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ABSTRACT

Hepatitis B virus (HBV), the prototypic virus of the iridae family,

induces chronic liver disease in approximately 5% of the global population and is

(HCC). The i with
woodchuck hepatitis virus (WHV) has been validated as the most valuable natural

model of HBV i i ally in the of ical in vitro systems for
HBV investigations. Although HBV and WHV are primarily hepatotropic, they also
infect the host lymphatic system. The si of this i ion in

the establishment and progression of liver disease is unknown. Therefore, it would
be highly advantageous to develop an in vitro cell culture system in order to

igate the i ion of irus derived from lymphoid cells with host
hepatocytes. This interaction should not be complicated by host immune
surveillance directed against the virus. The main objectives of this study were to
design and establish an in vitro experimental system for the propagation of WHV

in and id cells andtoii i the ability of virus derived from

lymphatic cells and serum to repli in cultured in this

work, both cultured woodchuck hepatocytes were shown to be susceptible to WHV
infection and conditions for short-term maintenance of WHV in cultured lymphoid
cells were established. In addition, highly i for the ion of

WHYV genes, replicative forms of the genome and virus antigens in in vitro infected
woodchuck cells were adopted and validated.



The obtained resuits provide, for the first time, direct in vitro evidence that

WHV by infected id cells is i d to the host
hepatocytes. The data indicate that lymphoid cells in the spleen constitute a site

where i ious virus repli with higher effici than in ci i hoi

cells. Furthermore, it was shown that WHV originating from lymphoid cells couid
be passaged serially through cultured hepatocytes and remain infective to a virus-

naive woodchuck. These i that the virus i tobe

biologically active in both in vitro and in vivo conditions. Finally, preliminary

xperiments indi that ication of WHV in the hepatocyte culture system
could be by the pt of antibodies to the N-terminal domain of the
WHYV large envelope protein or by a synthetic analogue derived from the putative
WHYV cell binding site 1 (CBS1). This finding suggests that WHV CBS1 plays an

important role in virus-hepatocyte interaction.
The woodchuck hepatocyte culture system developed in this work will serve
as an important tool to study the early events in WHV infection and replication, the

effects of the cellular mit i on i ion and genetic variation of the
virus, and for luation of novel anti iral agents.
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CHAPTER ONE : INTRODUCTION
1.1 VIRAL PATHOGENICITY.
1.1.1 A brief historical background.

The concept that certain di: can be i affected and

healthy hosts evolved as early as the fourth century B.C. when Aristotle wrote that

“...dogs suffer This to become irritable and all animals

they bite become diseased". This disease is now known as rabies (Steele, 1975).
The role of microbial pathogens in human and animal diseases, however, was
established much later in the nineteenth century. It began with Louis Pasteur, who
formulated between 1857 to 1865 the germ theory saying that: “each fermentative
process could be traced to a specific living microbe” (Koprowski & Plotkin, 1985).
Later, when laboratory techniques allowed for the isolation of single bacterial cells,
Kock and Henle devised a set of postulates to test if a specific agent caused a
particular disease (Evans, 1976). The postulates stated that: “the incriminated
agent can be cultured from the disease lesions, the organism can be grown in pure
culture, the organism reproduces the disease when introduced into an appropriate
host, and the organism can be cultured from the experimental disease”.

The idea of ic viruses was i ived by three men who

were working indepx ly; Mayer, and Beijerink who

filterable agents that cause disease in plants. Beijerink discovered that the filtrates
of the sap of tobacco plants infected with the tobacco mosaic disease can cause

disease in other heaithy plants. Thus, the name “virus™ (which means “poison” in



2
Latin) was used to describe microbial pathogens that cannot be removed by
filtration (Knight, 1974). This term was used to describe *filterable” pathogens for
many following years (Levine, 1996). It was only much later, in the twentieth
century, that viruses were defined as infective agents which depend on living host
cells for their replication (Lycke & Norrby, 1976).

Yellow fever was the first human disease shown to be caused by a virus
transmitted via mosquitoes (Reed, 1902). Since then, with the development of
modern laboratory techniques, many other viruses were isolated and identified (i.e.,
1400 different viruses have been classified up to 1989; Brown, 1989). One of the

most important discoveries was the finding that viruses can cause malignant

tumours. For th i ial of the Rous irus has been
shown in chickens (Rous, 1911). Among viruses afflicting humans, herpesviruses,
papovaviruses (i.e., SV40 and papillomavirus), human T-cell leukemia virus-1
(HTLV-1) and hepatitis B virus (HBV) were found to be cancerous (Benjamin &
Vogt, 1990). Advances over the past forty years in the field of immunology allowed
for the identification of viral antigens and analysis of their contributions to the

is of viral i { On the other hand, developments in
molecular biological techniques enabled (e.g.) the analysis of viral genomic

organization, virus-host i i and i of celi injury and
oncogenicity. In recent years, there has also been an expansion in molecular

genetics which led to the engineering of recombinant viruses and genetically



3
modified animals, providing important tools for the detailed understanding of the
mechanisms of viral replication and pathogenicity.

1.1.2 General structure and taxonomy of viruses.

Viruses can either be P d in DNA or RNA

In i to ped viruses, virions have lipid
bilayer membranes acquired through budding from the hosts’ cell membrane. In all
viruses, a capsid consisting of a protein shell surrounds the viral nucleic acid. The
term nucleocapsid is used to describe the protein-genome complex of a virus
(Harrison, 1990).

The { C i on Virus T (ICTV) has classified

viruses ing to i i ical levels of order, family, subfamily,

genus and species. Lower hierarchical levels include subspecies, strain and
variant. All virus families have the -viridae suffix and members of a family share a

distinct i ization, replicative strategy and a common

evolutionary origin. For le, the name F iric indi that all
members of the family are hepatotropic and have a DNA genome. In 1996, there
were 55 families with 166 genera of viruses. In addition, there were 23 “floating”

genera that have not been assigned to a family (Pringle, 1998).



1.1.3 Virus-cell interactions.
The majority of viruses demonstrate very limited host and tissue specificity
which is defined as viral tropism. In general, viral tropism is determined by two

factors: viral site(s) and the host cellular receptor(s) that is
recognized by these site(s). The viral attachment site is a molecule usually
expressed on the outer surface of the virion particle, either on the envelope of

enveloped viruses or on the capsid of non-enveloped viruses. It is typically

ofasingle ide or its or, is formed by adjacent domains
of different viral polypeptides. Viral attachment sites appear to be conserved as
long as the viruses maintain the same host and tissue tropism. This is even true
for viruses that possess high mutation rates, such as the influenza virus (Weis et
al, 1988). For some viruses, the specificity of such viral attachment sites also
depends on the secondary and tertiary protein Some viral
sites require activation by proteases of either host or viral origins to be able to
interact with the targeted host receptor (Klenk & Garten, 1994). For example,
proteolytic modification of virion surface also app be required for

hepatitis virus (WHV)-cell interaction (see Section 1.7.5).

In addition to viral attachment sites, many enveloped viruses possess

surface glycoproteins that mediate the fusion of viral proteins with host plasma

res. These fusion proteins oft qui ivation by host p

mediate a protein i ougt at specific amino acid




sequences (Nagai, 1993). For le, the F, gly of the

disease virus is converted to the fusion protein F, through the proteolytic lysis of the
N-terminus portion of the protein at a particular arginine located in a cluster of basic

amino acid residues (Nagai, 1993). This proteoiytic digestion exposes a

+ hali be the fusion d i i 1l

hydrophobi P

For some viruses, cellular endoproteases (furins; enzymes located in the Golgi

apparatus) capable of the activation of virus fusion have been identified (Klenk &

Garten, 1994). It is belit that their p i virus tropism and
pathogenicity.
Viral pl are plasma lecules that usually have other

important physiological functions. These receptors play a critical role in the

attachment and entry of virus into host cells and determine viral infectivity. Some

of viral are: the and lymphoid cell B-adrenergic
receptor (Co et al., 1985) and the epidermal growth factor receptor for reoviruses
(Strong et al., 1993), the CD4 receptor for human immunodeficiency virus (HIV)
(Dagleish et al., 1984), and the CR2 receptor for Epstein-Barr virus (McClure,
1992). Although virus receptors have most often been found to be proteins, lipids

and carbohydrates can also serve as cell virus binding sites, such as

phosphatidylinosi i ine and GM3. ioside for
stomatitis virus (Mastromarino et al., 1987), and sialyloligosaccharides for the

Sendai virus, Newcastle disease virus (Paulson et al., 1979) and influenza virus



(Rogers, 1986). In addition, high weight with

biochemical structures, such as heparan sulfate and heparin-like
glycosaminoglycans have been shown to mediate low affinity attachment of herpes

simplex virus and ies virus to ible cells, ively (WuDunn

& Spear, 1989; Mettenleiter et al., 1990). More recently, two high affinity herpes

virus bindi ins, i y mediator (HVEM; Montgomery et al., 1996)
and poliovirus receptor-related protein 1 (Prr1; Geraghty et al, 1998), were
reported.

Viruses can also bind to a cellular receptor through an intermediate molecule

(Nathanson, 1997). Antiviral antibodies are one group of such intermediate

that i i ions through the ization of virions.
The Fc fragments of these antibodies can bind to the Fc receptors on the target
cells and facilitate virus entry. This was demonstrated for dengue virus (Halstead,
1988) and later for the West Nile virus (Peiris et al., 1981). Some viruses require
more than one receptor for viral attachment and entry. For example, the CXCR4
chemokine receptor and the CCRS chemokine receptor were found to function as
co-receptors along with CD4 for the fusion of T-tropic or M-tropic HIV viruses,
respectively (Oberlin et al., 1996; Dragic et al., 1996). More recently, the

coxsackievirus A21 was found to require both the decay-accelerating factor (DAF)

and the i i 1 (ICAM-1) for cell

entry (Shafren et al., 1997).
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Following interaction between the viral attachment site and its receptor, pH

independent virus entry into the cytoplasm is usually by direct fusion with the

plasma by pt i is (Marsh & Helenius, 1989).
Viruses such as HIV (Stein et al., 1987) and human cytomegalovirus (Tugizov et a/.,

1994) fuse with plasma at physit ical pH (pH il it fusion),

while viruses such as flaviviruses (Randolph & Stollar, 1990) and influenza viruses
(Stegmann et al., 1985) fuse with the host plasma membrane within endosomes at

acidic pH (pH dependent fusion).

1.2 VIRAL HEPATITIS.

Viral itis is a ic infection i inantly the liver that is

by necrosis, lympl cell infiltrations, and
liver cell regeneration. Viral hepatitis can have distinct clinical outcomes: (1)
asymptomatic infection, (2) acute hepatitis, (3) fulminant hepatitis, and (4) chronic

hepatitis.

Individuals with ic infection have no or very mild manifestations,
such as fatigue and flu-like symptoms. This type of infection is usually identified by
coincidental blood testing. In the case of symptomatic infection, four phases can
usually be identified: incubation period, preicterus, icterus and convalescence or,
in some cases, chronic infection. The incubation pericd is often asymptomatic,

although circulating viral markers (i.e., viral nucleic acid) and biochemical
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indicators of liver damage (i.e., alanine ami [ALT)) are

detectable. In the second preicteric stage, the liver becomes tender and enlarged
and is accompanied by symptoms, such as fatigue, nausea, fever and vomiting. In
the icteric stage, patients have more severe symptoms, including jaundice, higher
fever, shaking chills, and right upper quadrant pain. After this acute hepatitis stage,
the majority of patients recover and enter the convalescent stage. The remaining
individuals will develop chronic hepatitis, a condition which is caused by both
hepatitis B and C viruses. Chronic hepatitis is defined as a disease lasting longer

than 6 months and can be classified as persistent or active (aggressive). These

forms of chronic liver i ion can be di by

examinations of liver tissue. Chronic active hepatitis frequently progresses to liver
A rarer form of liver inflammation is fulminant hepatitis, which is

characterized by very severe and rapidly progressing is. This

disease is often fatal. Initially, the patients suffer from symptoms similar to acute

hepatitis but the condition worsens quickly, as liver ge progr
which is followed by encephalopathy (Kumar & Pound, 1992).

1.3 HUMAN HEPATITIS VIRUSES.
Presently, there are seven known hepatotropic viruses that cause viral

hepatitis in humans. These viruses are knownas A, B, C, D, E, G, and TT. The
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viral structure, genomic organization, routes of entry, pathogenicity, and severity of
liver inflammation differ for each of these viruses.

Briefly, hepatitis A virus (HAV) is a non-enveloped virus with a single
stranded plus-strand RNA genome belonging to the Picornaviridae family. HAV
infection is usually self-limiting with different degrees of severity. For example,

of young indivi is usually ic or mild, while i of

children under 5 years of age and adults over 50 years of age can be severe and
fatal (Alter & Mast, 1994).

Hepatitis C virus (HCV) is \ging to the Flaviviri ily and
contains a linear, plus-strand RNA genome with a single open reading frame (Choo
et al., 1989). A unique feature of HCV is its high rate of chronic infection, where up

to 60% of indivit are i infected. Many of these individuals
may later develop liver cirrhosis and [t i (HCC) (Koziel,
1996).

Hepatitis D virus (HDV) is an interesting and distinctive virus as its invasion
requires the co-infection with HBV. The envelope of the virus has HBV surface
antigen (HBsAg) reactivity. The internal nucleocapsid contains HDV specific &
antigen and a circular, viriod-like RNA genome (Rizzetto et al, 1980). HDV

underg RNA ication via a unique “double rolling circle®

(Branch & 1984). The ic status of HDV has not yet
been determined and currently the virus is assigned to its own genus, Delfaviridae.
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HDV i ion superi on HBV i ion often leads to severe chronic

hepatitis, which is usually more grave than liver disease induced by HBV alone
(Hadler et al., 1992).

Hepatitis E virus (HEV) is a non-enveloped virus with a single pius-strand 7.5
kilobase (kb) RNA genome (Reyes et a/., 1990) and is structurally similar to viruses
of the Calciviridae family (Koonin, 1992). Infection with this virus is usually mild and
self-limited. For unknown reasons, HEV infection in pregnant women can be
serious with fatality rates of 15-25% (Tsega et al., 1992).

An enteric hepatitis F virus was claimed to be identified (Deka et a/., 1994)
but this virus was not confirmed by others (Bowden et al., 1996).

Another virus associated with hepatitis in humans is the hepatitis G virus

(HGV), which is a RNA virus with 25% i to HCV. Appi

1-2 % of healthy blood donors in Canada may have HGV RNA. HGV appears to
cause a very mild self-limiting infection. The clinical and pathological significance
of HGV need to be determined (Linnen et al., 1996).

Recent studies from Japan demonstrated a new hepatitis virus called the TT
virus (TTV) (Nishizawa et al., 1997). TTV was shown to be a non-enveloped DNA
virus which is prevalent in 12% of Japanese blood donors (Okamoto et al., 1998).
The virus was also found in 27% of patients with fulminant hepatic failure in the

United States (Charlton et al., 1998). The ic signi of TTVi

is still under investigation. It was recently reported that there was no correlation



"
between TTV and non-A to E hepatitis (Matsumoto et al., 1999).
In addition to the above hepatotropic viruses, a number of other viruses can
induce hepatitis, e.g. L irus, i Epstein-Barr virus,
measles virus, rubella virus, and varicella.

1.4 HEPATITIS B VIRUS (HBV).
1.4.1 HBV epidemiology
In general, HBV is a small, enveloped DNA virus that causes liver

necroinflammation and HCC in humans. There are at least 300 million HBsAg-

reactive indivi ically infected with HBV i is et al., 1991).
In Canada, conservative estimates indicate that the prevalence of HBsAg-positive
chronic HBV carriers is 0.5-1.0%, with approximately 3,000 new cases reported
each year (Sherman, 1996). In western countries, the virus is mostly spread by
horizontal routes, such as intravenous drug use, sexual contact or occupational
exposure. However, in highly endemic regions of the worid (i.e., Asia and Africa),
the major route of transmission is from infected mothers to infants (Margolis et al.,
1991), where up to 15% of the total population are HBV carriers (Maynard et al.,
1989).

Patients chronically infected with HBV are at risk for significant morbidity and
mortality. it was estimated that about 15-25% of them will die of cirrhosis and HCC
(After & Mast, 1994). HBV is reported to be the second leading cause of cancer
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after heavy cigar ing (Chisari & Ferrari). Despite availability

of effecti " ines in th ies, HBV-induced

remain a worldwide public health problem.

1.4.2 The natural course of HBV infection.
The average incubation period of HBV is 75 days (Purcell, 1994). It is

estimated that up to 70% of adults exposed to HBV will develop asymptomatic

(subclinical) infecti The ining (ap 30%) will have clinically
evident liver disease diagnosed as acute hepatitis (Hoofnagle et al., 1987). About
1% of these infected adults will develop fulminant hepatitis, which often is fatal.

Most of the acutely infected patients will clinically recover from the disease

and develop app: i ity (F gle et al., 1987). However,
recent studies have demonstrated that clinical recovery, the normalization of
biochemical indicators of liver function, the disappearance of serum HBsAg, and
even the rise of circulating antibodies to HBsAg (anti-HBs) do not refiect the

complete elimination of the virus (Mi etal., 1994, et al., 1996).

In these convalescent individuals, traces of HBV DNA and HBV particles with
physicochemical properties similar to those of complete virions were identified in
the circulation up to 23 years after patients’ recovery. In addition, transcriptionally

active HBV in peripheral blood mononuclear cells (PBMC) (Michalak et al., 1994)

and a strong poly iral-specifi icTly (€T have



been inthese app ’ healthy indivi (
et al., 1996).

Individuals that eventually develop HBsAg-reactive chronic HBV infection
may not necessarily have symptoms upon initial exposure to the virus. About 30-
50% of chronic infections begin with acute hepatitis, while the remaining patients
report no symptoms or just mild fatigue (Fattovich, 1991). The risk of developing
chronic hepatitis B is predominantly determined by the age of the patient at the time
of infection. Chronic disease occurs in 90% of infected infants, 25% to 50% of
children between the ages of 1 to 5 years old, and about 5% to 10% of older
individuals (Alter & Mast, 1994). Chronically infected individuals usually have

progressive liver inflammation which often leads to liver cirrhosis (Fattovich et al.,

1991), the most p of HCC' 1988). It has been estimated
that the risk of developing HCC can be approximately 200 times greater in chronic
HBV carriers than in a healthy population (Beasley, 1988) and that neonates born
to infected mothers are at the highest risk (Kew & Popper, 1984).

In addition to liver diseases, HBV can induce extrahepatic disorders due to

the deposition of immune i of viral antigens and specific

antibodies. The pathogenic role of these i has been

in glomerulonephritis (Combes et al., 1971; Nowoslawski et al., 1975; Slusarczyk
et al., 1980) and periarteritis nodosa (Gocke et al., 1970; Michalak, 1978; Michalak

& Krawczynski, 1981).



1.4.3 HBV structure.
The complete HBV particie or “Dane” particle is a double sheiled, spherical
structure that is 42 nanometer (nm) in diameter (Dane et al., 1970) with a

22 Sactron

(Blum et al., 1989). In addition, non-infectious subviral particles, which consist of
the envelope material are produced in large quantities and freely circulate in HBV-
infected individuals. These particles are spheres of 20 nm in diameter or long
filaments of up to 230 nm in length and they lacking capsids and viral genetic
material (Hollinger, 1996). The virus capsid encloses the 3.2 kilobase (kb) circular,
partially double stranded genome, known as relaxed circular DNA (rcDNA) (Fig.

1.1). This genome contains a single EcoR/ restriction endonuclease site, which

defines the first nucleotide in all hep: iral sequence The partially
double stranded viral genome is maintained in a circular form by a short cohesive
overlap between the 5' ends of the two DNA strands. Each of the two HBV DNA
strands is of different length. The minus strand is complete with defined 3' and 5
ends (Ganem, 1996) except for a short nick region at position 1846 (Charnay et al.,
1979). The plus strand is incomplete, with a variable 3'-end, creating a single-
stranded gap region in the virus genome of about 200-300-bp long. At the 5' end
of the minus strand, there is a covalently linked protein and at the plus strand, there
is an attached 5' RNA oligoribonuclectide primer. Both of these elements are

important for viral replication (see below; Ganem, 1996).



Figure 1.1. Schematic representation of HBV and WHV genomes. The inner
circles represents the partially double stranded virion DNA with the first base pair
marked by the EcoR1 site and marking at

intervals of 400 base pairs. The positive DNA strand has a dashed line to indicate
avariable 3' region and a wavy line at the 5' end to indicate the covalently attached
RNA oligonuclectide primer. The minus strand is complete with a 5' attached
protein primer (closed circle). The broad arows surrounding the DNA strands
represent viral open reading frames: core gene (preC and C regions), surface or
envelope gene (preS1, preS2 and S regions), polymerase (P) and X genes. The

indi irection of ger iption. The length of the translated
protein products is shown as a number of amino acids (aa).
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The genome consists of 4 open reading frames (ORFs) or genes, which

encode the lope (S), id (C), (P), and X proteins. A
unique feature of hepadnaviruses is that the ORFs' are overlapping. For example,
the S ORF, C ORF, and X ORF partially overlap with the P ORF. Therefore, the
virus produces substantially more protein per genome unit when compared to other

viruses. In addition, iral gene iption regulatory elements

(promoters and enhancers) are located within the protein coding regions instead of

in separate regions of the genome. Thus, the HBV genome coding capability is

asan ple of genome y (Seeger et al., 1991).

Products of the S gene derive from three co-translational regions with three
different in-phase start codons. As a resuit, the HBV envelope proteins share a
common C-terminus and have divergent N-termini and are referred to as small,
middle, and large proteins. These proteins carry unique immunological
specificities. However, they are collectively defined as HBsAg. These envelope
polypeptides are glycosylated, giving rise to a total of six different molecular

species, with and without The most

found in HBV particles is the small protein, which exists as non-glycosylated 24
kiloDaltons (kDa) and 27 kDa glycosylated proteins. The middle protein of HBV

contains 55 extra N-terminal amino acids desi as the preS2 domain and

occurs as 33 and 36 kDa polypeptides. The large protein is longer than the middle

protein by an additional 108-119 N-terminal amino acids which is called the preS1
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