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Chapter 1
INTRODUCTION

Statement of purpose

This study was conducted to investigate whether antisense oligodeoxynucleotides could
be used to mhibit hepatitis B virus replication and gene expression, and if the use of
liposomes as a delivery vehicle would enhance the antisense effect. Two models were
used to investigate this: an i vifro model which used the PLC/PRF/S human hepatoma
cell line, and an in vivo model which used ducklings chronically infected with duck

hepatitis B virus.

I.I. HEPATITIS B VIRUS

L.1.T Natural history and epidemiology

Infection with hepatitis B virus (HBV) results in a broad spectrum of liver disease,
ranging from subclinical infection through acute, self-limited hepatitis to fatal, fulmmant
hepatitis. Exposure to HBV, particularly when it occurs early in life, may result i an
asymptomatic carrier state that can progress to chronic active hepatitis, cirrhosis of the
liver, and eventually hepatocellular carcinoma. Complex viral and host factors determine
this variable clinical outcome. Fundamental questions about the biologic aspects of HBV
that have direct relevance to clinical practice remain unresolved. Immunocompromised
patients, including those with human immunodeficiency virus infection, are at increased

risk for chronic HBV infection.

[t is estimated that there are 400 to 500 million HBV carriers in the world today
(Moradpour &Wands 1995), and the World Iealth Organisation lists 1BV as the ninth
major cause of death world-wide ([Hoofhagle 1990). In Africa and Asia, HBV is a
disease of the general population, whereas in Europe and the USA it is found largely in
certain high-risk groups: parenteral drug abusers, male homosexuals, promiscuous
heterosexuals, health care workers, recipients of blood or blood products, and
immigrants from areas of the world where HBV is common. In the United States,
between 50 000 and 100 000 people acquire FIBV infection each year, even though a
highly effective vaccine is available. Approximately 5% to 10% of patients become long-

term carriers of the virus: 90% of neonates infected become chronic carriers of the virus.
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To date, no satistactory medical treatment of chronic HBV intection is available. Alpha-
mterteron has been shown to be useful with a clinical, biochemical and serological
remission in 30-40% of highly sclected patients. However, it must be given by parenteral
mjection, is not without side-eftects, and is ineftective in a high proportion of patients.

New directions in treatment of HBV infection are therefore required.
1.1.2 Hepadnaviruses

The human HBYV is a member of a family of viruses known as the hepadnaviruses. Other
viruses in this family are the woodchuck hepatitis virus (WHV) of AMarmota monax, the
around squirrel hepatitis virus (GSHV) of Spermophilus beecheyi, the duck hepatitis B
virus (DHBYY of Anas domesticus, heron hepatitis virus, and Ross’s Goose hepatitis
virus. Among the features that define the hepadnavirus family are unique virion
ultrastructure, characteristic polypeptide and antigenic composition, and common
genome size, structure, and mechanism of replication (Robinson & Marion 1984).
Common biological features include a striking tropism for hepatocytes and the common
occurrence of persistent infection, with complete and incomplete viral forms found in
high concentrations in the blood and lower concentrations in other body fluids
continuously for years. These viruses replicate asymmetrically through a ribonucleic acid
(RNA) template that requires reverse transcriptase activity. Infections with
hepadnaviruses may be associated with acute and chronic hepatitis, immune complex-

mediated disease, and hepatocellular carcinoma (HCC).
1.1.3 Molecular virology

Electron microscopy of partially purified preparations of HBV from human serum reveals
3 types of particles: (i) 43 nm double-shelled particles, termed “Dane particles™ (after
their discoverer) representing the intact virion; (it) 22 nm spheres, usually present in 10" -
10"-fold excess over virions; and (iii) filaments of 22 nm diameter and variable length
(Robinson & Lutwick 1976; Dane ¢f «/, 1970). The HBV virion consists of an outer
shell composed of the virus-encoded envelope proteins and host-derived lipid
components. The viral nucleocapsid displays a T3 symmetry and consists of 180 subunits
ol the viral core monomeric protein (Scaglioni ¢f af, 1996). The viral genome is located

mside the nucleocapsid and consists of'a partially double-stranded relaxed circular DNA
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molecule of 3.2 kb m length that encodes, other than the envelope and core proteins
alrcady mentioned. the virus-specific polymerase necessary for replication in the
hepatocyte. The level of circulating virions during the natural course of infection is
variable and ranges from 10" 10 10" viral particles per millilitre of serum. More abundant
molecular species are the 22 nm subviral particles, with a concentration varving between
10" to 10" particles per millilitre. These spheres lack viral DNA or RNA and are
thercfore not infectious. They are highly immunogenic, and, for this reason, have been
used m the generation of the first clinically effective HBV vaccines (Szmuness ¢f o/,

1980).

The viral genome contains four open reading frames (ORFs). The preS/S ORF of the
BV genome encodes for the proteins of the viral envelope and contains three in-frame
mitaition codons at the start of the preS1, the preS2 and S gene regions. There are
therefore 3 envelope proteins produced depending on which of the 3 mitiation codons is
utilised: the LHBs (large) protein which consists of the preSt, preS2 and S gene
products. which is converted by partial glycosylation in vivo to P39 and GP42:

the MIBs (middle) protein which consists of the preS2 and the S gene products that is
either glycosylated once or twice (GP33 or GP306); and the small protein (ST1Bs)
encoded by the S gene and is present in glycosylated (GP27) or non-glycosylated (P24)
form. SHBs is the most abundant polypeptide in all three 1HBV-associated particles,
whercas MI1Bs is a minor component in all three. The preS1 sequence is essential for
recognition of hepatocyte receptors. SHBs occur in stable subtypes that were origmally
defined by antibodies. Antigen reactivities that were present on all known HBs isolates
were considered as determinant «. The best-known subtype determinants are ¢/ or vy and
wor - (Gerlich 1993). Determinant «f has a lysine at position 122, and y an arginine.
Likewise determinant v has a lysine at position 160 and r an arginine. These type-
specific amino acid exchanges may, however, occur in quite divergent HBV genomes.

The clinical relevance of these subtypes is not known.

The C gene codes for the core protein. It consists of S49 nucleotides (nt) coding for 183
amino acids (aa), and is preceded by the precore region made of 87 nt encoding 29 aa.
The core protein (p217) is translated from pregenome-core-polymerase messenger RNA
(MRNA), which does not include the entire precore region, while HBeAg is translated

from longer mRNA with slightly different, diverse starting sites. The 21-kDa viral core
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protein assembles into a 180-subunit nucleocapsid structure. This molecule is also
involved in nucleic acid binding and promotes viral replication (Scaglioni ¢r al, 1997).
Translation of the precore gene results in a pre-core/core-related polypeptide designated
p25. The 29-aa precore protein contains a signal peptide which directs the pre-core/core
protein into the secretory pathway of the cell (Miyakawa ¢t al, 1997). The first 19-aa of
the protein are subsequently cleaved to generate a p22 intermediate protein product that
s either translocated to the endoplasmic reticulum or released back into the cytoplasm.
In the endoplasmic reticulum, p22 is cleaved at the carboxy terminus in an arginine-rich
domain to create a 17-kDa soluble product, hepatitis B e antigen (HBeAg), that is
secreted tfrom the cell. The function of HBeAg in the biology of HBV infection 1s
unknown, but is thought to induce immune tolerance. HBeAg is found in the serum of

HBV-infected individuals. where it generally correlates with high levels of viraemia.

A functional precore gene appears not to be essential for viral replication, particularly in
animals experimentally infected with the related duck hepatitis B virus and woodchuck
hepatitis virus. With respect to HBV, genomes defective in HBeAg synthesis are
trequently found in individuals with chronic infection. By far the most common mutation
is the G to A at nt 1896 converting of codon 28 in the precore region for tryptophan
(TGG) to a stop codon (TAG) (Carman ¢/ a/, 1989). This naturallv occurring HBV
mutant has been associated with fulminant hepatitis and high levels of viral replication, as
well as with chronic infection (Carman ¢/ a/, 1991). Thus, precore mutants with an
HBeAg-minus phenotype cannot direct the synthesis and secretion of HBeAg because of

the premature termination of the translation of the HBeAg precursor protein.

The genome is a circular partially double-stranded DNA with a single-stranded region of
variable length (Figure 1) The long or L(-) strand is linear and of a tixed length of about
3200 nucleotides. the smallest of any animal DNA virus. The short or S(—) strand is of
variable length, ranging from 50° to 100% ot that of the L(-) strand. The L(-) strand of
HB\ contains 4 overlapping open reading trames (ORF) conserved in the sequences of
different strains. In contrast, there are no conserved ORFs of any considerable length in
the S(+) strand transcript. The L(-) strand thus carries the protein coding capacity of the
virus and can theretore be considered as the minus strand. The 4 ORFs mentioned
previously are considered in the HBV L(-) strand and the polymerase region overlaps

with all the other three
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The positions of the 5™ ends of the L(-) and S(+) strands are fixed, while the position of
the 3* end of S(+) is variable. The maintenance of the circular structure of the genome is
assured by base-pairing of the 5° ends of the two strands. At both sides of the cohesive
ends there is an | |-base-pair (bp) direct repeat (DR) sequence. termed DR1 and DR2
respectively. They are approximately 225 bp apart in the mammalian viruses and appear
to play a critical role in viral DNA replication. The P region codes for DNA polymerase,

which also possesses a reverse transcriptase activity. It is essential for viral replication.

Mammalian hepadnaviruses carry in their genome a short ORF that has been designated
*X'. The HBx gene encodes for a 154-amino-acid long gene product called hepatitis B x
protein (HBx). No definitive function has been assigned to HBx (Scaglioni ¢f a/, 1996).
Since the X ORF is not present in the avian hepadnaviruses, it seems reasonable to
propose that HBx may not be required for replication, but may play a regulatory role in
the viral life cycle. Computer analysis of the X ORF reveals that HBx would be a
hydrophobic non-secreted protein of 17 kDa. Many studies have suggested that HBx
may act as a transcriptional regulator even though the protein does not bind to DNA
directly. The HBx protein has also been reported to activate RNA polymerase 11 genes.
HBx also appears capable of interacting with TATA binding proteins and may stimulate
transcriptional activity (Henkler & Koshy 1996). Activation by HBx is mediated via the
transcription tactor, NF.B, which binds to a specific sequence in the enhancers of many

inducible genes.

The ability of the HBx protein to transactivate a variety of promoters of cellular genes
involved in cell growth has led to the hypothesis that HBx may contribute to the
development ot hepatocellular carcinoma (HCC) in chronic HBV infected individuals.
This hypothesis is supported by the finding that HBx has the ability to transforhn mouse
hepatocytes /17 vitro (Hohne ¢r «f. 1990). Functional X gene sequences are also
frequently found in the integrated form of HBV DNA present in HCC tumour specimens
(Wollersheim ¢/ «/. 1988). It has been reported that transgenic mice expressing the X
gene develop HCC (Kim e «/, 1991). This observation implies a direct role for HBx in

the pathogenesis ot HCC.

The close correlation between X antigen staining and hepatitis in chronically infected

woodchucks. and its persistence at high level in the livers of X transgenic mice that go
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on to develop liver tumours, also suggest that the persistent expression of HBxAg is
consistent with the development of HCC (Feitelson & Duan 1997). The inverse
correlation between HBxAg staining in the liver and markers of virus replication in the
serum suggests that HBxAg could be made independently from virus replication,
probably from integrated templates of viral DNA. Additional evidence that HBxAg
contributes to hepatocarcinogenesis is the appearance of altered foci, adenomas, and

HCC in X-transgenic mice with persistently high levels of HBxAg expression, although

these observations have not been reproducible (Feitelson & Duan 1997).

When p53 tunction is lacking, cells with damaged DNA continue to replicate and usually
die or, rarely, transform. Point mutations, which inactivate this protein, have been found
in many tumour types including HCC (Hollstein et a/, 1991). HBxAg trans-activation of
pS3-responsive genes may be mediated by HBxAg-pS3 complex formation, suggesting
the presence of a p33 binding site within HBV DNA. Hence, HBxAg-p53 complex
formation may alter genetic stability and cell cycle control, both of which are central to
multistep carcinogenesis. HBxAg-p33 complexes have been found in the HCCs that
develop in X-transgenic mice (Ueda ¢/ al, 1995). Co-staining of HBxAg and p53 in the
same cells from altered foci, adenomas, and HCC nodules, further suggest a close
relationship between these proteins (Feitelson & Duan 1997). In addition, HBx may
influence the accumulation of specific aflatoxin-induced mutations, such as the activating
mutation which causes a G to T transversion in the third position of codon 249 of the
p33 gene (Aguilar e/ al, 1993). Thus, HBxAg-p53 complex formation seems to be an
important step in viral hepatocarcinogenesis, by analogy to other DNA tumour viruses,
but the significance of these complexes to transformation requires further

characterisation.

Nucleotide homologies between HBV and WHV, GSHV, and DHBYV are around 70%,
55%, and 40% respectively (Tiollais ¢/ a/, 1985). In general. the avian virus is the most
divergent member of the hepadnaviruses, both at the level of nucleotide sequence and in
biological properties (Ganem & Varmus 1987). The L (-) strand of DHBV contains only
3 ORFs - S, C.and P. The absence of the region X in DHBV may explain the absence of
hepatocarcinogenesis in this model. The morphology of DHBYV particles is somewhat
atypical. and its encapsidated genomes contain a high proportion of molecules that lack a
single-stranded gap. Although viral replicative intermediates are found in highest

abundance in the liver, replication and gene expression also proceed to a lesser extent in
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the pancreas. kidney and spleen (Tagawa ¢/ a/, 1985). Another major distinction
concerns routes of viral transmission. In nature, DHBYV is transmitted almost exclusively
by the vertical route. After hatching, ducks rapidly lose susceptibility to exogenous
infection: by three weeks of age even large parenteral doses of infectious virus rarely

induce detectable viraemia (Mason ¢r al, 1983).
1.1.4 Replication of hepadnaviruses

The replication mechanism of hepadnaviruses, discovered by Summers and Mason
(1982) for DHBV, and confirmed later for HBV (Blum e¢f a/, 1984). differs strikingly
from that of other DNA viruses. The central feature is the use of a RNA copy of the
genome as an intermediate in replication, that is, a reverse transcriptase step similar to
that of retroviral genome replication. The extremely small size of the hepadnaviral
genome (3.0 to 3.3 kb), and the need to efficiently exploit this restricted genetic space
results in a largely overlapping arrangement of both coding regions and regulatory
elements. In contrast to retroviruses, extracellular hepadnavirions contain DNA rather
than RN A: integration is not an obligatory step in replication: tunctional mRNAs are
produced trom several internal promoters on the circular DNA genome and RNA
splicing does not appear to play a critical role in the basic replication cycle. The life cycle
of HBV and its relatives in the animal kingdom can be divided into successive steps:
attachment of the virus to the host cell, virus penetration into the cell. release of the viral
genome. expression of viral gene products, replication of the viral genome, formation of

virions. and release of the virus (Figure 1.2).

Viral entry into hepatocytes

It is generally believed that HB\  interacts with specific cell-surtace protein(s) followed
by receptor-mediated endocytosis of virus into hepatocytes. Avian hepadnavirus
envelope protein lacks the preS2 component. Some evidence has been provided for
involvement of the preS| protein in binding to liver membranes, as well as to HepG2
hepatocellular carcinoma cells (HCC) and other cell lines (Pontisso ¢ a/, 1989). Two
groups ot investigators have independently identified and c]oﬁ'ed a hepatocyte-derived
glycoprotein that binds with high aftinity to DHBYV particles (Klingmuller & Schaller
1993) This candidate DHBV receptor was identified as a novel member of the basic

carboxvpeptidase gene family and named gp170/180. The protein possesses some of the
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characteristics of a viral receptor. The interaction of gp170/180 with the preS protein
was inhibited by “wild type™ DHBYV virions in a dose-dependent manner (Scaglioni ¢f a/,

1996).

Hepadnavirus replication

The viral envelope is presumably removed by host factors and the nucleocapsid delivers
the viral genome to the nucleus. DHBV nucleocapsids are found exclusively in the
cytoplasm of infected hepatocytes (Pugh ef al/, 1989). Thus, according to present
concepts of HBV replication, the encapsidation of viral nucleic acids probably occurs in
the cytoplasm. In the nucleus the partially double-stranded viral genome is converted into
covalently closed circular DNA (cccDNA). The formation of cccDNA requires a series
of enzymatic reactions. These include: (1) completion of positive plus (+) strand DNA
svnthesis; (2) removal of the bond that links the polymerase to the 5™ end of the negative
(-) strand DNA; (3) removal of the RNA primer from the S” end of (+) strand DNA; and
(4) ligation ot the DNA ends. These steps may be mediated by cellular enzymes. The
cccDNA serves as the template for generation of viral transcripts, and therefore
represents a key molecule in the hepadnaviral life cycle. It is organized as a viral
minichromosome and is present in about 10-50 copies inside the nucleus of infected
hepatocytes. Its halt-lite is estimated to be 3-5 days. The copy number of DHBV
cccDNA has been shown to be regulated by preS proteins. Therefore, it appears that the
envelope proteins not only play a role in virion uptake into the cell but may also be

involved in the regulation of viral replication.

Hepadnaviruses replicate their DNA genomes by reverse transcription of an RNA
intermediate designated pre-genomic RNA. The current model ot HBV replication is
based on data obtained with DHBV: however, it is believed that the same processes are
probably conserved in the HBV replicative machinery as well. The pre-genomic RNA is
generated by read-through transcription from the circular cccDNA. This species of
RNA is more than a full genome in length and contains a terminal redundancy region as
the 57 and the 3™ end of the transcript. Present in the terminal redundancy region are two
key cis-acting motits: (1) a direct repeat (DRI), comprising a 12-nucleotide-long
element: (2) €. an RNA stem-loop structure required for RNA packaging into the

nucleocapsids. Of the two copies of e, the 5™ end copy is the one used for encapsidation,
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since deletion of the 3™ end & ablates RNA packaging and DNA replication, whereas

deletion ot the 3" end ¢ allows both reactions to occur (Seeger & Maragos 1990).

The pregenomic RNA is not only template for reverse transcription but also the
messenger RNA of the polymerase gene (pol). Genetic studies have indicated that pol, or
P protein. plays a key role both in RNA packaging and in priming DNA synthesis.
Packaging of RNA and pol activity within the nucleocapsids are tightly coupled
molecular events. The pregenome also serves as mRNA for the core protein, which has
the intrinsic ability to self-assemble into icosahedrally symmetric particles. While the
actual mechanism of P protein translation from the RNA pregenome of hepadnaviruses is
still not clear, there is no doubt that P is synthesized separately from the core protein. P
protein is incorporated into hepadnaviral capsids via an RNA-protein interaction with the
encapsidation signal €, rather than by a covalent bond to the core protein (Nassal &
Schaller 1996). The highly basic C-terminal region of the protein acts as a nucleic acid i
binding domain, 1s required for RNA encapsidation, and is involved in proper reverse
transcription. After binding of pol to pre-genomic mRNA, (-) strand DNA synthesis
occurs. The 5" end of (-) strand DNA maps within the DRI region. Studies have shown
that reverse transcription initiates in the 5* copy of € in the pre-genomic RNA (Pollack
& Ganem 1994). Pol binds to the 5* copy of € present on its own RNA template, and
this event is necessary to initiate both RNA packaging and DNA synthesis. During this
step. pol acts as primer ot reverse transcription, synthesizing a four-nucleotide-long

DNA oligonucleotide that becomes covalently linked to the amino-terminal region of pol.

Following the svnthesis ot the first four nucleotides of (-) strand DN A, the polymerase-
primer complex dissociates from the template and re-anneals with complementary
sequences at the DR located near the 3" end of the pre-genomic RNA where DNA
synthesis continues. The (-) strand DNA is elongated within the nucleocapsids. As DNA
svnthesis proceeds, the pregenomic RNA is degraded by the pol derived RNAse H
activity. When pol reaches the 5™ end of the RNA template, it leaves an undegraded 18-
nucleotide-long RNA molecule. This RNA oligomer is then transferred onto DR2, the
second 12-nucleotide-long element identical to DRI, that is located downstream from
the 3" end copy of DR1 on (-) strand DNA-trom where it primes (—) strand DNA
svnthesis. During (+) strand DNA elongation, the circularization of (-) strand DNA will

occur. However, in mature virions. (+) strand DNA is not extended to tull length.
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Transcriptional control of HBV gene expression

Sequence analysis of the HBV genome reveals four open reading frames (ORF). These
ORFs encode the core, envelope, polymerase (pol) and X genes as shown in Figure 1.1.
The core ORF contains two in-frame translation initiation codons that allow for the
synthesis of two distinct molecules, namely, the core and the hepatitis B e (HBe)
proteins. The envelope ORF contains three in-frame translational initiation codons that
direct the synthesis of the preS|, preS2 and S proteins. Thus, the compact HBV genome
encodes, by partially overlapping ORFs containing transcriptional control elements,
seven viral gene products. As a molecular consequence of this organization, the
hepadnaviruses display a highly efficient transcriptional strategy that relies on the
ditferential use of transcriptional initiation sites to synthesize both unspliced and spliced

transcripts.

Thus, HBV infected hepatocytes e.\tpress two classes of RNA transcript: (1) genomic
transcripts of 3.5 kb. and (2) subgenomic transcripts of 2.4 and 2.1 kb. The 3.5 kb
species serves as mMRNA for the HBe, core and pol proteins as well as the template for
reverse transcription into (-) strand DNA. The other two smaller species are templates
for the envelope proteins. In addition to these species, a 0.7 kb transcript derived from

the X gene region has been identified.

Viral assembly and secretion

Virion assembly is a series of complex events that takes place in the cytoplasm of HBV
infected cells. Early steps involve the interaction of core proteins. DNA polymerase and
pre-genomic RNA, and these components are assembled into nucleocapsids where viral
DNA svnthesis will take place. Interaction of the nucleocapsids with the viral envelope
proteins occurs, but the domains on the preS/S proteins or on the nucleocapsids that
mediate the interaction are not known. The first step in virion assembly overlaps with
the beginning of DNA replication and consists of the priming ot DNA synthesis at the 5’
end of the pre-genomic RNA. This step does not require the presence of nucleocapsid
proteins in vitro. Transter of the viral pol to the 3° end-containing DR1 region and

completion of viral DN A synthesis requires the presence of the viral nucleocapsids.



Core protein homodimers are formed when a threshold of core monomers is reached
within the cvtoplasm of the infected cell. These homodimers interact and form the

spherical HBV capsid.

The overall replication strategy of the hepadnaviruses is theretore to use a built-in
structured 5° proximal RNA signal as a specific binding site for P protein. On one hand,
this complex triggers in a poorly understood fashion the addition of core protein dimers
and nucleates capsid assembly. On the other hand the very same RNA-protein
interaction initiates reverse transcription probably already inside the forming capsid.
Owing to this central role in hepadnaviral replication, € has become an attractive target

for interfering with the viral life cycle.

HBV DNA in the hepatocyte can exist in two states: free, or integrated into the host -
cellular chromosome. Free HBV DNA | which represents intermediate forms of
replication, is detected during the acute stage and some chronic stages of HBV infection.
Integrated sequences are mostly observed during chronic virus infection and especially in
HCC. Free and integrated forms can coexist within the same sample but this does not

necessarily mean that both states coexist in the same cell.
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1.1.5 Antiviral therapy for HBY

Therapy ot chronic hepatitis B is directed at eliminating viral replication. Typical end-
points of successful therapy are loss of HBV DNA and HBeAg from serum, decrease of
ALT into the normal range, disappearance of symptoms (if initially present), and
improvement of liver histology. Key steps in the life cycle of HBV that may be amenable
to therapy include:

(i) viral attachment and penetration;

(ii) translocation to the nucleus and nucleocapsid removal;

(iii) viral transcription;

(iv) viral translation and post-translational modification;

(v) packaging of the viral genome;

(viy viral DNA synthesis;

(vii) maturation of the viral nucleocapsid and formation of the envelope.

Development of therapies for chronic HBV has been facilitated by the active interest in
antiviral drugs brought about by the search for treatments of AIDS and also by new in
vitro and in vivo methods for assessing HBV replication. Animal models of HBV
infection include several hepadnaviruses: duck hepatitis B virus, woodchuck hepatitis
virus, and human HBV infection in chimpanzees. None of these models is ideal. The
DHBYV model is simple and convenient, but responses to antivirals do not always match
those in humans. The woodchuck has been successfully used to screen a large number of
antiviral compounds and is a good model for chronic infection. disease and

carcinogenesis.

Tissue culture systems have also been used to assess antiviral agents. These include
infection of primary duck. woodchuck and even human hepatocytes with the respective
hepadnaviruses. More helptul in screening antiviral compounds. however, have been
continuous hepatocvte cell lines that have been transtected with human HBV DNA. The
most well characterised line is the 2.2.15 cells (Korba & Milman 1991) which were
derived from a human hepatoblastoma (Hep G2) cell line transtected with HBYV DNA
which is stably incorporated into the cellular genome. A summary of drugs used in in

vitro, invivo and in chinical trials 1s shown in Table 1. 1.



1.1.5.1 Immune modulators

Alpha interferon has been shown to be effective in inducing virologic and clinical
remissions in 25% to 40% of treated patients as compared to the spontaneous rate of 5%
to 15% in controls. Furthermore. the quality of remissions induced by interferon may be
superior to spontaneous remissions, in leading more commonly to complete
normalisation of enzymes and clearance of HBsAg in addition to clearance of HBeAg
and HBV DNA (Dusheiko 1995). However, using the sensitive method of polymerase
chain reaction (PCR), HBV DNA has been detected after loss of HBeAg and usually
persists until there is loss of HBsAg (Brechot 1993). Alpha-interferon induces HLA class
[ expression on the hepatocyte membrane and increases the amount of lymphocytes and
natural Killer cells HLA class II expressing in the liver. Binding of a-interferon to cellular
receptors also leads to inhibition of viral protein synthesis by induction of 2°, §’

oligoadenylate synthetase and double-stranded RNA-dependent protein kinases

(Dusheiko 19935).

There are several shortcomings in interferon therapy. Most importantly, the drug is
effective in only a proportion of patients. In non-responders, repeat courses of treatment
and higher doses are rarely beneficial and are not recommended. Alpha interferon also
has significant side-effects which can limit therapy, and it is expensive. Finally, the role of
interferon is still unsettled in special situations, such as in children, in patients with
unusual forms of the disease, in immunosuppressed patients, and in those with clinically
apparent cirrhosis or end-stage liver disease. The use of a short course of prednisone
followed by c-interferon therapy has also been tried in order to improve the response
rate; however. a large multicentre trial failed to demonstrate that this combination was

more etfective than a- interteron alone (Perillo ¢z a/, 1990).

The eftects of puritied derivatives of thymic extract, thymosin fraction 5 and thymosin-c,
have been studied in patients with chronic hepatitis B. These immune modifiers stimulate
the maturation and function of T cells and the production of interleukins and interferons.
In a pilot study. Mutchnick ¢/ «/ (1991) demonstrated that 6 months of thymosin
treatment resulted in a significantly higher HBV clearance rate (86%5) than in placebo-
treated patients (20%). However. these results were not borne out in further large
studies. Other immunomodulatory agents which have been used include recombinant

-~
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preparations of interleukin-2 and granulocyte-macrophage colony-stimulating factor,
which have been tested in small numbers of patients with chronic HBV (Martin er a/ ,
1993). Unfortunately, low doses of these agents show little antiviral activity, and may be
pro-inflammatory, while high doses show severe toxicity. Levamisole and transfer factor
have also been used in an attempt to modulate the immune response (Dusheiko &

Zuckerman 1991).

In a preliminary study, treatment with Phyllanthus amarus, a plant extract, resulted in a
high proportion of carriers losing HBsAg (Thyagarajan er a/, 1988). Extracts of this have
been shown to inhibit the DNA polymerase of HBV in vitro. Another approach might be
to provide the patient with a supply of activated cells. Examples of this include bone
marrow transplantation and infusion of activated cells. Transplantation of bone marrow
from donors immune to hepatitis B has occasionally been shown to result in clearance of
HBYV replication in recipients with chronic HBV infection (Lok ¢r ¢/, 1992). Studies are
currently under way to infuse autologous ex-vivo activated lymphocytes into patients
with chronic HBV. Another approach is to try to stimulate the immune system to
respond specifically to components of the virus itself. Components of the HBV core

protein have been shown to elicit the greatest HLA-restricted cellular immune response.

Interleukin-12 is a cytokine produced by phagocytic cells and other antigen presenting
cells and several studies have demonstrated that IL-12 plays a critical role for efficient
immune responses to intracellular pathogens in viral diseases (Naoumov & Rossol 1997).
More recently, exogenous 1L-12 has been shown to increase lvmphoproliferative
responses. increase cytokine production of peripheral blood mononuclear cells from
chronic HBV carriers stimulated with HBeAg, and overcome the non-responsiveness to
HBsAg (Vingerhoets ¢ «/, 1997) Others have shown that a substantial rise in [L-12
production. along with the induction of Thl cytokines, is required for effective HBe
seroconversion (Rossol ¢f al, 1997). 1L-12 has also been shown to inhibit HBV

replication in transgenic mice (Cavanaugh ¢f af, 1997).

Vaccine therapy. in preliminary, yet promising trials, has now been used for herpes
simplex virus (HSV), leprosy, tuberculosis, leishmaniasis and HIV infection (Pol e/ al,
1997). A recent report of HBV clearance following the administration of hepatitis B

vaccine (comprised of HBsAg) also suggests a role for specific inmune stimulation (Pol
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et-al, 1997, Pol 1995; Pol ¢r al, 1994). Forty-six consecutive chronic HBsAg carriers
with biopsy-proven chronic hepatitis, including 11 with cirrhosis and active HBV
replication were included in a pilot study. Patients received 3 standard doses of a 0.5 ml
vaccine containing 20 pg of HBsAg and preS2 protein, with aluminium hydroxide as
adjuvant. into the deltoid muscle at one month intervals. Six to 9 months after the first
vaccine, a standard antiviral therapy (5 MU interferon o-2b thrice weekly subcutaneously

for 4 months) was proposed to all patients and was accepted by 28 of the 46.

Over the 3-month period following the complete vaccination, serum HBV DNA became
undetectable in 12 of the 46 patients (26.1%). Eight additional patients (17.4%) showed
a significant decrease (more than 50%) in HBV DNA; these 8 finally lost HBV DNA,
one 12 months after the first vaccine without other treatment and 7 after starting o-IFN
within a mean time of 2.8 months. None of the patients cleared serum HBsAg. Eleven of
the 42 HBeAg-positive patients (26%) developed anti-HBe antibodies 6 months after
vaccination and 22 (52%) at the end of the mean follow-up period of 23 months. An
exacerbation of hepatitis. as assessed by a marked increase in transaminase activities,
preceded the disappearance of or the decrease in serum HBV DNA in 18 of the 28
(64%) patients who lost serum HBV DNA. Thus, anti-HBV vaccination stopped or
markedly reduced HBV replication in 43.5% of patients with chronic HBV, whereas the
rate of spontaneous HBV DNA clearance was reportedly about 7% per annum. It is
possible that vaccine therapy might enhance the efficacy of a-interferon in patients with

chronic HBV infection.

Akbar ¢f «l (1997) showed that 12 monthly intraperitoneal injections of HBV-transgenic
mice with HBV vaccine containing 10.0 pug of HBsAg in complete Freund’s adjuvant
resulted in complete clearance of HBsAg and HBeAg in sera in 25 and 30 of a total of 32
transgenic mice, respectively. In addition, 5 and 12 transgenic mice developed detectable
levels of anti-HBs and anti-HBe in sera, respectively. Estimation of HBV DNA by PCR
showed that vaccination resulted in a decrease of HBV DNA in sera. Placebo-recipient
transgenic mice did not show any significant change in the titres of HBV markers after
receiving 12 monthly injections of complete Freund's adjuvant. Five monthly injections
with vaccine were needed to demonstrate an initial change in HBV markers, and some
transgenic mice became completelyv negative tor HBsAg and HBeAg after 10 monthly

injections.
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DNA-based vaccination allows synthesis of a foreign protein/s in vivo from injected
plasmid DNA. An important feature of this method is that the viral protein enters the
major histocompatibility complex (MHC) class I pathway of the cell. leading to the
induction of cytotoxic T-lymphocyte responses. Theoretically, the presence of plasmid
DNA within the transfected cells will allow sustained viral antigen expression in vivo,
with prolonged induction of both humoral and cell-mediated responses. A recent study
tested the efficacy of DNA vaccines encoding the duck hepatitis B virus preS/S and S
proteins in Pekin ducks (Triyatni es a/, 1998). Plasmid pcDNA I/Amp containing the
DHBYV preS/S or S genes was injected intramuscularly three times at 3-week intervals.
All preS/S and S-vaccinated ducks developed total anti-DHBs and specific anti-S
antibodies with similar titres reaching 1/10 000 to 1/50 000 and 1/2 500 to 1/4 000,
respectively, atter the third vaccination. Vaccination of the ducks with either vaccine -
prevented the development of viraemia following virus challenge. The administration of
DNA vaccination to chronic HBV-infected individuals may be a new form of antiviral
therapy worth considering, as constant antigen presentation may enhance the immune

response to HBV-infected hepatocytes.

1.1.5.2 Nucleoside analogues

Nucleoside analogues undergo phosphorylation and then compete with natural substrates
for incorporation into the viral DNA sequence. They may inhibit viral DNA synthesis by
causing chain termination, blocking binding sites on the DNA or RNA template, or by
intertering with the metabolism and transport of the naturally occurring substrates. First
generation nucleoside analogues include acyclovir, adenine arabinoside, ribavirin,
azidothymidine. dideoxyinosine (ddl) and dideoxycytidine (ddC). Adenine ararbinoside
(Ara A) and its more soluble analogue (Ara AMP), were the first nucleoside agents
extensively studied for chronic HBV. These analogues were potent inhibitors of the HBV
DNA polymerase. but responses were not sustained after discontinuing therapy
(Hootnagle ¢7 «/, 1984). In addition to providing only temporary viral suppression,
prolonged administration of Ara AMP led to disturbing neuromuscular toxicity (Guardia
¢t al, 1986: DiBisceglie & Hootnagle 1989), and further studies with this analogue were
discontinued Acvclovir is well tolerated; however, it was not a potent suppressor of
HBYV when evaluated in human trials (Guarascio ¢7 «/, 1986). The dideoxynucleotides

have also been demonstrated to have activity against HBV in the duck HBV model
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(Kassianides ¢r a/, 1989). Unfortunately, when one of the more promising agents, ddI,
was administered to humans in a pilot study, the results were disappointing (Fried et a/,

1992).

Currently. there is a second generation of nucleoside analogues being tested amidst great
optimism. These agents include fialuridine (FIAU), famciclovir and 3 -thiacytidine (3TC
or Lamivudine). Fialuridine, an agent with very potent antiviral effects against HBV, was
unfortunately found to have severe and fatal side effects thought to be related to
mitochondrial injury. The use of fialuridine was associated with lactic acidosis, fulminant
hepatic failure. pancreatitis, myopathy and neuropathy resulting in the death of several
patients treated in an experimental protocol (McKenzie ef a/, 1995). Fialuridine may
have been singularly toxic because of its propensity to become incorporated within

mitochondrial DNA.

Famciclovir is the oral form of penciclovir, an acyclic guanine derivative and a new
nucleoside analogue, which has efficacy against the herpes simplex and herpes zoster
viruses. In the Pekin duck animal model, both penciclovir and tamciclovir reduced HBV
DNA to undetectable levels within 2 days of start of treatment and maintained this
suppression during the 21 days of treatment (Tsiquaye ¢f a/, 1994). In a double-blind
placebo-controlled study with famciclovir in humans, a fall of more than 90% in HBV
DNA levels was noted in six of |1 evaluable patients treated with a 10 day course of oral
therapy. Experience in liver transplant patients with recurrent hepatitis B has also shown
that tamciclovir may be an effective antiviral agent (Schalm er u/, 1995). This agent 1s

now in phase III clinical trials.

The second generation nucleoside analogue with the most promising potential at present
is Lamivudine. Lamiudine is a cytidine dideoxynucleoside analogue; the drug is a
negative enantiomer of 3 -thiacytidine and is a potent inhibitor of HBV and HIV
replication. It acts as a reverse transcriptase inhibitor to decrease HBV DNA synthesis
through chain termination of the nascent proviral DNA (Dusheiko 1998). Lamivudine
has an excellent safety protile when administered for prolonged periods in patients with
HIV' It 1s phosphorvlated within the cell to the triphos’bhate derivative; lamivudine 5°-

triphosphate has an intracellular halt-lite of 17-19 h in HBV transfected HCC cell lines.
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In a pilot study in which lamivudine was administered for 12 weeks in doses of 25 mg,
100 mg or 300 mg daily. serum levels of HBV DNA became undetectable in all patients
treated with the two higher doses (Dienstag e¢r a/, 1995). In most patients, HBV DNA
reappeared after therapy was completed and relatively few patients cleared HBeAg from
serum. This suggests that lamivudine might be effective in suppressing but not
eliminating HBV DNA replication. However, the emergence of HBV polymerase gene
mutants resistant to lamivudine result in breakthrough infections in a substantial
proportion of patients (Ling e «/,1996). A large extended treatment study is ongoing in
Asia. To date, it has been reported that HBeAg has been lost in 13% and 16% of
Chinese HBeAg positive patients after | year of treatment with 25 mg (n=142) and 100
mg (n=143) respectively. compared with 4% of 73 patients receiving placebo (Liaw ef
al, 1998). The combined effect of lamivudine and alpha-2b interferon (in previously
untreated patients ) has been assessed. Two hundred and twenty six HBeAg positive
patients were randomised to receive lamivudine 100 mg for 52 weeks, lamivudine for 8
weeks and then concurrently with alpha 2b interferon, (to 24 weeks) or alpha 2b
interteron alone (for 24 weeks) (Heathcote ¢r a/, 1998). Of the patients, 20%, 25% and
22% respectively seroconverted from HBeAg to anti-HBe at 64 weeks. In this study,
histological improvement was noted in 38% of lamivudine-treated patients, 36% of the
interferon treated patients and 28% of the lamivudine and alpha interferon patients. The
available evidence suggests that the drug has an acceptable tolerance in patients with
advanced cirrhosis who require liver transplantation and can be cautiously administered

in these patients.

Resistance to lamivudine was associated with mutations which lead to amino acid site
substitutions in the highlv conserved YMDD motif, part of the active site of the
polymerase (Ling ¢7 «/. 1996). Substitutions of valine and isoleucine for methionine were
found in some cases. Genotypic mutations were observed in [4% of Chinese patients
treated with 25 mg or 100 mg after 1 year of treatment. YMDD mutations were
observed in 38% of patients treated with lamivudine continuously for 2 years. The
overwhelming majority of patients have a two log decline in HBV DNA from baseline
which is accompanied by an improvement in serum aminotransferases and liver histology.
In a one-vear studv. lamivudine was associated with substantial histologic improvement

in many patients with chronic hepatitis B (Lai ¢ a/, 1998).
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A new acyclic adenine nucleotide analogue with broad spectrum antiviral activity against
retroviruses, hepadnaviruses and herpesviruses is adefovir dipivoxil (Bis-POM-PMEA).
This drug acts as a chain terminator and has a high therapeutic index (>500). It has a
high intracellular half-life of 16 to 18 hours (Renson e¢r a/, 1996). In a phase II study for
chronic hepatitis B, adefovir dipivoxil as a once daily oral dose was well-tolerated and
associated with significant and sustained reductions in serum HBV DNA levels for the
duration of the dosing (Gilson e/ a/, 1996). Furthermore, preliminary in vitro data has
shown that there is lack of cross resistance to this agent for the human hepatitis B DNA
polymerases which express lamivudine resistance codons (Xiong er al/, 1997). Lobucavir
is a new guanosine nucleoside analogue with broad spectrum antiviral activity. In a
double-blind, placebo-controlled, randomised study involving 22 subjects, lobucavir was
well-tolerated and associated with a 2- to 4-log reduction in serum HBV DNA levels-

during 28 days of dosing (Bloomer ef a/, 1997).

Intravenous ganciclovir has been used to treat HBV recurrence after liver transplantation
in nine patients (Gish ¢ a/, 1996). Serum HBV DNA levels decreased by a mean of
90%, and four of nine patients had undetectable levels of HBV DNA. HBV DNA levels
increased after treatment was stopped in most patients. There were no major side-effects
of ganciclovir therapy. BMS-200475 is a potent and selective deoxyguanosine analog
with the potential for treating chronic HBV infection. Direct comparison of BMS-
200475 with other nucleoside analogs in the 2.2.15 cell culture assay demonstrated that
BMS-200475 was the most potent inhibitor of HBV replication. with superior in vitro
potency to that of lamivudine (Innaimo e/ a/, 1997). It also had a high selectivity index.
The antiviral activity of 27,3 -dideoxy-fluoroguanosine (FdG) was evaluated for DHBV:
it resulted in a dose-dependent inhibition ot viral replication with a nearly complete
inhibition at a concentration of 1 uM in vitro, and a 90% reduction in DHBV DNA
replication in infected ducklings (Hafkemeyer ¢7 a/, 1996). Another study using this
agent showed inhibition of HBV production in cell lines, and inhibition of both DHBV
and HB\" DN A-polymerases at low concentrations in vitro (Schroder et af, 1998). Ina
recent study. the /i vivo administration of L-FMAU (2°-Fluoro-5-Methyl-p-L-
Arabinofuranosvl-Uracil). a new class of thymidine analog. by the oral réute to

experimentally infected ducklings showed a potent inhibition of viral replication which
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was not associated with any significant toxicity (Aguesse-Germon et al, 1998). It also
produced a dose-dependent inhibition of viral DNA replication in 2.2 15 cells with a 50%

inhibitory concentration of 0.1 uM (Balakrishna et a/, 1996).

1.1.5.3 Molecular biologic therapy _

Molecular biologic approaches to therapy take advantage of the knowledge of the
molecular biology of HBV. Antisense oligonucleotides have been shown to inhibit gene
expression in vitro and in vivo (Wu et al, 1992; Offensperger ef a/,1993). Ribozymes are
small RNA molecules that are able to cleave RNA. They may be a more effective tool
than antisense oligodeoxynucleotides (ODNs) since they possess both antisense and
RNA cleavage activities. The enzymatic nature of ribozymes may facilitate effectiveness
even at low levels of expression. After binding, they should irreversibly destroy their
target sequence and, moreover, be capable of multiple turnover. Ribozyme genes can be
delivered via various viral vector delivery systems and are expressed constitutively within
the target cells, thereby overcoming the toxicity and degradation problems associated '
with the direct injection of antisense DNA. Stable expression of the anti-HBV ribozymes
in liver cells could theoretically lead to lifelong intracellular immunity against HBV
(Wands e7 a/, 1997). An anti-HBV ribozyme can potentially be multifunctional, targeting
both the pregenomic RNA as well as the viral mRNAs (Hootnagle & Lau 1997). In
addition, by targeting the ribozymes to small highly conserved regions of the viral

genomes. the possibility of generating escape mutants can be greatly reduced.

Two hairpin ribozymes were generated and shown to be capable of cleaving HBY RNA
invitro (Welch er al, 1997). The cDNAs for each of the anti-HB\" ribozymes were
cloned into retroviral vectors. Expression of these ribozymes. but not their disabled
counterparts, in Huh 7 cells resulted in inhibition of HBV particle production and their
tetraloop variants demonstrated even higher antiviral activity. reducing HBV production
by up to 83°. Some workers are attempting to target the highly conserved RNA
encapsidation signal € with specific ribozymes; due to its multifunctionality this RNA
region should not easily tolerate mutations (Nassal 1997). Ribozvmes have also been
shown in vitro to cleave HBV RN A molecules and inhibit transcription of HBV proteins

(Weizsaecker ¢7 «l. 1992).



Hepatitis delta virus (HDV) is a small single-stranded RNA satellite of HBV. Although it
is a human pathogen, it shares a number of features with a subset of the small plant
satellite RNA viruses, including self-cleaving sequences in the genomic and antigenomic
sequences of the viral RNA. The self-cleaving sequence is critical to viral replication and
is thought to function as a ribozyme /n vivo to process the products of rolling circle
replication to unit-length molecules (Been & Wickham 1997). A minimal natural
ribozyme sequence with proficient in vitro self-cleavage activity is about 85 nucleotides

long and adopts a secondary structure with four paired regions (P1 toP4).

The tunctional inactivation of viral proteins by modified viral gene products, also termed
dominant negative (DN) mutants, has gained substantial interest (von Weizsacker et al,
1996). These are polypeptides that are able to interact and/or disrupt the function of their
native counterparts. Core proteins of the woodchuck hepatitis virus and HBV, when -
fused at their truncated C-terminus to the viral small surface antigen, efficiently inhibited
viral replication. The hepadnaviral core protein represents a particularly promising target
for DN mutants because it is central to several functions critical for viral replication: it is
the building block of the viral nucleocapsid and plays an essential role in both packaging
of the RNA pregenome into core particles and the subsequent maturation of viral DNA.
von Weizsacker ¢f a/ (1996) tested various core protein mutants for their potential
antiviral activity bv cotransfection with a replication-competent DHBV construct into the
avian hepatoma cell line LMH. Carboxy-terminal, but not amino-terminal, DHBV core
mutants inhibited DHBYV replication by up to 90% at an effector-to-target ratio of 1:10.
Antiviral activity was species-specific and caused by post-translational interference with

viral replication.

Scaglioni ¢ al (1996) studied the DHBV and placed the DN mutant constructs in
recombinant retroviral and adenoviral expression vectors. Transient expression of the
DHBYV molecular equivalent of the WHV and HBV DN constructs inhibited wild-type
DHBYV replication by 98%%. Recombinant retroviral and adenoviral vectors containing the
HBYV and DHBYV DN complementary DNAs (cDNAs) were used to transiently and
stably transduce hepatoma-derived cell lines constitutively expressing replicating wild-
type virus These studies showed that the DN core mutants were powerful inhibitors of
HBV and DHBV replication when delivered intracellularly and appear as promising

antiviral agents for gene therapv of persistent viral infection of the liver.



Antisense RNAs recognise and specifically bind to target RNA sequences, usually
mRNA, both in prokaryote and eukaryote cells. They may be delivered to target cells
using viral delivery systems, such as retroviruses or adenoviruses. In addition, antisense
RNA may be expressed from transcription units stably integrated into the host genome.
Putlitz ¢r a/ (1998) studied subgenomic fragments of the HBV genome with respect to
the property of inhibiting HBV replication when intracellularly expressed in the antisense
orientation. Antisense RNAs derived from the HBV genome specifically inhibited HBV
replication and antigen expression in human hepatocellular carcinoma (Huh 7) cells by
60-75%. DNA sequences corresponding to the identified RNAs had no effect on HBV
replication, indicating that inhibitory effects were mediated by RNA. Transcripts
corresponding to the inhibitory subgenomic fragments were present at high levels. One
antisense RNA was found to reduce the amount of pregenomic RNA encapsidated into
core particles as a molecular mechanism of antiviral effects.

In another study, two retroviral vectors carrying an antisense gene from the HBV preS/S
or preC/C were constructed and used to transfect the human hepatoblastoma cell line
2.2.15 (Ji & Si 1997). The inhibitory effect of antisense gene transfer. mediated by
retroviral vectors on the expression of HBV antigens, appeared as early as day 3 after
transfection. reached a maximum on day 5 and persisted for 11 days. On day 5 after
introduction, antisense preS/S inhibited HBsAg and HBeAg expression by 71% and
23%, and the antisense preC/C inhibited HBsAg and HBeAg by 23% and 59%,
respectively. HBV DNA production in the supernatant of cells transtected with either

sequence was also reduced on day 5. but the viability of the cells was not affected.

Double-stranded RNA molecules have shown some efficacy against chronic HBV in a
pilot study (Hahm ¢7 «/. 1994). Triple-helix torming oligonucleotides directed against the
HBYV core promoter region have also been shown to inhibit HBV-specific gene

expression in vitro (Ito et al. 1997).

Despite promising i vitro data, the lack of reports on in vivo effectiveness of antisense
oligonucleotides is related to their: (i) instability in serum, which. however, can be
improved by backbone modification; (ii) inability to reach their target site because of

nonspecific disposition; (iii) poor cell penetration; and (iv) adverse pharmacokinetics,
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including a short half-life (5 to 60 minutes) and high renal excretion (50%) in mice, rats,

monkeys and humans (Agrawal 1992; Agrawal ef al, 1995).

Table 1.1 lists antiviral agents that have been evaluated in cell culture, animal models and
in humans with chronic HBV. Results of testing in vitro reflect results on HBV DNA in
cell culture systems; results /7 vivo reflect the effects on levels of viral DNA in animal
models of disease; results in humans reflect analysis of whether the agents result in

clearance of HBV DNA and HBeAg and long-term remissions of disease.
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Table 1.1: Antiviral and immunomodulatory agents in chronic hepatitis B

AGENT Effect in

Vitro Vivo Humans

Adenine arabinoside (and monophosphate) ++  ++ -
Acyclovir + + -
Adefovir dipivoxil NT NT ++
Lobucavir NT NT
Ganciclovir + + ?
Suramin - + -
Forscanet ++ + NT
Ribavirin + ? NT
Dideoxynucleotides: ddI ++ o+t -
ddC, ddA, and ddG ++  ++ NT
Carbocyclic deoxyguanosine (2° CDG) ++ NT
Fluoro-iodo-arabinofurasyl uracil (FIAU) ++ o+t -
Famciclovir ++ ++ +
3-Thiacytidine (3TC, Lamivudine) ++ ++ ++
2°,3’-dideoxy-3’-fluoroguanosine ++ ++ NT
BMS-200475 ++ NT NT
2’-Fluoro-3-Methyl-3-L-Arabinofuranosyl ++ ++ NT
Antisense oligonucleotides ++  ++ NT
Ribozymes ++ NT NT
Antisense RNA ++ NT NT
Dominant negative mutants ++ NT NT
Levamisole - NT -
Phyllanthus amarus - + -
Alpha interferon + + +
Beta interteron + + +
Gamma interferon + ? -
Interleukin 2 - NT ?
Interleukin-12 + + ?
Thymosin - + ?
Granulocyte-Macrophage CSF - NT ?
Short course ot corticosteroids - NT -

NT = not tested: ? = tested in pilot studies with promising results. — indicates mild

inhibition. ++ indicates moderate inhibition, - indicates no inhibition.



1.1.6 Potential targets for future antiviral therapy

Any future antiviral therapy will have to be based on the potential targets within the
HBV replication cycle. Some of the potential targets are as follows:

Early events in infection: A successtul soluble receptor analogue for HBV could block
viral adsorption and infection. This would be useful in post-exposure prophylaxis (eg.
needlestick injuries, neonatal exposures) as an adjunct to passive and active
immunisation.

Viral nuclear transport, uncoating and transcription: It is likely that most of these
steps are mediated by host cell enzymes. Nothing is known of the machinery for nuclear
translocation and uncoating; therefore at this time rational drug design to inhibit these
steps is not yet possible.

Reverse transcription: The major proteins that carry out this reaction are of viral origin.
Now that sequences required for encapsidation are being identified, antisense
oligonucleotides tould be designed to inhibit their recognition, thereby preventing
encapsidation of genomic RNA. Since this step is obligatory for reverse transcription, it
might be a usetul target. Nucleoside analogues that either inhibit reverse transcriptase or
chain elongation are also attractive therapy means, as in the treatment of HIV infection.
Translation and post-translational processing: Antisense oligonucleotides that anneal
to viral coding regions may be of value in inhibiting viral gene expression. Such a
strategy would reduce the load of circulating virions and might hinder the horizontal
recruitment of new infected hepatocytes.

Viral assembly and secretion: Interaction of the nucleocapsids with the viral envelope
proteins occurs before secretion from the cell, but the domains on the preS/S proteins or
on the nucleocapsids that mediate the interaction are not known (Scaglioni ¢t «/, 1996).
As these steps are carried out by cellular enzymes, it is likely that inhibition of these
enzymes will result in considerable cellular toxicity. Antisense therapy that inhibits
production of envelope or core proteins, or dominant negative core mutants may be

useful in inlibiting this step.

1.2 Duck hepatitis B virus

In 1980 a group of investigators from the Fox Chase Cancer Centre in Philadelphia

found a virus in the sera of Pekin ducks which appeared to be a member of the human
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hepatitis B-like family of viruses (Mason et a/, 1980). This virus had a diameter of 40 nm
and an appearance in the electron microscope similar to that of human HBV. The DNA
genome of the virus was circular and partially single-stranded. and an endogenous DNA
polymerase associated with the virus was capable of converting the genome to a double-
stranded circle with a size of about 3000 bp. An analysis for viral DNA in the organs of
infected birds indicated preferential localisation in the liver, implicating the organ as the
site of virus replication. In all these aspects, the virus had a striking resemblance to
human HBV and appeared to be a new member of the family, which also includes ground

squirrel hepatitis virus and woodchuck hepatitis virus.

Among the features that associated DHBV with the hepadnavirus family are unique
virion ultrastructure; characteristic polypeptide and antigenic composition;, and common
genome size, structure, and mechanism of replication. Common biological features of
hepadnaviruses include a striking tropism for hepatocytes and the occurrence of
persistent infection, with complete and incomplete ¥Viral forms in high concentrations in
the blood and lower concentrations in other body fluids continuously for years.
However, the genome of DHBV has only 3 ORFs, lacking the X gene which codes for

the X protein. suggesting that this protein is not essential for viral replication (Fig 1.3).

DHBYV has been found in domestic ducks in parts of China and in up to 10% of Pekin
ducks in many commercial flocks in the USA. Vertical transmission is the major, or
perhaps the only, natural route of transmission of DHBV among Pekin ducks. Histologic
studies of livers of ducks from Chi-tung county in China revealed some degree of
hepatitis in most, and no correlation between severity of hepatitis and the presence of
virus in serum or viral DNA in the liver, suggesting that non-viral factors are involved in
at least some hepatitis in this duck population (Omata ¢f /. 1983). Cirrhosis, a
significant sequel of chronic infection in man, has been observed in ducks, but it has not
yet been correlated with virus infection (Omata er a/, 1983). No cirrhosis has been found
in ground squirrels or woodchucks. The incidence of hepatocellular carcinoma is rare in
ducks infected with DHBV | unlike that in woodchucks or humans infected with HBV.
The differences in hepatitis and tumour formation associated with the different
hepadnavirus infections of different hosts are striking. Whether these differences are due
to differences in the pathogenicity of these closely related viruses. genetic differences in

the host. or to environmental factors remains to be determined.
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Figure 1.3: Genetic organisation of the duck hepatitis B virus genome

(Ottensperger ¢ al. 1993)



Replication of DHBYV has been shown in extrahepatic sites (Mason er al, 1980).
Replicating forms of DHVB DNA are found in the pancreas as well as the liver of
infected ducks, but not of woodchucks or ground squirrels (Mason er a/, 1981). Active
replication of DHBYV starts in the liver after infection, and is followed by replication in
the pancreas, the kidney, and the spleen (Tagawa ef a/, 1985) The incubation period is
shortened when larger amounts of virus are inoculated, but the sequential occurrence of
viral replication in these organs remains the same. More recently, natural and
experimental infection of wild mallard ducks with DHBV has also been shown (Lambert

etal 1991).

The duck experimental system has been used in several studies to screen antiviral agents
for HBV (Zuckerman 1987; Kassianides ef a/, 1989; Niu e/ a/, 1990; Hung L-F et al,
1991). A number of features make the duck system attractive for investigation of an -
HBV-like virus. First, ducks breed well in captivity, allowing an investigation of the
route of vertical transmission as well as the role of genetically controlled factors in the
development of chronic viraemia. Second, egg inoculation of DHBV appears to produce
viraemia in the duckling, allowing the generation of a reliable supply of infected animals
and permitting. in principle, the passage of the virus in the duck vector with each
generation. Eggs and young ducklings are readily obtained from commercial suppliers,
making the system easily accessible to investigators. Finally. levels of DHBV DNA can
easily be measured in serum and the different states of viral DNA in liver can be
demonstrated by standard hybridization techniques. However. it is not an ideal system to
assess antiviral therapy: some nucleoside analogues have been shown to be potent
inhibitors of viral replication in vivo, but their neurotoxicity precluded their use in

humans (Guardia er a/, 1986; DiBisceglie & Hoofnagle 1989)

Although the chimpanzee has long served as a surrogate host for humans in modelling
HBYV infection. the chronic disease in this model is less severe and hepatocellular
carcinoma has not been observed (Roggendorf & Tolle 1995). The woodchuck is
currently used in many laboratories to study pathogenesis of hepadnavirus infection,
molecular mechanisms ot HCC development, and cell tropism of hepadnaviruses.
Significant hepatitis has been observed in wild caught animals that are persistently
infected, and the disease may be severe, progressive, and lead to death (Robinson e/ al.

1984). Woodchucks are also used to study ditferent approaches for new vaccines to
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hepadnaviruses and evaluation of antiviral drugs in chronic WHYV infection. Woodchucks
are also a highly sensitive model to test viral inactivation procedures. The natural route
of WHYV infection in the woodchuck, is thought to be the same as for HBV, by blood
and secretions, in utero or at birth (Roggendorf & Tolle 1995). Experimental inoculation
of colony-bred neonatal woodchucks with standardized virus challenge pools results in

uniform kinetics of WHV infection and predictably high rates of chronicity (60-70%).

Woodchucks chronically infected with WHV at birth almost inevitably develop HCC.
HCC develops in approximately one-third of persistently infected woodchucks per year
(Robinson ¢r a/, 1984). This incidence is much higher than that seen in humans infected
with HBV, in which approximately 0.1% of middle-aged male HBsAg carriers in Taiwan
were shown to develop HCC per year (Beasley ef a/, 1981). Southern blot analysis of
genomic DNA from a large number of woodchuck HCCs provide evidence of integrated
WHY sequences in about 90% of tumours, both in chronic carriers and tumours of
woodchucks which seroconverted. Cirrhosis is present in 80% of humans with HCC, but
this has not been observed in woodchucks. HCC develops during active acute and
chronic inflammation in woodchucks, with high levels of viral DNA in serum, whereas in
HBV-associated tumours evidence of viral replication is low or absent, and active
inflammation is rare (Robinson er a/, 1984). No HCC has been observed in DHBV
infected or uninfected ducks followed as long as two years, and none has been reported
in the commercial flocks in which DHBV has been studied in the USA (Omata e al,
1983; Marion ef al, 1984). Clearly HCCs do occur in domestic ducks in China. but the
limited data do not suggest that active DHBV infection is as common in ducks with
tumours as is hepadnavirus infection in humans or woodchucks with HCC, and DHBV

DNA sequences have not been detected in a number of tumours.

The first animal model of HBV infection, chimpanzees, were rarely used in antiviral trials
because of animal protection and high costs. WHV infection of woodchucks is a model
in which the virus and associated disease have been relatively well characterized. The
woodchuck model has the advantage of employing the virus most closely related to
HBV, but the disadvantage of being relatively inaccessible or expensive for most
laboratories. In contrast, the equally well-characterized DHBV duck model is available
around the world and has consequently been used more often to test potential antiviral

substances. Drawbacks to the DHBV-duck system are that DHBV is much less similar
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to.HBV than WHV and GSHV, and that avian metabolism and pharmacokinetics of the

tested drugs may differ significantly more from those of mammals.

Some differences between the DHBV model and the WHV model are outlined in Table

1.2.

Table 1.2: Comparison of the duck and woodchuck models of hepatitis B virus.

Duck hepatitis B virus

Woodchuck hepatitis B virus

Avian virus

40% nucleotide homology with HBV
3 ORFs

Absence of X gene

Poor disease model

Vertical transmission only
Replication in extrahepatic sites

Low propensity for HCC

Mammalian virus

70% nucleotide homology with HBV
4 ORFs

Presence of X gene

Good disease model

1 Horizontal and vertical transmission

Replication in liver only

High propensity for HCC

Ducks available world-wide Woodchucks only found in certain regions

1.3 Antisense oligodeoxynucleotides

Antisense oligodeoxynucleotides (ODNs) are synthetic DNA molecules which offer the
potential to block the expression of specific genes within cells. Inhibition of gene
expression by antisense ODNs relies on the ability of an ODN to bind a complementary
messenger RNA (mRNA) sequence and prevent translation of the mRNA (Wagner
1994). Formation of the mMRNA-DNA duplex would also, in theory. then suppress or
prevent the process of translation of the targeted message into protein (Figure 4). If the
cell, or virus. required that protein for growth and/or viability, these cells should be
markedly diminished in the presence of the antisense compound. Clinical trials are now in
progress to evaluate the therapeutic potential of antisense ODNs in several human
diseases. including acute myelogenous leukaemia and infection by HIV-1,

cytomegalovirus and human papillomavirus.
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(1) the ODNSs can be synthesised easily and in bulk;

(i1) the ODNs must be stable in vivo;

(i1) the ODNs must be able to enter the target cell;

(iv) the ODNs must be retained by the target cell;

(v) the ODNs must be able to interact with their cellular targets;

(vi) the ODNs should not interact in a non-sequence-specific manner with other

macromolecules.
1.3.1 Oligonucleotide modifications

The vulnerability of unmodified or naturally-occurring phosphodiester ODNs to
nucleases present in various extracellular fluids and in different intracellular
compartments limits their therapeutic potential. These molecules are rapidly hydrolysed
by 3°, 5'-exonuclease activity both in plasma and intracellularly. Oligonucleotides have
been modified to enhance stability. most frequently at the phosphodiester internucleotide
linkage by substitution of a non-bridging oxygen with, for example. a sulphur atom
(phosphorothioate), or a methyl group (methylphosphonate). The importance of stability
is confirmed by a study that compared phosphorothioate ODNs with phosphodiester
ODN:s of identical sequence; in this case, the stabilizing modification was essential for

high activity (Wagner ¢r al, 1993).

Figure 4 shows the structure of an ODN with a natural phosphodiester linkage and
various substituents at a nonbridging oxygen atom. These backbone-modified oligomers
are significantly more resistant to nucleases, having half-lives in serum in excess of 24
hours as compared to about 2 minutes for unmodified oligonucleotides (Cantin & Woolf
1993). The issue of oligonucleotide stability is controversial because differences in the
experimental approach for measuring stability have resulted in widelv disparate half lives

being reported tor ODNs in various environments.

[t has been suggested that RNase H may play a role in the antisense effect by cleaving the
mRNA strand of the duplex formed between mRNA and the antisense ODN (Stein
1992). Phosphorothioate (PS) ODNs, at least when at a concentration lower than that of

the complementary mRNA, will act as a substrate for RNase H activity (Stein & Cheng
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Length is an important parameter to consider when designing antisense ODNs. 15-mers
are a good choice on both practical and theoretical grounds. They are relatively easy to
synthesize, and recognition at the level of 12-15 bp provides uniqueness in the range of 8
million to 500 million bp, that 1s, a 15-bp sequence is likely to be found only once in 500
million bp of DNA. Much larger oligomers, eg. 21-mers, may be less effective, perhaps

because of reduced solubility or permeability.

Although most successful antisense experiments target the oligomer to the cap and/or
initiation codon region of the mRNA (Wagner 1994), no general conclusions can be
drawn with regard to the optimal target site. One criterion to consider when selecting
viral target genes is that they should specify essential functions and be expressed early in
the viral replicative cycle, prior to genome replication. Genetic variability must also be
considered when choosing a target sequence, especially in highly mutable viruses. Target
regions in which mutations would result in loss of function are ideal. Examples of such
functionally constrained targets are splice signals, poly-adenylation signals, translational
initiation codons, and structured binding sites for RNA regulatory factors, such as the
HIV 1ar and rev gene proteins. In principle, multiple genes should be targeted where
feasible, to maximise inhibition and minimise the probability of resistant strains

developing.

Evidence suggests that charged ODNs (eg. PS-ODNs) are taken up by receptor-
mediated endocvtosis (Leonetti et a/. 1993). Uptake depends on temperature, energy,
and concentration and is also saturable; these attributes are consistent with the postulated
existence of a cellular receptor. Uptake of charged oligomers is a relatively inefficient
process. only a small fraction of the input oligomer becomes cell associated. and a

significant amount of that remains bound to the cell membrane (Neckers er «/, 1992).

Various schemes have been devised to improve ODN uptake. including conjugation to
polylysine or cholesterol. ODNs conjugated with polylysine at either the 5" or 3™ end are
more resistant to serum nucleases and show enhanced antisense activity as compared to
unmodified oligomers (Cantin & Woolt 1993). The mechanism by which polylysine

potentiates the antisense effect is unclear.
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1.3.2 Non-specific effects of antisense oligodeoxynucleotides

In several instances. non-sequence-specific inhibitory effects have been observed with
phosphorothioates. PS-ODNs5s are polyanions, and as such are capable of binding the
same proteins that other polyanions, especially heparin, also bind. This binding is
primarily based on a charge interaction, but more recent evidence indicates that the
binding may depend in part on base sequence as well (Stein 1995). Non-specific effects
have been observed when antisense PS-ODNs were used to inhibit HIV replication (Stein
1992). These effects are very likely caused by interference with reverse transcriptase. PS-
ODN:s, in a length-dependent but relatively sequence-independent manner, bind to

recombinant soluble CD4 at or near the HIV-1 binding site (Stein & Cheng 1993).

Even so-called sequence-specific phosphorothioates, if sufficiently long and if used at
sufficientlv high concentration, can exhibit these non-sequence-specific but potentially
therapeutic effects. [t may therefore be quite difficult to determine precisely which
observed effects are antisense in nature, and which are caused by a complex mix of
sequence-specific plus non-sequence-specific phenomena. Batch variations in oligomer
purity are another source ot non-specific effects, and contamination with cytotoxic
triethyl ammonium ions during HPLC purification of oligomers is known (Cantin &
Woolf 1993). Another complicating factor is the observation that the affinity of PS-
ODN:s to proteins is increased if the oligomer contains four contiguous guanosine

residues. It is not clear why the G-quartet motif contributes to this increased affinity.
1.3.3 Limitations of antisense oligodeoxynucleotides

The main problems encountered with /n vitro utilisation of synthetic oligomers deal with
metabolic stability. cell penetration. intracellular distribution. availability of the nucleic
acid or protein target, and processing of target-oligomer complexes. /n vivo applications
must cope with large-scale production and manufacturing costs. mutagenicity,

immunogenicity. and body distribution.

The metabolic stability of an ODN is related to its susceptibility to endo- and

exonucleases in plasma and within cells. Phosphodiester ODN's are rapidly degraded by
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these enzymes, whilst PS ODNs are more resistant to degradation while retaining its
antisense activity. PS ODNs are polyanions, and as such are capable of binding the same
proteins that other polyanions also bind. If PS ODNs localise to the cytoplasm of the
cell, the target mMRNA may not be accessible to RNase H, a nuclear enzyme required for

its biological activity.

One of the main problems encountered with the antisense approach is the choice of the
targeted sequence. Factors that govern the identification of a target site are likely to be
related to the length of an ODN, binding affinity and accessibility of the target RNA
(Wagner 1995). The knowledge of the mode of action of antisense ODNG is still rather
tragmentary and may be different from one gene to another. Moreover, nRNA
secondary structures and their interaction with proteins are important points to consider.
For example, the structure of important targets like the encapsidation signal € of the
pregenomic RNA of HBV and the secondary structure of the 5° noncoding region of

HCV must be accessible to the antisense molecule. '

To be effective antisense agents, ODNs must possess suitable pharmacokinetics to allow
them to trattic to diseased tissues by using non-toxic and cost-effective doses, slide
through cellular membranes (which present a formidable obstacle to most highly charged
macromolecules such as nucleic acids), clamp to the targeted region of RNA with high
affinity and specificity, and maximally inhibit translation of the disease-causing protein

(Wagner 1995).

1.3.4 Studies with antisense oligodeoxynucleotides for viral infections

This concept has been successtully applied /1 vitro to inhibit influenza virus, Rous
sarcoma virus. herpes simplex virus, human T cell leukaemia virus type [, human
immunodeficiency virus, vesicular stomatitis virus, human papillomavirus and hepatitis B
virus (HBV) (Cantin & Woolf 1993). /n vivo studies have also been performed for duck
hepatitis B virus (Offensperger er al. 1993). Neoplastic diseases treated with antisense
ODNs include acute and chronic myelogenous leukaemias. A PS-ODN targeted to ¢-myh
mRNA was recently reported to inhibit restenosis in a rat model of balloon angioplasty

{(Simons ¢/ al. 1992).



There has been a strong interest in identifying a potent oligonucleotide inhibitor of HIV
replication. The PS ODN (GEM 91) which binds to the gag region of HIV RNA was
selected because of its potent antiviral effects in vitro (Agrawal & Tang 1992). Phase I
and I1 trials with this antisense agent have commenced (Kilkusie & Field 1997). To date,
safety has been demonstrated for doses up to 4.4 mg/kg by continuous infusion and 3
mg/kg by repeated intermittent, 2-hour infusion. Matsakura et a/ (1989) also evaluated
the inhibition of HIV replication by PS ODN targeted to the HIV rev RNA. They
reported sequence specificity of the antiviral effect and the expected effects on the HIV
mRNA profile. They also demonstrated that the PS 28-mer homopolymer dC is a potent
inhibitor of HIV infection. Anazondo ef a/ (1995) demonstrated that a partially
phosphorothioated 20-mer targeted to a well conserved coding region of the gag gene
inhibited both expression of mRNA for the viral precursor p55 protein, the pSS5 protein
and its cleavage product p24 in COS cells stably transfected with plasmids containing the
gag-pol region. Anti-retroviral effects of ODNs by nonantisense mechanisms have been

amply demonstrated (Kilkusie & Field 1997).

Studies in herpes simplex virus infection have investigated antisense ODNs targeted to
the splice donor/acceptor sites of the immediate early pre-mRNAs of IE 4, a
transactivating protein (Field 1998). A sequence-specific inhibition of viral replication
was reported; a methyl phosphonate 12-mer targeted to the IE mRNA splice donor site
was effective in reducing virus growth by 80% at 100 uM, whereas the same ODN in
which the central two residues were inverted was inactive. The same active ODN applied
locally reduced ear infection in mice. Peyman er a/ (1995) targeted the translation start
site of IE 110 mRNA. To minimize non-specific effects they evaluated an array of 20-
mers that were phosphodiester ODNs except for two PS nucleotide residues at both the
37 and 57 ends. The most potent compound inhibited virus cytopathology at 9 uM, and a
2-nucleotide shift in sequence reduced efficacy by about nine-fold. Mismatched ODNs

were inactive at 80 (M.

Two key genes of the Epstein Barr virus, the EBNA-1 which is required for maintenance
of cell transtormation, and BZLF 1 which is required for reactivation of latently infected
cells, have been the subjects for design and evaluation of antisense ODNs. Pagano et af

(1992) evaluated unmodified phosphodiester ODNs complementary to the coding region

just 37 ot'the AUG on the EBNA-1 mRNA, and observed that prolonged treatment of

N
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Raji cells using relatively high ODN concentrations (40 M) resulted in a progressive
reduction of EBNA-1 proteins and in EBV DNA copy number. Similar treatments with
the sense control ODN were ineffective. When PS ODNs were used in similar studies,
antisense specificity was also observed at lower doses (5 uM), but scrambled and control

sequences were partially effective.

In studies to inhibit cytomegalovirus, a series of ODNs complementary to the translation
start sites, coding regions, intron/exon region and S’ caps in RNAs including the DNA
polymerase, and immediate early genes IE1 and IE2 were evaluated (Azad et al, 1993).
The most potent of these was a 2 1-mer (ISIS 2922) against the coding region of IE2,
with an [Csy of about 0.1 uM. Whereas unrelated ODNs were less active in both the
reduction of 1E2 and virus replication, mismatches in ISIS 2922 which substantially
reduced hybridization did not alter antiviral effects. A potent 20-mer PS ODN
complementary to the splice donor site of the immediate early gene, UL 36, has been
identified (Pari & Anders 1993) This gene is essential for human CMV origin of
replication-dependent DNA synthesis, and based on antisense studies it was proven
essential tor virus replication. Sequence specificity for inhibition of viral replication was
established by comparison of the efficacy of UL36ANTI with the sense, reverse and
unrelated sequences. The nucleotide sequence of UL36ANTI has now been the basis for
the chemically modified hybrid GEM 132 which is presently in clinical evaluation for

intravitreal and non-ocular treatment of CMV diseases (Field 1998).

Based on DNA sequence diversity, there are over 65 types of human papillomavirus
(HPV), with each type having preferred anatomical sites of replication. A PS ODN (ISIS
2105) targeted to the translation initiation site ot the E2 mRNA for HPV types 6 and 11
inhibited transactivation of chloramphenicol acetyltransferase (Cowsert e al, 1993).
Other control ODNs were ineffective at the same concentration (5 uM). Recent studies
have identified a PS ODN targeted to HPV E1 helicase transcript. which was active in
cell culture studies and in a mouse xenogratt model of HPV replication (Lewis e al,
1997). An active 20-mer PS ODN. targeted to the E1 translation start site had an ECsy

ot 30 nM in a cell based assay and was sequence specific.
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1.3.5 Antisense oligodeoxynucleotides for hepatitis C virus (HCV)

Hepatitis C virus, a member of the flaviviridae family, has been shown to be the major
cause of parenterally acquired non-A, non-B hepatitis. The viral genome of HCV is a
positive-sense, single stranded RNA molecule of approximately 9.5 kb that encodes a
single polyprotein of approximately 3011 amino acid residues. The polyprotein is
processed by cellular and viral proteases to generate structural proteins (the nucleocapsid
and the envelope E1 and E2) and nonstructural (NS) proteins (NS2 to NS5). The coding
sequence of the RNA genome is preceded by a 5’ noncoding region (NCR) of 324 to

341 nucleotides, which is highly conserved among all strains of HCV. This NCR forms
an extensive and stable secondary structure and serves as an internal ribosomal entry site
(IRES), essential for efficient cap-independent viral translation and probably also

necessary for HCV replication.

Alt et al (1995) analyzed the inhibitory effect of antisense PS:ODN on HCV gene
expression in an /1 vitro test system and in cell culture. Three antisense PS-ODN were
directed against different stem loop structures in the 5° NCR of the HCV RNA and
another was targeted to a region including the start AUG of the polyprotein precursor.
At the highest concentration tested (4.14 umol/l), the ODN complementary to
nucleotides 264 to 282 of the HCV RNA showed the most profound inhibitory effect (76
+ 3%) of the ODNs targeted to the NCR. The antisense ODN directed against the region
comprising the start codon of the polyprotein precursor was very efficient in inhibiting
viral translation under all experimental conditions tested. This ODN showed a dose-
dependent inhibition with a maximum of 96 + 1% suppression of translation at a

concentration of 4. 14 pmol/l.

Vidalin er al (1996) explored three potential genomic targets for inhibition of HCV
translation bv antisense ODN located in the HCV IRES and the initiator AUG flanking
sequences. namely (i) the pyrimidine-rich region (nt 103 to 138), (ii) the initiator AUG
region (nt 338 to 377), and (iii) the third stem-loop region (nt 134 to 161). The
efficiencies and specificities of three chemically modified ODNs. B-PO, a-PO and 3-PS,
were analvsed with two /n vitro translation systems, rabbit reticulocyte lysate and wheat
germ extract. [nhibition of gene expression was tested with a vector encompassing the

full-length 5"-NCR and the viral nucleocapsid sequence. Six ODNs displaying sequence-
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specific inhibition ranging from 62 to 96% mapped in the pyrimidine-rich tract and in the
initiator AUG codon were identified. Both - and 3-PO ODNSs were found to be equally

active.

Another study investigated the effects of antisense ODNs on expression of HCV RNA
and core protein (Hanecak ¢ a/, 1996). The investigators utilized immortalized human
hepatocytes constitutively expressing the HCV 5’ NCR and core protein coding region
to evaluate inhibitory effects of antisense ODNs. Two PS ODNs, one complementary to
sequences within the 5° NCR and the other complementary to HCV sequences spanning
the translation start codon, caused sequence-dependent reductions in HCV RNA and
core protein levels. Characterization of a truncated HCV RNA product produced in cells
treated with one of these PS ODNs suggested that activation of RNase H resulted in
cleavage of the HCV RNA strand within the ODN-RNA complex. The two ODNs
caused concentration-dependent reductions in HCV RNA and protein levels; 50%
inhibition was achieved at ODN concentrations of 0.1 to 0.2 uM. Mizutani ef a/ (1995)
demonstrated that an antisense ODN complementary to the core region of HCV RNA
diminished viral translation and replication in a cell-free protein synthesis system and cell

culture system respectively.

More recently, Wu and Wu (1998) administered antisense ODNs in the form of
asialoglycoprotein-polylysine complexes to Huh 7 cells in transient transfections of a
plasmid containing a luciferase gene immediately downstream from an HCV NCR insert.
Luciferase activity expressed under control of a cytomegalovirus (CMV) promoter
HCVluc was measured. Complexed antisense ODN directed against a sequence in the
NCR of the HCV genome inhibited luciferase activity in Huh 7 cells by 20% at 10 umol/l

and 85% at 60 wmol/l, and was competable by an excess of asialoglycoprotein.
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1.4. Liposomes

The purpose of a drug delivery system is to maximise the amount of an active drug, or its
duration of action, at a target site within the body where desirable therapeutic effects will
occur, and to minimise the amount of drug or duration of exposure at other sites where
toxic eftects or drug loss may occur. One widely used approach for controlled drug
delivery is the use of phospholipid vesicles or liposomes. Liposomes are composed of
one or more closed, concentric phospholipid membranes surrounding an internal
("encapsulated") aqueous compartment (Gregoriadis 1991). Highly polar, water-soluble
drugs can be entrapped in the internal aqueous space of the liposome, while lipophilic
agents can partition into and become part of the lipid bilayer. Liposomes of various

composition can bind to cell surfaces and are taken up by various endocytic processes.

A large proportion of parenterally administered liposomes were taken up by the liver and
spleen by endocytosis, and localized predominantly in the lysozymes of the liver (Juliano
& Aktar 1992). After digestion in the lysozymes, liposomal contents are released
intracellularly. Being particles rather than molecules, liposomes can only leave the
circulation at sites where there are relatively large gaps or ““fenestrations™ between the
endothelial cells lining the blood vessels. Such a fenestrated endothelium is characteristic
of the hepatic and splenic sinusoids and, to a lesser extent, the capillaries of lymphoid
organs and bone marrow. Virtually all material delivered to cells bv means of liposomes

must initially pass through endosomes or phagosomes (Juliano & Aktar 1992).

Advantages of liposomes as drug carrier systems include low or no toxic effects,
biodegradability. low immunogenicity, and a high degree of versatility allowing easy
manipulation ot size and surface characteristics including covalent coupling of ligands for
specific cell-surface receptor recognition (Scherphof e/ a/, 1989). The scope of liposome
technology can be broadened and the function of liposomes optimised by a variety of
structural manipulations, including the use of cell-specific ligands anchored on their
surface. Efficient entrapment of drugs in liposomes using minimal amounts of lipids is an
important requirement for their use as a drug carrier. The small size of the vesicles 1s
important to prevent them from being removed from the circulation rapidly, to end up in
the reticuloendothelial system. Tvechnyiques have now been developed in which high

entrapment values of up to 80° ot the starting material can be obtained for large

9
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multilamellar dehydration-rehydration vesicles (DRVs) (Gregoriadis & Florence 1993).
Microfluidization of solute-containing DRVs produces smaller liposomes (down to 100
nm in diameter) which retain up to 100% of the originally entrapped solute (Gregoriadis

& Florence 1993).

Several studies have demonstrated the value of liposomes in delivering antisense therapy
in vitro. Stability studies have shown that ODN entrapped in the internal aqueous -
compartment of liposomes (lip-ODN) were effectively protected from environmental
degradation /n vitro (Thierry et al, 1992). ldentical concentrations of free *’p.ODN and
lip-**P-ODN were incubated in 10% serum-containing culture medium. Analysis on a
denaturing 20% polyacrylamide gel after incubation for different times showed that free-
ODN was mostly degraded after 30 minutes, whereas lip-ODN showed no detectable
degradation up to 1 week after incubation. The same investigators also showed that
cellular accumulation of unencapsulated PS-ODNs was 18-fold and 13-fold lower than
those using lip-PS-ODNSs in leukaemia MOLT 3 cells and lung carcinofma A549 cells
respectively (Thierry & Dritschilo 1992). They also showed, using a human squamous
carcinoma cell line, that there was specific cellular uptake of lip-ODN, and that empty
liposomes could saturate ODN penetration by occupying receptor-mediated endocytosis

sites.

The inhibition of P-glycoprotein synthesis, coded for by the multidrug resistant gene
mdr-1, was shown to be markedly enhanced /n vitro when an antisense ODN was
delivered entrapped into liposomes. than when given in the free form (Thierry et a/,
1993). Leonetti ¢r al (1990) described the in vitro use of antibody-targeted liposomes
containing a | 5-mer complementary to the 5° end region of the mRNA encoding the N
protein of the vesicular stomatitis virus. More than 95% reduction of viral multiplication
was achieved in mouse L929 cells. The amount of non-encapsulated ODNs required for
antiviral activity was 100 times higher than for the liposome-encapsulated antisense

ODN.

Cationic liposomes have also been used to deliver antisense ODNs to cells in vitro. The
liposomal vesicles are made from a positively-charged lipid DOTMA (N-[1-(2.5-
dioleyloxy)propyvl]-n,n.n-trimethylammonium chloride), and DOPE (dioleovl-

phosphotidvlethanolamine) in a 1:1 (wt/wt) ratio. The nucleotide material is not
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entrapped into the liposomes, but is complexed by ionic interaction between the negative
charges of the phosphate groups on the nucleotide chain and the positive charges present
at the surface of the cationic liposomes (Felgner e a/, 1987). DOTMA facilitates fusion
of the complex with the plasma membrane of tissue culture cells, resulting in both uptake
and expression of the DNA. Using a human umbilical vein endothelial cell line, it was
shown that DOTMA increased by at least 1000-fold the potency of an antisense ODN
that hybridized to the AUG translation initiation codon of human ICAM-1 (Bennett ez a/,
1992). In addition, cellular uptake was markedly increased and the ODN localised to the

nucleus as well as discrete structures in the cytoplasm.

Preliminary work using liposomally-entrapped antiviral agents in DHBV infection has
been completed by Professors Dusheiko and Gregoriadis at the Royal Free Hospital
(unpublished data). A suppression of DHBV DNA by liposomally-encapsulated antiviral
treatment with acyclovir and dideoxycytidine has been observed in these experiments.
The stability ofliposo'mes in the duck plasma and serum has been determined and the fate
of injected liposomes has been ascertained. In these experiments. dehydration-
rehydration vesicles containing distearoyl-phosphatidylcholine (DSPC) plus cholesterol
or small unilamellar vesicles with DSPC have proven to be encouraging vehicles. The
disposition of liposomes and liposomally-entrapped drug has been measured using

radiolabelled liposomes.

Thus, delivery systems which may enhance cellular uptake and/or enhance efflux from
endosomal compartments will be useful in the delivery of antisense agents. Liposomes, as
carriers for the delivery of antisense compounds, may provide a system which allows
both goals to be achieved. They offer a natural delivery system which is not only
biocompatible and biodegradable. but can potentially enhance cellular uptake of ODNs.
In addition to protecting ODNs from enzymatic degradation. liposomes also offer the
potential of producing controlled and sustained release formulations. Targeting

liposomes to cells using surface antibodies may also be possible.

1.5 The PLC/PRF/S cell line

Many aspects of the biology of HBV infection are not amenable to experimental

investigation because of the failure of the virus to replicate in tissue culture systems. In
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addition, work is impeded by the lack of available susceptible animals other than
~chimpanzees. However, model systems for the study of hepatitis B surface antigen
(HBsAg) have become available in the form of human hepatoma cell lines which produce

this antigen.

The first of these cell lines, the PLC/PREF/S cell line described by Alexander ef a/ (1976),
has been shown to produce HBsAg similar in size, morphology, and polypeptide
composition to the form that occurs in the serum of infected individuals. It is derived
from the tumour of a 24 year old Shangaan male from Mozambique with hepatocellular
carcinoma. Efforts to detect other markers of HBV such as the core antigen, e antigen,
and DNA polymerase in cells and media of these cultures have proved unsuccessful. The
HBsAg retains its immunoreactivity as judged by radioimmunoassay and reverse passive

haemagglutination.

The genome of the PLC/PRF/5 cells contain several copies of integrated HBV DNA
(Rivkina er al, 1988) . The cells have a doubling time of 35-40 hours and a plating
efficiency of 40-50%. No virus particles have been found in the cells by ultrastructural
examination (Alexander ef a/, 1976). Serial medium samples removed from PLC/PRF/S
cultures show a progressive accumulation of HBsAg during growth and maintenance
(Copeland e/ a/. 1980). In addition. the HBV transcripts from this cell line have been
identified using subgenomic single- and double-stranded HBV DNA probes (Hathiramani
eral, 1988). The major viral mRNA of 2.1 kb associated with the synthesis of HBsAg in
these cells is identical in size with the main transcript in the liver of non-replicating
HBsAg-positive chronic carriers. It appears to include part of the preS region and the S

and X regions and to exclude core and about two-thirds of preS.
1.6 Studies using antisense therapy for HBV

1.6.1 In vitro inhibition of HBV

Goodarzi er af (1990) studied the effect of a series of antisense ODNs on the expression
of the HBsAg gene of human HBV using the PLC/PRF/S cell line. Of a number of
antisense ODNs tested. synthetic 15-mers directed at the cap site of mRNA and regions

of the translational initiation site of the HBsAg gene were found to be highly effective.



and inhibited viral gene expression by as much as 96%. The inhibition was specific to the

HBsAg gene and appeared to be at the level of translation.

Blum er a/ (1991), using human hepatoma cells (HuH-7), analysed the effect of antisense
ODNs on HBV gene expression and replication. They showed that cotransfection of
HBYV DNA with an ODN of antisense polarity (ATC-40 ) against the polymerase gene
completely blocked HBsAg and HBeAg synthesis as well as HBV replication. The same
ODN of sense polarity (GAT-40) had no effect on viral antigen production or

replication. This study proved that HBV-specific antisense ODNs could block viral gene

expression and replication.

Wu and Wu (1992) used HepG?2 cells (2.2.15) transfected with HBV and demonstrated
specific inhibition of HBV gene expression in vitro by targeted antisense PS-ODNs. A
21-mer ODN complerpentary to the polyadenylation signal for human HBV was
complexed to a soluble DNA-carrier system that was targeted to hepatocytes via
asialoglycoprotein receptors present on those cells. In the presence of complexed
antisense DNA, the concentration of HBsAg in the medium, and HBV DNA in the
medium and cell layers was 80% lower than in controls after 24 hours of exposure.
There was no significant increase in HBsAg concentration in the presence of complexed
antisense DNA during the next six days. Total protein synthesis remained unchanged by

exposure to complexed antisense sequences under identical conditions.

The same group of investigators subsequently also showed that pretreatment of HuH7
cells with the same targeted antisense-complexed DNA prevented subsequent infection
with an HBV-plasmid at a level of 6.5 x 10° copies of plasmid per cell (Nakazono et a/,
1996). This inhibited the amount of newly synthesized, core-associated viral DNA to
undetectable levels as assessed by quantitative PCR. At concentrations less than 1.0
rmol/l, there was no significant effect on HBsAg concentration. However. at 5.0 umol/l
complexed antisense, HBsAg concentration was decreased by 60°,. and at 25 pumol/l.
inhibition reached 97%. The inhibition lasted 6 days and was dose dependent. Controls
consisting of antisense alone and a random ODN complex showed no significant effect

on any of the parameters under identical conditions.



Wands et a/ (1993) showed that a specific region of the HBV polymerase mRNA was
highly susceptible to attack by antisense constructs, and that these ODNs blocked both
the pregenomic 3.5 kb and the subgenomic 2.4/2.1 kb mRNA species in HCC cells,
resulting in complete inhibition of HBV replication and gene inhibition /n vitro. By
contrast, 30-mer antisense ODNs derived from the core or X-gene did not inhibit viral

protein (HBsAg and HBeAg) synthesis and HBV replication.

Recently, a group of investigators reported the inhibition of DHBV by antisense PS-
ODN:s in primary duck hepatocyte cultures iz vitro as well as in DHBV-infected Pekin
ducks in vivo (Offensperger e al. 1993). Nine different antisense ODNs were evaluated
in vitro: 4 targeted against the preS/S region, one at the start of the polymerase region,
and 4 at the preC/C region. Incubation with the 9 antisense ODNs for a period of 10
days led to a decrease of viral replicative intermediates for all ODNs tested. Two ODN:ss,
however, showed a particularly high efficacy: one directed against the start of the preS
region, and another aéainst the direct repeat II (DR I1) region, resulting in a strong
inhibition of viral replication with only residual single-stranded, relaxed circular and ccc

DNA species lett. Viral replication was inhibited by more than 90% by these ODNs.

1.6.2 In vivo inhibition of HBV

The effect of the most potent antisense ODN in the study by Offensperger et a/ (1993),
against the start of the preS region, was also evaluated /# vivo. Chronically infected
ducklings were treated with daily intravenous injections for 10 days. The in vivo
administration of this ODN resulted in a dose-dependent inhibition of viral replication
with a nearly complete elimination of viral DNA from liver cells at a daily dose of 20 pg
per gram of body weight. A total number of 14 ducklings were treated with this ODN in
5 consecutive series. and. without exception all ducklings showed a nearly complete
inhibition of viral replication after treatment with this ODN, indicating that the antisense
effect observed was highly reproducible. Western blot analysis showed a block of DHBV
gene expression with disappearance of viral preS and S antigens from serum and viral
preC and C antigens from the liver. No direct hepatotoxic effects were observed after 14

days of therapy.

The administration in vivo of a sense PS-ODN complementary to the above ODN, and a

random sequence ODN. to DHB V-infected ducklings did not cause a reduction in viral
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replication, demonstrating the specificity of action of the antisense ODN i# vivo. This
was the first study demonstrating the feasibility of antisense ODN therapy of a viral

infection /# vivo, and that intravenous application was very effective.
1.7 Preliminary studies with liposomes in ducks

Initial studies performed by Varagona and Dusheiko (unpublished data) in collaboration with
Gregory Gregoriadis investigated the feasibility of using liposomes as drug carriers to deliver
antiviral agents to the liver of DHBV-infected ducklings. They studied, /» virro and in vivo,
the stability of different liposome preparations used to deliver antiviral therapy for the
inhibition of DHBYV replication, and the uptake of solutes entrapped within these liposomes.
Stability was monitored by measuring changes in membrane permeability to 6- |
carboxytluorescein (CF) entrapped at a concentration that, because of self-quenching,
prohibits its fluorescence. When, for any reason, liposomes leak the dye. its escape and
ensuing dilution in the surrounding medium enable it to fluoresce, thus providing an

immediate and easily measurable index of membrane permeability.

Small unilamellar vesicles (SUVs) of neutral charge with entrapped CF were prepared
trom phospholipid and cholesterol (1:1 molar ratio). These were prepared by the
dehydration-rehydration method (Kirby & Gregoriadis 1984). Liposomes with entrapped
CF were separated at room temperature from the unentrapped dye by passing the
supernatant through a Sepharose 6B-CL (Pharmacia) column equilibrated with PBS.
Liposomes, eluted at the end of the void volume in about 1-2 ml, were subsequently
dialysed at 4°C against PBS in order to eliminate any subsequently diffusing CF until
use. Duck fresh blood , serum or plasma was mixed with CF-containing liposomes in a
volume ratio of 5:1 in order to simulate the dilution in blood or plasma upon injection. In
control experiments 0.5 ml of PBS was mixed with 0.1 ml liposomes as above. All blood,
serum. plasma and PBS samples were incubated at 42°C and at time intervals, duplicate
10wl samples were pipetted into 4 ml of cold PBS. CF was measured in the absence and
presence of Triton X-100 (1% final concentration) and latency estimated from

100(Dye, - Dye;)/Dye, where t and f denote total dye (in the presence of Triton X-100)

and free dve respectively.
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Invivo stability, plasma clearance and organ distribution was assessed using a single dose
of intravenously injected 'I-labelled polyvinylpyrrolidine ('“I-PVP) in the free and
liposome-entrapped DRVs. Ducks were injected with identical amounts (414,105 cpm/5 ml)
of free or entrapped '*’I-PVP and blood samples were taken at time points to measure the
radioactivity on a gamma counter. At the end of a 24 hour period, organs were harvested,

weighed and radioactivity measured as for plasma samples.

The efficacy of antiviral therapy for free versus entrapped acyclovir in Pekin-Aylesbury
ducks chronically infected with duck hepatitis B virus (DHBV) was compared. Ducks
with stable chronic DHBV infection were treated with daily injections of identical doses
(20 mg bid) of acyclovir for 5 days, either free or entrapped into DRV-DSPC liposomes.
Eight 5-month old ducks infected with DHBYV at one day post-hatch were divided into 3
groups. The:ﬁrst group of 3 ducks were treated with 20 mg bid of free acyclovir injected
intravenously for 5 days, the second group of 3 ducks were treated with 20 mg bid of
liposome-entraped acyclc;vir injected intravenously for 5 days, and the third group
consisted of 2 untreated controls ducks. Blood samples for measurement of serum
DHBYV DNA levels were taken before treatment, on each treatment day, and on days 2
and 4 following the end of the treatment phase. DHBV nucleic acids were analvsed by
molecular hybridization using a full-length DHBYV clone; DNA was extracted from duck

livers and analyzed by Southern hybridization.

The results indicated that DSPC SUVs were much more stable, especially in serum and
whole blood than SUV PC. The latency of SUV PC in whole blood was only about 40%
after 24 hours. and fell further thereafter. Similarly, DRV DSPC were much more stable
than DRV PC. particularly in whole blood. Overall, the SUVs were more stable than the
DRVs. The plasma clearance of free and liposomal '*’I-PVP entrapped into DRV DSPC
over a 24 hour period. showed that. for both forms, initial plasma clearance of '*’I-PVP
was rapid. with a subsequent gradual decline and virtually no radioactivity detectable
after 24 hours. Uptake to the liver and spleen was much greater for the liposome-
entrapped than the tree '“I-PVP. with minimal uptake in the heart. lungs and Kidneys.
Hepatic uptake was approximately 50°% for the liposome '"*[-PVP compared to 20% for
the free form. Splenic uptake per gram of tissue was higher than liver uptake in both
forms, but much more for the liposome '“1-PVP (27 507 vs 2 249 cpm/gram) than the

free form (2 705 vs | 272 cpm/gram).

66



The effect of 5 days treatment with free and liposome-entrapped acyclovir showed that,
in both treated groups, DHBV DNA became undetectable by dot-blot hybridization after
the first day of treatment, remained undetectable during the treatment phase, and
reappeared within 2 days after cessation of therapy. The untreated control group showed
no loss of DHBV DNA throughout the study period. Southern blot hybridization of liver
samples at the end of treatment showed a marked reduction of DHBYV replicative
intermediates. However, there was a greater reduction in episomal forms with

persistence of supercoiled and partially double-stranded forms.

These initial studies investigated the feasibility of developing the DHBYV infected duck model
for in vivo studies of liposomally entrapped antiviral drugs or nucleic acids. They confirmed
(/) the stability of liposomes containing cholesterol in duck circulating fluids in vifro and in
vivo, (if) the predominant uptake of solutes entrapped within liposomes by the liver and
spleen, and (iii) suggested that the suppression of replication of DHBV by specific antiviral
agents given in the liposome-entrapped form enable this model to be developed further for
antiviral targeting. [n this study, DSPC SUVs were found to be the most stable in duck
fluids. The uptake of liposome-'>"1 PVP injected in vivo was mainly to the liver; this uptake
was much greater than free "1 PVP. These data indicate that in this model, a large
proportion of liposomes are delivered with sufficient precision to the liver to be eftective drug
carriers in the treatment of hepatotropic viruses. Although the uptake per unit mass was

greater to the spleen than the liver, the mass of the liver is far greater than that of the spleen in

ducks.

This study did not determine whether specific targeting of liposomes to hepatocytes occurred
in vivo. Liposome-acyclovir was at least as effective as free acyclovir in the inhibition of
DHBV replication, although viral DNA re-appeared in the serum soon after cessation of
therapy. It remains to be seen whether smaller doses of entrapped acvclovir can produce the
same effect as higher doses of free acyclovir, and, whether a longer duration of treatment with
entrapped drug is able to eradicate the more resistant forms of viral DNA. such as supercoiled
DNA. These initial feasibility studies indicated that liposomes may be an attractive delivery

vehicle for the treatment of HBV infection with antisense oligodeoxynucleotides, with an

improvement in hepatic delivery.
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Chapter 2
MATERIALS AND METHODS
2.1 Aim and strategy

This aim of this study was to determine whether antisense oligodeoxynucleotides could
be used to inhibit hepatitis B virus replication and gene expression. and if their delivery
to the liver and efficacy could be enhanced with the use of liposomes. The primary model
for testing the efficacy of therapy was to use ducklings chronically infected with duck
hepatitis B virus. This model would be created by acquiring neonatal ducklings from a
breeder and inoculating them within 24 hours with serum which was known to contain
high levels of infectious virus particles. The second model was an in vitro model; this
would use the PLC/PRF/S human hepatoma cell line which contains integrated HBV

DNA and secretes large quantities of HBsAg into the culture medium.

The antisense ODN chosen for the /n vivo studies was the 18-mer against the initiation of
the pre-S region. which caused marked inhibition of DHBV replication in the study by
Offensperger ¢7 a/ (1993). That study tested 9 antisense sequences and this sequence was
found to be the most potent inhibitor of viral replication and gene expression. Therefore,
this antisense ODN was used for all /n vivo studies. The strategy was to perform a pilot
in vivo study first to determine whether a small dose of antisense ODN could inhibit
DHBYV replication in the liposome-entrapped form. No published literature was available
suggesting a dose in the entrapped form, but the study by Offensperger ¢ a/ (1993) had
shown that a high dose (20 ng/gm bw) of antisense ODN was necessary to produce a
therapeutic effect. It this dosage was not successful, it was planned to conduct
experiments to determine whether the lack of success was due to a lack ot sequence
speciticity, a lack of delivery of the ODN to the liver, or the use of a subtherapeutic
dosage. Sequence speciticity would be tested by amplification of the pre-S region of the
DHBYV genome by polymerase chain reaction and sequencing this region to determine if

the.target sequence was present in the viral isolates used in this study.

Biodistribution and plasma clearance studies in uninfected ducklings were planned to

compare the i1 vivo behaviour of liposome-entrapped ODNSs to free ODNs. This would
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provide information as to whether the liposome form of delivery increased hepatic
uptake compared to the free form. For this purpose, ODNs would be labelled with a

radioisotope which could be easily detected in tissues.

In parallel with this, in vitro studies would be conducted using the PLC/PRF/S human
hepatoma cell line. The aim of these experiments would be to inhibit expression of the
HBsAg gene into the culture medium using antisense ODNs. The antisense sequences to
be used would be the ones with the greatest potency demonstrated in the study by
Goodarzi ef al (1990). The efficacy of liposome transfected ODNs would be compared
with transfection of naked ODNSs. In all experiments, random sequence ODNs would be
used to determine specificity. Cellular uptake and intracellular distribution would be
studied using ODNs labelled with fluorescein and viewed under fluorescence

MmICroscopy.

For the /n vivo studies, ducklings were injected with an infectious viral inoculum one day
after birth and considered to be chronically infected by the end of the first week.
Transmission of DHBV to newly hatched ducklings invariably results in the development
of persistent infection, while infection of adult ducks is usually transient (Jilbert ef a/,
1988; Jilbert ¢r a/, 1992) Jilbert ¢r al (1988) inoculated thirty-five 1-day-old Pekin-
Aylesbury ducks intravenously or intraperitoneally with high doses of DHBV (7.5 X 10’
DNA genome equivalents; sufficient to deliver virus to ~ 10% of liver cells) and the
time-course of infection was examined by Southern blot, dot blot, and in-situ
hybridization and by immunohistochemistry. Infection of the liver was first detected by
the presence of a virus antigen and virus DNA in randomly scattered hepatocytes on Day
I-2 postinoculation and in the serum (DHBYV DNA) on Day 3 postinocultation. From
day 4 onward. a remarkably steadv state of balance ensued between virus release and
virus clearance trom the circulation. Almost all hepatocytes contained DHBV DNA and
DHBsAg from day 4 onward. Initially, levels of DNA and DHBsAg varied from cell to
cell. possibly as a reflection ot asynchrony in virus replication. From day 4 onward, virus
DNA levels per cell become more unitorm. In general, serum levels of DHBV DNA

paralleled the extent of DHBV replication within the liver.

In turther studies, Jilbert ¢/ a/ (1996) examined the etfect of DHBV dose on the

incubation period of infection in neonatal ducklings using as their inoculum, pooled
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serum from congenitally DHB V-infected ducks which contained 9.5 X 10° DHBV DNA
genomes per millilitre. As in humans, the onset of viraemia was inversely related to the
dose of inoculated virus. However, in contrast to results in humans, even inoculation
with the equivalent of one virus DNA genome produced relatively short incubation
periods with DHBV DNA and surface antigen detectable in the blood by Day 14 or 29
postinoculation. To further explore the kinetics of infection after low dose inocula, they
inoculated newly hatched ducks intravenously with sufficient DHBV to infect only
~0.0001% of total liver cells and then examined autopsy tissues harvested daily from
Days 3 to 16 postinoculation. Infection was first detected on Day 4 postinoculation in
approximately 0.035% of hepatocytes and spread finally to involve the entire hepatocyte
population. The exponential increase in the percentage of infected cells from Day 4 to
Day 14 postinoculation suggested that there were no major delays in virus replication
within the liver. By Day 14 postinoculation replication was seen in >95% of hepatocytes,
with a mean doubling time of 16 hours.

In this study, the incubation period to onset of viraemia was prolonged with very low
dose inocula. but never beyond 29 days, in contrast to HBV in adult humans in which the
appearance of circulating HBsAg after low dose inocula (107) was delayed to greater
than 90 days (Jilbert e a/, 1996). This finding reinforces the view that neonatal duck
hepatocytes are highly permissive to infection, that immune responses do not play a
major role in suppressing infection at this age, and that once infection is initiated even by
one virion, it rapidly progresses to involve all susceptible cells. Increases in the
percentage of infected hepatocytes from 0.0001 to 0.035% could therefore be

realistically achieved by Days 4-5 postinoculation.

In addition, Fukuda er «/ (1987) examined the effect of age and outcome of DHBV
infection and found that |- and 3-dav old ducklings inoculated with a constant dose of
DHBV (~1 x 10" DHBV genomes) developed persistent viraemia, whereas ducks
inoculated at 5 days of age and older showed persistent or transient viraemia. Jilbert ez a/
(1998) turther contirmed that the ability of ducks to mount immune responses to resolve
DHBY intection is linked to the age of the duck at the time of inoculation. Omata er a/ -
(1984) also reported that 100%% of I-day-old ducklings become chronic carriers of

DHBYV by the inoculation of DHBV-positive serum.
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Therefore, there is sufficient evidence to indicate that intravenous inoculation of neonatal
ducklings with a high dose of infectious virions results in persistent infection within one
week. This would enable lower doses of antisense ODNs to be used. resulting in
considerable savings in cost and time, as ducks grow rapidly in size within the first few

weeks of life.

This chapter details materials and methods commonly used during the course of this
project. Methods used once only are described only in the relevant chapters. All reagents

used were of molecular biology grade.

2.2. Dot blot hybridisation

2.2.1 Sample preparation and spotting

This was performed by a modification of the method initially described by Scotto et a/
(1983). DNA was extracted from SOul serum with 20ul 10% NP-40 and 20l 3% (-
mercaptoethanol. The mixture was incubated for S minutes at room temperature and then
placed on ice. The DNA was then denatured with 180ul 1M NaOH and 90ul 2M NacCl,
and kept on ice until the mixture was used for spotting onto a membrane. Serum samples
with known quantities of DHBV DNA, or cloned DHBV DNA containing known
amounts of DNA. were also spotted onto the same membrane in graded dilutions as
standards. Each hybridization included negative controls consisting of uninfected duck

serum (without virus).

The nylon membrane (Hybond™-N, Amersham UK) was cut to fit the dot blot manifold
(Hybridot, Bethesda Research Laboratories). The membrane and 2 layers of Whatman
3MM paper were soaked in 6x SSC before mounting, with the membrane above the
paper. After fastening the screws of the manifold, a gentle vacuum was applied. Up to
180l of the reaction mix was spotted; each sample was deposited in a well and allowed
to filter under vacuum. Each well was washed twice with 0.5M Tris-HCI (pH 7.5)/2.3 M
NaCl. The membrane was gently removed under continuous vacuum, blotted between 2
sheets of absorbent paper, air dried and the DNA cross-linked to the membrane using

UV irradiation for 4 minutes.
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2.2.2 Pre-hybridization, hybridization and washing .

Blots were pre-hybridised in a heat-resistant plastic bag for 4 hours at 65°C in 6x
SSC/10mM EDTA, 5x Denhardts solution (50 x stock solution contains 1% bovine
serum albumin, 1% Ficoll, 1% polyvinylpyrrolidone), 0.1% SDS and 100pg/ml
denatured fragmented salmon sperm DNA. Hybridisation with a heat-denatured **P-
labelled cloned DHBV DNA probe (vide infra) was performed in the same solution at
65°C overnight. The blots were then removed from the hybridisation bag and washed in
2x SSC, 0.1% SDS twice at room temperature, then in 0.2x SSC, 0.1% SDS once at

room temperature and once at 65°C, then in 0.1x SSC, 0.1% SDS thrice at 65°C.

Autoradiography was performed at -70°C using Kodak XAR film and intensifying
screens. More than one autoradiographic exposure time was used for the same
membrane to maximise low signals by long exposure, and shorter exposures were used
to avoid scanning bands for which the film was completely blackened. The signal was
quantified using scanning densitometry (BioRad GS-670 imaging densitometer). In each
hybridization experiment, a standard curve was generated from known quantities of
DHBYV DNA from cloned DNA or known quantities in serum; levels in the test samples
were read off the standard curve. The lower limit of detection was approximately 4

pg/mi.

2.2.3 Preparation of DHBV DNA standards
Standards for quantification of DHBV DNA levels in duck samples were prepared from
cloned DNA. The insert was cloned in plasmid DNA (pBR322) and was donated by Dr.

T. Harrison. The reaction was set up as follows:

Distilled water 160 pul
10 x TE (pH 8.0) 20
salmon sperm denatured DNA (400 ng/ml) 10

Plasmid DNA containing DHBV DNA insert (276.4 pg/ul) 10
3M NaOH 20
This reaction was incubated for 10 min at 37°C, then placed on ice before the addition

of:
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2.3 Oligonucleotide labelling

2.3.1. Oligonucleotide probe labelling

An oligonucleotide probe was used to detect the presence of injected PS-ODNs in duck
tissues, and to quantify ODNs by comparison with standard amounts of ODN. End-
labelling at the 5" end was performed using [y-""P]JATP and T4 polynucleotide kinase.

The reaction was set up as follows:

Oligonucleotide (27 pmole) 1.5 ul
10 x kinase buffer 2
[v-"P]ATP (50 pnCi) 5
Distilled water 9.5
T4 polynucleotide kinase (20 units) 2
Total 20 pl

The reaction was incubated at 37°C for 1-2 hours. The efficiency of labelling was
measured by absorption to DE81 paper (Whatr}lan, UK). One ! of the mixture was
removed and diluted to 10 ul in distilled water. Two pl of the dilute probe was spotted
onto DES 1-paper and air dried for total radioactivity counts. Another 2 pl was spotted
and washed 3 times for 5 minutes each with 0.5 M Na,HPO,. Percentage incorporation
was calculated as above. Typical incorporations were 50-60% and typical probe specific

activities were 1.9 to 7.4 x 10° cpm/umol.

2.3.2 Labelling for liposome entrapment

PS-ODNs were end-labelled at the 3° end with °S using Terminal deoxytransferase
(TdT). This was necessary to track the ODN during the procedure. and to measure the
amount of PS-ODN which was finally entrapped into the liposomes prior to therapy. The

reaction was set up as follows:

ODN (10 pmol) 6 ul
S x TdT bufter 4
[o-"S]dATP (1000 Ci/mmol) 5
Distilled water 4
TdT (20U) 1
Total 20 pl

74



The reaction was incubated at 37°C for 2 hours. For the purposes of large scale
entrapment for in vivo antiviral studies, several reactions were performed in parallel and
the labelled ODNs from each reaction were pooled to increase the specific activity.
Percentage incorporation was calculated after washing off free label from the ODN with

0.5 M Na>HPO,, as described above. Incorporation values ranged from 43% to 75%.

Labelled ODN was separated from unincorporated nucleotides by Sephadex G50 column
chromatography. The bottom ot a disposable syringe was plugged with a small amount
of sterile glass wool. In the syringe, a column of Sephadex G50 equilibrated in TE buffer
was prepared. The column was washed with TE buffer (10mM Tris-Cl/1 mM EDTA
pH 8.0). The sample was then applied to the top of the column in a 50 to 200 pl volume.
When all of the sample had entered the column, several hundred ul of TE buffer was
added carefully to the top. Additional TE was added as needed during the fractionation.
Fractions of 4 drops each (100 pl) were collected in fresh tubes. Radioactivity was
measured in a liquid scintillation Counter; the leading peak contained the larger
tragments, while the trailing peak contained unincorporated dNTP. The fractions from
the leading peak were pooled and counted to determine the total activity. Labelled ODN
and unlabelled ODN were mixed, and then entrapped into small unilamellar vesicles.

Total starting counts for radioactivity was obtained from the labelled ODNs only.

2.4 Southern blotting for intrahepatic DHBV DNA

At the end of the /17 vivo antiviral studies, DNA was extracted from post-mortem liver
samples, precipitated with absolute ethanol, electrophoresed on an agarose gel,
transferred to a nvlon membrane and hybridized with a tull-length DHBV DNA probe.

The procedure is outlined below

The liver specimens were stored at -70°C until DNA was extracted. A pestle and mortar
was cooled with liquid nitrogen. About 500 mg of liver tissue was ground to a fine
powder under liquid nitrogen with the pestle. The powder was added to 10 ml of lysis
butter (10mM Tris pH 8.0. 10mM NaCl, |0mM EDTA, 0.5% SDS. 20 ug/ml Bovine
pancreatic RNase). mixed gentlv and allowed to stand for 10 min before pouring into a

50 ml universal tube. Proteinase K was added to a tinal concentration of 20 pg/ml. The



mixture was then incubated at 50°C for 2-3 hours. SM NaCl was added to provide a final

concentration of 0. 1M

An equal volume of salt saturated (SS) phenol/chloroform (1:1 ) was added, mixed
gently, and the mixture centrifuged at 3000 rpm for 20 min. The upper aqueous phase
containing the DNA was carefully removed and transferred to a fresh tube. The organic
lower phase and the interface were discarded. Extraction of DNA with SS-
phenol/chloroform was performed once more and transferred to a fresh tube. An equal
volume of chloroform was then added and centrifuged at 2000 rpm for 20 min. The

upper aqueous phase was retained.

Two volumes of ice cold absolute ethanol was added to the upper aqueous phase and the
mixture incubated at -20°C overnight. This was then centrifuged at 4°C at 15 000 rpm
for 30 min in a Europa 4M ultracentrifuge. The ethanol was discarded, leaving a DNA
pellet at the bottom of the tube. The pellet was air dried before dissolving in TE pH 8.0.
The concentration of DNA in each sample was measured by UV spectroscopy at 260

nm. Typical concentrations of total DNA ranged from 0.300 to 1.035 mg/ml. Ten pug of
total DNA was loaded into each well of a 1% agarose gel, together with 2 pl of 6 x blue-
orange loading dve (0.25% Bromophenol blue, 0.25% Xylene cyanol, 0.4% Orange G).

A dilute 1 kb size marker was also loaded onto one of the lanes.

DNA was resolved by agarose gel electrophoresis at 120V for 2 hours in | x TBE buffer
(20X stock solution contains 121gm Tris base, 61.7 gm boric acid. 7.44 gm Na-EDTA.
2H,0, and water to a final volume of IL). The gel was then stained with ethidium
bromide (0.5 Lig/ml) in water for 15 min. then rinsed in water. DNA bands were then
viewed under UV light and the gel photographed. The gel was soaked in a denaturing
solution of 5M NaCl/10M NaOH at room temperature for 45 min. It was then rinsed and
soaked in a neutralising solution of IM Tris (pH 8.0)/1.5M NaCl for 45 min. DNA from
the gel was then transferred to a nylon membrane by capillary transfer, by the method
described by Southern (1975). The buffer used for the transfer was 10 x SSC. and the

transter of nucleic acids from the gel to the membrane was allowed to proceed overnight.

After overnight transfer, the membrane was air dried. The DNA was then crosslinked to

the membrane under L'V light for 4 min. The membrane was then stored between sheets
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of Whatman 3 MM papevr'»in a dry place at room temperature until used for hybridization.
Prehybridization, probe preparation, hybridization and washing of the membrane was
performed as per the dot blot protocol. However, during the hybridization procedure, a
second probe was also used for hybridization with the 1 kb DNA size marker. This was
the same DNA molecular weight marker labelled with [o-"*P]dCTP by random priming.
After washing, the membrane was exposed for autoradiography at -70°C for varying

lengths of time.
2.5 Entrapment of oligonucleotides into liposomes

Entrapment was performed in Professor Gregoriadis’s laboratory in the Centre for Drug
Delivery Research at the School of Pharmacy, University of London. Entrapment into
liposomes was effected by the dehydration-rehydration method, described in detail by
Kirby and Gregoriadis (1984) and Gregoriadis ef a/ (1996). ODNs were entrapped into
positively-charged small unilamellar vesicles (SUVs) com'posed of phosphatidylcholine
(PC), dioleoylphosphatidylethanolamine (DOPE) and stearylamine (SA) in a molar ratio
of 2:2:1 by the preparation of dehydration-rehydration vesicles (DRVs). For the
preparation of neutral liposomes, cholesterol was substituted for SA. Briefly, PC (16
mmol), DOPE (16 mmol) and SA (8 mmol) were dissolved in chloroform and placed in a
round-bottomed flask. The chloroform was evaporated using a rotary evaporator,

leaving a lipid film on the sides of the flask.

Following addition of 2 ml distilled water, the mixture was left at room temperature for
45 minutes to form multilamellar vesicles (MLVs). In order to restrict hydrated lipid to
vesicles of the smallest size possible, it is necessary to use a method which impéns
energy at a high level to the lipid suspension. This was pertormed by high power
sonication (probe sonicator) in an ice bath to produce SUVs. The mixture was
centrifuged at 2000 x g to remove any multilamellar vesicles or titanium debris in the
sample. Aliquots of the SUV-containing supernatant were removed and put into tubes

tor lyophilization. To each aliquot (1 ml), | ml of the material to be entrapped was

added. The mixture was frozen at -20°C for | hour and then freeze-dried at a vacuum of’

at least 0.1 torr for about 18 hours.
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filtration, and the liposomes are smaller than the smallest easily prepared multilamellar
vesicles. The machine was set for a 4500 psi driving pressure and the SU'\/S were
collected after 2 to 4 passes through the device. The SUVs were then centrifuged at 50
000 rpm for 40 minutes. The resulting pellet was then resuspended in | ml of PBS (pH
7.4). The size of the liposomes was determined by photon correlation spectroscopy,
using a Malvern Model 4700 apparatus (Malvern Instruments, Malvern, UK) equipped
with a 25-mWhelium/neon laser (Gregoriadis et a/ 1993), and the average diameter of
the final vesicles was approximately 200 - 300 nm. The percentage of the starting
material entrapped into small vesicles was calculated by measurement of the radioactivity
in the ODN added to the lipids and in the final preparation (counts in pellet/total counts

added x 100).
2.6 Maintenance of cell culture

For the in viiro studies, a human hepatoma cell line, the PLC/PRF/5 cell line, was used.
The cells contain integrated hepatitis B viral DNA, and secrete large amounts of HBsAg

into the medium. The cells were a gift from Dr. Jim Owen of the Royal Free Hospital.

2.6.1 Materials used

Dulbecco’s Modified Eagles Medium (DMEM), containing Na pyruvate, 4.50 g/l
glucose, 3.70 ¢/l Na bicarbonate, without L-glutamine (Imperial Laboratories. UK).
Foetal Bovine Serum (Imperial Laboratories, UK).

L-glutamine 200 mM (Imperial Laboratories, UK).

Penicillin 10 000 1U/ml and Streptomycin 10 000 rig/ml. (Imperial Laboratories, UK).
Trypsin 0.25% and EDTA 0.02% (Imperial Laboratories, UK).

Dulbecco’s Phosphate buffered saline (PBS) without CaCl, and MgCl, (Sigma Cell
Culture. St. Louis).

Vented tissue culture flasks 75 cm” (Falcon, Becton Dickinson, UK).

24-well multiwell tissue culture plate (Falcon, Becton Dickinson. UK).

96-well plate (Falcon Primaria, Becton Dickinson, UK).

2.6.2 Maintenance
Cells stored in liquid nitrogen were thawed rapidly at 37°C and plated onto 75 cm’ tissue

culture flasks. All work with cell cultures was performed using an aseptic technique in a
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laminar flow hood. The cells were maintained in DMEM containing 10% foetal bovine
serum, 2mM glutamine and 100 pig/ml penicillin/streptomycin. The flasks and multiwell
plates were stored in an incubator at 37°C in 5% CO,. The medium was changed every 2

days.

2.6.3 Subculture of cells

The cells were subcultured when they reached confluence. The medium was withdrawn
and discarded. PBS (10 ml/75 cm?) was added to the flask, the cells rinsed and the rinse
discarded. Trypsin 0.25%/EDTA 0.02% (2 ml/75 cm®) was added to the flask, the
monolayer covered completely and left for 30 to 60 seconds. The trypsin was withdrawn
and discarded, and the cells were incubated with the residue until they detached when the
flask was tilted. 10 ml fresh medium was added and the cells were dispersed by
repeatedly pipetting over the surface. Dispersed cells were counted in a haemocytometer.
One ml of the cell suspehsion was seeded into a new flask containing 9 ml of fresh
medium (1:10 split ratio). The flask was capped and'returned to the incubator. For
seeding onto multiwell plates in studies with antisense ODNGs, a cell density of 1-2 x 10

cells/ml was used.

2.6.4 Preservation of cells

At the time of subculture, or when cells were no longer required in the near future for
experimentation, aliquots of cells were frozen to be thawed out at intervals as required.
This minimised genetic drift and guarded against accidental loss by contamination. Cells
were grown up to the late growth phase and trypsinized. They were resuspended at
approximately 5 x 10°- 2 x 10’ cells/ml in culture medium containing 20% serum and
10% dimethyl sulphoxide (DMSQ). The cell suspensions were dispensed into 2 ml
cryovials and sealed. The vials were then placed in the neck plug of a liquid nitrogen
cylinder to cool at 1"C/min, betore being transferred to a cane in the cylinder for storage.

One vial was thawed to assess viability of the cells by re-plating in a culture flask.
2.7 Measurement of HBsAg in medium

The level of HBsAg in the cell culture medium was measured using the Wellcozyme
HBsAg (Murex Diagnostics, UK) sandwich enzyme immunoassay. as per the

manufacturer’s instructions. All samples were diluted to 1:10 before testing. Briefly, 50
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Ll of the conjugate was added to the microwell; the conjugate containing mouse
monoclonal antibody to HBsAg labelled with alkaline phosphatase in a serum base. To
this, 150 pl of sample or control (positive or negative) was added. The wells were then
covered with a lid and incubated at 37°C for 60 min in a humid incubation box. After
incubation. the wells were washed 5 times for about 30 seconds each with a multichannel

pipette, the wash fluid containing piperazine and soluble magnesium and zinc salts.

Fifty ul of a substrate containing NADP was added to each well, and the plate was again
incubated at 37°C for 20 min. Thereafter, 100 u of the amplifier containing alcohol
dehydrogenase with INT violet dye was added to each well and incubated for exactly 10
min at room temperature while colour developed. Fifty ul of stop solution containing 2M
sulphuric acid was then added to each well. The absorbance of each well at 492 nm

(A4e2) was read after 10 min using a microwell plate reader.

In each assay 2 positive and 2 neéative control samples were included; these were
supplied with the kit. The mean Ay of the positive control had to be more than 0.5
above the mean A4, of the negative control for the assay to be valid. In each assay,
known quantities of HBsAg were also used to produce a standard curve. This
international standard for HBsAg. containing a total of 100 units of the protein, was
supplied by Dr. Morag Ferguson of the National Institute of Biological Standards and
Control. Hertfordshire. UK. The standard and the collaborative study leading to its
preparation has been previously described (Seagroatt e «/ 1982). It was used in dilutions
ranging from 0.1 [U/ml to 10 IU/ml. The Ay of the standards was used to generate a
standard curve. and HBsAg concentrations of the unknown samples were read from the

curve in [U/ml.
2.8. Measurement of alpha-fetoprotein in cell culture medium

Alpha-tetoprotein (AFP) was measured in the medium at the end of the antisense
experiments with the PLC/PRF/S cell line, to determine the effect of the therapy on a
controlled non-targeted protein. This was measured by a competitive radioimmunoassay
technique (AMERLEX-M, Amersham International plc, UK). This technique depends on
competition between AFP present in the sample and '*I-labelled AFP (tracer) for a
limited number of binding sites on a rabbit anti-AFP antibody. Separation of the
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antibody-bound fraction is effected by addition of a second antibody bound to
magnetizable polymer panic'les, followed by magnetic separation and decanting of the
supernatant. The amount of tracer bound is inversely proportional to the concentration of

AFP present.

All standards were diluted with 1 ml sterile water. One hundred ul of standards, controls
or samples were pipetted into appropriate tubes. One hundred pl of tracer was then
added to each tube. The tube with the total counts (containing no AFP) was set aside.
Rabbit anti-AFP polyclonal antiserum (100 ul) was dispensed into all tubes. The tubes
were vortexed, covered and incubated at 37°C for 4 hours. One ml of donkey anti-rabbit
1gG antibody suspension was then dispensed into each tube, the tubes vortexed and
incubated at room temperature for 15 min. The rack containing the tubes was left on the
separator base for 15 min, while the tubes containing the blank (to correct for
background activity) and total counts were kept separate.

The supernatant was decanted with the tubes still on the rack, leaving the antigen-
antibody complex at the bottom of the tube, attracted to the magnetic separator base.
Activity from all tubes, including the blank, total, standards and samples, were then
counted on a gamma counter for | min. A standard curve was generated from the
standard samples and values for the test samples were read oft the curve. To determine
the background level of AFP in foetal bovine serum, AFP was also measured in fresh
DMEM containing 10% FBS which had not been incubated with any cells. The levels of
AFP ranged trom 10 to 12 ng/ml. which was much lower than levels in medium

incubated with PLC/PRF/S cells.



2.9 Measurement of total protein concentration of cells from in vitro studies

Total cellular protein was measured in the wells from the 96-well plate at the end of the
in vitro antisense studies. After all the supernatant was removed and stored, the cells
were washed twice with PBS. Twenty pl trypsin/EDTA was added to each well and
withdrawn after 30 to 60 seconds; the residue was incubated with the cells until they
detached. Two hundred pl of PBS was added to the cells and the cells were dispersed.
The cells and the PBS were decanted into a microcentrifuge tube and centrifuged at 8
000 rpm for 10 min. The PBS was decanted, leaving a protein pellet. This was snap-
frozen in liquid nitrogen and stored at -70°C until total protein concentration was

measured.

Total protein concentration was measured with the Bio-Rad Protein Assay (Bio-Rad -
Laboratories, UK). This is a dye-binding assay based on the differential colour change of
a dye in response to various concentrations of protein. The microassay procedure was
used for the 96-well plate. Bovine serum albumin (BSA) was used to prepare a range of
standards from | to 25 pg/ml; this was used to perform a standard curve each time the
assay was performed. All standards and samples were made up to 0.8 ml with PBS in a
clean dry test tube; 0.8 ml of PBS was used as a reagent blank in a separate tube. Dye
reagent concentrate was added in a volume of 0.2 ml. The test tubes were mixed several
times by gentle inversion, to avoid excess foaming . After a period ranging from 5 min to
I hour, the ODsos versus the blank reagent was measured by spectroscopy in disposable
cuvettes. Total protein values in png/ml was determined for each sample by reading it off

the standard curve.
2.10 Polyacrylamide gel electrophoresis for oligonucleotides

This was used to determine whether the PS-ODNs were degraded into smaller ODNs
during various procedures or exposure to biological fluids. The ODNs were usually
labelled with a radioisotope, electrophoresed on a 20% polvacrylamide/7M urea gel. the
gel dried under vacuum, and exposed for autorad'i-g)graphy. The procedure was as

outlined below.



Preparation of 20% polyacrylamide/7 M urea gel:

Urea 42 gm
40% Acrylamide (Acrylamide: Bisacrylamide = 19:1) 50 ml
10 x TBE 10 ml
Distilled water to total 100 ml

The above reagents were mixed in a beaker with a magnetic stirrer, while the mould for
the vertical gel apparatus was assembled. When the reagents had dissolved, 0.45 ml of
10% Ammonium persulphate (APS) and 50 pl of TEMED were added to polymerise the

gel immediately prior to casting it.

The apparatus was then filled with buffer (1 x TBE) and the samples loaded into the
wells. A small amount of bromophenol blue was used as a tracking dye to follow the -
progress of the electrophoresis; the dye migrates at the same rate as a 12 base ODN.
Cool water was passed through the electrophoresis tank to prevent overheating of the
glass plates. The gel was electrophoresed for about 2 hours at 500V, while the progress
of the tracking dve was monitored. Thereafter, the gel was removed and fixed in 50%
methanol/10% acetic acid/10% glycerol for 30 min, again in fresh fixative for another 30
min, and overnight in fresh fixative. It was then dried under vacuum at 80°C for

approximately 4 hours before exposure for autoradiography at -70°C.

A **P-labelled oligonucleotide size marker (GibCo BRL Paisley. UK.) was also
electrophoresed on the same gel. It consists of a set of 19 single-stranded
oligonucleotides increasing in length in 1 base increments from 4 to 22 bases. The
labelling reaction for the marker was as follows:

Oligonucleotide marker (50 ng) I ul

10 x kinase butter 2

[v-"P]JATP (3000 Ci/mmol)

N

Distilled water 10

N

T4 polvnucleotide kinase (20 units)
Total 20 ul

The reaction was incubated at 37°C tor 2 hours before loading onto the gel.
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2.11 Design of in vivo antiviral studies

Animal use and care were in accordance with the Animals (Scientific Procedures) Act
1086 as stated by the Home Office. United Kingdom. A license was acquired from the
Home Office for all the procedures performed during the course of this study. All ducks
were housed, and /77 vivo experiments performed, in the Comparative Biology Unit at the
Royal Free Hospital and Schoolrof Medicine. Aylesbury ducks were used for the first
antiviral study. However, as these birds grow to a large body mass, they require a large
dose of ODN for therapy, thus increasing the cost of the experiments. In all subsequent
experiments, Mallard ducklings were used as they grow to a smaller size. It has also been
shown that Mallard ducks are also a natural host for DHBV infection (Lambert et a/

1991).

One-day old hatchlings were acquired from a breeder. On the same day, all ducklings
were inoculated intravenously via the external jugular vein with duck serum containing

~ 10”to 10" DHBYV virions per ml, diluted in PBS. Fourteen days later the ducks were
bled and infection was contirmed by dot blot hybridization. With this method of neonatal
infection, all ducks were infected in most experiments. Only ducks that were definitely

infected were used for subsequent antiviral study with antisense ODNs.

Intected ducks with the lowest weights were selected for the antiviral studies. The dose
of antisense ODN was titrated with the weight during the treatment course. All ducks
were treated for S days with daily intravenous injections of appropriate therapy. A blood
sample was taken just prior to the first dose of treatment, thereafter daily before each
dose, and 24 hours after the last dose. All injections and bleeds were performed at 24
hour intervals. Blood samples were cooled at 4°C after phlebotomy. and serum was
separated by centrifugation at 3 000 rpm for 10 min betore storage at -20°C until further
analysis. Twenty four hours atter the final dose (day 5 post-treatment). the ducks were
killed with an overdose of Pentobarbital. Postmortem liver samples were washed in PBS

and stored at -70°C until DNA was extracted.

Thus, 2 pretreatment and 5 post-treatment serum samples were available from each duck
used in the experiment. in addition to liver tissue at the end of the treatment phase. In the

final experiment, the antiviral therapy was commenced one week earlier, after confirming
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the development of persistent infection in all ducks 7 days after inoculation with

infectious serum.
2.12 Supply of PS-ODNs

All ODNs were acquired from commercial companies. The ODNss for the
pharmacokinetic study, the initial in vivo antiviral study, the /n virro antisense studies and
the primers for PCR were purchased from the Oswel DNA Service (Edinburgh). ODNs
used in high dose for later in vivo studies were purchased from Genosys (Cambridge,

UK) and Cruachem (Glasgow, UK).

Briefly, ODNs were synthesised on an automated synthesiser (ABI 394) on a 10 pmol
scale. They were then purified by HPLC on a reverse-phase column. The product was
deprotected in concentrated ammonia (55°C, 6 hours), evaporated and desalted on a
I\]AP-25 column. The purified ODNs were then analysed by capillary zone

electrophoresis.
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Chapter< 3
PILOT STUDY AND CONFIRMATION OF TARGET SEQUENCE
3.1 Aim and strategy

The aim of this section of the work was to perform an in vivo pilot study to compare the
efficacy of free and liposome-entrapped ODNs and to assess the viral load before, during
and after treatment. This would provide some information on whether any effect could
be seen with a low dose of liposome-entrapped antisense ODN, and whether any obvious
toxicity was observed with intravenous injections of liposomes or ODNs. There are no
previous studies for comparison using liposomes as a delivery agent for antisense therapy
in vivo, thus doses required for an effect with liposome-ODN could not be estimated. If
no response was seen, then the presence of the target sequence in the viral isolates would

be checked. ’
3.2 In vivo pilot study

3.2.1 Study design

Twelve neonatal Pekin-Aylesbury ducklings were inoculated with serum containing a
high titre of infectious virions (10’ to 10" virions/ml) from a duck used previously in the
Comparative Biology Unit. The ducks were bled 14 days later to confirm that they were
infected. The presence of chronic infection was confirmed by dot blot hybridization for

DHBV DNA. All 12 ducks were chronically infected.

The antisense ODN chosen for the study was an 18-mer phosphorothioate previously
shown to inhibit DHBYV replication in vivo (Offensperger ef a/,1993). It is
complementary to the initiation region of the pre-S gene of the genome, corresponding
to nucleotides 795-812 (numbering of nucleotides begins at the initiation codon of the
core gene). This ODN was shown to cause marked inhibition of viral replication in the
livers of ducks treated intravenously with a high dose (20 pg/gm body weight) for 14
days (Otfensperger ¢/ «l, 1993). It was the most potent of nine ODNSs tested in vitro in a
primary duck hepatocyte culture in that study. The sequence of this ODN is 5-AAA-
TAC-TAC-CCC-GTT-GTA-3".
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Ten mg of this ODN was synthesised by Oswel DNA service and a trace amount (10
pmole) labelled with [a-’S]dATP by terminal deoxytransferase for monitoring during
liposome entrapment. The efficiency of incorporation of the label was 75%, with a final
activity of 1.3 x 107 dpm/mg of ODN. A total of 7 mg was used for encapsulation into

liposomes, and the remaining 3 mg was retained for use as free ODN.

The ODNSs were entrapped into liposomes composed of DSPC/cholesterol in a molar
ratio of 1:1 by the dehydration-rehydration procedure. Unentrapped ODNs were
separated and used again to increase the amount entrapped. This was performed 4 times
and the final amount entrapped was 2.154 mg, an entrapment efficiency of 30%
(2.154/7.0 x 100%). The mean diameter of the SUVs was 124 nm after

microfluidization.

Nine chronically infected ducks were used in the antiviral experiment. The total amount
of ODN entrapped was divided between 4 ducks, and each of these was allocated to
receive the treatment in 5 divided doses given at 24 hour intervals. Thus, each of these
ducks was given a fixed dose of 107.7 ug of liposome-ODN daily for 5 days. Another 4
ducks were given the same treatment regimen of free-ODN. The remaining ODN was
used to treat one duck with one mg of free-ODN daily for 3 days. Blood was taken for
dot blot analysis prior to the first treatment, on the 4th treatment day, on the 7th and
[4th day after the start of treatment. A percutaneous non-surgical liver biopsy was
performed with a Menghini needle under sodium pentothal anaethesia on day 5 of
treatment. by the method described by Varagona ¢/ a/ (1991). All ducks were killed 14
days after starting treatment, by an overdose of the anaesthetic agent, and samples of

liver tissue were stored at -70°C.

By the time the first dose of treatment was given the ducks were 31 days old. The mean
weight of the ducks was 1877 gm at the beginning of the treatment phase (range 1752 to
1960 gm). At the time of the percutaneous liver biopsy, one duck in the liposome-treated
group died from an accidental overdose of the anaesthetic agent. All other ducks
survived the treatment with free or entrapped antisense ODN without any discernible

adverse etfects.
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3.2.2 Serum DHBV DNA response to treatment

Two serum samples were taken prior to treatment, 1 during treatment, and 2 post-
treatment. Dot blot hybridization was performed on all these samples, with known
quantities of cloned DHBV DNA as standards. The autoradiograph from the procedure
is shown in Figure 3.1. Cloned DNA standards are shown, ranging from 5528 pg to
27.64 pg. A lower standard containing 2.764 pg of DNA showed no signal. The signals

on the autoradiograph are from the equivalent of 25 ul of serum.

The values of DHBV DNA were converted and expressed as pg/ml of serum. The levels

of DHBV DNA before, during and after treatment are shown in the figure 3.1.

The results of this experiment showed that there were wide variations in the serum levels
of DHBV DNA over the 5 weeks during which levels were measured. None of the ducks
lost serum viral DNA and there was no significant fall in viral load with the dose of
antisense ODN used in this experiment. However, no overt toxicity was observed with

free- or liposome-ODN, and all the ducks survived the therapy.

There were several possibilities for the lack of inhibition of viral replication in this pilot
study. It was possible that the target sequence in the pre-S region of the genome was not
identical to that present in the viral genome used in the previous study by Offensperger ef
al (1993). The same antisense sequence was used as in that study, but the target
sequence had not been confirmed. Another possibility was that the fate and
biodistribution of the ODNs, particularly in the liposome form, was not as predicted.
This could not be assessed in this experiment because the ODNs were only trace-labelled
with 'S and the activity could not be measured in tissues. Viral replication takes place
mainly in the liver: liposomes were used as a delivery agent because they are known to
reach the liver in large quantities. However, whether a greater amount of ODN gets to

the liver rather than other organs had not been proven previously.
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It was also possible that the ODNs were degraded by plasma exo- and endonucleases
before reaching their target in the liver. Lastly, the dose of ODN injected may have been
too small to have a therapeutic effect. An antisense effect with free-ODN was shown in
Oftensperger’s study (1993) with 20 ng/gm body weight. The weights of the ducks were
quite high when treatment was commenced, and the dose used was very small, even in

the liposome-ODN group.

It was decided to investigate these possibilities, before performing further in vivo
antiviral studies with antisense therapy. The first question to answer was whether the
target sequence was present in our viral isolates. To achieve this, the pre-S region of the
viral genome was sequenced. The gene was amplified by polymerase chain reaction
(PCR), cloned in plasmid DNA, and the clones sequenced by the dideoxy chain

termination method.

3.3 Amplification of the pre-S gene by PCR

3.3.1 Primers

Primers were designed from a complete nucleotide sequence of a German duck hepatitis
B virus (Mattes ¢ a/,1990) The primers flank a 512 bp fragment of the pre-S region of
the gene. The forward primer was a 16 base oligonucleotide with the sequence 5'-AAT-
ATT-TAA-CCA-GGC-T-3" and the reverse primer was an 18 base oligonucleotide with
the sequence 5'-GTA-TTC-CCC-CGA-AGG-TAC-3".

3.3.2 Polymerase chain reaction (PCR)

Fitty pl of known DHBV DNA-positive serum by dot blot hybridization from a duck
used in the initial antiviral study was heated at 95°C for 5 min. Sterile distilled water was
added (10 pl) to the serum and the mixture was centrifuged for 10 min at 8 000 rpm. The

supernatant was used for the template DNA.
A master mix was prepared to a volume of 95 pl per sample as outlined below. Five pl of

template DNA was then added. Appropriate precautions were taken to prevent

contamination of the reaction.
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Master mix per sample:

10 x Taq bufter 10 ul
dNTPs (5 mM) 4

Distilled water 73.5
DHBV1 primer (50 pmol) 0.5
DHBV?2 primer (50 pmol) 0.5
Tag DNA polymerase (2.5U) 0.5
MgCl (25 mM) 6

Total 95 ul

The 10 x reaction butfer contained 200 mM (NH,)SO,, 750 mM Tris-HCI pH 9.0, 0.1%
(w/v) Tween. A plasmid vector pBR322 containing the full length DHBV genome
(plasmid A49) was also used as a positive control. Sterile distilled water was used

instead of template DNA for the negative control.

The DNA was amplified for 35 cycles in a Perkin Elmer 9600 automated thermal cycler
according to the following protocol:

Denaturation at 94°C for I min

Annealing at 50°C for 1 min

Polymerization at 72°C for 2 min.

After the final cycle, polymerization continued for 10 min at 72°C.

The PCR products were then electrophoresed on a 2% agarose gel. Ten pl of PCR
product was loaded into each well, together with 2 ul of 6 x loading dye. After
electrophoresis. the gel was stained with ethidium bromide (0.5 pg/ml) and viewed under
UV light. The results are shown in Figure 3.2. Thus the amplified product was now
available to be cloned and sequenced. The PCR products were stored at -20°C until

needed for cloning.

3.4 Cloning of the PCR product

All pipette tips. glassware, eppendorfs and reagents to be used were autoclaved. Strict

aseptic technique was used in all procedures involving the handling of bacteria.
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made up to 200 ml. The agar was autoclaved tor 40 min, then allowed to cool to 45°C in
a water bath. As soon as the agar was cooled, ampicillin was added to provide a final
concentration of S0 pg/ml and the agar swirled gently. Approximately 10 ml was then

poured into sterile petri dishes on a level surface.

3.4.2 Ligation of PCR product to vector

PCR products were cloned using the pCR™II cloning vector (Invitrogen, San Diego,
CA). It contains the /acZ gene for blue-white colour selection, ampicillin and kanamycin
resistance genes, and has 3932 nucleotides (Figure 3.3). The non-template dependent
activity of thermostable polymerases used in the PCR adds single deoxyadenosines to the
3’-end of all duplex molecules. The vector is supplied as a linear molecule with the 3* dT
overhangs ready for insertion ot the PCR product. It is modified at the unique EcoR1 site
during preparation so that the inserted PCR product is flanked on each side by £coR1

sites.

Poly-cloning site

Figure 3.3: Schematic representation ot the pCR Il plasmid cloning vector
showing the different genes. The cloning site is within the /acZ gene.

The ligation reaction was set up at a |1 molar ratio of vector: PCR product. The
formula to determine the amount of PCR product to be ligated with 50 ng of vector was

as follows:
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