity process

in vivo® %.

1.3.5 HBV life cycle

1.3.5.1. HBV entry and intracellular transport

HBV entry into host hepatocytes starts from reversible attachment of the virion to cell
surface proteoglycans. This step is energy-independent and is with low affinity and

specificityge. After the primary attachment, the virus particle is transferred to a more
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specific receptor, which largely defines HBV host specificity and hepatocyte tropism.
The identity of HBV receptor has remained enigmatic for long time because of the
lack of reliable infection system in vitro. It was until 2012 that sodium taurocholate
cotransporting polypeptide (NTCP) was found to be functional receptor for HBV
entry” %% NTCP is a member of the solute carrier family 10 (SLC10) and the major
bile acid uptake system in human hepatocytes. It localizes to the basolateral
membrane of hepatocytes. Though exogenous overexpression of hNTCP could
confer HBV permissiveness in non-infectable HepG2 or Huh7 cells® "' |t cannot
reverse the insusceptibility of mouse hepatocyte to HBV infection'®. Thus, It is
unknown if molecules other than NTCP also contribute to HBV entry.

Virus-receptor binding is then followed by cellular internalization, which has been
reported to involve caveolae-, clathrin- or macropinocytosis-dependent endocytosis,
depending on the cell types and experimental systems'**"%,

Following endocytosis, HBV must travel through complex cytosol environment toward
nucleus for genome replication. So far, details about the intracytosolic trafficking
event are still largely unknown. Microtubules systems are suggested to be the driving
motor for virus trafficking. One recent report based HepaRG cells proposed that Rab5
(early endosome) and Rab7 (late endosomes) are crucial for HBV intracellular
transport and genome uncoating, while Rab9 (trans-Golgi related vesicles) and
Rab11 (recycling endosome) has limited involvement in this process'”’.

After fusion of viral and cellular membranes in endosomes, HBV genome is liberated
from the capsid to traverse through nuclear envelope to the site for multiplication®.
Viral polymerase, viral capsid and host heat shock proteins as Hsc70 or Hsp90 have
been reported to aid the translocation of HBV genome via interaction with nuclear

pore complex (NPC) '®

. In 2010, Schmitz et al. reported that nucleoporin 153
(Nup153), a protein of nuclear basket, was an essential trigger for viral genome
release via interaction with HBV capsid and host nuclear transport reporter

importin-beta'"’.

1.3.5.2. HBV replication

Upon translocation of rcDNA to the nucleus, virus replication could be initiated. And
this process can be broadly divided into three stages® ''': 1. rcDNA to cccDNA

conversion. The viral Pol that linked to 5’ end (-)-strand DNA will be removed. The
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incomplete (+)-strand will be modified and repaired to full length. And both (-)- and
(+)-strand DNA will be covalently ligated to form cccDNA. Host cellular repair
enzymes are likely to be involved during this process but how these are achieved
remains poorly understood. 2. From cccDNA to pgRNA. Using (-)-strand of the
cccDNA as a template, pgRNA is transcribed by cellular RNA polymerase Il. It is
composed of the entire genome length plus a terminal reduncancy containing the €
signal that is critical for HBV Pol binding''2. 3. Reverse transcription of pgRNA.
pgRNA and Pol form complex and recruit HBc dimers via interaction with HBc
protamine domain. Once pgRNA and Pol are being encapsidated, Pol-¢ interaction
will initiate reverse transcription. The first DNA nucleotide that is covalently linked to P
protein will be extended into a complete (-)-DNA, and (+) strand DNA synthesis
ensues, giving rise to a new molecule of rcDNA. Newly formed rcDNA can re-enter
into the nucleus and convert to cccDNA, thus amplify the cccDNA pool, which serves

as an HBV reservoir responsible for persistent replication® ">,

1.3.5.3. HBV release

Besides recycling, mature capsid can also be enveloped with viral surface proteins in
the endoplasmic reticulum (ER)-Golgi compartment and released from the cell''®. The
expression level of envelope proteins was reported to regulate particle release and
cccDNA amplification. The lack of envelope protein expression increases cccDNA
levels, while co-expression of the envelope proteins favours viral secretion''’. And a
more recent study showed that HBV could activate the ER-associated degradation
(ERAD) pathway to reduce the levels of HBV envelope proteins, which possibly
served as a mechanism to control the level of viral particles in infected cells and
tuning the balance of cccDNA amplification to facilitate the establishment of chronic
infections''®. Efficient export of HBV virions from hepatocytes have been suggested
depend upon hepatocyte polarity and involve the machinery of multivesicular body

and lipid raft "% 1%,
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1.3.6. Experimental models for HBV
1.3.6.1. Cell culture systems

HBYV is hepatotropic virus. Primary human hepatocyte (PHH) used to be the only HBV
susceptible cell and remains the golden standard for HBV infection study in vitro'"®.
The major drawback of this model is its limited resources and high batch-to-batch
variation. Besides, PHH tend to loose their differentiation status within days after
plating thus loose the susceptibility to HBV infection very fast, which further hinder its
usage'?" 2%, The first HBV permissive hematoma cell line, HepaRG, was established
in 2002'%. Differentiated HepaRG cells exhibits a mixture of hepatocyte-like and
biliary-like epithelial cells, with the former closely resemble PHH in terms of
morphology, specific hepatocyte function and permissiveness to HBV infection. Never
the less, only a subset of those cells (10% to 30%) can be infected. And after viral
inoculation, the conversion of the input rcDNA into cccDNA was demonstrated to be
slow and inefficient ' '2*. After the introduction of HBV entry receptor hANTCP in 2012,
hNTCP expressing human hepatoma cell line (e.g. HepG2-NTCP, Huh7-NTCP) were
rapidly produced and proven to support the whole life cycle of HBV® 1% 10,

In addition, cell lines in which the viral genome is expressed from chromosomally
integrated viral cDNA usually have more consistent and high level of HBV particle
production'®. Compared to the aforementioned infection model, these HBV
expressing cell lines are more advantageous in HBV life cycle study in aspect of
replication, translation, assembly and release of viral particles'?* "%

Besides, DHBV infection in duck hepatocytes have also contributed greatly to

elucidation of HBV life cycle'?.

1.3.6.2. Animal models

HBV naturally infects human only, but can also experimentally infect chimpanzees.
After injection of serum from HBV patient, chimpanzee develop acute infection and
hepatitis'®. It is an extremely valuable model to study host immune response, viral
pathogenesis and pre-clinical evaluation of antiviral therapy. However, usage of
chimpanzee has encountered major restraints due to ethical aspects, low availability

and high cost.
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Alternatively, Tupaia, the Asian tree shrew, can be experimentally infected by HBV
positive human serum'”. The woodchuck and Peking duck is the natural host for
WHYV and DHBV respectively®* '?* **. Those models also contribute greatly to reveal
biology of hepatitis B and antiviral drug screening. However, they are all relatively
large animals, difficult to handle in captivity or not easily available. They are all of
outbred origin and their immune systems have not well characterized.

The requirement of immunologically well-defined and convenient inbred animal
models for HBV study has been the driving force for generating HBV mouse model.
Though HBV entry receptor has been unveiled, hNTCP could not confer HBV
susceptibility to the mouse hepatoma cell lines and rat hepatoma cell line tested'®,
which shatters the hope for the establishment of a small animal model of HBV
infection in the near future.

Nevertheless, various lineages of transgenic mice harboring either the complete HBV
genome or single viral genes have been established. These models provide important
insights on specific aspects of HBV replication and the oncogenic potential of distinct

51, 128, 131, 132 However, there are several limitation of these

viral genes in vivo
transgenic mouse model: they bypass virus entry; though they could secret decent
amount of infectious virions, there is no formation of cccDNA; viral elements are
recognized as “self’ during embryonic development by the host immune system.
Alternatively, adenovirus vectors containing hepadnaviral genomes or hydrodynamic
injection of replication-competent HBV genomes have been used to initiate HBV
replication in mouse liver'® '** Those systems allow dynamic analysis of immune
response during acute infection and convenient manipulation of HBV genome for
mutation analysis. However, data interpretation of these model need to be cautious
because the potential side effect of adenoviral vector and significant liver damage due
to hydrodynamic injection.

Human-liver chimeric mouse represents another type of small animal model. They
generally follow the idea to delete mouse hepatocytes and then repopulate the mouse
liver with xenografted hepatocytes. One of the most frequently used is uPA-SCID
mouse. Urokinase-type plasminogen activator (uUPA) expression leads to the death of
transgene-carrying hepatocytes, which results in a growth advantage for transplanted
cells. Severe combined immune deficient (SCID) background contributes to long time

survival of xenogenic hepatocyte. The transplanted human hepatocytes start to
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proliferate and forming larger nodules that eventually merge together and replace the
diseased liver parenchyma. This system permits studies of whole HBYV life cycle and
also spreading. But the major drawbacks are the immunodeficiency and being

technically challenging ">’

1.4. Hepatitis C virus

1.4.1. Classification and origin

The hepatitis C virus (HCV) is an single-stranded RNA virus belonging to the
Flaviviridae family®”. Currently, this family contains 4 genera with HCV being
classified as the type member of genus Hepacivirus. The other members of the
Hepacivirus genus include the canine hepacivirus (CHV) that infect dogs, and the
non-primate hepacivirus (NPHV) that infect horses ',

HCV displays high genetic variability, which is resulted from the error-prone nature of
the RNA dependent RNA polymerase, the high viral production rate and the selection
pressure from the host immune response™" 2. Within a single individual the virus
exists as constantly evolving quasispecies. Based on the nucleotide sequences
recovered from infected individuals, HCV is classified into seven different genotypes
and numerous subtypes'®'**. The genotypes differ in their nucleotide sequences by
30-35% across the whole viral genomes and the greatest diversity is found within the
viral envelope glycoproteins™'.

The evolutionary origin of HCV is still not clear. Non-human primate source used to be
the predominant hypothesis'®. Despite its plausibility in many aspects, the
fundamental problem has always been that HCV or homologues cannot be found in
ape or monkey species. More recently, the identification of CHV, NPHV and

hepacivirus in bats'’

provided another scenario that hepaciviruses might be highly
catholic in their host range and is capable of jumping between different species.
Further screening of other mammalian species has been suggested to resolve the

ultimate origin of HCV''.
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1.4.2. Epidemiology and transmission

With an estimated prevalence of 3% in the world population (around 170 million
people), HCV infection heavily burdens public health’®. In many developed countries,
the prevalence of HCV infection is <1.5%. Intravenous or nasal drug use accounts for
majority of the newly acquired infection'*®. A medium prevalence (1.5%-3.5%) can be
found in areas like South and Southeast Asia, sub-Saharan Africa, Western Europe
and so on"* "' The prevalence is considerably much more higher in certain African
and Asian countries (>3.5%) ¥. The major reasons could be the lack of transfusion
screening system and/or the reuse of contaminated or inadequately sterilized
syringes and needles. In particular, Egypt has an up to 20% seroprevalence rate for
HCV. This particular high HCV prevalence is the consequence of frequently using
unsterilized reused needles and syringes during the treatment of endemic
schistosomiasis in mass campaigns (stopped in 1980s)'®2. Other modes of
transmission have also been documented such as sexual and perinatal transmission

route. However, this occurs less frequent'*® 130 151153,

GBD regions
Intemnational boundanes

Prevalence
Low: <1.5%
Moderate: 1.5 - 3.5%

B Hoh >35%

Not applicable

Figure 1.5. Global prevalence of hepatitis C virus infection (2005). Estimates of antibodies to
HCV (anti-HCV) seroprevalence by Global Burden of Disease (GBD) region, 2005. Anti-HCV
antibodies are a commonly available marker of HCV infection. Regions colored in dark red show the
highest prevalence with more than 3.5% of the population infected, followed by morderate prevalence
(1.5-3.5%) and low endemic areas (<1.5%) presented in lighter colors. Modified from Mohd Hanafiah,
K etal. '™
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1.4.3. Pathogenesis and treatment

HCV is primarily hepatotropic. It is non-cytopathic and its pathogenesis is a
complicate phenomenon influenced by a number of virus and host factors including
the viral genotype, viral quasispecies diversity, host genetic factor, underlying disease
and, importantly, the efficiency of the host immune response'®®.

Traditionally, the first 6-month of HCV infection is considered to be the acute phase.
The majority of HCV infections are asymptomatic’®. Up to 50%-80% of acute
infections become chronic infection, which is defined by HCV persisting for more than
six months. HCV viremia is relatively constant among infected persons with around
10" virions produced daily™?. Chronic infection is associated with ongoing liver
inflammation. Around 20% of the chronically infected patients will develop liver
cirrhosis within 20 years of infection. Once cirrhosis is established, the risk of
developing an HCC is 1-4% each year'’.

With the emergence of new direct acting antivirals (DAAs), the treatment paradigm for
HCYV infection enters a new era. Before these new therapeutics options, interferon-a
and ribavirin has been the mainstay of treatment, but they are associated with severe
side effects and low sustained viral response rates'*®. The new DAAs available now
specifically inhibit enzymatic activities of viral proteins like the NS3/4A protease, the
NS5A protein or the NS5B RNA dependent RNA polymerase. For example, the
NS3/4A inhibitor simeprevir and NS5B inhibitor sofosbuvir have recently been
licensed and can reduce the length of antiviral treatment, improve response rates,

and allow interferon-free regimens'*®.
1.4.4. Molecular virology

1.4.4.1. Structure of HCV particles

The HCV virion is 50-80 nm in diameter and enveloped with a lipid bilayer embedded

with E1 and E2 glycoprotein heterodimers'® '®’

. Beneath the envelope resides a
nucleocapsid around 30 nm, which contains a single copy of the viral RNA genome'®%,
A feature of HCV virion is that it tightly associates with host lipoproteins and lipids to
form lipoviral particle (LVP), which results in low and heterogeneous buoyant
densities of infectious virus particles®'. LVP in infected patients vary from particles

produced from cell culture in their properties like buoyant density distribution and
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lipoprotein composition and that is because of the differential lipoprotein producing
capability of the host cells'®® . Besides, it has been reported that in Caco-2 and
HepG2 cells, which own VLDL synthesis and secretion capacity, overexpression of
envelope glycoproteins E1 and E2 led to production of E1-E2 containing particles.
They are complexed with apoB and might be regarded as HCV-related subviral

LVPs™.
1.4.4.2. Organization of HCV genome

The HCV genome is a single positive-stranded RNA of approximately 9600
nucleotides. The coding region is flanked by 5’ and 3’ highly structured non-translated
regions (NTRs), which are essential for the protein translation initiation and genome
replication®.

The 5-NTR comprises the first 341 nucleotides and is highly conserved among
different HCV isolates'®’. This region consists of numerous stem-loop motifs and can
be divided into four highly structured domains numbered | to IV. Domains | and Il are
both essential for HCV RNA replication'®®. Domains II, Il and IV of the 5-NTR,
together with the first 24—40 nucleotides of the core coding region, constitute the
internal ribosome entry site (IRES)®”.

The 3’-NTR contains approximately 225 nucleotides and is organized into three
domains consisting of a short variable region, a poly (U/UC) stretch that regulates
replication and a highly conserved 98-nucleotide X-tail'”® """

Besides the 5’-and 3'-NTRs, the NS5B coding sequence contains another cis-acting
replication element designated as 5BSL3. In this region, a stem-loop, 5BSL3.2, has
been shown to be essential for RNA replication'’?.

The coding region consists of an ORF that contains 9024 to 9111 nucleotides
depending on the genotype. Translation initiation is IRES dependent, which could
directly recruits 40s ribosomal unit to the AUG codon and initiates protein translation

in a cap-independent manner'®® 1°,
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1.4.4.3. HCV proteins

Translation of the HCV open reading frame yields a single polyprotein precursor that
is co- and post-translationally processed by cellular and viral proteases into the
mature structural and non-structural proteins'®.

The structural proteins (Core, E1 and E2) and the p7 polypeptide are processed by
the endoplasmic reticulum (ER) signal peptidase®.

The HCV core proteins form the shell of viral nucleocapsid. It is located at the
N-terminus of the HCV polyprotein. Maturation of the core protein involves C-terminal
cleavage by the aforementioned signal peptidase and, in addition, the signal peptide
peptidase'”. The matured form of the core protein with 173-179 amino acids has a
molecular weight of about 21-kDa and can be roughly separated into the N-terminal
D1 and C-terminal D2 domain'. The D1 domain is involved in RNA binding and
exhibits RNA chaperone properties. The D2 domain is required for proper folding of
D1 and association of the core with cytosolic lipid droplets (cLD)""®.

The translation of an alternative reading frame in the core coding sequence can also
yield a small protein (~17 kDa), called ARFP or F protein. The role of the F protein in
the HCV life cycle and/or pathogenesis is not yet known. However, it has been
reported that the F protein can stimulate specific immune response and is not
required for HCV RNA replication'® """

E1 and E2 glycoproteins are trans-membrane protein and exist as building blocks for
viral envelope. They form non-covalently linked heterodimers after maturation and
mediate virus entry and membrane fusion'’®.

P7 is a small (7 kDa) intrinsic membrane spanning protein. It has been shown that P7
can form oligomer having ion channel activity in artificial lipid membranes, which
leads to the assumption that p7 is a viroporin'®. The protein is dispensable for RNA
replication but is essential for productive infection in vivo'®.

The non-structural proteins are processed by two viral proteases, the NS2-3 protease
and the NS3-4A serine protease.

NS2 is a 24-kDa protein participating in the cleavage at the NS2/NS3 junction of the
polyprotein. The protease activity also requires the N-terminal one third of NS3'",

NS2 is reported to be indispensible for RNA replication'®. However, it is critical for
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assembly and the post-assembly maturation step of HCV in cell culture infection
system (HCVcc), independent of its catalytic activity'® ®.

NS3 is a multifunctional protein with an N-terminal serine-type protease domain'®
and a C-terminal RNA helicase/NTPase domain'®. Both the NS3 serine protease and
the helicase activities require NS4A as a cofactor'®’.

NS4A is the smallest HCV encoded protein (6 kDa) with a central transmembrane
domain, which could non-covalently associate with NS3'%. The NS3/4A protease is
responsible for the polyprotein cleavage in the region downstream of NS3, which is
essential for viral RNA replication complex formation'®. The RNA helicase domain is
capable of unwinding RNA-RNA duplexes in an ATP-dependent manner, which might
be required for removing stable RNA secondary structure during replication and/or

dissociation of RNA double strand replication intermediates'®.

Furthermore, the
NS3/NS4A serine protease also cleaves the MAVS and TRIF adaptor proteins,
blocking IFN synthesis triggered by pattern recognition receptors (PRRs) at the early
stage of infection".

NS4B is a highly hydrophobic 27kDa integral membrane protein tightly associated
with the ER membrane. It is responsible for formation of membranous web or
membrane associated foci (MAF), which are specialized membrane derived vesicles
serving as a scaffold for the HCV replication complex'®2.

NS5A is a phosphoprotein that can be found in basally phosphorylated (56kDa) and
hyperphosphorylated (58kDa) forms. It is separated into three subdomains (DI to DIII)
by low complexity sequence | and 1I'®. DI has RNA binding property and is essential
for RNA replication; most of DIl is dispensable for the viral replication cycle in cell
culture, whereas DIl can interact with core and is required for HCV assembly'*"%.
NS5B is an RNA-dependent RNA polymerase (RdRp), which promotes synthesis of
both, the positive strand RNA and the negative strand intermediate in the absence of
other viral or cellular factors in vitro'®. A specific interaction between NS5B and the

3'UTR has been reported'®®. The enzyme lacks a proofreading function, which

contributes to the high genetic variability of HCV'®.

27



1. Introduction

Genome
5"-NCR 5B-SL3
1] /
nass, { 5B-SL3.2  3-NCR
d g 96 kb (),
N 4? S,
v 3
v v l IRES-mediated translation
Polyprotein ‘ ‘ ’ ‘ m [ 11 \ ‘
V _ ' '
| El E2 NS2 NS3 El NS4 B [ A N§5 B
Proteins Polyprotein processing
1 192 384 747 810 1027 1658 1712 1973 2421 30m
' o7 ' ; ‘ I ’ ‘ ' 1
| N 4 N
E | AEI A E2 P/ NS2 1 S3 | ] NS48 [ NSSA . SS5B |
Core Envelope Protease Serine Helicase Membranous ? RNA-dependent
glycoproteins protease web RNA polymerase

Serine protease cofactor

Nature Reviews | Microbiology

Figure 1.6. HCV genome organization and polyprotein processing. Upper: Scheme of HCV
genome with simplified RNA secondary structures in the 5°- and 3’-NTRs as well as the stem loop
5BSL3.2. Middle: Polyprotein precursor yielded by IRES dependent translation. Solid diamonds
indicate cleavage via ER signal peptidase. Open diamond indicates additional processing by signal
peptide peptidase. Arrows indicate processing by HCV NS2-3 and NS3-4A proteases. Lower:
Produced HCV mature structural and non-structural proteins. Amino-acid numbers are shown above
each protein (HCV H strain; genotype la; GenBank accession number AF009606). Modified from
Moradpour D, Penin F and Rice CM, 2007'%

1.4.5. HCV life cycle
1.4.5.1. HCV entry

HCV close to hepatocyte tend to bind low-density-lipoprotein receptor (LDLR) and
glycosaminoglycans (GAGs) present on heparan sulfate proteoglycans via both E2
and virion-associated apoE?°®?%, This initial attachment helps to concentrate virus on
the cell surface and is followed by virus binds to specific entry factor(s) with high
affinity. A growing number of such cellular molecules have been identified including
CD81, SRB1, Claudin-1 (CLDN1), occluding (OCLN), EGFR, NPC1L1 and more
recently transferrin receptor 1 (TrR1)?°*?%. These receptors have varied physiological
function and distribution region in polarized hepatocytes. How they contribute to HCV
entry in a temporally and spatially ordered manner is still not fully elucidated. One of
the current models is: HCV LVPs attach to target cell surface by interacting with
GAGs, LDLR and SRB1. The cholesterol transfer activity of SRB1 might then serve to

dissociate virus particles from their associated lipoproteins, and the interaction with
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SRB1 exposes the CD81-binding determinants on the HCV E2 glycoprotein?'® 2",

The CD81-bound HCV particles laterally migrate to tight junctions and interact with
CLDNA1. This cell surface trafficking relies on several signal transduction pathways,
including EGFR and downstream RAS GTPase signalling, as well as RHO GTPases,
which remodel cortical actin®®. The interaction of HCV-CD81 with CLDN1 then
induces clathrin-mediated endocytosis?'%. Although the tight junction protein OCLN is
also essential for HCV entry, its precise role in this process is currently unknown?®.
The recently reported TfR1 is suggested to act after CD81 and involved in virion
internalization®. In addition to infection with cell-free virus, direct cell-to-cell
transmission is identified in vitro and probably also occurs in vivo®'. Those two routs
utilize largely overlapping receptors?™.

Following endotytosis, clathrin coated pits fuse with early endosome and the acidic
pH in the endosome ftriggered fusion of viral envelope with the endosomal
membrane®'®. In that way, HCV genome is released and viral translation and

replication is started?®.

1.4.5.2. HCV replication

HCV RNA translation is initiated via HCV IRES within 5’UTR and utilizes host
ribosomal machinery in the ER*. Produced viral protein induces the formation of
membranous web that constitute the sites of HCV RNA replication'®>. RNA synthesis
is catalyzed by the viral RdRp activity of NS5B and supported by other viral NS
proteins. Numerous cellular factors have also been identified with potential roles in
HCV RNA replication. For example, cycolphilin B can stimulate RNA binding capacity
of NS5B and the microRNA miR-122 can enhance the stability of uncapped HCV
RNA?'®28  After synthesis of a negative-sense RNA intermediate, multiple
positive-sense progeny RNAs are generated. HCV replication is thought to occur
rapidly after virus entry as negative-strand templates are detectable at 2-4 hours after

introduction of RNA into cells®'°.

1.4.5.3. HCV assembly and release

Virus assembly and release is a tightly regulated process coupled to host cell lipid

synthesis®. It is not yet completely elucidated because the overall assembly
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efficiency is low in vitro and in viv as well as HCV virions resemble close to (V)LDL
paticles, which further preclude a firm detection of the rare event®®. However, two
general principles of HCV assembly have been suggested. In both cases, mature
core protein translocates from the ER to cLD surface after cleavage, but the sites of
assembly are different. In the first model, the initial core-cLD functions to concentrate
core protein and then, via interaction of core with viral proteins like NS5A'" and/or
NS2'8, core is released back to assembly sites at the ER and transfer of the RNA
from the ER-resident NS5A complexes triggers nucleocapsid formation. In the second
model, assembly occurs on cLD, which is associated with the viral core. RNA is
delivered to the cLD surface accompanied by NS5A, whose N-terminal residue is
sufficient for cLD targeting?" ?%. Both scenarios are facilitated by the close proximity
of cLD and ER?®. Newly formed nucleocapsids are then suggested being transferred
to luminal lipid droplets (luLDs), which are precursors of VLDL particles residing on
lipid rich microdomains of the ER?*#* HCV envelopment and maturation could take
place in luLDs, but the whole process is still poorly known?°. The release of mature
LVPs is proposed to be linked with the endosomal sorting complex required for the

transport (ESCRT) pathway?®®.
1.4.6. Immune responses to HCV

Host immune response is a crucial determinant for the outcome of HCV infection, e.g.
viral clearance versus viral persistence. The immune response against HCV involves

both, innate and adaptive immunity??°.

1.4.6.1. Innate immune responses to HCV

Innate immune responses are the first immunological barrier against viral infections.
Studies on experimentally HCV infected chimpanzee revealed a very early activation
of innate immunity reflected by an induction of IFN-stimulated genes (ISGs) within
days post infection'®®??’_ This induction is presumably due to the host recognition of
viral macromolecular motifs, known as pathogen-associated molecular patterns
(PAMPs), by cellular pathogen PRRs. So far, the precise nature of HCV derived
PAMP as well as the route they get to PRRs are still in debate. Several targets have
been proposed. For example, endosomal Toll like receptor-3 (TLR3) has been

reported to recognize the virus replication intermediates double-stranded RNA#2 22,
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Cytosolic retinoic acid-inducible gene 1 (RIG-1) was reported to sense HCV
poly-U/UC sequence in 3UTR?*®. Cytosolic protein kinase R (PKR) was characterized
as non-traditional PRRs contributing to HCV sensing by binding to IRES region®".
Pathogen recognitions trigger down stream signaling pathways, which leads to
production of IFN?*? 2 |EN is the central link to set up antiviral states. It drives
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expression of hundreds of ISGs and activates and regulates the cellular

components of innate immunity such as natural killer (NK) cells®®.

Despite the early activation, innate immunity is ineffective in HCV clearance as
indicated by stable viremia for several weeks until the emergence of cellular immune
response®® %’ The incapability of innate immunity could be explained by attenuated
IFN response at multiple levels by HCV. For example, the HCV NS3/4A interferes with
both  TLR and cytosolic HCV sensing by cleaving and inactivating essential
components in the signaling cascades, thereby blocking IFN induction®® 2**. HCV
infection can inhibit cap-dependent protein ftranslation via phosphorylation of
eukaryotic translation initiation factor 2 (elF2) but does not influence IRES dependent
viral translation®®. In addition, binding HCV E2 protein to CD81 has been reported to
alter NK cells function that is directly involved in combating HCV infection®" 22, In
patients who develop chronic infections, innate immunity activation varies
considerably between individuals®*®. Though it has been widely accepted that patients
with high baseline levels of ISGs are poor responders to IFN-a-based therapies, the

mechanisms behind are only poorly understand®**.

1.4.6.2. Adaptive immune responses to HCV

The definitive barrier to control HCV infection is the adaptive immunity. This response
can be categorized as humoral and cellular immune response®.

Virtually all HCV-infected individuals develop antibodies (Abs) against HCV, which
has protective effect for the host against HCV as has been identified in chimpanzees
that HCV infectivity could be neutralized by in vitro treatment with Abs?*®. However,
only a small fraction of Abs is neutralizing-antibodies (nAbs), which could be
subjected to interference by the remaining non-neutralizing antibodies (non-nAbs)**’.
In addition, the majority of Abs have been mapped to the envelope glycoproteins E1

and E2?*®, which have a high mutational rate, limiting their effects in preventing

reinfection 2*°?*°. Besides, HCV can also spread via direct cell-to-cell transmission,
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thus evading neutralization by neutralizing antibodies®®'. In summary, humoral
immune response may contribute to host defense against HCV, but its role in the
clearance of infection is a controversial issue.

Cellular adaptive immune responses are thought to have the greatest impact on HCV
eradication?2. The main components in cellular immune response are CD4" helper
and CD8" cytotoxic T lymphocytes. They are detectable until 8-12 weeks in both
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self-resolving or chronically evolving hepatitis C patients Patients with

acute-resolving HCV infection usually display broad CD4+ responses with better T cell
proliferation and cytokine production than patients with chronic evolving infection?*2%.
In chronic HCV infection, HCV-specific CD8+ T cells are still detectable, but they often
have a dysfunctional phenotype, e.g. they are impaired in their effector functions such
as production of antiviral cytokines, cytotoxicity and proliferation?*” %8, The main
reasons for CD8+ T cell dysfunction are reported as following: 1) expression of
inhibitory receptors, leading to CD8+ T cell exhaustion and ultimately CD8+ T cell
depletion; 2) appearance of viral escape mutations which abrogates recognition of
viral antigens by HCV-specific CD8+ T cells®* %°; 3) absence of HCV-specific CD4+
T cell responses in chronic HCV infection, which most likely further contributes to
CD8+ T cell failure®®" 2%, and 4) additional mechanisms of T cell dysfunction which

may include the action of regulatory T cells, impaired priming of virus-specific T cells

and suppression by inhibitory cytokines?®>.
1.4.6.3. Host genetic factors influencing immune responses to HCV

Host genetic polymorphisms related to immune response account for some of the
heterogeneity in infection outcome?®**.

Single nucleotide polymorphisms (SNPs) upstream of the IL28B locus have been
identified to correlate with response to IFN therapy and infection outcome?®®®. These
SNPs associate with altered mMRNA expression of IL28B gene, which encodes the
antiviral cytokine IFNL32%% 26¢,

Certain HLA class | and Il alleles are associated with a high rate of viral clearance.
For example, patients that are positive for the class | alleles HLA-A3, or HLA-B57
have increased chance for spontaneous HCV clearance. It has been reported that

patients with HLA-B27 have more robust CD8+ T cell response because of more

efficient binding of epitope located within the HCV polymerase (NS5B)%’.However,
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due to ethnic differences, the association between HCV infection and polymorphic

HLA system remains is not clearly understood?®® 2%,
1.4.7. Experimental models for HCV

1.4.7.1. Cell culture systems

Ever since HCV has been successfully cloned in 1989%°, continuous efforts have
been made to culture the virus in vitro by inoculating patient sera or transfection with
cloned viral RNA. Productive viral replication has been reported in primary human
hepatocytes, hepatoma cell line and lymphocytes. In all cases virus replication was
variable and very low'® 271273,

HCV Replicon System: In 1999, high level HCV replication was achieved with
subgenomic replicon system in human hepatoma cell (Huh7) under selection
pressure '®%. The prototype replicon is a bicistronic RNA of genotype 1b named Con1.
In this system, the first cistron encodes a neomycin resistance gene under the control
of the HCV internal ribosomal entry site (IRES). The second cistron expresses genes
for NS3-NS5B, which is initiated by IRES from encephalomyocarditis virus (EMCV).
All genes are driven by T7 promoter. Following in vitro transcription using T7 RNA
polymerase, the replicon RNA is transfected into the human hepatoma cell line Huh-7.
Afterwards, cell lines containing high amounts of self-replicating HCV RNAs could be
obtained under G418 selection'®. Using this system, it was observed that selected
replicon cells that have been cleaned of HCV infection by IFN or anti-HCV drug
treatment support viral RNA replication much better compared to naive Huh-7 cells®"*
215 Using such “HCV cure” method, several highly permissive cell clones such as
Huh-7.5%* or Huh-7-Lunet'’® have been established. With respect to replication
enhancing mutations (REMs), they have been identified throughout the HCV coding
region (NS3-5B), but clustered around NS5A, NS3 and NS5B?®%® The exact
mechanisms involved in cell culture REMs are still not fully understood, but most of
them have been shown to affect the phosphorylation status of NS5A?’°. The
advancements in the understanding of the replicon system through viral REMs and
highly permissive cell clones has led to the development of replicons with different
HCV genotypes?® and reporter replicon harboring selectable reporter genes

applicable for high throughput screening®®.
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HCV Retroviral Pseudoparticles: HCV pseudoparticle (HCVpp) is a surrogate
model developed to study the early stages of viral life cycle®" ?®2. This system is
generated by co-transfection of 293T cells with expression vectors encoding HCV E1
and E2, the gag-pol proteins of either murine leukemia virus (MLV) or human
immunodeficiency virus (HIV) and a retroviral genome encoding a reporter gene®".
As a result, HCVpp harvested from 293T supernatant consists of retroviral capsid
harboring reporter gene, which is enveloped by lipid bilayer embedded with
unmodified HCV E1/E2 glycoproteins. The unmodified HCV envelope proteins confer
HCVpp receptor binding and cell tropism?®. Entry of these particles leads to the
delivery of the retroviral capsid into the cytoplasm of the target cell and subsequent
expression of reporter gene. Since HCVpp are replication deficient and support only a
single infection event, quantification of the reporter gene expression directly reflects
the productive entry events®?. Therefore, this system offers opportunity to investigate
virus receptor interactions or screening for potent virus entry inhibitors®*" ?%2. However,
a limitation of the HCVpp system is that these particles are produced in a non-liver cell
line (293T) and assembled in post-Golgi compartments and/or the plasma membrane
as retroviruses, thus the particles are deficient of close association with lipoproteins
compared to wildtype virons®®. They are not suitable for studies on virus
neutralization antibodies and interaction of virus with lipid receptors including LDL-R,
SR-BI, and NPC1L1.

Infectious HCV particles derived from cell culture: In 2005, three research groups
reported that wildtype JFH-1 or chimeras based on JFH-1 replicated efficiently in
Huh-7 cells and produced infectious HCV particles®®*?%. Those particles are termed
HCVcc (cell culture-grown) and they support complete HCV life cy