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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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domain. It exists as unglycosylated 39 kDa and a glycosylated 42 kDa gene
products (Tiollais et al., 1985). These different polypeptide species are contained

in circulating virions, subviral parti and i ( 1980).

The C ORF, contains two start codons, the preC and C, which code for two
overlapping proteins (Robinson, 1990). The core protein, which is translated from
the C start codon, exhibits antigenic reactivity (HBcAg) and has a molecular mass
of 22 kDa. Multiple copies of the core polypeptide form the capsid of HBV, which
interacts with the viral DNA to form the i ( i , 1990).

The product encoded by both the preC and C region displays e antigenic specificity

(HBeAg). The variable size of this protein (from 16 to 25 kDa) resuits from post-

translational modifications (Uy et al., 1986; i 19890). Following

of amino acids encoded by the preC region, as well as the 34 residues encoded by
the 3-end of the C region, serum-HBeAg has a molecular weight of 16 kDa.
Although the amino acid sequences of the core and e proteins are largely identical,
the e protein is immunologically distinct from HBcAg at the level of the B cell
response, leading to the production of anti-HBe and anti-HBc specific antibodies
(Salfeld et al., 1989). Furthermore, the HBeAg can be detected as a nonstructural
protein freely circulating in the blood (16 kDa) and in infected hepatocytes (16 and
25 kDa). In contrast, HBV cores do not circulate as free particles, but they occur
within complete virions and in infected hepatocytes (Schiicht & Schaller, 1989). In

addition, it has been established that the core protein is important in viral
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replication, while the e protein is not required in virus assembly (Robinson, 1990).

TheP ORFis into a viral enzyme from the 3.5 kb HBV
RNA transcript. This protein is i in ication and idation of the
viral genome. It i as a DNA DNA reverse

transcriptase, and RNase H (Bavand & Laub, 1988; Mack et al., 1988). The HBV

polymerase also binds to the 5' end of the 3.5 kb pregenomic RNA and serves as

a ing signal (B: et al., 1990), and acts as a primer for reverse

iption of the viral preg (Wang & Seeger, 1992).

The smallest ORF, the X gene, encodes a transcriptional activating protein
(reviewed in Henkler & Koshy, 1996). The X gene product was found to be able to
indirectly activate transcription factors such as AP-1 via mitogen-activated protein
kinases (MAP kinases) (Benn ef al., 1996). In addition, the X protein also
complexes with the p53 tumor suppressor protein and inhibits its sequence-specific
DNA-binding capacity and transcriptional activation function in vitro (Wang et al.,
1994). It was also shown that the X gene product may interfere with p53 gene and
inhibit apoptosis in X-transfected cells (Wang et al., 1995). The X protein is
postulated to be a cofactor in HCC development since this protein binds directly to

a DNA repair factor protein (Lee et al., 1995) and that X protein-transfected cells

have impaired ability to repair i iation-induced DNA damage (Jia et al.,
1999). Thus, it is believed that the X protein may participate in one of the many
mechanisms of HBV-induced il i i in Henkler & Koshy,

(




1996; Feitelson, 1999).

1.4.4 Life cycle of HBV.

Hepadnaviral replication involves DNA replication through a reverse
transcription mechanism that is unique for DNA viruses. The life cycle of HBV in
a cell begins with viral entry. Although the initial steps of HBV cell attachment and
entry are not fully understood, there is evidence of host recognition domains on the
viral envelope and the involvement of one or more virus-specific receptor(s) on the
host cells (see Sections 1.7.2, 1.7.3, and 1.7.4). After entry, the virion envelope is

removed in the and the i ining rcDNA is p

into the nucleus. The partially double stranded species is released and repaired
by host DNA polymerases and ligases to form a covalently closed circular DNA
(cccDNA), which is fully double stranded. Using that cccDNA as a template, viral
mRNA and RNA pregenomes are transcribed using host RNA polymerase. In HBV,
there are 4 mRNA transcripts, 3.5, 2.4, 2.1, and 0.7 kb in length. The mRNA
transcripts are translated into viral proteins including the three envelope proteins,
the core, and X protein (reviewed in Pugh & Bassendine, 1990). Viral packaging

P on the 5'-proximal stem loop of the HBV p ic RNA
(the €), which binds to the hepadnaviral polymerase (Nassal & Schaller, 1995).

This interaction causes capsid ion around the RNA complex.

Subsequently, these encapsidated particles are transported into the cytoplasm.
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The € structure also serves as a template for the synthesis of a short DNA primer
by the viral polymerase (Nassal & Schaller, 1985). Then, reverse transcriptase
uses the viral RNA asa for the is of the minus DNA

strand. After cleavage of RNA-DNA hybrids by RNaseH, the plus strand of DNA is
synthesized from the minus strand using a 5' RNA oligoribonuclectide as a primer,
forming rcDNA. The mature i icl ining rcDNA, are then

inthe ic reti into pe proteins along with host cell
lipids to form complete virions. The complete Dane particle is then transported
through the ic reticulum and from the cell (revi in Pugh &

Bassendine, 1990). The rcDNA species can also be transported back into the
nucleus where they can serve as the precursor for the formation of a pool of viral

cccDNA. Since iral cccDNAisa there is no need for
a large pool of cccDNA in the nucleus (Tuttleman et a/., 1986b).
The conversion of cccDNA from rcDNA is considered to be the first step of

Thus, ion of cccDNA within a ceil is used as an

indicator of active viral replication (Tuttieman et al., 1986b).

1.4.5 Lymphetropism of HBV.
Although the main site of HBV replication is the liver, HBV is also
lymphotropic and is known to replicate in the lymphatic system. Earlier studies

using nucleic acid the p of HBV
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DNA sequences in lymphoid cells, such as PBMC, obtained from patients with
chronic HBV infection (Pontisso et al., 1984). Later, it was documented that
lymphoid cells can be sites of active viral replication since HBV DNA and RNA were

found in some patients using and h

(Lobbiani et al., 1990). This was also by in situ hybridizati iqe
(Hadchouel et al., 1988). When more sensitive polymerase chain reaction (PCR)
assays were utilized, HBV nucleic acids were found in all chronically infected

patients (Pasquinelli et al., 1990). More significantly, HBV

also detected in PBMC of patients with chronic hepatitis B infection using PCR with
reverse transcription step (RT-PCR) (Baginski ef al., 1991). More recently, the
presence of HBV cccDNA and HBV mRNA in circulating lymphoid cells from
patients with high viremia were identified using PCR with primers that span the HBV

nick region and with itative RT-PCR, i (Stoll-Becker et al., 1997).

In this work, all HBV mRNA transcripts (i.e., 3.5, 2.4, 2.1 and 0.7b species) were
found in circulating lymphoid cells. Interestingly, the X mRNA (0.7 kb) was detected
in the highest amount.

The detection of HBV nucleic acid sequences in lymphoid cells was

supported by it ification of viral i p in or on the cells. Inone

of the studies, most of the individuals with chronic hepatitis B tested were reported
to express HBsAg and HBcAg in their PBMC (Parvaz et al., 1987). In another

report, HBV larg proteins to exist in PBMC lysates prepared




from chronic HBV carriers using Westem biot analysis (Zoulim et al., 1991).
The PBMC subsets frequently found to camry replicative HBV DNA

in ically infected indivit are still not clearly established.
One laboratory showed that CD4+, as well as CD8+ T calls, B cells and monocytes

contain HBV DNA as by ybridization (Cal etal,
1994). In another report, monocytes were apparently found to contain the highest
levels of HBV DNA compared to T and B cells (Yoffe et al., 1986).

Inin vitro conditions, HBV i incell:

a bone marrow aspirate of a patient with acute hepatitis B. After 10 months in
culture, these cells were found to be HBsAg positive, as detected by

3 1BsAg

buoyant densities as intact virions (Dane particles), suggesting that the cells were
able to synthesize complete, enveloped virus (Romet-Lemonne et al., 1983). In
addition, extrachromosomal forms of HBV DNA with migrational characteristics
similar to rcDNA and cccDNA, were detected in these cells by Southem biot
hybridization (Elfassi et al, 1984). It was also shown that HBV-infected
lymphocytes can transmit virus to non-infected lymphoid cells in vitro. This was
demonstrated through the use of a HBV-infected lymphocyte hybridoma co-
cultivated with HBV-negative T and B cells from a healthy individual (Colucci, et al.,
1988).

Furthermore, it was shown that culturing PBMC derived from chronically
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infected patients with phytohemagglutinin (PHA) and concanavalin A (ConA)

ir the levels of it HBV DNA and HBV replicative intermediates
(Bouffard et al., 1992). It was also found that HBV can persist in the PBMC in the
absence of hepatic HBV replication. This was observed in patients with chronic

hepatitis B that ic liver trar ion. During the follow-up of

2-24 months, 23 out of 24 patients had no HBV DNA in their livers and remained
serum HBsAg-negative. However, PCR analysis identified HBV DNA in some
PBMC samples from these patients indicating HBV persi: in the lympl

system in the absence of virus in the liver (Feray et al., 1990). HBV persistence
was also observed in two patients with end-stage liver disease following chronic

HBV infection who baboon liver In these i HBV

DNA sequences ion in the PBMC, spleen, and bone

marrow, but not in a liver biopsy of the transplanted baboon liver (Lanford, et al.,
1995). These findings strongly suggest that cells of the lymphatic system can serve
as a site of HBV replication.

HBV-specific DNA and RNA sequences were also identified in PBMC from

patients years after complete clinical and serological recovery from acute hepatitis

B, indicating the persi of replicating virus in id cells in
anti-HBs positive individuals (Mi etal, 1994; etal., 1996; Penna
etal., 1996; C izo etal., 1997; Y i et al., 1998). It was also reported

that HBV DNA sequences can persist in PBMC of patients with either spontaneous
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or therapy-induced recovery from chronic hepatitis B (Trippler et al., 1996;
Oesterreicher et al., 1995). These data indicate that the lymphoid system plays an

imp role in the i and mai of iral persit

In general, the findings st ized above clearly that HBV is
not only hepatotropic, but also can infect lymphoid cells and that these cells can

support istent virus icati The ic implicati of HBV

lymphotropism are not yet fully understood.

1.5 HEPADNAVIRUS FAMILY.

HBV is the pi ypic virus of F iri These DNA viruses

characteristically have a very narrow host range. For example, HBV infects only
humans, chimpanzees and some other higher primates (Barker et al., 1975).

The hepadnaviral family is divided into two genera: Orthohepadnaviridae

and Avil iridae (avian). The mammalian genus include
t i icating in the ing hosts: HBV in humans, WHV in eastern
North i dchucks (| monax) (S etal., 1978), and ground

squirrel hepatitis virus (GSHV) in Spermophilus beecheyi (Marion et al., 1980) and
in Spermophilus richardsonii (Tennant et al., 1991). To this genera are also
included related viruses; such as the tree squirrel hepatitis virus (TSHV) infecting
Sciurus carolinesis (Feitelson et al., 1986), arctic ground squirrel hepatitis virus

(ASHV) in Spermophylus parryi kennicoltti (Testut et al., 1996), and woolly monkey
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hepatitis B virus (WMHBV) in Lagothrix lagotricha (Lanford et al., 1998). The avian
hepadnaviruses include: duck hepatitis B virus (DHBV) found in Anas domesticus
(Mason et al., 1980), heron hepatitis virus (HHBV) in Ardea cinerea (Sprengel et al.,
1988), and the more recently discovered maned duck hepatitis B virus (MDHBV) in
Chenonetta jubata (Li et al., 1997), grey teal hepatitis B virus (GTHBV) in Anas
gibberifrons gracilis (Li et al., 1997), stork hepatitis B virus (STHBV) in Ciconia
ciconia (Pult et al., 1998), and the snow goose hepatitis B virus (SGHBV) in Anser
caerulescens (Chang et al., 1998).

These viruses, particularly mammalian viruses, have common molecular,

structural, antigenic,

The shared features are: (1) virion

ultrastructure ct i by an P ing a spherical inner
nucleocapsid; (2) small, partially double-stranded DNA genome ranging from 3 to

3.3 kb; (3) i ization and i (4) similar

replication strategy; (5) identical number of structural and non-structural proteins

which have homologous sequences; (6) antigeni ivity and
patterns of antiviral antibody responses; and (7) similar profile of liver disease

(Tiollais et al., 1985).

In contrast to ian viruses, avian i do not have the X
gene, they have a longer C gene sequence, and the S gene does not contain a

preS1 region. Avian hepadnaviral envelope proteins do not form filaments in

. Fur , avian iruses have no iation with the
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development of HCC (Cova et al., 1993).

1.6 THE WOODCHUCK MODEL OF HEPATITIS B.
1.6.1 Woodchuck hepatitis virus (WHV).
The woodchuck hepatitis virus (WHV) was first identified in 1977 in a colony

of eastern North i dchuck monax) in the Philadelphia

Zoological Garden. In these animals, a high incidence of chronic hepatitis and
HCC were observed (Summers et al., 1978). Among all the members of the
hepadnavirus family, WHV is accepted as the most suitable model to study HBV as

the viruses share significant similarities with regards to ultrastructure, genomic

ion, antigeni ivity of gene { range of
targeted organs (liver and lymphatic system), course of infection, the

gical and i of the virus-induced liver disease, and
the development of HCC (Michalak, 1998).
The ultrastructure of WHV is similar to HBV. Mature virions of both viruses

are spherical ped parti with di of 45 nm for WHV and 42 nm for

HBV. The circular WHV genome is 3.3 kb and is slightly longer than the HBV DNA
(Fig. 1.1). It has a similar genomic organization as HBV and shares approximately
70% nucleotide with HBV (Galibert et al., 1982). In WHV, the

molecular sizes of WHV envelope large proteins are 42 and 39 kDa, middle

proteins are 36 and 33 kDa, and the small proteins are 26, 23, and 19 kDa
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(Michalak & Lin, 1994). These proteins demonstrate significant antigenic cross-
reactivity with the equivalent proteins of HBV found in humans. This enables the

use of ctit ial assays

ig for ion of HBsAg and
antibodies to HBsAg (anti-HBs) (e.g. AusRIA and AUSAB; Abbott Laboratories,
North Chicago, lllinois) to identify WHV surface antigens (WHsAg) and antibodies
to WHsAg (anti-WHs), respectively. HBcAg and WHYV core antigens (WHcAg) have
also been shown to have common antigenic determinants (e.g. Werner ef al.,

1979).

162 C istics of WHV

The epidemit of WHV infection also bears signif similarities with

HBV-induced disease. WHV is transmitted by blood or body fluids and is spread
vertically from infected mothers to their offspring (Kulonen & Millman, 1988);
including mothers convalescent from hepatitis (Coffin & Michalak , 1999). Inup to
980% of animals bom to WHsAg-positive, chronically infected mothers or those
which were infected during the first few days of life, serologically evident (i.e.,
WHsAg positive with antibodies against WHcAg [anti-WHc]) hepatitis will develop.
Inevitably, most of these animals will subsequently progress to HCC within 2-3
years, a situation that occurs at a much higher frequency than that observed in
humans (Cova et al., 1993).

Adult woodchucks infected with WHV have courses of infection and liver
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disease comparable to adult humans afflicted with HBV. Both WHV and HBV
induce acute hepatitis, which 10-15% of theti

chronic liver disease. HBV-i

infected with WHV exhibit chronic liver inflammation with different degrees of

injury and cell infiltrati i 1998). However,
in contrast to humans, woodchucks chronically infected with WHV do not develop
liver cirrhosis (Summers, 1981). Among hepadnaviruses, WHV has the highest

oncogenic potential, which is believed to be caused by cis-activation of celiular

or rticularty yc and N-myc, through the integration of viral promoter
sequences in the vicinity of these host oncogenes (Hsu et al., 1988; Fourel et al.,
1890). In contrast, HBV appears to integrate into host DNA in random patterns,

thus, cis-activati i probably notinvelvedint inogenesis

in humans (reviewed in Feitelson & Duan, 1997). Current evidence suggest that

both viral and host-related factors i to diverge igenicity of
hepadnaviruses in different species (Feitelson, 1999).

At the cellular level, hepatocyte plasma membranes purified from WHV
infected woodchucks were shown to express WHsAg, WHcAg, and WHeAg. Both
envelope and core specific polypeptides were found to be associated with the
membrane lipid bilayer as peripheral and integral membrane proteins (Michalak &
Churchill, 1988; Michalak et al., 1990; Michalak & Lin, 1994).

WHYV is highly

P pic, the host id system is also
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involved from the earliest stages of virus infection (Korba et al., 1989a; Chemin et
al., 1993; Michalak, 1998). WHV DNA, replicative DNA intermediates, and virus-

pecific MRNA in ci ingand in id cells.
Increased expression of these WHV nucleic acid sequences was demonstrated in
PBMC cultured in the p of mi such as i ide (LPS)

(Korba etal., 1988). In addition, WHV DNA reactive particles with

properties of complete virions and abilities to induce classical acute hepatitis in
naive woodchucks can be generated in cultured PBMC derived from convalescent
animais (Michalak et al., 1999; Coffin & Michalak, 1999). These results indicate

that even transient exposure to WHV can result in persistent infection of the

lymphatic system and the p ion of trace of genic virus.

Currently, the dch model is as the most vals natural
system to study irus-host i i icity of liver injury and
HCC, mechani i i and to test the efficacy of anti-HBV
drugs.

1.7 HEPADNAVIRUS-HOST CELL INTERACTIONS.

Several different hep: il pe protein have been

proposed as sites which interact with host cell receptor molecules. Also, several
putative cellular receptors have been proposed which bind to hepadnavirus (HBV
and DHBV) envelope proteins. However, not all of these celiular molecules fulfill
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the criteria of receptor i ion, such as li ifici ion kinetics and

competitive binding.

1.7.1 Candidate receptors for the preS domain of the DHBV envelope protein.

In contrast to the three envelope proteins present in mammalian
hepadnaviruses (see Section 1.4.3), DHBV has only two structurally related
envelope proteins, called the large and small envelope protein (preS/S and S

domains, respectively). The preS domain appears to play an important role in host

cell recognition. This was with i subviral
containing only the large preS/S envelope protein that were able to compete and
inhibit in vitro infection of cultured duck by DHBV. inant

subviral particles containing just the small protein failed to inhibit infection of the
cells (Klingmuller & Schaller, 1993). In addition, binding of radiolabelled subviral
particles prepared from serum to primary duck hepatocytes was inhibited by the
recombinant particles containing large proteins. These results confirmed that the
preS domain of the DHBV envelope was essential for virus attachment and entry.
PreS domain-mediated entry did not require low pH activation, since inhibition of
the endosomal function in duck hepatocytes failed to block DHBV uptake and viral
cccDNA synthesis (Kock et al., 1996b). Thus, the attachment and host cell

penetration occurs at the plasma membrane at neutral pH. It is believed that the

preS host binding domain relies upon Y because of
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recombinant large polypeptide were 30-fold more efficient in blocking DHBV

infection when

p: to i i large proteins (Urban et al.,
1998).

Carboxypeptidases are one group of the proteins that have been suggested
to be involved in DHBV binding. A 170-kDa protein (p170) was identified in duck
hepatocyte lysates and found to interact with the DHBV envelope preS domain
(Tong et al., 1995). However, this p170 protein was also present in extrahepatic
tissues, such as pancreas, kidneys, and spleen. Furthermore, in competitive
binding studies, the of to DHBV i the i

between the virus and p170, which may suggest that p170 is the binding site for

DHBV. Purification and i i 170 four different peptide
sequences that have homologies to human and animal carboxypeptidases H, M,
and N (Tong et al., 1995).

Another candidate receptor for DHBV is carboxypeptidase D (Kuroki et al.,
1994). Co-precipitation of laballed duck hepatocyte proteins and DHBV virions
using monocional antibodies against DHBV envelope proteins identified a 180-kDa
hepatocyte glycoprotein (gp180) whose interaction was dependent on the preS
domain of the DHBV large protein. In addition, gp180 was able to compete and
inhibit infection of primary duck hepatocytes by DHBV (Breiner et al., 1998).
Transfection of a human hepatoma cell line (HuH7) with gp180 allowed binding of

DHBV and internalization of viral particles, no evi of p
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DHBYV infection was obtained. It was suggested that virus-gp180 interaction likely

requires the pi ofacell i ptor, since gp180 was
found in the trans-Golgi network but not on the cell surface (Eng et al., 1999).
Although gp 180 has been identified as a homolog of the mammalian
metallocarboxypeptidase D, the role of carboxypeptidases in HBV receptor binding

has not yet been demonstrated.

In another experiment, purified DHBV large protei j to Sepl
beads was used to precipitate a 120 kDa protein (p120) from duck hepatocyte
lysates. This molecule was found to be expressed on duck liver, kidney and
pancreas. Site-directed mutagenesis identified three amino acids located between
residues 100 to 102 of the preS domain as being critical for the binding to p120 and

substitutions of these residues i preS-p120i ion (Li et al., 1996).

Thus, ar to i i (see i 1.7.2,1.7.3 and

1.7.5) a short amino acid sequence of the DHBV envelope protein appears to
constitute a host cell binding site.
Another putative DHBV binding molecule has been identified which has a

molecular mass of 5 kDa. This protein was detected using a series of monoclonal

which were g against duck and screened for their
ability to inhibit DHBV-host cell interaction in duck hepatocyte cultures (Guo &
Pugh, 1997). Two monoclonal antibodies were identified. —Subsequent

immunoprecipitation using these antibodies resulted in the isolation of a 55 kDa
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protein that appears to be expressed on duck hepatocytes and tissues such as
(e.g.) kidney, pancreas and spleen.

1.7.2 Host cell recognition by the preS1 domain of HBV envelope.

Since the preS1 domain of the large envelope protein appears to be located
most distal on the outside of the viral membrane (Schaeffer et al., 1986; Jin et al.,
1996), this region is naturally predisposed to be involved in the host cell receptor
recognition.

It has been proposed that the main HBV binding site for hepatocytes (HepG2
cells) is located between amino acid residues 21-47 of the preS1 domain, since this
peptide and antibodies against preS1(21-47) competed or inhibited the binding
between the cells and immobilized HBsAg (Neurath et al., 1986b). In addition, a
monoclonal antibody generated against this preS1(21-47) sequence was able to
inhibit the binding of HepGz2 cells to both HBsAg and preS1(21-47) peptide (Petit

etal., 1991). Itwas suggests i ly could b the
generation of anti-idiotypic antibodies for the study of possible HBV receptors.
Using this strategy, it was demonstrated that HBV preS1(21-47) sequence was able

to recognize more than one protein species from HepG2 cells (Petit et al., 1992).
These antibodies reacted with a main protein species of 35 kDa and minor proteins

with sizes of 40, 43 and 50 kDa. All the proteins were V8 protease sensitive and

H resi It was that the identified HBV preS1



35
binding proteins may form a 3 dimensional structure composed of several proteins
that can serve as a macro-receptor for HBV.

Another group also demonstrated that interleukin 6 (IL-6) can bind to the
HBV preS1(21-47) sequence which in tum could bind to the IL-6 receptor (Neurath
et al., 1992a). This was revealed by studies demonstrating that the binding of
synthetic preS1(21-47) peptide to Chinese hamster ovary cells transfected with
human IL-6 cDNA (Neurath et al., 1992b).

The same group also suggested a role for the immunoglobulin (Ig) A receptor

in HBV- i i Amino acid analysis that a
fragment of human IgA is homologous to HBV preS1(21-47) (Neurath & Strick,
1990) and that human IgA competed with the preS1(21-32) peptide for binding to
human hepatocyte plasma membranes (Pontisso ef al., 1992). Moreover, when
antibodies directed against HBV and IgA were used to map common epitopes, it
was found that both the preS1 domain of the HBV large protein and IgA shared
antigenic cross-reactivity. This raised the possibility that both HBV and IgA can
utilize the IgA receptor to enter human liver cells (Pontisso ef al., 1992). However,

results from another Y direct role for IgA in the binding

of HBV to HepG2 cells, as IgA did not inhibit the interaction between HBV and the
cells (Dash et al., 1992). Instead, a 31 kDa protein was suggested to be involved
in HBV attachment to HepG2 cells.

Another host molecule which may possibly be involved in HBV uptake is the
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hepatic asialoglyoprotein receptor (ASGPR). Its possible contribution to virus
attachment was shown by using two methods, a radicimmunoassay with HBV
particles and solid phase-bound ASGPR and another enzyme immunoassay using
biotin-labelled ASGPR and immobilized HBV (Treichel et al., 1994). HBV binding

to ASGPR was inhibited by ligands ining D- (ASGPR ligand) and
with anti-ASGPR antibodit F a i against HBV

large protein inhibited HBV binding to immobilized ASGPR. This observation was
further when i ion b HBsAg and ASGPR was shown to be

inhibited by asialofetuin, an ASGPR-specific ligand (Treichel et al., 1997).
in addition to primary human hepatocytes and HepG2 cells, cells of

extrahepatic origin, such as peripheral B lymphocytes and cultured B-cells,

neu amnion, and yonit i cell lines, were found to be able
to bind HBsAg and preS1(21-47) peptide (Neurath ef al., 1990). Later, a shorter
preS1(27-49) sequence of the HBV large protein was identified as a PBMC
recognition site (Pontisso et al., 1991).

Furthermore, the preS1(28-36) and preS2(120-145) synthetic polypeptides
were shown to interact with a 50 kDa HBV binding factor (HBV-BF) found in human

serum and on hepatocytes (Budkowska et al, 1993). This HBV-BF was

SL ly isolated, i and found to be a neutral metalloproteinase
and was used to digest purified HBV particles. This treatment cleaved HBV in the

preS2(136-141) region and allowed HBV to bind and enter cultured T lymphocytes.
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The result suggests that protease treatment of HBV can resuit in the generation of
lymphotropic virus (Budkowska et al., 1997).

It was al that V8 p treated HBV virions were able to
infect HepG2 cells and these cells displayed molecular markers of viral replication,
such as HBV cccDNA and pregenomic RNA (Lu ef al., 1996). Immunofiuorescent
analysis of HBcAg and middle protein expression showed that 10-30% of cells were

stained. This indi that

may facilitate the uptake of HBV

by HepG2 cells.

1.7.3 HBV preS2 domain-host cell interactions.
Some reports have implicated the preS2 domain of the middle HBV envelope

protein in host cell recognition. It was shown that antibodies against the preS2

region were able to ize a HBV i that was injected into
chimpanzees (Neurath et al., 1986a). These findings raised the possibility that the
preS2 region could be important in the establishment of infection. In addition, anti-
idiotypic antibodies that contained an internal image of the preS2(120-126) amino
acid sequence were found to interact with the extracellular matrix fibronectin of
human liver sinusoids (Budkowska et al., 1995). The authors suggested that

fibronectin which is present on the liver si i jum may facilitate HBV
binding to hepatocytes.

There have also been many reports suggesting the interaction between the
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middle envelope protein of HBV and polymerized human serum albumin (pHSA)
which would in mediate ition by the ida ef al., 1983). For

example, it was shown that albumin, with antigenicity similar to that of pHSA, is a

of the HBV and is likely i into the viral membrane

during HBsAg sy is in the of infected i etal,
1980). Other studies have shown that pHSA binds to human liver cells (Trevisan
etal., 1982) andthat i albumin ized by

with glutaraldehyde exist on the surface of rabbit (Lenkei et al/.,1977), human

(Thung & Gerber, 1983) and dchi (Mi & Bolger, 1989).
In addition to pHSA, a monomeric form of HSA was found to interact with the preS2
domain of HBV envelope (Krone et al., 1990), suggesting that both monomeric,
native albumin and its polymer may facilitate HBV entry into hepatocytes.

1.7.4 Host cell binding by the HBV small envelope protein.

Endonexin Il (E-Ii) or annexin V (molecular mass 34 kDa) was purified from
human hepatocytes and was identified as a hepatocyte protein that specifically
bound the small protein of HBV envelope in a calcium dependent manner (Hertogs
et al., 1993). In addition, native E-Il successfully competed with isolated human
hepatocytes and purified human liver plasma membranes for the binding of HBsAg
particles formed by the major envelope protein. Similar resuits were also obtained
when recombinant E-Il was used (Leenders & de Bruin, 1994). In addition, anti-
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in chi i ized with IgG of rabbit antibodies

idiot

to human liver E-ll were able to compete with liver-derived E-Il for binding to the

virus small envelope protein (Hertogs et al., 1994). This observation was supported

by inhibition of theii i the HBsAg parti \
with both the anti-E-ll and the anti-idiotypic antibodies (de Bruin et a/., 1995). More

recently, issi that ith hi annexin

V DNA and to HBV, exhibited active viral replication (Gong

etal., 1999). These cells expressed HBV mRNA and cccDNA and secreted HBV
DNA-reactive molecules into the culture medium. In addition, approximately 10-
15% of these cells were positive for HBsAg and HBcAg when tested by
immunocytochemical staining. These data indicated that the host specificity
exhibited by HBV is most likely determined at the level of the initial virus-host
interaction and is mediated by annexin V.

In another study, a 46-kDa protein of hepatocyte plasma membranes was
identified as a HBsAg binding molecule (Mehdi et al., 1994). It was reported that
this 46 kDa protein is apolipoprotein H (apoH). Since this molecule can be co-
purified with HBsAg, and lipoproteins are taken up by hepatocytes during normal
lipid trafficking, it was suggested that interaction of HBV envelope with apoH may
be a mechanism of viral entry into host hepatocytes.

Extrahepatic binding sites for the small protein were also found on cells other

than hepatocytes, such as fibroblasts (Leenders et al., 1980), PBMC (Leenders ef



al., 1990), and primate kidney cells (Vero and CV-1) (Peeples et al., 1987).

1.7.5 Host and celi-type specific recognition by WHV envelope proteins.
As in the case of HBV, the nature of WHV-host cell interactions and their

contribution to virus host interactions and cell tropism are not yet completely

ur . Inthis y, albumin is i in highly purified

WHsAg particle preparations (Lew & Michalak, unpublished data). It was also

for g y i serum albumin (pWSA) (Michalak &
Bolger, 1989). Two classes of biochemically distinct binding sites on the host cell
for PWSA were identified. A high-affinity, low-density receptor was found to be
glycoprotein in nature and behaved as an integral plasma membrane protein. A
low-affinity, high-density binding site, which behaved as a peripheral membrane
protein, was activated by lipase, suggesting that the binding site activity was
constrained by membrane lipids.

In addition, the i ofa specific 330-kDa pr

in the binding of WHsAg parti to was i

(Desousa & Michalak, 1990). The glycan interacted with WHV envelope via its N-

linked polymannose and O-linked hep: ifate. The binding of WHsAg

to both the isolated 330-kDa p

gly and purified

plasma es was inhibited by heparin (Mi 1998).
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In another series of studies, the extreme N-terminus of WHV large envelope
protein was determined to carry a host and cell-type specific recognition site
(Michalak et al., 1991; Jin et al., 1996). The site was mapped to residues 10-13 of
the preS1 domain of the protein and named cell binding site 1 (CBS1). Synthetic

analogues containing the sequence Asn-Pro-Asp-Lys (NPDK) were shown to bind

to ytes and lymphoid cells in a speci icted manner which
followed characteristics of a typical ligand-receptor binding, such as ligand

specificity, saturability and competition.

Ir ingly, this i ly much greater ability
to interact with woodchuck splenic and circulating lymphoid cells than with
hepatocytes, suggesting that the lymphatic system could be the preferred target of
WHV. Antibodies raised against synthetic N-terminal preS1(1-25) sequence

recognized the CBS1andp { idi sbviral WHsAg particles (Jin

etal., 1996). Interactions between antibodies against preS1(1-25) sequence and

p odified WHV icles or i of the CBS1

were inhibited by extracts from tes and PBMC,

but not those from woodchuck kidney or from human or rat cells. These findings
implied that proteolytic cleavage could be required to activate the CBS1 site prior

to its interaction with targeted host molecules. Preliminary affinity chromatography

experiments with woodchuck PBMC lysates that an 89-kDa molecule on

woodchuck lymphoid cells is recognized by WHV CBS1 (Michalak, 1998).
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Although some of the above resuits are promising, receptors for HBV and

WHV have yet to bx inci identified. Thisi i will require further

studies when appropriate in vitro infection systems become available.

18 IN VITRO INFECTION OF CULTURED HEPATOCYTES BY
HEPADNAVIRUSES.
1.8.1 DHBV infection of primary duck hepatocytes.

In vitro infection of primary duck hepatocytes with DHBV has been well-
established since 1986. Active replication of DHBV in these hepatocytes was
documented by identification of viral DNA, viral replicative DNA intermediates,
including cccDNA and virus-specific mMRNA (Tuttleman et al., 1986a). This in vitro

infection system has been valit in several ies and i to the

identification of putative DHBV receptors (as summarized in Section 1.7.1, see

Section 4.3).

182 ¢ of

Establishment of equivalent culture systems for the propagation of
mammalian hepadnaviruses has proven to be much more difficult. This is mainly

because of technical in intaining  diffe

hepatocytes in culture.

In general, using primary human hepatocytes and infectious HBV inocula
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y i ients, only very limited HBV propagation
has been documented in some studies (see below). It has been shown that

agents that i cell ility, such as dimethyl
sulfoxide (DMSO) (Gripon et al., 1988; Rumin et al., 1996) and a mixture of DMSO
and polyethylene glycol (PEG) (Gripon et al., 1993), can enhance HBV synthesis
in cultured primary human hepatocytes. Although the above in vitro infection

systems could be useful for the study of events downstream of viral entry, they have

not yet meaningfully i to the . ling of i i and
virus penetration.

There are also limited reports on low-ievel HBV replication in naive

untreated) primary humar and ahuman cellline
(HepG2 cells) exposed in vitro to the serum-derived virus (see below and Section

4.3). These systems should more accurately imitate the natural virus-host

ir i and can be ially used to identify cell surface receptors for HBV.

Primary cultures of cryopreserved h were al P to
be permissive for in vitro HBV infection (Rijntjes et al., 1988). Productive infection
was shown by the detection of HBCAg in the nuclei and HBsAg in the cytoplasm by
immunostaining with specific antibodies and by identification of HBV DNA by in situ
hybridization and Southem blot analysis. Furthermore, 42-nm virion-like particles
were revealed by electron microscopy in the culture supernatants of these cells.

In yet another report, HBV virions derived from a human hepatoma cell line
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which stably supports HBV replication (HB 611 cells), were used to infect primary
human fetal hepatocytes (Ochiya ef al., 1989). It was demonstrated that the

with virus HBV-specific RNA and secreted both
HBsAg and HBeAg, 34 days after infection. Moreover, virus DNA replicative

ir i P ively i Iis during the 16-day observation
period.

In a separate study, HBV inocula derived from sera of chronic carriers were
used for infection of primary human hepatocytes (Mabit et al., 1996). It was found
that serum-derived HBV induced viral replication and that the HBV cccDNA load

4 and 8 days post-i ion (d.p.i). The authors suggested
that events downstream from viral uptake, such as the amplification of HBV

cccDNA, may be the limiting step in the viral replicative cycle. This may be due to

host cell factors that are i in thy ion of virus iption and

translation of viral proteins.
Other experiments, using human hepatoma HepG2 cslls as targets,
thatthis cell line i ible, to some degree, to infection with

serum derived-HBV (Bchini et al., 1990). These cells were kept for several months
after inoculation and were able to express low levels of HBV cccDNA and mRNA

specific sequences, as well as HBsAg. F 3 viral

containing HBV DNA and DNA poly activity were by these cells.

Infection of HepG2 cells with serum-derived HBV was also reported to be able to
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generate a cell line that grew out of infected HepG2 cells following a massive cell
death that occurred at 35 d.p.i. These celis have integrated HBV DNA sequences
and secrete HBV envelope proteins (Mabit et al., 1994).

Recently, productive HBV infection of primary hepatocytes from tree shrews
(tupaia belangen) was reported. It was shown that the infection resulted in viral
DNA and RNA synthesis and the secretion of HBsAg and HBeAg (Walter et al.,
1996).

In the case of other hepadnaviruses, WHV and GSHV were found to infect,
with limited success, primary woodchuck hepatocytes in culture (Aldrich et al.,

1989). Infection with these viruses was by showing the p of

viral cccDNA sequences at 2 d.p.i and an accumulation of intracellular viral DNA
intermediates at 7-10 days after infection.

Infectivity of | id cell-derived iruses to

hepatocytes and ct istics of this infection have not yet been investigated in

in vitro conditions.



1.9. PURPOSE OF THE STUDY.
Although the lymphotropism of WHV has been well documented in this and

other i the signi of the ic system in infection,

ity, and the p ion of WHV-induced disease remains to be

established. It is expected that lymphoid cells can serve as a site of persistent

f i ication and as a ir of infectious virus. Thus, it would be
advantageous to develop an in vitro model to study the hepatotropism and infectivity
of virus derived from lymphoid cells. This in vitro system wouid be valuable to study
hep —— " " ing

which interfere with the virus life cycle. Since there is no host immunological

pressure to prompt viral adapti i virus in culture could be
more i stable and, , more i for in vitro and in vivo
studies.

The main objectives of this work were to design and establish an in vitro

experimental system allowing WHV ion in lymphoid cells and

t andtoi

igate the ability of id cell and derived WHV
to invade cultured woodchuck hepatocytes. In addition, WHV-hepatocyte
ir ions and infectivity of the virus originating from in vitro infected

were studied.
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The specific aims of this study were as follows:

1. to design cell culture conditi bling in vitro infection of cultured
hepatocytes with WHV and to lture WHV-infected ick lymphoid cells
with vil

2. to adopt and il i for the ion of WHV

replication and identification of its gene translation products in cultured cells.

3. to test the in vitro and in vivo i ivity of WHV propag: in
cultures.
4. to investigate the initial WHV-cell interaction using cultured woodchuck

hepatocytes as targets.



CHAPTER TWO : MATERIALS AND METHODS
2.1 ANIMALS.
All woodchucks used in the study were kept in a colony maintained by the

Virology and L y at the Health Sciences
Centre, ial University of Newfoundl: St. John's, . The
animals were housed under i and bi
specifically for this species and fed with a it diet ad libitum
with fresh twice weekly (Mi & Churchill, 1988; Michalak & Bolger,

1989; Michalak et al., 1990; Michalak & Lin, 1994; Michalak, 1998).

Animals infected with WHV were kept separately from healthy woodchucks.
Chronically infected animals were defined as those with continuous presence of
circulating WHsAg, anti-WHc antibodies, and WHV DNA for at least 6 months prior
to the start of the i Di is of chronic itis was supp! by

histological examination of liver biopsies that demonstrated typical features of
protracted necroinflammatory liver injury. Healthy woodchucks had no serclogical
markers of current or past WHYV infection, i.e., they were negative for WHsAg, anti-

WHec and anti-WHSs antibodies. In addition, DNA extracted from sera, PBMC, and
liver biopsies from these animals were WHV DNA non-reactive, as tested by nested
PCR with WHV genome specific primers (Section 2.13.2) and Southern blot
analysis of the amplified PCR products (Section 2.14.2).
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2.2 SAMPLE COLLECTION.

2.2.1 Collection of blood.

Blood was obtained under general inhalant anaesthesia with isofiuorane
(CDMV Inc., St. Hyacinthe, Quebec) from the digitalis vein using a butterfly
catheter. Approximately 5 ml of blood was collected into a tube with no additives

(red top iner®; Becton Dickit , New Jersey) and used for

isolation of serum, as described below. An additional 5 to 10 mi of biood was

into tubes ining sodium tetra-acetic acid (EDTA;
lavender top Vacutainer®; Becton Dickinson) from which plasma and PBMC were
isolated, as described in Section 2.2.3.

2.2.2 Serumisolation.

Blood was allowed to clot at room temperature for approximately 1 hour (h).
The tube was then centrifuged at 720 x g for 10 minutes (min). The isolated serum
was aseptically aliquoted to small volumes and stored at -70°C until use.

223 of blood cells.

\pproxi 5 ml of blood was overlaid on 4 mi of Ficoll-

Paque® (Pharmacia Biotech, Baie d'Urfé, Quebec) and spun at 330 x g for 30 min.
The top layer consisting of plasma was collected and stored at -70°C. The interface
containing peripheral biood mononuclear cells (PBMC) was transferred to a new
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tube, diluted with 10 ml of sterile phosphate buffered saline with EDTA (PBS-EDTA;
0.15 M NaCl, 2 mM NaH,PO,, 8 mM Na,HPO,, pH 7.4, with 1 mM EDTA), and
centrifuged at 330 x g for 5 min. The resulting pellet was suspended in 3 ml of ACK
buffer (0.15 M NH,CI, 1 mM KHCO,, pH 7.3, with 0.1 mM EDTA) and red biood cells
were lysed at room temperature for 10 min. Then, 10 mi of PBS-EDTA was added
to the tube and PBMC were washed by pelleting under the same conditions as
indicated above. The final cell pellet was suspended in 1 mi of Hanks' balanced
salt solution (HBSS; Gibco BRL, Burlington, Ontario). A 4-ul sample of the
suspension was diluted 1:50 with 0.1% trypan blue and the number of viable cells

counted usinga as ibed for inSection2.36.1.

In the case of PBMC derived from WHV-infected animals, approximately 3 x 107

cells were used i i for DNase and limited trypsin digestion (Section 2.4.1)
to remove any possible cell surface-attached WHV virions and free WHV DNA
fragments and then, PBMC itured i in ions 2.4.2. The

remaining cells were frozen at approximately 1 x 107 cells/ml in a mixture of 90%
heat-inactivated (at 56°C for 1 h) fetal calf serum (FCS-HI; Gibco BRL) and 10%
DMSO (Sigma Chemical Co., St. Louis, Missouri) at -70°C and transferred to liquid
nitrogen the next day for long-term storage. Frozen cells were used for analysis of

WHV nucleic acid as ibed in ions 2.13 & 2.14.
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224 C of at

For autopsy, animais were injected with a xylazine and ketamine mixture.
Then, 50-100 mi of blood was collected by heart puncture and used for isolation of
serum, plasma, and PBMC, as described in Sections 2.2.2 and 2.2.3. After opening

the inal cavity, orgar epti jtions. Typically, the
following tissues were collected: liver, spleen, kidneys, small intestine, pancreas,
lymph nodes, bone marrow, and skeletal muscle and frozen promptly in liquid
nitrogen for subsequent nucleic acid analyses. Approximately two-thirds of the

removed spleen was used if i for isolation of splenic cells

(splenocytes), as described below (Section 2.2.5).

225 Isolation of splenic lymphoid cells.
In selected cases, splenocytes were isolated from animals chronically

infected with WHV using a i i et al., 1995).
For this purpose, the spleen was cut into small pieces under sterile conditions. The
tissue fragments were suspended in 10 mi of PBS-EDTA and passed through a cell
sieve fitted with a 50-mesh wire screen (Sigma Chemical Co.). The sieve was
rinsed with another 10 ml of PBS-EDTA and 20 ml of this cell suspension was
aliquoted into 5-ml samples and overlaid onto 4 ml of Ficoll-Paque®. The gradients
were spun and from the i as ibed for PBMC

in Section 2.2.3. Prior to culture, the cells were treated with DNase and trypsin to
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remove possibly attached WHV virions and WHV DNA fragments, as presented in
Section 2.4.1.

2.2.6 Liver biopsies.

Liver biopsies were obtained by surgical laparotomy under aseptic
conditions. Each animal was sedated by an intramuscular injection of a mixture of
ketamine (23 mg/kg; Ketaset; CDMV Inc.) and xylazine (10 mgkg; Lloyd
Laboratories, Shenandoah, lowa) and then anaesthetised with isofluorane (COMV

Inc.). L

were byDr. T with assi: from Ms.

C.L. Trelegan and Mr. L. Grenning in the Animal Surgery Unit, Faculty of Medicine,

University of St. John's, In the case of
woodchuck #260 (WHV-naive), a portion (approximately 0.5 cm?) of the liver sample
was used immediately for hepatocyte isolation, as described in Section 2.3.1. The
remaining tissue fragments were frozen in liquid nitrogen for analysis of WHV
nucleic acid expression. Other fragments were fixed in 10% buffered formalin
(Fisher Scientific Ltd., Nepean, Ontario) for histological examination.

2.3 CULTURE OF WOODCHUCK HEPATOCYTES (WCM-260).

2.3.1 Isolation of hepatocytes.
The WCM-260 hepatocyte cell line used in this study was established

the pi iously (Diao ef al., 1998). Afragment of liver



tissue obtained from a healthy, WHV-naive (#260) was i

micro-perfused at multiple sites under aseptic conditions with pre-warmed (37°C)
and oxygenated calcium-free perfusion buffer (140 mM NaCl and 2.7 mM KCI in10

mM N-2-hydroxy iperazine-N'-2 ic acid [HEPES], pH 7.4).
Perfusion was carried out using a 27-gauge syringe needle at a flow rate of
approximately 10 ml/min for a total of 15 min with the use of a peristaltic pump

(Sorvall, Norwalk, Ct i Th i i d

incubated at 37°C for 45 min with 10 ml of pr d, conti

calcium-containing buffer (140 mM NaCl, 2.7 mM KCl and 5 mM CaCl, in 10 mM
HEPES, pH 7.6) supplemented with 0.05% (wt/vol) collagenase (type IV; Sigma
Chemical Co.). The subsequent steps were carried out in a laminar flow cabinet
(Nuaire Inc., Plymouth, Minnesota) to limit the possibility of microbiological
contamination. The enzyme-treated tissue was passed gently through a sterile cell
sieve fitted with a 50-mesh wire screen. The resultant cell suspension was pelleted
at 45 x g for 5 min. The recovered cells were washed twice by centrifugation at 45
x g for § min in 10 ml of pre-warmed (37°C) complete Hepato-STIM™ medium
(Becton Dickinson) supplemented with 10 ng/mi epidermal growth factor (EGF;
Becton Dicki 2mM L ine (ICN ical Quebec),

100 nM glucagon (Sigma Chemical Co.), and with 50 units/ml penicillin (Gibco BRL)
and 50 pg/mi streptomycin sulfate (Gibco BRL). Isolated hepatocytes were used
for culture as described below (Section 2.3.2).



2.3.2 Seeding of hepatocytes for culture.

The WCM-260 hepatocytes (~2 x 10° celis), with viability of 70% by trypan
blue exclusion (Section 2.3.6.1), were resuspended in 5 mi of conditioned Hepato-
STIM™ medium which consisted of 80% complete Hepato-STIM™ and 20%
(volivol) of HepG2 culture supernatant (Section 2.3.3.2). Then, the hepatocyte
suspension was poured into a 25-cm? tissue culture flask (Coming®; Coming

Costar Corp., C: i with 0.1% gelatin, as outlined
in Section 2.3.3.1. The cells were allowed to attach during a 3-h incubation at 37°C

in a humidified tissue culture incubator with 5% CO, (Forma Scientific, Marietta,

Ohio). The culture inil cells was d by
careful pipetting and 5 ml of fresh, pre-warmed, conditioned Hepato-STIM™
medium was added. The medium was replaced every 2 to 3 days for at least a
week after seeding. The hepatocytes were cultured for another week, harvested
by trypsinization (see Section 2.3.4), and then replated in new gelatin-coated

culture flasks.

2.3.3 Optimization of conditions for hepatocyte attachment and in vitro
growth,
2.3.3.1 Pre-coating of culture vesseis with gelatin.

All flasks and plates used for the cuiture of woodchuck hepatocytes used in

this study were routinely pre-coated at 0.2 mlicm? of vessel surface with 0.1%
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(wt/vol) gelatin (Bacto® Gelatin; Difco Laboratories, Detroit, Michigan) in PBS at
37°C for 3 h or at 4°C for 16 h. The excess gelatin solution was poured off
immediately before the seeding of hepatocytes.

2.3.3.2 Preparation of HepG2 cell culture supematant.

Itwas four Hepato-STIM™ i tedwith

20% (volfvol) of supernatant from culture of human HepG2 cells (Diao et al., 1998)

growth of liver p cells. Of note is that the HepG2

cell line (ATCC Number HB-8065; American Tissue Culture Collection, Rockville,

Maryland) was originally derived from a human't that

resemble normal human hepatocytes in regard to the expression of many

patocyte-specific proteins, i ing albumin, a2

in, and beta lipoprotein (| et al., 1980). These HepG2 cells
were cultured in Dulbecco’s-modified Eagle medium (D-MEM; Gibco BRL)
supplemented with 1.5 g/L Na(CO,),, 1 mM sodium pyruvate (Gibco BRL), 0.1 mM
non-essential amino acids (Gibco BRL), 50 U/ml penicillin, 50 ug/ml streptomycin
sulfate, and 10 % FCS-HI, under conditions recommended by the supplier (ATCC).
The culture supernatant used to enrich complete Hepato-STIM™ medium was
prepared when the HepG2 cell monolayer became 90% confluent in a 75 cm?
cuiture flask. At that time, the medium was replaced with fresh D-MEM and HepG2

cells incubated for an additional 24 h. The culture medium was then removed,
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sterilized by filtration through a 0.2 pm filter (Acrodisc®; Gelman Sciences, Ann
Arbor, Michigan), and added to complete Hepato-STIM™ medium. In contrast, it
was observed that supplementation of Hepato-STIM™ medium with fresh D-MEM
alone did not promote growth of woodchuck hepatocytes.

234 C of

The plated woodchuck hepatocytes were allowed to grow until they became
confluent (approximately 6-8 days) and then harvested by trypsinization.
p . The Hepato-
STIM™ medium was removed gently from the cuilture flask, attached cells rinsed

Trypsinization was done using the

with 5 ml of HBSS, and 1 mi of 0.25% (wt/vol) trypsin solution with 0.02% (wt/vol)
EDTA (Trypsin-EDTA; Gibco BRL) was added. Hepatocytes were incubated with
the trypsin solution in a 5% CO, atmosphere at 37°C for 15 min. Then, 5 mi of
HBSS was added and the cells were transferred to a 15-mi centrifuge tube and

pelleted at 45 x g for 5 min. were in1mlof

fresh, conditioned Hepato-STIM™ medium. Ten pl of this mixture was diluted 1:2

with 0.1% trypan blue and cells counted in a hematocytometer (Section 2.3.6.1).

Occasionally, approxi 1x10° in 1 ml of 90% FCS-HIN0% DMSO

were frozen in liquid nitrogen for long-term storage. + were

in culture by repeated trypsinization and seeding at 6 x 10* cells/ml in new gelatin-

coated flasks at approximately weekly intervals.



2.3.5 Cuiture of in free

After approximately 2 years in culture, prompted by an observation that the
presence of 100 nM of i ited DHBV ication in cultured duck

hepatocytes (Hild ef al., 1998), a separate WCM-260 cell line was established.
These celis maintai without ion under

described in Section 2.3.4. These hepatocytes were used as targets in the majority
of the in vitro infection experiments described in this study. This new WCM-260 cell
line had the same characteristics as WCM-260 hepatocytes maintained in

gl ining Hepato-STIM™ medium, as itis described in Section

3.1.2.

2.3.6 Evaluation of hepatocyte viability.
2.3.6.1 Trypan blue exclusion assay.

Typically, viability of the hepatocytes maintained in culture was determined
by staining with trypan blue. Trypan blue is a dye that is rapidly excreted by viable
cells, while dead cells are unabie to remove the dye and thus, they appear biue

under a light microscope. Therefore, the number of viable cells in a test sample can

be ined by ing the ber of cells. For this purpose, a 10-pl
sample of suspended hepatocytes was diluted 1:2 in 0.1% trypan blue (Gibco BRL)
in PBS, and total cell number and number of viable cells were counted using a

t . The ion of viable cells in 1 ml was calculated by
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multiplying the number of colourless cells accounted in a 16-square array by 10*
and by the dilution factor. The ge viability was ined by dividing the

viable cell number with the total cell number and multiplied by 100. Usually, the
viability of cultured hepatocytes harvested at weekly intervals was greater than
95%.

2.3.6.2 Microculture tetrazolium assay.
The microculture tetrazolium (MTT) assay for the test of cell viability is based

on the mitochondrial oxi of 3-{4,5-Di i 2.

yl]-2,5-diphenyltetrazolium bromide thiazolil blue (MTT reagent), to a biue
metabolite, formazan-blue (Alley et al., 1988). This metabolite can be quantitated
spectrophotometrically. Using this assay, cytotoxicity of rabbit anti-LP1 antibodies
directed against the synthetic peptide containing the N-terminal sequence of WHV
large protein (LP1; preS1[1-25]) were examined. For this purpose, approximately
2.4 x 10 WCM-260 hepatocytes were seeded in each well of a 96-well, flat-
bottomed plate (Linbro®; ICN Pharmaceuticals) along with 200 pliwell of 1%, 5%

or 10% (vol/vol) of heat-inacti rabbit

prei serum or anti-LP1 antibodies
diluted in conditioned Hepato-STIM™ medium. Each serum or antiserum
concentration was tested in triplicate. The cells were incubated in a CO, incubator

for24h. the refully i with

100 piiwell of MTT reagent (2 mg/ml; Sigma Chemical Co.) and the cells allowed
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to metabolize the dye for 3 h in a CO,/0, incubator at 37°C. The supematant was
then removed and 100 pliwell of DMSO was added to solubilize the formazan blue
metabolite. Resuilts were read at gth 534 nm in a mi reader (Bio-

Rad Laboratories, Mississauga, Ontario). Results were calculated based on the

average of three absorbance readings.

2.4 PREPARATION OF INOCULA FROM WHV-INFECTED LYMPHOID CELLS

PBMC and splenocytes isolated from WHsAg-positive woodchucks
chronically infected with WHV (more than 6 months; Section 2.1) were used to
generate inocula for in vitro infection of (Table 2.1). To

ensure that infectious virus was derived from lymphoid cells but not from WHV

virions attached to the surface, and to aliow culture of WHV-infected lymphoid cells

in conditioned Hepato-STIM™ medium designed for hepatocytes, specific
below were

2.4.1 DNase and limited trypsin digestion of isolated lymphoid cells.
To exclude the possibility of camry-over of WHV virions or WHV DNA
molecules on the surface of PBMC and splenocytes used to generate WHV inocula,

DNase and trypsin digestions of viable id cells were For this

purpose, approximately 3 x 107 cells isolated on Ficoll-Paque® density gradients
{Section 2.2.3) were suspended in 900 pl of HBSS and supplemented with 100 pi



Table 2.1. Serological status of WHV infection in chronically infected

dchucks at the time of acquisition of sera and/or lymphoid cells.
Woodchuck No. | WHsAg (cpm/NC=)* | anti-WHS® | WHV DNA (vge/mi)®
184 17.8 + 49
190 13.0 + 36x10°
191 38 + +
270 56 + +
563 120 + 1x10°
591 103 + +
1252 34 + 85x10°
1255 18.1 + +
1256 12.6 + +
19056 12.9 + 9.2x10"
19109 57 + 2x10°
* WHsAg was identified by a i i (RIA) using cross-reactive

AUSRIA-II kit for detection of HBsAg (Abbott Laboratories, N. Chicago, IL) and expressed
in cpm/NC units (test sample counts per minute [cpm)/ mean of negative control cpm).
Based on detection of purified WHsAg, the assay sensitivity was estimated to be 3.25ng
protein/mi (Michalak et al., 1989).

® Anti-WHc was detected using a specific competition ELISA developed in this laboratory
(Churchill and Michalak; unpublished). Assay results were accepted when the positive
controls inhibited >295% of the anti-WHc antibody binding to WHcAg and the negative
controls gave no inhibition. Samples that produced >50% inhibition were considered
positive for anti-WHc.

©Serum WHV DNA

2.14.2 and represented as vge/mli (viral genome equivalents/mi).

“ WHV DNA reactive but vge level not determined.
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of DNase buffer (100 mM MgC, in 500 mM Tris-HCI buffer, pH 8.0) and 10 i of
DNase | (1 mg/mi; activity 2000 U/mg; Type IV from bovine pancreas; Sigma
Chemical Co.). Digestion was carried out in a tissue culture incubator at 37°C for
30 min. The cells were subsequently digested with 10 il of trypsin (10 mg/mi; 7300
Uimg; Type XI from bovine pancreas; Sigma Chemical Co.) in the presence of 10
plof 0.1 M CaCl,. This limited trypsin digestion was conducted on ice for 30 min.
The

ymati was i with the addition of 20 ul of trypsin
inhibitor (10 mg/ml; Type II-O from chicken egg white; Sigma Chemical Co.). Inthe

following step, WHV DNA i lige virions was
eliminated by digestion with DNase | for 1 h under the same conditions as
described above. Then, the lymphoid cells were washed twice with a total of 20 mi
of PBS-EDTA by pelleting the cells each time at 330 x g for 5 min. The final cell
wash was decanted and saved for testing of WHV DNA reactivity. Number and
viability of the cells were determined using trypan blue exclusion assay (Section
2.3.6.1). The treated celis were immediately suspended in conditioned Hepato-
STIM™ medium, with or without giucagon supplementation, and cuitured as
described below in Section 2.4.2. Approximately 2 x 10° cells were kept at -20°C

for subsequent WHV nucleic acid analysis.

2.4.2 Cuiture of WHV-infected lymphoid cells in Hepato-STIM™ medium.
To directly use lymphoid cell derived WHV for inoculation of cultured
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hepatocytes without any further manipulation, lymphoid cells were cultured in
conditioned Hepato-STIM™ medium. Thus, to establish the survival of PBMC in
this medium, cells were seeded in 25 cm? flasks at 1.3 x 10° cells/ml in 7.5 ml of

conditioned Hepato-STIM™ medi ining 100 nM d i for

3, 6 or 9days. At each time point, the cell number and their viability were evaluated
using trypan blue exclusion (Section 2.3.6.1) and the extracted DNA was analysed
for WHV genome expression by PCR (Section 2.13.2) followed by Southern biot
hybridization (Section 2.14).

2.4.3 Preparation of lymphoid cell cuiture supematant for inoculation of

Isolated, DN yPsin-dig BMC or

chronically infected woodchucks (Table 2.1.) were cultured for 72 h in 25-cm? flasks
at 2 x 10° cells/ml in 10 mi of conditioned Hepato-STIM™ medium with or without
glucagon supplementation. Then, the cell suspension was centrifuged at 650 x g
for 10 min, and the culture supematant was collected and filtered through a 0.2 ym
syringe filter to remove cellular debris. The resuitant supemnatant (about 9 ml) was
immediately used for in vitro infection of cuitured WCM-260 hepatocytes or kept at
4°C. A one-mi aliquot of this supematant was also preserved at -20°C for analysis
of WHV DNA expression.



2.5 PREPARATION OF WHV INOCULA FROM SERA.

Sera used as a source of WHV for in vitro infection of hepatocytes were

from i infected with WHV (Table 2.1) and were
prepared in two different ways. In the majority of the experiments, to mimic natural
conditions, whole sera, either freshly isolated or stored at -70°C, were passed
through a 0.2 um pyrogen-free filter and i i used for i ion of

cultured woodchuck hepatocytes.

2.5.1 Preparation of WHV virions by serum ultracentrifugation.

Usinga i i method (Mi & Lin, 1994), sera from

selected woodchucks chronically infected with WHV were used to obtain

p { i in WHYV virions. These preparations were
subsequently treated with DNase to eliminate any WHV DNA not protected by the
viral envelope.

Five ml of serum from a chronic WHV carrier, prepared as described in
Section 2.2.2, was centrifuged at 10,000 x g for 4 min at 4°C to remove any protein
complexes or precipitates possibly formed during storage. A 2.5-ml aliquot of this
pre-cleared serum was overiaid onto 2.5 mi of 30% (wt/vol) sucrose in TNE buffer
(140 mM NaCl, 10 mM EDTA in 10 mM Tris-HCI buffer, pH 7.2) and centrifuged at
200,000 x g for 24 h in a SW 50.1 rotor (Beckman Instruments, Palo Alto,

Califonia). The sup was carefully leaving approxi 300 i
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of aliquot at the bottom of the tube. The pellet together with the remaining aliquot
was then resuspended in 5 mi of TNE buffer and washed by centrifugation under
the same conditions as described above. The final peliet was allowed to dissolve
in 1 ml of TNE buffer ovemight at 4°C. Isolated virion particles were stored at -20°C

until use.

2.5.2 DNase protection assay.
WHVDNAIr irions i i to DN: igestion d

to protection provided by alli i , the ion of virion

DNA and subsequent PCR analysis were preceded by DNase digestion of virions
to identify virus-specific DNA in virions. This

approach eliminates a possible detection of viral DNA originating from free WHV
DNA or that present within damaged virions (Michalak et al., 1994).

To ensure exclusive identification of complete virions, triple digestion of
tested preparations was conducted using a 50 ul aliquot of virion preparation
(Section 2.5.1), 20 yl DNase | (1 mg/ml), 12 pl of DNase digestion buffer (Section
2.4.1), and 13 pl of water. The samples were incubated for 1 h at 37°C in a water
bath. Then, a further 20 ul of DNase | was added to each tube and incubated for
another hour. Digestion was repeated for a third time by adding 20 pl of DNase to
each sample and tubes were incubated again for 1 h. Finally, the DNase was
inactivated by digestion with 200 g of proteinase K (fungal; activity >20 U/mg;
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Gibco BRL) in lysis buffer (10 mM NaCl, 1 mM EDTA, and 0.5% [wt/vol] sodium
dodecy! sulfate [SDS] in 10 mM Tris-HCI buffer, pH 8.0). DNA was then extracted
under standard conditions described in Section 2.10.1. Extracted samples were
resuspended in 10 pl of double distilled water, mung bean nuclease digested
(Section 2.11.2), and divided into 2 aliquots predestined for PCR with WHV core
and WHV cccDNA-specific primers (Section 2.13.3). A mock sample consisted of
50 pl of serum from a WHV-naive animal which was DNase treated in parallel. As

gative control, a inant plasmid jining the full length WHV genome
(see Section 2.14.2.4) was digested with DNaseto ascertain that the digestion was
complete. This control sample was treated exactly as the virion preparation by
using 3 g (20 pl) of plasmid DNA suspended in 43 pl of serum from a WHV-naive
woodchuck and supplemented with 20 il of DNase | and 12 i of DNase buffer.

Additional controls were prepared with WHV virions, WHV-negative serum or

WHV DNA susp in the same reagent mixtures, but which were

not digested with DNase.

2.6 EVALUATION OF WHV LOADS IN INOCULA.

Number of WHV genome: copies (virus genome equivalents; vge) in each
WHV inocula used in our experiments were determined, in the first step, by dot blot
hybridization, as described in Section 2.14.2.2. If this method was not sufficiently

sensitive, DNA extracted from WHYV inocula and 50 fg of recombinant, linear,



66
complete WHV DNA (rWHV DNA; see Section 2.14.2.4) used as a quantitation
standard, were amplified using WHV core gene-specific primers. These PCR

p were subj to blot analysis with *?P-labelled rWHV DNA
probe and then, to densitometric analysis using a phosphorimager (Cyclone™,
Canberra Packard, Montreal, Quebec).

In both dot-blots and PCR/Southemn hybridization biots, WHV vge/ml in the
tested samples were calculated based on the digital light units (DLU) emitted by the
rWHV DNA standard.

2.7 IN VITRO INFECTION OF HEPATOCYTES WITH WHV INOCULA.
2.7.1 Infection of hepatocytes.

Figure 2.1 shows a flow-chart outlining the experimental conditions used in
this study for inoculation of cultured woodchuck hepatocytes with WHV.
Approximately 1 x 10° WCM-260 hepatocytes were removed from liquid nitrogen
storage, thawed at 37°C, and grown until confluent before trypsinization.
Hepatocytes were seeded at a concentration of 6 x 10* celis/ml in 5 ml of
conditioned Hepato-STIM™ medium in gelatin-precoated 25 cm? flasks (Section
2.3.3.1). The cells were incubated for 16 h'at 37°C in a humidified CO,/O,
atmosphere and then the culture medium was removed. Subsequently, culture
supernatant derived from WHV-infected PBMC or splenocytes was added at a

volume of 0.2 ml/em?” of vessel surface. For hepatocyte infection with WHV-positive



Figure 2.1. Schematic presentation of the experimental strategy used for the in
vitro infection of WCM-260 hepatocytes with lymphoid cell or serum-derived WHV

inocula.
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sera, conditioned Hepato-STIM™ (with or without 100 nM glucagon) was
supplemented with whole or concentrated serum at volumes ranging between 3 to

40 pliml of medium. The were exposed to i lum for 24 h at 37°C.

The inoculum was then removed, cells washed 2 times with HBSS, and fresh
conditioned Hepato-STIM™ medium was added. The final HBSS wash was saved
for subsequent analysis of WHV DNA presence. Since it was determined that WHV
cccDNA can be detected when the celis reached confluence at 4 d.p.i. (Section
3.4.2), the cells were allowed to grow for 72 h (4 d.p.i.). Then, the cells in the flask
were collected, washed with HBSS, and trypsinized (as described in Section 2.3.4).
The celis recovered from the flasks were divided into two parts. One part (~7 x 10°
cells) was predestined for analysis of expression of WHV-specific proteins by
fluorescence-activated cell sorting (FACS; Section 2.8.2). The second part (~1.3

x10° cells) was DNaseftrypsin digested (Section 2.4.1), washed, and used for WHV

DNA evaluation ions 2.13&2.14). In iments, to reduce the amount
of reagents used, WCM-260 cells were seeded in 6-well plates at 6 x 10* cells/ml
in 2 ml of medium per well. These hepatocytes were cuitured under standard
conditions described above. At4 d.p.i., the cells were harvested by trypsinization,
DNase/trypsin digested, and used for DNA isolation and WHV DNA analysis. In

each iment, a ive control isting of cells cultured in the absence of

WHYV inoculum (non-infected hepatocytes) was used.
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2.7.2 Co-culture of WHV- lis with vin

PBMC or chronic WHV carrier
in 2.2 and approximately 4 x 10° cells in 1 mi of conditioned Hepato-STIM™ were
seeded in each cell culture insert mounted with 0.4 ym permeable membrane
(Falcon; Becton Dickinson). Each insert was placed into a well of a 12-well
companion plate (Falcon) containing 1 mi of 6 x 10° hepatocytes seeded 16 h prior

to the initiation of the iture. The id cells and

patocytes were co-
cultured at 37°C in a humidified CO,/O, atmosphere for 4 days. Then, the lymphoid

cells were carefully removed from the inserts and used for DNA isolation (Section

2.10.1). The were by trypsinization (Section 2.3.4),
treated with DNase and trypsin (Section 2.4.1), and evaluated for presence of WHV
DNA (Sections 2.13.3 & 2.14).

2.7.3 Passage of WHV from in vitro to
vi aiv
To that cultured are able to support

replication and secrete infectious WHV, 5 ml of culture supernatant recovered from
woodchuck hepatocyte cultures which were infected in vitro with WHV derived from
PBMC of woodchuck #19109 (experiment #6, Table 3.5), was transferred to a
culture of virus-naive WCM-260 hepatocytes. These hepatocytes were seeded 16
h prior to WHYV inoculation at 6 x 10* celis/ml in a gelatin-coated 25 cm? flask (see
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Fig 2.2). After 24 h incubation, the culture medium was removed, the cells were

washed thoroughly with HBSS, and supplemented with 5 ml of fresh conditioned

Hepato-STIM™ medium. The cells were maintained for 72 h (4 d.p.i.) under

standard conditions. Then, were harvested by trypsinization and were
treated with DNaseltrypsin prior to WHV DNA analysis by PCR (Section 2.13). In
addition, the culture supematant collected at 4 d.p.i. was used for subsequent
inoculation of newly seeded WCM-260 as

above. This procedure was repeated 5 times. The final culture supematant was

concentrated by ultracentrifugation at 200,000 x g for 16 h in a SW 50.1 rotor

Instr the pellet in 1 ml of sterile PBS and used for
the analysis of expression of WHV DNA and for inoculation of a WHV-naive
woodchuck.

2.7.4 Inhibition of in vitro WHV infection of WCM-260 cells by anti-LP1
antibodies.

Toil 5 the initial WHV- il ion, the effect of rabbit anti-

LP1 antibodies on the in vitro WHV invasion of hepatocytes was examined. For this

purpose, inocula containing 10% (vol/vol) of heat-ir i ti-LP1

by adding 400 pl of anti-LP1, 2 ml of culture 1t prepared from

#563 animal (1 x 107 vge/ml) and 1.6 mi of conditioned Hepato-STIM™ medium.

The mixture was rotated for 2 h at room temperature and then for 16 h at 4°C to



Figure 2.2. Outline of the strategy used for multistep passage of lymphoid cell-

derived WHV in cultured Culture used as

inoculum was prepared from WHV-infected PBMC as presented in Section 2.7.1.
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WHV i 0 2 miAwell

added to 6-well plates ining WCM-260 that were seeded 16 h

prior to this assay. The celis were cultured under standard conditions (Section

27.1), bytr ion, D ypsin treated, and tested for WHV DNA
presence. As controls, an inoculum with 10% (vol/vol) of heat-inactivated rabbit
preimmune serum and an inoculum without rabbit serum supplementation were

included.

2.7.5 Inhibition of WHV of by JP1

peptide.

To study if the synthetic analogue of WHV preS1(1-13), JP1, can compete
with natural WHV virions for the binding of host receptor molecules, the following
experiment was done. One miwell of conditioned Hepato-STIM™ medium
containing 15 pg/mil of JP1 was added to WCM-260 hepatocytes seeded in 6-well
plates 16 h prior to the experiment. Then, 1 ml/well of splenocyte inoculum (2 x 107
WHYV vge/ml) was added and cells were cultured for 24 h. Inoculum was removed,
hepatocytes were extensively washed in HBSS, and medium was replaced with
fresh conditioned Hepato-STIM™ containing 15 pg/ml of JP1. The cells were
cultured and collected for DNA analysis under standard conditions described in
Section 2.7.1. As a control, an inoculum without peptide supplementation was
included.
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2.8 DETECTION OF WHV PROTEINS IN IN VITRO INFECTED HEPATOCYTES
AND THEIR CULTURE SUPERNATANTS.

281 of de novo WHV

2.8.1.1 Metabolic labelling of cells with **S-methionine.

In i (Table 3.4), i

s ionine for ion of de novo ized WHsAg. For this purpose,
cells predestined for WHV inoculation were seeded in parallel in 25 cm? flasks and
6-well plates (see Section 2.7.1). At4d.p.i, hepatocytes cultured in the flasks were
used for flow cytometry and WHV DNA analysis. In contrast, cells in 6-well plates
were incubated in medium which contained 20% conditioned Hepato-STIM™
medium and 80% methionine-free RPMI 1640 medium (ICN Pharmaceuticals) with

20 nM insulin, 1 mM sodium py 2mM L ine, 0.1 mM
amino acids, 50 U/ml penicillin, SO ug/mi streptomycin sulfate, 100 nM glucagon,
and 10 pCiiml *s. ionine (ICN F d The cells were cultured for

an additional 24 h. Then, WCM-260 cells and culture supematants containing
newly synthesized WHsAg that have i the radioi were

by immunoprecipitation with specific antibodies and SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis.

2.8.1.2 of *s.

Labelled hepatocytes were lysed in 2 ml of triple detergent lysis buffer
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containing 1% (vol/vol) NP-40, 0.5% (wt/vol) deoxycholate, 0.05% (wt/vol) SDS and
0.2 U/ml aprotinin (Sigma Chemical Co.) in PBS at ambient temperature for 1 h.
Cuiture supematant and cell lysates were pre-cleared by incubation with 20 I of
rabbit preimmune serum at room temperature for 1 h. Then, 100 pl of 10% (wt/vol)
protein A beads (purified protein A immobilized to Sepharose CL-4B beads; Sigma
Chemical Co.) suspended in loading buffer (0.3 M NaCl, 0.4 M KC!, 5 mM EDTA,
1% [vol/vol] Triton X-100 in 50 mM Tris-HCI buffer, pH 7.6) was added and rocked
for 1 h atambient temperature. Protein A beads with bound proteins were removed
by pelleting at 210 x g for 1 min, the supematant was then transferred to a new tube
containing 40 i of rabbit antibodies against WHsAg (anti-WHs), and the mixture
was incubated for 1 h at room temperature. Then, 100 ul of protein A beads was
added and the mixture was rotated for another hour. Protein A and associated
proteins were pelleted and washed 3 times in a total of 3 ml of loading buffer. The
pellet was suspended in 28 pl of a SDS-PAGE sample buffer (10% [vol/vol] glycerol,
5% [volivol] B-mercaptoethanol, 3% [wt/vol] SDS in 62.5 mM Tris-HCI buffer, pH
6.8), treated at 92°C for 15 min, and centrifuged at 210 x g for 3min. The resuitant
supernatant (24 pl) was loaded onto a 12% SDS-PAGE mini-gel as described
below.

2.8.1.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
A 12% acrylamide gel in 37.5 mM Tris-HCI buffer, pH 8.8 with 0.1% (wt/vol)
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SDS along with a 3% acrylamide upper gel in 12.5 mM Tris-HC! buffer, pH 6.8 with
0.1% (wt/vol) SDS was prepared in a mini-gel apparatus (Mini-Protean II™ dual

slab cell; Bio-Rad L i p i ging from
5 pl to 24 pl were loaded and the gel was run at constant voltage (200 V) for about
45 min in reservoir buffer (20 mM glycine, 2.5 mM Tris base). In addition, 25 nCi
of '“C-methylated molecular weight markers (Amersham Life Science, Oakville,

Ontario) was electrophoresed in parallel. Then, the gel was dried in a gel dryer

pp: (Bio-Rad L ies) and exposed on a p screen (Cyclone™;

Canb ackard), followed by iography with X-ray film (XRP-1; Kodak,
Eastman Kodak Company, Rochester, New York).

2.8.2 Identificati WHV i U}

sorting.

Hepatocytes infected in vitro with WHV (as described in Section 2.7.1) were
harvested by trypsinization and allowed to recover at a concentration of 1.1 x 10°®
cells/ml in complete Hepato-STIM™ medium for 30 min at 37°C. These cells were
divided into 100 pi aliquots and placed in 12 x 75 mm tubes (Fisher Scientific) kept
on ice. Rabbit anti-WHs or rabbit antibodies against WHcAg (anti-WHc) were
added at a 1:10 ratio and cells left on ice for 20 min. Cells were then washed twice
with 1 ml of HBSS by pelleting at 45 x g for 5 min. The washed cell pellets were

resuspended in 100 I of HBSS and stained for 20 min on ice with goat anti-rabbit
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IgG (heavy and light chains) i to fi in isothi ate (FITC;
Organon Teknika Cappel, Durham, North Carolina). As controls, unstained cells
and calls incubated with HBSS or rabbit pre-immune sera were included. All cells
in the second antibody layer were incubated with FITC-conjugated goat anti-rabbit
IgG. Hepatocytes were washed twice by i ion and cell pellets

in 200 ul of 1% (wt/vol) paraformaldehyde (Marivac Limited, Halifax, Nova Scotia)
in PBS. Fixed hepatocytes were analysed with a FACS Star™-Plus flow cytometer
(Becton Dickinson).

The FACS data were analysed using the CellQuest® software (Becton
Dickinson) and presented as histograms. FACS profiles of test samples were
overlaid onto negative controls (i.e., WHV- nonexposed hepatocytes stained with
the same antibodies). Gating was done to determine the number of cells that have
more than a selected amount of fluorescence. The gated cells were expressed as
a percentage of the total number of events detected. The percentage of the test
sample was subtracted from the percentage of its negative control and a difference

of more than 10% was considered positive.

2.9 INOCULATION OF NAIVE WOODCHUCKS WITH CULTURE SUPERNATANT
FROM HEPATOCYTES /N VITRO INFECTED WITH LYMPHOID CELL-DERIVED
WHV.

\pproxi 06mi inocula prep ibed in Section
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2.7.3wasinjected i ly into a naive The was bled
at0, 3, 5, and 7 d.p.i. and then weekly. In addition, PBMC were isolated at 21, 28,
35, 42, and 49 d.p.i., and a liver biopsy was obtained at 42 d.p.i. These sequential
sera, PBMC and liver biopsy material was used for analysis of WHV genome

expression.

2.10 DNA ISOLATION.
2.10.1 Isolation of total DNA.

DNA was extracted from approximately 1 x 10° cells (PBMC, splenccytes or
cultured hepatocytes), from 100 i of serum, cell culture supernatant or cell washes,
or from 50 mg of homogenized tissues. All tissue fragments predestined for DNA
isolation were washed twice in 1 mi of HBSS by centrifugation at 1,000 x g prior to
homogenization in a final volume of 100 pl of HBSS. Cells used for DNA extraction
were resuspended in 100 pl of HBSS. Then, the samples were incubated with 200
Hl of lysis buffer (Section 2.5.2) containing 50 g of proteinase K at 42°C for 16 h.
The digest was supplemented with 300 pI of phenol equilibrated in 0.1 M Tris-HCI
buffer, pH 8.0, containing 0.1% (wt/vol) hydroxyquinilone (Sigma Chemical Co.),
mixed for 15 min at ambient temperature, and centrifuged at 10,000 x g for 3 min
to separate the aqueous and organic phases. The upper aqueous layer was
removed and transferred to a new 1.5-mi tube containing 300 pl chloroform:isoamyl

alcohal (24:1, vol/vol; Sigma Chemical Co.). The mixture was rotated for 10 min
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and then centrifuged for 3 min at 10,000 x g at room temperature. The aqueous

layer ining DNA was toa 1.5ml tube and p

with 750 pl of cold 100% ethanol (Sigma Chemical Co.) with 30 i of 3 M sodium
acetate (pH 5.2) and kept for 16 h at -20°C. DNA was recovered by centrifugation
at 10,000 x g for 20 min at 4°C. The resultant pellet was washed by centrifugation
with 600 pl of cold 70% ethanol. The DNA was then dried under vacuum for § min
and resuspended in 40 pl (cell or tissue DNA) or in 5§ pl (DNA from serum, culture
supernatant or cell washes) of either TE buffer (1 mM EDTA in 10 mM Tris-HCI

buffer, pH 8.0) or autoclaved double distilled water.

DNA was quanti based onthe i at260 nmandthe
purity of the DNA preparation was determined based on the ratio of the

absorbances at 260 nm and 280 nm (OD,/OD,4) using the Warburg-Christian

equation in a DU 530 its, Inc., Fullerton,

California). The DNA preparations used in this study had OD,g/OD,4, values

between 1.8 and 2.0.

2.10.2 Isolation of WHV cccDNA by i P method

It was shown in i p in other ies (Aldrich et al.,

1989; Wu et al., 1990, Jilbert et al., 1992) that hepadnaviral cccDNA species can
be isolated from livers containing high levels of replicating viral genomes by

precipitation with high molar potassium chioride (KCI) (see below). In this method,
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cellular proteins are precipif allowing ion of protei i viral
DNA and host DNA species from nucleic acids that are not covalently attached to
proteins (e.g. viral cccDNA). The procedure used in the present study was adopted
from those described in previous works of Wu ef al., 1990.

For this purpose, approximately 100 mg of liver or spleen tissue was
homogenized in a total volume of 7.5 ml of lysis solution (0.5% SDS [wt/vol], 10 mM
EDTA in 10 mM Tris-HCI buffer; pH 7.5), mixed briefly, and supplemented with 2.5
ml of 2.5 M KCI (BDH, Toronto, Ontario). The suspension was left at ambient
temperature for 30 min and then centrifuged at 12,000 x g for S min. The resuitant
supemnatant was collected and extracted twice with 10 mi of phenol, for 15 min
each. The mixture was centrifuged for 5 min at 720 x g to separate the aqueous
and the organic phases. The aqueous layer was added to 10 mi of

chloroform:isoamyl alcohol mixture (24:1, volivol) and mixed for 15 min.

after i ion at 720 x g for 5 min was pipetted into 20
mi of 100% ethanol and kept at room temperature for 16 h. The resultant DNA
precipitate was isolated by centrifugation at 13,500 x g for 30 min. The pellet was
washed in 2 ml of 70% ethanol and centrifuged at the same conditions as described

above. The ltant DNA was in 40 i of TE buffer and its

concentration luated by sp ic analysis (Section 2.10.1). For

analysis of the isolated WHV DNA species, samples were loaded at 10 ug DNA per

well onto 1% (wt/vol) agarose (Gibco BRL) gel in TAE buffer (1 mM EDTA in 40 mM



Tris-HCI buffer, pH 8.0) containing 0.5 pg/mi ethidium bromide (EB), by

electrophoresis (Section2.14.1), ! y

to a WHV DNA probe (Section 2.14.2).

2.11 ENZYMATIC TREATMENTS OF WHV DNA.
2.11.1 Digestion of WHV DNA with EcoRI restriction enzyme .

Since the WHV genome contains a single EcoRl restriction site (Galibert et
al., 1982), this restriction enzyme can be used to confirm the existence of circular
WHV DNA molecules by Southem blot analysis of electrophoretically separated
DNA species. EcoRI cleavage of circular, partially or fully double-stranded WHV

DNA molecules will linearize these 3.3 kb WHV DNA molecules, modifying the

prop of the di WHV DNA. The digestion of WHV DNA
isolated by KCl precipitation was done using 30 pg of DNA, 120 units EcoRI (10
units/ul; Gibco BRL), 8 pl of REact® 3 buffer (100 mM MgCl,, 1 M NaCl in 500 mM
Tris-HCI buffer, pH 8.0; Gibco BRL), in a total volume of 80 pl. Twenty-five pl
samples were removed after 1 h, 3 h, and 16 h incubation at 37°C in a water bath.
These aliquots were analysed by electrophoresis on 1% EB-agarose gel (Section
2.10.2) along with 50 pg of 'WHV DNA. The separated DNA species were then
transferred onto a nylon membrane, and analysed by Southem biot hybridization

(Section 2.14.2).



2.11.2 Mung bean nuclease digestion of WHV DNA. -

As the rcDNA species of HBV and WHV are partially double stranded, they
are susceptible to digestion by single strand-specific nucleases, such as mung
bean nuclease. This nuclease digests single stranded DNA at the 3'-end of
adenine (A; AlpN) and thymine (T; TipN) (Kowalski et al., 1976). Thus, this
enzyme was employed in the present work to treat DNA samples containing WHV
rcDNA and cccDNA prior to PCR amplification in order to discriminate WHV

cccDNA sequences from rcDNA.  The following method was modified from a

p i for HBV cccDNA { i ped in another

laboratory (Stoll-Becker et al., 1997).

Approximately 2 -10 g of tissue or cell-derived DNA or DNA from

50 ul isolated WHV virions or from 200 pi cell washes or culture supernatants, was
supplemented with 2 pl of 10x mung bean digestion buffer (500 mM NaCl, 10 mM
L-cysteine, 100 mM sodium acetate, 1 mM zinc acetate, pH 5.0 with 50% [vol/vol]
glycerol; Gibco BRL), 1 pl of mung bean nuclease (40 U/ul; Gibco BRL), and water
to a total volume of 20 ul. This mixture was incubated for 30 min at 37°C in a water
bath. The reaction was terminated by the addition of 3 ul of 0.1 MEDTA. A 10-pl
aliquot of each digested sample was used for PCR amplifications with either WHV

cccDNA or core gene specific primers (see Section 2.13).
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2.12 DETECTION OF ASIALOGLYCOPROTEIN RECEPTOR MAJOR SUBUNIT
mRNA.
2.12.1 RNA isolation.

Origin of the cultured woodchuck liver cells was confirmed by identification

of RNA ipts known to be i ized by hepatocytes. Among

these proteins, expression of the asi: in receptor (ASGPR) is

considered to be unique to parenchymal liver cells (Hubbard & Stukenbrok, 1979;
Hubbard et al., 1979).
For this purpose, total RNA was isolated from 1 x 10° cultured cells using

TRIzol® reagent (Gibco BRL)

ing the r's il { Briefly,
hepatocytes in 1 mil of TRI2ol® reagent were incubated at room temperature for 30
min. Then, 200 ui of chloroform was added and the tubes were shaken vigorously
for 30 sec and samples centrifuged at 12,000 x g for 15 min at 4°C. Approximately

550 pl of the upper phase was transferred to new tubes and 500 ul of isopropanol

(Sigma Chemical Co.) was added to precipil RNA. were i for

10 min at ambient and i at 12,000 x g for 10 min at4°C. The
RNA precipitate was then vortexed in 1 mi of 75% ethanol and spun at 7,500 x g for
5 min at 4°C. The RNA pellet was air dried and resuspended in RNase-free water
prepared by treatment with diethyl pyrocarbonate (DEPC; Sigma Chemical Co.),

and qu

pectrop ically based on the ultravi at260

nm. Prepared RNA was used i i for reverse transcription, as




below.

2.12.2 Reverse transcription reaction.

Reverse transcription (RT) reaction was done on selected RNA samples for
conversion to cDNA prior to PCR amplification. Two g of RNA in 10 pi of RNase-
free water was added to 1.5 ul of random primers (100 ng/pl) and 4 pl of 5x RT
buffer (375 mM KCI, 15 mM MgCl, in 250 mM Tris-HC! buffer, pH 8.3; Gibco BRL).
The mixture was incubated for 4 min at 75°C, chilled on ice and aliquoted into two
portions. One of these samples was mixed with 1 pl of dithiothreitol (DTT; 0.1 M;
Gibco BRL), 1 l of deoxynucleotide triphosphate (dNTP) mixture (10mM of each
nuclectide; Promega Corp., Madison, Wisconsin), 10 units of RNase inhibitor
(RNasin®; 40 units/pl; Promega Corp.) and 200 units of reverse transcriptase (from
Moloney murine leukemia virus; 200 units/ul; Gibco BRL), whereas the second
portion (negative control) contained all the above components without reverse

transcriptase. After incubation at 37°C for 1 h and at 95°C for 5 min, the samples

underwent PCR amplification using pri i jjor subunitof ASGPR

(Slaney, 1999). St itly, PCR pi were by Southem blot

hybridization using a cloned woodchuck ASGPR major subunit cDNA prepared in

this laboratory (Slaney, 1999) as a probe, which was radiolabelled with *P-dCTP

using the rediprime method (Section 2.14.2.4).



2.13 POLYMERASE CHAIN REACTION.
2.13.1 Design of WHV genome-specific primers.

All PCR primers utilized in the study i inthe conser gi
of 4 published WHV genome sequences (Galibert et al., 1982; Kodama et al., 1985;
Cohen et al., 1988; Girones et al., 1989). All primer sequences were selected to
exclude non-complementarity to other regions of the WHV genome and to the
opposite WHV DNA strand. Pairs of primers were matched based on primer
melting temperature (less than 5°C difference) and primer length (20-27 bases) to

ensure the most efficient and specific amplification. Primers were created with the

assistance of the PC/Gene soffty i ics, Geneva,
synthesized by Gibco BRL Custom Primers laboratory (Burlington, Ontario).

In this study, the PCR conditions primers speci two

D , non pping ic regions of WHV DNA, i.e., core (C) and X

genes (Table 2.2, see also Fig. 2.3). inthe modified PCR conditions, amplifications

were employed both to identify and discriminate the WHV replicative (cccDNA)

species from the core gene sequence (i.e., total WHV DNA content). For this last

purpose, two sets of primers were desi using an app! ibed by others
(Kdck et al., 19964, Stoll-Becker et al., 1997). Thus, PCOR1-MCOR was used for
identification of WHV core gene sequences (Table 2.2 and Fig. 2.3). In a parallel
reaction, the detection of WHV cccDNA was conducted with the nick-spanning
primer pair (i.e., PGAP1-MCOR; Table 2.2 and Fig. 2.3).



Table 2.2. Oligonucleotide primers used for amplification of WHV DNA and cccDNA sequences in this study.

Target sequence
Description Primer pairs Sequence §'- 3" Position® (bp)
Primers specific  C gene
for WHV External primers
subgenomic PCNV (sense) §-TTCAAGCCTCCAAGCTGTGCCTTGG 1983-2007
sequences COR (antisense) * 5-CTCGAATTCTTATGTACCCATTGAAG 2589-2605 620
Intemal primers
PPCC (sense ) 5.CTCGGATCCCTATAAAGAATTTGG 2033-2048
ccov 5" TCC 2439-2480 428
X gene
External primers
PXO (sense) 5-GCCi C  1522-1547
XPC 5" 1891-1807 388
Intemal primers
PXX (sense) 5'-CCTCAATCCAGCGGAC 1560-1584
XXC 5-ATGGATTCCACCGTGAAC 1743-1760 192
Primers that total WHV DNA (core gene)
discriminate Extemnal primers
between WHV PCOR1 (sense) -TGTGTTCCATGTCCTACTGTTCAAGCC  1964-1890
DNA and MCOR (antisense) §'-CC 2453-2420 490
cccDNA
WHV cccDNA (nick-spanning)
Extemal primers.
PGAP1 (sense) s TGTGTT 1208-1322
MCOR 5" 2453-2420 1156
Intemal primers
XINT (sense) 5-CTTCGCCTTCGCCCTCAGACGAGT 1630-1653
CCCV (antisense) 5-GTCCCCAGGTGTCAGTGACA 2303-2284 674

* Numbers denote nucleotide positions in the WHV genome sequence based on Galibert ef al., 1982 (GenBank accession number m



Figure 2.3. ic rep ion of the approximate location of direct and

nested oligonucleotide primer pairs specific for the WHV C gene, X gene and the
nick-spanning region superimposed on the map of the complete WHV genome.
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For some PCR fragments, a set of intemnal oligonucleotide primers were
selected (Table 2.2). In these reactions, the external primer pair was used for the
first (direct) round of PCR amplification. If the direct PCR product was not
detectable following Southern biot analysis, an aliquot after the first reaction was

amplified with an intenal primer pair by nested PCR.

2.13.2 Standard PCR conditions.

Typical PCR amplification of st ic WHV DNA was

performed using 1-5 pg of total DNA derived from tissue or cells or with DNA
isolated from 100 pl of serum, culture supernatant or cell washes. Reaction was
performed in a total volume of 100 I containing 200 umol/L of each dNTP (Gibco
BRL), 300 ng of each primer, 2 units of Taq polymerase (Gibco BRL), 1.5 mM
MgCl,, and 50 mM KCI in 20 mM Tris-HCI buffer, pH 8.4 (Gibco BRL). The reaction
was overlaid with 100 I of mineral oil (Sigma Chemical Co.) and incubated in a
programmable thermal cycler (TwinBlock System; Ericomp Inc., San Diego,
California). The following program was used: 92°C for 5 min, 52°C for 2 min, 70°C
for 3 min in the first cycle and 92°C for 30 seconds (sec), 52°C for 30 sec, 70°C for
30 sec for 30 cycles, followed by a final extension step at 70°C for 5 min. For each
thermocycling reaction, 1 g of liver DNA extracted from a WHV chronic carrier was

used as a positive control and a mock sample, containing all reagents used during

the DNA tion and PCR, was i as a negative control. For nested PCR
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with intemnal primers, 10 pl of direct PCR product was amplified using the above
PCR

gents (total 10040). yeling
above. As controls, 10 pl of WHV-positive liver DNA direct PCR product (positive
control) and 10 pl of the mock PCR product (negative control) were amplified in

parallel.

2.13.3 Modified PCR conditions.

To determine the optimal Mg** concentration in the PCR mixture after mung

bean inactivation with EDTA, a preliminary PCR was done using 1.5,2.0,
2.5, 3.0, 3.5, or 4.0 mM of MgCl,, along with the mixture components described
above (Section 2.13.3). Thermocycling was performed using the program
described below. Based on this experiment (Section 3.2.2), subsequent reactions
were conducted with 3 mM of MgCl,.

For detection of WHV DNA and WHV cccDNA, PCR was carried out with 10
4l of mung bean nuclease-digested DNA (1 - 8 pg or DNA extracted from 100 ul of
serum, culture supemnatant or cell washes) in a total volume of 100 pi with the
reaction components described above, except for 3mM MgCl, The PCR was done
using the following program: 1 cycle of 95°C for 5 min, 56°C for 2 min, 72°C for 3
min, followed by 30 cycles of 95°C for 1 min, 56°C for 1 min, 72°C for 1 min and,
finally, incubation at 72°C for 15 min. In addition, 1 ug of mung bean nuclease-
treated DNA extracted from the liver of a WHsAg-reactive WHV carrier and 50 fg
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of 'WHV DNA were used as positive controls and a mock sampie, containing ail
reagents used in the DNA exiraction and PCR, was included as a negative control.
In selected cases, nested PCR was used with intemnal primers for further
amplification of cccDNA sequences (Table 2.2). For this reaction, 10 pl of direct
PCR product was amplified in a total volume of 100 i, with 200 pmol/t of each
dNTP, 300 ng of each intemal primer, 2 units of Tag DNA polymerase, 1.5 mM
MgCl,, 50 mM KCl in 20 mM Tris-HCl buffer, pH 8.4. Thermocycling was conducted
as described above in this paragraph. As controls, 10 ui of rWHV DNA direct PCR
product (positive control) and 10 i of the mock PCR product (negative control) was

amplified in parallel.

2.14 DETECTION OF WHV DNA.
2.14.1 Agarose gel electrophoresis.

Each 20 ul DNA sampie (extracted DNA or PCR product) was mixed with 2
ul of 6x blue/orange loading dye (Promega Corp.) prior to loading on a 1% EB-
agarose gel (Section 2.10.2). In addition, 0.25 g of $X 174 DNA/Hae Iil molecular
weight standards (Promega Corp.) was also loaded in a parallel well. The gel was
run at 80 V for 60 min. DNA bands were visualized by ultraviolet light and
photographed with a transilluminator camera (Fotodyne Inc., Bio/Can Scientific,

Mississauga, Ontario).



2.14.2 Southern blot hybridization.
2.14.2.1 Blotting of DNA onto nylon membrane.

F ing i the gel predestined for Southem
blot analysis was soaked in denaturing solution (1.5 M NaCl and 0.5 M NaOH) for
30 min and then rocked in neutralizing buffer (1.5 M NaCl in 1 M Tris-HC! buffer, pH
8.0)for 1 h.

Transfer of DNA from the gel to a nylon membrane was done using capillary
transfer. A glass platform was set up in a dish containing 10x standard saline
citrate (SSC, diluted from 20x SSC; 3 M NaCl in 0.3 M Na,Cit.,H,0, pH 7.0). A
3MM Whatman filter paper wick was soaked in 10x SSC and mounted on this
platform. The gel was placed upside down on the wick and parafilm was used to
surround the gel. A piece of nylon (Hyl N; and 2 pieces

of filter paper cut to size and briefly soaked in 6x SSC were laid on top of the gel,

followed by 5 cm of paper towels, trimmed to size. A glass weight of approximately
500 g was placed on top to facilitate the 16 h-capillary transfer. The set-up was
dismantied the next day and the membrane was dried in a filter paper envelope for

30 min at room temperature, and then baked at 80°C in a vacuum oven for 1.5 h.

2.14.2.2 Dot-blot analysis.
Two-fold serial dilutions beginning with 600 pl of lymphoid cell culture
supernatant or 1 pl of serum was biotted onto a nylon membrane (Hybond-N) by



vacuum suction using a Bio-Dot mi ion (BioRad L

After the sample aliquot had completely passed through, the membrane was
sequentially transferred onto 2 sheets of 3MM Whatman filter paper, for 5 min each.
The first sheet was saturated with denaturing solution and the second wetted with
neutralizing buffer. Then, the blot was air-dried, placed between two pieces of dry
3MM paper and baked for 2 h at 80°C in a vacuum oven. The nylon membrane was
hybridized to a 2 P-labelled rWHV DNA probe, as described in Section 2.14.2.3.
To quantitate the number of WHV genome equivalents (vge) in each sample tested,
two-fold dilutions of FWHV DNA from 1 ng to 7.8 pg were immobilized onto the

membrane in paraliei.

2.14.2.3 Hybridization of WHV DNA.
The baked nylon membrane containing WHV DNA was pre-wetted with 6x
SSC and heat sealed in a plastic bag with 6 ml of hybridization buffer (6x SSC,

0.5% SDS, 5xD solution [diluted from 50x D solution; 1% {wtivol}

Ficoll, 1% {wt/vol} polyvinylpyrroli 1% {wt/vol} bovi in), and 100
Hg/ml sonicated salmon sperm DNA). The membrane was prehybridized in a 65°C
shaking water bath for 1.5 h. Subsequently, the buffer was discarded and fresh
hybridization buffer was added to the bag along with 6 x 10° counts per minute
(cpm) of ®P-labelled rWHV DNA probe (Section 2.14.2.4), which was previously

boiled for 5 min and chilled on ice for 2 min. The bag was hybridized in a 65°C
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shaking water bath for 16 h. Then, the blot was washed twice at 65°C in 50 ml of
pre-warmed 2x SSC, 0.1% SDS for 10 min each. This was followed by 2 washes
at ambient temperature with 50 mi of 0.1x SSC, 0.05% SDS for 15 min each. The
membrane was then rinsed in 0.1x SSC and dried briefly on paper towels. It was
then covered in plastic wrap and exposed on a phosphor screen for

phosphorimaging (Cyclone™; Canberra-Packard) or on an X-ray film (XRP-1;

Kodak) in i with i ifying screens at -70°C for

In , semi-quantitation of WHV g pies wa:
conducted on dot-blots and Southern biots using the method described in Section

26.

2.14.2.4 Recombinant WHV DNA probe.
Recombinant WHV DNA was derived from the pSP65 plasmid vector

containing the EcoR| fragment of the full WHV genome (Galibert et al., 1982). This

plasmid was kindly provided by Dr. J. from the University of New Mexico,
Albuquerque, New Mexico (Pardoe & Michalak, 1995). The construct was digested
with EcoRI and separated by electrophoresis in 1% low melting point EB-agarose
(Gibco BRL). The band containing the linear, cloned WHV DNA (rWHV DNA) was
excised from the gel and isolated using the Wizard™ PCR Prep DNA Purification

System (Promega Corp.), as per r's il i DNA

was i based on its at 260 nm, as il above (Section



2.10.1).

This rWHV DNA was labelled with *P-dCTP using the rediprime™ DNA

labelling system (F ia Bi ) i srer'si i Briefly,
20 ng of rWHV DNA was made up to 45 pl in autoclaved double distilled water,
boiled for 5 min, and chilled on ice for about 2 min. The DNA mixture was added
to the rediprime™ reaction tube and the tube was flicked gently several times to
resuspend the lyophilized mixture which consisted of dATP, dGTP, dTTP, Klenow
enzyme, and 9-mer random primers. Then, 5 pl of a-2P-dCTP (10 uCi/ul;
Amersham) was added and the tube was flicked a few times. The labelling reaction
was incubated for 1 h at 37°C in a water bath.

The *P-labelled probe was isolated from unincorporated P-dCTP by
fractionation on a NICK™ column (Pharmacia Biotech), as described in the
manufacturer’s instruction sheet. The column was washed with 3 ml of TE buffer
and inserted in a 15-ml disposable centrifuge tube. Fifty ul of the probe mixture
was applied onto the column, followed by 400 pl of TE buffer. The eluent was
discarded and 450 pl of TE buffer was applied to the column. This eluted fraction
containing the labelled probe was collected and a 2-ul sample was used for
radioactivity counting in a scintillation counter. The cpm per pl of the aliquot was
determined. The probe was stored at 4°C prior to being used for Southem blot

hybridization (Section 2.14.2.3).
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2.15 CLONING OF WHV DNA.

Selected samples that were PCR amplified with PGAP1-MCOR (cccDNA
specific) primers were purified with Wizard™ PCR Prep kit and inserted into
plasmids using the TOPO TA Cloning® Kit (Invitrogen, Carisbad, California).
Briefly, 5 pl of purified PCR product (25 ng) and 1 pl of the TOPO TA cloning vector
(PCR® Il) were incubated for 8 min at 37°C. Four ul of the above mixture was

added to TOPO One Shot™ cells ining 20 mM B- p anol and the
mixture was kept for 30 min on ice. The cells were then heat shocked at 42°C for
30 sec and placed on ice for 2 min. Subsequently, 250 pi of SOC medium (2%
[wt/vol] tryptone, 0.5% [wt/vol) yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgCl,, 10mM MgSO,, and 20 mM [wt/vol] giucose) was added to the cells and the
tube was shaken horizontally at 37°C for 60 min. One hundred il of this cell mixture
was spread on a 50 pg/ml kanamycin-agar plate containing 40 mg/ml of X-gal
(Sigma Chemical Co.). The plate was incubated upside down at 37°C for 16 h.
Two white and 2 blue colonies were selected and plasmid DNA was prepared from
them using the Mini-Prep method.

Each bacterial colony selected was grown to saturation at 37°C for 16 h in

5 ml of sterile LB. ycin medium. Si 1.5 mi of cells was pelleted
at 15,000 x g for 20 sec. The cells were resuspended in 100 pi of GTE solution (50
mM glucose, 10 mM EDTA in 10 mM Tris-HCI buffer, pH 8.0) and allowed to sit at

ambient temperature for § min. The cells in GTE were lysed by mixing with 200 ul
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of NaOH/SDS solution (0.2M NaOH and 1% [wt/vol] SDS) and placed on ice for 5
min. Then, 250 ul of potassium acetate (3 M, pH 5.5) was added, the tube was
vortexed for 2 sec and placed on ice for 5§ min. The mixture was spun for 3 min to

pellet cell debris and DNA. The was toanew

tube and 1 mi of 95% ethanol was added to precipitate plasmid DNA and RNA.

After 2 min at room the tube was iged at 15,000 x g for 1 min.

The pellet was washed with 1 ml of 70% ethanol, pellet dried under vacuum and
resuspended in 30 i of TE buffer. One i of this plasmid DNA was used for each

sequencing cocktail.

2.16 WHV DNA SEQUENCING. i

In selected cases, WHV DNA fragments which were amplified by PCR with
WHV cccDNA or WHV core gene-specific primers were purified and sequenced to
confirm their nucleotide sequence specificity. This was done either after cloning
(Section 2.15) or directly after PCR amplification. In the latter situation, 40 ul of a
PCR product was separated on a 0.8% low meiting point EB-agarose gel and the
visualized band was excised and purified using Wizard® PCR Prep. (Section
2.14.2.4). Subsequently, the recovered DNA was quantitated
spectrophotometrically (see Section 2.10.1).

Isolated WHV DNA cloned or purified directly from PCR mixture was used

as a template for cycle sequencing with the fmo/® DNA sequencing system
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(Promega Corp.), using manufacturer's procedure. Briefly, 17 pl of a sequencing
cocktail, containing 40 fmol of template DNA or 1 pl of plasmid nucleic acid, 1.5
pmol of y-*P-ATP (Amersham) end-iabelled WOHV DNA-specific sequencing
primers (QC02, QX12 or QP11; Tabie 2.3), 5 units of sequencing grade Tag DNA
polymerase, 2 mM of MgCl, in 50 mM Tris-HCI buffer, pH 9.0, was prepared. Four
il of the cocktail was aliquoted into 4 tubes containing 2 pl of G (guanine), A

T( ine) or C i inating i NTP mixture. Cycle
sequencing was conducted using the following program: 95°C for § min for 1 cycle
and 95°C for 30 sec, 42°C for 30 sec, and 70°C for 1 min, for 30 cycles. Upon

of the cycl ing, 3 pl of ing stop solution (10 mM NaOH,
95% [volivol] ide, 0.05% [wiivol] blue, and 0.05% [wtivol]

xylene cyanole) was added to each tube and samples were kept at -20°C until
application on a sequencing gel. Prior to loading on the gel, each sample tube was
heated to 70°C for 2 min and 3 pl/lane of the sequencing product was loaded in the
orderof G, A, T, C. The DNA were on an 8% polyacry

gel containing 7 M urea (Gibco BRL) in a Sequi-Gen® GT Nucleic Acid

p is cell (Bio-Rad L i i witha probe and
a power supply (Power Pac 3000; Bio-Rad L i After is at

50°C for 2.5 h, the gel was fixed with a 10% (vol/vol) methanol and 10% (vol/vol)

acetic acid solution and dried in a gel dryer for 2 h. The gel was exposed on an X-

ray film (Kodak) or on a phor screen and bya imager.



Table 2.3. Oligonucleotide primers used for WHV DNA sequencing.

Primer Sequence 5' - 3' Position*
Qco2 5'-CTCGGATCCCTATAAAGAATTTGG 2030-2049
QP11 5-CCATGGCTGCTCGCCTGTGTTGCC 1501-1524
Qx12 5-GGCATGCCAAGTAAGGACC 1791-1809

* Numbers denote nucleotide positions in the WHV genome sequence based on

Galibert et al., 1982 (GenBank accession number J02442).
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The WHV ificity of the i ined in this study

was confirmed using the GeneBank BLAST search (world wide web service;

http://www.ncbi.nim.nih.gov/BLAST/).



CHAPTER THREE : RESULTS

3.1 CHARACTERISTICS OF CULTURED WOODCHUCK HEPATOCYTES AND

LYMPHOID CELLS.
3.1.1 Cultured normal and their
Our previ pts to gr , diffe
for extended periods on plastic surf: orin ion were not It

was found that hepatocytes can attach to

membrane matrices, such as Matrigel® (Becton Dickinson), but they do not

proli (Churchill & i ). i (Diao et
al., 1998), prompted by an observation made in human hepatocyte cultures
(Roberts et al., 1993), showed that the coating of culture vessels with 0.1% gelatin
allows woodchuck hepatocytes to attach and propagate. Furthermore, it was
established that complete Hepato-STIM™ formulation recommended by the

manufacturer (Becton Dicki fo ing of rat did not support

the growth of (Churchill &

However, it was found that the same Hepato-STIM™ medium when supplemented
with 20% of supernatant from the culture of human HepG2 liver cells promotes
growth of woodchuck hepatocytes (Diao et al., 1998). These woodchuck cells
synthesized hepatocyte-specific proteins, such as ASGPR and albumin, as was
shown previously by Western blot analysis and flow cytometry (Diao et al., 1998).

In the present study, normal differenti ytes (WCM-
260) have been maintained by weekly passages for more than 3 years without loss




of i cifi ipts(i.e., ASGPR). T

activity of the ASGPR major subunit gene was demonstrated by using PCR with an
RT step on RNA samples from WCM-260 hepatocytes which were either
continuously kept in culture for more than 3 years or recently re-established from
a frozen stock of the cells (Fig. 3.1). Specificity of the detected ASGPR cDNA
amplification signals was confirmed in parallel reactions in which RNA extracted
from human HepG2 cells was used as a positive control (Fig. 3.1, lane 5) and by
PCR amplifications of WCM-260 RNAs without the preceding reverse transcription
step, as negative controls (Fig. 3.1, lanes 2, 4, & 6). In addition, specificity was
ascertained by Southern biot analysis of the PCR products with radiolabelled,
cloned, woodchuck ASGPR major subunit fragment prepared recently in this
laboratory (Slaney, 1999). These results demonstrate that WCM-260 cells

ipti activity of specific ASGPR gene.
To determine the dynamics of WCM-260 hepatocyte growth in conditioned
Hepato-STIM™ medium, the number and viability of these cells were determined
by trypan blue exclusion at 2, 4, and 6 days after seeding. It was found that the
cells multiply with approximate doubling time of 2 days (Table 3.1). The yield of
hepatocytes after a 6-8 day culture was in the range of 1.9 x 10°to 3 x 10° cells per

25-cm? flask. bjected to multiple isplayed a stable

morphology of calls with single lei, i storage in liquid nitrogen

for a prolonged period of time, and i yer culture a few



Figure 3.1. Transcription of ASGPR major subunit gene in WCM-260 hepatocytes.
One pg of RNA extracted from WCM-260 cells was converted to cDNA by RT (RT+)
and PCR amplified with ASGPR major subunit-specific primers. As a positive
control, cDNA prepared from HepG2 cells was amplified in parallel. Amock sample
containing all reagents used but not RNA and RNA samples treated in the absence

of reverse transcriptase (RT-) were used as ive controls. El

PCR were idized by Southem biotting with a ZP-labelled,
cloned woodchuck ASGPR major subunit probe. The expected size of the PCR
product is indicated on the right side of the panel.
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Table 3.1. Survival of WCM-260 in culture at different

time points after seeding*.

Days post seeding Celis recovered (10%well) Viability (%)

2 261049 98
4 6.7+0.06 98
6 13.5+£0.98 99

* Cells were seeded at 1.2 x 10%well in 6-well culture plates under conditions
described in ials and

; were by
trypan blue exclusion at the time points indicated. Results are presented as the

mean + standard deviation (SD) from three separate determinations.
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days after seeding.

3.1.2 Effect of on

Following a recent observation that the presence of 100 nM glucagon in a
culture medium inhibited DHBV replication in primary duck hepatocytes (Hild et a/.,
1998), we aimed to establish whether a similar phenomenon may occur in
woodchuck hepatocytes exposed to WHV in our culture system. Thus, WCM-260
cells were cultured in conditioned Hepato-STIM™ medium in the presence or
absence of 100 nM glucagon (Section 2.3.5). It was found that removal of glucagon
from the culture medium did not affect the growth, long-term (more than 10 months)

survival of the cells, as well as to their morphology. In addition, woodchuck

hep: Y intai in free, conditioned Hepato-STIM™ medium

demonstrated approxi the same ibility to WHV i ion and ability to

support virus replication as WCM-260 hepatocytes maintained in glucagon-

containing medium, as illustrated in Figure 3.2. In general, the data obtained

that the p or ab of in the cuiture medium does not
affect growth of woodchuck hepatocytes or has an inhibitory effect on WHV
infectivity and replication. Thus, unless indicated, the data presented in this study

were obtained by using cells cultured in the absence of glucagon.



Figure 3.2. Presence of glucagon in culture medium did not influence the in vitro

infection of woodchuck

P ytes with WHV. Approxi 1 pg of mung bean
nuclease-digested DNA from WCM-260 cells, whick derived

WHV and then cultured with (WHV/260 [+ glucagon]) or without glucagon
(WHV/260 [- glucagon]), were amplified by PCR with WHV core gene primers (WHV
DNA) as described in Materials and Methods. As a positive control, 1 ug of mung
bean nuclease-digested DNA extracted from the liver of a chronic WHV carrier was

included, whereas mung bean nuclease-treated DNA from non-infected WCM-260

cells maintained in the p (+g) or absence (-g) of were used as
negative controls. PCR products were probed with P-labelled 'WHV DNA. The

expected size of the amplified PCR fragment is shown on the right side of the panel.
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3.1.3 Viability of WCM-260 cells in the p of anti-LP1

Since the effect of rabbit antibodies against a synthetic analogue of the N-
terminal sequence of WHV large protein (anti-LP1) on the in vitro WHV infectivity
was examined, it was necessary to establish whether these antibodies are or are
not cytotoxic for WCM-260 cells. For this purpose, cultured hepatocytes were
incubated with increasing concentrations of anti-LP1 serum and their viability was
evaluated by MTT assay, as described in Section 2.3.6.2 of Materials and Methods.
It was found that 24 h incubation with heat-inactivated anti-LP1 serum at a
concentration as high as 10% (vol/vol) in culture medium did not affect survival of

the hepatocytes (Fig. 3.3).

3.1.4 WHV- 1l in growth
medium.
T survival of i 1l It

established to support growth of WCM-260 cells, PBMC from a chronically infected
WHV carrier were incubated in conditioned Hepato-STIM™ medium for 3, 6, and
9 days (see Section 2.4.2). It was observed that PBMC can survive for up to 3 days

without significant loss of viability and change in cell number. When cultured for

longer than 3 days, there was ial and progressi' in the number
of recovered cells and in their viability (Table 3.2). Thus, approximately half of the

cells were lost at day 6 and up to two thirds at day 9 in comparison to PBMC



Figure 3.3. Incubation with rabbit anti-LP1 antibodies did not affect WCM-260

t viability. F werei ith i ion (0-

10% [vol/vol}) of rabbit anti-LP1 serum or preimmune serum (negative control) for

24 h prior to MTT assay as i in ials and Data are

represented as of ilized i MTT ite at 595 nm

(Asgs) and expressed as the mean + SD from three separate determinations.
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Table 3.2. Survival of PBMC cultured in conditioned Hepato-STIM™ medium at

Days inculture  Recovered cells (10%mi) Cell viability (%)

3 13.0 92
6 6.7 66
9 43 50

* WHV-infected PBMC isolated from a chronic WHV carrier were seeded at 1.3 x
10° celis/ml in 7.5 mi of conditioned Hepato-STIM ™ medium supplemented with 100
nM glucagon and incubated for 3, 6 or 9 days under conditions presented in
Materials and Methods. At each of the above time points, PBMC number and their

viability were evaluated by trypan blue exclusion test.
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recovered on the third day after seeding. Under test conditions, cell viability
decreased from 92% at day 3 to 66% and 50% at days 6 and 9, respectively (Table
3.2). This indicates that the conditions used for culture of woodchuck hepatocytes
were also appropriate for a short-term (up to 3 days) maintenance of woodchuck
PBMC. Of note is that the rate of woodchuck PBMC survival was similar for cells
either maintained in conditioned Hepatc-STIM™ medium or in RPMI 1640 medium

supplemented with 10% FCS, 2 mM L-glutamine, 0.05% B- nanol and

antibiotics. This may suggest that the relatively short survival of these cells in
culture was unlikely due to the adverse effect of the hepatocyte culture medium, but
rather a consequence of an intrinsic property of the isolated woodchuck PBMC.
Lymphoid cells isolated from spleens of WHV-infected woodchucks cultured in
conditioned Hepato-STIM™ medium survived at the same rates as woodchuck
PBMC.

Analysis of WHV genome expression in PBMC cultured for different time
periods in conditioned Hepato-STIM™ medium showed that WHV DNA was

by direct PC blot idizati itivity of 3 x 10° vge/ml)
until 6 days (Fig. 3.4, lane 4), but not in the cells kept for 9 days (Fig. 3.4, lane 5).
However, WHV DNA sequences were demonstrable in the latter cells by nested
PCR assay and EB-agarose (sensitivity of 3 x 10? vge/ml; data not shown). In
addition, further experiments showed that PBMC and splenocytes cultured for up

to 4 days expressed WHV cccDNA (see example in Section 3.4.5). This finding



Figure 3.4. Presence of WHV DNA in PBMC isolated from a chronic WHV carrier
cultured for different time periods in hepatocyte growth medium. One pg of DNA
extracted from PBMC cultured for 0, 3, 6 or 9 days in conditioned Hepato-STIM™
supplemented with 100 nM glucagon was amplified by direct PCR using WHV C
gene primers. DNA isolated from the liver of a WHsAg-positive chronic carrier was
used as a positive control and a mock sample treated as DNA but not containing

nucleic acid was used as a negative control. El { PCR

products were probed with ?P-labelled rWHV DNA by Southem blot hybridization.
The expected size of the WHV DNA-specific PCR product is indicated on the right

side of the panel.
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indicates that the culture conditions i for mai of

I l to support WHYV in the naturally infected PBMC for
at least 6 days. Therefore, considering survival of infected PBMC in vitro (as
described above) and the presence of WHV genome, woodchuck lymphoid cells
were cultured for 72 h in conditioned Hepato-STIM™ medium in all subsequent

experiments.

3.1.5 Survival of cells in the p! of

In an attempt the prolong the survival of woodchuck lymphoid cells in in vitro
conditions, we cultured PBMC in conditoned Hepato-STIM™ medium
supplemented with 5 ug/ml of PHA (Sigma Chemical Co.) or 10 pyg/mi of LPS (Sigma
Chemical Co.). It was found that stimulation with these two mitogens did not
improve viability of woodchuck lymphoid cells in the used culture conditions (data
not shown).

Previous studies have shown that the culture of WHV-infected PBMC with
LPS or ConA increased viral replication (Korba et al., 1988; Coffin & Michalak,
1999) and that culture supematants from these cells were infectious to virus-naive
woodchucks (Korba et al., 1989; Michalak et al., 1999; Coffin & Michalak, 1999).
However, in the present study, the results of a dot-blot hybridization assay showed
that WHV DNA content in culture supernatant of splenocytes cultured in the
presence of hepatocyte growth medium supplemented with LPS was not different
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from that in culture supematant of the cells cultured without LPS (Fig. 3.5A).

In addition, WHV inocula generated from lymphoid cells cultured with and
without LPS showed a comparable ability to induce infection of WCM-260
hepatocytes (Fig. 3.5B & C). Thus, DNaseftrypsin treated WCM-260 cells which
were infected with WHV originating from either PBMC (Fig. 3.5B) or splenocytes
(Fig. 3.5C) cultured in the pi or of LPS i WHV DNA at

comparable quantities, as revealed by similar density of the PCR product bands.
In addition, WCM-260 hepatocytes exposed to WHV derived from splenocytes

cultured in the pi of LPS i FWHV

cccDNA (Fig. 3.5C). The lack of an increase in WHV nucleic acid expression in

hepatocy toi lum prep in the p of LPS was not due to
the mitogen’s cytotoxic effect on hepatocytes, since it was previously established
that the incubation of WCM-260 cells with 10 pg/m of LPS for 24 h did not affect

their viability in an MTT assay (data not shown).

3.2 IDENTIFICATION OF WHV cccDNA.

3.21 The icability of KCI i method for detection of WHV

cccDNA in woodchuck cell cultures.
The different forms of non-protein associated WHV DNA were isolated using
KCl| precipitation and identified by Southern blot hybridization. Since the

electrophoretic properties of the various WHV DNA species are different, they can



Figure 3.5. Lymphoid cell WHV inocula prepared in the presence of

of this mitogen. (A) Supemnatants from WHV-infected splenocytes cultured with (+
LPS) or without (- LPS) 10 pg/mi of LPS were evaluated for WHV DNA content by
dot-blot hybridization. The supernatants were loaded in serial two-fold dilutions
(beginning from 600 ul/dot) in parallel with samples of rWHV DNA standard
(beginning from 10° pg of DNA/dot). (B) DNA (2.5 pg/sample) from WCM-260
hepatocytes exposed to inocula prepared from WHV-infected PBMC cultured in the
absence (WHV/260 [- LPS]) or presence (WHV/260 [+ LPS]) of 10 pg/mi LPS were
tested for WHV DNA expression by PCR with primers specific for WHV core gene
(PCOR1-MCOR) and then the PCR p by blot

hybridization. (C) DNA (3.8 pg/sample) from WCM-260 hepatocytes exposed to
inocula prepared from WHV-infected splenocytes cultured in the absence
(WHV/260 [ LPS]) or presence (WHV/260 [+ LPS]) of 10 ug/mi LPS were evaluated
for WHV DNA and WHV cccDNA by PCR and then analysed by Southem biot

hybridization. Inocula were i from PBMC and

of #19056 animal. One pg mung bean nuclease-digested DNA extracted from
WHV-positive liver and 1 fg of 'WHV DNA were used as positive controls. As
negative controls, DNA from virus naive WCM-260 hepatocytes (C) and mock (M)
samples were used. All biots were probed with a P-labelled rWHV DNA probe.

The expected sizes of the amplified PCR products are marked on the right.
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be discriminated based on their relative migration in agarose gel. WHV DNA

by KCI ipitation have 3 distingui circular DNA species: rcDNA,

cccDNA and single-stranded DNA (ssDNA) (Fig. 3.6A, lane 3). This is in contrast

to WHV DNA 9 pi fpl p
which yields viral DNA i blots (Fig. 3.6A,
lane 1). Based on EcoRI enzyme-li ized ~3.3 kb i WHYV DNA (Fig.

3.6A, lane 2) and a standard curve plotted using Haelll molecular weight markers
electrophoresed in parallel, WHV rcDNA and cccDNA isolated by KCI precipitation
showed apparent molecular weights of 3.8 and 2.3 kb, respectively (Fig. 3.6A, lane
3). These species were identified in the liver of a chronically infected woodchuck
(#943) that carried high levels of WHV DNA in hepatic tissue (1 x 10° vge/jg of total
DNA) and in serum (1 x 10'! vge/ml). However, the same WHV DNA species were
not detectable in the spleen from the same animal or in the liver of another
woodchuck (#1238) with chronic WHV infection carrying lower levels of viral DNA
in hepatic tissue (1 x 10° vge/ug of total DNA) and in serum (1 x 107 vge/ml). This

finding indicates that Southern biot analysis of DNA extracted by KCl precipitation

does not have i itivity to identify icative WHV DNA ir

either in the lymphoid cells or in the liver of animals with lower levels of WHV
replication. It was concluded this method cannot be employed to detect WHV
cccDNA sequence in in vitro infected hepatocytes which, as we have found,
displayed usually less than 1 x 10° vge/ug of genomic DNA.



Figure 3.6. Southemn blot analysis of liver-derived WHV DNA isolated by standard

proteinase K/pl

and by a KCl precipitation method. DNA

obtained by a standard extraction method (5 ug/lane) and DNA isolated by a KCI

precipitation protocol (10 pg/: EB

g , transferred
on nylon membranes, and hybridized with a 2P-labelled r'WHV DNA probe. (A)

DNA by a KCI precipitation method from livers and spleens of a

chronically infected woodchuck (#343) with high levels of circulating WHV and from
awoodchuck (#1238) with low virus load. (B) DNA extracted by a KCl-precipitation
protocol from liver of a chronic WHsAg-carrier (#943) and from normal woodchuck
liver spiked with rWHV DNA were subjected to EcoRl digestion for 1, 2, and 16 h.
Five ug of DNA isolated by a standard DNA extraction protocol from the livers of
#943 and a normal woodchuck were used as positive and negative controls,
respectively. As references, 50 pg of WHV DNA was included as a DNA migration
control. The predicted positions of WHV rcDNA, cccDNA, ssDNA, and double
stranded linearized WHV DNA (dIDNA) are indicated on the right side of the panel.
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However, to the ion of the KCI ipitation method’s

applicability for detection of WHV cccDNA, isolated DNA from the liver of a #943
woodchuck was digested with EcoRl restriction endonuclease (Section 2.11.1) and
then by biot idization to confim that the WHV DNA

molecuiar forms detected were in fact circular and contained a single EcoRI|
restriction endonuclease site. It was found that all WHV DNA species (i.e., rcDNA,
cccDNA, and ssDNA), which displayed different mobilities prior to digestion (Fig.

3.6B, lane 3), became linearized and mi with the same velocity after treatment
with EcoRI for 1, 3 or 16 h (Fig. 3.68, lanes 4-6). Of note is that the band densities
of the EcoRl-digested WHV DNA (Fig. 3.6B, lanes 4-6) were greater than that of
undigested circular WHV DNA (Fig. 3.6B, lane 3). This was most likely due to the
convergence of the heterogenous circular WHV DNA species into a single band of
linearized WHV DNA. In addition, the linearized WHV DNA molecules had
migrational characteristics similar to the control rWHV DNA spiked into a normal

liver which KCl precipitation and di ith EcoR|

enzyme for the same periods of time as test samples (Fig. 3.6B, lanes 7-10). These
findings indicate that the KCI precipitation method allows for the separation of
circular, non-integrated WHV DNA molecules when the virus occurs in large
quantities (more than 10° vge/ug total DNA).
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3.2.2 Establishment of PCR conditions for parallel detection of total WHV DNA
and WHV cccDNA sequences

Since the KCI ipitation method was i itive for identification of WHV

cccDNA in samples with a low virus load, a PCR procedure specifically amplifying
the fragment spanning the WHV nick region was designed. In parallel, to evaluate
total content of WHV DNA in the same test DNA samples, the uninterrupted region
located in the virus core gene was amplified (Table 2.2). For this purpose, two sets

of oligonucleotide primers PCOR1-MCOR and PGAP1-MCOR specificfor core gene

and nick-spanning region, respectively, were i as i in
and Methods (Section 2.13). Ina preliminary experiment, it was i the
modified PCR conditions, which il the i in

from 52°C to 56°C and extending the reaction times from 30 sec to 1 min per step,

imp the stringency and i of WHV cccDNA and core gene detections
in comparison to our standard PCR amplification method empioying C gene-specific
primers (Table 2.2). Nucleotide sequence analysis of the PCR products amplified
with PCOR1-MCOR and PGAP1-MCOR primer pairs confirmed that the amplified
fragments in fact represented the core gene sequence and the nick-spanning region
of WHV DNA, respectively, and that they were homologous to the equivalent WHV
DNA sequences reported (Table 3.3, also see Fig. 3.23).

Since EDTA has to be used to inactivate mung bean nuclease (which was

routinely used to eliminate WHV DNA molecules with single stranded regions prior



Table 3.3. Specificity of WHV DNA fragments amplified with PCOR1-MCOR and PGAP1-MCOR primer pairs

determined by direct sequence analysis of PCR products®.

Primer pair Amplified WHV DNA Sequencing WHV DNA fragment % homology with
WHV DNA  sequence amplified® primer sequenced reported WHV DNA
fragment (nt position) (nt position)"™
PCOR1-MCOR  core gene 1964-2429 Qco2 2105-2224
PGAP1-MCOR  nick region 1298-2429 QP11 1591-1723
Qaxi12 1870-2073 97

* PCR amplification was done using 1 pg of b DNA from the liver of a woodchuck
with chronic WHV i under ing and iti in ials and
® nt; nucleotide positi ing to WHV DNA seq Galibert et al., 1982 (GenBank accession number
J02442).
¢ Location of the amplified and WHV and their to the rep: WHV DNA seq

(Galibert et al., 1981).
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to PCR for WHV cccDNA identification) and it i ith the activity of Mg** ions

in the PCR mixture, the concentration of the latter has to be adjusted to compensate
for the EDTA pi . To ine the iate Mg® cor ion in the

PCR mixture, 1 pg of r'WHV DNA was amplified in the presence of increasing
amounts of MgCl, (Section 2.13.3). Analysis of the obtained PCR products by
agarose gel electrophoresis showed that WHV DNA was not visualized when 2 mM
of Mg?* was used, while concentrations from 3 mM to 5§ mM gave DNA fragments of
the expected molecular sizes (Fig. 3.7). Of note is that the band intensity
decreased slightly as Mg™ concentration increased beyond 3 mM. This was
probably due to the declining stringency of the amplification reaction due to the
excess of Mg® ions. Therefore, all subsequent PCR amplification of mung bean
nuclease-digested DNA samples were done in the presence of 3 mM of Mg®*. For
the nested PCR amplification of fragments spanning the nick region (using XINT-
CCCV primer pair; Table 2.2), it was found that the standard concentration of 1.5
mM MgCl, was sufficient.

To achieve the most comparable conditions for WHV core gene and cccDNA
sequence amplifications, both primer pairs (i.e., PCOR1-MCOR and PGAP1-MCOR;
Table 2.2) shared a common antisense primer (i.e., MCOR). In addition, to further
equalize the reaction milieu, all DNA preparations predestined for both core gene
and cccDNA-specific amplifications were digested with mung bean nuclease and
treated with EDTA (Section 2.11.2). To establish the sensitivity of the PCR



Figure 3.7. Determination of optimal Mg?* concentration in PCR mixture for paralle!
amplifications of total WHV DNA and WHV cccDNA species. One pg of WHV DNA
ing i ing ions of MgCl, (2 -
5 mM). PCR was performed in the presence of 130 mM of EDTA with PCOR1-

was used in a series of

MCOR primers (panel A) or with PGAP1-MCOR primers (panel B), designed for
identification of WHV core gene or WHV cccDNA, respectively. In each set of
reactions, 1 pg of 'WHV DNA in the presence of 1.5 mM MgCl, (without EDTA) was
amplified as a positive control. As negative control, PCR mixture without rWHV

DNA was included. Aliquots of PCR products were electrophoresed on an EB-

agarose gel and visuali y UV light. The sizes (bp) of the markers are

indicated on the left and the positions and sizes of the WHV are

shown on the right side of the panels.
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performed under these modified conditions, 10-fold dilutions of recombinant WHV
DNA, containing from 1 pg to 100 ag, were used as templates and amplified using
both PGAP1-MCOR and PCOR1-MCOR primer pairs. EB-agarose gel evaluation
of the resulting PCR products showed that the sensitivity for detection of WHV core
gene and WHV cccDNA fragments was 10 fg WHV DNA (or 3 x 10* vge/ml) and 100
fg WHV DNA (or 3 x 10° vge/ml), respectively (data not shown). Subsequent

Southern blot analysis of the same PCR i the itivity of the

detection by 10-fold (Fig. 3.8). Sensitivity of nested PCR/Southemn blot
hybridization for detection of WHV cccDNA sequences with XINT-CCCV primers
was 1 fg or 3 x 10° WHV vge/ml (data not shown). To increase the sensitivity and

specificity of the WHV DNA ion, Southern blot idization of PCR prodt

was routinely employed.

3.3 WHV CONTENT IN INOCULA DERIVED FROM SERA AND LYMPHOID
CELLS.

To determine the virus load in the WHV inocula used for in vitro cell
infections, the WHV DNA content was examined in the first instance by dot-blot
hybridization, as described in Section 2.6 & 2.14.2. In the preliminary dot-blot
experiment, when the 'WHV DNA were loaded in two-fold serial dilutions beginning
from 1 ng (3 x 10° WHV vge)/dot, a linear relationship between WHV DNA amount

and densitometric digital light units (DLU) values was observed, as illustrated in



Figure 3.8. blot ion of the itivity of PCR amplifications with

primers used for detection of WHV DNA and WHV cccDNA sequences. Ten-fold
dilutions of WHV DNA, ranging from 1 pg to 100 ag, was amplified in the presence
of 130 mM EDTA and 3 mM Mg?* with PCOR1-MCOR primers (for total WHV DNA
identification) (A) or with PGAP1-MCOR primers (for WHV cccDNA detection) (B).
As negative controls, PCR mixtures without r'WHV DNA were included. The
positions and sizes of the PCR products are indicated on the right side of the panel.
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Figure 3.9B. It was established that sensitivity of the assay is approximately 2.0 x
10° WHV vge /dot (Fig. 3.9A). Using this assay, WHV DNA was detected in inocula
prepared from cultured splenocytes and in sera, but not in PBMC, which were used
in culture infection experiments shown in Table 3.5. An example of the dot-blot

evaluations of WHV DNA content in inocula prepared from splenocytes and serum

of #563 animal is shown in Figure 3.9C. Densil i lysis of this blot led
the presence of 2 x 107 and 4.7 x 10" WHV genome copies/mi in spienocyte culture
supernatant and serum, respectively. In contrast, the dot-blot hybridization assay
did not have sufficient sensitivity to detect WHV DNA in the supematant from
cultured PBMC examined in this study, as it is illustrated for #563 animal in Figure
3.9C. In general, the WHV genome content in splenacyte culture media and sera
used as inocula in the described experiments ranged from 1 to 2 x 107/ml and 0.8

to 9.2 x 10 vge/ml, respectively.

When WHV DNA was not by dot-blot hybridization assay, its
content was estimated by direct PCR using PCOR1-MCOR primer pair (Table 2.2).
which was followed by Southem biot analysis of the amplified PCR products. Since
WHV DNA sequences originating from PBMC culture supernatants cannot be
visualized after direct PCR on EB-agarose, but can be identified by direct
PCR/Southern blot hybridization, and knowing that sensitivity of EB-agarose
detection for WHV DNA amplified by direct PCR is at least 3 x 10* WHV copies/ml

and that of direct PCR/Southem blot analysis is 3 x 10 WHV genome



Figure 3.9. Quantitation of WHV DNA

xpression in inocula prep from PBMC,
splenocytes and serum of a chronically infected woodchuck and in serial dilutions
of 'WHV DNA by dot-blot hybridization assay. (A) Two-fold dilutions of linearized,
recombinant, complete WHV DNA (rWHV DNA) were blotted onto a nylon
membrane by microfiltration. The first dot (far left) contained 10° pg of WHV DNA
(3x10°vge). (B) Plot of net digital light units (net DLU) of the hybridization signals

shown in panel A analysed by i i i (C) Dot-blot hybridization

analysis of serial two-fold dilutions of cultt up from cultured PBMC and
splenocytes and serum obtained from #563 animal. The dilution rates are
presented as reciprocal values on the top of the panel. The most far left dots
contained 10° pg of 'WHV DNA, 600 i of PBMC or splenocyte cuiture supema'tanls
or 1 pl of serum. The blots were probed with *P-labelled rWHV DNA as described

in Materials and Methods.
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equivalents/mi, it was estimated that PBMC inocula used in this study contained

between 3 x 10° to 3 x 10* genome equivalents/mi.

34 WHV REPLICATION IN /N VITRO INFECTED WOODCHUCK
HEPATOCYTES.

341 F Yy of WCM-260
hepatocytes to WHV infection.

Inthe initial i WHVDNA

q and, in selected situations,
the expression of WHV core and surface antigens were evaluated in WCM-260
hepatocytes incubated with sera or PBMC cuiture supernatants obtained from

chronic carriers of WHV (Table 3.4). In this early phase of our study, infected

patocytes were not subjected to DI ypsin treatment prior to DNA extraction.
Therefore, the possibility of WHV DNA contamination originating from virions or

WHV DNA fragi hed to rf cannot be

excluded. Nevertheless, WHV DNA was detected in hepatocytes from all
experiments completed in this phase one study (Table 3.4).

In addition, it was found that WHV antigens could be identified in infected
WCM-260 calls, i.e., experiment #5 (Table 3.4). In this particular trial, culture
supemnatant from PBMC of a chronic WHV carrier (#270) was used as inoculum and
de novo synthesized WHsAg was detected after 24-h incubation with *S-

methionine, followed by immunoprecipitation with anti-WHs antibodies and



Table 3.4. Preliminary experiments evaluating WHV replication markers in WCM-260 hepatocytes in vitro infected

with PBMC and serum-derived WHV inocula®.

Experiment | Animal No. | Inoculum Hepatocytes
No. source
WHV DNA expression® WHYV antigen detection
S WHsAg FACS (% of positive celis)*
direct PCR nested PCR 1abelling®
1 191 Serum + nt. nt
2 1252 Serum - + nt.
3 501 PBMC + + - nt.
4 12568 PBMC + + - nt
s 210 PEMC 5 . . = I "
L were in the of 1?'0 nM glucagon.

® Tested by direct or nested PCR with WHV core gene-specific primers (PCNV-COR and PPCC-CCOV) using 1 g of total DNA
per reaction. The amplified viral sequences were detected by Southem biot hybridization with 'WHV DNA as a probe.

© Cells were labelled with **S-methionine that was followed by immunoprecipitation with anti-WHs and protein A beads, and
proteins eluted from beads were subjected to SDS-PAGE.
9 Represents % of tested cells with greater fluorescence than control cell population.
n.t, not tested.
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autoradiography of a gel after SDS-PAGE (Fig. 3.10). However, the use of the
same detection procedure with both anti-WHs and anti-WHc antibodies at other
occasions (Table 3.4 and data not shown) failed to yield positive results. This
showed that *S-methionine labelling assay is not sensitive enough for routine
detection of WHV antigens in in vitro infected hepatocytes in our system.

Alternatively, flow cytometry analysis of WCM-260 hepatocytes exposed to
culture supernatant from WHV-positive PBMC, which were then incubated with anti-
WHs and anti-WHc antibodies (experiment #5; Table 3.4), revealed that although
WHsAg was not identified, WHcAg can be detected. It was subsequently found

(Table 3.5) that this i d allowed for ion of WHV
antigens in in vitro infected hepatocytes in approximately half of the trials. Since the
FACS analysis of the hepatocytes was performed at 4 d.p.i., while the ®S-
methionine-based detection utilized proteins de novo synthesized within 24 h, itwas

not ising that flow cy Y i itive than S ionine

labelling/immunoprecipitation method. Based on the above results, WHV antigen

xpression was routinely by flow cytometry analysis but not by *S-
methionine labelling assay.

Other main differences between the first (Table 3.4) and second (Table 3.5)

phase of experiments were that in the former, WHV cccDNA expression was not

examined and that for detection of WHV core gene sequences, primer pairs PCNV-

COR and PPCC-CCOV (Table 2.2) were used. Moreover, the time between



Figure 3.10. SDS-PAGE analysis of anti-WHs antibody immunoprecipitated
proteins from WHV-infected WCM 260 hepatocytes labelled in vitro with *S-
methionine. One mi of culture supematant (WHV/260 c.s.) from infected

hepatocytes and approximately 3 x 10° of the hepatocytes (WHV/260) were

imm ipi ith rabbit anti-WHs and protein A beads.

eluted from protein A beads were loaded onto a 12% gel for SDS-PAGE analysis.
Electrophoresed gel was dried and exposed for 7 days on Kodak X-OMAT film at
-70°C. As negative controls, non-infected hepatocytes (260) labelied with *S-
methionine and their culture supematant (260 c.s.) were immunoprecipitated with
anti-WHs and protein A beads. The molecular weights (kDa) of the protein markers
are shown on the left of the panel and the sizes of the identified WHsAg

polypeptides (51, 44, and 31 kDa proteins); are shown on the right side of the panel.
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hepatocyte seeding and their inoculation with WHV was reduced from 72 h in the

former set of experiments to 24 h in later i This was i to

ensure that the cells were exposed to the virus during an early phase of active

growth. Furthermore, instead of ending the i at5dp.i, i in

the second phase were terminated when the celis reached confluence at 4 d.p.i. as
it was established that WHV cccDNA can be identified beginning from 3 d.p.i. (see

below).

3.4.2 Kinetics of WHV DNA and WHV cccDNA in WCM-260 hepatocytes after
in vitro infection.

Inan i i to ine the time course of WHV DNA and

cccDNA accumulation in in vitro infected WCM-260 hepatocytes, cells exposed to
1 x 107 WHV vge/mi of serum WHV were harvested at 1, 2, 3, and 4 d.p.i. and
analysed by direct PCR. It was found that WHV DNA was present in the
hepatocytes from 1 d.p.i. and its expression was unchanged at each of the time
point examined (Fig. 3.11A). Based on the densi ic analysis, it was

that 1 in 40 hepatocytes contained a copy of WHV DNA. WHV cccDNA was
identified beginning at 3 d.p.i., with a decrease (30%) in expression at 4 d.p.i. (Fig.

3.11B). Densitometric analysis of the bl idization signals

that at 3 d.p.i. and 4 d.p.i., approximately 1 in 300 and 1 in 430 celis contained a

copy of WHV cccDNA, respectively. This suggests that aithough WHV DNA is



Figure 3.11. The time course of the expression WHV DNA and WHV cccDNA in
WCM-260 hepatocytes exposed to serum WHV. Cells were seeded at 6 x 10*/ml
in 6-well culture plates for 24 h prior to incubation in WHV inoculum. At1d.p.i., the
hepatocytes were extensively washed with HBSS following standard procedures
described in Materials and Methods. A portion the these cells were harvested at 1
d.p.i. and DNase/trypsin treated before being subjected to DNA analysis. The

remainder of the were st with fresh growth

medium and allowed to grow until 2, 3 or 4 d.p.i. At each of these time points,
WCM-260 cells were harvested and DNaseftrypsin treated prior to DNA extraction.
Subsequently, approximately 4 ug of mung bean nuclease-digested DNA isolated
from the hepatocytes (WHV/260) at the above time points were evaluated for WHV
DNA (panel A) or WHV cccDNA (panel B) expression by PCR/Southern blot
hybridization. As a positive control, 50 fg of 'WHV DNA and as a negative control,
4 g of mung beanr {reated DNA fro infected WCM-260

were used. The sizes of the amplified PCR products are marked on the right.
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found a day after exposure to virus, WHV replication occurs a few days later and

rapidly decreased when cells reach confluence.

3.4.3. of WHV in under higher

stringency conditions.
Table 3.5 summarises the results on evaluation of WHV DNA and WHV

cccDNA

Xpi ion in WCM-260 exposed to inocula derived from

id cell culture

P or from sera obtained from woodchucks with

chronic WHYV infection. In all experiments, lymphoid cells used as sources of

inocula and target were subj to limited digestion with DNase and
trypsin (Section 2.4.1) to ensure that only intracellular viral sequences were being

examined (for more i ion, see Fig. 3.15). Exp ion of WHsAg and WHcAg

in in vitro infected hepatocytes was identified by staining with anti-WHs or anti-WHc
and by FACS analysis.

Overall, the data from these experiments revealed that intracellular WHV
DNA was detected in all (14/14) trials in which cultured woodchuck hepatocytes
were exposed to WHV inocula prepared from either lymphoid cells or sera (Table
3.6). Further, WHV cccDNA sequences, reflecting existence of replicating virus,

were identified in half (7/14) of the experiments. In addition, WHV antigens were

foundin approxi half (8/14) of withtestinocula.

The results fromrep! i i inwhich inocula originating from WHV-



Table 3.5. Detection of WHV markers in in vitro infected with lymphoid cell and serum-
derived WHV inocula.
Animal Exp:‘r‘i,manl Inoculum Infected hepatocytes
No. E
Source WHV WHV DNA expression® WHYV antigen
vge/ml detected (% of
positive cells)®
-3 total WHV DNA WHV cccDNA WHsAg | WHecAg
teste
(v9) direct PCR direct PCR | nested PCR
190 1 Serum 7.2x10° 1 + + nt. 0 0
19056 2 Serum 12x10° 25 . . . 53 0
PBMC <3x10° 5 + - - 0 0
3 PBMC <3x10¢ 26 + - . 20 12
4 Serum 8.4x10° 1 . - - 0 18
5 Splenocytes 1.0x 10" 82 + . nt 26 0
19100 (] Serum 4x10° 0.1 +* - - 0 0
PBMC <3x10* 0.1 + - - 0 19
563 T Serum 1.4x10° 5 + - - 0
Splenocytes 2x10" 5 + - - 0
8 Serum 1.4x1 5 + g nt 0 13
Splenocytes 2x10 5 + + nt 0 0
9 Splenocytes 2x10" 5 + + nt 0 26
184, 270, 10 PBMC <ax10' 02 . = + 0 20
1255, 1256 (pool)
e e e
#Tested by direct or nested PCR followed by Southern biot hybridization with Mm DNA 85 a probe.

- R.puum % of tested cells wmo umﬂm fluorescence !lhln control cell poj
by di

nt, lwll.ﬂ.d

pulati
irect PCR followed by SolMlm biot hybridization.



Table 3.6. Summary of results from in vitro infection of WCM-260 hepatocytes with WHV inocula derived from

lymphoid cells or sera.

Markers of viral replication in hepatocytes

Source of WHV Total no. of WHV DNA expression WHYV antigen expression
inoculum experiments (WHsAg and/or WHcAg)
total WHV DNA WHV cccDNA
PBMC 4 4/4 1/4 3/4
Splenocytes 4 4/4 3/4 2/4
Serum 6 6/6 36 36
Total 14 14114 714 8/14
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reactive PBMC, splenocytes or sera were used are described below.

The data from experiment #1 (Table 3.5) illustrate detection of WHV DNA
and WHV cccDNA sequences in WCM-260 cells exposed to highly WHV DNA
positive serum (3.6 x 10" vge/ml) which was used as WHV inoculum at a final
concentration of 7.2 x 10° vge/ml. After direct PCR amplification and Southern
blotting, a strong WHV DNA signal and a weaker, but clearly identifiable WHV
cccDNA, were seen in the hepatocytes (Fig. 3.12). However, the inoculated WCM-
260 cells were found to be negative when tested for WHV antigens (Table 3.5).

When spl yte culture s ining 2 x 10" WHV vge/ml was
used as a source of virus (experiment #9, Table 3.5), both WHV DNA and WHV
cccDNA, as well as WHcAg, were detected in the exposed WCM-260 cells. Based
on the densitometric analysis (Fig. 3.13A), it was estimated that at least 1 in 30 and
1 in 300 hepatocytes contained a copy of WHV DNA and WHV cccDNA,
respectively. When virus core antigen expression was evaluated by FACS, about
26% of the analysed hepatocytes were found positive (Fig. 3.13B). Taken together,
these results indicate that splenocyte-derived WHV was capable of establishing
infection in cultured woodchuck hepatocytes.

In another experiment (experiment #8, Table 3.5), WCM-260 hepatocytes
were incubated with either splenocyte culture supematant (2 x 10’ WHV vge/ml) or
serum (1.4 x 10° WHV vge/ml), which originated from the same #563 woodchuck.

WCM-260 cells exposed to these inocula and subsequently digested with



Figure 3.12. Detection of WHV DNA and WHV cccDNA in WCM-260 hepatocytes
infected with WHV-positive serum from a chronically infected woodchuck (#190).

Five pg of mung bean nuci I DNA ined from 4 d.p.i.-WCM-260

hepatocytes (WHV/260) which were exposed to serum WHV and from a 100-ul
sample of the hepatocyte culture supematant (WHV/260 c.s.) were amplified by
direct PCR with WHV core gene or nick-spanning primer pairs to detect total WHV
DNA or WHV cccDNA. One pg of mung bean nuclease-treated DNA isolated from
the liver of a chronic WHYV carrier and 100 ng of rWHV DNA were used as positive
controls, whereas 5 ug of mung bean nuclease-treated DNA isolated from non-

infected WCM-260 hepatocytes was used as a negative control. The products were

by idization with *P- WHVDNA. Th

sizes of PCR fragments are indicated on the right.
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Figure 3.13. Southem biot detection of WHV DNA and WHV cccDNA and flow
cytometry analysis of WHcAg expression in WCM-260 hepatocytes incubated with
WHV produced by splenocytes isolated from a chronically infected animal (#563).
(A) Five pg of mung bean nucle:

ig DNA from WCM-260

to (WHV/260) and from 100 pl of the
hepatocyte culture supernatant (WHV/260 c.s.) were amplified by direct PCR to
detect total WHV DNA and WHV cccDNA sequences. Fifty fg of 'WHV DNA was
used as a positive control, while 5 ug of mung bean nuclease-digested DNA from
non-infected WCM-260 hepatocytes was used as a negative control. The PCR
amplified fragments were hybridized with 2P-labelled 'WHV DNA. The sizes of the
identified PCR products are marked on the right. (B) FACS histogram of test WCM-
260 hepatocytes stained with anti-WHc antibodies. WHV-exposed (solid line) and

non-exposed (dotted line) hep: Y

againstWHcAgand . z » =
FITC. Cell numbers (counts) are plotted against the log of fluorescence intensity

(FL1-Height). The number inside the panel indi WHCcAg-positive

cells.
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DNaseltrypsin to eliminate WHV material potentially attached to the cell surface
were found to be reactive for both WHV DNA (Fig. 3.14A) and WHV cccDNA (Table
3.5) by direct PCR/Southern blot hybridization. WHcAg was detected only in 13%
of the hepatocytes exposed to serum-derived WHV (Fig. 3.14B), whereas the cells
incubated with splenocyte-derived inoculum were both WHcAg and WHsAg non-

reactive (data not shown). Although inoculum originating from serum had 7-fold

greater WHV vgq mithanthat i j 0

of the Southern blot signals (Fig. 3.14A) showed that hepatocytes infected with
these inocula had approximately equal WHV DNA content after 96-h culture.

In experiment #2 (Table 3.5), cultured hepatocytes were exposed to culture
supernatant from PBMC, as well as to f #19056

<3x10° WHV vge/mi and 1.2 x 10° WHV vge/ml, respectively. In this experiment,
DNaseftrypsin-treated PBMC, obtained before and after a 72-h culture to produce
cell supernatant (WHYV inoculum), were examined for WHV DNA expression and
both samples were found to be WHV DNA-reactive (Fig. 3.15A). Further, it was
found that the final PBMC wash obtained after DNase/trypsin digestion was
negative for WHV DNA, indicating that the treated PBMC were free of any
extracellular WHV material when tested using a PCR/Southern biot hybridization
assay (Fig. 3.15B). Despite the fact that WHV DNA was not detectable in 72-h
culture supernatant fromthese PBMC (Fig. 3.15A), WCM-260 hepatocytes exposed
to this inoculum were evidently WHV DNA positive (Fig. 3.16A). The final



Figure 3.14. In vitro infection of WCM-260 hepatocytes with splenocyte and serum-
derived WHV obtained from #563 animal. (A) Five pg of mung bean nuclease-

digested DNA from WCM-260 cells exposed to either serum (WHV-serum/260) or

te (WHV- 0) i were amplified by direct PCR with
PCOR1-MCOR primer pair to detect total WHV DNA. One pg of mung bean
nuclease-digested DNA derived from a WHV chronic carrier was included as a
positive control and 5 ug of mung bean nuclease-treated DNA from non-infected
WCM-260 hepatocytes (C), as well as a mock (M) sample were included as
negative controls. The PCR amplified were i ified by blot

hybridization with a *P-labelled r'WHV DNA probe. The size of the amplified PCR
product is shown on the right side of the panel. (B) FACS histogram shows WHV
inoculum-exposed (solid line) and virus naive (dotted line) hepatocytes stained with
anti-WHc antibodies. Cell numbers (counts) are plotted against the log of
fluorescence intensity (FITC). The number inside the panel indicates percentage

of WHcAg-positive cells.
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Figure 3.15. Analysis of WHV DNA content in serum and PBMC-derived inocula

from #19056 woodchuck and in PBMC and washes ined during the
course of experiment #2. (A) DNA from 50 pi of serum, 1 pg of mung bean
nuclease-digested DNA from D! in-treated PBMC, before

(PBMC) and after 3-day culture.(cultured PBMC), and DNA from 100 pi of PBMC

culture supernatant (PBMC c.s.) were lysed for WHV DNA expi ion by direct

PCRusing WHV g ific pri . (B)Mung treated DNA

were extracted from 100-ul samples of the final PBMC wash after DNase/trypsin

digestion (DNase wash [PBMC]), from hepatocyte wash collected at 1 d.p.i. from

WCM-260 celis exposed to either serum i lum (1d.p.i. [WHV- ),

or PBMC inoculum (1 d.p.i. wash [WHV-PBMC/260]), and from the wash obtained

at4d.p.i.afterD ypsir of WCM-260 to WHV

from serum (DNase wash [WHV-serum/260]) or to WHV from PBMC (DNase wash
[WHV-PBMC/260]). The DNA preparations were subjected to WHV DNA testing by
direct PCR with WHV core gene-specific primers. Mung bean nuclease-digested
DNA derived from a WHV chronic carrier was used as a positive control, whereas
amock sample was included as a negative control. PCR products were probed with
%p.|abelled r'WHV DNA. The size of the amplified fragment is shown on the right.



dq 06v>

Positive control

DNase wash (PBMC)

1d.p.i. wash (WHV-serumv/260)
DNase wash (WHV-serum/260)
1.d.p.l. wash (WHV-PBMC/260)
DNase wash (WHV-PBMC/260)
Negative control

dq 06v>

Positive control

Serum

PBMC

Cultured PBMC
PBMC c.s.
Negative control



Figure 3.16. Southem biot hybridization and FACS analyses of WCM-260
hepatocytes exposed to PBMC or serum-derived WHYV prepared from #19056
woodchuck. (A) Approximately 2.5 ug of DNA from hepatocytes incubated with
serum WHV (WHV-serum/260), 5 ug of DNA from WCM-260 cells exposed to
PBMC-derived inoculum (WHV-PBMC/260), and DNA extracted from 100 pl of 4

d.p.i. cultur P i with WHV i from serum
(WHV-serum/260 c.s.) or PBMC (WHV-PBMC/260 c.s.) were amplified by direct
PCR with WHV core gene-specific primers and by nested PCR with WHV nick-
spanning primers to detect WHV DNA and WHV cccDNA sequences, respectively.
As a positive control, mung bean nuclease-digested DNA derived from a WHV
chronic carrier was used, whereas as a negative control, a mock sample was
included. (B) Cells exposed to #19056 woodchuck serum were stained with anti-
WHs antibodies and analysed by flow cytometry. Histogram of hepatocytes
exposed to inoculum (solid line) was overlaid on histogram of non-exposed, virus
naive cells (dotted line). Cell numbers (counts) are plotted against the log of
fluorescence intensity (FL1-Height). The number inside the panel indicates the
percentage of the hepatocytes exposed to inoculum that were reactive with anti-
WHs antibody.
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t wash ined after 24 h (1d.p.i.) to PBMC-derived inoculum

was WHV DNA negative, demonstrating that WHV used for inoculation was

removed from the hepatocyte culture (Fig. 3.15B). In addition, the final hepatocyte

wash ined following DNA ypsin digestion after 4 d.p.i. culture (see Fig. 2.1)
was WHV DNA non-reactive. The above results convincingly document that the
WHYV DNA signal i ified in the to WHV by WHV-

infected PBMC was of intracellular origin. In the same experiment, WCM-260 cells
were also incubated in serum WHV. It was found that after exposure to this
inoculum, hepatocytes became both WHV DNA and WHV cccDNA positive (Fig.

3.16A). Since th wash after 24-h to serum WHV and the final

wash after DI ypsin digestion of these cells at 4 d.p.i. were WHV

DNA negative (Fig. 3.15B), this clearly demonstrates that the WHV DNA detected

was of intracellular origin. In addition, approxi 50% of the

incubated with serum WHV expressed WHsAg when tested by FACS (Fig. 3.168).
In another i culture prep: from PBMC isolated

from 4 WHV chronic carriers (#184, #270, #1255 and #1256) were pooled and used
as a source of WHV (experiment #10, Table 3.5). This inoculum contained less
than 3 x 10* WHV vge/ml. blot

ybridization of PCR amplified

using primers specific for WHV core gene or nick-spanning region revealed that the

inoculL xposed ined i WHYV DNA (Fig. 3.17A) and

WHV cccDNA sequences were detectable after nested PCR/Southem biot



Figure 3.17. Detection of WHV DNA and WHV cccDNA in hepatocytes incubated
with pooled PBMC culture supematants from WHsAg-positive WHV carriers. One
Hg of mung bean nuclease-treated DNA from inoculum-exposed WCM-260 celis
(WHV/260) and DNA from 100 ul of culture supernatant (WHV/260 c.s.) were
analysed for WHV DNA expression by direct PCR (panel A) and by nested PCR
(panel B), for identification of WHV DNA and WHV cccDNA, respectively. As
positive controls, 100 pg of 'WHV DNA and 1 pg of mung bean nuclease-digested
DNA isolated from the liver of a chronically infected woodchuck were used, while
non-infected hepatocytes (C) and a mock (M) sample were included as negative
controls. The size of the predicted PCR products is shown on the right side of the

panel.
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hybridization (Fig. 3.17B; band not obviously visible on photograph). This was the
only experiment in our study in which WHV cccDNA was detected in hepatocytes
inoculated with PBMC-derived WHV.

In all the remaining experiments (n = 5; Table 3.5), which included incubation

of WCM-260 cells with WHV-positiv i #4, #5, and #7), WHV from
PBMC (experiments #3 and #6) and WHYV from splenocytes (experiments #5 and
#7), WHV DNA was after DN

ypsi of the cells by direct
PCR/Southern blot hybridization. WHV cccDNA was found in one of the two trials
in which splenocyte inoculum was used. WHV surface and/or core antigen-positive

hepatocytes were identified in 4 of the experiments (#3, #4, #5 and #6).

ingly, i with PBMC-derived WHV were reactive for

WHsAg and/or WHcAg in 2 of the trials despite the fact that WHV cccDNA

sequences were not by nested PCI biot
suggesting that replicating virus in fact existed in these calis.

In summary, derived inocula i 10-fold greater
amounts of WHV vge/ml (mean 3.3 £ 3.5 x 10° WHV vge/ml) than those from

splenocytes (mean 1.97 +0.05 x 10" WHV vge/mi), WHV cccDNA was detectable

inthet with { the same proportion of the trials (Table 3.6).
Furthermore, WHsAQ and/or WHcAg was identified in 50% of the experiments in
which serum or splenocyte WHV was used. This may suggest that virus produced

by infected was more effective in the i ion of WHV




Inocula obtained from cultured PBMC, which contained less than 3 x 10

WHYV vge/ml, were y less ive in the i of WHV
inWCM-260 vh by WHYV cccDNA expression (Table 3.6).
The observed di b the app infectivity of splenocyte and

PBMC-derived WHV was most likely due to the low levels of virions secreted in

culture by naturally-infected PBMC, gh the same and

PBMC were used to generate this inocula (see Section 2.4.3). This observation
may suggest that the number of splencocytes infected with WHV or the rate of WHV

propagation in these cells is greater than that in circulating lymphoid cells.

3.4.4 Inoculum WHV content influences the efficacy of hepatocyte in vitro
infection.

To examine the effect of WHV content on the inoculum infectivity in WCM-

260 cultures, ivedi prep ically infected
woodchuck (#563) and two-fold diluted with conditioned Hepato-STIM™ to obtain
1x107, 5 x10% and 2.5 x 10° WHV vge/ml. DNA samples isolated from inoculated
hepatocytes after 4-day cultures and analysed by PCR/Southemn blot analysis

showed a in WHV DNA ion in as the dilution rate of

WHYV inoculum increased (Fig. 3.18A). Based on densitometric analysis, it was

that approxi 1in40 ytes exposed to 2.5 x 10° WHV vge/ml



Figure 3.18. Expression of WHV DNA and WHV cccDNA in in vitro infected

hepatocytes depends on the WHV content in the inoculum. Approximately 8 ug of

DNA it

mung beanr
supernatant containing WHV at 2.5 x 10°, 5x 10° and 1 x 107 vge/ml were amplified
by direct PCR with PCOR1-MCOR primer pair (A) and by nested PCR with PGAP1-
MCOR and then XINT-CCCV primers (B). One pg of mung bean nuclease-treated
DNA from WHV-positive liver and 50 fg of rWHV DNA were used as positive
controls, while 8 ug of mung bean nuclease-digested DNA from non-infected WCM-
260 hepatocytes (C) and a mock (M) sample were used as negative controls. The
PCR-amplified fragments were hybridized with ¥P-labelled rWHV DNA. The
expected sizes of PCR products are marked on the right.
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contained a single WHV genome copy (Fig. 3.18A, lane 3). In addition, Southemn
blot analysis of nested PCR products ampiified with primers spanning the virus nick
region revealed that WHV cccDNA was present in hepatocytes exposed to 1 x 107
WHV vge/ml (Fig. 3.18B, lane 4), as well as in the cells incubated with greater
dilutions of the same inoculum, aithough these signals were only identifiable after
prolonged exposure of same blot (data not shown). These results suggest that the

WHYV inocula should contain at least 1 x 107 vge/mi to induce infection in cultured

woodchuck ithreadily identi WHV cccDNA levels. Furthermore,
this experiment supported our hypothesis that WHV content in an inoculum is the

main determinant of the level of viral replication in WHV-exposed WCM-260

hepatocytes.
3.45 WHVis ble fro cells to hepatocytes in the
same co-culture.

To investigate whether WHV from id cells can be itted directly
to WCM-260 and if this can improve the infection of

hepatocytes and create a micro-environment in which the virus can have access to
two types of target cell (i.e., non-infected lymphoid cells or hepatocytes), PBMC
isolated from a WHsAg-carrier were co-cultured with WCM-260 hepatocytes, as

described in Section 2.7.2 of i South is of PCR

y

products amplified with WHV core gene-specific primers revealed the presence of
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intracellular viral DNA in the co-cultured, D ypsin treated (Fig.
3.19A). Based on the densitometric analysis, it was estimated that 1 in 30 infected
hepatocytes contained a copy of viral genome. WHV cccDNA was not detected in
the hepatocytes even after nested PCR followed by Southem blot hybridization.
This could be due to the low amounts of virus generated by co-cultured PBMC, as
previous experiments have shown that when hepatocytes were incubated with
inocula containing less than 107 WHV vge/mi, WHV cccDNA was usually not readily

detectable (see Section 3.4.4).

In another i using PP above, naturally infected

splenocytes were co-cultured with WCM-260 hepatocytes. WHV DNA was

identified in DI ypsil d bef d after culture (Fig. 3.19B,

lanes 2 - 4) and in the co-cultured WHV-exposed hepatocytes (Fig. 3.19B, lane 5).
It was estimated that approximately 1 in 5 of the co-cultured WCM-260 cells
contained a copy of WHV DNA. Thus, co-culture of WHV-positive splenocytes with
hepatocytes yielded greater (approximately 6-fold) numbers of WHV DNA-positive
target cells than those co-cultured with PBMC. This phenomenon is most likely a
consequence of the higher amounts of virus that is released by splenocytes

compared to PBMC.



Figure 3.19. WHV DNA detection in with ly WHV-

infected lymphoid cells. (A) Mung bean i DNA (2.5 pg/

extracted from hepatocytes (WHV/260) co-cultured with PBMC isolated from a
chronic WHV carrier was amplified by direct PCR using core gene primers
(PCOR1-MCOR) to determine WHV DNA expression. (B) DNA (0.4 pg/reaction)
samples extracted from WHV-positive non-cultured splenocytes (not cultured),
splenocytes cultured without hepatocytes for 96 h (cultured) or co-cultured with

WCM-260t ( and (WHV/260) co-cultured

pl Y 'CRwith PCOR1-MCOR primers to detect
WHV DNA. In each biot, 50 fg of rWHV DNA was inciuded as a positive control,
whereas non-infected cells (C) and a mock (M) sample were used as negative

controls. El i R ith 2P-labelled

rWHV DNA by blot idization. The positions and sizes of the WHV

DNA-specific PCR product are indicated on the right side of the panels.
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3.5 PROPAGATION OF INFECTIOUS WHV THROUGH PASSAGES IN

CULTURED WOODCHUCK HEPATOCYTES
3.5.1 Transmissibility of lymphoid cell-derived WHV in serial WCM-260
hepatocyte cultures

WHV-naive WCM-260 were to culture st

derived from PBMC of #19109 woodchuck (Experiment #5, Table 3.5; see also Fig.
2.2). WHV DNA was found in these hepatocytes (Fig. 3.20A, lane 2) and in their

culture at4d.p.i. (Fig. 3.20B). In addition, flow
cytometry analysis revealed that at least 19% of the hepatocytes expressed WHcAg
(Fig. 3.20D) It was estimated that the original (primary) hepatocyte culture

supernatant (i.e., i at4d.p.i. iNG @XpH to WHV), contained 1.3 x

10* vge/ml of medium. Subsequently, this culture supematant was used as

to WHV to vi ive WCM-260 cells.

i that were i with the primary hepatocyte culture
supematant were collected after each of the five passages, DNase/trypsin treated,
and examined by nested PCR/Southemn blot analysis with WHV DNA C gene
primers (see Fig. 2.2). These WCM-260 cells were found to be WHV DNA reactive
(Fig. 3.20C). The number of WHV vge detected in the cells recovered after each
passage was lower than that in the second passage, but not significantly different
between passages 3 to 6 (Table 3.7). This indicates that aithough PBMC-derived
virus was evidently transmitted from one WCM-260 hepatocyte culture to another,



Figure 3.20. Expression of WHV DNA in WCM-260 hepatocytes infected with
PBMC-derived WHV, ture andin d

to the WHV. (A) Approxi 0.2 pg of DNA isolated from WCM-260

cells exposed to either serum (WHV-serum/260) or PBMC (WHV-PBMC/260)
inoculum and their 4 d.p.i. culture supematants (WHV-serum/260 c.s. or WHV-
PBMC/260 c.s.) were evaluated for WHV DNA by direct PCR with WHV core gene-

specific primers. (B) DNA from 50 pl of h culture
supematants obtained 4 days after infection with WHV originating from serum
(WHV-serum/260 c.s.) or PBMC (WHV-PBMC/260 c.s.) were amplified by direct
PCR to identify WHV DNA. (C) Different amounts of DNA (see Table 3.7) isolated

from WCM-260 to WHV (Passage No. 2 - 6) and

DNA from 100 pl of concentrated 6th passage culture supernatant (6" passage c.s.)
were analysed.for WHV DNA by nested PCR. One pg of DNA from the liver of a
chronic WHV carrier and 1 fg of ''WHV DNA were included as positive controls while
non-infected hepatocytes (C) and a mock (M) sample were used as negative
controls. PCR products were hybridized to a 'WWHV DNA probe. The sizes of the
identified PCR products are shown on the right. (D) Flow cytometry histogram of
WCM-260 cells exposed to PBMC-derived WHV (solid line) and virus naive WCM-

260 cells (dotted line) stained with rabbit antibodies against WHcAg. Cell b

(counts) are plotted against the log of fluorescence intensity (FITC). The number

in the panel is the percentage of WHcAg-positive cells.
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Table 3.7. WHV genome contents in sequential WCM-260 hepatocyte cultures

infected with lymphoid cell-derived passaged WHV".

Passage No.  Total DNA used in PCR® WHV vge
()] per g DNA®
2 03 683
3 1.12 200
4 18 132
5 18 104
6 0.85 172

* Based on densitometric analysis of hybridization signals presented in Figure
3.20C.

® Calculated from the absorbance at 260 nm.

©WHV vge content i Y ion from the vge number

in 1 fg of 'WHV DNA standard which was amplified by PCR in parallel.
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the virus did not multiply exponentially in the culture system.
In addition, the culture supemnatant from the final sixth passage was
evaluated for WHV content after lion by i i It was found

that this culture (1ml) ined 2.2 x 10* WHV vge (Fig.

3.20C, lane 2). Approximately 1.3 x 10° WHV vge was injected intravenously into
a WHV-naive woodchuck.

352 of WHV in serial I to a WHV-
naive woodchuck

Analysis of pl
with it i i in WCM-260 cells

of WHV derived from infected PBMC showed the appearance of WHV DNA
sequences beginning at 7 d.p.i. (Fig. 3.21A). WHV DNA persisted in the circulation
of the woodchuck until the end of the follow-up (70 d.p.i.), however, its levels varied,
sometimes falling below the detection limit of the nested PCR/Southem biot
hybridization assay. Similar results were obtained when sequential PBMC samples
were analysed for WHV core gene sequence expression (Fig. 3.21B). Analysis of
WHV cccDNA in the peripheral lymphoid cells showed a low but persistent
presence of this replicating DNA species (Fig. 3.21C). Liver biopsy obtained at 42
d.p.i. was found to be positive for WHV C gene (data not shown) and X gene (Fig.
3.21D, lane 2). Although molecular evidence of virus infection was detected, anti-



Figure 3.21. Expression of WHV DNA in sera, PBMC and liver of a woodchuck

inoculated with WHV originating from circulating id cells that was passaged

for six times in WCM-260 cultures. i l ined atthe

indicated days post-inoculation (d.p.i.) were analysed by nested PCR using primers

specific for different WHV genes. Subsequently, PCR products were probed with

%p_|abelled r'WHV DNA by blot hybridization. (A) Detection of WHV C
gene sequences in DNA extracted from 100 pl of serum samples taken before and
after inoculation. (B) Identification of WHV C gene expression in DNA samples (1

Hg/reaction) isolated from PBMC of the inoculated woodchuck. (C) Mung bean

nucl di DNA (5 pglreaction) from PBMC amplified by PCR with WHV
cccDNA-specific primers. (D) Five ug of DNA obtained from a liver sample taken
at 42 d.p.i. was analysed using WHV X gene-specific primers. One ug of DNA from
WHV-positive liver was used as a positive contrcl and a mock sample was included
as a negative control. The position and size of the WHV DNA-specific PCR

products are marked on the right side of the panels.
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WHec antibodies and WHsAg were not present and the woodchuck did not exhibit
histological evidence of viral hepatitis. This pattern of WHV infection is usually

observed when WHV doses containing 10°-10* vge are administered into adult,

dchucks (Coffin & Mi 1999). The signif of the above
lies in that WHV originating from WHV-infected lymphoid cells and passaged
sequentially in woodchuck hepatocyte cultures remains infectious to the virus-naive
host. Therefore, these results fully support our findings presented in the previous

section (Section 3.4) where the i in vitro i that

lymphoid cell-derived virus is biologically competent and capable of establishing

infection in hepatocytes.

3.6 THE EXTENT OF /N VITRO WHV INFECTION IS MODIFIED BY
INTERFERENCE WITH THE EXTREME N-TERMINAL REGION OF THE WHV
LARGE ENVELOPE PROTEIN.

In regard to recognition of the nature of WHV-cell interaction, previous

studies from our Y that the binding of anti-WHV preS1(1-25)
antibodies (anti-LP1) to synthetic analogues bearing a 4-amino acid host cell
recognition motif (NPDK; designated as WHV CBS1) was inhibited by extracts from
woodchuck hepatocytes, splenocytes and PBMC, but not those from other
woodchuck tissues (Michalak et al., 1991; Jin et al., 1996) (see also Section 1.7.5).

This suggested that the WHV-host interaction and subsequent entry could be
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mediated by the N-terminal domain of the WHV large envelope protein. To assess
whether this preS1(1-25) region is involved i in vitro WHV-hepatocyte binding and
subsequent viral invasion, the effect of rabbit anti-LP1 antibodies or the WHV
preS1(1-13) synthetic peptide (JP1) on the in vitro WHV infection of WCM-260

hepatocytes was investigated.
WCM-260 cells exp to derived i ining 1 x 107
WHYV vge/mliinthe p of 10% anti-LP1, d i 50% reducti

in intracellular WHV DNA content when compared with the signal detected in the
cells incubated with the same inoculum supplemented with 10% rabbit preimmune
serum (Fig. 3.22). Densitometric analysis of the Southern blots revealed that 1 in
40 hepatocytes which were incubated with WHV in the presence of anti-LP1
contained a copy of WHV DNA and 1 in 20 WCM-260 cells which were exposed to
WHV and preimmune serum have at least a single WHV vge. This finding indicates
that by interaction with WHV CBS1, anti-LP1 antibodies are able to diminish virus
binding and its uptake by host hepatocytes and subsequently lower the viral
replication in these cells.

Inasupplementary experiment, the effect of JP1 peptide, which represent the
WHV preS1(1-13) sequence, on WHV-host cell interaction was tested. For this
purpose, WCM-260 cells were exposed to splenocyte-derived WHV inoculum
containing 1 x 107 vge/ml in the presence of 15 ug/mi of JP1. It was found that JP1

at this { the it WHV DNA signal by 90% when



Figure 3.22. Anti-LP1 antibodies inhibit in vitro WHV infection of WCM-260

hepatocytes. WCM-260 cells were exposed to WHV (1 x 107 vge/mi) derived from

Pl ytes of a i infected in the ab: (WHV/260) or
presence of 10% (vol/vol) of rabbit preimmune serum (WHV/260 + preimmune
serum) or presence of 10% (vol/vol) of anti-LP1 serum (WHV/260 + anti-LP1). (A)
Five pg of mung bean nuclease-treated DNA isolated from the test cells were
evaluated for WHV DNA content by direct PCR using PCOR1-MCOR primer pair.
The PCR products were then probed with 2P-iabelled rWHV DNA. As positive
controls, 1 pg of mung bean nuclease-digested DNA from liver a chronic WHsAQ
carrier and 50 fg of rWHV DNA were included, whereas DNA from non-infected
hepatocytes (C) and a mock (M) sample were used as negative controls. The size
of the PCR amplified fragment is shown on the right of the panel. (B) Plot of net
digital light units (net DLU) of the WHV DNA hybridization signals shown in panel

A y by densif
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jpared with that in the cells i with the same inocuium alone

(Fig. 3.23). Densitometric analysis of the Southem biot revealed that 1 in 230

which were it with WHV in the presence of JP1 contained a

single WHV vge and that 1 in 28 WCM: which to WHV alone

have at least a copy of WHV DNA. Since JP1 peptide was apparently able to inhibit
the WHV invasion of host hepatocytes in vitro, this result suggests that the synthetic
preS1(1-13) amino aci i i l, i ious WHV

particles for binding to the hepatocyte surface.

Taken together, these findings support previous data (Jin et al., 1996)

indicating thatthe WHV preS1(1-1 ining the predil WHVCBS1
is in factinvolved in WHV- binding and i ization of the
virus.

3.7 WHV cccDNA SPECIFICITY CAN BE DETECTED IN CIRCULATING VIRIONS

Inthe course of developing a WHV cccDNA-specific PCR assay, it was found
that mung bean nuclease-treated DNA extracted from sera of WHsAg-positive
chronic WHV carriers contained WHV DNA molecules with a repaired nick region.
To confirm this unexpected observation, a series of experiments were done to
determine whether this WHV cccDNA species exists as intact virions or occurs in
a free form in circulation. For this purpose, WHV virions was enriched from sera of
woodchucks #191 and #943 by ultracentrifugation through a 30% sucrose cushion



Figure 3.23. JP1 peptide inhibits in vitro WHV i i ick

WCM-260 cells were exposed to WHV (1 x 107 vge/ml) derived from naturally
infected splenocytes in the presence (WHV/260 + JP1) or absence (WHV/260) of
15 pg/ml of JP1 synthetic peptide. One ug of mung bean nuclease-treated DNA
isolated from the cells was tested for WHV DNA content by direct PCR using
PCOR1-MCOR primers. The PCR products were then probed with *P-labelled
rWHV DNA by Southern blat hybridization. As positive controls, 1 g of mung bean
nuclease-digested DNA from the liver of a chronic WHsAg carrier and 50 fg of
rWHV DNA were included, whereas DNA from non-infected hepatocytes (C) and a
mock (M) sample were used as negative controls. The size of the PCR amplified
fragment is shown on the right of the panel.
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(Section 2.5.1) and subj totriple DN igestion (Section 2.5.2)

remove n ped WHV DNA Sub: ‘ i K/phenol-
chioroform extracted DNA was digested with mung bean nuclease and used as a
template for PCR amplification with PGAP1-MCOR or PCOR1-MCOR primers.
Southern blot examination of the PCR products obtained by amplification with
PGAP1-MCOR primer pair revealed the presence of WHV cccDNA specific-
sequences in DNase-resistant virions (Fig. 3.24), indicating that WHV DNA with
repaired nick region existed in the circulation. Furthermore, Southern blot analysis
of the PCR products amplified with WHV core gene primers demonstrated that most
of the WHV DNA extracted from serum pellets originated from enveloped virion
particles but not from freely circulating WHV DNA, as DNase digestion did not
significantly diminish the detection of WHV DNA (Fig. 3.24). To confirm that

DN igestion WHV DNA molecules from

tested serum samples, a plasmid

ing WHV genome susp in

serum from a healthy animal underwent the same triple DNase digestion as virions,

whichwas y DNA ion, PCR amplification with either PCOR1-MCOR
or PGAP1-MCOR primers, and Southemn blot analysis of the amplified products.

The results showed that DNase treatment eliminated WHV DNA reactivity from the

plasmid sample, while the i plasmid i positive (Fig.
3.24).

Subsequently, to further confirm the validity of the WHV cccDNA detection



Figure 3.24. Detection of WHV DNA and WHV cccDNA in DNase-resistant
circulating WHYV particles. Fifty pl of WHV virions prepared from the sera of two
chronically infected #191 and #943 woodchucks were either not treated (DNase -)
or extensively treated with DNase (DNase +) as described in Materials and
Methods. DNA extracted from the above samples was subjected to mung bean
nuclease digestion and analysed for WHV core gene and WHV cccDNA expression

by direct PCR with WHV core gene and WHV nick-spanning primers,

This was followed by blot idization of the PCR prod with a 22P-

labelled rWHV DNA probe. The following controls were included: rWHV DNA
incubated in the absence (DNase -) or presence (DNase +) of DNase and a mock
sample (negative control). The identified sizes of the PCR products are shown on

the right.
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in circulating viral particles, the PCR

ar from DN

virions that were amplified across the nick region (Fig. 3.24) or from a control WHV-
positive liver were sequenced either directly or after molecular cloning. In the
samples analysed, the existence of the WHV nick region sequence was confirmed.

The i qu in DN: i virions isolated from serum

of #3943 animal was identical with the i WHV DNA and

contained nucleotides located in position 1878-2043 of the WHV genome (Table
3.8, see also Fig. 3.25). This sequence includes the nick region beginning at
position 2011 (Galibert et al., 1982). These results strongly suggest that WHV DNA
sequences containing a repaired nick region (i.e., cccDNA) exist in circulating

enveloped virions.



Table 3.8. Summary of the data on nuclectide sequence analysis of mung bean

igH DNA from DNase-treated circulating WHV virions.
Sequencing Position of identified WHV DNA sequence®
primers
(position)* # 943 serum® #191 serum® | #1232 Liver
QP11 nt 1588-1633 1591-1723
(1501-1524)
Qx12 1878-2043 1875-1955 1870-2073
(1791-1809)
2 i itions aligned ing to Galibert et al., 1982 (GenBank
accession number J02442).

® DNA fragment amplified by PGAP1-MCOR primers was cloned and sequenced
as described in Materials and Methods.

¢ Sequence obtained by direct sequencing of the excised PCR product.

¢ As a positive control, PCR fragment amplified from DNA extracted from the liver
of a chronic WHsAg carrier was directly sequenced in parallel.

n.t., not tested.



Figure 3.25. Circulating, DNase-resistant WHV virions carry a repaired WHV nick
region. One i of cloned PCR product amplified with PGAP1-MCOR primers, which
originated from DNase-digested WHV virions prepared from serum of #9343
woodchuck was used as the template for cycle sequencing. As a positive control,
nick-spanning PCR product amplified from DNA of a WHsAg-carrier’s liver was also
sequenced under the same conditions. Nucleotide sequencing was done as
described in Materials and Methods using ZP-labelled QX12 primer. The
nucleotide positions relative to the published WHV genome (Galibert ef al., 1982;
GenBank accession number J02442) is marked on the right and the nucleotide
sequence is also shown on the right. Arows mark the location the putative WHV
nick region (1830-2011).
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CHAPTER FOUR : DISCUSSION

4.1 IDENTIFICATION OF REPLICATIVE WHV DNA SEQUENCES IN CULTURED

WOODCHUCK CELLS.
Itisg ly iged that ion of irus cccDNA within
host cells is indicative of active virus replication and itis i to

be the most reliable marker of active infection (Tuttleman et al., 1986b). In this

study, a signif effort d promised identification of WHV

cccDNAin cultured and id cells. As y our
initial experiments, the detection of WHV cccDNA in the in vitro WHV infection
system developed in this study was hindered by two main obstacles: (1) WHV

cccDNA occurred in cultured cells at quantities below the detection limit of the

used ; i.e., the blot analysis of virus DNA species

by ium chloride and (2) ion of WHV
cccDNA sequences in sera of woodchucks chronically infected with WHV which
were used as WHYV inocula (for further discussion of this issue see Section 4.8).

To ci these (1) a more itive PCR method i with

mung bean nuclease digestion of test DNA was adopted for detection of WHV
cccDNA and (2) all cells examined for WHV cccDNA presence by the above PCR

assay were subjected to ive DI ypsin di ion and washing to

eliminate any virions or WHV DNA fragments possibly attached to the cell surface.

As by the i data ined in the course of this study, these
steps ensured the full authenticity of the identified WHV cccDNA signals.
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Using a KC ipitati biot idizati the various
WHYV DNA replicating species can be distinguished based on their electrophoretic
migrations (Aldrich et al., 1989). In an agarose gel, the supercoiled hepadnaviral

cccDNA migrates faster, while the uncoiled rcDNA species has slower mobility

when compared with linear double stranded hepadnaviral DNA. The KCI
precipitation method allows for the isolation of non-protein associated DNA from
host DNA and integrated WHV DNA sequences, giving better resolution of the
various non-integrated WHV DNA forms after Southern blot hybridization.

Therefore, this method is superior to the conventional proteinase K/phenol-

ot DNA jon p giving more readily distinguishable WHV
rcDNA, cccDNA and ssDNA species. However, the sensitivity of this method, as
estimated in this study, was only ~10° WHV vge/sample (data not shown) and it was
not sufficient to detect small amounts of WHV cccDNA which typically occur in
lymphoid cells and lymphatic tissues even in chronic carriers with high WHV loads
and in in vitro infected WCM-260 hepatocytes.

In this study, the relative electrophoretic migration of WHV rcDNA and
cccDNA species isolated by the KCI precipitation method was found to be 3.8 and
2.3 kb, respectively. This result agrees with a previous report where WHV cccDNA
was found to have relative electrophoretic mobility of 2.3 kb (Moraleda et al., 1997).
The migratory pattemn of these WHV DNA species was also similar to that
demonstrated for HBV DNA and cccDNA, which migrate at 3.2 and 2.0 kb,



(Miller & i 1984). Our !
with EcoRI endonuclease, the various WHV DNA species (i.e., cDNA, cccDNA and
ssDNA) gave a single band consisting of linear 3.3 kb WHV DNA. This is in

agreement with that reported for HBV DNA by other investigators (Miller &

, 1984). Therefore, although we i ing WHV cccDNA by

the KCI ipitati blot idization method, this technique was not
utilized in our studies due to its intrinsic low sensitivity.

Subsequently, the PCR method of WHV cccDNA identification was adopted
from published procedures used for detection of HBV cccDNA sequences. The
strategy applied in this PCR assay is to allow for ampiification across the nick
region of hepadnaviral rcDNA. Thus, Tag DNA polymerase should generate the

PCR product doubls iral cccDNA while

amplification from virus rcDNA will i at the single-

stranded nick and gap regions existing in the hepadnaviral genome. Originally, the
method ped without the pi ing mung bean igestion (Kock

etal, 1996a). More recently, another group used mung bean nuciease to digest the
single-stranded nick and the gap regions of the HBV genome to further improve the
stringency of the cccDNA detection (Stoll-Becker et al., 1997). In our laboratory,
to increase the likelihood of WHV cccDNA identification by nick-spanning PCR, the
amounts of DNA and also mung bean nuclease used in each reaction were
ir c ingly, the MgCl, i ing the PCR
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mixture was changed to compensate for the larger quantities of EDTA employed to
inactivate mung bean nuclease. In addition, since the WHV-specific primers used
differed from the published HBV-specific primer sequences, the thermocycling
program was also modified to achieve optimal amplification conditions. In this
study, the primers that spanned the nick region of the WHV DNA minus strand were
designed to be at least 200 bases away, in both directions, from the nick, since the
location of the nick in different WHV isolates has not yet been as extensively

characterized as in HBV. The specificity of our WHV cccDNA detection procedure,

which i mung bean igestion of test DNA with subsequent PCR
amplification of the DNA digest with the virus nick region-specific primers, was
determined by nuclectide sequence analysis of the amplified WHV DNA fragments.
This analysis revealed complete homology between the amplified products and the
previously rep: WHYV nick

4.2 LYMPHOID CELLS MAINTAINED IN HEPATOCYTE GROWTH MEDIUM
SUPPORT WHV REPLICATION.

It was found that cells derived from the woodchuck lymphatic system, such
as PBMC and splenocytes, were able to survive in hepatocyte medium for up to 3
days without changes in cell viability and expression of WHV DNA. It was also
found that WHV cccDNA expression in lymphoid cells cultured for 3 days was the

same as in cells which were not cultured. These findings demonstrated that the
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nutritional supplementation in conditioned Hepato-STIM™ medium were adequate
for short-term culture of WHV-infected lymphoid cells and to support WHV

replication in these cells.

Itwas observed that WHV g xpression in cul kPBMC
substantially decreased after 6 days of culture. This was most likely due to the
rapid decrease in the cell survival as the culture progressed, which led to the loss
of lymphoid calls camrying the virus. Overall, the study established that woodchuck

id cells and can be maintained in the same culture conditions
(at least for 72 h) eliminating a need for i I ipulation on the lympl
cell-derived WHV inoculum. This i asi

which allows a direct transfer of the virus to fragile woodchuck hepatocyte cultures
for in vitro infection studies.
Although previous studies have shown that the presence of 10 pg/mi of LPS

induced the production of WHV ipts and ion of WHV virions in

naturally infected PBMC cultured in Dulbecco's minimum essential medium (Korba
et al., 1988) or in RPMI 1640 medium (Michalak et al., 1999; Coffin & Michalak
1999), an increase in viral replication (i.e., WHV DNA and cccDNA expression) was
not observed when WHV-positive PBMC were incubated in conditioned Hepato-
STIM™ medium containing LPS. One main difference between the previous and

the present studies is that the current culture system utilized hepatocyte medium

with This i id has been shown to
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increase HBV DNA expression and HBV protein production in transfected
hepatoblastoma cells (Tur-Kaspa & Laub, 1990; Chou et al., 1992) and in HBV
infected-PLC/PRF/5 hepatoma cell line (Saito et al., 1992). Thus, it is possible that

WHV ication in id cells cultured in the presence of Hepato-

STIM™ medium was already upregulated by this drug and, therefore, remained
unresponsive to additional mitogen stimulation. In summary, our data showed that
the mitogen stimulation of WHV-infected lymphoid cells did not increase WHV

production or virus infectivity toward woodchuck hepatocytes in our in vitro system.

4.3 CULTURED WOODCHUCK HEPATOCYTES ARE SUSCEPTIBLE TO WHV
INFECTION.

Mostin vitroir

xperil for i itilized freshly seeded
primary hepatocytes as targets. In our system, we used a well established, normal
woodchuck hepatocyte cell line. Thus, we secured a consistent source as a virus

cell target that allowed for ition of i under precisely the same

culture conditions. These hepatocytes were isolated from liver biopsy of a healthy,
WHV-naive animal and maintained in culture for more than 3 years without losing

their ability to synthesize hepatocyte-specific ASGPR transcripts. The expression

of ASGPR and albumin in th lis, which are distinctive markers of 3

have been documented previously (Diao et al., 1998). As we have shown in this

work, these liver cells were st ible to WHV i ion and were 1t to
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support WHV replication and virion assembly.
Analysis of the WHV DNA and WHV cccONA expression at different days
post-inoculation of WCM-260 that WHV DNA was

found from the first day after exposure to virus, WHV cccDNA was detected
beginning from 3 d.p.i. This result may suggest that the viral genome repair
machinery becomes operational a few days after viral invasion or that WHV
cccDNA needs to accumulate within infected cells before it reaches detectable

levels. Similarly, in one culture system reported by another laboratory, WHV DNA

was in primary from the first day post-infection
and progressively accumulated in the cells until the termination of the experiment
at 10 d.p.i. (Aldrich et al., 1989). In the same cells, WHV cccDNA appeared at 2
d.p.i., was greater at 4 d.p.i., and remained at the 4 d.p.i.-level until 10d.p.i. Ina

following study, WHV cccDNA was in infected for as long as

24d.p.i, whenthe i i etal., 1997). (

results were also obtained for HBV where in vitro infected primary human

hepatocy levels of HBV cccDNA beginning from 4 d.p.i.
(Mabit et al., 1996).

In our system, hepatocytes exposed to WHV were maintained in culture for
4 dp.i, ie, to the moment when WCM-260 cells have reached confluence.
Therefore, the kinetics of WHV infection were not studied after 4 d.p.i. As we have

found, the highest expression of WHV cccDNA occurred at 3 d.p.i. and decreased
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slightly at 4 d.p.i. This suggests that WHV infection in our experimental system
should not be extended beyond 4 d.p.i., as continued culture of WCM-260
hepatocytes may decrease the amount of WHV cccDNA due to its relatively short
half-life. It is of note that the half-life of DHBV cccDNA has been estimated to be
3-5days (Civito & Locamnini, 1994). In addition, experimental evidence have shown
that DHBV replication took place only when host cells underwent division (Turin et

al., 1996). In the above study, it was demonstrated that incubation of primary duck

with n-butyrate, a drug that suppi cell division at the G1 phase,
inhibited the accumulation of DHBV cccDNA. This inhibitory effect was reversible,
as removal of n-butyrate from the culture medium caused an increase in DHBV

cccDNA

xpression. It is possible that the of hep: iral cccDNA
formation on cell cycle is due to the transport of viral nucleocapsids to the nucleus,
which is upregulated during the G1 phase of cell division (Yeh et al., 1998). Taken

together, it would be to assume that the i lular WHV

cccDNA will be quickly degraded and, since there is very little cell division when a
hepatocyte culture is confluent, there will be very little WHV cccDNA production.
Subsequently, the WHV cccDNA content will quickly diminish. This decrease in
WHYV cccDNA pool was observed to begin as early as 4 d.p.i. in our culture system.
Following this reasoning, in vitro infected WCM-260 hepatocytes were harvested
immediately after they reached confluence to optimize the number of cells

harvested and to ensure that there was no excessive breakdown of synthesized



viral cccDNA.

Moreover, based on the same WCM-260 were

inoculated with WHV a day after seeding to maximize cell proliferation in the
presence of virus and thus, to allow for the utmost production of WHV cccDNA and
WHV proteins and to facilitate the most efficient detection of these viral replicative
markers. Therefore, summarizing the data from experiments performed in our and
other laboratories, it can be assumed that the active cell growth is corelated with

an increase in cell ility to irus infecti

In the majority of the experiments, WHV DNA and cccDNA from WHV-

hepatocytes were after blot hybridization of the PCR
products, indicating that relatively low copy numbers of WHV nucleic acids were
present. In fact, when i y was employed, it was esti that about 1
in 30 and 1 in 300 WCM-260 to inocula ining at least

107 WHV vge/mi carried a copy of WHV DNA and WHV cccDNA, respectively. This
estimation could be the result of a small number of hepatocytes containing a large
amount of WHV DNA or a large proportion of WCM-260 cells with a small viral DNA
load. The observed copy numbers in WCM-260 hepatocytes are lower than those
reported for primary woodchuck hepatocyte cultures in which it was estimated that
each cell contained a copy of WHV cccDNA (Aldrich et al., 1989). The major
difference between the mentioned study and ours is that they were using freshly

isolated and seeded which were ii with 10° WHV viri of
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culture medium. It is possible that the relatively limited ability of WCM-260 cells to
support WHV replication was due to a certain rate-limiting step in WHV replication
in vitro, e.g. the rate of formation of viral cccDNA. Hence, a limited copy number of
this viral template will lead to decrease in downstream events, such as synthesis
of WHV DNA and viral proteins, and formation of complete virions.

The results in this report that WHV replication in in

vitro infected WCM-260 hepatocytes was not affected by the presence of glucagon
and that elimination of glucagon from the culture medium did not influence the rate
of woodchuck hepatocyte growth. These results are in contrast to those reported
for the in vitro DHBV infection of primary duck hepatocytes where glucagon at a
concentration as low as 100 nM inhibited the establishment of virus infection (i.e.,
formation of DHBV cccDNA; Hild ef al,, 1998). This process was shown to be

through the up- ion of cyclic AMP (CAMP), which probably modifies
the host and viral proteins invoived in DHBV replication. Therefore, the results of

our investigation indicate that the rate of WHV replication in cultured woodchuck

is not by as in the case of avian hepadnavirus.

This may suggest that different cellular mechanisms might be involved in the
establishment and progression of WHV and DHBV infections in vitro.

In our study, 12-53% of tested cells were found to be positive for WHV

antigens (WHcAg and/or WHsAg) when tested by flow cytometry. The finding that

only a small fraction of cultured

ytes exp iral antigens is a
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common observation (Ochiya et al., 1989; Rijntjes et al., 1988; Tuttieman et al.,
1986a). For example, 0.1% and 5% primary human hepatocytes infected with HBV
DNA and HBeAg-positive serum were found reactive for HBcAg and HBsAg,
respectively (Rijntjes et al., 1988). In a separate study, where primary human fetal
hepatocytes were co-cultured with HBV-transfected HB 611 cells (human HCC-
derived cells), about 12% of the

positive for HBcAg (Ochiyaet al.,

1989). C results were obtained in primary duck hepatocytes infected in
vitro with DHBV where 10% of the DHBV-infected duck hepatocytes were positive
for viral surface and core antigens (Tuttieman et al., 1986a). Therefore, our
findings on WHV antigen expression in WCM-260 hepatocytes are closely
comparable to those reported for HBV and DHBV infections in respective cell
culture systems.

Inthis study, the estimated number of cells carrying WHV DNA and cccDNA

did not corelate with the number of hepatocytes positive for WHV antigens. Since

there is no direct i i the i viral DNA expression and
the rate of hepadnavirus protein synthesis, the above observation is not surprising.
In addition, this apparent discrepancy could be influenced by different detection
methods employed for WHV DNA and antigen identification. In this regard, it is also
of interest to mention that in so called healthy chronic HBV carriers, there are
abundant hepatocellular deposits of HBsAg in the context of low HBV DNA
expression (Hadziyannis et al., 1983).
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It was estimated that WHV-infected WCM-260 hepatocytes secreted
approximately 10° WHV vge/mi of culture medium when exposed to inocula
containing 10* - 10° WHV vge/ml which originated from either lymphoid cells or
serum. This appears to be 100-foid less than the amount of HBV reported to be
released by primary human fetal hepatocytes after exposure to 10° HBV vge/mi
derived from HBV-transfected HCC cells (Ochiya et al., 1989). Six days after

exposure to HBV inoculum, these fetal human

5x10° HBV vge/ml. Although this system differs in many ways from ours, the main

variations are the virus origin and the fact that WCM-260 cells were derived from

an adult animal and maintained for a long time in culture prior to WHV infection,

whereas freshly seeded fetal liver cells were used in the above mentioned work.
The observed low levels of hepadnaviral replication in in vitro infected

hepatocytes are in contrast to typical findings in acutely or chronically, naturally

infected hosts where much greater percentages of hepatocytes display evident

and antigenis rkers of viral replication. For example, it was

that each nucleus contains approxil 6 to 30 copies of WHV

cccDNA and between S0 to 75% of hepatocytes become infected with WHV in
woodchucks with acute hepatitis (Kajino et al., 1994). In the duck hepatitis model,
DHBV DNA was estimated to be between 160 and 1600 vge/cell, while DHBV
cccDNA occur at 6 to 30 copies per cell, and DHBV antigens were found in 27 to
80% of infected hepatocytes (Jilbert et al., 1992). The present data are more



compatible with the levels of WHV DNA exp ion observed in

cor from acute i ion where an esti 0.02 to 2 WHV vge per 10

were i et al., 1999). This clearly indicates that all in

systems i so far, including our model, are not

as efficient in ing i ion as lly infected

in actively progs ing infecti However, they appear to support

virus replication to a greater degree than in occult i silent)

hepadnavirus infection in vivo.

44 LYMPHOID CELL-DERIVED WHV IS INFECTIVE TO CULTURED
WOODCHUCK HEPATOCYTES.

For the first time, this study documents that WHV produced by infected

phoid cells is directly infectious to the This

by two ir i P 1) of WCM-260
hepatocytes to supemnatants from cultures of PBMC or splenocytes isolated from
WHV-infected animals and (2) ilture of WHV-infected i with virus-

naive WCM-260 hepatocytes in the same medium but separated from each other
by a cell impermeable membrane.

In the first system, when WCM-260 hepatocytes were incubated with culture
supernatants from WHV-poasitive lymphoid cells, WHV DNA was detected within

hepatocytes in all experiments (8/8), while WHV cccDNA was found in half of the
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trials (4/8). In addition, WHV antigens (WHcAg and/or WHsAg) were identified in
approximately two-thirds of these experiments (5/8). These results document that

virus by id cells is ic and i i in in vitro

conditions. In addition, using culture supematants from WHV-infected lymphoid
cells as inocula, we have found that WHV produced by splenocytes had greater
infectivity toward when to virus by

numbers of WHV-infected PBMC. This observation could indicate that splenocyte-
derived virus has somehow a greater potential to infect host hepatocytes than that

from PBMC. A more likely i i ion is that from
splenic lymphoid cells contained greater amounts of WHV. Indeed, it was found
that splenocyte culture supematants had usually ~10’ WHV vge/ml, whereas
PBMC-derived inocula typically contained <10* WHV vge/ml, indicating that
splenocytes generate a larger amount of virus per lymphoid cell than PBMC. Since

the spleen contains a larg ion of less mature lymphoi ich undergo
more cell divisions than the mature cells in the circulation, splenocytes have
probably greater capacities to support virus production and secretion into the
culture medium and be more susceptible to infection through contact with other
infected lymphoid cells or blood.

In co-culture experiments, naturally infected PBMC or splenocytes were
incubated with WCM-260 cells. This culture system used a cell-impermeable

membrane with pore size of 0.4 um to ensure that both types of cells share the
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same culture medium and can

g i icles, but do not have
any direct contact. As we have found, hepatocytes co-cultured with WHV-positive
lymphoid cells became WHV infected and WHV DNA reactive at 4 d.p.i. We

observed that the co-culture of WHV-positive PBMC and WCM-260 cells did not

improve the extent of viral replication in in ison to

exposed to culture supematant derived from a comparable number of PBMC
obtained from the same animal. However, interestingly, co-culture of WHV-infected
splenocytes with WCM-260 cells gave a much higher number of infected liver cells

compared to the usuali ion utilizi It asavirus

source. This may suggest that WHV freshly released by splenocytes have a
greater invasive potential and/or is able to more readily establish virus replication
in cultured WCM-260 hepatocytes than WHV from the same cells, but stored prior
to incubation with the hepatocytes. There is only one study in literature where a
comparable experimental approach was used (Ochiya et al., 1989). In this work,

co-culture of HBV-infected cells with

gative primary
hepatocytes contained within a cell culture insert resulted in detection of HBV-
specific DNA and RNA, as well as HBV cccDNA and HBeAg in hepatocytes after
a72-h co-culture (Ochiya et al., 1989; see Section 1.7.2). However, the cells were

not subjected to DNase/trypsin digestion prior to nucleic acid analysis, raising a

that not all i pecific signals resulted from de novo HBV

replication.
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Previous works have clearly that i with

culture supernatants from WHV-positive PBMC develop classical acute hepatitis
(Korba et al., 1983b; Michalak ef al., 1999; Coffin & Michalak, 1999). The current
study suggests that inocula derived from WHV-infected splenic lymphoid cells may

constitute an even better source of infectious virus and cause more severe viral

patitis in 9

As WHYV and HBV are closely related, our in vitro study demonstrating the

capacity of lymphoid-cell derived WHV to infect hepatocytes has some clinical

. Thedatap provide direct evidence tf id cells are
reservoirs of virus which is capable of infecting liver cells and that they support the
notion that id tissue is an imp: for the mai of

hepadnaviral persi Thi b ( implications for antiviral

against HBV as both the liver and the lymphatic system have to be targeted to
eliminate the virus. In addition, this does not provide a good prognosis for HBV-

infected patients with liver since the organ can be (and
they are; O'Grady et al., 1992) rapidly infected by HBV from viral stores in the

lymphatic system.

45 THE LEVEL OF WHV REPLICATION /N VITRO DEPENDS ON THE
INOCULUM WHV CONTENT BUT NOT ON ITS ORIGIN.

In this study, we have repeatedly found that WHV inocula should contain at



207
least 107 vge/ml in order to induce infection in WCM-260

by relatively readily (50%) identifiable WHV cccDNA. Thus, PBMC-derived inocula
appeared to be less infective, as determined by WHV cccDNA expression,
compared to inocula derived from splenocytes or sera. This was most likely due to
much lower WHV content in culture supernatants from PBMC, which typically was
<10* WHV vge/ml. In contrast, the amounts of virus in splenocyte (~10” WHV
vge/ml) and serum (~10® - 10° WHV vge/ml) derived inocula were comparable and
both inocula types induced WHV cccDNA-positive infection in half of the trials.
These data clearly indicate that the ability of WHV to establish productive infection
in cultured hepatocytes depends primarily on the virus content, but not on whether

the virus originates from lymphoid cells or serum. They also demonstrated that the

virus by is as biologi as that in the serum.

4.6 WHV FROM LYMPHOID CELLS PASSAGED SERIALLY IN HEPATOCYTES
INFECTS VIRUS-NAIVE ANIMAL.

The experiment in which WHV secreted by naturally infected PBMC were
serially passaged 6 times in WCM-260 hepatocytes showed that the virus was

transmittable through all cell This was by ion of

intracellular WHV DNA in DNase/trypsin-treated cells. In addition, culture
supernatant obtained after the sixth passage was found to contain at least 4.4 x 10?

WHV vge/ml. In a much less extensive and remotely related study from another
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laboratory, HBV produced by in vitro infected primary human fetal hepatocytes (not
lymphoid cells) infected naive fetal hepatocytes (Ochiya et al., 1989). These newly

calls p of HBsAg and HBeAg beginning from
4d.p.i. Our investigation of lymphoid cell-derived WHV went a few steps further,

since the number of passages was greater and the final culture supernatant was

used as inoculum to infect a vi i dchuck. Using this appi we
demonstrated not only that the WHV originating from lymphoid cells

infectious in vitro, but itwas able to induce infection in its natural
host. These results convincingly that virus by the

cells continued to be biologically competent in spite of its multistep transfer
throughout cultured hepatocytes. They also provide evidence that our WCM-260
cell culture system does not alter WHV functional capabilities.

In the inoculated animal, WHV DNA sequences were detected both in sera,
PBMC and the liver, aithough their levels were relatively low and identifiable by
nested PCR/Southem blot hybridization. WHV cccDNA signals were seen in PBMC

but not in the liver, suggesting that virus might pi i i in

cells. In addition, no serological markers of WHV infection (i.e., WHsAg and anti-

WHc) were This i silent it ion most likely resulted from the
small amounts of the virus in the ini i The and
immunovirological pattemns of this infection were closely to the profiles

observed in woodchucks infected with viable lymphoid cells isolated from animals
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convalescent from WHV hepatitis (Michalak et al., 1999) and offsprings bomn to
dams recovered from acute WHYV infection (Coffin & Michalak, 1999). In the above
mentioned studies, infection was induced by traces of WHV and was frequently

restricted to the host lymphatic system.

4.7 INFECTION OF WHV IN CULTURED HEPATOCYTES IS INHIBITED BY
ANTI-LP1 ANTIBODIES AND A SYNTHETIC ANALOGUE OF WHV CBSH1.

Previously, the ificity of rabbit antibodies directed against amino acids
1-25 (anti-LP1) of the N-terminal domain of the large WHV envelope protein was
characterized in detail (Michalak et al., 1991; Jin et al., 1996). These polyclonal
antibodies were shown to be strictly specific for WHV preS1(1-25) domain and able
to inhibit the binding of the synthetic analogues of the WHV CBS1 and
proteolytically modified WHsAg particles to and

cells. Although these previous findings provided much evi forthe ir
of WHV CBS1 with host receptors (see Section 1.7.5), it did not directly

demonstrate the involvement of this region in the mediation of virus uptake by host

hepatocytes. The experi in this study indicate that the anti-LP1

antibodies may have the ability to inhibit, at least partially, invasion of woodchuck

hepatocytes by WHV. Prei i plenacy ived WHV with 10% anti-LP1
led to ~50% decrease in the WHV DNA content within hepatocytes. This may

suggest that higher concentrations of anti-LP1 have to be examined in future
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experiments to completely prevent virus uptake or that, although less likely (see
below), yet another epitope of the WHV

o . © gnition and
uptake of WHV by WCM-260 hepatocytes. In a related study, it has been reported
that antibodies against the preS1(20-120) region of the HBV large envelope protein
(10% [volivol]) were able to completely inhibit HBsAg production when the
antiserum was added to HBV inoculum used for infection of primary human

hepatocyte cultures (Galle et al., 1994). However, the effect of the antiserum on

HBV DNA replication has not been in these calls.

In addition, th parallel setof i I

that a synthetic analogue to the WHV CBS1 was able to compete with and inhibit
the uptake of WHV into cultured WCM-260 This

evidence that this extreme N-terminal region of the WHYV large envelope protein is

ived in host yte specific jtion. Further
experiments will be required to fully explain the role of the WHV CBS1 in productive
WHV infection. The in vitro infection system developed in this study will certainly
contribute to these investigations.

4.8 CIRCULATING INTACT WHV VIRIONS CARRY WHV cccDNA REACTIVITY.

In this study, we have shown that DNase-resistant, WHV cccDNA-reactive

parti canbe inthe cit ion of i infected with

WHV. These i were from sera of with high virus



1
loads and were j to ive DNase digestion, which is known to

eliminate i not i in the p

(Michalak et al., 1994, Coffin & Michalak, 1999). In spite of the fact that the

of iral cccDNA has b i as ive feature

of intracellular virus replication, there are reports demonstrating the presence of
hepadnaviral cccDNA in infected sera. However, these studies did not fully
establish whether the identified HBV cccDNA sequences originated from intact
virions, as the samples were not subjected to DNase treatment prior to testing. In
one study, HBV cccDNA was found in sera of 18 (42%) out of 43 HBsAg-positive
chronic HBV carriers when tested by PCR with primers amplifying a fragment that
spans the nick region (Maillard & Pillot, 1996). Among these 43 patients, different

proportions of HBV forms (i.e., HBV reDNA and cccDNA) were seen, €.g.,
HBV rcDNA existed at high levels without any detectable HBV cccDNA or HBV
cccDNA levels were as high as HBV rcDNA.  In addition, the amount of HBV

cccDNA cannot be corelated with the amount of total HBV DNA in serum,

suggesting that there is little or no i ip by the is of the fully
double stranded HBV genome (cccDNA) and HBV rcDNA. In another study
applying an oligonucleotide probe specific for the plus strand 5'-fixed end, which is
present in HBV cccDNA but not in rcDNA, HBV cccDNA was detected in 53 (51%)
of 104 serum samples (Lin et a/, 1989). It was estimated that HBV cccDNA

consists of less than 1% of total HBV DNA in circulation (Lin ef al., 1989). Ina
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study where a HBV-infected chimpanzee was examined, it was found that DNA

from ci ing Dane particles i iled HBV DNA and that
these HBV cccDNA sequences constituted less than 1% of total HBV DNA (Ruiz-
Opazo et al., 1982). The authors suggested that HBV cccDNA-containing particles
may be infectious forms of the virus, while HBV rcDNA-reactive virions may be non-
infectious. The latter form may exist in large amounts in the circulation as a

mechanism to vanquish the host's anti-virus specific i

Similar observations were also made in the duck hepatitis model where a 2 kbp

DHBV cccDNA form was ini derived virions (Tong
et al., 1998). Thus, when DHBV-positive serum was used as inoculum to in vitro
infect carboxypeptidase D-(a candidate DHBV receptor; Section 1.6.1) transfected
COS cells, DHBV cccDNA was found in core and complete viral particles within the
infected ceils. The above findings are consistent with our results that only a
minority of WHV virions contain WHV cccDNA. This conclusion was based on the

that the PCI blot idization of DNA from WHV-

positive sera gave significantly weaker signals (~10%-fold) after PCR with nick-

spanning primers compared to those generated by PCR using core gene-specific
primers.

In the study mentioned above (Maillard & Pillot, 1996), not all sera samples

were positive for HBV cccDNA. In our studies, DNase-treated pellets from sera of

all 5 woodchucks examined contained WHV cccDNA sequences when tested by
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PCR after mung bean nuclease digestion of DNA. Many factors can contribute to

this difference. One major reason could be that although HBV and WHV are closely
related, they are two distinct viruses which pathways of replication and virion
assembly may have some unique features. Therefore, the difference noticed could
be due to the different inherent characteristics of each virus.

Since DNase digestion of serum samples analysed was very extensive and

(as by control digestion of i WHV DNA), it is unlikely
that the PCR signals detected after amplification with nick-spanning primers could
be the result of DNA contamination from freely circulating WHV DNA molecules.

Moreover, nucleotide sequence analysis of WHV virion-derived DNA ampiified by

PCR confirmed that the PCR ined the seq spanning the nick
region and was tothe i These nick sequences
contained no deletions or ions when p: to the previously reported
sequences and to the of WHV DNA from liver of a chronic WHV

carrier residing in our colony. This indicates that cccDNA detected within WHV

virions was wild type viral genome.

Although the exi i ing WHV parti ining WHV cccDNA
was demonstrated in chronically infected animals in this study, their biological
significance remain to be established. It is possible that these viral particles may
play a significant role in the pathogenesis of WHV infection, since this form of WHV

virion can bypass the genome repair step i by WHV DNA and
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migrate directly to the nucleus, where it can serve as the template for the first step
of viral replication. Another issue to consider is the origin of the WHV cccDNA in
virions. These cccDNA-reactive virions could be the consequence of premature
packaging of WHV cccDNA during viral replication within the host cells or the
product of reactions I by viri i that are
for the formation of hepadnaviral cccDNA from the rcDNA precursor. Since

hepadnaviral cccDNA do not contain the € hairpin structure (Section 1.4.4), which
is a signal for encapsidation, it is more likely that WHV cccDNA were formed after

formation of nucleocapsids.

4.9 SUGGESTIONS FOR FUTURE STUDIES
The results obtained in this study raised several points worthy of further
investigation. Some of these future experiments may include:
1. The development of a quantitative PCR with primers spanning the nick region
for a more accurate determination of WHV cccDNA content. This could be
important for ination of WHV cccDNA expression in hepatocytes
employed for in vitro evaluation of antiviral effects of agents acting on virus-cell

initial interactions or virus replication.

2. Further impi of the i of WHV

in the

hepatocyte cultures allowing upscale gt of a , well

characterized pool of infectious virus for in vitro and in vivo investigations.



215
3. By taking advantage of the absence of virus-specific immunological pressure in
in vitro i ination of WHV i changes during long-term
culture in naturally-infected and in vitro infected woodchuck hepatocytes and

lymphoid cells, and after multiple to and/or id cell to
lymphoid cell passages.
4. In vitro analysis of the susceptibility of lymphoid cells to WHV and dynamics of

the virus transmission from i i i within the
5. Detailed i of the physi i ies of circulating WHV
particles containing WHV cccDNA and ination of their i y

and pathogenic role in hepadnavirus infection.
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CHAPTER FIVE : SUMMARY AND CONCLUSIONS

Inthis study, infectivity of sl
has been for the first time in in vitro conditions. For this

purpose, a unique experi system ing vi ive, well

and continuously i as WHV targets was
Also, highly discrimil Y

of the expression of indit of WHV replication and virus antigens in

in vitro infected hepatocytes were ped and inely used. The results

obtained in the course of our investigation can be summarized as follows:

1.V can be intai as a call line for
— 8 : . o
P speci

molecules and susceptibility to WHV infection. These cells can provide an
important model for further studies on the early events of WHV infection and

and for pre-clinical ion of the potency and action of novel
antihepadnaviral agents under in vitro conditions.

2. Cul d inthis study were prone to WHV infection

and rted its replicati whether the virus originated from serum

or from lymphoid cells. However, the rate of virus propagation was dependent on
the amount of virus present in the inoculum. This suggests that the quantity of the
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virus but not its origin (serum or lymphoid cells) is the limiting factor in the induction
of effective WHV replication in cultured

3. Lymphoid cells naturally infected with WHV released the virus which was

infectious to cultured serially i from infected to non-
infected liver cells and i ious to a vi i These
data document that virus ing within the ic system is bi

competent in regard to its ability to establish active infection and support the notion
that lymphoid cells are an important reservoir of the virus from which it can spread
through the host.

4. Splenic lymphoid cells released at least 100-fold greater amounts of WHV than

of ci ing id cells. The above findings remain in
agreement with previous observations that organ lymphoid cells are sites of more
active hepadnavirus propagation than PBMC and that they could be the major

extrahepatic reservoir of infectious virus.

5. The observed inhibition of WHV DNA expression in cultured woodchuck
hepatocytes by anti-LP1 ibodies and JP1 i of WHV cell
binding site 1 (CBS1) support our previous findings that the preS1(1-13) sequence
of the WHV large envelope protein is critical for initial recognition of host
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t leading to virus i
6. Finally, in the process of evaluating inethods for detection of WHV cccDNA, it
was demonstrated that woodchucks with chronic WHYV infection and a high virus
load in serum had circulating WHV cccDNA molecules that were packaged into
DNase-resistant particles, suggesting that they were present within intact WHV
virions. Subsequent DNA sequence analysis of the PCR-amplified WHV cccDNA
fragments revealed that neither the nick region nor flanking sequences of the virus
minus DNA strand had altered nucleotide sequences, suggesting that wild type
sequence was carried in these freely circulating particles. This raises the
hypothetical possibility that serum WHV parti ining cccDNA

could be a typical consequence of virion assembly.
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