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Summary

HBV core gene has attracted a resurgence of interest recently because it influences the
outcome of hepatitis B infection. The aims of this study were: to characterise the core
gene variability in diverse geographic regions and ethnic groups; to determine
subtype/genotype-specific variants; to specify country/ethnic-specific variants; and to
identify any relationship between intracellular HBcAg and chronic HB disease.

The current work can be divided into three main parts. In chapter 3, in the first and
second sections, HBV DNA in 139 sera samples from 12 diverse geographic origins was
analyzed by sequencing the core gene. We found that certain residues allow definition of
subtypes and genotypes. Further, specific nucleotide motifs were defined for particular
countries. We also found, intriguingly, a set of amino acid variants in a majority of
sequences from South-east Asian patients and also for Western populations. In the second
section of chapter 3, core gene variability in the Pacific region, the nucleotide diversity of
the genotype C samples was significantly greater than that of genotype D samples, which
is consistent with a longer history of HBV infection in genotype C predominant islands.
Results obtained from this chapter confirm that HBV strains spread within constrained
ethnic groups and that selection pressure defined the sequence variability within each
genotype (and subtype). It may be that specific T cell epitopes are specific for particular
geographic regions, and thus ethnic groups, which may affect the design of
immunomodulatory therapies, including therapeutic vaccines.

The third section of this thesis (chapter 4) deals with in vitro biological effects of HBV C
gene variability. Confocal microscopy was used to visualise HBcAg cellular expression

in 40 clones (including mutagenised samples) from various stages of HB disease from
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patients with different HBeAg/anti-HBe status.. This was correlated with sequence
variation within B cell epitopes and at the C-terminus. Using site-directed mutagenesis to
revert C-terminus and B-cell epitope mutated sequences with cytoplasmic expression to
the original (wild type) sequences led to a shift back to predominantly nuclear and both
nuclear and cytoplasmic distribution, respectively.

In conclusion, we showed that HBcAg reflects the genotype of the whole genome and
there are certain residues that are distinct for the HBV genotypes. Moreover, we
demonstrate that the pattern of HBcAg localisation in vitro is dependent on sequence and
correlates with the serology of chronic HBV infection. It supports the hypotheses that
such variants may play a biological role including antigenic expression. This study not
only has an impact on the design of the therapeutic and prophylactic vaccines, but on our
understanding of the immune response to different HBVs.

Chapter 5 is composed of a preliminary study on FTO9.1 cell line infectivity by HBV.
This cell line which is transfected with a construct containing human-Annexin V, showed
propagation of virus in primary and transfer experiments. Due to some difficulties using
the Cat III laboratory, this project stopped after the first six months of the research
course. The results obtained during that period have therefore been included in a separate

chapter (chapter 5).
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Chapter 1 Introduction

CHAPTER 1 GENERAL INRODUCTION

1.1 HBY STRUCTURE AND GENOME ORGANIZATION

Hepadnaviruses are small hepatotropic DNA viruses that can produce persistent
infections of liver cells, leading to chronic hepatitis and, in some cases, to
hepatocellular carcinoma. The prototype hepadnavirus is the human hepatitis B virus
(HBV), but related viruses have also been isolated from several other vertebrate
species including squirrels, woodchucks, and ducks. Electron microscopy examination
of partially purified serum derived preparations of HBV revealed the presence of three
kinds of particles. Complete infectious virions of about 42-nm in diameter which
consist of a 36-nm icosahedral nucleocapsid of the hepatitis B core antigen (HBcAg)
and a 7nm lipoprotein bilayer derived from the endoplasmic reticulum (ER)
membrane of the host (Dane et al., 1970; Patzer et al., 1986; Crowther et al., 1994).
Three HBV surface proteins of varying sizes (see section 1.3.2) are inserted into this
lipoprotein bilayer. The viral DNA, a virus encoded RNA-dependent DNA
polymerase, a protein kinase which phosphorylates HBcAg (see section 1.3.1B) and a
genome bound protein, covalently linked to the negative strand of HBV DNA, are all
contained in the nucleocapsid (Albin and Robinson, 1980; Gerlich and Robinson,
1980).

Small spherical and filamentous forms of non-infectious subviral particles of 20-nm
diameter are composed of S protein with variable amounts of M and L protein in
addition to the host derived lipids (Ganem et al., 1996). Although they do not contain
viral DNA or nucleocapsid, they are highly immunogenic and elicit a strong antibody
response in most individuals. The concentration of subviral particles often exceeds the

virion concentration by at least three fold.
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law 1

HBV

Figure 1.1: Genomic organisation of HBV.

The outer lines represent the different classes of transcripts. The four major ORFs (S, P, C and
X) are indicated in the centre. The partially double stranded circle represents the viral genome,
showing the promoters (SIP, S2P, XP and CP), the enhancers (Enhl and Enh II) and direct

repeats (DR1 and DR2). Taken from Caselmann, 1996.

W ithin the core is the 3 to 3.3-kb viral genome and a polymerase activity known to be
central to its replication. The virion DNA of these viruses is a relaxed circular species
that is only partially duplex (Fig 1.1). Although the minus strand is full length, its plus
strand complement is less than unit length, being variably truncated at its 3’ end. The
result is a single stranded gap of varying extent (20-80% of the genome). It has been
shown that host DNA polymerase fills in this gap (reviewed by Kann et al., 1998).
The most important features of the genomic DNA, however, are found at its termini:
the minus DNA strand has a protein covalently attached to its 5’ end, whereas the 5°
end ofthe plus strand is covalently linked to a capped oligoribonucleotide. The coding
organization of the viral DNA is also summarized in Fig 1.1. The coding organization
is highly compact, i.e. every nucleotide is within a coding region, and over half of the

sequence is translated in more than one frame. As shown in figure 1.1, there are four
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major open reading frames (ORFs), all encoded by minus-strand DNA (Ganem et al.,
1987), these are the surface (S), core (C), polymerase (P), and X protein ORFs. These
proteins are translated from a series of viral transcripts whose extents are also
summarized in fig.1.1 (see below).

1.2 HBY life cycle

Little is known about the early molecular events regarding the nature of the virus-
receptor interaction, viral uptake or uncoating. However, considerably more is known
about viral replication, virion release and later events in viral replication. The narrow
host range of HBV and lack of suitable cell lines for infection are major limitations to
such studies (for details see chapter 5).

1.2A Attachment to the cell membrane

To date the exact mechanism of attachment and penetration of HBV into human
hepatocytes is not fully identified. Binding of a viral particle to the human hepatocyte
plasma membrane is an important step in viral entry and replication of HBV. In this
interaction, the envelope proteins of HBV are thought to play a crucial role. Although
there have been many reports during the last two decades of putative receptors, the
identity of the HBV receptor remains elusive.

It has been suggested that the pre-S1 domain, amino acid residues 21-47, is probably
the most important attachment site to liver cells (De Meyer et al., 1997; reviewed by
Cooper, 2003). Besides hepatocytes, many cells of non hepatic origin including
hemopoetic cells of the B lymphocyte lineage, peripheral blood lymphocytes and even
some non-human, simian virus 40 transformed cell lines have receptors for the pre-S1
(21 to 47) region (Budkowska et a 1., 1993). Several receptors on the liver cell
membrane have been proposed (Table 1.1). Viral pre-S1 interacts with several
proteins, which have therefore been suggested as receptor candidates.

Asialoglycoprotein receptor (ASGPR), a transmembrane molecule specifically



Chapter 1 Introduction

expressed on the hepatocellular membrane (Treichel et al., 1997), human interleukin-6
(Neurath et al., 1992), and transferrin (Franco et al., 1992), are all proposed to contain
recognition sites for the HBV pre-S1 domain. Also, peptides of molecular weight of
31 kd (Dash et al., 1992), which interact with pre-S2 (Budkowska et al., 1993) have

been proposed as possible receptors for HBsAg, a finding which questioned the role

Table 1.1 Proposed HBV-binding receptors.

Binding Protein Function Mediator

Albumin receptor Endocytosis Polymerised albumin
Transferrin receptor Endocytosis Not known

IgA receptor Endocytosis IgA

LDL receptor Endocytosis Apolipoprotein H
Asialoglycoprotein  receptor Endocytosis Not known
Interleukin-6 receptor Signal transduction Not known

Annexin V Cell adhesion Direct

GAPD Metabolism Direct

of IgA receptors as an HBV binding site, previously proposed by Pontisso et al., 1992.
Apolipoprotein H, found on lipoproteins and taken into hepatocytes after binding to
small HBsAg, has been also suggested (Mehdi et al., 1994; 1996). Furthermore, in an
attempt to identify cell surface receptor(s) for hepadnaviruses, several proteins which
have binding sites for the HBV pre-S region have been proposed, including
glycoproteins of 170-180 kd (Kuroki et al., 1994; Tong et al., 1999), 120 kd (Li et al.,
1996), 80 kd (Ryu et al., 2000) and 44 kd (De Falco et al., 2001).

Among studies performed for identification of receptor(s) in the initiation of infection
by HBV, the role of Annexin-V has been supported by several observations (De Bruin

et al., 1995, 1996). Annexin-V, previously referred to as Endonexin I, is a member of
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the family of Ca2+ dependent phospholipid-binding proteins present on human
hepatocyte plasma membranes (Neurath et al., 1994; Gong et al., 1999). Annexins
have also been found to be involved in the initial step of cytomegalovirus and of
influenza virus (Gong et al., 1999) and possibly hepatitis Delta virus attachment (De
Bruin et al., 1994). Others have argued an important role for human Annexin-V (hA-
V) in the cell nucleus (Mohiti et al., 1997). In addition, species-specific distribution of
the HBsAg binding annexin V apparently correlates with the species tropism of HBV
(De Bruin et al., 1996).

The receptor-ligand relationship between hA-V and small HBsAg has been studied by
using antibodies against hA-V which inhibit the binding of HBsAg to intact human
hepatocytes (De Meyer et al., 1997). Spontaneous development of anti-idiotype (and,
thus, anti-HBsAg) antibodies in rabbits immunised with hA-V and in chickens
immunised with the F(ab), fragment of rabbit anti-hA-V IgG, are able to compete
with hA-V for the binding to HBsAg (De Bruin et al., 1995). Neurath and colleagues
(1994) assumed that hA-V and apolipoprotein H bind sHBsAg via the lipid
component of HBsAg and not HBV protein specifically.

1.2B Viral entry and uncoating

Although the exact post-binding steps are still unclear, several mechanisms have been
suggested for viral entry. There is evidence from DHBYV that entry proceeds by a pH-
dependent mechanism (Rigg and Schaller, 1992). Endocytosis has also been described
(Offensperger et al., 1991; de Bruin et al., 1995). Additionally, Lu et al. (1996)
showed that HepG2 cells internalized HBV after proteolytic cleavage of the preS
domain by V8 protease. This exposed a fusion domain within the envelope protein of
HBYV that enabled the viral fusion with host cell membranes. It is also not clear in
what form the viral genome is transported into the cell nucleus since the diameter of

core particles is at the maximal limit for transport through the nuclear pore (this issue
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will be discussed in detail in section 1.3.1B). The HBV genome, once in the nucleus is
repaired to form its covalently closed circular (ccc) DNA conformation. This process
requires the following modifications: the removal of its terminal structures (from both
strands); repair of the single-stranded gap region (by completion of the plus-strand);
and covalent ligation of the DNA termini. Host cell enzymes are most likely
responsible for all of these reactions (Kdck and Schlicht, 1993).

1.2C Transcription and transcription regulation

Viral ccc HBV DNA is transcribed by host RNA polymerase II. It creates both an
RNA template for HBV replication and leads to the synthesis of all viral mRNA
transcripts (Summers and Mason, 1982). There are at least four groups of mRNA
species produced in hepatocytes (reviewed by Seeger and Mason, 2000) (Fig 1.1).
These are exported into the cytoplasm where translation of viral proteins, assembly of
viral particles and genome replication occurs. The largest, 3.5-kb, which is greater
than genome length, and is termed the pregenome RNA (pgRNA), covers the entire
genome and is terminally redundant. It is reverse transcribed to DNA. It also acts as a
message for HBcAg and polymerase protein synthesis. The second, the pre-core
mRNA, is used to translate HBeAg. Pre-core mRNA consists of longer and shorter
mRNAs, with start sites separated by~18 nucleotides (Fig 1.2). For HBeAg synthesis
and secretion, pre-core mRNA needs to be transcribed followed by translation of the
pre-core and core regions (reviewed by Okamoto et al., 1997). The third set of
mRNAs, produce the large, middle, and small S proteins. They are initiated at
different initiation sites. It is unclear if the fourth (0.7kb) makes HBx protein; it may
be that the pregenome message is also used in this capacity.

It is known that each gene of HBV has one or more promoters regulating its activity
and that these promoters are in turn regulated by one or both of the viral enhancer

elements, Enhl (nt 970-1240) and Enh2 (1627-1774), that are located upstream of the
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Fig 1.2. Pregenome and pre-C mRNAs of HBV. Start positions of mRNAs are indicated in
relation to various genes and elements regulating transcription. Positions of DR1 and DR2 are

indicated. Taken from Okamoto et al, 1997.

core promoter (Fig 1.2) (reviewed by Seeger and Mason, 2000). To date, four
promoters (S1promoter (S1P), S2 promoter (S2P), C promoter (CP), and X promoter
(XP)) have been identified to be responsible for the transcription of the HBV mRNAs
(Siddiqui et al., 1986; Treinin and Laub 1987, Honigwachs et al., 1989). Of these four
promoters, S2P (nt 3045-3180) is the least liver specific. On the other hand, S1P (nt
2710-2800) and CP are highly liver specific and cells in which CP is inactive can’t
support HBV DNA replication, as the production of pgRNA which is the template for
reverse transcription is mostly under the control of this promoter (Seeger et al., 1989).
XP is partly overlapped with Enhl. In addition to the cellular factors that are
important for X gene transcription, HBx was shown to have a role in enhancing XP
activity by binding a 20bp element at its 5’ end (Takada et al., 1996).

A problem of particular importance with a circular DNA template is termination of
transcription, especially for the pregenome and precore mRNAs. For these,
transcription must pass through the polyadenylation signal on the first pass in order to

make a full-size, terminally redundant RNA. Studies with DHBYV indicated that this
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termination of transcription is facilitated by a sequence on cccDNA, named PET
(positive effector of transcription), located between the transcription initiation site and
the poly (A) signal (Huang and Summers, 1994). PET somehow facilitates passage of
transcription complexes through the termination site on the first but not the second
passage. A second signal sequence, NET (negative effector of transcription), which is
needed for termination, is suppressed by PET. If NET is deleted, longer transcripts
accumulate due to additional transits around the cccDNA template (Beckel-Mitchener
and Summers, 1997).

Apart from transcription regulation, regulation of viral gene expression also occurs at
the level of translation. The pregenome serves as the mRNA not only for the viral
core protein but also for the viral polymerase, which initiates from an AUG located in
the distal portion of the core gene, although not in the same open reading frame as
core. However, since core particles are assembled from 240 core protein subunits
(Crowther et al., 1994), pgRNA may serve as an mRNA for translation, on average, of
approximately 200 to 300 core polypeptides before allowing the translation of a
polymerase polypeptide. Since the polymerase preferentially binds to the 5’ end of its
own mRNA to initiate reverse transcription and packaging (Bartenschlager et al.,
1990; Wang and Seeger, 1993), synthesis of the polymerase is sufficient to stop
further translation of the pregenome.

Spliced transcripts have also sometimes been detected, but there is so far no evidence
that RNA splicing plays an important role in HBV gene expression.

1.2D DNA replication

Viral DNA replication is accomplished by reverse transcription of an RNA
intermediate, after encapsidation of RNA template. Of many viral transcripts
produced in infected cells, only pregenomic RNA 1is encapsidated. Encapsidation of

RNA template with the viral polymerase into the core is followed by sequential
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synthesis of two viral DNA strands. Minus-strand is made first from the RNA
template, accompanied by degradation of the latter, followed by the plus-strand
synthesis using the newly synthesized minus-strand as a template.

1.2D-I RNA encapsidation

The sequences of pgRNA required for encapsidation have now been defined. For
HBV, the 5’ 100 nucleotides suffice to confer efficient encapsidation upon
heterologous transcripts; this region is termed €. As shown in figure 1.3, this region
contains several inverted repeats that can be folded into a stem loop structure that
appears to be phylogenetically conserved (review by Ganem et al., 1994). Extensive
mutational studies have suggested that this region of the structure is functionally
important for encapsidation (see section 1.7.3B), as in the loop region at the top of the
structure, even minimal base substitutions are strongly deleterious to encapsidation
(Pollack and Ganem, 1993).

1.2D-I1 DNA synthesis

DNA replication starts with the binding of the viral polymerase to the € bulge at the 5’
end of pgRNA (Figure 1.4). The polymerase then primes DNA synthesis, using a
tyrosine in its own aminoterminal protein domain (TP) as a primer and € as a
template. After three or four nucleotides the DNA synthesis is arrested. Further DNA
synthesis requires three switches; one during minus-strand synthesis and two during
plus-strand synthesis. The first template switch occurs shortly after the priming
reaction. The primed 5° — 3’ pgRNA-Pol complex is translocated to a
complementary sequence (UUAC) near the 3’ end of the pgRNA (Fig 1.4B) where the
synthesis of minus-strand DNA resumes. The minus-strand is then extended to the 5’
end of the pgRNA (Fig 1.4C and D). An active role for the polymerase in minus-

strand DNA transfer has been recently described in DHBYV as deletion of aa 79-88 in
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Fig 1.3. Predicted stem loop structure of pregenome encapsidation sequence (€) and location of

the common pre-C HBV mutants. Taken from Lok et al, 1997.

the terminal protein domain specifically inhibited the minus-strand transfer
reaction(Gong et al, 2000). Accompanying or shortly following the minus-strand
synthesis, the pgRNA template is degraded by the RnaseH activity of Pol with the
exception of a short terminal oligoribonucleotide (Fig 1.4D). This oligoribonucleotide
is then translocated, in the second switch, to DR2 near the 5° end of minus-strand
DNA where it serves as the primer for plus-strand DNA synthesis (Lien et al., 1986;
Loeb et al., 1991). Following this second transfer, the plus-strand DNA synthesis
continues to the 5’ end of the minus-strand DNA (Fig 1.4H). However, in
approximately 10% of cases the second switch from DR1 to DR2 does not occur,
leading to an in situ priming reaction (Staprans et al., 1991) (Fig 1.4E). Thus a double
strand linear DNA genome rather than relaxed circular DNA (rcDNA) is produced. A
third template switch occurs once the plus-strand DNA synthesis reaches the 5° end of
minus-strand DNA. The minus-strand DNA template contains a 7-9 nt terminal
redundancy (r). This redundancy is required for the third template switch in which the

3’ end of the nascent plus-strand is translocated to the 3’ end of minus strand (Loeb et
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al., 1997) (Fig 1.4]) to circularize the genome and permit resumption of the plus-
strand synthesis. The synthesis of plus-strand is only partially completed resulting in a
noncovalently closed, partially double stranded, circular DNA genome (rcDNA).

1.2E Viral assembly

Nucleocapsids containing rcDNA, can be then either enveloped at an internal cellular
membrane and be actively secreted as mature virions or transported back into the
nucleus, where the genome is repaired to yield cccDNA, to amplify the intracellular
genome pool (Tuttleman et al., 1986). Thus, cccDNA amplification is caused not only
by a reinfection of the cells but by re-entry of the viral genomes (similar to artificial
transfection) from the mature core particles (Seifer et al.,, 1993, 1998; reviewed by
Nassal, 1999) which assemble in the cytosol. Persistence of the virus in infected cells
during chronic HBV may therefore be dependent on this intracellular conversion
pathway which generates, maintains, and regulates the pool size of transcriptionally
active cccDNA molecules (Tuttleman et al., 1986; Serinoz et al., 2003). It is likely
that these nuclear levels of cccDNA are specifically regulated to maintain amounts
that are sufficient for virus production but are not toxic to the cells. This amplification
could be regulated by either a cell-directed mechanism or virus-directed negative
feedback inhibition (Fig 1.5). Negative control over the conversion of rcDNA would
be effected through production of viral gene products at both transcription and
translation levels, whose concentration in the cell is dependent on the size of the
cccDNA pool (reviewed by Seeger and Mason, 2000). These gene products would
then block further synthesis of cccDNA directly, or would direct assembly of
cytoplasmic nucleocapsid exclusively into mature virus (Tuttleman et al., 1986).
Other authors showed that high amounts of L protein in the ER lumen blocked viral

maturation (Bock et al., 1999).
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Fig 1.4. HBV genome replication.

The thin line stands for pgRNA, dashed line for the plus strand and the bold line for the minus
strand. The direct repeats are presented as boxes labeled DR1 and DR2. The UUAC involved in
the minus strand template switch are shown. The dashed circle represents the viral P protein,
which binds the s bulge at the 5' end of pgRNA. The sequences of the terminal redundancy of
minus strand DNA are shown as 5'r and 3'r. Basepairing is shown as hatch marks. B, Minus
strand template switch. C, Elongation of the minus strand. D, completion of minus strand
synthesis and generation of the plus strand primer. E, generation of duplex linear genome. F,
plus strand primer translocation. G, initiation of plus strand synthesis. H, plus strand synthesis

continues to the 5' terminus of the minus strand DNA. I, circularization template switch. J,
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generation of a relaxed circular DNA genome. Taken from Harvet and Loeb, 1997.
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1.2E-I Surface-gene Regulation

L protein, in addition to S protein, is also required for the assembly and production of
mature virions; however, most of the preS region is dispensable for this process. The
L polypeptide when synthesised in an in vitro system, bound firmly to HBcAg,
indicating that interaction between HBcAg and the pre-S region of the L polypeptide
is important for virus morphogenesis (Dyson et al., 1995). Using electron microscopy,
Kamimura et al, (1981) demonstrated that in the presence of L and S proteins, cores
could bud into the intermediate compartment between the endoplasmic reticulum and
the Golgi complex, and exit the cell as enveloped virions through the secretary
pathway.

It has long been known that maturation of HBV virions requires interaction between
HBV S and core proteins on the ER. This interaction also appears to regulate the
nuclear transport of HBcAg: Yeh et al, (1994) described that nuclear transport was
inhibited to an undetectable level in COS-7 cells when S proteins were co-expressed
with core protein. Further analysis revealed that L but not S protein reduced the
amount of the core protein in the nucleus and was crucial for this inhibitory effect.
This effect was attributed to the amino-terminal sequence of L which interacted with
core protein (Yeh et al., 1994) and specifically to aa positions between 19-24 and 63-
65 aa in the pre-S domain which are essential in mediating interaction with the
nucleocapsid (Dyson et al., 1995).

There is an assumption that the pre-S proteins regulate viral cccDNA levels via
negative feedback (Summers et al., 1990). It is known that overexpression of the L
protein can block secretion of subviral particles as well as virions (Hadziyannis et al.,
1987; Bock et al., 1999). These authors therefore suggested that early in infection,

when there are low amounts of surface proteins, mature nucleocapsids are shunted
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into the nucleus and the newly synthesised viral genome converted into cccDNA. The
number of cccDNA molecules increases as infection progresses, leading to an
increase of viral RNA synthesis. The viral envelope proteins are subsequently
produced at high levels and exert a negative feedback on cccDNA amplification by
redirecting the nucleocapsids into the virion formation pathway (Bartholomeusz and
Locarnini, 2001). Failure of regulation of the cccDNA copy number by the envelope
proteins results in hepatocyte death (Lenhoff et al., 1994). On the other hand, in the
late stage of infection, when the L protein levels increase, export of core particles (as
the mature virions) occurs (Yeh et al., 1994).

1.2E-II Cell cycle Regulation

The effect of cell cycle regulation on intracellular core protein has been studied
extensively by Yeh and co-workers. They showed in transfected cell lines as well as
human hepatocytes that the core protein localization was largely in the nucleus in the
G1/0 phase but in the cytoplasm in the S phase (Yeh et al., 1993, 1995, and 1998).
They also found that nuclear localization of HBV DNA (RC form) occurred only in
the G1 phase and that prolonged aphidicolin treatment was required for cccDNA
formation. Further, they showed that when cells were grown to confluence and
arrested in the GO/G1 phase, the nuclear transport of core protein was significantly
increased. These results revealed that hepatocytes in different cell cycle phases are

associated with different directions of viral DNA traffic. In the G1 phase, the nuclear
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Figure 1.5: cccDNA pool formation during the early stages of HBY

infection. Dotted lines indicate the inhibitory effects of viral gene products

on cccDNA formation. Taken from Tuttleman 1986.
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RC viral DNA is processed (excision of polymerase, ligation, DNA repair, etc) to
cccDNA. HBV DNA is recycled into the nucleus to form cccDNA, so only a small
amount is destined for viral maturation. This small but constant out-flow of virions
will eventually result in a high concentration of serum HBV DNA. The accumulation
of cccDNA clearly also results in an increase of total intracellular HBV DNA, which
can be used for virion maturation. In contrast, in the S phase, nuclear entry of HBV
DNA does not occur, so the majority of the viral DNA is destined for virion
maturation. Of note is that a prolonged G1 phase is not the only requirement for
cccDNA formation, and other cellular factors (which are species specific) must be
involved (Yeh et al., 1998). This assumption was based on the observation that, in
transgenic mice, no cccDNA could be found in nuclei, although most hepatocytes
were in the G1/0 phase (Guidotti et al., 1994a). Conversely, a constantly regenerating
liver (as seen in aggressive hepatitis) is unfavorable for HBV replication because the
G1 phase may not be long enough for ccc DNA accumulation. This explained a
recent observation that HBV DNA replication is enhanced in quiescent hepatocytes
(Chu et al., 1997). On the other hand, Guidotti et al (1994, 1997) demonstrated that in
the absence of certain cytokines, HBV can efficiently replicate in dividing
hepatocytes, suggesting that HBV gene expression is relatively resistant to signals that
upregulate or downregulate the expression of cellular genes during liver cell
regeneration. They also claimed that the nuclear membrane allows translocation of
only the non-particulate core protein. Further, in separate studies carried out by Yeh
et al (1990, 1993) and Eckhardt et al (1991), it was suggested that this translocation
which was dependent on NLS (nuclear localization signal) at the C-terminus (as will
be discussed next), was regulated through differential phosphorylation of the serine on

the SPRRR motifs at different cell cycle stages (see below).
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1.3 HBV viral proteins

1.3.1 C protein

1.3.1 A Structure

The regular display of multiple identical structural features on the HBV core particle
surface is crucial for its exceptional immunogenicity and ability to act as a T cell
independent antigen (Nassal et al, 1992a). Two classes of the core particle have been

identified: 120 and 90 dimeric subunits in T =4 and T =3 arrangements.

a

Figure 1.6. The Tri-dimensional model of the HBV capsid protein dimer on the basis of crystal
structure (a) and from electron cryomicroscopy (b). Central a-helices (boxes) and the loop
covering aa residues 78-83 are shown. C and N indicate C-Terminal and N-Terminal domains,

respectively. Taken from Wynne et al, 1999.

The building block of the capsid structure is a T-shaped dimer (inverted), the stem of

which interfaces with the other dimer and protrudes outwards as a spike; the cross-
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pieces pack together to form the contiguous shell (Conway et al., 1998a) (Figure 1.6).
This characteristic folding of core protein has been defined by its crystal structure
(Wynne et al., 1999) (Fig 1.6a) and by cryoelectron microscopy (Béttcher et al., 1997,
Conway et al., 1998b) (Fig 1.6, b). The two dimers run from the inside of the capsid
to the tip of the spike (Kratz et al., 1999), which consists of a four a-helix bundle.
Amino acid residues 78-82 form a non-helical loop connection between two alpha-
helical segments (Bringas et al., 1997) at the tip of the capsid spike (Figure 1.6b). The
region 128-149 forms an arm-like structure that plays a critical role in capsid
assembly (Hui et al., 1999). This arm or loop makes a small protrusion on the surface
of the shell and provides the next most exposed and accessible feature on the surface.
It is known that the principal antigenic sites of the protein correspond to these
residues. The interaction between dimers to form the icosahedral shell is mediated by
the C-terminus. This region is positioned within the shell interacting with nucleic acid
(Bottcher et al., 1997).

With a 30 or 34-nm diameter, the core encapsidates the circular DNA genome. HBc
protein packages the pgRNA and the viral polymerase. Early studies indicated that the
C-gene encoded two polypeptides. Initiation of translation at the first AUG of the pre-
C region in a “pre-C-mRNA” produces a 25-kd pre-core/core precursor protein
(p25e), which after removal of the leader sequence at the amino-terminus (first 19
residues) and the 34 C-terminal aa (Takahashi et al., 1983), is secreted as a soluble
17-kd protein (p17¢), HBeAg (Fig 1.7). The C-terminus marks the processing site in
the sequence (146) T V V R R R G (153) (Figure 1.8) that is selectively cleaved
during HBeAg secretion in vivo, and the 10 amino acids remaining from the pre-C
sequence are essential for the correct folding of HBeAg (Nassal et al., 1993). Non-

carboxy-terminally processed pre-core/core gene products comprised of 193 aa from
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position —10 (the site of signal cleavage during HBeAg secretion) to 183, are
designated p22e (Figure 1.7) (Salfeld et al., 1989).

Initiation at the second AUG in the pgRNA, leads to the synthesis of HBcAg, a 183
aa, 21 kd, protein (p21c). Icosahedral shells of two sizes are produced, containing 180
(T=3, where T is the triangulation number and the shell contains 60T subunits), or
240 (T=4) subunits, which assemble to form the viral core (Wingfield et al., 1995).
Core protein is 183 or 185 residues long depending on the subtype. Despite pl17e and
p21c sharing a large stretch of identical primary sequence, HBeAg and HBcAg are
serologically distinct (see section 1.6). HBeAg is always present in a non-particulate
state in the serum of HBV infected individuals, whereas HBcAg occurs only in the
enveloped virus or inside HBV infected hepatocytes (Salfeld et al., 1989).
Immunofluorescence studies strongly suggest that expression of the pre-C gene
determines the attachment of the nascent p25e to the membrane of the ER. The
affinity of the pre-C protein to cellular membrane and its amino terminal sequence
resembles the properties of signal peptides known to transport proteins through
cellular membranes, an event which is a pre-condition for acquiring the viral envelope
and subsequent secretion (Ou et al.,, 1986; Uy et al., 1986; Ballare et al., 1989;
reviewed by Okamoto, 1997). This translocation requires the first 19 residues of the
pre-core protein as a signal peptide to direct it to the ER (Garcia et al., 1988), where
they are cleaved with the formation of a pre-C protein-derivative, p22e (Ou et al.,
1986; Garcia et al., 1988). P22¢ is then released in the ER and Golgi apparatus with
further hydrolysis at the arginine-rich C-terminus prior to secretion (pl7¢); some
p22e, however, is released into the cytoplasm and translocates to the nucleus (Figure
1.7). For this, it requires the first 10 aa residues as a nuclear localisation signal

(Garcia et al., 1988; Ou et al., 1989; Yeh et al., 1990).). Thus, the pre-C sequence
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alters profoundly the properties of the viral core protein (Uy et al., 1986); if the
proximal pre-C sequence is replaced by a random sequence, the resulting mutant
protein cannot be transported into the nucleus (Yeh et al., 1990). Thus, the 29 aa
residues preceding the core protein might function as a signal peptide for secretion of
HBeAg or as a nuclear transportation signal for p22e. (Yeh et al., 1991; reviewed by
Okamoto, 1997). Both P22e and core protein (p21c) contain nuclear localisation
sequences, but in different positions (for core protein nuclear localisation signal see
section1.3.1B); there are 10 additional residues at the amino-terminus of P22e¢ and
therefore, the cellular regulation of nuclear transport of these two proteins may be
different (Yeh et al., 1996). Therefore, HBcAg expressed without the pre-C sequence
(p21c) accumulates as a high molecular weight complex in the cytoplasm; in contrast,
the HBcAg produced with the pre-C sequence can be a nuclear protein. Thus, the fact
that a significant proportion of p22e is retained within the cell nucleus indicates that
p22e plays an important role in the HBV life cycle (Ou et al., 1989; Aiba et al., 1997).
1.3.1B C protein C-terminal domain and its phosphorylation

The core protein consists of two structurally and functionally separate domains: the
sequence from the N-terminus to about aa position 149 is by itself sufficient for
assembly, known as the “assembly” domain, and a “protamine” domain at the C-
terminus, which is involved in pregenome encapsidation and modulates the activity of
polymerase for reverse transcription of the RNA pregenome and binding to the
elongating DNA (Hui et al., 1999). If the C-terminus is truncated (after aa 140), the
core protein still assembles into a shell, but no longer packages RNA (Bottcher et al.,
1997).

The C-terminus 33 aa of core contains 16 (adr and ayw subtypes) or 17 (adw subtype)

arginine residues; 14 of them are clustered into 4 arginine repeats, in line with its role
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Figure 1.7: Hypothetical model for the assembly of HBV particles.

P22e processed from p25e binds to the ER (membrane-bound core protein). There are
alternatives: molecules may be transported into the lumen, perhaps processed, and secreted as
HBeAg (pl7e). HBcAg translated from core-mRNA (p2lc¢) remains in the cytoplasm and
interacts with pregenomic RNA to form core particles. Some of the p21 exists in the HBeAg form.
The core particles containing HBV RNA or DNA may then interact with HBcAg and HBsAg and
become encapsidated, presumably via a budding process, with consequent formation of mature

viral particles. CmRNA and SmRNA, represent core mRNA and surface mRNA, respectively.

in nucleic acid binding (Figure 1.8) (Nassal et al., 1992b). These regions of
consecutive basic aa are similar to nuclear localisation sequences identified in several
nuclear proteins: (Eckhardt et al., 1991); influenza viruses (Greenspan et al., 1988);
Ela in adenoviruses (Lyon et al.,, 1987); yeast histone 23 protein (Moreland et al.,
1987); yeast ribosomal protein L29 (Underwood et al.,, 1990); large-T protein of
polyoma virus (Richardson et al., 1986); and SV40 large-T Ag (Kalderon et al,,

1984).
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The C-terminal domain seems crucial for HBeAg production. HepG2 cells infected
with a recombinant vaccinia virus expressing a pre-C protein truncated by 34 aa at the
HBeAg C-terminus secreted about 20 times less HBeAg than those infected with a
recombinant expressing the entire precore protein (Schlicht et al., 1991). Thus, low
secretion efficiencies of C-terminally truncated precore proteins are due to a slow
down in intracellular transport of the HBeAg precursor (Carlier et al., 1995). Taking
all the data together, one possible function of the pre-C protein might be to transport
progeny viral genomes from the cytoplasm into the nucleus, where they can direct the
synthesis of additional RNA and eventually increase the number of progeny particles
produced by the infected cells. The relatively higher expression of pre-C over core
results in translation of a greater amount of pre-C protein. This is then either secreted
as HBeAg or transported to the nucleus as nuclear HBcAg (Ou et al., 1990). This
hypothesis is in keeping with the clinical observation of high levels of serum HBV
DNA/HBeAg and the predominant localization of HBcAg in the nucleus during this
phase (see section 1.7.3D) (Hadziyannis et al., 1983; Wu et al., 1987; Hsu et al., 1987,
Akiba et al., 1987; Chu et al., 1997). In contrast, expression of the pre-C protein is
relatively lower than that of core in the low replicative phase.

HBcAg is a nuclear, cytoplasmic, and membrane-associated phosphoprotein
(Roossink et al, 1987) that shuttles between cytoplasm and nucleus during the
different stages of chronic infection (Chu et al., 1987; Hsu et al., 1987; Akiba et al.,
1987). It is generally believed that viral assembly of hepadnaviruses occurs in the
cytoplasm as the capsid proteins are localised there (Yeh et al., 1996). Since diffusion
of molecules smaller than 60 kd is allowed through a 9-11 nm aqueous channel,
transport of large proteins requires one or more of the signal sequences to induce

opening of the nuclear pore complex up to a diameter of about 26 nm (Pante et al.,
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1993). Thus, the 30-34 nm HBV core particle is excluded (reviewed by Kann, 1997).
Also, the nuclear membrane itself is a natural barrier for intact core particles in
transgenic mice, and core particles can only migrate to the cytoplasm during mitosis
when the nuclear membrane is disintegrated (Guidotti et al., 1994a). This allows core
protein, which had formed capsid-like particles in the nucleus, to be released back
into the cytoplasm (Liao et al., 1995). After cytoplasmic disassembly of core particles,
HBcAg remains associated with the viral genome. This nucleoprotein complex is then
targeted to the nuclear pore complex (NPC) by the use of the core protein nuclear
localisation signals, where it is translocated through the pore complex into the nucleus
(Bock et al., 1996).

During the early phase of infection, because of the quiescent state of hepatocytes,
nuclear entry of the core will be facilitated. This nuclear localisation may be
important for transporting the HBV DNA into the nucleus for initiating viral mRNA
transcription. Also, the nuclear localisation of the core is important for transporting
the viral DNA into the nucleus for cccDNA amplification. Late during infection,
production of large viral envelope protein inhibits the former, redirecting viral
nucleocapsids into enveloped virus particles, which are exported from the cell
(Summers et al., 1990). Thus, control of cccDNA amplification is necessary for the
ability of hepadnaviruses to infect cells persistently without cytopathic effects.

Within the last few years, considerable progress has been made in understanding the
role of the C-terminus arginine-rich clusters of the HBV core protein. HBcAg can be
phosphorylated in vivo (Roossinck et al.,, 1987) and in vitro (Albin and Robinson,
1980; Gerlich et al., 1982; Petit et al., 1985). While the core protein phosphorylation
may be important for pre-genomic RNA packaging, its dephosphorylation may be

important for viral DNA replication (Lan et al,, 1999). It may even regulate
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maturation of the virion (Pugh et al., 1989), as Gazina et al, (2000) reported that HBV
core protein was phosphorylated prior to assembly into nucleocapsids. Previous
studies have shown that core protein contains one or more NLS (Yeh et al., 1990;
Eckhardt et al., 1991) which may not be exposed on the surface of the core particles
(Kann et al., 1999). However, Eckhardt et al, (1991) proposed two nuclear
localisation sequences (Fig 1.8), suggesting that at least a portion of each of these
regions might be present on the surface of the protein. Collectively, authors presumed
that HBcAg can be recognised by the NLS receptor(s) and subsequently transported to
the nucleus by exposure of NLS(s) (Eckhardt et al., 1991; Kann et al., 1999).
Numerous studies have shown that core particles, purified from infected liver or
circulating virions, display protein kinase (PK) activity (Albin and Robinson, 1980;
Gerlich et al., 1982; Petit et al., 1985). Some suggest a host origin of this PK
(Lanford et al., 1990). This is supported by the lack of a protein kinase consensus
sequence in the viral genome (Hanks et al., 1988; Schlicht et al., 1989). Studies on
E.coli-derived core particles have shown that phosphorylation of the core subunits
was necessary for exposure of the nuclear binding signal (NLS), and inhibition by
specific peptides indicates that the COOH-terminus was directly involved (Eckhardt
et al.,, 1991; Liao et al., 1995; Kann et al., 1999) through a direct interaction with a
kinase or cellular factor (Hui et al., 1999).

The COOH-terminal domain of the core protein which is highly positively charged
overlaps and interferes with the nucleic acid binding domain (Fig 1.8) (Petit et al.,
1985). In unphosphorylated cores, cryoelectronmicroscopy has shown that this
domain is located inside the cores close to small holes in the capsid wall (Zlotnick et
al., 1997); it binds to nucleic acid (Petit et al., 1985; Nassal et al., 1992b; Liao et al.,

1995) and also provides the phosphorylation site(s) for the protein kinase trapped in
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the central cavity (Machida et al., 1991; Liao et al., 1995; Kann et al., 1997). Removal
of the last 36 C-terminal aa completely abolished phosphorylation and genome
replication but did not interfere with particle formation or genome packaging
(Schlicht et al., 1989). Since the phosphorylation sites on core proteins interfere with
the encapsidation of RNA (Kann et al., 1995), this process is most likely linked with
DNA synthesis. Thus, core protein phosphorylation may be an essential step during
the generation of a replication-competent Hepadnavirus capsid (reviewed by Cooper,
2003).

The three proposed phosphorylation sites in the HBV core protein sequence have
been mapped exclusively to the 7 serine residues in the arginine-rich C-terminus of
the core and pre-core proteins, six of them in a highly conserved region (Figure 1.8)
(Gerlich et al., 1982; Machida et al., 1989; Yeh et al., 1990; Liao et al., 1995). These
serine residues reside in the three adjacent SPRRR repeats and overlap the nuclear
localization signal (Figure 1.8). Sequences of other nuclear localisation signals in
other viruses such as WHV, GSHV (Yeh et al., 1990), and DHBV (Walker and
Lipkin, 2002) are also rich in arginine or lysine residues or both. Certain serine
residues at amino acid positions either 155, 162, 168 and 170 (Argos and Fuller,
1988; Machida et al., 1991) or 145-156 (Eckhardt et al., 1991) were proposed as
candidates for phosphorylation, being the consensus sites for different kinases (cdc2,
cdk2, PKC, SRPR1 and SRPR2) (Kann et al., 1994; Liao et al., 1995; Daub et al.,
2002). The requirement for the phospho-acceptor sites to be juxtaposed next to
proline has been conserved during evolution.

Mutations of three phosphorylation sites (S157, S164, and S172) to alanine (to mimic
dephosphorylation) abolished pre-genomic RNA packaging. Conversely, the mutation

of these three phosphorylation sites to glutamic acid (to mimic phosphorylation), had
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only a slight effect. However, such mutations were not able to support viral DNA
replication (Lan et al., 1999). In DHBV alanine could functionally replace serine at
the sites of replacement, but not for the phosphoreceptor function. This defect was
corrected by aspartic acid substitution (the assumption is that aspartic acid mimics
phosphoserine rather than serine) (Yu et al., 1994). The same results were obtained
for S176 and S178 after substitution by alanine (Daub et al., 2000). Taken together, it
seems that phosphorylation of core subunits induces a conformational change. As a
consequence, the COOH terminus is then exposed on the particle surface and serves
as a nuclear pore targeting signal (Kann et al., 1999).

In contrast, observations that the phospho-core protein was detected in the cytoplasm
but not in the nucleus, suggested that phosphorylation of the core protein has a
negative effect on nuclear localisation and that the cell cycle regulated nuclear
localisation. The core protein accumulates primarily in the nucleus when entry of the
cell cycle into S phase is blocked by aphidicolin; removal of the chemical resulted in
the entry of the cells into S phase and the accumulation of the core protein in the
cytoplasm. It is assumed that lack of nuclear core protein during the S phase may be
the result of activation of a cellular kinase at this particular stage of the cell cycle.
Authors found that this kinase could phosphorylate the core protein in vitro. They also
suggested the possibility that this kinase and/or its related kinases may negatively
regulate the nuclear localisation of the core protein during the S phase (Yeh et al.,
1998). Although the data presented here on phosphorylation of recombinant, non-
assembled HBV core protein cannot be necessarily transferred to the genuine
complete core particle (containing genome, polymerase and kinase), further support is

lent by similar observations with the DHBV core particle.
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1.3.2 S protein

The principal viral surface antigen (HBsAg) is a protein of 24 kd in virions and
subviral particles. There are 100 polypeptide monomers per subviral particle, and in
addition host-derived lipid that comprises approximately 25% of the particle mass
(Ganem et al., 1987). ORF-S is embedded within the ORF-P (Figure 1.1). It encodes
the three envelope proteins which are translated by three in frame AUG codons. They
all share their C-terminus sequence and “a” antigenic determinants (see below)
(Argos and Fuller, 1988). The three-conserved AUG codons are for large (L;
containing pre-S1, pre-S2, and S), middle (M; containing pre-S2, and S), and small
(S; HBsAg) proteins. LHBs covers the entire open reading frame, MHBs initiates at
an internal site, and the 226 aa sequence of SHBs starts further downstream. All three
proteins therefore have the S sequence in common. The pre-S proteins represent a
minor component of the circulating antigenic pool (generally less than 1-10% of the
total). All three proteins are inserted into the outer envelope of the virion (Argos and
Fuller, 1988). These proteins are usually detected serologically as HBsAg (Ganem et
al., 1996), and they are involved in receptor binding, viral assembly and secretion.
They are also important targets for immune mediated virus elimination (reviewed by
Wallace et al.,, 1997). The S proteins in secreted viral and subviral particles are
extensively cross-linked by disulphide bridges; such cross-linking has been shown to
occur concomitantly with the assembly and budding of the particle (Huovila et al.,
1992). Of 14 cysteine residues presumably involved in this process, four are located
in the first hydrophilic region and eight are located in the second hydrophilic region

(Mandart et al., 1984; Norder et al., 1992b).
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HBs2
HBs3
AQ000CO000000
HBs1 HBs5 165
1371149,
occe 139147:
99
C/\p i Notessential for secretion or antigenicity
HBS4 k\ Non essential tor secretion essential for antigenicity

0 Essential for secretion and antigenicity

Fig 1.9. Proposed model of the major hydrophilic region (MHR). The five proposed antigenic
regions are labled HBsl through HBs5. Cysteine to cystein disulphide bridges are also shown.

Taken from Wallace and Carman, 1997.

The first hydrophilic region, aa 29-79, is on the inner cytoplasmic surface of the viral
envelope and thus may facilitate core particle envelopment during maturation of the
virion (Prange et al., 1995; Loffler-Mary et al.,, 2000). Three of the four cysteine
residues in this region are conserved among all hepadnaviruses and were shown to be
essential for secretion.

The second hydrophilic region (aa 99-147) is exposed on the outer surface of secreted
viral and subviral particles. It is termed the major hydrophilic region (MHR) (Fig 1.9)
and most of the anti-HBs stimulated by vaccine bind this; substitution of many
residues results in loss of immunogenicity to vaccines. This region has a highly
complex structure and is very cysteine rich; eight of the 14 cysteine residues in
HBsAg are located here and all of them are highly conserved among mammalian
hepadnaviruses (Mandart et al., 1984; Norder et al., 1992b, 1993a). Epitopes of the
MHR of HBsAg, cluster into five regions (Fig 1.9): HBsl, upstream of aal21; HBs2,

between aal21 and 124; HBs3, between aal25 and 137; HBs4, between aa 139 and
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147 or 149 and HBsS5, from 148 or 150 downstream to 169. Antigenicity of HBsAg is
dependent upon this complex structure and variants of this region have been well
described (Carman et al., 1990a; Protzer-knolle et al., 1998; Esteban et al., 1999).
Moreover, standard HBV subtyping and genotyping is based on the "a" determinant
which does not include the entire MHR (see section 1.5)

1.3.3 X Protein

The smallest ORF, the X-gene, encodes a polypeptide of 154 amino acids. HBx is
highly conserved among mammal-specific members of Hepadnaviridae (Sohn et al.,
2000) and seems to be essential for virus infectivity. HBx has been detected in liver
tissue from HBV-infected patients with chronic hepatitis, cirrhotic liver and HCC
(Wang et al., 1991; Zhu et al., 1993; Su et al., 1998).

HBx protein activates a wide range of promoters and transcription factor binding sites
and multiple functional pathways. It contains the basic core promoter (BCP)/enhancer
IT complex, which activates transcription of genes, interacts with other transcription
factors and is involved in tumorogenic activity (reviewed by Kann et al., 1998) by
activation of the P53 tumor suppression protein (Feitelson et al., 1993).

1.3.4 P Protein

The longest ORF encodes the viral polymerase and overlaps the C, S, and X genes
(Figure 1.1). It shares homology with the polymerase genes of retroviruses (Ganem et
al., 1987). It contains four functional domains which are arranged from the N to the C
terminus as follows (Fig 1.10): terminal binding protein (TP), which is covalently
linked to the 5' end of the minus-strand of the virion DNA and is necessary for
priming minus-strand synthesis; a spacer, which despite being necessary for
polymerase function, has no specific function of its own; reverse transcriptase,

encoding the nucleic acid-dependent polymearse activity and the reverse transcriptase
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activity as it has the conserved YMDD motif.; and RNase H, responsible for digesting
the pgRNA. Sequence analysis of the mammalian and avian Polymerase ORF

revealed that it is highly conserved among hepadnaviruses (Chen et al., 1992, 1994).

TP SPACER RT RNase H

Figl.10 Functional domain of the polymerase. TP and RT represent terminal binding protein and

reverse transcriptase, respectively.

1.4 Transmission and Epidemiology of HBV transmission

HBYV is transmitted by a number of routes including transmission from an infected
mother to her child (perinatal or vertical transmission), or by percutaneous and
mucous membrane exposure to infectious blood and body fluids that contain blood
(horizontal transmission). Although hepatitis B surface antigen (HBsAg) has been
detected in a wide variety of body fluids, only serum, semen, and saliva have been
demonstrated to be infectious. Perinatal and sexual transmission of HBV usually
results from mucous membrane exposure to infectious blood or serum-derived body
fluids (Alter et al., 1990), and the risk is greatest for infants bom to women who are
HBeAg-positive, ranging from 70 to 90% at 6 months of age; about 90% of these
children remain chronically infected (Xu et al., 1985).

The global prevalence of chronic HBV infection varies widely (Fig 1.11). The
prevalence of chronic HBV infection in different areas has been categorized as of
high, intermediate or low endemicity (Fig 1.11). Areas of high endemicity (prevalence
>8%) account for a total 0£f45% ofthe global population and include Africa, Asia and

the Pacific Basin, the Amazon Basin, the Arctic Rim, the Asian republics previously
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part of the Soviet Union, and parts of the Middle East and the Caribbean.
Additionally, in parts of Eastern Europe, such as Bulgaria, Romania, Albania and
Moldavia, the HBV prevalence is 5-10% of the general population. Areas of
intermediate endemicity have a prevalence of chronic HBV infection of 2-7% (Fig
1.11), and account for a total of 43% of the global population. Parts of Southern and
Eastern Europe, the Middle East, Japan, parts of Central and South America, are
regarded as areas of intermediate endemicity. In most developed parts of the world,
the prevalence of chronic HBV infection is less than 2% (Fig 1.11), and include most
of Western Europe, Australia and North America that are generally categorized as
areas of low endemicity.

The predominant routes of HBV transmission vary according to the prevalence of
HBYV infection. In regions of high endemicity, transmission from an infected mother
to child is the main mode of transmission (Lau et al., 1991; Alter et al., 1996) In
regions of intermediate endemicity, individuals of all groups can be infected, although
chronic infection is generally caused by transmission during infancy or early
childhood. In regions of low HBV prevalence, transmission is primarily horizontal
(between individuals). Sexual transmission (either homosexual or heterosexual) in
high-risk adults is a main mode of transmission in Europe and North America
(reviewed by Alter, 2003), although needle sharing amongst intravenous drug abusers
or occupational exposure to contaminated blood and blood products continue to be
important (Lee et al., 1997).

1.4.1 Prevention

The primary goal of hepatitis B prevention is reduction of chronic HBV infection and
HBV-related chronic liver disease. A secondary goal is the prevention of acute

hepatitis B. HBV infection can be prevented by screening blood, plasma, organ tissue
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and semen donors. Although such activities can reduce or eliminate the potential risk
for HBV transmission, immunization is by far the single most effective prevention
measure. The HBV vaccine was initially recommended for individuals at high risk of
exposure to HBV infection (health care workers, parenteral drug users, household
contacts and infants of infected mothers). However, this strategy had little effect on
the incidence of new HBV infections. In 1992, the World Health Organization
recommended that all countries include hepatitis vaccine in their routine infant
immunization program, especially in areas where hepatitis B is endemic (Kane et al.,
1998). Two types of hepatitis B vaccine have been widely used; a plasma derived
vaccine (consisting of HBsAg particles and small amounts of LHBs and MHBs) and a
yeast-derived recombinant vaccine, consisting of the major S gene product. The latter
is used more than the former (McAleer et al., 1984); however, both vaccines are
equally efficacious (Andre et al., 1989). Additionally, new recombinant vaccines
containing both preS and S antigens are developed to circumvent the non-response to
conventional vaccines (Clements et al., 1994; Jones et al., 1998).

Passive immunoprophylaxis is mainly used in the following situations with
vaccination: in neonates born to HBeAg-positive mothers (Reesink et al., 1979); after
needle-stick exposure (Grady et al.,, 1978); after sexual exposure (Perrillo et al.,
1984); and after liver transplantation (Miiller et al., 1991; Samuel et al., 1991).

1.4.2 Treatment of HBV infection

Although mass vaccination programs have begun to control the spread of HBV,
therapeutic intervention is the only option for those with established chronic HBV-
associated liver disease. Acute HBV does not require specific treatment because more
than 90% of adults will spontaneously clear their infection, although symptomatic

treatment may be indicated (Gitlin, 1997). The primary objective of therapy for
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chronic HBYV is eradication of the virus that will, in turn, lead to remission of necro-
inflammatory liver disease and an improved long-term prognosis. Two therapeutic
approaches have been used to prevent HBV replication: immune modulators, such as
interferon (IFN) alpha, and antiviral agents in the form of nucleoside analogues (e.g.,
lamivudine).

1.4.2A Interferon

Interferons have immunomodulatory, but also antiproliferative and antiviral effects
(Goodbourn et al., 2000; reviewed by Karayiannis, 2003). The aim of therapy with
IFN alpha is to stimulate the immune system to attack HBV-infected hepatocytes,
thereby inhibiting viral protein synthesis. In about 30-40% of chronic HBV patients,
IFN alpha therapy will induce a long term remission which is identified by the loss of
HBeAg and HBV DNA, normalization of serum aminotransferase levels and
improvement in liver lesions (Perrillo et al., 1993; Gitlin, 1997). Indeed, IFN alpha
therapy improves the clinical outcome even in the presence of cirrhosis (Niederau et
al., 1996). It is also recommended to use IFN alpha therapy in children who have
chronic hepatitis after being well selected, on a similar basis to that used in adults, as
it may reduce the chance for the development of major complications (Roberts, 2000).
Factors that have been associated with a favorable outcome following IFN alpha
treatment include high pre-treatment ALT and low serum HBV-DNA levels (Brook et
al., 1989; Perrillo et al., 1990; Gitlin, 1997, Nair and Perrillo, 2001). In contrast,
factors that have been associated with poor response include male sex, length of
chronic state, Asian origin, precore mutations, homosexuality and HIV co-infection
(Lai et al.,, 1987; Lok et al.,, 1988, 1995; Gitlin, 1997; reviewed by Karayiannis,

2003). Moreover, IFN alpha treatment is expensive, administered by injection and
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poorly tolerated with side effects including flu-like symptoms, injection-site reactions,
anorexia, rash, neutropenia and thyroid disorders (Vail et al., 1997, Gitlin, 1997).
1.4.2B Nucleoside analogues

The development of nucleoside analogues greatly improved the outcome of HBV
treatment. These agents block viral replication directly by being incorporated into
newly synthesized HBV DNA, causing chain termination, but they also inhibit the
HBYV polymerase, and thus viral replication. To date, lamivudine and adefovir are the
only nucleoside analogues to have been approved for the treatment of chronic
hepatitis B. A number of other nucleoside analogues have been tested or being
evaluated presently against HBV including: famciclovir, entecavir, emtricitabine,
ganciclovir and FIAU. Early studies have shown that lamivudine reduces rapidly
HBYV replication and suppresses HBV DNA to undetectable levels after few weeks of
treatment (Dienstag et al., 1995; Lai et al.,, 1997). Furthermore, long term trials in
both Asian and Western patients have shown that lamivudine significantly reduced
the progression of hepatic histopathological changes and normalized serum ALT
levels (Lai et al., 1998; Dienstag et al., 1999; Suzuki et al., 1999; Liaw et al., 2000).
Lamivudine has also many advantages over IFN alpha such as better tolerability, oral
administration and most importantly, its effectiveness irrespective of the patient’s sex
or onset of infection (Lai et al., 1998; Maddrey, 2000). However, as with all antiviral
therapies, lamivudine is associated with the emergence of strains of HBV that are less
sensitive to treatment. The YMDD (tyrosine-methionine-aspartate-aspartate) motif
forms the catalytic side of the viral DNA polymerase (see section 1.3.4), and
mutations in this and other regions of the gene result in reduced sensitivity to
lamivudine (Allen et al., 1998; Lai et al., 1998). The main amino acid substitutions

that confer drug resistance are either valine or isoleucine instead of methionine at
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position 552 within the YMDD motif (Tipples et al., 1996; Liaw et al.,, 1999,
Chayama et al., 1998).

It has been suggested that combination therapy with two or three nucleoside
analogues or combination with IFN alpha treatment might delay or prevent the
emergence of viral resistance (Lee, 1997; Rosenberg et al., 1999). Data from one
study have demonstrated that the use of combination of lamivudine and IFN alpha is
more effective than either monotherapy (Schalm et al., 2000), however, more studies
are still needed to confirm the superiority of this combination and to investigate
different regimens of combination.

Adefovir, other than acting as a DNA chain terminator, is also thought to stimulate
natural killer cell activity and to induce endogenous interferon production (reviewed
by Karayiannis, 2003). It is a potent inhibitor of HBV replication (Heijtink et al.,
1993; Nicoll et al., 1998). This drug is also active against lamivudine-resistant
mutants (Benhamou et al., 2001; Mutimer et al., 2001; Walsh et al., 2001). Adefovir
appears to have potential as an effective drug against HBV, and may prove a strong
condidate in combination therapies (reviewed by Karayiannis, 2003).

1.4.2C Other Approaches

Immunomodulatory agents such as thymosin ol (Tal) whether alone (Mutchnick et
al., 1999) or in combination with IFN alpha (Rasi et al., 1996) have been tested in
chronic HBV carriers with promising results. However, further trials are still needed
to assess this combination.

Therapeutic vaccines are another interesting approach to stimulate the immune system
against HBV. As the current HBV vaccines promote production of antibodies and a
Th2 biased immune response, for effective therapeutic vaccination, both humoral and

CTL responses may be necessary to eradicate infected cells. MF59 and CpG DNA, as
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alternative adjuvants showed promising results in human and animals, respectively
(Heineman et al., 1999; Wright et al.,, 1999, Malanchere-Bres et al.,, 2001; Davis,
2000). Other approaches employing a DNA-based vaccine, which induces both
humoral and cellular immune responses, showed promising results in mice,
woodchucks and ducks (Geissler et al., 1997; Lu et al., 1999; Rollier et al., 1999).
These approaches deserve further studies and clinical trials.

Finally, molecular approaches such as antisense oligodeoxynucleotides (ODN) and
ribozymes have been tested in vitro (Nakazono et al., 1996; Moriya et al., 1996; Von
Weizsacker et al., 1995; Beck and Nassal, 1995; Welch et al., 1997; Kim et al., 1999),
they were efficient in inhibiting viral protein expression and viral replication.

1.4.2D Liver transplantation

Liver transplantation is often the only therapeutic option for patients with acute
(fulminant) or chronic liver failure caused by HBV infection (Perrillo and Mason,
1993). However, HBV reinfection of the liver graft is a major problem in these
patients who receive immunosuppressive medication to prevent graft rejection. In
theses cases, retransplantation may be required due to the rapidly progressive course
of the disease which often leads to graft failure and high mortality rates (O’Grady et
al., 1992; Samuel et al., 1993). Therefore, prevention of HBV reinfection after liver
transplantation is quite important and mainly entails the use of anti-HBs, although
escape mutants with frequent mutations within the S gene, especially in the MHR, are
often observed in some of these patients (Carman et al., 1996; Protzer-Knolle et al.,

1998).
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1.5 HBV GENOTYPES

HBYV genomes can be classified into at least eight genome groups (genotypes A to H)
based on the degree of similarity in their nucleotide sequence. A genetic classification
of HBV strains using the nucleotide sequence of the complete genome was performed
on 18 HBV clones by Okamoto et al (1988). This classification, based on nucleotide
divergence of 8% or more between the strains, enabled the identification of genotypes
A to F (Okamoto et al., 1988; Norder et al., 1992a). Genotype G showed a nucleotide
divergence of >11.8% from other HBV isolates (Stuyver et al,, 2000). Finally,
genotype H, which was recognised previously as a divergent clade within genotype F,
showed 13.2-15.7% divergence from other HBV strains (Arauz-Ruiz et al., 2002).
Variation within a sub-component of the S gene within the major hydrophilic region
(MHR) of HBsAg, the “a determinant”, is strongly associated with subtype variation
(Okamoto et al., 1987). The “a” determinant is common but there are two pairs of
mutually exclusive determinants, d/y and w/r, found at residues 122 and 160,
respectively. These characterise four HBsAg subtypes. Subdeterminants of w (w1l to
w4) have allowed the further characterisation of ayw and adw subtypes into a total of
10 subtypes: aywl, ayw2, ayw3, ayw4, ayr, adw2, adw4, adw4q-, adrq+ and adrq-.
The q determinants were found to be absent from adr strains in the Pacific region,
thus, defining adr and adw as either q+ or q- (Couroucé-Pauty et al., 1978).
Collectively, these results indicated that, classifying HBV genomes on the basis of S
gene alone is feasible and is consistent with the classification based on the complete
genome. Genotypes and subtypes probably evolved in ethnic backgrounds over

centuries (Esteban et al., 1999), and the relationship of these ten subtypes to genomic
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Table 1.2 Relationship between HBV genotypes and subtypes.

Genotype A B C D E F G H

Associated adw2 adw2 adr ayw2 ayw4 adwdq- adw2 adw3
Subtype aywl aywl adrg- ayw3 adw2

ayr ayw4

groups A to H has been established. Some subtypes can be found in more than one
genotype (Table 1.2); hence, confer additional heterogeneity within the genotypes .
Strains specifying adw are found in types A, B, E, G, F and H and those specifying
ayw in types A, B, D, and E (Norder et al., 1992a; Arauz-Ruiz et al., 2002). Strains
specifying r have so far only been found in group C (Okamoto et al., 1988). Between
strains, ayw and adw subtypes demonstrate considerable genetic heterogeneity
(Norder et al., 1992a). Over the last decades however, subtype determination has
gradually been replaced by genotyping.

1.5.1 HBYV genotypes: distribution

HBV genotypes have a characteristic geographic distribution, largely in agreement
with subtype distribution (Norder et al., 1993a). The HBV subtypes located to smaller
and more distinct geographical areas than genotypes (see below). The genotypes of
HBYV correlated well with geography (Figure 1.11) (Norder et al., 1993b). Genotype
A, which might represent a more ancient genomic group (Norder et al., 1993b), is
widely distributed in Western Europe, USA, Sub-Saharan Africa as well as Asia and
as far as east as the Philippines. Genotypes B and C belong to the indigenous
population of South East Asia (Okamoto et al., 1988; Kidd-Ljunggren et al., 1995). In
addition, genotype C is found in the populations of the Pacific Islands, and can be

sub-differentiated geographically by subtype in this region. As compared to strains
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from South East Asia, four adrqg- strains formed a distinct cluster within the Pacific
area (Norder et al., 1993b). Genotype D has been found worldwide with its highest
prevalence in the Mediterranean area, the Middle East, and South Asia (Norder et al.,
1993b). Moreover, genotype D has been reported as the only prevalent genotype
infecting IV drug users in the Western World (Kidd-Ljungrren et al., 2002). Genotype
E is found in West and South Africa. Genotype F demonstrated the highest degree of
divergence from the other HBV genotypes (Norder et al., 1993) and is believed to be
the original genotype of the New World (Kidd-Ljunggren et al., 2002); it is found in
South and Central America. Genotype G has been found in France and the USA
(Stuyver et al., 2000) but has not been widely studied. The distribution of genotype H
seems to be restricted so far to the Northern part of Latin America including Central
America and Mexico (Arauz- Ruiz et al., 2002). HBV strains within each genomic
group show a characteristic geographic distribution, and it has been proposed that
HBYV diverged into genomic groups according to the distribution of humans among
the different continents (Telenta et al., 1997).

It is believed that the prevalence of different HBV genotypes in many countries
reflects the origin of the immigrants and other patterns of migration (Kidd-Ljunggren
et al., 2002) (see sections 1.8.3 and 1.8.4). This is best exemplified by HBV-infected
populations living in South Pacific Islands, where the prevalence rate of HBV is
amongst the highest in the world. The common genotype is C. This correlates with
immigration from South East Asia where genotype C is common (Diamond et al.,
1988; Hagelberg et al., 1993; Redd et al., 1995; Kayser et al., 2000) The presence of
genotype D in Central America reflects the westward immigration of the Spanish in

whom genotypes A and D are common (Arauz-Ruiz et al., 1997).
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Geographic Distribution of Chronic HBV Infection

HBsAg Provalence

'§% ¢ High
2-7% - Intermediate
| <2% *+ Low

Figure 1.11: HBV prevalence and HBV genotypes geographic distribution.
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Further, Yamashita et al. analysed the geographical interface of adr (genotype C) and
adw (genotypes A and/or B) strains from Japan. They found an apparent south-to-
north gradient of the r determinant and concluded that Japan may have been inhabited
originally by people infected with adw (Philippines and Indonesia), and later, people
from the Asian continent infected with adr (South East Asia) (Yamashita et al., 1975).
1.5.2 HBYV genotypes: clinical relevance

Although the serologic and genotypic classification of HBV has been well
documented, the significance of HBV genotypes in terms of the therapeutic response
to antiviral therapy remains largely unknown, as does the impact of genotypes on
clinical outcome. Some believe that the genotypes do not have any replication
advantage over each other or different pathogenic potential. However, many authors
have tried to explain the outcome of HBV infection by differences in HBV strains
(Shiina et al., 1991; Rodriguez-Fraise et al., 1995; Kao et al., 2000a, b; Orito et al.,
2001). So far, these variations in different HBV genotypes have been studied on Far
East Asian patients with respect to genotypes B and C as well as New World and
Mediterranean patients with respect to genotypes A and D. One example is the
prevalence of A1896 in genotypes B, C, and D and its absence in other genotypes,
which might explain why this mutation is uncommon among carriers of Western
Europe and North America (see section 1.7.3B).

A correlation has been observed between pre-S2 variation and HLA type in chronic
patients with high levels of ALT. In a majority of adr- infected patients, the HLA
class-I phenotype was A24; in adw and/or ayw it was A2. However, in patients with
normal ALT, none of those phenotypes of HLA class-I have been found. Cupps et al.
investigated the immune response to an HBV vaccine containing pre-S and S (adw

subtype). The ayw peptides from pre-S2 (146-174), which were not present in the pre-
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S2+S vaccine, failed to stimulate a T cell proliferation response (Cupp et al., 1993).
This is supported by the observation that the T- and B cell response is mostly subtype-
specific. In mice immunized with peptides containing the pre-S2 region of the d and y
subtypes, Milich and co-workers found that the responses were pre-S2-subtype-
specific. They suggested that any new generation of HB vaccines should contain both
the d and y subtype sequences of the pre-S region to increase the S-specific antibody
response (Milich et al., 1990).

In several studies, a link between HBV genotype and risk of chronic outcome has
been reported: an association of genotypes B and C with chronicity was reported in
South East Asian studies (Ogawa et al., 2002). A large proportion of such HBeAg-
positive patients were infected with subtype adr, which might to some extent be
related to the fact that the pre-C stop codon mutation is more common in genotype B
(Shiina et al., 1991; Lindh et al., 1999; Yuen et al.,, 2003). Genotype B may be
associated with the development of HCC in young HBsAg carriers, suggesting
possible pathogenic differences among HBV genotypes (Kao et al., 2000 a,b;
Nakayoshi et al., 2003). On the other hand, core promoter mutants have been reported
more commonly in patients with genotype C than with genotype B (Orito et al., 2001;
Yoo et al., 2003; Yuen et al., 2003; Kao et al., 2003). Genotype C-infected patients
often have more advanced liver disease with more acute exacerbations (including
HCC) compared to genotype B (Kao et al., 2000a, 2001, 2003; Chan et al., 2003;
Nakayoshi et al., 2003). Similarly, genotype A was suggested to lead more often to
chronicity as it was found more often in chronic HB patients than genotype D,
whereas, the opposite situation was found in patients with acute hepatitis (Mayerat et
al., 1999). Sustained remission after seroconversion to anti-HBe was reported to be

higher in genotype A than genotype D or F (Sanchez-Tapias et al., 2002). Genotype D
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is associated with more severe disease in post-transplant patients (in whom the pre-
and post-transplant sequences were similar) (McMillan et al.,, 1996). Further,
genotype D may be associated with fulminant hepatitis more commonly than
predicted from its prevalence in chronic carriers. Similar to genotype B, most
genotype D strains in anti-HBe positive patients have pre-C mutations (A1896 and/or
A1899) (Sanchez-Tapias et al., 2002).

Recombination between genotypes has been reported mainly from South-East Asia.
Recombination between genotype A and C from Vietnam (Hannoun et al., 2000b),
between C and D from Tibet (Cui et al., 2002), and between B and C from South-East
Asia (with the exception of Japan) (Sugauchi et al., 2002, 2003) have been reported.
Using nucleotide sequences from databases, Morozov and colleagues analysed the
evolution of complete HBV genome and three ORF sequences: S, C and X. They
found hot spots for recombination in those ORFs. As there is a high recombination
rate between genotype B/C, they suggested that such genomes could obscure the real
genotype-related differences in the pathogenicity of HBV (Morozov et al., 2000).
Genotypic changes have been reported in several studies after anti-HBe
seroconversion: genotypic shift from D to A (Friedt et al., 1999) and A to D (Gerner
et al.,, 1998). However, it seems unlikely that a new genotype could evolve under
selection within such a short period a time. These observations may indicate that
infection with different genotypes of HBV can occur simultaneously (although there
is no direct evidence) (Gerner et al., 1998; Morozov et al., 2000).

There are hints that genotype C may be more resistant to IFN (Kao et al., 2000b; Wai
et al., 2002). This is similar to hepatitis C, where genotypes 2 and 3 are more sensitive
to IFN therapy than 1 or 4 (Hoofnagle et al., 1997). This finding might be related to

the fact that both core promoter and pre-core stop codon mutations have been reported
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to influence response to IFN (Erhardt et al., 2000). In general, it has been described
that Asian HBV carriers have a lower response rate to IFN than non-Asian carriers
(because of infection at an early age) (Lai et al., 1987; Lok et al., 1988; Hoofnagle et
al., 1990), in keeping with the different genotypes infecting Asian and non-Asian
ethnic groups. It may also be that the adw subtype is associated with a higher risk of
lamividine-resistance than ayw (Zollner et al., 2001, 2002). However, this observation
was in contrast to the finding that genotype B has a better virologic response to
lamivudine compared to genotype C and that both genotypes showed a similar risk of
developing lamivudine-resistance after 1 year of therapy (Kao et al., 2002). Taken
together, these data suggest pathogenic and therapeutic differences among HBV
genotypes and indicate a potential role for HBV genotypes in the virus-host
relationship.

1.5.3 HBV genotypes: HBcAg amino acid variability

The genetic differences between HBV genotypes are not limited to the S gene.
Characterisation of HBV strains by subtyping and/or genotyping using other HBV
proteins has been used for tracing a source of infection (Ogata et al., 1993; Hawkins
et al., 1996; Kidd-Ljunggren et al., 1999)

Although the amino acid sequence of the core region is relatively conserved
(compared to surface gene), amino acid substitutions have been observed in several
reports (Ono et al., 1983; Okamoto et al., 1986; Ferrari et al., 1991; Ehata et al.,
1992,1993; Chuang et al., 1993; Akarca et al., 1995a; Hosono et al., 1995; Hur et al.,
1996; Alexopoulou et al., 1997; Carman et al., 1997b; Fujiwara et al., 1998; Gunther
et al., 1998; Takahashi et al., 1998) (Table 1.3). This is largely linked to the clinical or
serological picture (Chuang et al 1993; Ehata et al, 1992,1993; Akarca et al., 1995a;

Carman et al., 1995b). Core variability has been shown to correlate with disease
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activity. Mutations within the core gene have been linked to persistence (Carman et
al., 1995b; Ehata et al,, 1992,1993; Akarca et al,, 1995a; Hosono et al., 1995).
Although core aa substitution was reported in many studies, some of these variants are
actually the consensus sequence from other genotypes. Therefore, in view of the
heterogeneity of HBV strains, it is difficult to determine whether substitutions
recorded only once represent naturally occurring variants or merely an immune-
selected mutation in those patients. For example, based on the results presented in
chapter 3.1.2, aa residue 74 of the core gene contains 5 possible natural aa variations
in both HBeAg and anti-HBe positive carriers, indicating that these are normal
variations linked to different ethnic/HBV genomic groups; in some studies however,
these variations were reported as true mutations after HBeAg seroconversion, IFN
therapy etc. Perhaps this reflects the variable definition of a “standard” sequence in
such studies, due to different genotypes, as well as differences in ethnic background.
So far, no systematic study has been conducted to correlate HBcAg diversity with
HBV genotypes and/or subtypes and ethnic background.  This background
information would not only be critical for the correct interpretation of sequences
observed in clinical studies, but may aid in the design of immunotherapies specific for
persons of a particular ethnic origin. Until now, no identical C gene consensus
sequence has been identified due to its heterogeneity between different HB genomic
groups and subgroups in different geographic regions. The published core aa
sequences in the databases therefore do not represent the consensus aa/nucleotides
occurring at critical positions, and conserved HB core protein sequences are rarely
reported. There are a number of issues to be considered in developing a C gene
database. First, the core region is highly divergent in anti-HBe carriers (Sanantonio et

al., 1991 a, b; Carman et al., 1995b). Consequently, core sequences obtained during
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the HBeAg-positive phase should have less disease-related sequence deviation.
Second, as the most conserved regions of the C gene are short stretches in
approximately the first and the last 150 nucleotides (Kodama et al., 1985; reviewed by
Lok, 1997), the middle section should be used for this purpose. Third, studies have
shown that in certain populations where HBV is endemic, a higher variability of HBV
might be expected (Carman et al., 1997b). Thus, T-cell epitopes could have various
locations on account of the divergent distributions of HLA types in different countries
and different aa sequences in the HBV subtypes (Chuang et al.,, 1993) (see section
1.7.1). Consequently, it is important to sequence geographically divergent HBV

genomes to define the extent of natural variation (Norder et al., 1994).
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Table 1.3: The most frequent amino acid changes in HBcAg sequence (hot spot positions).

Amino Acid Position Amino Acid Change
5 T,H,Q, A, S,P

12 AP Y,ST

13 AL TEMGV
21 A,D,H,F,N,V,P,S, T
27 AL,GN,S, T,V
35 AS, T

38 F,H,G,N,Y

40 A,D,E,K,Q

49 CESTY

50 A H,N,P,S, T

55 LLL

59 GLV,S,T

60 E,LL,V

63 AE,D,G,N,P,R, V
64 D,E

67 G, S,N, T

74 A F,S,LR,GV,T,N
77 D,,E,Q,T

79 P,Q

80 A,G LS T,V

84 A,D,L,Q,R,V

87 G T,S,N

91 LL
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92

93

97

100

105

113

116

130

135

147

151

153

155

181
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H,T,N
L,M,T,V
LF,L

LFLT

LL TV
D,E,L,Q,S,V
LL,V
A,L,N,P,Q,S, T
AE LP,QS,T
AGS,T
C,E,G,P,R,Q
C,D,G,R,V
P,S, T, W

P, S

Note: amino acids numbered from the beginning of HBcAg. The normal variations are on the

basis of different genotypes studied.
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1.6 HBcAg EPITOPES

The identification of immunodominant T cell epitopes within the core molecule could
theoretically be useful for the design of more effective alternative vaccines against
HBYV infection and possibly to plan future strategies to manipulate the immune
response to HBV in subjects who do not spontaneously clear the virus. The analysis
of antigenic determinants has been successfully accomplished by monoclonal
antibodies. Since high titres of anti-HBc antibodies are produced to a range of
epitopes during the course of the infection, this has allowed more accurate location of
the epitopes. However, epitope mapping of viral protein sequences with mAbs does
not always identify epitopes identical to those recognized by human B cells, despite
their ability to specifically compete with human antibodies. Also, different mAbs with
identical specificity in cross-competitive experiments may give varying results when
mapping epitopes (Sallberg et al., 1991). A summary of different HBcAg immune
epitopes is shown in figure 1.12 and table 1.4.

1.6.1 B cell epitopes

1.6.1 A HBcAg B cell Epitopes

The region of HBcAg involved in binding to naive B cells has not been fully mapped
(Lazdina et al., 2003). However, studies in humans and mice have shown that the
binding of HBcAg to naive B cells occurs between linear motifs on the surface of
immunoglobulin molecules (Lazdina et al., 2001) and the repetitive, highly ordered
protein spikes on the core shell which might be optimal for cross-linking of B cell
antigen receptors (Bottcher et al., 1997; Milich et al., 1997a). HBcAg is thought to
form a highly conformational epitope, which is not recognized when denatured by
detergents. On the other hand, the HBeAg epitopes are presumed to be linear, since

HBcAg denaturation does not prevent the binding of anti-HBe to the detergent-treated
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HBc particles (Ferns and Tedder, 1984). Further, the capacity of anti-HBc mAb to
inhibit the binding of human polyclonal anti-HBc indicated that the majority of anti-
HBc bind to one area of the molecule and suggested the existence of either a unique
or immunodominant epitope (Ferns and Tedder, 1986; Waters et al., 1986). In cross-
competition assays mAbs recognized a broadly similar antigenic determinant on
HBcAg (even in the presence of human antisera). It was therefore proposed that
HBcAg, unlike HBeAg, has a single reactivity (Ferns and Tedder, 1986; Waters et al.,
1986). However, Takahashi et al., (1983) obtained mAbs against two determinants
that are expressed on the surface of the core particle. Using pre-S as a foreign epitope
inserted at different regions of HBcAg, Schodel et al, (1992) found that insertion
between residues 75 to 83 abrogated recognition of HBcAg by 5 of 6 anti-HBc
monoclonals and diminished recognition by human polyclonal anti-HBc.

The exact location of the HBcAg dominant B cell epitope remains controversial after
studies using synthetic peptides and monoclonal as well as polyclonal antibodies.
However, it appears to be between aa residues 73 to 89 (GVNLEDPASRDLVVSYYV)
(Salfeld et al., 1989; Tordjeman et al., 1993; Pushko et al., 1994; Rodriguez-Frias et
al., 1995). In an attempt to localise immunodominant epitopes with a different
approach, Conway and colleagues (1998) used cryoelectronmicroscopy to pinpoint
the binding site of a monoclonal antibody that recognizes residues 78 to 83. Residues
73-83 seem to form a non-helical loop between two alpha-helical segments at the tip
of the capsid spike (Bottcher et al., 1997; Conway et al., 1998b). The second B cell
epitope, residues 128-135 of the HBc protein, contains a shared T cell (Milich et al.,
1989), and B cell determinant, and P129 has been found to be essential for mAb
binding to the B cell epitope. Thus, this is an example of a T cell-dependent B cell

epitope (Sallberg et al., 1991). HBeAg, however, has been proposed to be a strictly T
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cell dependent Ag (Milich et al., 1988). Another immune epitope has been located
between aa residues 107-118, though this is linear (Colucci et al., 1988; Sallberg et
al., 1994). Finally, another group of antigenic and immunogenic sites have been
identified within the C-terminus region of HBcAg (aa 148-160), called HBicAg
(hepatitis B inner core Ag) (Machida et al., 1989; Sallberg et al., 1994). Only one of
these epitopes (amino acid residues 107-118) has a relatively conserved sequence; the
other two have a high rate of variation. Collectively, in these reports, anti-HBc
recognized many epitopes located in the HBcAg. This indicated that the antigenicity
of the core particle is due to many epitopes that are distributed over the entire primary
structure of the HBc protein, although once they are assembled into the capsid, they
are unable to bind more that one antibody molecule, because of steric hindrance
(Tordjeman et al., 1993).

1.6.1B HBeAg B cell epitopes

Because HBcAg and HBeAg share an identical 149 aa sequence, there is a strong
possibility that the two antigens may display cross-reactivity. Peptide residues 74-89
are recognized by both anti-HBc (Tordjeman et al., 1993) and anti-HBe-specific
antibodies (Sallberg et al., 1993).

There are two major HBeAg B cell epitopes. HBc/HBel, is a linear region spanning
aa 76-89 (Ferns and Tedder, 1984, Salfeld et al., 1989). This is on the surface of the
core particle and overlaps with the conformational HBc determinant. At the C-
terminus of HBeAg, aa 130-138 form the HBe-2 epitope (Ferns and Tedder, 1984;
Salfeld et al., 1989; Sallberg et al., 1993). Unlike the HBc epitope, HBe-1 was found
to be linear (Waters et al, 1986; Salfeld et al., 1989). This would imply the
concomitant presentation of HBc/HBe antigenic determinants in two major structural

states: in a dimeric, HBeAg state, exposing two antigenic determinants (the HBe-2

52



Chapter | Introduction

determinants and the HBc/HBe-1 determinants as HBe-1 only); or, in the core
particle, HBe-2 is masked and additional conformational HBc epitopes are introduced
into the exposed HBc/HBe-1 determinant (Salfeld et al., 1989). This would imply a
shared antigenic region between two Ags encompassing different regions in several
reports. That HBcAg and HBeAg share structural features is supported further by
Salfeld’s finding that the aa sequence around position 80 is exposed and recognised as
a major antigenic determinant in both HBcAg and HBeAg; a surface location of this
sequence is also suggested by its preferential tolerance to naturally occurring
mutational aa changes. Unlike the HBe-1 epitope, HBe-2 has little aa variation within
HBYV subtypes. One of the reasons might be that the two prolines at residues 129-130
are essential for recognition by most mAbs, perhaps for steric reasons (the C-terminal
part of HBeAg may be internal and thereby less accessible to antibodies) (Sallberg et
al., 1991, 1993).

1.6.2 T Helper Epitopes

Ferrari and colleagues described a dominant T-helper cell epitope (positions 50-69 in
HBcAg) which is recognised by CD4+ lymphocytes from 95% of patients with active
or chronic HBV infection. They identified two additional less frequently recognised
sequences in the majority of the patients: residues 1-20 (in 69%) and 117-131 (in
73%) of patients regardless of their HLA backgrounds (Ferarri et al., 1991; Penna et
al., 1992) (Figure 1.12; Table 1.4). Interestingly, when epitope 50-69 is not dominant,
T cells are mainly focused on epitopes 1-20 and/or 117-131. From anti-HLA class-1I
blocking experiments these epitopes preferentially activated CD4™ T cells. These T
cell responses occurred irrespective of the patients genetic background, in contrast to
Milich’s observation that the fine specificity of the murine T cell response to HBcAg

was more dependent on the MHC haplotype of the responder strain (Milich et al.,
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1987). These dominant T cell epitopes are located in the portion of the nucleoprotein
molecule common to both HBcAg and HBeAg, which confirms, as described earlier
in this chapter, that core and e Ags are cross-reactive.

1.6.3 CTL Epitopes

Using different synthetic peptides, at least two different HLA class-I-restricted CD8-
positive CTL epitopes have been identified so far within the HBcAg, which are both
shared by HBc and HBe Ags. First, aa residues 11-27, an HLA-A2-restricted epitope,
has been shown to induce a specific CTL response during acute HBV infection

(Bertoletti et al., 1991).

Table 1.4: Proposed antigenic epitopes within HbcAg.

Epitope/Amino Acid  Type of Cell/Epitope Author
Positions

1-20 Th Penna-1992
18-27 CTL Bertoletti-1991
50-69 Th Ferrari- 1991
74-89 B Salfeld- 1989
84-101 CTL Ehata-1992
107-118 B Colucci-1988
117-131 Th Ferrari-1991
128-135 B Salfeld-1989
141-151 CTL Missale-1993
148-160 B Machida-1989

Note: Numbers indicate amino acid residues within the core protein. B, Th and CTL represent B-

cell, T helper and CTL epitopes, respectively.
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Second, aa residues 141-151 have been shown to induce a specific CTL response that
was restricted by two independent HLA class-I alleles in vivo in human; HLA-31 and
HLA-Aw68 (Missale et al., 1993). The latter responses have been shown to focus on
precisely the same 11-residue sequence, recognized by patients with acute HBV.

From various clinically-based observations, a number of CTL epitopes have been
proposed within the core gene encompassing aa residues 84-101 (Figure 1.12, table
1.4) (Ehata et al., 1991, 1992, 1994); 141-151 (Khakoo et al., 2000) and 147-155
(Chuang et al., 1993). The basis for identification of such CTL epitopes was that
chronically HB-infected patients with ineffective CTL responses showed a relatively
high mutation rate in these regions. They therefore suggested that these putative CTL
epitopes might be sites under immune pressure, leading to emergence of CTL- escape
mutants. However, they did not present data to support the existence of such CTL
epitopes.

1.7 HBV PATHOGENESIS

The diversity of clinical syndromes and disease manifestations associated with HBV
strongly suggest that the outcome of this infection is determined by the quality and
vigour of the antiviral immune response produced by each infected individual. Several
factors must coexist for the immune response to clear the virus. First, the local
immune response must be vigorous enough to mount a strong CTL response. Second,
the infected cell must be able to produce the appropriate antiviral activity in response
to the immune cell-mediator. Third, the virus life cycle must include functions that are
susceptible to those antiviral factors, e.g., degradation of viral RNA post-
transcriptionally by CTL and inflammatory cytokines (Tsui et al., 1995; Guidotti et
al., 1997). The pathogenic mechanisms responsible for liver cell injury in HBV

infection are not well understood, though it appears that the virus is not directly
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cytopathic for the infected hepatocytes. This finding is based on one of the
observations that ASC (asymptomatic chronic) HBV carriers have normal liver
morphology and function despite the presence of high levels of viral replication
within their hepatocytes (Milich et al., 1995a). In contrast, a direct cytotoxic effect of
large amounts of accumulating viral proteins could cause a sudden necrosis of the
hepatocytes (Sterneck et al., 1997). Chisari et al (1987) has shown in a transgenic
mouse model that intracellular accumulation of large surface protein is directly
cytopathic to the hepatocytes (ground glass appearance). Similarly, introduction of a
pre-S mutant (G133E) into ducklings resulted in hepatic destruction (Lenhoff et al.,
1998). High level accumulation of intracellular HBcAg can also be cytotoxic for
hepatic cells (Roingeard et al., 1990a; Rosmorduc et al., 1994).

1.7.1 HLA Antigens and HBV pathogenesis

HLA associations with HBV infection have provided evidence for a genetic
predisposition to development of the chronic carrier state. Antigen-specific T cell
receptors recognise peptide bound to HLA molecules and the repertoire of peptides
bound depends on the HLA type of the individual. Therefore, HLA type is likely to
influence susceptibility to chronic HBV infection. Although each individual HLA
allele has the potential to bind many different peptides, there is a degree of specificity
that results in different HLA molecules having individual peptide-binding repertoires.
This is widely thought to be the molecular basis for many of the well known
associations between HLA type and chronic infections, such as malaria (Almarri et
al., 1994). The relationship between HLA types and certain diseases has focused
attention on HBV persistence and, in particular, DR alleles. The hypothesis that the

outcome of HBV infection is influenced by the HLA-associated immune response has

56



Chapter 1 Introduction

"SONPISAI poB  OUIWE dJedIpUl

‘SVOgH J0 Sulewiop jueulwWopounwWWI [enudjoed :gI'T oandig

s1oquiny 930N

57



Chapter 1 Introduction

been evaluated in many studies. For example, the association of HLA-BW15, HLA-
Al and B8 with persistent HBs antigenemia was known in the 1970s (Hillis et al.,
1977). HLA-B7 in white carriers (Sampliner et al.,, 1981), but DQA1*0501,
DQB1*301 and DRB1*1102 in African-American carriers (Thio et al., 1999) were
found to confer resistance to chronicity. Also, an association between resistance to
chronicity and HLA-DQB1*1101/1104 and HLA-DQA1*301 has been reported in
Chinese patients (Jiang et al., 2003). Carbonava et al, (1983) demonstrated a linkage
between HBV chronicity and HLA-B40 in males as well as AW30, CWS5, B18, B14
and DR1 in female patients. Moreover, they found a negative association with DR4 in
females, in keeping with a hypothesis that even if HLA is not of major importance in
the carrier state, a protective effect by DR4 may exist, similar to DR2 in type I
diabetes. There is an association between a self-limited course of acute HB and
presence of HLA-DR B1-1302 in West Africa (Thursz et al., 1995), DR B1-1301 and
1302 among Caucasians (Hohler et al., 1997) and DR13A in Asians (Ahn et al,,
2000). This indicates a strong association between HLA-DR13 and more vigorous
HBcAg-specific CD4" T cell responses, which are associated with a self-limited
course of HBV infection and protection from chronicity (Diepolder et al., 1998; Cao
et al.,, 2002). DR B1-1301 and 1302 are also believed to protect against non-
responsiveness to the recombinant HBV vaccine (Hohler et al., 1997, 2002). In
keeping with these findings, alleles DRB1*01, DRB1*I1, DRB1*15, DQB1*0501
and DPBI*0401 were strongly associated with a higher response (reviewed by Milich,
2003). Furthermore, immunodominant CTL epitopes restricted by HLA-A2404 have
been identified in East Asia (Sobao et al., 2001). Collectively, these results suggest
that the epitopes for CTL/Th recognition might be different on account of the diverse

distributions of HLA antigens in different geographic regions. Analysis of patients
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with different HLA haplotypes revealed that several sequences within the HBV
proteins, in particular core, could induce significant levels of T cell response. These
issues will be discussed in more detail below.

The presence of HBcAg-specific-CD4" and CD8" T cells in the infected liver is well
documented (Ferarri et al., 1987, Penna et al., 1992). The relation between HLA class
I and II restricted T cell responses to nucleocapsid antigens in patients at different
stages of HBYV infection has been studied in several clinically-based studies. Various
immunodominant epitopes for both T cell groups have been identified.

1.7.1A HLA-class I Molecules
Previous results, mostly based on CTL studies, have shown that HLA class I antigens
have been involved as target structures in viral clearance. Using anti-HLA
monoclonal antibodies, Lakhdar et al and Wallace et al, blocked the lysis of an EBV-
transformed cell line by EBV-specific CTLs reactivated in vitro (Wallace et al., 1981;
Lakhdar et al., 1984). Similar observations have been noted for influenza virus
(McMichael et al., 1977).

The presence of HLA class-I and class II on the hepatocyte membrane has been
described by Montano et al (1982) and Lautenschlager et al (1984). They found that
display of HLA class I in chronic HBV infection was closely related to both the
HBeAg/anti-HBe status and histological activity; HLA class I Ag was undetectable on
the hepatocyte membrane in the early immune tolerance phase of chronic HBV
infection. These Ags became detectable in the immune clearance phase and persisted
or even became more intense after seroconversion when replication ceased and
inflammatory activity became minimal. They further suggested that the increase in
expression of HLA class I in chronic HBV infection probably occurs during the

period of seroconversion. Thus, expression of the viral determinants on the membrane
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of the hepatocytes seems closely related to active intrahepatic HBV replication (Ray
et al., 1976; Chu et al., 1988). Similarly, extending their previous observations on
mice, McMichael et al observed that CTL recognise viral Ags on hepatocytes only in
the context of HLA class-I (McMichael et al., 1977).

HLA-A2-restricted epitopes have been mostly used for studies of HBV-specific CTL
in patients with hepatitis B (Bertoletti et al., 1991; Penna et al., 1991; Chuang et al.,
1993; Hwang et al., 2002; Shimada et al., 2003), because it is a common haplotype.
The most dominant HLA-A2-restricted CTL epitope within the core is from aa 18-27
(Bertoletti et al., 1991). Missale et al, (1993) demonstrated that two independent class
I molecules, HLA-A31 and HLA-AW68 bound to core aa 141-151 in acute HBV
infection. In a small number of Southeast Asian patients, HLA-A24 was the most
common HLA class I allele found in this region (Soboa et al., 2001).

In several studies in transgenic mice, CTL have also been shown to clear HBV RNAs,
proteins, nucleocapsid particles, and DNA replicative intermediates from the liver and
virions from the serum of these animals, mostly by non-cytopathic mechanisms
(Guidotti et al., 1999, 2001, 2002; Kakimi et al., 2001; Baron et al., 2002; Thimme et
al., 2003). The clearance occurs quite rapidly without massive destruction of the liver.
Thus, it is possible that the immunopathological and antiviral effects of the CTL
response could be due either to the direct cytopathic effect or to the action of antigen-
nonspecific mediators, which post-transcriptionally degrade the viral RNA and
possibly cccDNA without a cytopathic effect (Tsui et al., 1995; Guidotti et al., 1997,
1999; Kimura et al.,, 2002; Thimme et al., 2003). This effect of non-cytolytic
clearance of HBV from the hepatocytes by CTL-derived cytokines is several orders of
magnitude more efficient than its destructive effect (Figure 1.13) (reviewed by Chisari

et al,, 1997), and it has been shown to decrease total HBV DNA by >50-fold
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(Thimme et al., 2003). The potential for a single CTL to kill many infected
hepatocytes in vivo may be much less than the cytolytic capacity of the same CTL in
vitro, because of differences in both target cell sensitivity and experimental conditions
(Guidotti et al., 1996).

Like the case of HBV, other viruses, including adenoviruses (Zhang et al., 1998),
coxsackievirus (Horwitz et al., 1999), and measles virus (Parra et al.,, 1999) are
susceptible to the antiviral activity of cytokines produced by CTLs. Moreover, non-
cytopathic inhibition of replication of these and other viruses including retroviruses,
influenza viruses, vesicular stomatitis virus, HSV, vaccinia virus and reovirus by IFN-
o/ has also been reported (Vil¢ek, 1996; Samuel et al., 2001).

1.7.1B HLA class-II Molecules

The humoral immune response during HBV infection is an important indicator of
underlying T-cell function or dysfunction (Milich et al., 1995). The main function of
HLA class II gene products is to bind antigenic peptides derived from exogenous and
endogenous proteins and to present them, at the cell surface, to the T cell receptor on
CD4" T lymphocytes Penna et al., (1992) suggested that HLA class-II restricted CD4"
cells could also potentially participate in the clearance of infected hepatocytes.
Expression of HLA class II determinants on the liver cell surface following HBV
infection has only been reported by Van Den Oord et al., (1986) which therefore
remains to be clarified. Whether CD4" T cells directly cause liver injury or mediate it
through the activation of HBc/eAg-specific CD8" CTL is controversial. It is possible
that CD4" T cells mediate liver injury directly through a FAS-FASL mechanism, or
alternatively, through the production of cytokines by a CD4+ Th;-like response (see
below) (Milich et al., 1997b; Chen et al.,, 2001; Cao et al.,, 2001). The T cell

independence of HBcAg was based on the observations that naive human B cells
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Figure 1.13: Noncytolytic clearance of HBV from the hepatocytes by CTL-derived cytokines.
As shown the curative effect of the CTL response is several orders of magnitude more efficient

than its destructive effect. Taken from Chisari et al., 1997.

were able to produce HBcAg-binding human IgM; however, HBsAg was unable to
induce the production of anti-HBs antibodies in the same manner (Milich et al., 1986;
Cao et al.,, 2001). On the other hand, high levels of antibody production in mice
immunised with a mutant HBcAg indicated the ability of the core particle to induce B
cell immunogenicity through CD4+ T cell priming as well (Lazdina et al., 2003). The
humoral response to HBsAg is T cell dependent and shows great variation with a
significant fraction of humans responding poorly. The S gene product is also a
relatively poor inducer of the cell-mediated response (Ferarri et al., 1990; Milich et
al., 1995a; Reignat et al., 2002).

There are distinct subsets of regulatory CD4+ Th cells designated as Thi and Th2

cells. Mouse experiments have demonstrated that HBcAg-induced cytokine responses
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are epitope-dependent. If the linkage of this skewing toward either a Th;- or Th,-like
response in transgenic mice holds true for man, this would form the basis for linking
the T cell subsets to the pathogenesis of chronic disease. In this regard, a number of
investigators proposed an important role for cytokines as having both direct anti-HBV
properties as well as determining the outcome of HBV infection. This is due to
observations that Th-subsets are largely defined by a unique pattern of cytokine
secretion.

Allelic differences in HLA molecules can modulate their ability to bind peptides, and
thereby change the nature of T cell recognition by Th subsets that have different
patterns of cytokine production (Abbas et al, 1996). The effects of
immunomodulatory cytokines (IL-12, IFN-a, IFN-y) on HBV suppression has been
studied in some detail (Porres et al., 1988; Fattovich et al., 1989; Kakumu et al., 1991;
Guidotti et al., 1994; Brunetto et al., 1995; Aikawa et al., 1995; Rossol et al., 1997,
Suri et al., 2001, Hyodo et al., 2003). Following stimulation, HBc/e antigen-specific T
cells progress from naive cells to Thy cells that further differentiate into Th; or Th;
cells. HBcAg-induced Th; cells mainly produce interleukin IL-2, IL-12, TNF-p and

IFN-y, thereby favouring cellular immune responses such as macrophage activation
and delayed-type hypersensitivity (DTH) which can also lyse HBcAg-specific human
B cells (Milich et al., 1995b, 1997b; Cao et al., 2001). Th; cells mainly produce IL-4,
IL-5, IL-6, IL-10 and IL-13, cytokines that not only stimulate humoral responses but
can also suppress Th; cellular responses (Milich et al.,, 1997c, 1998; Penna et al.,
1997). Th; and Thy-type responses are thus antagonistic. Because both HBcAg and
HBeAg are produced during wild-type HBV infection and because the Th; and Th;
subsets are cross-regulatory, a dynamic balance between the HBcAg/HBeAg-specific

Th; and Th, subsets may exist. If so, alterations in the Th; -Th; cell balance would be
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expected to influence the course of the infection in terms of both liver injury,
persistence, and antiviral therapy (Millich et al., 1997c; Hultgren et al., 1998, Hyodo
et al., 2003).

1.7.2 ACUTE HBV

The consequence of acute HBV infection in adults depends strongly on their
immunological status (Koibuchi et al., 2001). During the early stages of acute HBV
infection, before the immune system is fully mobilised, the first line of defense
appears to be the production of interferon. It may exert an antiviral effect and enhance
natural killer cell cytotoxicity.

1.7.2A NKT and NK cells

HBV virions and subviral particles contain glycolipids and phospholipids derived
from the cellular membrane (Ganem et al., 1996), that can be processed by CD1" cells
(professional APCs and hepatocytes) and presented to intrahepatic natural killer T
(NKT) cells (direct mechanism) (Kakimi et al., 2000). NKT cells are particularly
abundant in liver and they are thought to play a role in HBV-immunity by producing
anti-viral cytokines. NK cells are promptly activated by NKT cells and enhance
induction of IFN-y production. Since the induction of IFN-y and IFN-a/B as well as
the inhibition of HBV replication occurs before a significant number of inflammatory
cells are recruited into the organ, it is likely that these cytokines are produced by cells
that reside in the liver.

1.7.2B CTL/Th Response

Enhanced T cell responses directed to HBcAg in patients with acute HBV temporarily
coincide with viral clearance. A few class-I and class II-restricted T cell epitopes have
been defined in HBV proteins. The envelope and polymerase antigens are more often

targeted by the class I-restricted CD8-positive CTL response in such patients
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(Nayersina et al., 1993; Chisari and Ferarri 1995; Rehermann et al., 1995). In acute
infection an efficient CTL attack against hepatocytes expressing HBcAg-derived
peptides plays a major role in the selective lysis of infected cells. This response
extends to multiple viral epitopes (Missale et al., 1993); it is polyclonal and multi-
specific (reviewed by Chisari and Ferarri, 1995; Nayersina et al., 1993). In an
important study, Bertoletti et al (1993) demonstrated that 90% of HLA-A2-positive
patients with acute HBV infection produce an HLA-A2-restricted, CD8-positive CTL
response to a 10-residue epitope that maps between aa 18 and 27 of HBcAg.
Interestingly, this response was not detectable in HLA-A2-positive patients with
chronic infection (Penna et al.,, 1991). Several HLA class I-restricted epitopes,
specially core aa 18-27; envelope aa 183-191, aa 250-258 and aa 335-343; and
polymerase 455-463 are recognized by the majority of patients during acute HBV
(Nayersina et al., 1993; reviewed by Chisari and Ferarri, 1995). Thus, polyclonality
and multispecificity of the CTL response mitigate against the emergence of viral
escape mutants during acute viral hepatitis (Chisari and Ferarri, reviewed 1995).

HBcAg is a major immune target (Mondelli et al., 1982; Chu et al., 1987; Ferrari et
al., 1987; Milich et al., 1989) and serves as an inducer of the Th cells (Marinos et al.,
1994). Also, the class II-restricted, CD4-positive helper T cell is focused principally
on the nucleocapsid Ag (Ferarri et al., 1990; Marinos et al., 1994; Chisari and Ferarri,
reviewed 1995; Cao et al., 2001) and appears to be much more efficient than HBV
envelope antigen with respect to activation of virus-specific T cells during acute HBV
infection (Ferarri et al., 1990, Reignat et al., 2002, Hyodo et al., 2003). This is partly
related to the fact that the humoral responses to the envelope Ags can show great
variation from patient to patient during infection and after vaccination, ranging from

high to non-responder phenotype (Milich et al., 1995a). Also, it is thought that T cell
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responses to HBcAg could contribute in vivo to HBV clearance by amplifying and
accelerating the development of neutralising anti-envelope antibodies (Ferarri et al.,
1990). However, anti-HBc/HBe do not neutralize viral infectivity (Chisari and Ferarri,
reviewed 1995).

1.7.3 CHRONIC HBV

For a non-cytopathic virus to persist, it must be able to evade immune surveillance;
there must be either an ineffective antiviral immune response, or the virus must
escape an otherwise efficient response. All of these might be involved in HBV
persistency.

As tolerance against HBcAg/HBeAg eventually diminishes, there ensues a battle
between virus and host, with different outcomes depending on immune status and
HLA phenotype. Some progress has been made recently in teasing out the relationship
between host and viral factors in this process. Viral persistence is generally thought to
be due to an inadequate antiviral T lymphocyte response. This concept has derived
from animal models of viral infection and from the study of patients who
spontaneously clear the virus (in whom there is a strong virus-specific CD4 and CD8
response). This view is supported by several observations that patients with
concurrent HIV infection or patients receiving immunosuppressive therapy are more
likely to develop viral persistence (Heathcote et al., 1994).

1.7.3A HBeAg Seroconversion

Seroconversion from HBeAg to anti-HBe usually signifies a reduction in viral
replication or clearance of the virus (Cariani et al., 1992; Carman et al., 1995a) and
resolution of an acute case or the appearance of a milder, chronic infection with low
or undetectable virus levels. The term HBeAg/anti-HBe seroconversion has become

complicated by recent information that anti-HBe production can coexist with serum
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HBeAg for long periods (years) in a very small proportions before the actual loss of
HBeAg from the serum. It may be more accurate to view seroconversion as a long-
term process in which HBeAg and anti-HBe coexist within immune complexes first in
HBeAg excess and then, over time, in anti-HBe excess (Maruyama et al., 1998). In
patients with chronic hepatitis during HBeAg/anti-HBe seroconversion there is
evidence of a vigorous immune response characterised by CD4" T-helper-cell
proliferation to HBcAg and emergence of anti-HBe (reviewed by Chisari and Ferrari,
1995). When HBeAg/anti-HBe seroconversion is followed by biochemical and
histological remission, the subsequent low level of viral replication (detected only by
PCR) implies that the dominant virus has been recognised and suppressed (or perhaps
eliminated) by the immune response. The lack of serum HBV DNA in HBeAg
positive patients can predict seroconversion to anti-HBe. However, when active
disease persists with high level viremia, it is common that a virus (sometimes a pre-C
mutant) has emerged that has evaded a critical element of the immune response
(Carman et al., 1995a; Rodriguez-Frias et al., 1995; Maruyama et al., 1998).

1.7.3B HBV Variants

In populations worldwide, variants of HBV are selected after seroconversion to anti-
HBe (Carman et al., 1989; Naoumov et al., 1992; Boner et al., 1995; Gerner et al.,
1998). In some cases, years of anti-HBe positivity were necessary before selection of
the pre-C stop codon variant (Carman et al., 1994). However, there is dispute
regarding their degree of pathogenic potential. In some patients who showed
persistence of serum HBV DNA despite seroconversion to anti-HBe, a translational
stop codon at the 3’ end of pre-C, predicting prevention of HBeAg synthesis, was
reported in several studies on chronic HBV-infected patients (Carman et al., 1989;

Naoumov et al., 1992; Maruyama et al., 1998). This variant has been found in
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asymptomatic carriers (Akarca et al.,, 1994; Gandhe et al., 2003), in fulminant
hepatitis (Hasegawa et al., 1994; Friedt et al., 1999), in patients with hepatocellular
carcinoma (Takahashi et al., 1998; Zhong et al., 2000), after interferon (IFN) therapy
(Gunther et al., 1992; Zhang et al., 1996) and after immunization (Lee et al., 1996).
A\s96 appears to be associated with severe liver disease in HBeAg negative patients
with enhanced HBV replication (reviewed by Lok et al., 1997). However such a
relationship between HBe-negative variants and severity of disease has not been
confirmed by French and American researchers, who proposed epidemiological
reasons for this correlation (Feray et al., 1993; Friedt et al., 1999). It is now
recognised that the occurrence of A;gg is restricted to HBV genotypes with a T at
nucleotide 1858 (reviewed by Lok et al.,, 1997), and this may account for its high
prevalence in Asia and the Mediterranean basin, where the predominant HBV
genotypes (B, C, and D) frequently have Tsss (Chan et al., 1999; Yoo et al., 2003). It
has a low prevalence in the West, South and central America (Feray et al., 1993;
Laskus et al., 1993), where the predominant HBV genotype A, F and H, almost
always have C;gsg (Inoue et al., 1998; Chan et al., 1999; Norder et al., 2003), which
prohibits development of Ajges (Li et al., 1993; Inoue et al 1998; Sanchez-Tapias et
al., 2002). An additional mutation A;g99 accompanies Ajgos occasionally (Carman et
al., 1989; Laras et al., 1998). A;s99 was also observed in isolates from several patients,
but the functional implication of this mutation is still undefined (Cariani et al., 1992).
Ajg99 is reported to be usually found with A;ggs (Carman et al., 1989). Similarly, Asos
is linked with A;gse (reviewed by Carman, 1998). However, not all HBeAg negative
carriers harbour the A go¢ variant (Naoumov et al., 1992). It is proposed that the most
common pre-C mutants (Ajges, A1gee and Ajgeg) enhance the stability of the lower

stem of the encapsidation signal (g¢) by replacing less stable T-G pairs between
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nucleotides 1858-1896, 1855-1899 and 1856-1898, respectively, with more stable T-
A pairs ( Fig 1.2) (reviewed by Lok et al., 1997; reviewed by Papatheodoridis, 2001).
Collectively, these authors suggested that failure to produce a target antigen may be a
way to evade the clearance of infected hepatocytes, which in turn will explain viral
persistence of the HBe minus mutants after seroconversion to anti-HBe (Carman et
al., 1993). It seems likely that secretion of HBeAg represents a viral strategy to
maintain a long-term infection without eliciting an overly destructive immune
response, which would eliminate the virus and/or kill the infected host (Milich et al.,
1997b). However, this is in contrast to the view that the severe liver damage is not due
to the pre-C mutation per se, but to the high virus load despite the absence of the
general marker for active infection, HBeAg, in serum (Hannoun et al., 2000a).

The serologic status after seroconversion of many chronic HBV patients is consistent
with low level transcription of HBeAg-producing HBV DNA. Decreased levels of
viral replication after seroconversion in these patients is marked by the inability to
detect serum HBV DNA, decreased infectivity, and the decreased production of free
HBeAg. It should be noted that the production of free HBeAg in chronic HBV
patients can and does coexist with anti-HBe production. Therefore, it appears that
HBeAg to anti-HBe seroconversion results from immune responses directed against
HBeAg-expressing wild type virus, but this process does not necessarily involve the
selection of e-minus HBV DNA variants. In fact, the low level of HBV infection that
persists in many of these seroconverted-chronic patients is caused by pre-C wild type
virus. This implies that small amounts of HBeAg co-exist with anti-HBe, possibly
still modulating the immune response (Uy et al., 1986). This level of HBV replication
may be below the threshold necessary to evoke an immune-mediated lytic response,

and low level viral replication may be maintained by an ongoing antiviral immune
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response (Maruyama et al., 1998). Alternatively, it may be sufficient to stimulate an
immune response and consequently eliminate the wild type, prolonging virus
persistence (Lee et al., 1996).

During chronic HBV infection, HBcAg is the only antigen that elicits a prominent
immune response (Milich et al., 1997¢), and in many reports, aa variability of HBcAg
has been linked to the severity of liver disease, both in the HBeAg and anti-HBe
phase, which leads to the hypothesis that patients who cannot clear the virus via a
CTL response are susceptible to anti-HBc-mediated lysis of hepatocytes with the
consequent selection of escape mutants (Carman et al., 1994, 1997b; Naoumov et al.,
1997; Kratz et al., 1999). During the HBeAg-positive phase of chronic hepatitis, C-
gene sequences have been reported to be relatively conserved, irrespective of disease
activity (Carman et al., 1995a; reviewed by Lok, 1997). Selection of large numbers of
aa substitutions within the core region seems to require not only seroconversion to
anti-HBe, but also the previous selection of a pre-C stop codon.

Mid-core deletions have been found in patients with various types of chronic
infection: in active liver disease (Wakita et al.,, 1991); in children with persistent
viremia (Ni et al., 2000); in symptomatic carriers (Tsubota et al., 1998); and even in
the HBeAg positive phase (Akarca et al., 1995b; Marinos et al., 1996). They have also
been reported in HB-infected immunosuppressed patients (Gunther et al., 1996;
Preikschat et al., 2002; Bock et al.,, 2003). Sequential analysis of core gene aa
variability from the quiescent to the active phase of chronic infection showed that the
mid core gene mutations may offer some advantage over viral replication and
synthesis in persistent infection (Wakita et al., 1991; Tsubota et al., 1998; Bock et al.,
2003). However, in some other studies these deletion mutants were reported not only

to be replication defective, but also to suppress the replication of wild type (Marinos

70



Chapter 1 Introduction

et al.,, 1996; Ni et al., 2000). Core gene deletions were located within aa 81-113
(Ackrill et al., 1993); 79-112 (Akarca and Lok, 1995); 63-132 (Wakita et al., 1991);
20-132 (Ni et al., 2000), and 64-128 (Tsubota et al., 1998). These residues cover
different epitopes: one CTL, two T helper, and three B cell (see section 1.6, table 1.4),
and may change the immunological properties of HBcAg giving rise to immune
escape.

Apart from pre-C and core variants, common changes during seroconversion include
variants of the basal core promoter (BCP), which is embedded in the X gene.
Deletions, insertions and point mutations (Chan et al., 1999) have all been described.
Among them, T1762/A1764 is common (Okamoto et al., 1994; Takahashi et al., 1998).
Such mutations occur by substitution of A to T at nucleotide 1762, and G to A at
nucleotide 1764, which may interfere with transcription of the HBeAg precursor
(Okamoto et al., 1994; Laras et al., 2002). Although the effect of such mutations on
the synthesis and secretion of HBeAg is not complete (Okamoto et al., 1997), Laras
and colleagues found the absence or low levels of pre-C mRNA transcripts in patients
who harboured these double mutations (Laras et al., 2002). Those mutations were
significantly more common in patients infected with HBV who had C1858 (Chan et
al., 1999). There is a striking presence of both BCP and pre-C mutants in anti-HBe
positive infants with fulminant hepatitis (Friedt et al., 1999), however, the role of such
an association is controversial because they have also been found in some HBeAg-
positive patients without fulminant hepatitis (Carman et al., 1995a; Hou et al., 1999;
Chu et al., 2003a). In Chinese symptomatic and asymptomatic chronic HB infection,
it was suggested that T1762/A1764 mutations were present or developed first to down
regulate HBeAg expression, followed by introduction of a pre-C stop codon mutation,

which then completely eliminated HBeAg synthesis (Hou et al., 1999). There is some
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controversy in the literature concerning whether these mutations really enhance
replication of HBV. As the pre-C gene and its products have also been reported to
inhibit HBV progeny DNA synthesis (Laras et al., 1998), some hypothesised it is
possible that one or several of the many substitutions interfered with the effects of the
pre-C stop codon and the T;762/A1764 mutations on viral replication (Sterneck et al.,
1997, 1998).

Also, a number of X-region deletions and mutations have been described by a number
of groups in chronic carriers (reviewed by Carman et al., 1998; Baumert et al., 1998;
Baptista et al., 1999; Blackberg et al., 2003; Hwang et al., 2002, 2003). Finally,
numerous missense and silent mutations in the preS1/S2 region were identified after
anti-HBe seroconversion (Sanantonio et al.,, 1992; Gemer et al., 1998; Ding et al.,
2003; Sugauchi et al., 2003), but their significance is unclear.

1.7.3C Chronic HBV and T-cell Response

In chronic carriers, the HBcAg specific Th response is significantly weaker, and in
many patients, undetectable. This difference in the HBcAg-specific Th activity
between acute and chronic HBV infection supports the concept that the Th cell
response to HBcAg may influence the outcome of HBV infection (Hyodo et al.,
2003). HBcAg-specific Th cell non-responsiveness (or tolerance) is reversible,
enhancing both the humoral and cellular effector immune response to HBV in chronic
patients. The induction of this response may play a role in the transition from the
immunotolerant phase of chronic HBV to the active phase, and eventually
seroconversion (Marinos et al., 1994).

Milich and co-workers (1986) observed that the two forms of the HBV nucleoprotein
preferentially elicited different Th cell subsets and may have profound implications in

terms of the mechanisms of viral persistence and immunopathogenesis. Many

72



Chapter 1 Introduction

chronically infected patients maintain IgM anti-HBc, although usually at low titres.
The switch from predominantly IgM to high titres of IgG anti-HBc requires T-cell
help function, which may be variably present from patient to patient and defective in
patients who progress to chronicity, as the T cell response to HBc/HBe antigens is
strong during acute hepatitis and weak in chronically infected patients. Thus, a strong
antibody response in chronically infected patients may be due to the known T cell
independence of HBcAg. This would explain the slow decline in IgM anti-HBc titres
during the first 1 to 2 years of chronic infection. Since T cell recognition of HBcAg
and HBeAg is highly cross reactive, T-cell help for IgG anti-HBc production would
presumably also stimulate anti-HBe production. One would then predict that the
decline of IgM in favour of IgG anti-HBc should correlate with anti-HBe
seroconversion (Milich et al., 1986). HBcAg elicited primarily IgG2a and IgG2b anti-
HBc antibodies, whereas the anti-HBe antibody response was dominated by the IgG1
isotype (Milich et al., 1997¢c). These results indicated that HBcAg preferentially, but
not exclusively, elicits Th;-like cells and that HBeAg preferentially, but not
exclusively, elicits Tho-or Th,-like cells. These results may have relevance in chronic
HBV infection since circulating HBeAg may downregulate antiviral clearance
mechanisms by virtue of eliciting anti-inflammatory Th,-like cytokine production
(Milich et al., 1997a).

Other groups have shown that host genetic background determines Th; v Th;
switching. Some alleles, such as DR3, DR13 and DR14 preferentially induce a Th;
(cellular) response, which would inhibit the Th, (humoral) response and limit the
production of anti-HBs antibodies (Caillat-Zucman et al., 1998; Cao et al., 2001).
Conversely, the response would be skewed towards Th, responsiveness in subjects

with DR1 and DR2 alleles (Caillat-Zucman et al., 1998).
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CTL exhaustion (or anergy) has been proposed as being involved in HB persistence.
Chisari and Ferarri, (1995) have shown that the number of potentially infected
hepatocytes in the human liver (~1X10'"), compared to the number of CD8 (~25% of
total body CTL population of ~1X10'?) would require an extraordinary high
proportion of the total body CTL to be in the liver. This exhaustion of antiviral CTL
stimulated by high dose antigen is supposed to occur in HB infection acquired in
adulthood, whereas clonal deletion of HBV-specific T cells as a consequence of
transplacental HBV infection is believed to be involved in vertically infected patients.
Both of these factors reduce the number of HBV-specific T cells in chronically
infected patients. However, in a recent study using MHC/peptide tetramers and ICCS
(intracellular cytokine staining) methods, Reignat et al demonstrated that a population
of envelope-specific CD8 cells escaped exhaustion mediated by high concentration of
antigen. In addition, they showed that core (aa 18-27) and envelope (aa 183-191)-
specific CD8 cells were able to expand, displaying the same proliferation potential,
activation threshold and IFN-gamma production ability as memory CDS cells present
in immune individuals. These cells were characterized by altered HLA/peptide
tetramer reactivity and could be reversed with repetitive stimulation. They suggested
therefore that these cells were not “anergic”, but, “ignorant” instead (Reignat et al.,
2002).

T cell exhaustion and mutational escape have been shown to be involved in other
persistent virus infections such as HCV, HIV and LCMV. Escape through “speed” has
been demonstrated as a strategy of RNA viruses leading to high level antigen
persistence in the presence of low levels of CD8 and CD4 T cells in human and
animal models (Gallimore et al.,, 1998; Lenchner et al., 2000; Ou et al., 2001,

reviewed by Lucas, 2001). CTL-escape mutations have also been described
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extensively in these viruses (Lechner et al., 2000; reviewed by Sewell, 2000;
reviewed by Lucas, 2001; reviewed by Klenerman, 2002) although with some
differences; e.g., only infection with high doses of LCMV results in the generation of
CTL escape variants (Pircher et al., 1990).

1.7.3D Chronic HBV and HBcAg Localisation

For liver cells to become a “target cell” at least theoretically there should be viral
antigens in the cell membranes before the process of necrosis. The significance of the
membranous expression of viral antigens in the pathogenesis of hepatic injury has
been studied extensively and some authors suggested a strong correlation between
membranous expression of HBsAg with overall activity of liver disease (Ray et al.,
1976; Gowan et al., 1983; Chu et al., 1988; Chu et al., 1995 a and b; Sharma et al.,
2002). The same finding has been proposed for membranous expression of HBcAg
during chronic HB infection (Wu et al., 1993), as the blocking effect of anti-HBc was
attributed to the binding of the antibody to the corresponding antigen on the surface of
the infected hepatocytes (Mondelli et al,, 1982). Variable patterns of HBcAg
expression in different forms of liver damage have led investigators to postulate that
this expression may be a prerequisite for immune mediated liver cell damage (Ray et
al., 1976; Chu et al., 1987; Wu et al., 1996). Differential expression of the HBcAg and
HBsAg at the cellular level and the ultimate development of different histological
types of hepatitis reported so far (Ray et al., 1976; Huang et al., 1979; Gowan et al.,
1983; Chu et al., 1994; ter Borg et al., 2000; Sharma et al., 2002), has led to the
hypothesis of a combination of humoral and cellular immune response in the
pathogenesis of liver cell injury.

The localisation of HBcAg has significant prognostic implications, as follows: first,

core Ag possesses unique immunological features (Milich et al., 1997a), and C-gene
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products are major targets of the host immune response, particularly in chronic
infection (Mondelli et al., 1982; Chu et al., 1987; Ferarri et al., 1987, 1992; Milich et
al., 1989). Second, the pattern of the intracellular distribution of C-gene as detected
by immunostaining, has been associated with different levels of virus replication, liver
disease activity, and liver cell regeneration (Ray et al., 1976; Akiba et al., 1987; Wu et
al., 1993; Ballare et al., 1989; Tong et al., 1990; Chu et al., 1994, 1997; Bock et al.,
2003). Third, the intracellular accumulation of non-enveloped core particles can be
cytopathic (Roingeard et al., 1990a). Fourth, the presence of mutant core protein in
liver cells can interfere with the efficiency of virus production (Scaglioni et al., 1994;
Bock et al., 2003), and possibly with response to IFN therapy (Naoumov et al., 1995).
The localization of HBcAg in hepatocytes varies even in the same tissue (Akiba et al.,
1987). Many reports in the literature suggested that HBcAg may be expressed in the
cytoplasm, nucleus or both in infected or transfected cells (Yamada et al., 1977;
Brechot et al., 1980; Gowan et al., 1983; Uy et al., 1986; Wu et al., 1987; Akiba et al
1987; Hsu et al., 1987; Fang et al., 1994; Bock et al. 1996; Chu et al., 1997; Naoumov
et al., 1997; Park et al., 1999; ter Borg et al., 2000; Sharma et al., 2002; Bock et al.,
2003). In fact, although early reports had shown that HBcAg was located in the
nucleus (Ray et al., 1976; Huang et al., 1979), later reports have made clear that
HBcAg can be seen in the nucleus or cytoplasm, or both.

Various markers have been postulated to identify patients with a higher general level
of HBV replication during chronic HB: the presence of detectable HBV DNA (or
HBYV virion) in serum, and expression of HBcAg within the cytoplasm of infected
hepatocytes (Brechot et al., 1980, 1981; Gowan et al., 1983; Chu et al., 1987; Hsu et
al., 1987; Ballare et al., 1989; Ou et al., 1990; Chu et al., 1995). In different patients,

the above markers of virus replication tend to co-exist, and such patients also tend to
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be those with histological evidence of active disease. For example, topographic
distribution of HBcAg was closely related to HBeAg/anti-HBe status (Ballare et al.,
1989; Ou et al., 1990). Liver cell HBcAg expression can be correlated with the three
phases of chronic HBV infection: first, HBeAg positivity, immune tolerant phase,
characterised by nuclear HBcAg, mild disease and high viral replication; second,
HBeAg seroconversion, immune clearance phase, with virus replication/elimination,
cytoplasmic and/or membranous HBcAg, and third, inactive virus replication phase
with negative HBcAg (integrated HBV DNA into host cell), and a bipolar disease
spectrum (either normal histology, or, cirrhosis and HCC) (Hsu et al., 1987; Wu et al.,
1993; Chu et al.,, 1997; Serinoz et al., 2003). However, in some patients with
circulating anti-HBe, no detectable circulating HBV DNA and less active forms of
liver disease have been reported: intracellular HBV DNA tends to be in a high
molecular weight form reflecting integration into host cell DNA (Brechot et al., 1981,
Bonino et al., 1981; Hadziyannis et al., 1983; Gowan et al., 1983; Wu et al., 1987,
1996). The state of HBV DNA in the hepatocytes (free or integrated into the host
genomes) (Brechot et al., 1981), and the presence of the HBcAg in liver tissue
represent active replication of HBV. This concept was based on the observations that
a high concentration of serum HBV DNA has been found in patients with positive
HBcAg-staining hepatocytes (Chu et al., 1994; Wu et al., 1996). Further, Gowan et al.
found a huge amount of HBV DNA, much of it in a single-stranded form, in the
cytoplasm of infected hepatocytes in active cirrhosis. They suggested that the large
pool of non-encapsidated cytoplasmic HBV DNA indicated cells undergoing
replication with or without mature virion formation. Then they found a relation
between HBcAg expression and this form of DNA; cytoplasmic HBcAg was highly

predictive of the presence of large amounts of cytoplasmic DNA in the same cells,
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whereas, nuclear HBcAg was seen in cells with and without such levels of DNA,
presumably undergoing latent or abortive infection (Gowan et al., 1983).

Although some authors believed that expression of HBcAg in the hepatocyte nucleus
is helpful for estimating viral replication in chronic HBV infection (Wu et al., 1996;
Chu et al., 1997; Lindh et al., 1999; Serinoz et al., 2003), many others suggested that
cytoplasmic HBcAg was more appropriate as a marker of disease activity (Hsu et al.,
1987, Kakumu et al., 1989; ter Borg et al., 2000). Therefore, the pattern of
preferential cytoplasmic core staining in different studies has led investigators to
several speculations. The cytoplasmic expression of cAg was suggested to be due to
the presence of a particular virus population characterised by multiple mutations in
the C-gene, which possibly inactivated the function of the nuclear localisation signals
of the core protein (see below). Mutations may also modulate envelope protein
interaction with the core protein (Yeh et al.,, 1994). Point mutations of the pre-C
region is suggested to prevent nuclear transport of HBcAg. This pattern has been
shown by a study by Park and colleagues on chronic HB patients who had the A1896
mutation; they found cytoplasmic expression without a single example of nuclear
expression (Park et al., 1999).

Another mechanism for cytoplasmic localisation of HBcAg might be related to cell
cycle regulation. In the GO/G1 phase, HBcAg is predominantly localised in the
nucleus, whereas, in the S phase, the amount of HBcAg in the nucleus is greatly
reduced and HBcAg found almost entirely in the cytoplasm (Yeh et al., 1993). This
hypothesis suggests that the differential subcellular localisation of HBcAg in chronic
HBYV infection is related to the activity of hepatocyte regeneration. Chu and co-
workers demonstrated that almost all of the hepatocytes with nuclear expression of

HBcAg were quiescent and resting, whilst most of the hepatocytes with cytoplasmic
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expression of HBcAg were regenerating and proliferating (Akiba et al., 1987; Wu et
al., 1987, 1993; Ballare et al., 1989; Tong et al., 1990; Chu et al., 1995, 1997; Serinoz
et al., 2003). On the contrary, Naoumov et al (1997) speculated that the influence of
the cell cycle observed in cultured cells appeared to play only a minor role in vivo.
Even in patients with cirrhosis and severe chronic hepatitis, with hepatocytes in
different stages of the cell cycle because of liver cell regeneration, core gene products
predominantly had nuclear localisation, similar to the finding in patients with minimal
inflammatory reaction in the liver.

Taken together, the correlation between the degree of expression of HBcAg in the
nucleus and/or cytoplasm and the level of liver disease activity is relative, not
absolute. This conclusion is based on some observations on patients who showed a
high degree of liver disease activity in the presence of nuclear HBcAg expression, and
on the other hand, mild hepatitis in the presence of cytoplasmic HBcAg expression
(Hadziyannis et al., 1983; Akiba et al., 1987; Chu et al., 1997).

There is still controversy about the correlation between HBcAg localisation and
immune hepatocytolysis, as some investigators speculate that a shift of HBcAg from
nuclear to cytoplasmic is secondary to immune-mediated liver cell injury rather than
triggering the immune system by itself (Akiba et al., 1987; Chu et al., 1995).
However, because cytoplasmic/membranous expression of HBcAg correlates rather
well with the high degree of liver inflammatory activity (Akiba et al., 1987; Wu et al.,
1987, 1993, 1996; Ballare et al., 1989; Tong et al., 1990; Chu et al., 1995), it is
therefore suggested that hepatocytes with cytoplasmic/membranous expression of
HBcAg represent target cells for immune hepatocytolysis, which would be followed

by both subsequent seroconversion from HBeAg to anti-HBe and disappearance of
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HBcAg and regeneration of hepatocytes (Ray et al., 1976; Chu et al., 1987; Wu et al,
1993; Park et al., 1999).

1.8 HBY EVOLUTION

The origin(s) of viruses cannot be known with certainty. PCR and other sensitive
molecular techniques will reveal some viral genome sequences from the relatively
recent past, but very ancient viral genomes will remain a matter for speculation.
Comparative sequence analysis suggests that both RNA and DNA viruses have deep,
archaic evolutionary roots both for genome structural organisation and as regards
certain genomic and protein domains. Both DNA and RNA viruses can emerge and
evolve by a variety of mechanisms including mutation, recombination and
reassortment (Holland et al., 1998). Nucleotide substitutions in viral genomes can
have several effects, including evasion of vaccine-induced or natural immunity, drug
resistance, and changes in pathogenicity, alteration in tissue or species tropism, and
viral persistence.

Escape mutation is the process by which aa substitution at one or more positions alters
the epitope to the extent that the virus can persist in the presence of an adequate
immune response to the initial epitope. As recognition of the first epitope leads to the
destruction of infected cells or neutralization of free virus, viruses that encode for the
expression of a mutated epitope (or cells that present it on their surface) will survive.
Viruses that are replicating more rapidly are more likely to develop mutations and for
them to be selected (reviewed by Carman et al., 1995¢c). A comparison of the rates of
synonymous and nonsynonymous substitution in viral genomes can elucidate, to some
extent, whether there has been selection at the aa level. One would expect the rate of
synonymous to be less than the rate of nonsynonymous substitution if there is

selective pressure exerted on this viral gene (Mizokami and Orito, 1999).
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1.8.1 HBV Mutation Rate

Although the reverse transcriptase activity of HBV may be responsible for the high
rate of nucleotide substitution of the virus compared to that of other DNA viruses,
replication of the HBV genome may not always depend upon reverse transcription
and thus, the frequency of mutation of the HBV genome during replication may not
be as high as that of a retroviral genome (Kidd-Ljunggren et al., 1999). This is due to
the fact that the mutation rate of HBV is influenced by some related factors. Firstly,
the genome is very compact with overlapping ORFs, which limits the number of
viable mutations (Morozov et al., 2000). In a virus with overlapping open reading
frames, many mutations will generate non-viable virions though some mutations may
give the virus a replication advantage (reviewed by Torresi, 2002). The second
constraint is imposed by the need to conserve the direct repeats, promoters and other
cis acting elements, which are involved in replication of the genome. Thirdly, HBV
replication takes place inside the nucleocapsid and, unlike retroviruses, this process
involves only one copy of the RNA pregenome, limiting the chance of homologous
recombination (Morozov et al.,, 2000, Sugauchi et al., 2002). Despite these
constraints, up to 12% of nucleotides may vary between isolates of HBV (reviewed by
Carman et al., 1997c). The net result will be a higher mutation rate in unconstrained
parts of the genome. One such region is the pre-S, especially pre-S2 (Kidd-Ljunggren
et al, 1999). Considering the rate of synonymous substitution is higher than
nonsynonymous substitution for all HBV-ORFs (Yang et al., 1995), it has been
suggested that HBV genome variation is constrained by aa changes (Orito et al.,
1989). This led to the hypothesis that each protein or each domain of an ORF has its
own functional and structural constraints which conserve the aa sequence over

evolution time. The assumption is that the selective force on each ORF works
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independently of the region of gene overlap and that base exchanges in the
overlapping regions are therefore the result of dual selection by the two overlapping
ORFs (Kodama et al., 1985). The appearance of mutations in overlapping but
unrelated viral genes (for example S and P genes) may produce HBV mutants with
altered antigenicity and/or replication and a natural history that may be distinctly
different to wild type HBV (reviewed by Carman et al., 1997; reviewed by Torresi,
2002).

The rate of replication and mutation is an important factor in the genetic evolution of
a virus. Some DNA viruses, such as hepadnaviruses, which include a reverse
transcription step in their replication cycle, show rates of evolution in the range of 10~
% to 107 substitution per nucleotide per year, which is approaching the values of some
RNA viruses. HBV exhibits a mutation rate more than 10-fold higher than other DNA
viruses. The estimated rate of evolution for HBV is <2x10* base
substitutions/site/year, which reflects a highly dynamic process with a large
production of virus (reviewed by Domingo et al., 2001). This value is intermediate
between DNA and RNA viruses (Morozov et al, 2000). Although the rate of
synonymous substitutions for HBV is 10* times higher than that of a host genome, it
is 107 less than that of retroviral genes (Orito etal., 1989). Nevertheless, this rate
provides support for the hypothesis that HBV evolved from a retrovirus or retrovirus-
like progenitor through a process of deletion (Miller and Robinson, 1986; Okamato et
al., 1987).

The HBV genome is extremely stable unless exposed to host immune responses, as
exemplified by the completely conserved nucleotide sequence over a 20-35 year
period in HBeAg-positive asymptomatic carriers with very high levels of virus

replication. In contrast, mutations are seen in most, if not all, HBeAg-negative carriers
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and are distributed over all regions of the viral genome (Hannoun et al., 2000a).
Some of these aa substitutions can be found as minor species at earlier time points
suggesting that the selection process is slow and that multiple strains can co-exist
(Carman et al., 1996). Some observations have also shown that if conditions do favour
the emergence of a variant (for example in the case of a poor match vaccine between
immunity and the virus), then the time-scale of emergence is likely to be in the order
of decades. As HBV persists in individuals infected for long periods spreading the
infection relatively slowly, a variant will only emerge slowly (Wilson et al., 1999).
1.8.2 Selection of the fittest strain

The term “fixation” refers to random mutations not being lost but becoming
incorporated into sequences that undergo further rounds of replication and become
progeny virions (Carman et al., 1993). There are two ways by which fixation occurs:
one is the occurrence of mutations that do not affect fitness, which has been shown in
cell culture in which viral populations gradually shift their consensus sequence while
exposed to a constant in vitro environment. Lenhoff et al (1998) generated a
cytopathic mutant of DHBV (G133E) in the pre-S protein of DHBV. Inclusion of this
mutant into susceptible ducklings resulted in enhanced viral replication, increased the
pool of viral cccDNA, and caused hepatocyte destruction. The liver damage caused by
G133E DHBYV subsided over time resulting in mild chronic hepatitis similar to that
observed in wild type virus-infected birds and coincided with a reduction of viral
replication to wild type virus levels in the liver. Further, they identified at least one
noncytopathic revertant from the serum of G133E-infected birds after recovery,
suggesting that acute liver injury could result from infection with a cytopathic
hepadnavirus, but such viruses may be rapidly replaced by noncytopathic variants

during persistent infection. In other words, these cytopathic viruses are not as
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replication fit as the wild type in the context of persistent infection (Bartholomeusz
and Locarnini, 2001).

The alternative mode of mutant fixation is positive selection of fitter virus as driven
by antibodies, antiviral agents, or differences in cell biology. In the natural course of
HBYV infection, cellular and humoral immune pressure against virus-specific proteins
may select the fittest viral strains (Liu et al., 2002). The type and number of mutations
that accumulate in an individual genome are either a marker of the duration and/or
severity of the liver disease, or the type and the intensity of immune response
(Gunther et al., 1999). Selection by the host is a major force for evolutionary change
within a virus population (reviewed by Carman et al., 1998). Changes in host
selection pressure may greatly affect substitution rates in HBV, with lower rates of
changes in those individuals who continue to produce the viral HBeAg compared to
those who have cleared it (Carman et al., 1995a; Okamuru et al., 1996; Bozkaya et al.,
1996, 1997). In numerous studies, investigators have shown that during the HBeAg-
positive active replication phase of chronic infection, despite the virus being capable
of mutating because of the poor proof-reading ability of reverse transcriptase,
sequences able to translate HBeAg remain dominant. Possibly, HBeAg-producing
sequences have an intracellular advantage over HBeAg-nonproducers. Because of the
dominant replication efficiency of HBeAg-producing strains and thus tolerance, few
cells appeared to be destroyed before the elimination phase, therefore, there appears to
be no selection pressure and thus e-minus mutants are lost or remain as minor
populations. However, during the elimination phase of chronic disease, there is the
added factor of positive selection pressure, and hepatocytes with HBeAg-
nonproducing strains become dominant. At the molecular level, this is explained by

the presence of pre-C mutants (Carman et al., 1996b). Moreover, it has been shown
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that once the resistant virus became predominant in the viral quasispecies obtained
after treatment with lamivudine, drug removal led to the rapid replacement of the
resistant virus by the wildtype (Abdolhamed et al., 2002). Other studies showed that
the pre-C and core promoter mutations were replaced by wild type during long term
therapy, but with continuing therapy, mutations reappeared independent of viral
breakthrough (Cho et al., 2000; Suzuki et al., 2002). Selection is likely to occur if the
immune response is incomplete (by using vaccines or monoclonal antibody
immunotherapy) (reviewed by Domingo et al., 2001).

1.8.3 HBV Origin

Attempts have been made to relate these observations to HBV evolution. Much of our
knowledge about human hepatitis has relied heavily upon information derived from
infection (natural and experimental) of non-human primates during the last 50 years.
However, there seem to be some difficulties due to the relationship between the
human genotypes A-E and G (and even more divergent genotype F) to each other and
to other primate-associated genotypes. The origin of HBV in humans is as confusing
as that of the hepadnaviruses from other primates. Different theories have been
proposed by investigators on HBV origins based on the hypothesis that the numbers
of nucleotide and aa substitutions over time, the molecular clocks, are indicators of
viral evolution (Mizokami et al., 1999). A primate origin for HBV infection was
proposed by MacDonald et al., 2000. This theory based on the finding of variants in
chimpanzees (McDonald et al., 2000), woolly monkeys (Lanford et al., 1998), and
orangutans (Warren et al., 1999), suggested that these viruses co-evolved with their
primate hosts over periods of 10-35 million years. This hypothesis has been supported
by the observations that areas of high HBV prevalence in humans are those in which

contact with, and cross-species transmission from primates are most likely (South
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America, Sub Saharan Africa and Southeast Asia). Indeed, certain HBV genotypes are
specific to these three areas (F, E, B/C, respectively). Moreover, the mixture of HBV
genotypes found outside these areas, such as Europe and North America, may result
from much more recent epidemic spread (Simmonds et al.,, 2001a). In contrast, a
recent emergence hypothesis for HBV infection indicated that the current wide
distribution of HBV in apes must have arisen through several cross-species or
subspecies transmission in the relatively recent past (Starkman et al., 2003)

Based on Norder and her co-worker's observation that most of the dendrograms
obtained from gibbon and chimpanzee strains represented early lineages, assumptions
were made that these viruses were indigenous to their respective hosts and not recent
acquisitions from man (genotype F). Therefore, they suggested that either genotype F
represents an early cross-species transfer from a non-ape primate to man, or that an
hepadnavirus of a common ancestor to man and apes gave rise to two viral lineages
(Norder et al., 1996). Thus, they proposed that the evolutionary history of HBV
corresponds to the spread of anatomically modern humans as they migrated from
Africa 100,000 years ago (Norder et al., 1994; Magnius and Norder, 1995), and
different genotypes infecting humans evolved since this dispersal. However, this
hypothesis does not explain the origin of the various non-human primate viruses
which are interspersed among the human genotypes in the phylogenetic tree. The
phylogenetic tree of the various primate HBV variants in no way reflects the
phylogeny of the host species, as would be expected for co-speciation (Simmonds et
al., 2001b). For example the presence of genotype F in native American populations is
inconsistent with the presence of genotype B and C in their genetically nearest
relatives, the Mongoloid Northeast Asian. Indeed, there is little relationship between

HBYV genotype distribution with any of the other human population groups (Southeast
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Asian, Caucasians, and African population) (Simmonds et al., 2001b). Alternatively,
the HBV genotypes may have evolved later than, and independent of, human
migration (Gunther et al., 1999).

According to the finding that HBV showed a substitution rate of 2.1x107
substitutions per site per year over a mean observation period of 22 years, Orito and
co-workers proposed that the human genotypes of HBV would have originated from a
common ancestor approximately 3000 years ago (Orito et al., 1989). In this study,
they showed that three major clusters of HBV (birds, mammals and humans) diverged
from their common origin in the same order as that of host evolution. They concluded
that the evolution of the hepadnavirus family was independent of host-species
divergence and for HBV in humans this has taken place much more recently than has
divergence of humans.

Alternatively, a New World origin for HBV was proposed by Bollyky and colleagues
who suggested that HBV originated from the Americas and spread into the Old World
over the last 400 years after contact from Europeans during colonisation; a genotype F
origin. Further, they considered the possibility that if the virus originally entered the
Americas from Asia, this may have required a higher rate of nucleotide substitution as
it adapted to this naive human population (Bollyky et al., 1999). However, the main
problem for this hypothesis is the observation of the widespread distribution of HBV
in Old World primate species. A remarkable example is a shared genotype of HBV
infecting West African chimpanzees (McDonald et al., 2000; Takahashi et al 2000),
which showed approximately 11% divergence from the human genotypes A-E. This
finding was based on analysis of mutations in the C-terminus region of the core
protein (which is well conserved among hepadnaviruses) between human genotypes

E/F and the chimpanzee one. Interestingly, HBV-E/F and the non-human primate
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hepadnavirus had a common motif within 20 nucleotides upstream from the stop
codon for the core gene, whereas, HBV-A/B/C/D genotypes contained a different
motif at this site (Takahashi et al., 2000). It has been revealed that sequences in wild-
born Old World primates from Africa and Southeast Asia were unrelated to five
human HBYV strains (A to E) ; the conclusion is that the virus was not acquired from
humans, and all the Old World non-human primate HBVs were on a common
ancestral branch (Robertson et al., 2001). This finding together with the observation
that the closest relative of the woolly monkey HBV is genotype F (Lanford et al.,
1998), led to the speculation that chimpanzees have their own hepadnavirus, which
resembles the human hepadnavirus (genotype F) (Takahashi et al., 2000; Robertson et
al., 2001).

At present, the problems associated with each of these hypotheses for the origin of
HBV prevent a definitive conclusion. Resolution of these issues requires more
extensive sequence analysis of HBV in poorly sampled areas as well as combined
human and primate studies together with utilizing models of DNA substitution which

better describe the process of viral evolution (Bollyky et al., 1999).

1.8.4 HBV-genotypes evolution

The genetic variability of HBV is observed both as the evolution of genotypes (and
thus subtypes), i.e. a divergence of the viral genome in the carrier population, and as
the emergence of mutations in each infected subject (Lindh et al., 1999). Subtypes of
HBYV have largely evolved separately with their hosts over time and random mixing
of different subtypes within individuals has been rare (Kodama et al., 1985). Okamoto

et al (1987) observed that a 54-year old patient was chronically infected with three
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different clones of HBV. They suggested that the clones would have evolved from a
common ancestor virus during 54 years after the primary infection rather than
infection by three different strains of HBV (triple infection). Further, they suggested
that following a small-dose infection, only one genotype of virus, predominant in the
donor, would most likely infect the recipient. In another study the predominant HBV
genotype was shown to be quite stable over a period of some 30 years (Blackberg et

al., 2000).
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1) DNA Extraction from serum by High Pure Viral Nucleic Acid Kit (Roche
Diagnostics, Lewes, East Sussex, UK)
Binding Buffer 6M guanidine HCl, 10mM Urea, 10mMTris-

HCl, 20% Triton® X-100 (v/v), pH 4.4

Poly (A) carrier RNA 0.2mg/40ul (after reconstitution)

Proteinase K 20mg/ml (after reconstitution)

Wash buffer 20mM NaCl, 2ZmMTris-HCI (pH 7.5)
Elution buffer Nuclease-free redistilled H,0

High Pure filter tubes Polypropylene tubes have two layers of glass

fiber fleece and can hold up to 700ul of sample
volume
Collection tubes 2ml Polypropylene tubes
2.1.2) Synthetic oligonucleotides
Oligonucleotides used during this work are listed in tables 2.1. Specific primers were used for
amplifying C and S genes (conventional PCR) (table 2.1A). For mutagenesis study,
oligonucleotides designed in length between 24 to 39 bases with 5’ end phosphorylated (table
2.1B). The mismatch portion was at or near the 5’ end of each primer with more than 20
correct bases on the 3’ end (purchased from MWG, Biotech, Milton keynes).
2.1.3) Enzymes
Taq DNA polymerase, restriction enzymes and T4 DNA ligase were obtained from Roche

Diagnostics. RNase was purchased from Sigma. EcoR1 and Hind III from Life Technologies.
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Table 2.1 (A) Primers used in this study.

Primer Gene Sequence 5'— 3' of Oligonucleotides Base Type
Position

C1 Core CGG GAT CCG AGG AGT TGG GGG AGG 1726-1754 Sense
AGATT

C3A Core GR)T CTR TGT AW)T AGG AGG CTG 1763-1783 Sense
(R=A/G) (W=A/T)

C4 Core CCT TAT GAG TCC AAG G(R)A TA (R=A/G)  2478-2459 Anti-sense

S1 Surface CCT GCT GGT GGC TCC AGT TC 56-75 Sense

S2Na Surface CCA CAA TTC (K)TT GAC ATA CTT TCC A 1003-979  Anti-sense
(K=G/T)

S6C Surface GCA CAC GGA ATT CCG AGG ACT GGG 113-146 Sense
GACCCTG

S7D Surface GAC ACC AAG CTT GGT TAG GGT TTA 857-823 Anti-sense

Oligonucleotide primers used for PCR and sequencing. Base positions numbered

AAT GTATACC

91
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2.1.4) Reagents and buffers for PCR

10x PCR buffer 200mM Tris-HCI (pH 8.4), 500 mM KCl
10x dNTPs 100mM of each dATP, dCTP, dGTP, dTTP
TaqStart Antibody 1.1 ug/ul in storage buffer: 50mM KCl, 10

mM Tris-HCI (pH 7.0), 50% glycerol

TaqStart dilution buffer 50mM KCl, 10mM Tris-HC1 (pH 7.0)

10x TBE 89mM Tris HCI (pH 8.0), 89mM boric acid,
ImM EDTA (Ethylenediaminetetra- acetic acid
(disodium salt)

10x agarose gel loading buffer 1x TBE, 1% SDS (Sodium dodecyl sulfate), 50%
sucrose, 1 mg/ml

bromophenol blue

X-gal (10%) 5-Bromo-4-chloro-3-indoyl-B-D-
galactopyranoside
IPTG 100 mM Isopropyl-1-thio-B-D- galactopyranoside

2.1.5) Materials provided in ExSite™ PCR-Based Site-Directed Mutagenesis Kit
ExSite™ DNA polymearse blend (5 U/ul)

Cloned pfu DNA polymearse (2.5 U/ul)

Dpn I restriction enzyme (10 U/ul)

T4 DNA ligase (4U/ul)

10 x mutagenesis buffer

10 mM rATP

25 mM dNTP mix (6.25 mM each dNTP)
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pWhitescript™ 4.5-kb control template (1.5 ug/ul)

Oligonucleotide control primer #1[phosphorylated 24-mer (75 ng/ul)]

Oligonucleotide control primer #2 [30-mer (75 ng/ul)]

Epicurian Coli® XL-Blue supercompetent cells

pUC 18 transformation control plasmid (0.1 ng/ul in TE buffer)

2.1.6) Bacterial strain and growth media

Escherichia coli. Genotype:®80dlacZAM

DH5a 15, rec Al, endAl, gyrA96, thi-1, hsdR17 (r’, my),
supE44, rel Al, deoR, (lacZY A-argF) U169

L-broth Luria-Bertani liquid medium (10 g NaCl, 10 g
Bacto Tryptone, 5 gm Bacto-yeast extract in
one litre distilled water.

L-broth in agar As above plus 10 g Bacto-agar

2.1.7) Plasmid

pRKS was used to express full-length core gene in COS-7 mammalian cells. PRKS

contains: a cytomegalovirus (CMV) promoter which allows very high expression of

proteins in a variety of mammalian cells, a multiple cloning site (MCS) downstream of

the promoter, a SV40 origin of replication for single stranded DNA, and an ampicillin

resistant gene (AMP®) for prokaryotic selection (a kind gift from professor H. Will,

Hamburg, Germany).

2.1.8) COS7 culture system

These monkey kidney cells were originally derived from an African —monkey kidney cell

line transformed by an origin defective mutant of SV-40. Cells were grown in Dulbecco’s
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modified Eagle medium (DMEM) supplemented with 10% bovine calf serum, 100 TU/ml
penicillin/ 100ug/ml streptomycin and 2mM glutamine. Trypsin (0.25% trypsin dissolved
in Tris-saline) and Versene (600mM EDTA in PBS A, 0.0015% (w/v) phenol red) were
used for splitting of the confluent cells.

2.1.9) Reagents and solutions for small scale plasmid preparation

Miniprep Solution I 25mM tris HCI (pH 8.0), 50 mM glucose,
10mM EDTA (pH 8.0)

Miniprep Solution II 0.2M NaOH, 1% SDS

Miniprep Solution III 3M K. acetate, SM acetic acid

Ethanol 100% and 70% (diluted with distilled water)

2.1.10) Reagents and solutions for large scale plasmid preparation using Midiprep

QIAGEN Kit (Crawley, West Sussex, UK).

Buffer P1 50mM Tris HCI (pH 8.0), 10mM EDTA,
100ng/ml Rnase A

Buffer P2 0.2 M NaOH, 1%(w/v) SDS

Buffer P3 3M potassium acetate (pH 5.5)

Buffer QBT 750mM NaCl, SOmM MOPS (pH 7.0), 15%

isopropanol, 0.15% triton X-100

Buffer QC 1M NaCl, 50mM MOPS (3-(N-Morpholino)
propanesulfonic acid (pH 7.0), 15%
isopropanol

Buffer QF 1.25 M NaCl, 50mM Tris HCI (pH 8.5), 15%

isopropanol
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2.1.11) Reagents and solutions for transfection

2.1.11A) LIPOFECTAMINE Plus Transfection Reagent (Invitrogen, Paisley)
Lipofectamine Plus Transfection Reagent package consists of LIPOFECTAMINE ™
Reagent and the proprietary Plus Reagent prepared for pre-complexing DNA.

2.1.11B) FuGENE™ 6 Transfection Reagent (Roche, Lewes)

FuGENE Reagent is a proprietary blend of lipids (non-liposomal formulation) and other

compounds in 80% ethanol, filter sterilised.

2.1.12) Antibodies for immunofluorescence

Rabbit anti HBcAg polyclonal IgG Zymed, San Francisco, CA

FITC conjugated goat anti rabbit IgG Sigma and used as secondary detection Ab
at a working dilution of 1:64

2.1.13) Commom Reagents

Manufacturer Chemicals

Beecham Ampicillin

Sigma Aphidicolin

Melford X-gal

Gibco BRL IPTG (isopropyl-B-D) thiogalactopyranoside
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2.2 METHODS

2.2.1 HBV DNA Extraction, PCR, Sequencing and Phylogenetic analysis

2.2.1A) High Pure Viral Nucleic Acid Kit (Roche Diagnostics, Lewes, UK).

For the Roche kit, 200 ul of working solution (binding buffer supplemented with poly (A)
carrier RNA) and subsequently 40 ul of 20 mg/ml proteinase K were added to 200 ul of
serum in a sterile Eppendorf tube, mixed and incubated for 10 min at 70° C. After the
incubation, 100 ul of isopropanol was added. The filters and collection tubes were
combined and the samples pipetted into the upper reservoir followed by centrifugation for
1 min at 8,000 x g and flowthrough discarded. The filter was washed twice with the wash
buffer and the flowthrough discarded after each wash. Finally, centrifugation for 10
seconds at full speed removed the entire residual wash buffer. Collection tubes were
discarded and clean nuclease-free 1.5 ml tubes were used to collect the eluted DNA in 50
ul of elution buffer. The eluted DNA was stored at -20°.

2.2.1B) PCR amplification of the extracted DNA

Hot start PCR was performed using a hemi-nested protocol and antibody to Taq
polymerase to amplify the core gene of HBV. Five ul of extracted DNA was amplified in
50 ul solution containing: 1.25 U Taq polymearse (Gibco, Paisley, UK), 2.5 ul TaqStart
antibody (Clontech Laboraties Inc., Palo Alto, Ca, USA), 0.25 mM dNTPs (Pharmacia,
St. Albans, UK), 10X PCR buffer (supplied with Taq polymerase), and 25 pmol of each
primer (C1: sense and C4: antisense) (Table 2.1A); cycled for 5 cycles of 95° C for 1
min, 55 ° C for 1 min, and 72° C for 90 seconds followed by 35 cycles. One microliter of
first round PCR product was then re-amplified in the same solution as above except for

heminested primers, (C3a: sense and C4: antisense, table 1). For 5 cycles of 95° C for 1
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min, 55 © C for 75 seconds, and 72° C for 90 seconds followed by 25 cycles with the
denaturation temperature reduced to 90° C. A nested protocol was used for the
amplification of the surface region. Primers S1 and S2 followed by S6¢ and S7D were
used to amplify the surface gene (Table 2.1A). The reaction mixture and program cycles
of Biometra TRIO Thermoblock, were similar to those used in C gene amplification.
Amplification of S gene was employed to confirm the PCR or sequencing results of C
gene.

2.2.1C) Agarose gel electrophoresis

Agarose gel electrophoresis was used to confirm the right size of our amplified PCR
products by visualising the gel on an ultraviolet transilluminator. Also, it was used to
check linearised plasmids (after enzyme digestion and before ligation) and restriction
digests of miniprep DNA. Gels were prepared by adding 1 g agarose to 100ml 1X TBE
buffer. The solution was boiled until dissolved and left to cool. Then, 50ul ethidium
bromide (1mg/ ml) was added before pouring the gel. One ul of agarose gel loading
buffer was used to each sample before loading, followed by running the gel at 80 V in 1X
TBE buffer for 25 min.

2.2.1D) Purification of the PCR products by High Pure PCR Product purification
kit (Roche Diagnostics, Lewes, UK)

250ul of binding buffer was added to 50ul of PCR reaction product and mixed well. The
mixture was poured onto the High Pure filter tube and centrifuged at 13,000rpm for 30
seconds. The filter tube was washed twice. Finally, the filter was inserted in RNase free
1.5 ml tube and dH,0 was applied to elute the DNA (higher volumes of dH,0 for elution

are preferred as it increases the elution efficiency).
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2.2.1E) DNA sequencing

2.2.1E I) DNA purification and sequencing

DNA was firstly purified by using the previously mentioned kit. Sequencing of the C
gene was performed either directly from the purified PCR products or after C gene
cloning (by mutagenesis, see section 2.2A) using an automated sequencer (ABI Prism,
377 DNA sequencer, Applied Biosystem, Perkin Elmer) according to the manufacturer’s
instruction. The HBsAg genotype of the sequences was defined by substitutions between
codons 122 and including 160. The reaction mixture was prepared by adding 2-4 pmol of
Ipmol/1ul of each primers (core: C3a and C4; surface: S6C and S7D) (Table 1.2A) to 1-2
ul of PCR products or 400-800 ng of cloned DNA up to 6 ul of reaction mixture by
adding dH,0. Because of unavailability of DNA materials, we did not sequence the S
gene of Indian samples.

2.2.1E II) Sequence data analysis

The sequence Navigator software program (Applied Biosystem, Cheshire, UK) was used
to analyse our sequence data. The sequences were aligned and the consensus sequence
was determined for sequences that have the same subtype/ genotype.

After allocating a sequence to an HBV genotype by analysis of the S gene, the core gene
amino acid/nucleotide variations that were found uniquely in that subtype or genotype
were recorded. Variants found in a majority of HBcAg sequences (> 50%) from a
particular geographical area were confirmed with HBcAg sequences from the same area
obtained from EMBL, GenBank and NCBI (Table 3.1.2). Sequences were only selected
from databases if the subtype, country of origin and serological picture were provided.

Finally, geography-specific nucleotide and amino acid variations in each genotype were
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identified. To qualify, they had to be both unique to a geographical region and found in a
majority of sequences from that region. Sequences studies from chapter 3.1 have been
submitted to Genbank, numbered from AF323463 to AF323470 and from AF324066 to
AF324148. Those sequences obtained from the Pacific (chapter 3.2) study are numbered
from AY269035 to AY269047, from AY269050 to AY269061 and from AY269064 to
AY269086.

2.2.1F) Phylogenetic Analysis

Sequences of core and surface genes were aligned using the BioEdit Package version
5.0.9, and a neighbor joining phylogenetic tree constructed using the Treecon Package
employing a Kimura distance matrix. Associations were tested by bootstrap re-sampling
analysis using 100 replicates. Associations with a bootstrap value of greater than 70%
were deemed significant.

2.2.2 Molecular cloning and transfection methods

2.2.2 A) ExSite™ PCR-Based Site-directed mutagenesis

Site-directed mutagenesis was performed by a PCR method using oligonucleotides
(Table 2.1B) to revert mutated sequences back to the original sequence, according to
manufacturer’s instructions (Figure 2.1) (Stratagene, La Jolla, CA). PCR reactions were
set up for two separate reactions: control and sample reactions. Oligonucleotides (primers
1 and 2) and plasmid template control (an ampicillin-resistant pWhitescript™ 4.5 kb
control reaction) were included in this kit.

2.2.2A 1) Reaction Setting Up

The control reaction contained the following:

PWhitescript 1 ul (0.5 pmol, ~1.5 ug)
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10x mutagenesis buffer 2.5ul

dNTPs mix lul of 25 mM

Primer#1 (phosphorylated) 2 ul (15 pmol, ~150 ng)

Primer#2 2 ul (15 pmol, ~150 ng)

ddH,o 15.5 ul (to a final volume of 24 ul)

The sample reaction contained the followings:

DNA 0.5 pmol of template

10x mutagenesis buffer 2.5ul

dNTPs mix 1ul of 25 mM

Primers (side-directed mutagenesis) 15 pmol of each primer
ddH,o to a final volume of 24 ul

Then 1 ul of ExSite DNA polymerase blend (5 U/ul) added to each reaction tube,
overlaid with 20 ul of mineral oil.

2.2.2A II) Cycling Parameters

As shown in table 2.2, the following cycling parameters were used for PCR reaction in
the site-directed mutagenesis procedure. Because of PCR negativity of some samples,
different annealing temperatures between 50° to 56° were applied.

2.2.2A III) Digestion and polishing the product

Following the PCR, the reactions were cooled on ice for 2 min. Nonmutated plasmids
were subsequently digested by Dpn 1. The addition of 1 ul (10U/ul) of Dpn I, 0.5 ul (2.5

Ulul) of Pfu DNA polymerase (to remove extended
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PCR

Template DM\ I(P[I(ﬂlt P
Don I restriction enzyne

zPfu INA polymerase

A IMligase

Tiasfom E coli

Figure 2.1 A diagram on the basis of ExSitel'l PCR-Based Site-directed mutagenesis. (Taken from:
http://www.stratagene.com/displavproduct.asp).

The ExSite method uses increased template concentration. The resulting mixture of template DNA,
newly synthesized DNA and hybrid parental/newly synthesized DNA is treated with Dpn 1 and Pfu
DNA polymerase. Dpn I digests the in vivo methylated parental template and hybrid DNA, and Pfu
DNA polymerase polishes the ends to create a blunt-ended PCR product. The end-polished PCR

product is then intramolecularly ligated together and transformed into E. coli.
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Table 2.2: PCR cycling parameters

Step Cycle Temperature Time
1 1 94° 4min
50° 2min
72° 2min
2 8 94° Imin
50° 2min
72° Imin
3 1 72° 5min

3’ extension at the end of PCR products) below the mineral oil. Digestion was carried out
by incubation at 37° for 30 min. The reaction was then incubated for 30 min at 72°, The
Dpn I- cloned Pfu DNA polymerase-treated DNA was then ligated at 37° for 1 h with 1
ul (4U/ul) of T4 DNA ligase.

2.2.2A 1V) Transformation

The Epicurian Coli XL1-Blue supercompetent cells (kept at —70°) were thawed gently on
ice for a few min. 80 ul of cells aliquoted to a Falcon® 2059 polypropylene tube, 2 ul of
ligase-treated DNA added to cells, swirled, and incubated on ice for 30 min. For control
transformation, 0.1 ng of pUC18 transformation control plasmid added to cells, swirled
and incubated for 30 min on ice. Then, thevtubes were heat pulsed for 45 s at 42° and then
placed on ice for 2 min. Then the entire volume of transformed cells plated on LB-
ampicillin agar plates that have been spread with 20 ul of 10% (w/v) X-gal prepared in
dimethylformamide (DMF) and 20 ul of 100 mM IPTG prepared in filter-sterilized dH,0,

incubated overnight (> 16 h).
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2.2.2B) Small Scale Plasmid Preparation (Mini-prep)

After checking the control plasmid (which should appear as blue on agar plates
containing IPTG and X-gal), white colonies of transformed bacteria were inoculated into
2-3 ml of LB broth containing ampicillin at 100ug/ml and incubated in a shaker at 37° C
overnight. One ml of the overnight culture was transferred to a 1.5 ml eppendorf tube and
centrifuged at 13,000 rpm for 30 seconds. The pellet, after decanting the supernatant, was
resuspended in 100ul of ice cold solution (I) and left at RT for 5 min. 200ul of freshly
prepared solution (II) was added, mixed gently and left on ice for 2-3 min. 150ul of
solution (III) was added, mixed by few inversions, left on ice for 2-3 min. 150ul of
phenol/chloroform was added to the mixture, vortexed and centrifuged at 13,000rpm for
3-5 min. The aqueous phase was transferred to a fresh tube, 800ul of 100% ice cold
ethanol was added to precipitate the plasmid DNA and centrifuged for 10min. The pellet
was then washed with 70% chilled ethanol, air dried and finally resuspended in 50ul
dH;0 containing RNase at 20ug/ml to remove any contaminating RNA.

2.2.2C) Restriction enzyme digestion

Restriction digestion of plasmid DNA was carried out to confirm successful cloning. The
standard mixture consisted of 1.5ul 10X restriction buffer (B), 0.2ul (2 U) of each
restriction enzyme (EcoR1 and Hind-III), 2.5-5ul plasmid DNA and dH,0 to a final
volume of 15ul. The digest mixture was then incubated at 37° C for 2-3 hr.

2.2.2D) Large Scale Plasmid DNA Preparation

Large scale plasmid preparations were performed to purify plasmid DNA, using the
QIAGEN midi kit. 0.5 ml of the overnight culture, of confirmed clones, was added to

50ml L-broth containing 100ug/ml ampicillin and incubated overnight at 37° C. The
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culture volume was divided into two equal parts which were spun at 3,000rpm for 15 min
at 4° C. One of the cell pellets was stored at —20 ° C, while the second was resuspended
by vigorous vortexing in 4ml of buffer P1. 4ml of buffer P2 was added and mixed gently
by several inversions. After 5 min incubation at RT, 4ml of chilled buffer P3 was added
and mixed gently. The lysate was poured into the QIAfilter cartridge with screw cap on
and incubated at RT for 10 min. At the meantime, QIAGEN-tip 100 was equilibrated
with 4ml of buffer QBT. The lysate filtrate was then transferred from QIAfilter to the
equilibrated QIAGEN-tip and left to drip by gravity flow. After all the lysate filtrate had
dripped through the QLAGEN-tip, the resin tip was washed twice with wash buffer QC.
Elution of the plasmid DNA from the resin tip was finally achieved by addition of 5ml
elution buffer QF. The plasmid DNA was precipitated by the addition of 3.5ml
isopropanol followed by centrifugation at 11,000 rpm (Sorvall SM24 rotor) for 30 min at
4° C. The pellet was then washed with 70% ethanol, air dried and resuspended in 100ul
dH,0. Finally, the plasmid DNA concentration was determined by measuring the
absorbance at 260 nm.

2.2,2E) Cell culture

It i1s known that the distribution of expressed HBcAg antigen is cell cycle dependent.
Sequential thymidine and aphidicolin blocking steps produced monolayers of
synchronised Cos-7 cells. Cos-7 cells were seeded at a density of 3X10* cells per well in
a 24-well plate in growth media 12 hours before treatment with cell cycle blocking agents
(Fig 2.2). Then, media containing 2mM thymidine was substituted, and 12 hours later
cells were washed twice by PBS and refed with normal media. Transfections were carried

out after cell release, using FuGENE-6 and/or Lipofectamine Plus Transfection Reagent
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Cells platting

A .
Overnight
COS-7
+Thvmidine
x3 wash
12 h

Thymidine withdrawal

x3 wash 12 h

Transfection

+ Aphidicolin

Fig 2.2. A diagram showing sequential thymidine and aphidicolin blocking stepsfor

cell cycle synchronisation.
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methods according to the manufacturer’s instructions (see bellow). A further 13 hours
later, cells were washed by PBS twice and media containing 2.5 pg/ml aphidicolin was
added, then incubated for further 36 hours. Aphidicolin blocks cells in the G1/S phase of
the cell cycle, in which HBcAg expression is predominantly nuclear (Yeh et al., 1993).
2.2.2F) Transfection

2.2.2F I) FuGENE ™ 6 Transfection Reagent

In this method, The DNA was transfected into subconfluent monolyers of COS-7 cells on
13 mm coverslips. 1.5 ul of FUGENE was added to 25 ul of Optimum 1 reduced-serum
medium (Life Technologies, Paisley, UK), followed by 300-500 ng of DNA, incubated
for at least 15 min at RT. Then, this mixture was added to the adherent subconfluent
COS-7 cells in 24 wells plate each well contained 1 ml DMEM, incubated at 37° C at
various timescales according to cell cycle blocking protocol.

2.2.2F II) LIPOFECTAMINE™ PLUS Reagent

25 ul of Optimum reduced-serum medium (Life Technologies, Paisley, UK), inserted into
a clean sterile 1.5 ml eppendorf tube followed by 200-300 ng of plasmid DNA, mixed
and then 4 ul of PLUS Reagent added, mixed again and incubated at RT for 15 min. In a
separate 1.5 tube lul of LIPOFECTAMINE™ Reagent added to 25ul of Optimum,
mixed. The contents of pre-complex DNA combined to the diluted LIPOFECTAMINE™
Reagent tube, mixed and incubated at RT for 15 min. This mixture added to each well
containing fresh medium (0.2 ml) incubated at 37° for 3 h.

After 3 h, the medium volume increased to normal volume and incubated at 37° in
different timescale according to cell cycle protocol. Different reagents and volumes used

in this protocol summarized below.

108



Chapter2 Materials and Methods

DNA (ug) 0.2-0.3

PLUS Reagent (ul) 4

Optimum (ul) 25

LIPOFECTAMINE Reagent (ul) 1

Transfection Medium (ml) 0.2

Transfection Volume (ml) 0.256
2.2.2G) FACS Analysis

Cell cycle status of cultured cells was determined by flowcytometry of permeabilised
cells that were stained with propidium iodide (PI). Cos-7 cells were dissociated with
EDTA at the appropriate time post-transfection and resuspended in PBS. Samples were
centrifuged at 1500 g for two minutes, then cells were fixed with 70% ethanol. After
fixation on ice for 20 minutes, cells were centrifuged, washed once with PBS and
centrifuged again. Pelleted cells were resuspended in 1 ml of a solution contained 100X
Triton, PI, and RNase. After 30 minutes incubation at room temperature, the total DNA
contents was analysed by Becton Dickinson FACScan instrument with CellQuest
software (Becton Dickinson, San Jose, CA).

2.2.2H) Immunofluorescence

Transfected cell monolayers on coverslips were washed twice with PBS. The cells were

then fixed with ice cold methanol (at RT for 10 min), washed three times with PBS and
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permeabilised with 0.5% triton-X100 in PBS. The permeabilised cells were rinsed twice
with 0.05% Tween in PBS and incubated with rabbit anti-core polyclonal IgG antibody at
RT in a moist dark box. After washing, the cells were further incubated with FITC
conjugated goat anti-rabbit IgG as secondary antibody at 1:64 dilution, incubated for 45
min. After three washes, the coverslips were dried carefully and mounted on glass slides
with a drop of Citifluor, a glycerol/PBS solution.

2.2.2F) Confocal Microscopy

Localisation of core protein was studied using confocal microscopy. Then cell samples
were examined in a Zeiss LSM510 confocal microscope with laser excitation line at
488nm. The microscope was a Zeiss Axiplan with either a 40X or 63X oil immersion
objective lens. Data sets were processed with the Laser Scanning Microscope (LSM 510)

software.
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CHAPTER 3 - Core Gene Variability, Geography and Ethnicity

3.1 Aims of study

Although "core aa substitution" was reported in many studies, some of these variants are
actually the consensus sequence from other genotypes. However, in view of the heterogeneity
of HBYV strains, it is difficult to determine whether core gene substitutions, recorded in the
literature (in addition to those characteristic of genotype), only once represent naturally
occurring variants or an immune-selected mutation in individuals. The aims of this study
were: to characterise the core gene variability in diverse geographic regions and ethnic
groups; to determine subtype/genotype-specific variants; and to specify country/ethnic-
specific variant. The current work can be divided into two parts. In the first, Sera from 91
HBsAg positive patients from 9 countries, including 49 samples from California (39 from
Asian origin persons living in California and 10 from Caucasians), 12 from Italy, and 10 each
from Scotland, India, and the Pacific (Table3.1.1) were analyzed by sequencing the core
gene. All were positive for HBsAg with a variety of clinical features and HBeAg/anti-HBe
serological status. The Asian-origin samples from California were previously sequenced for a
pre-core variability study (results not shown). These findings then were compared to
sequences of known geographic origin in the database to confirm the associations.

Unique sequences were obtained from the Pacific group at both aa and nucleotide level, (first
part of this chapter), leding us to more investigation on core gene variability in this area. We
selected randomly 58 samples from HBV-infected patients from 4 different islands. HBV
isolates from C and D genotypes were identified. Genotype C is predominant in Vanuatu, Fiji
and Tonga, while D is the dominant genotype in Kiribati. HBs Ag positive samples were
collected from four Pacific islands (Table 3.2.1): Kiribati (14), Vanuatu (14), Fiji (15) and
Tonga (15). Geographically, these islands are located as follows: Kiribati in Micronesia; Fiji

and Vanuatu in Melanesia; and Tonga in Polynesia (Fig 3.2.1). They were chosen from a
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previous study of surface variability and correlation with the history of human populations
and immigration patterns of the Pacific region (Basuni 2001).

PCR was employed to amplify the C and S genes, followed by direct sequencing using a
variety of forward and backward primers to eliminate sequence variation caused by possible
errors of Taq polymerase. The nucleotide sequences were then edited and assembled using
Sequence Navigator software. We already knew the genotype as this had previously been
characterised by surface gene sequencing. Comparative sequence analysis to detect important
nucleotide changes and motifs was performed using the BioEdit Package version 5.0.9.
Tables showing alignments of amino acid and nucleotide sequences are shown in the
-appendices at the back of this thesis.

3.2 Results

3.2-a) Phylogenetic Analysis

Figures 3.1.1, A and B show that sequences grouped into 6 major clusters. Four of these were
occupied by genotypes A to D. Pacific sequences composed 2 additional clusters (in both C
and S trees), one in genotype C and one in D. Compared to the rest, the most homogeneity
was observed in Pacific sequences. In genotype D strains, most of the Indian sequences
comprised a sub-cluster in the C tree. Similarly, a majority of the strains found in Scotland
and the USA (genotype A), were homogenous in both C and S trees. The phylogenetic trees
constructed based on S and C genes revealed that the topological features of all strains except
of A4, AS, 154 and 1113 in the phylogenetic trees were identical. The C gene of AS belonged
to genotype B, whereas, the S gene belonged to genotype C (the Pacific adrqg-). Similarly,
strains 154 and 1113, based on core sequencing had genotype D, whereas, the S genes were
genotype A. In one genotype D cluster, there were 2 Western-derived samples amongst
Indian sequences. These samples showed homology at the amino acid level; however, there

was a substantial amount of synonymous nucleotide variation (Tables A.L.1 and A.L.2).
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3.2-b) Genotype/Subtype-specific Nucleotide Substitution

At the nucleotide level, it was possible to identify unique variants for subtypes adw2
(belonging to genotypes A and B), ayw1, ayw2, adr and adrq- (there was no ayr subtype in
the sequences studied). Overall, 37 genotype specific nucleotide substitutions in 26 positions
were found (Tables 3.1.3 and A.L.2), of which 16 were silent (synonymous) and 21 were
missense (non-synonymous). Of 37 variations, it was possible to define 9 unique nucleotide
variants for specific subtypes: C,z1 and Gsq for ayw2; Csa for ayw3 strains; Teg, G7s and Gy7s
for adrq-; and Cygo for adrq+. Ayss was characteristic for adw2 and A4o4 Was characteristic for
aywl, both belonging to genotype B. Our results concurred with those of sequences in
databases.

3.2-c) Amino acid Substitutions and Genotype/Subtype

The amino acid residue at 9 codons (27, 59, 67, 74, 83, 87, 91, 97 and 116), and an insertion
at amino acid position 152, allowed allocation of a specific subtype (Table 3.1.4). Of these 9
residues, the following were characteristic for genotypes and their corresponding subtypes:
N74 and N87 in adw2 genotype A (adw2); F97 and 1116 in genotype D (ayw2 and ayw3
strains); V59 and 191 in genotype C strains (for adrg-). All sequences which encoded adw2
(genotype A) had a 2-codon insertion corresponding to amino acid 153 and 154 in the core
gene, independent of origin. The most divergent residues were amino acids 74 and 91 with 5
and 3 possible variant amino acids respectively. Tables A.I.1 and A.I.2 show amino acid and
nucleotide alignment of all HBcAg sequences in the countries studied, respectively. Most
amino acid substitutions involved the HLA-restricted CTL, T helper and B cell epitopes,
irrespective of HBV subtypes (Table 3.1.4; see chapter one table 1.3).Genotypes A (adw2
subtype) and D sequences had 5 amino acid substitutions in common at residues 12, 27, 67,
83 and 91, which were not present in other strains. Distinguishing adw2 (genotype A) and

ayw2 was possible by examination of residues 74, 87, 97, and 116 (Table 3.1.4), confirming
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that substitutions in these positions alone explain d/y variation in the C gene. The most
heterogeneity was seen in ayw2 strains derived from Indian, Italian, Pacific island and
Scottish patients (Table A.L.1). Residue 74 showed the most discrepancy between countries in
which ayw2 is common: T in Pacific, V in Scottish and Italian, and G in Indian. At the amino
acid level, the core gene sequences belonging to adw2, ayw1 (both belonging to genotype B)
and adrq+ did not show any unique amino acid substitution (however, see nucleotide results).
Interestingly, with the exception of two samples, all strains with 97L (instead of I) were
HBeAg negative or had a pre core stop codon, Ajggs (results not shown).

3.2-d) Country-Specific Changes

A specific motif, consisting of S12, 127, N67, S74, E83 and V91, was observed in a majority
of samples from South-east Asia and the Pacific irrespective of HBV genotype, but not in
core sequences from other regions studied (Table 3.1.5A). Similarly, Western-derived
sequences (USA-Caucasian, Scotland and Italy) shared a specific motif at the same residues,
but with different amino acids: T12, V27, T67, N/V74, D83 and T91 (Table 3.1.5A). This
pattern seemed slightly different at amino acid position 74 in which all variation depended on
genotype: N74 in genotype A and V74 in genotype D. This finding was strengthened by
analysis of the nucleotide sequence (Table A.I.1). In both populations, 19 unique nucleotide
changes were found, of which 8 were missense changes for 6 amino acid residues (Table
3.1.5-B). There were nine Indian and nine Italian strains of genotype D, subtype ayw2. One
sequence (represented by six examples) dominated in each country; the remaining three
sequences were represented by one example each (Table A.L.1). Further, the five Scottish
strains of genotype D, subtype ayw2 or ayw3, were identical to the majority strains in India
or Italy, while all the Pacific-derived strains of genotype D were unique and identical.

Seven amino acid positions allowed definition of a particular country’s genotype D sequence.

In the Pacific all sequences belonging to ayw2 contained A35, D40, and T74; V59 and 191
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was observed in a majority of adrg-strains from that region. I80 was seen in Indian sequences
and G87 in Korea (Table 3.1.6). The most heterogeneity was seen in ayw?2 strains derived
from Indian, Italian, Pacific island and Scottish patients. Residue 74 showed the most
discrepancy between countries in which ayw2 is common: T in Pacific, V in Scottish and
Italian, and G in Indian (Table A.L.1).

However, there were additional synonymous nucleotide substitutions that were characteristic
for specific countries in our study (Table 3.1.6). For example, in a majority of samples from
India, we observed Ti,, Css, Ts7, A111, Gi32, A23s, Gass and Tag;. In all strains belonging to
ayw2 from the Pacific region, we observed Tes, G7s, G103, Gios, T120, A1se, C221 and Tass. Asgn
and C,g9 were characteristic for Italian and Korean sequences respectively.

Finally, subtype-related specific nucleotide variations were observed in a majority of samples
from specific countries. In keeping with the amino acid sequence, the ayw2 subtype
contained the most nucleotide divergence (Table 3.1.7): 16 nucleotide substitutions were
unique in ayw2 sequences from India, 10 from Pacific, and 2 from Italy. The same
heterogeneity was observed in adrq+ and adrg- strains (Table 3.1.8): all Pacific strains with
adrg- subtype showed 5 specific changes. Ajsg and Cig9 were unique in adr strains from

Chinese and Korean sequences respectively.
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Fig. 3.1.1- Neighbour joining phylogenetic trees of core (A) and surface (B) genes sequencesrom 91

HBcAg samples. Note: C and S gene trees rooted with sample 198 and U8, respectively. The figue shows

bootstrap values of 270% and scale denotes percent diversity. Coding numbers indicate samples hat have |

been analysed in the figure. Because of unavailability of DNA materials, we did not sequence the ; gene of

Indian samples. Scotl=Scotland; Pacif=Pacific and Vietn=Vietnam.
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Table 3.1.1: Origin of 91 HBsAg positive sera that were used as the source for HBcAg sequencing.

Country Number of Samples
South-East Asia
( China 20
Californian samples | Korea 8
] Japan 5
 Vietnam 6
Pacific 10
Caucasian
USA 10
Scotland 10
Italy 12
India 10
Total 91
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Accession Identification Origin Subtype Genotype
Number

M57663 pFDW294 Philippines adw2 A
X02763 PHBV3200 USA adw2 A
X51970 HBV991 Germany adw2 A
X70185 HBV-A938 Germany adw?2 A
AF297624 Isolate 656 Africa adw2 A
V00866 PHBV933 USA adw2 A
735717 pHB614 Poland adw2 A
X97850 Patient-4 China adw2 B
X97851 Pateint-6 China adw2 B
AB033554 RTB299 Indonesia adw2 B
ABO033555 PAD744 Indonesia adw?2 B
AF121249 AF121249 Vietnam adw2 B
AF282917 HBV-B, China adw2 B
AF282918 HBV-B; China adw2 B
AB031261 HBYV Vie A-2 Vietnam adw2 B
AB031263 HBYV Vie A-5 Vietnam adw2 B
AB031264 HBYV Vie F-1 Vietnam adw2 B
AB031262 HBYV Vie A-3 Vietnam adr C
AB031265 HBYV Vie F-2 Vietnam adr C
ABO033553 SK619 Indonesia adw C
D50489 HPBA11A Japan adr C
L0880S HPBETNC Japan adr C
D16666 HPBESSA Japan adr C
S75184 S75184 Japan adr C
AF241411 8290 Vietnam adr C
AB031260 HBYV VieA-1 Vietnam adr C
X52939 HBYV prex China adr C
M38454 pADR-1 China adr C
M38594 M38594 Korea adr C
M38636 pHBV107 Korea adr C
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X04615
X14193
D12980
D00630
X01587
D00331
X75656
X75665
AB033557
AF121240
AF121242
ABO033558
AB033559
X65258
X59795
X02496
AJ131956
L27106
X72702
X85254

pYRB259
pADRm
SRADR
pHBV330
pHBVadr4
pAK66
HHVCCHA
HHVBC
pIWK146
HBV/94-11066
HBV/98-1218
JYW796
JYW310
HBVAYWCI
HBVAYWMCG
pHBV320
AJ131956
HPBMUT
HBVORFS
HBVPRESS12
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Japan
Korea
Japan
Japan
Japan
Japan
Polynesia
New Caledonia
Indonesia
Vietnam
Vietnam

Japan

Papua New Guinea

Italy
Italy
Latvia
Germany
Israel
Germany

Italy

Note: Each sequence is listed under accession number.
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Table 3.1.3: Unique C-gene nucleotide differences which permit subtype classification.

Nucleotide Subtype (genotype)

Position adw2(A) adw2(B) aywl(B) adr(C) adrg-(C) ayw2(D) ayw3(E

66 C C C C T C C
75 T T T T G T T
81 C T T T T A A
159 T G G A A T T
174 C T T T T A A
175 A A A A G A A
180 C G G G G T T
204 A A A G G A A
221 A G G G G T/G/C T
249 T A A A A C C
260 A G G G G G G
289 A A A A/C A T T
324 T T T T T C C
342 T T T T T G/A C/A
346 C C C C C A A
390 A T T C C A A
393 C A A T T T T
396 T T T C C T T
404 C C A C C C C
454 C A C C C C C
454-459 CGG - - - - - -
insertion GAC

Note: Underlined numbers indicate the locations of the missense nucleotides. Nucleotides are represented

by single letters and numbered from the beginning of HBcAg.
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Table 3.1.4: The most frequent differences in HBc Ag amino acid sequences between subtypes.

Subtype/

Genotype CD8 CD4 CDS

27 59 67 74 83 87 91 97 116

adw2/A \Y% I T N D N T I L
adw2/B I I N S E S \% I L
aywl/B I I N S E S \% I L
adr/C I I N S E S \% I L
adrq-/C I \% N S E S V/1 I L
ayw2/D \% I T G/T/V D S T F L1
ayw3/D \% I T \% D S T F I

Note: CD4 = CD4 recognized epitope. CD8 = CD8 recognized epitope. Each variation was found in a
majority of strains from each subtype and the combination was unique for that subtype. Numbering of

amino acid in bold is from the beginning of HBcAg.
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Note: A, specific amino acids, and B, specific nucleotides found in Southeast Asian (red coloured) and Caucasian populations (blue coloured). Amino acids are

numbered from the beginning of the HBcAg, and nucleotides numbered from the HBcAg, using the single letters. Bold letters and numbers indicate missense

mutations.



Chapter 3 Core Gene Variability and Ethnicity

Table 3.1.6- Unique HBcAg amino acid and nucleotide changes in specific countries.

Country  Amino Acid Position Nucleotide Position
India 180 T 12-C55-T57-A 111-G 132-A238-G255-T 291
Pacific A35-D40-V59-T74-191 T66-G75-G 103-G 105-T 120- A 189-C 221-T 255

Italy A342

Korea G887 C289

Note: Amino acids and nucleotides are numbered from the beginning of the HBcAg. using the single

letters code.
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Table 3.1.7- Correlation of nucleotide sequences of C genes of ayw2 strains between different

geographic regions.

Subtype Region 12 55 57 75 78
ayw?2 India T C T A A
ayw?2 Pacific C T G T C
ayw?2 Italy C T G T A
Subtype Region 138 189 207 221 228
ayw?2 India A G C G A
ayw?2 Pacific G A T C G
ayw?2 Italy G G T T A
Subtype Region 267 288 291 298 342
ayw?2 India T A T C G
ayw?2 Pacific C G C T G
ayw?2 Italy C G C C A

Note:Nucleotides are numbered from the beginning of the HBcAg.
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Table 3.1.8- Correlation of nucleotide sequence of C-gene of adrq+ and adrq- strains between

different genotype C-regions.

Nucleotide Position China Japan Korea Pacific
(adrg+) (adrq+) (adrq+) (adrq-)

~66 C~ C C T

75 T T T G

105 T T T A

255 A A A T

258 A C C C

271 G G G A

289 A A C A
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Chapter 3.2

3.2.1 Aims of Study

As mentioned earlier, a pilot study (Chapter 3.1) revealed that specific motifs (aa and
nucleotide) were defined for the Pacific regions (both genotypes C and D), but we now
intended to study this in greater depth. Unique sequences obtained from the Pacific group at
both aa and nucleotide levels (first part of this chapter), led us to more investigation on core
gene variability in this area. We selected randomly 58 samples from HBV-infected patients
from 4 different islands. HBV isolates from C and D genotypes were identified. Genotype C
'is predominant in Vanuatu, Fiji and Tonga, while D is the dominant genotype in Kiribati.
HBs Ag positive samples were collected from four Pacific islands (Table 3.2.1): Kiribati (14),
Vanuatu (14), Fiji (15) and Tonga (15). Geographically, these islands are located as follows:
Kiribati in Micronesia; Fiji and Vanuatu in Melanesia; and Tonga in Polynesia (Fig 3.2.1).
They were chosen from a previous study of surface variability and correlation with the
history of human populations and immigration patterns of the Pacific region (Basuni 2001).
Amplifying of C and S genes carried out by PCR, followed by direct sequencing. After
construction of simple Neighbour-joining Trees based on core and surface proteins further
phylogenetic trees were constructed using sequences from the database. Genotypes C and D
strains from the database and from chapter 3.1 (C gene variability and ethnicity) were also
included for comparison. Tables showing alignments of amino acid and nucleotide sequences
are shown in the appendices at the back of this thesis.

3.2.2 Results

3.2.2A Genotype and subtype prevalence in Pacific islands

Table 3.2.1 shows the distribution of genotypes and subtypes of strains studied from

individual islands. The following preparations were genotype D: in Kiribati, 13 out of 14; in

Fiji, 5§ out of 15; in Vanuatu, 1 out of 14; and in Tonga, 2 out of 15. The remaining sequences
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were genotype C. Subtype adrg- was the main subtype in genotype C-occupied islands while
ayw?2 was the prevalent one in Kiribati.

3.2.2B Genotype/subtype-specific substitutions common to Pacific region
‘Tables A.I.3 to A.I.14 show the complete aa and nucleotide sequences of all four Pacific
island strains (see Index, BioEdit tables). Comparing genotypes C and D, there were 11 aa
variations at 10 positions (Table 3.2.2): S/T12, I/'V27, A/S35, D/E40, I/'V59, N/T67, S/T74,
D/E83, I/V/T91 and F/197. These variants were not island-specific with the exception of V91
found only in Vanuatu.

It was also possible to identify nucleotide variants for genotypes C and D, subtypes adrg- and
ayw2 (Tables A.L12 and A.L.14). Overall, 90 genotype/subtype-specific nucleotide
substitutions in 45 positions were found (Table 3.2.3), of which 67 were silent. 23 were
missense (genotype specific) in the 10 positions detailed above. Interestingly, a majority of
adrq- strains derived from Vanuatu (but not other islands) contained nucleotide variants
identical to ayw (genotype D) in 4 positions: 78, 138, 234 and 255.

3.2.2C Substitutions that distinguish specific islands

Island-specific nucleotide variants were identified which increased or decreased in frequency
from West to East (from Vanuatu to Fiji and on to Tonga) (Figure 3.2.1, table 3.2.4).
Nucleotide changes at positions Csg, T109, Ci14, Ga2ss and Tye7 were found in a majority of
strains from Tonga. On the other hand, changes including C;s, T234 Az46, A2ss, G271, C3sa, Cses,
Ayss and Gs)p were predominant in Vanuatu. However, no island-specific nucleotide variants
were detected in Fiji and Kiribati. All nucleotide changes that were specific to an island
group, except Gy7; (Which corresponded to residue V91 in Vanuatu), were silent mutations.
There were six strains from Tonga (3309, 3415, 3417, 3419, 3428 and 3629) and four from
Vanuatu (5017, 5022, 5230 and 5072) of genotype C, adrq- subtype, which showed high

variability at the nucleotide level compared to other Pacific strains (Tables A.I.8 and A.L.10.
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However, in genotype D-studied strains, the only major heterogeneity was seen in isolate
2143 from Kiribati (Table A.L.6). All these strains originated from different cities in each
.island with various HBeAg/anti-HBe status.

3.2.2D Comparison with international database

Choosing the correct reference sequence is mandatory, especially in cross-sectional studies,
otherwise over- and/or under-estimations can occur. The adrq- subtype is rarely found in
.Genbank; of eight available, six were submitted as part of our previous study (Jazayeri et al,
in press) and two isolates (HMA and Cha), published by Norder et al., (7), constituted our
reference sequences. No ayw sequence from Pacific (excluding this study) has been reported
in Genbank. We chose one genotype C from a Chinese (A35) and one Indian genotype D
(0123), both from our pilot study for comparison between corresponding Pacific strains. For
genotype C, there were 2 amino acid and 12 nucleotide variations between our predominant
Pacific genotype C sequence and A35 (Chinese reference) (Table A.I.11 and A.L12).
However, in genotype D, we found 5 amino acids and 30 nucleotides different between our
Pacific D and 0123 (Table A.1.13 and A.1.14).

3.2.2E Phylogenetic Analysis

3.2.2E-1 Genotype C Tree

Figure 3.2.2 shows that all the genotype C sequences, from the pilot study (green codes),
database (blue codes) and adrg- strains (from this study, red codes), grouped into two major
clusters. The first is completely occupied by Pacific adrq-, including one of the database
sequences, X75656 (7); a majority of strains belonging to Vanuatu composed a major sub-
cluster. The second cluster contains adrq+ sequences (including from the database) derived

mainly from S.E Asian populations, which are heterogeneous.
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3.2.2.E-1I Genotype D Tree

Figure 3.2.3 shows alignment of all genotype D sequences. They grouped into 2 major
clusters. The first, similar to the genotype C tree, was entirely made up of Pacific strains (red
codes). The second cluster contained two sub-clusters: the first had those from Western
populations (a majority from Europe); the second had a combination of Asian and a few
European sequences. Inside the Euro-Asian cluster, there was an Indian sub-cluster. Unlike
genotype C, the Pacific genotype D shows relative homogeneity with only a few nucleotide
mutations, indicating that genotype D arrived recently in the Pacific as a relatively
‘homogenous population. We have been unable to identify a likely source of this migration in

this study.
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Fig 3.2.1- Pacific map showing boundaries of the Pacific islands and surrounding countries. Fiji and

Vanuatu located in Melanesia, Tonga and Kiribati located in Polynesia and Micronesia, respectively.
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Table 3.2.1- Origin and Distribution of HBsAg positive sera that were used in this study as well as

genomic/subgenomic identification of Pacific islands strains.

Island Sample  Genotype Subtype Island Sample  Genotype  Subtype
Code Code

Fiji Vanuatu
0142 C adrq- 5022 C adrg-
0143 C adrqg- 5072 C adrg-
0314 C adrq- 5073 C adrq-
0349 C adrq- 5075 C adrqg-
0480 C adrg- 5081 C adrq-
0550 C adrqg- 5093 C adrg-
0800 C adrq- 5114 C adrg-
0880 C adrg- 5311 C adrg-
0026 C adrq- 5186 C adrqg-
0075 C adrg- 5230 C adrq-
0078 D ayw2 5264 C adrqg-
0079 D ayw2 5265 C adrq-
0092 D ayw?2 5017 C adrq-
0456 D ayw?2 5029 D ayw?2
0470 D ayw2

Tonga Kiribati
3415 C adrg- 2080 C adrqg-
3417 C adrq- 2006 D ayw?2
3097 C adrq- 2007 D ayw2
3419 C adrqg- 2019 D ayw2
3428 C adrq- 2119 D ayw2
3629 C adrqg- 2127 D ayw2
3099 C adrqg- 2317 D ayw?2
3221 C adrqg- 2483 D ayw2
3365 C adrqg- 2109 D ayw2
3369 C adrq- 2110 D ayw2
3519 C adrq- 2117 D ayw2
3309 C adrq- 2143 D ayw?2
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3509 C adrq- 2039 D
3414 D ayw2 2084 D
3343 D ayw?2

Note: 10 of the above samples had been used in the pilot study (see tables A.I.1 andA.L.2).
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Table 3.2.2. The most frequent differences in core gene amino acid sequences between

genotypes/subtypes of the Pacific region.

Amino acid Genotype D Genotype C
Position Subtype ayw Subtype adrg-

12 T S

27 \Y% I

35 A S

40 D E

59 I \Y%

67 T N

74 T S

83 D E

91 T v*
97 F I

Note: Each specific amino acid was found in a majority of strains from each genotype/subtype and the
combination was unique for that genotype/subtype. Amino acids are represented by single letters and are
numbered from the beginning of the core gene.

V* was only seen in adrq- strains from Vanuatu.
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Table 3.2.3. Unique C-gene nucleotide differences which permit genotypes C and D classification.

Nucleotide  Genotype D  Genotype C Nucleotide Genotype D Genotype C
Position Subtype ayw  Subtype adrqg- Position Subtype ayw Subtype adrq-

34 A T 200 C A
51 G T 204 A G
66 C T 219 T A
75 T G 221 C G
78" C T 228 A G
79 G A 234 T C
81 A - 243 T C
90 T C 249 C A
93 A C 250 C T
96 T C 255" A G/T
103 G T 272 C T
105 G A 288 G A
120 T G 289 T A
135 T G 308 T C
138° G A 324 C T
159 T A 342 G T
174 A T 348 A T
175 A G 387 C T
180 T G 390 A C
183 C T 396 T C
189 A T 418 C T
192 A G 435 G A
193 C T
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Note: Nucleotides are represented by single letters and numbered from the beginning of the core gene.
Dash lines represent no variant specified for that position. Bold numbers and letters indicate amino acid
altered positions (missense mutations).

*: A majority of adrqg- strains from Vanuatu had Css.

A majority of adrq- strains from Vanuatu had C, 3.

1: adrq- strains from Vanuatu contained T3,

t: A,ss seen in a majority of samples from Vanuatu despite belonging to adrq- subtype.
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Table 3.2.4. Nucleotide differences between prevalent strains in Fiji, Tonga and Vanuatu.

Nucleotide Vanuatu Fiji Tonga
Position/changes

C36T 2 2 9
C78T 10 1 1
T109C 1 2 9
C114T 0 4 15
G138A 11 1 1
T234C 11 0 1
A246G 11 1 1
G255T 0 2 7
A255T 9 1 0
T267C 0 2 9
G271A 12 1 0
C354T 11 2 0
C366T 11 1 0
A454C 7 2 0
As501G 11 5 0
G510A 11 2 0
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Fig 3.2.2. Neighbour joining phylogenetic tree of core gene sequences of genotype C from Pacific
adrq- strains (red colour), adr subtypes from the chapter 3.1 (green colour) and database (blue
colour) strains rooted with samples I98. Figure shows bootstrap value of 70% and scale denotes

percent diversity.
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Fig 3.2.3. Neighbour joining phylogenetic tree of core gene sequences of genotype D from the Pacific
(red colour) and chapter 3.1 (green colour) and database (blue colour) ayw strains, rooted with
samples 198. A majority of Indian sequences which form a separate sub-cluster in the Euro-Asian

set, are indicated. Figure shows bootstrap value of 70% and scale denotes percent diversity.

v 143



Chapter 3 Core Gene Variability and Ethnicity

0.1

0076 A
- 0052
0018
0123 > Indian
85 _ 0094
100 (062
L 0098
93 -  AF121242 Euro-
AF121240 \
- 825
100 - AF280817
2155
M 32138
0081

Asian

- 0083
" 3
*7.13 J
139

— X97848 A
2 X80925
X72702
Ul
159
X65258
154
169 European
76: 144
1118
Al1131956
7.29
1113
138
L U95551 J
r- 2117K A
92 2143K
2483K
r 3414T
—2084K
— 0470F
2110K
2006K
0026F
2038?561: Pacific
5029V
i2109K
'2019K
2119K
3343T
2007K
2127K
0092F
2317K
0079F J

100

96

198

744



Chapter 3 Core Gene Variability and Ethnicity
3.3 Discussion

The prevalence of hepatitis B in South East Asia and western Pacific (except in Australia,
New Zealand and Japan, where the mean carrier rate is less than 2%, see chapter 1.4) is
amongst the highest in the world; more than 75% of the world’s chronic carriers are
living in such densely populated regions (Maynard et al., 1989). Since the world-wide
distribution of HBV follows a geographic pattern (Norder et al., 1993b), there may be a
strong influence of ethnic background, perhaps driven by T-cell selection, on this
distribution, reflected by divergence of amino acid substitutions within certain regions of
the core gene (Bertoletti et al., 1991; Zampino et al., 2002).

HBV antigenic subtypes generally reflect the country or regions of origin (Couroucé-
Pauty et al., 1983). However, there are a number of confounding factors. First, some
subtypes are not geographically localized but are worldwide. Second, there are
differences in HBV strains between native and foreign carriers in each geographic area
(Couroucé-Pauty et al., 1983); this means that genetically homogenous HBV strains
cannot simply be presumed to be linked epidemiologically. Third, some subtypes are
genetically heterogeneous and belong to more than one genotype (see chapter 1.5, table
1.2) (Norder et al., 1992). Knowing the degree of HBV variation to be expected in a
certain community could be useful in epidemiological investigations (Blackberg et al.,
2000).

Our comparison of 139 new complete core genes and those in databases verified that
amino acid/nucleotide specific substitutions correlate with both ethnicity and HBV
genotypes/subtypes. Motifs and specific individual mutations were observed that
correlated with broad ethnic background, country, genotype and subtype. Our finding that
HBcAg variability was distributed geographically was entirely consistent with Norder’s
study of S genes (Norder et al.,, 1993b). Moreover, construction of phylogenetic trees

(Figure 3.1.1), of C and S genes showed an almost identical pattern of HBV genotype
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distribution. Some samples had discrepant genotype allocation based on analysis of the C
and S genes. These discrepancies were not surprising, as recombination events between
different genotypes have been described previously (Mizokami et al., 1997); between A
and C from Vietnam (Hannoun et al., 2000b), between C and D from Tibet (Cui et al.,
2002) and between B and C from different countries of South-East Asia (with exception
of Japan) (Suguachi et al., 2002). Of interest is that sample A-5 came from Korea, where
recombination between genotypes B and C has been reported, designed as genotype Ba (a
for Asia). This is in keeping with Suguachi’s study (Suguachi et al., 2002). In our study,
recombination between A and D was found in two Italian sequences (Figure 3.1.1).
Below, we briefly discuss some aspects of our findings.

Comparisons of our data with HBcAg sequences in databases (except aywl strains, of
which there were no examples) were almost entirely consistent. In other's work, codon 97
showed the highest variation (Yuan et al., 1999, 2000); however, here, codon 74
contained the most discrepancy between sequences. Of 9 variable residues observed
throughout the C gene, 7 were characteristic for genotypes A and D, and 2 residues were
characteristic for the adrg- subtype. As some subtypes belong to more than one
genotype, these variants may also be found in more than one genotype. Further variants
were identical in specific subtypes allowing proper categorization.

The findings at the amino acid level were mirrored at the nucleotide level. At the
nucleotide level (Table 3.1.4), the best correlation between our data and those obtained
from databases was found in genotypes A (adw2 subtype) and D strains. Because 6 of 8
adw2 (genotype B) sequences in our study were derived from Chinese patients, we
compared these to other Chinese adw sequences in the database (Chuang et al., 1993).
These were almost identical. Adrq+ strains in the databases were also very similar to

ours, but adrg- strains did not contain T7s. Tables 3.1.3 and 3.1.4 propose amino acid and
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nucleotide substitutions that are critical sites for defining genotypes and their
corresponding subtypes.

It is particularly interesting that peoples of a broad ethnic background share amino acid
substitutions in the core gene despite having different subtypes (Table 3.1.5A). This was
pérticularly true of samples from the South-east Asian (including Pacific) regions. It
would appear that there are shared host-factors, most likely immunological, which act on
these sequences despite their background subtype. Of interest is that Asian immigrants to
the USA shared identical sequences to those from the home country. In keeping, in a
large -scale study on HBV genotype distribution in the USA between different ethnic
groups, Chu et al, (2003b) found that among the patients born outside the United States,
the distribution of HBV genotypes was related to the prevalent HBV genotype in the
place of birth, and between all epidemiologic factors, only ethnicity and place of birth
were independently related to HBV genotypes. It thus appears that there are no signature
sequences in the USA, probably because of long-term, widespread importation of
sequences. One of our hypotheses was that specific ethnic groups would maintain the
virus that originated in their home country. Immigration to the USA had no effect on
Asian sequences, in keeping with circulation of HBV amongst ethnic minorities or the
likelihood that in an intra-ethnic sexual partnership, it is the Asian partner who is more
likely to be the primary infecting source (because of high prevalence rate of infection, see
chapter 1.5). Nevertheless, genotype/subtype-specific variants were identical whatever
tﬁe geographic origin.

The pattern in Western-derived sequences (including from US-Caucasians, Scotland and
Italy) was slightly different, as there were no specific substitution that correlated with
individual countries (Table A.L2). Nevertheless, a clear motif was identified that was
common to Western populations. We did not study genotype F, which is native to the

Americas.
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The Pacific region comprises a unique region of admixing of two HBV genotypes, C and
D, with specific identities which have not been identified in other regions. Adrq+ is the
prevalent subtype in South-East Asia, while adrg- is only found in Oceania. Geographical
transition from Asian adrq+ to South American adw4q- has been suggested to be via the
adrg- subtype in Oceania (Couroucé-Pauty et al., 1983). The gradient of nucleotide and
aa variations from west to east in our study (shared sequences between Tonga and Fiji
and, on the other hand, variations between Tonga and Vanuatu), are most consistent with
the hypothesis of migration of Polynesian people from Southern China through
Melanesia and Fiji and their radiation across the Pacific to fill the Polynesian triangle in
different times (Diamond et al., 1988; Hagelberg and Clegg, 1993; Redd et al., 1995,
Kayser et al., 2000). In contrast, back migration from Polynesia to Melanesia could also
be responsible for this variation gradient (see below). Of interest is that 10 strains from
Vanuatu, all genotype C isolates, constitute a subcluster in genotype C tree (Figure 3.2.2,
cluster B). However, two isolates from Vanuatu were extremely divergent and found
within subcluster A. Within the subcluster A, 6 strains from Tonga constitute a separate
branch (see Figure 3.2.2). The presence of different strains from all islands (in particular
Fiji and Tonga) in cluster A may indicate admixture of isolates in Fiji due to its
geographical location between other 3 islands (Figure 3.2.1). The gradient of nucleotide
substitutions between 3 islands in table 3.2.4 showed commonality between Fiji and
Tonga, rather than Vanuatu. This is in keeping with the history of an isolated Vanuatu.

In contrast, genotype D strains including those from databases showed that the Pacific
islands contain a unique homogenous cluster separated from other genotype D groups.
The few D sequences on other islands show a similar homogeneity, indicating recent
contact between Kiribati (which is almost an isolated island in Micronesia with limited

transfer of virus-see figure 3.2.1) and the genotype C-dominated islands. This suggests
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that genotype D arrived in the Pacific as a relatively homogenous population and has
been distributed by admixing with stable human populations (Basuni, unpublished data).
As Indian immigrants usually have genotype D, one might expect Indians to be the origin
of genotype D strains in this region. However, our results did not show such an
acquisition of these new strains by migration, there was substantial variability between
these two ethnic groups. This is best seen as the two separate clusters in figure 3.2.3. The
study on S genes by Basuni et al, also revealed no strong evidence for Indian admixture
in Pacific genotype D populations. In fact, results from our previous pilot study showed
that at the nucleotide level the Pacific genotype D sequences were closer to Caucasian
strains rather than Indian (Tables A.I.1 and A.L.2). Thus, a Pacific origin for genotype D
cannot be ruled out.

In the Pacific, the contrast between the silent mutations that predominate within Pacific
genotype C sequences and non-synonymous changes that separate Pacific from the S.E
Asian sequences is suggestive of an interaction with human genetic variants, especially
HLA, in the evolution of geographically separated HBV lineages. Once in the Pacific, no
further immune mediated amino acid selection seems to have occurred, probably because
there are only a few Pacific HLA types. On the other hand, the significant nucleotide
variability is in keeping with random mutation in isolated island population.

Overall, the high diversity for genotype C (including silent mutations) and the island-
specific sequences, suggest a long history of evolution and isolation for genotype C-
islands. In contrast, the low diversity of genotype D indicates a recent, limited, spread

over the rest of the Pacific with a single lineage.

HBcAg contains helper T cell (Jung et al., 1995) and cytotoxic T lymphocyte (CTL)
epitopes (Ehata et al., 1992; Chuang et al., 1993; Wakita et al., 1991). Different HLA

restricted CTL/T helper epitopes have been identified within the core gene which are
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capable of inducing significant T-cell responses in HBV infected patients. (Ferrari et al.,
1991; Ehata et al., 1992,1993). Previous results have suggested that epitopes for CTL/T h
recognition might be different on account of the diverse distribution of HLA antigens in
different geographic regions (Thursz et al., 1995; Thio et al., 1999). Core variation was
most likely to occur at positions within known epitopes which can tolerate naturally
occurring variants (Bertoletti et al., 1991; Ehata et al., 1994; Akarca et al., 1995; Hosono
et al., 1995; Ferrari et al., 1996; Yuan et al., 1999, 2000) i.e. residues 12, 27, 67, 74, 83,
87, 91, 97 and 116 (Table A.L.1). In keeping, a majority of nucleotide variants, either
country-specific or subtype/genotype-specific, were distributed in known dominant
epitopes including regardless whether silent or missense mutations, residues 27, CTL
(Bertoletti et al., 1991); 50-69, Th (Ferarri et al., 1991); 74-89 and 107-118, B cell
epitopes (Colucci et al., 1988; Salfeld et al., 1989). Most changes were synonymous. This
might be due to a lack of a positive selection advantage or a strong bias towards
maintaining that amino acid. The similarity in amino acid/nucleotide distribution in adw2
(genotype A) and ayw2 (genotype D) strains found in Western countries (USA-
Caucasian, Italy, and Scotland), showed that considerable constraints must exist against
HBYV variability in a particular genotype infecting a person of a particular background.
In addition, the "South-East Asian" and "Western" motifs suggests either that there is
positive selection on specific variants or that genetic drift in HBV is relatively slow
(Wilson et al., 1999). According to the almost unique amino acid variation in residues 35,
40, 59, 74, 80, 87 and 91 in particular countries (Table 3.1.6), we hypothesize that
differences in distribution of HLA antigens, or other immune genes between diverse
geographic areas (Ehata et al., 1994) (see chapter 1.7.1), probably contributed to the
selection of amino acid variation. However, primary data need to be accumulated to

investigate this issue.
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Chapter 4 In Vitro HBcAg Localisation

Subjects and study design

The third section of this thesis deals with in vitro biological effects of HBV C gene
variability. It has been shown that, after seroconversion to anti-HBe, multiple amino
acid substitutions appear in different regions of the hepatitis B core protein. It is not
known if these have any biological significance and little is known about the cellular
localisation of HBcAg variants. If sequence could be shown to correlate with
distribution of HBcAg, especially if the distribution changes with selection of
mutations in individual patients, this may give important clues to potential
mechanisms of liver damage. To address this issue, confocal microscopy was used to
visualise HBcAg cellular expression in 40 clones (including mutagenised samples)
from various stages of HB disease from patients with different HBeAg/anti-HBe
status in the presence of cell cycle blocking agents. This was correlated with sequence
variation within B cell epitopes and the C-terminus. Then, using mutagenesis, we
directly investigated the influence of these mutations on intracellular trafficking.

14 Greek patients were selected after previous characterisation of their sequential
HBYV pre-core/core sequences with known serological markers of HBV infection
(Carman et al.,, 1996). 26 clones were studied. They fell into three groups: six
patients, had a sample taken from the time when HBeAg was positive (Table 4.1.1
groupl-A, including 2 initial samples taken from the first patient, 1A' and 1A?%), plus
a second sample after anti-HBe seroconversion (Table 4.1.1 group 1-B); five patients,
were from continuously anti-HBe positive with active disease, in whom one sample
was chosen from an early period when few HBcAg mutations were apparent (Table

4.1.1 group 2-A), and a second after selection of either a pre-core stop codon and/or at
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least one HBcAg mutation (Table 4.1.1 group 2-B). Three HBeAg-positive chronic
patients provided single time-point samples (Table 4.1.1 group 3-A).

PCR was employed to detect and amplify the core gene, followed by direct
sequencing of the amplicon. Cleaned PCR products were digested with restriction
enzymes, then ligated into a eukaryotic expression vector (pRKS), transformed with
competent E.coli DHSa, and a large scale DNA preparation was obtained and then
sequenced. After transfection of the cloned samples with a liposome-based method in
the presence of cell cycle blocking agents (confirmed by flow cytometry), localisation
of core protein was studied using immunofluorescence and confocal microscopy.
Correlation between HBcAg localisation and core gene sequences was then analysed.
Next, certain samples were selected for a PCR-based site-directed mutagenesis. This
was carried out using oligonucleotides to revert mutated sequences back to the
original sequence. This was followed by studies of the resultant intracellular
distribution.

4.1 Results

4.1.1 Synchronisation of Cos-7 cells by Thymidine-Aphidicolin

To study the influence of cell cycle on the subcellular distribution of HBcAg, Cos-7
cells were synchronised by two blocking agents (see chapter 2, figure 2.2). In initial
experiments (data not shown) aphidicolin used alone soon after transfection yielded
low transfection efficiencies. Consequently, a two step cell cycle synchronisation was
employed. As a first step, cells were incubated in the presence of thymidine for 12
hours to enter GO/G1 phase of the cell cycle (Figure 4.1.1, panel B). Afterwards, cells
were withdrawn from thymidine and permitted to progress out of GO/G1 and into the
S, G2, and then M phases of the cell cycle for 12 hours (Figure 4.1.1, panel C). After

cell cycle release, they were washed twice with PBS and transfection was carried out
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Table 4.1.1- Identification, serologic data and clinical status of HBsAg positive sera that were used as

the source for HBcAg cellular expression with different serological and clinical status.

Sample
Code
Group 1
1A1
1A2
IB

2A

2B

3A

3B

4A

4B

S5A

5B

6A

6B
Group 2
TA

7B

8A

8B

9A

9B
10A
10B
11A
11B
Group 3
12A
13A
14A

o

Genotype HBeAg/
anti-HBe

+-
+-

+/-

Clinical HBcAg B-cell Epitope C-terminus Pre-core®
Outcome Localisation Mutation Mutation Stop Cudi
Mutation
N - _
C + + -
Remission C + +
N - - -
Remission C - + +
N - - +
Remission C + + +
N - - _
Active C + + +
N + - -
Active C + + +
N + + +
Active C + + +
NC + +
Remission NC + + +
N - + +
Active C + I +
N + - -
Active NC + + +
C + - +
Active N - - -
N + + +
Active C + + +

Chronic disease N )
Chronic disease N - - -
Chronic disease N - - -
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Note: These are three groups of patients: HBeAg to anti-HBe seroconverters, group 1;
continuously anti-HBe positive, group 2, and single samples from HBeAg positive patients, group
3. There are two early samples taken from patient 1 (1A and 1A2). Pre-core stop codon mutation
is Ajg. Distribution of HBcAg is as follow: N, nuclear; C, cytoplasmic; NC, nuclear and
cytoplasmic. +, presence of mutation; -, absence of mutation. Note that the pre-C region was not

within the cloned product so did not directly affect localisation.
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using FUGENE-6 and/or Lipofectamin Plus Transfection Reagent methods. At the
second step, after 12 hours post-transfection, cells were treated with 2.5 pg/ml
aphidicolin for 30 hours. Synchronisation by aphidicolin resulted in 94 % of cells
remaining in G1/S phase (Figure 4.1.1, panels D and E).

4.1.2 Distribution of mutations in the core gene B cell epitopes and C-terminus
region

Overall, 34 mutations were distributed in different known B cell epitope regions
within the core gene (see table 4.1.2). 22 (64%) occurred in residues 74-89; 3 (9%) in
107-118; and 9 (26%) in 128-135 (Table 4.1.2). 8 out of 22 mutations in the first B
cell epitope, aa residues 74-89, occurred at aa position 80. 13 (59%) out of 22 C-
terminus mutations occurred within aa residues 148-160 (Table 4.1.2).

4.1.3 Cellular distribution of core protein

The expression of HBcAg was predominantly nuclear in 13 cases, both nuclear and
cytoplasmic in 3 samples, and predominantly cytoplasmic in 10 cases. Of 13 patients
who showed predominantly nuclear, 9 were HBeAg and 4 anti-HBe positive (note
that 3 of them were initial samples: 8A, 9A, 11A and 10B) (see below). Only one
patient with predominantly cytoplasmic distribution was HBeAg positive (1A%), i.e., 9
were anti-HBe positive. In keeping, none with both nuclear and cytoplasmic
distribution were HBeAg positive, i.e., all were anti-HBe positive. Also, we observed
a form of nuclear expression associated with the membrane using standard
microscopy (Figure 4.1.2, 7A and 9B; Figure 4.1.3 3B, 4B, with double mutagenesis,
and 11B). Figures 4.1.2 and 4.1.3 and tables 4.1.1 and 4.1.2 detail the patterns of core
localisation from all patient-derived HBV core genes cloned into pRKS and
transfected into GO/1-arrested Cos-7 cells. Consequently, our first finding is that

cytoplasmic distribution is related closely to HBeAg negativity/anti-HBe positivity.
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Fig 4.1.1- FACS anlysis of Cos-7 cells determined by flow cytometry.

= L —J
4 2
2 A 2 B
- -
08 8
Eo g
A . O w
™~ o
8 &
a L A I g LN B ) v e vy L IR B B ) ' a
200 400 600 600 1000 200 400 600 600 1000
FL3-H FL3H
<= <>
2 s
§ ¢ g 0
- 4 -
gl‘-’p §g
3g 3g
8 8
o Trrv Ty vy gy vy yyrvv ey < TrrTT Ty Ty Yy Y vy yrvvrry
0 200 400 600 600 1000 0 200 400 600 600 1000
FL3-H FL3-H
=1
>
8 E
8
=
gg
VN
8
(-
200 400 600 000 1000
FL3-H

Note: The peak to the left corresponds to cells in the G1 phase of the cell cycle; the peak to the

right corresponds to cells in the G2 phase. The shoulder between the two peaks corresponds to
the S phase. Differential cell cycles shown variable features according to the treatment described
in the materials and methods. Asynchronously growing cells were given a characteristic trimodel
profile, as negative control (A); the thymidine-treated cells (B) with 84% of cells were in GO0/1.
The release period in which cells were thymidine-free (C); the aphidicolin-treated cells after 12
hours (D); and after 30 hours (E) post-aphidicolin. 88% and 94% of Cos-7 cells arrested in G1-S

phase of the cell cycle after 12 and 30 hours incubations with aphidicolin, respectively.
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4.1.4 Core gene sequences from the initial samples showed nuclear distribution
Tables 4.1.1 and 4.1.2 show the results of core gene substitutions in 11 initial samples
(either HBeAg or anti-HBe positive) and 3 single time-point HBeAg positive
samples. 12 of these 15 samples were predominantly nuclear (only one of the later
samples, 10B, had nuclear localisation; in total 13 were predominantly nuclear). 8 out
of 13 (all but one were HBeAg positive) did not have any mutation. The remaining 5
(3 of 5 were anti-HBe positive) had mutations in either C-terminal region and/or B
cell epitopes. Two of these were mutated only in B cell epitopes: A74V/G (two
possible variants for genotype D-see chapter 3.1C, table 3.1.4) and T80A in samples
9A and 5A, respectively. Another two contained mutations in both regions: T80A,
Q130P, C153G and T155S in 6A; S135P, Q151R and T155S in 11A. Only one
sample with a C-terminus mutation alone was observed: C153G in 8A.

As noted below, later samples from all these five developed further mutations and
shifted to the cytoplasm. Finally, the HBcAg from the remaining 2 initial samples,
10A and 7A, showed either predominantly cytoplasmic or both nuclear and
cytoplasmic distribution, respectively (Figure 4.1.2). Thus, all initial samples, but
two, showed predominantly nuclear expression. It was unusual to observe C-terminus
and/or B cell epitope mutations and nuclear localisation of samples with HBeAg
positivity.

4.1.5 Accumulation of B cell epitope/C-terminus mutations and HBcAg
localisation

In the five patients with initial samples which contained B cell epitope and/or C-
terminus mutations and predominantly nuclear localisation (Table 4.1.1: 5A, 6A, 8A,
9A, 11A), there was a shift over time both in cellular distribution and sequence. Later

samples (table 4.1.1: 5B, 6B, 8B, 9B, and 11B) had predominantly cytoplasmic
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distribution (see below): all sequences in the latter group contained additional
mutations in the same and/or other regions (Table 4.1.2). Thus, it appears that there is
a relationship between accumulation of further mutations and shift to the cytoplasm.
4.1.6 A shift in cellular distribution to the cytoplasm is linked to substitutions in
the carboxy terminal and/or B-cell epitopes

In the later samples, of ten with predominantly cytoplasmic distribution, 8 contained
both C-terminus and B-cell epitope mutations (Tables 4.1.2 and 4.1.3). 2B only
contained a C-terminus mutation, A160T, while 10A only had mutations in two B cell
epitopes: A74V/G and P131A. 10B although taken in the anti-HBe positive phase,
shifted back to the nucleus: in keeping, all the mutations in the first sample (10A),
reverted back to the wild type (no mutations) in sample 10B (Figure 4.1.2; Table
4.1.2). 8A from the initial phase, which had a C-terminus mutation, C153G (see
above), reverted back and L156P arose in the anti-HBe positive phase (Table 4.1.2
sample 8B). In this patient, an additional amino acid variation occurred in the later
sample, 8B: G74V. Both of these variants in amino acid position 74 are specific for
genotype D (see section 3.1.C; Table 3.1.4). Of two samples which showed both
nuclear and cytoplasmic distribution (7B and 9B), both contained mutations in both
C-terminus and B cell epitope regions (Table 4.1.2). In sequences with mutations,
there were no differences in the distribution of those mutations between the two
clinical groups i.e., HBeAg to anti-HBe seroconverters and the continuously anti-HBe
positive. Thus, all later samples showed predominantly cytoplasmic (including both
nuclear and cytoplasmic distribution) and contained B cell epitope and/or C-terminus
mutations. All but one were anti-HBe positive. As a result, cytoplasmic distribution
of HBcAg was strongly correlated with the presence of mutations in B cell epitopes

and/or the C-terminus region of the C gene and anti-HBe positivity.
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4.1.7 Correlation of HBcAg localisation with clinical outcome

Of the 11 later samples, 4 were in clinical remission and seven had active disease. 3 of
patients in clinical remission showed a shift in distribution of HBcAg from nucleus to
cytoplasm after seroconversion to anti-HBe. Of the seven patients with active disease
all but one (10B) showed a shift from nuclear to cytoplasmic expression between the
earlier and later sample (Table 4.1.1). Interestingly, with exception of 10B, all active
and all remission phase samples contained B cell epitope and/or C-terminus mutations
(Table 4.1.2). Consequently, 9 out of 11 later samples either in remission or in active
disease shifted from predominantly nuclear to predominantly cytoplasmic indicating
that there was no clear difference between different clinical outcomes and HBcAg
localisation.

4.1.8 The cellular distribution of the core protein is dependent on the sequence
Some of the shifter samples (Table 4.1.1) were chosen for site-directed mutagenesis
(Table 4.1.3). Samples 3B, 4B and 5B had double mutagenesis at the same time on
both C-terminus and B cell epitopes. As sample 10A did not contain a C-terminus
mutation, but had mutations in two different B cell epitopes (Table 4.1.2), it was
selected for double mutagenesis on these epitopes. All experiments were designed to
revert the mutated amino acid to the expected aa variant for each genotype which was
also that observed in the first sample of the pair (or the second in the case of patient
10). All clones were sequenced to confirm reversion (Figure 4.1.4). After reverting
the sequence in the C-terminal and/or B-cell epitopes of the later sample back to the
original, a shift back to the original nuclear and/or both nuclear and cytoplasmic
distribution was observed as follows. After mutating single amino acids in B cell
epitopes, 4 out of 5 samples shifted back partially i.e., they localised to both nucleus

and cytoplasm (Figure 4.1.3, 3B, 4B, 10B and 11B). In contrast, mutagenesis of C-
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terminus mutations resulted in predominantly nuclear localisation in all cases (Figure
4.1.3, 2B. 4B and 5B; Table 4.1.3). In keeping, all double mutated samples shifted
back to either nucleus (Figure 4.1.3, 5B and 10A) or nucleus and cytoplasm (Figure
4.1.3, 3B and 4B). Consequently, reversion of C-terminus mutations leads to HBcAg
shifting back to the nucleus. Reversion of B cell epitope mutations leads to a mixed
nuclear and cytoplasmic distribution. The effect of dual mutations is the same as for
C-terminus mutations.

4.1.9 Pre-core variants

8 out of 13 samples with predominantly cytoplasmic localisation contained the
precore stop codon mutation at aa 28 of the pre-core region; in predominantly nuclear
cases it was found in 4 out of 13 (Table 4.1.1). Consequently, the pre core region did

not appear to influence the effect of C gene localisation.
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Note: B cell and T helper epitopes and C-terminus region areas with their boundaries and wild type variants indicated at top. Amino acids are described by single
letter code and numbered from the beginning of HBcAg. Only positions at which changes occurred are shown, so relative proportion of epitopic to non-epitopic

areas is skewed in favour of regions where substitutions occurred. Clinical status of 11 later samples from anti HBe positive patients indicated as either in remission

or active phase. N, predominantly nuclear; C, predominantly cytoplasmic ; NC, mixed localisation.
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Fig 4.1.2- Intracellular localisation of HBcAg using confocal microscopy. Immunoflourescence
staining of HBcAg in Cos-7 cells transfected with constructs containing clones of : A) initial and
B) later samples of patients with chronic HBYV infection, C) individual HBeAg positive samples as

described in the text.

Negative Control
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10A 10B
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13C

14C
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Table 4.1.3 In vitro mutation of cytoplasmically distributed sequences.

Mutated Mutagenesis Position HBcAg Localisation
B-cell Epitopes C-terrminus
Virus N N&C
HBc-1 HBc-2
2B T160A  +++ +
3B A80T i+ +
3B S181P  ++ ++
3B A80T S181P + +++
4B E77Q, P79Q, A80P + +++
4B SI81P  +++ +
4B E77Q, P79Q, A80P S181P + +
5B Q177K +++ +
5B A8IT Q177K +++ +
10A V74A ++ ++
10A Al31P ++
10A N74A Al131P + +++
11B P135Q + +++

The mutations generated are listed according to their amino acid position within an epitope.
HBc-1, residues between aa position 74-89; HBc-2 residues between aa position 128-135. +,
represented 25% of stained-cells. Letters before each number indicates the mutated sequence to

wild type and letters after numbers indicates the original sequence before mutagenesis.

171



Chapter 4 In Vitro HBcAg Localisation

Fig 4.1.3 Localisation patterns of HBcAg in Cos-7 cells transfected with constructs containing
mutagenised clones in the B-cell epitopes, C-terminus, and both C-terminus and B-cell epitope

regions.

2B. C-terminus mutagenesis, T160A 3B. B cell epitope mutagenesis, N74A.

3B. C-terminus mutagenesis, S181P. 3B. Double mutagenesis, N74A and S181P.



4B. C-terminus mutagenesis, S181P

4B. B cell epitope mutagenesis, E77D,
A79Q, S80P

5B. Double mutagenesis, A81T, Q177

173.
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4B. Double mutagenesis, E77D, A79Q,
S80P and S181P

5B. C-terminus mutagenesis, Q177K

10A. B cell epitope mutagenesis, V74A
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10A. Double mutagenesis (both B cell 10A.B cell epitope mutagenesis, A 131P
epitopes), V74A and A131P

1IB. B cell epitope mutagenesis, P135Q
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4.2 Discussion

The entire HBV genome is extremely stable in the early high-replicative HBeAg positive
phase, when the immune response is considered to be weak (Hannoun et al., 2000a).
However, after HBeAg seroconversion to anti-HBe, multiple clusters of mutations appear
in different regions of HBcAg, in particular immunodominant epitopes (see chapter 1.4.4,
figure 1.7 and table 1.1). Several studies have shown that amino acid variability of
HBcAg is related to the severity of liver disease, both in the HBeAg and anti-HBe phases
(Wakita et al., 1991; Ehata et al., 1992; Chaung et al., 1993; Carman et al., 1994, 1995b,
1997b). There are reports describing HBcAg distribution in the cytoplasm, nucleus, or
both, in infected or transfected cells (Yamada et al., 1977; Brechot et al., 1980, Gowans
et al,. 1983; Uy et al., 1986; Akiba et al.,, 1987; Hsu et al.,, 1987, Wu et al., 1987,
Nakopoulou et al., 1992; Fang et al., 1994; Bock et al., 1996; Aiba et al., 1997; Naoumov
et al., 1997; Chu et al., 1997; Park et al., 1999; Serinoz et al., 2003). Recently, Kawai and
colleagues found that hepatocytes exhibiting cytoplasmic HBcAg expression contained
more core promoter double mutations (T1762 and A1764) than hepatocytes exhibiting
nuclear expression (Kawai et al., 2003). Studies on liver biopsies have suggested that the
intracellular distribution of HBcAg correlates with disease activity, cytoplasmic
expression being associated with more severe disease (Wu et al., 1987; Akiba et al.,
1987, Ballare et al., 1989; Tong et al., 1990; Kawai et al., 2003). The cell membrane of
HBV-infected hepatocytes may also express HBcAg during chronic infection (Ferrari et
al., 1987; Naoumov et al., 1993). However, whether HBcAg intracellular distribution is

associated with liver damage is unclear.
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Previous studies have been carried out on biopsy material in which the additional
influence of host factors makes it difficult to delineate the mechanisms responsible for the
intracellular distribution of HBcAg. The present study has confirmed previous
observations that there is a close relationship between the topographic distribution of
HBcAg in vitro and the inflammatory status of the liver in vivo. The staining pattern is
unlikely to be caused by different transfection efficiencies, because the amount of
plasmid DNA used was standardized and the experiments in some instances repeated
more than two times. For the first time, it has been shown that the distribution of
expressed HBcAg is strongly linked to the viral sequence. The presence of cytoplasmic
expression of HBcAg correlated with the existence of mutations in the B-cell epitopes
and/or carboxy-terminus of the protein. These experiments were carried out in the
presence of aphidicolin to block cells in G1/S; consequently, any shift to cytoplasmic
expression was not a result of nuclear membrane dissolution. However, to prove that
sequence was critical in HBcAg localisation, reversion of C-terminus and/or B-cell
epitopes mutations back to the wild type was performed: in most cases, this shifted
HBcAg localisation back to the nucleus. Some possible explanations for this shifting
follow.

First, only phosphorylated core protein specially targets the nucleus via signal sequences
in the C-terminus (Eckhardt et al., 1991; Liao et al., 1995), which interact with kinase or
other cellular factors (Hui et al., 1999). Removal of the last 36 C-terminal aa completely
abolished phosphorylation of the core without interfering with particle formation
(Schlicht et al., 1989). Consequently, altered amino acid residues in close proximity to

SPRRR motifs may influence the behaviour of HBcAg in that they may induce a
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conformational change, suppressing phosphorylation by ap34°““? kinase. HBcAg would
then remain in the cytoplasm. Although this work was carried out on DHBV core
particle, for which size and position of the phosphorylation sites differ from human HBV,
the concept that phosphorylation alters the localisation of core protein still remains valid.
Second, Machida and co-workers reported an antigenic site within the C-terminus region
called HBicAg (hepatitis B inner cAg, aa residues 148-160) as a potential B cell antigenic
determinant (Machida et al., 1989, 1991; Sallberg et al., 1994). Here, 13 out of 22 C-
terminus mutations occurred within aa residues 148-160 (Table 4.1.3). If the arg-rich C-
terminus can stimulate a B-cell response in humans. As this region is also known to affect
nuclear localisation, mutations would explain the shift of HBcag to the cytoplasm. This is
in line with observations that escape mutations appeared in the B cell epitopes in patients
with ongoing disease (Carman et al., 1997b), as double mutagenesis of both a B-cell
epitope and C-terminus residue: all samples shifted back to both nuclear and cytoplasmic
and/or predominantly nuclear.

Although B-cell epitope mutations tended to shift HBcAg to the cytoplasm, this was not
as effective as C-terminus mutations, which probably direct HBcAg intracellular
trafficking by a different mechanism(s). A majority of B cell mutagenised samples
localised into the both nucleus and cytoplasm, while all C-terminus mutagenised samples
showed predominantly nuclear distribution. This was also observed in 2 of 3 double
mutagenised samples. The reason underlying this phenomenon is unclear and deserves
more investigations.

We clearly showed, in samples with both nuclear and cytoplasmic localisation, that

HBcAg could be associated with the nuclear membrane. This unusual pattern has been
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reported before (Yamada et al., 1977; Bock et al., 1996; Wu et al., 1996). As there is no
sharp boundary between G1 and S phases, transport of HBcAg to the nuclear membrane
may occur during the transition. It may be that nuclear/cytoplasmic localisation may be a
transition step between the two compartments (Akiba at al., 1987). Alternatively, there
may have been high levels of nuclear HBV DNA with inefficient transportation from the
nucleus. However, there is no strict division between predominantly nuclear and
predominantly cytoplasmic core protein localisations in vivo, because core particles are
usually present in both compartments (Yamada et al., 1977; Naoumov et al., 1997).

In a majority of cases, a predominantly cytoplasmic distribution in vitro was found in
both samples from patients in remission and with active disease. These samples (1A',
1A% 2B and 3B) selected more mutations in Th epitopes than in C-terminus region and/or
B cell epitopes (Table 4.1.2). Of the seven patients with active disease six showed a shift
from nuclear to cytoplasmic expression between the earlier and later sample of which,
four had a higher proportion of mutations in B cell epitopes than other regions (Table
4.1.2, 4B, 9A, 10B and 11A). All samples with active disease were anti-HBe positive, of
which 4 showed predominantly nuclear staining (see above). In keeping, in 4 samples
from continuously anti-HBe positive patients with predominantly nuclear staining, all
were taken from patients with active disease. The only apparent correlation in HBcAg
sequences between this group (samples 8A, 9A, 10B and 11A) and other anti-HBe
positive with predominantly cytoplasmic staining was that fewer mutations in these
samples have been found compared to later ones with predominantly cytoplasmic
distribution (Table 4.1.2). Although this unusual expression has been reported before

(Wu et al., 1996, Borg et al., 2000; Kawai et al., 2003), it is likely that after HBeAg
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seroconversion to anti-HBe there is co-existence of both antigen and antibody for some
time (Maruyama et al, 1998), with concurrent persistence of low concentration of
integrated HBV DNA in the liver after the disappearance of HBeAg (Wu et al., 1996).
Nevertheless, various studies reported continued liver disease activity after conversion to
anti-HBe status in certain patients that might be related to continued viral replication and
secretion with the presence of HBcAg in the nuclei. Even in some patients with cirrhosis
and severe chronic hepatitis, HBcAg has been reported to be predominantly nuclear (see
chapter 1.4.1F). The reason underlying this pattern is not clear, but might be related to the
specific patient population studied (Hadziyannis et al., 1983).

We believe that the differential subcellular distribution of HBcAg in chronic HBV
infection in different reports might be related to genotype-specific sequence variability
between different ethnic groups indeed. This is currently under investigation but would
be in keeping with recent data on different clinical outcomes in some East Asian patients
infected with either genotype B or C (Lindh et al., 1999; Kao et al., 2000a and b, 2001;
Orito et al., 2001; Yoo et al., 2003).

In summary, we have shown that subcellular expression of HBcAg is related to serology
and depends on HBcAg sequence even in sequential samples from individual patients. C-
terminus and/or B cell epitope mutations are involved in the shifting of HBcAg between
nucleus and cytoplasm. These results were generated using an artificial system. As there
is no susceptible cell line that can be truly infected by HBV, the biological importance of
such variants on the viral life cycle and cell behaviour are still unclear.

If expression of HBcAg is predominantly cytoplasmic, it is conceivable that at least some

of these processed peptides would express on the cell membrane (Saito et al., 1992) (see
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chapter 1.4.3F), which renders this target viral antigen susceptible to immune attack and
severe liver injury. Conversely, if HBcAg is localised to the nucleus, then little or no

HBcAg should be expressed on the cell surface with a concomitant decrease in liver cell

injury.
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CHAPTER 5 HBV In Vitro Infection

5.1 Aims of study

Because of the unavailability of a relatively susceptible cell line that can be infected by
hepadnaviruses, there is no readily available system for studying the early events of the HBV
life cycle. Thus, most studies are carried out by transfection. FTO 9.1 cell line (a rat
hepatoma cell line which is transfected with a construct containing human-Annexin V, h-A
V) was employed for HBV infection. The effect of varying concentrations of DMSO and
recombinant h-A V was assessed. Cells and culture supernatants were assayed at various
times post infection by both IF microscopy (HBcAg staining in nucleus) and PCR of culture
supernatants. Supernatants from these initially infected cells were then used to infect fresh
FTO 9.1 cells with similar outcomes to primary infection. The virus has been further
propagated in this manner in at least one further passage and can be reliably reproduced thus
indicating the value of this cell line for in vitro studies of HBV.

5.2 Introduction

HBYV displays a distinct hepatotropism and a narrow host range in vivo (Ganem et al., 1987,
1994). However, very little is known about the interaction of HBV with its host cells, mainly
because of difficulties in the development of suitable tissue culture system. In vitro studies of
HBYV infection system involve chromosomal replication of HBV DNA which does not
include the early events of infection. Several studies using transfection and/or transgenic
technology have suggested that the species barrier of HBV infection and replication may be
located at the early step of viral adsorption (Gong et al., 1999; Paran et al., 2001).
Transformed cell lines would be of interest for in vitro culture of HBV, however, they are
also thought to lose some of their liver specific markers and functions, so losing
susceptibility to HBV. The potential development of an in vitro culture system for HBV

replication provided an opportunity to investigate molecular and cellular events in cloned
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cells (Roingeard et al., 1990b). However, attempts to establish a stable and reproducible in
vitro system for production of HBV by infection of cells have not been successful.

5.2.1 Primary Human Hepatocyte Cells

Primary human hepatocytes are susceptible to viral infection as shown by de novo
production of viral proteins, appearance of HBV DNA and DNA polymerase activity, and
HBV-specific transcripts. However, with increasing time in tissue culture, such cells
gradually lose the capability for production of viral proteins. Also, there is loss of the
“hepatocyte-like ““ morphology, presumably the result of a loss of differentiated functions of
the hepatocytes in cell culture (Galle et al., 1994). A further problem is that primary human
hepatocytes are very difficult to obtain. By adding chemicals (such as DMSO, PEG),
infectivity can be stabilised and life and viability of the cells can be extended. However, as
the addition of these artificial substances does not mimic the in vitro process and may be
affecting the infection mechanism, it is desirable to find another system.

5.2.2 Human Liver Tumour Cell Lines

Hepatoma cell lines can be characterised by their expression of hepatocyte- and biliary-
specific genes (Zvibel et al., 1998). It is possible to study HBV production in culture by
transient transfection of human hepatoma cell lines (Shih et al., 1989): HepG2 (Roingeard et
al., 1990b), Huh 6-c15 (Tsurimoto et al., 1987), Huh-7 (Yaginuma et al., 1987) and Hepa RG
(Gripon et al., 2002).

However these cell lines do not support stable HBV infection. It is postulated that human
hepatoma cell lines do not have the receptor for virus attachment, penetration, and fusion
leading to productive infection (Bchini et al., 1990). On the other hand, some infected
HepG2 cell line have been achieved and reported to release HBV particle into the medium
with the same antigenic, morphologic, and biologic properties as HBV virions (Bchini et al.,

1990, Paran et al., 2001).
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5.2.3 FTO Cell line and Annexin-V

Chapter 1.2A details the existence of a receptor-ligand relationship between hA-V and
HBsAg. In this regard, transfection of hA-V into a non-susceptible rat hepatoma cell line,
FTO2B, resulted in conferred susceptibility to HBV infection. FTO 9.1 (Gong et al., 1999).
It is interesting to note that rat Annexin V does not bind to HBsAg, although it has a
sequence homology of more than 90% as compared with hA-V at the amino acid level (Gong
et al., 1999). This cell line can therefore be considered both susceptible and permissive to
HBYV replication, although FTO-hA-V cells may lose expression of Annexin-V over time

(Doman et al., unpublished results).

5.3 Objectives:

1-Which diagnostic procedure can be used to confirm true FTO 9.1 infection i.e., episomal,
and not chromosomal, replication.

cccDNA specific PCR of cell extracts is a marker of internalization of virus by the cells, and
confirms infection. HBcAg staining would also indicate expression of HBcAg by the cells.
2-How many viral passages can be achieved in this cell culture system?

3-What are the effects of chemical additives on the infectivity of FTO 9.1?

5.4 Methods

5.4.1 Cell Culture and Infection

FTO 9.1 celis (Innogenetics, Gent, Belgium) were grown at 37 C,5% CO, in Hams F12:
Dulbeccos modified Eagles medium (1:1 v/v) containing 10% foetal bovine serum, 100
[U/ml Penicillin, 100ug/ml Streptomycin and 2mM L-Glutamine (Life Technologies,
Paisley, UK), and 600ug/ml G418 (The media for negative control did not contain G418).
Cells were passaged every 3-4 days. Cos-7 cells were grown in DMEM with the same
supplements as for the FTO 9.1 cells, except that G418 was not added to the medium. In our

infection experiments the FTO-2B cell line (rat hepatoma without annexin V) was not
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available for study and for control cell lines, we used COS-7 cells which should not be
permissive.

For infection, cells were plated at 3x10° cells in 24 well plates. Infection was carried out for
16 hrs with HBeAg positive serum containing ~5x10° genome equivalents (geq)/ml. HBV
positive serum was diluted in FCS and media to give multiplicity of infection (MOI) of 100.
At the time of infection either 2% DMSO or rAV (10ug/ml) added to the media. Cells were
infected overnight at 37'C, then washed thoroughly (7 times) with PBS, and 200ul of the last
wash was extracted (Figure 5.1, a), thus it is unlikely that the positivity of FTO cells seen at
day 5 is a result of amplification of DNA from virions present in the original inoculum. For
passage of the virus, supernatant of infected cells from day 5 was carefully removed to
prevent contamination with cells and the supernatant added to fresh FCS and then added to
fresh cells. Cells were examined for fluorescence under a Nikon Microphot-SA microscope.

This experiment has been repeated twice with consistent results.

5.5 Results

5.5.1 Cell passage number and infection

Previously, our colleagues infected both early and late passage numbers of the FTO 9.1 cell
line, and they found that the earlier passage number, 8§ was more infectable than a later
passage number, 20 (Table 5.1) (Dornan, unpublished data). As a result of this, we used the
cells only at passage number 18 or less.

5.5.2 HBV core gene PCR of cell culture supernatants from FT09.1 infected cells
Figure 5.1 shows the results of PCR on cell culture supernatants from cells infected with an
HBeAg positive serum. A C-gene PCR was employed on the supernatant of infected cells
from days 2 and 5 to confirm the infection (Figure 5.1, b, c¢). 200 ul of supernatant was

extracted at day 5 and the supernatant became core PCR positive (Figure 5.1, d).
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0123 4 5 6 7 8 9 01 2 3 4 5 6 7 8 9

a- 7'l wash b- 2nd day

01 23456 7289

c- Sthday d- Transfer Experiment

Fig 5.1 Comparison of PCR results obtained from different time intervals during FTO 9.1 cell line
infected with HBsAg positive sera. Lane 0, DNA molecular weight marker; lane 1, HBV-contained media
without DMSO/hAV; lane 2, HBV positive media plus rAV; lane 3, cells contained DMSO; lanes 4 and 5,
DNA extraction positive and negative controls; lanes 6 to 9, 1st and 2"d PCR negative and positive

controls, respectively.

The COS-7 cell line remained negative (results not shown). cccDNA-specific PCR had been
carried out before (results not shown), using specific primers on each side of the gap, to
confirm internalisation ofthe virus into the cells.

5.5.3 HBcAg staining

Cells grown on 13 mm coverslips in 24 well plates were analysed for the expression of HB
core antigen 5 days after infection. HBcAg staining can be clearly seen in the nuclei of the

cells (Figure 5.2, A).
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Fig 5.2 FTO 9.1 cell line expressing HBcAg using immunofluorescene microscopy.

A) HBcAg staining of 5'l day post infection with x40 magnification. B) HBcAg staining of transfer
experiment, S days after supernatant transferring of previous HBV-infected FTOcells to the fresh cells
with magnification of x75. (The poor quality of pictures is due to unavailability of better images from

the old files and early training on IF microscopy at the beginning of research course).

5.5.4 Effect of recombinant annexin V and DMSO on infectivity of FTO 9.1 cells

It was noted that the addition of 10ug/ml recombinant annexin V to the cell culture medium
resulted in more infection efficiency (Figure 5.1- lane 2; Table 5.2). As DMSO had been
shown previously to improve infection efficiency, this was also added to the medium (Figure
5.1, lane 3). In the absence of rAV one of four wells proved positive by PCR at day 2
whereas if 10 ug/ml rAV is present, three of four wells were positive (results not shown).
5.5.5 Transfer Experiment

Supernatant from the fifth day after priming infection was then used to inoculate fresh FTO
9.1 cells. Cells stained positive for HBcAg (Figure 5.2 B). This experiment was carried out
at least twice by our colleagues, but Cat IIl became unavailable, we could not analyse further

virus passages.
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Table 5.1: Effect of FTO-hAYV cell passage number on infection in the presence of rAV and DMSO.

Cell Passage number Day 2 S gene PCR Day 5 S gene PCR
Passage 8 Negative Negative

Passage 8 Positive Positive

Passage 8 Positive Positive

Passage 20 Negative Negative

Passage 20 Positive Negative

Passage 20 Negative Negative

Table 5.2- Effect of rAV and DMSO on infection of FTO cells

Additions Day 2 HBcAg PCR Day 5 HBcAg PCR
- Negative Negative

HBV Negative Positive

HBV +rAV Positive Positive

HBV + DMSO Positive Positive

HBV +rAV + DMSO Positive Positive

5.6 Discussion

Several cell lines retaining some of the hepatocyte markers are available that support HBV
transcription and replication upon plasmid transfection. However, even these permissive cell
lines are not susceptible to HBV infection. An inevitable conclusion is that the early steps of
virus-cell attachment and entry determine the viral tropism and susceptibility. These results
demonstrate the capacity of the rat hepatoma (FTO) cell line, transfected with human
annexin V (FTO 9.1), to be fully infected by HBV. This cell line can therefore be considered
both susceptible to and permissive for HBV. Using DMSO increased infectability, but its
action is non-specific. It may be possible to increase infection efficiency with manipulation
of the growth conditions.

Human annexin V presents itself as a likely candidate for the species specificity determining

receptor for HBV, because of the ability of a non-susceptible cell line to become susceptible
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following transfection with DNA for this protein (Gong et al., 1999). The effect of rAV on
infection may be explained by its competence for binding phospholipids, as HBsAg is
extensively lipidated (Neurath et al., 1994). However, binding, and subsequent penetration of
the hepatocyte membrane by HBV via HBsAg interacting with annexin V may not explain
the hepatotropism of HBV. Clearly, since HBV virions can be produced after transfection of
arat cell line and also in transgenic mice (Farza et al., 1988; Shih et al., 1989; Guidotti et al.,
1995), the species barrier for HBV is not at the level of transcription/translation of HBV
specific genes. Rat/mice nuclear or cytoplasmic factors may act on HBV
promoters/enhancers to achieve replication, thus the species barrier is present at the initial
stage of entry of the virus into the host cell. Since h A-V is expressed in most tissues
(reviewed by Benz and Hofmann, 1997) this receptor does not account for the hepatotropism
of HBV. It is possible that the tissue specificity results from downstream events and only
liver specific factors will result in new virus after acting on the infecting DNA. These results
should now allow the study of various aspects of the viral life cycle that could only be
studied with the use of, e.g. primary hepatocytes, which are difficult to obtain and have
limited growth characteristics, in term of retaining their hepatocyte specific functions. In
future, further neutralisation assays should be carried out, using various monoclonal and
polyclonal antibodies to assess their ability to block HBV infection.

In conclusion, this cell line does appear to be useful in the study of the early stages of HBV
infection, and with continued investigation, should be available for the research for more
information about HBV receptors and the development of new protective or preventive

treatments.
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General Conclusion

In conclusion, the data presented in this thesis focused on several important issues.
First, C gene variation relates to ethnic background; there are various genotypes
associated with specific subtypes, which may have migrated with their human hosts.
Peoples with related ethnicity, despite wide geographic location, have a set of
common variants. Small changes (one or two substitutions) are selected, either
negatively or positively, once there is little intermixing between these people (e.g.
once they became a tribe). As more sequence data accumulate from different
geographic origins, it is expected that HBV genomic classification will become
refined, contributing to the finer mapping of the relation between diverse geographic
origins and the distribution of HBV strains. Further, sequence analysis of core gene,
particularly, in the CTL restricted regions, provides a useful tool for better
understanding of biology of HBV strains, and finally, for design of
immunomodulatory therapies upon vaccination.

Second, the dependence of the pattern of HBcAg localisation in vitro (in this
thesis) on the sequence of variants and its correlation with the serology
of chronic HBV infection, supports the hypothesis that such variants may
have biological significance by influencing such things as antigenic
expression. The effect of those variants on viral life cycle could be
studied by applying a suitable cell culture system, such as the FTO9.1 cell
line. As it appears from this work, the data presented in chapters 4 and 5 are somehow
speculative. Therefore, applying a suitable cell culture system for HBV infection
would be useful in the study of biological behaviour of HBV variants in terms of new

protective and preventive treatment.
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Table A.L.1- Alignment of complete amino acid sequences of HBcAg which shows genotype/subtype
identification and geographic origins of 91 sera.

Note: Amino acid residues are numbered from the beginning of the HBcAg using the single letter code. Apart
from genotype A, which had 185 amino acids, all the other genotypes had 183 amino acids, therefore using
Bioedit software (Clustal W alignment) 2 extra amino acids were added at positions 153 and 154 for a proper

alignment.
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Code Country Subtype/Genotype Core Genes Amino Acid Sequences
10 20 30 40 50 60 70 80 90 100
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0098 India ayw2 D = .. .....c.cc.ePetiiinennceersaVieeiieieoeneeeaenasnsnosacnsnanssnseaneaTieieecBGuoanas I..D.V.|
0123 India ayw2 D .. ...ceeesePeenreoncnesesseViieeeoeonooasasassasnssscasscssssssasnsscesesPTiieeeaBGuonnn I..D.V.
Ul USA ayw3 D c...A..D. V.

0026 Pacific ayw2 D ... .....c..PciieieccnnneeViieeoe Ao vttt ittt it et cneetneee T eeeeTeuenon. A..D.V.
2007 Pacifioc ayw2 D .. .....ccvePuiiincienenrsesaVieeeaaA ool e ettt iii ittt iieeiieeeaTeeee.Tee.. A..D.V.
3414 Pacifioc ayw2 D .. .A. DV,
5029 Pacific ayw2 D .. ....ccecesPuiinnrecncccacseVeeeeoaeoeliee i e eeeeeeensocaoosnsocoePTeneneeTueuenens A..D.V.
A-16 Vietnam adw2 A .m. A..D.V.
A-19 Japan adw2 A O 1 . * T D . A..D.V.
I60 Italy adw2 R . ..cccecePeiciartececniee sVttt eettseteanoecseenaseenanaseanenaneeeTioiine.NLL.. A..D.V.
I68 Italy adw2 A c.es.N.LLLL A..D.V.
198 Italy adw2 A = S S A.p.v.
7.32 Scotland adw2 R .. ... ....c..T. it enncneesaWVeitoeeeenooeosonnsosnsonacsnsnoecasaneeaaTieeeeNeeoo. A..D.V.
B/19 Scotland adw2 R ... . ... ... Pt eVt ittt ar e eeTieee NaoL. A..D.V
8.21 Scotland adw2 A ¢ | S . A..D.V.
8.31 Scotland adw2 A ... ........ T ..t eceeressViieiioeiaseneessoancanceaecereasoannaananaesTiiiee.NL. .. A..D.V.
9.5 scotland adw2 A B .a..p.v.
U2 USA adw2 R = ...t eeeP.iiennncnoeseaVeiiieineeennadd oioiieiiiiieiBeteneeeeTeieeecNeo.o.. A..D.V,
U4 USA adw2 A = ... s T st e e e e e Vi it it ee s e e e h it et e et e st r e e e Ti e NaL L. A..D.V.
US USA adw2 R ..t e it cse eVt iet et eenctosantaoconnossnesnevsaeseeVeriiTieeeoeoNeou.. A..D.V.
U8 USA adw2 A . ... ... . .T.d -- ittt Vit iieeee s it it ittt et e et i .. N ... A..D.V.
U7 USA adw2 A .B--a..p.v.
U9 USA adw2 B it it et ettt ceeeanee eVttt ieeneeeenoeseeneseenenenneoeeneneaeeTeeeeeNiuvon. A..D.V.
U1l0 USA adw2 A B .a..p.v.
UB USA aywl A = . ... . .c.iceeePiiieiinenceacaeViioiiieanieeeostoessasansaasasnassasssssesTiieeeeVeeons A..D.V.
0012 India adw?2 A <A..D. V.




Code Country Subtype/Genotype

A-4 Korea adw?2 B

A-34
A-38
A-42
A-43
A-45
R-48
A-11
A-12
A-14
A-15

A-1 Korea
A-2 Korea
A-3 Korea
A~-5 Korea
A-8 Korea
A-9 Korea

A-10
A-13
A-20
A-21
A-23
A-24
A-32
A-35
A-36
A-37
A-40
A-41
A-44
A-49
A-50
A-51
A-52
A-53
A-54
A-55

China adw2 B
China adw2 B
China adw2 B
China adw2 B
China adw2 B
China adw2 B
Vietnam aywl
Vietnam aywl
Vietnam aywl
Vietnam aywl
adr C
adx C
adr C
adr C
adr C
adr C
Korea adr C
Vietnam adr C
Japan adr C
Japan adr C
Japan adr C
Japan adr C
China adr C
China adr C
China adr C
China adr C
China adr C
China adr C
China adr C
China adx C
China adr C
China adr C
China adr C
China adr C
China adr C
China adr C
o]

U3 USA adr
Pacific adrq-
Pacific adxqg-
Pacific adrq-
Pacific adrg-
Pacific adrqg-
Pacific adrg-

0078
2080
3097
3415
5017
5072

aaaaan
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R P Veeounn FuVooouoon. Revivrnnnnnnnnn Vet i S
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. Veeao. F.V..... A e..... A..... e
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140 150 160 | 170 | 180

I N | LI | - I -l el | |
I38 Italy ayw2 D = W.....L...... V. ....F.V. ... Pu.Ruittuneennennn Ve et it e eneenanen =
I39 Italy ayw2 D = _ W.....L.ceee.V oo . FoV. it iPuiRettteneeaneeea Ve o e ttecenoncsas = .
I44 Ytaly ayw2 D = W.....L......V. ... . F. V. ... .P..R.u.'treeencnenan Vet ettt cannaanee St it i i e et et et e
I54 Italy ayw2 D = W.....L...eeV .. . F.V.o it P eRuuteeocccocanen Ve e e teoaoncnnann =
I55 Italy ayw2 D = .W.....L......V .. . F.V. .. .Pue oRuueconeennoeens Ve eroeaosasnsaana =
I59 ITtaly ayw2 D = . W.....L......V ... . P V... .P. . R.teunecnnoeean Ve et et et e =
I62 Italy ayw2 D = . W.....L......V. .. .. F.V.....P.cRuuccncncnnacns Ve teenonanennanas S
I113 Italy ayw2 D = . W.....L......VWJ. ... . F.V.....P..R..cucuceneancnanun Ve et s v et s e S
I118 Italy ayw2 D = . W.....Dh....-.. VY. ... . F.V. ... .P. . Rutieneennnnneos T, S
8.22 Scotland ayw2 D . W.....L......V. ... . F. V. ... .P..Rutuuueeencocenasn R S
7.13 Scotland ayw2 D _W.....L......V. ... . F. V. ... .Pu.BRtteuuneceunnmans Ve et s s s s cenanana .
7.29 Scotland ayw3 D . W.....L...... Y. ... . F.V...e.Pu.Riuccreccannans Ve eeneonsacsnnasse S
B8.25 Scotland ayw2 D . W.....L......UY. ... . F.V. ... .P..Rtciutuneeenenns Ve e et i s neaneances =
8.32 Scotland ayw2 D . W.....L...... VW] ... . F.V. ... .Pu.iRutveroneennennennn Ve i ettt a e e e .
0052 India ayw2 P = W.....L......VH. ....F. V... .Pu0.Rtcutonnneancnns 2 s
0062 India ayw2 D = W.....L......VYW]. ... . F.V. ... .Pu.Rttueoeuneeanncneos Ve e e s e ncncannns =
0076 India ayw2 D = . W.....L..cec. V... F.V. it oPuooRuveenneeeennann Ve et nn e ne e L= Gueeeanan A
0081 India ayw2 D  .W.....L....JB. Y} .-...F.v.. .. pP.R..LLL L. Be........ S..... B &
0083 India ayw2 D = . W.....L......V. ... . F. V. ... .P. .Ruveeueuennnnnes Ve eoeoeonacosocsa =
0094 India ayw2 D = . W.....L......V ... . F. V.. ... PRt uvuuueunennnnesn Ve ettt iee e S
0018 India ayw2 D = W.....L......¥] ... .FP. V. ... .Pu.Rtttuuencneueeeas Ve e et s e nnneassas =
0098 India ayw2 D = .W.....L...e..V ... . F. V... ..PeuRutieuncecananns Ve eevaosaensanaose S
0123 India ayw2 D = . W.....L......Y. ... .F. V. ... .P..Rutuveuuceoennncas 7 =
Ul USA ayw3 D = . W.....L...... ¥ ... . F.V. ... .P. Rttt urennnnneaos Ve oo et o nenonceaa =
00286 Pacific ayw2 D . W.....L...... ] ... F. V... .P..Ruitveeuneennnenn Ve et i it e r i e =
2007 Pacific ayw2 D W.....L......R) ... . FP. V... P . Rttt ventinenenenna Ve ettt e aecananas =
3414 Pacific ayw2 D . W.....L...ceeeV]e e e e FiVeii e oo PeoBRutenueeeeneeae Ve e e s nconenannan =
5029 Pacific ayw2 D  w.....L...... ] ... . FP. V. . ... P Rt ittt Ve et it c e e =
A-16 Vietnam adw2 A . W.....L..oeeaV ]ttt cFPoWVe ittt it R et et s ittt rnenneas RD.o:oveveeen SL.vecanenn. P
A-19 Japan adw2 A = W.....L......Y .. . F.V. .. .. PP.Rutcneeeaanans V...RD.....coou.n = C..H
I60 Italy adw2 A =  W.....L...... U] ... . F. V... . . P. . Ri.tcutiennenennan v LRD. e n i B
I68 Italy adw2 & = W.....L...... 9] ... . F.v. ... . P . Rttt itee e Veoe.RD. vt s e =
I98 Italy adw2 A = | W.....L......Y} ... . P. V.. ... P . Rt ittt Ve e e it e e caaaen = PA
7.32 Scotland adw2 A . W.....L...... Y] e .FoV. ... . Pu.oReeeeeeneneenn V...RD. ..o eean =
8/19 Scotland adw2 A . W.....L.e...oV oo Foi i i P R e V.. RDevurennnns = R
8.21 Scotland adw2 A . W.....L......U | ... .. F.V.... . P .Ruucirencnnnennn V...RD. .ot =
8.31 Scotland adw2 A . W.....L......V oo FoVi i Pe R ooeeeeenaen Ve..RD. ot tenanan - C.....
9.5 Scotland adw2Z A W.....L......U]| ... . F. V... .. P Rt ioteenennnnn V...RD. .. ..o =
U2 USA adw2 Ao =  W.....L...o... ) i FLVL L P iR it i it e e e ee e V...RD. .o ouennan =
Y4 USA adw2 A = 0 W.....Lh.ceeeV) e FaV. il Pl iRt iitre e V...RD. ettt anaen =
U5 USA adw2 A === (W.....L...oc.V e FiViiiiePe iRt eteeeeennna V...RD.......... = Y
U6 USA adw2 A @ W.....L....ld-Hq|....F.v. PR V..CRD..u.vann.. B e H
U7 USA adw2 A === (W.....L.ceoee-l i PV i ibe iR vt tnenennnens V..PRD. ... on .
U9 USA adw2 A = _W.....L......9W ... . FP. V... eePe . Rtvireennneennun V...RD.......... =
U1l0 USA adw2 A =  W.....L..cecoUV] e i Po¥Ve i it e PutBRu it ennneeeens V.oe.RD:. ot v v ennnn S
UB USA aywl A = _W.....L..oee.V i .o . FoV. it e oPu Rttt ieenenennaa Ve e e ettt e e s =

L 19A4. e B RIS

L

*

L ]




Appendix

Table A.L2- Alignment of complete nucleotide sequences of HBcAg which shows genotype/subtype
identification and geographic origins of 91 sera.

Note: Nucleotides are numbered from the beginning of the HBcAg. Genotype A had 6 insertions,
therefore using Bioedit software (Clustal W alignment) 6 extra nucleotides were added at positions 2454

to 2459 for a proper alignment.
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Appendix

Code Country Subtype/Genotype Core genes nucleotide sequences
10 20 - 30 40 . 50 60 70 80 . 90 100

e e T T S o e S e S e T o A [ I |
A-4 Korea adw2 B ATGGACATTGACCCCTATAAAGAATTTGGAGCTTCTGTGGAGTTACTCTCTTTTTTGCCTTCTGACTTCTTTCCTTCTATTCGAGATCTCCTCGACACCG
A-34 China adw2 B .............. G ittt s s e s nanenenaoserseanaaeenaaaneiartaaacananenaaaraan.n Cu ittt s s st nananenns
A-38 China adw2 B ... ........... L S et e e Chotiternennnn
A-42 China adw2 B . ........cc... Ga et e s e e e s amenae s e e ae e aa e e n et ae e eaeasaesae et e e e e a et s et
A-43 China adw2 B .. .........0.. e 4t e o et ammnm e m e bt e e e s e et e e s a e ae e meaaee s e e ae e s e e e n s et ae e
A-45 China adw2 B . ............. G eteeenesnscnncsananns C it ie et s eetesnsnsenenanaaanneaesnnsnas P [
A-48 China adw2 B . ........... 7 N Greeeenoansnnassasnncnnans
A-11 Vietnam aywl B .. .........0... Gre et a e e e as s s anaanassacnanaaenessseesaeecnecenenenaenanennsnens P L
A-12 Vietnam aywl B ............ 7
A-14 Vietnam aywl B .. ........cc... Gu ittt e e s aonsaaasanaeesttaaareanaeanens Clot et et noensenssoanansnsancsasnnans L
A-15 Vietnam aywl B .. ............ L L e 7 G..TA. ...
A-1 Korea adr C = ...... ceee e Guteeesencesosacessssesaenssseasnenannnns cere Al it i i i e [
A-2 Korea adr C = | .,.....ccunans Gt i e et eas et nsan o
A-3 Korea adr C f e e e Ge ettt eaesannanans Qi i ittt st aanatsseesaanssessesansaeasssssssnsnesenannansennonanssassnsa
A-5 Korea adr C = . ......cce0tu00e Gueenneenscasacananns f et et et eaasseeeecse s et e G..TA.....c...
A-8 Korea adr C . .....ccen0e-s Geeeennoaassennnnssansan 7 S
A-9 Korea adr C = .|, ... ....c0.. Attt ittt ettt s e C e ettt ereea st [ b
A-10 Korea adr € = |, .......c00000 Gt ot e e e as s aeaneanasacaesaoaaeannacaanenanae e Cunt it et eeenanasannecancasenenn
A-13 Vietnam ader € .. ....... .00 L A e ittt et i e et ettt et e et s s e e et et et
A-20 Japan adr € = | .......cc000. [ L Cotr it ittt i e et cnannn
A-21 Japan ader € = .. .......¢.c000. L G...oann Puceeeovanananassnsnsoacansenssan
A-23 Japan adr € [ .......c000.. PA. e eeneenennees Ce i it te i e et e teeasesesosnnensoeessasassassacinsessssssnsannenna Teviwnenn
A-24 Japan adr C f e s e e [ @ et e e e e e m e s e s s e sa e s et et e et aee et et e et ce ettt T..
A-32 China adere ¢ | ............. G e ittt ettt e s o e e ettt et et a et L
A-35 China ade C = [ ........ ... L C ettt a e
A-36 China adr C feeeaea cesesseeGereencanccccans e e st e e s sesaectsaneeesacencsosssseneenanencnsus P e et s e s eeraeseseceananann
A-37 China ade ¢ @ . ,.......... eeGuioiiiccocncccas s anenan Ceemceesssesec et s e e st anannn cesecsesseteann Tt et enenaenans .
A-40 China ade ¢ = ,...... T C et et e et e s e eesaacaeaaaaa et e a ettt L
A-41 China ader € ., .........c0... Gu i ittt e s o et aeseanenas et aar ettt et B |
A-44 China adere € . ......cccc... Giceseenonsacan R ceenae e s s essscesencannenna T < f it e e .
A-49 Cchina adr, ¢ ,....... T GGttt te s ssacacnosacesseaseasassnncnnannsas P L
A-50 China adr C = . .......c0000. A ittt ittt e ettt et et et st et e et e e Acccresennscncans e
A-51 Cchina adr C O c et e e Teooun c ettt e e m i ar et e P,
A-52 China adr € .. .....cc0000a L L o
A-53 China adr ¢ = .. ...... ... .. Bt i ettt st nasasanee et ettt at st fe e e L
A-54 China adr ¢ ,....... [ L e e ea et [ ALt it e it .
A-55 China ade ¢ . ............. Geieen i A it ettt it e e et it et C e e e e e n e
U3 USA adr C ceeseseccansae Geceaosnorssnsecnsens Acivteitts s st sceeasss e sssseanaaaaa s aees e s s aasanaan csessc e e .
0078 Pacific adegq- C  .............. Teeennn n e m s s s uEEeEseEssaEcurmararseEereEmaiEaaans L [ Cottitii e aean
2080 Pacific adeg- C .............. s Ces s e et R N < 2
3097 Pacific aderg- C ,...... 1 Citt i it iiseaceensnasenasenanas L e
3415 Pacific adeg- C . ............. ottt e eencenancnneenns Cit ittt aeecenceenansasananasannnns T vennnnn G et a s et s e
5017 Pacific aderg- C  ........ccu0c.. L L AL it ittt i i e et e
5072 Pacific adergq- €  .............. B L it it i ittt ittt i rin e ssas s rras i as i anaes b G..... At e et e

I, B L 197 .. _ . . . B e




Code Country Subtype/Genotype

I38 1taly ayw2 D

I39 Italy ayw2 D

I44 Italy ayw2 D

I54 Italy ayw2 D

I55 Italy ayw2 D

I59 Italy ayw2 D

I69 Italy ayw2 D
I113 Italy ayw2 D
I118 Italy ayw2 D
8.22 Scotland ayw2 D
7.13 Scotland ayw2 D
7.29 sScotland ayw3 D
8.25 scotland ayw?2 D
8.32 Scotland ayw2 D
0052 India ayw2 D
0062 India ayw2 D
0076 India ayw2 D
0081l India ayw2 D
0083 India ayw2 D
0094 India ayw2 D
0018 India ayw2 D
0098 India ayw2 D
0123 India ayw2 D
Ul USA ayw3 D

0026 Pacific ayw2 D
2007 Pacific ayw2 D
3414 Pacific ayw2 D
5029 Pacific ayw2 D
A-16 Vietnam adw2 A
A-19 Japan adw2 A

I60 Italy adw2 A
I68 Italy adw2 A
I98 Italy adw2 A
7.32 Scotland adw?2
8/19 scotland adw?2
8.21 Scotland adw?2
8.31 Scotland adw?2
9.5 Scotland adw2 A

U2 USA adw2 A
U4 UsSA adw2 A
U5 USA adw2 A
U8 USA adw2 A
U7 USA adw2 A
U9 USA adw2 A

U1l0 USA adw2 A
U8 USA aywl A
0012 India adw2 A
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10 20 30 40 50 60 70 80 90 100
cveabaesalosealanealesealocaaloaaacalacaaloniolaaeaeloaealanceefocaealoeaelonnelosaaloeaaloaaaloeealonanl
........ Chve e el et crencnnsesnnsBeicenncnanansanee@ieennnnencsescennnnseeaseeAG. A .......T..A..T....
.............. Pt i inereeseesaeseBececennaanoaceaceaGeaaensaceroosiaaacencenaneseAGiAieeeeeeTe AT,
.............. N oD X 2 SR, SN U S
.............. P PP < 2300 TR DD \ < T . I SR, S
........... L P e N SR X U R - SN SR A D
.............. P et ieeneeneanenseaBeeeneceeeeeanaeeaBeeeeanneeasenenenonnaaeeeAGiAreeeeee.PooAl. T,
.............. P ieerensarenseeseBAiCoirinencnnnenesBGurnernonsnacanaceanacanessABGAcuee.eeTeoA,.Tuu..
........ Cote e i s ittt e tieeeneeeeBAe it enaeeeiBuaeeaeanacaaacneeaeaene i AG. A ... . T..A..T....
.............. 2 D SO o SR < 230 T V< 5 N NP G, SN
...... D XU < D Y c 0 R SR JRE DR
........... O AT SR U= S AR JUDN, JUDR, JUP
........ L N N OO DAY 2R X 0 RN | SR RN DR
........... e i it et eeceeorecanneBAeeearecnncenaneaBuetneeenceesaaennaaneneeeeaCOAeeeee. . Te A .Te...
.............. 2 R < N (<200 W U, SR, SR
........... P i it tenenecneceeasBAieenenennnaneeaeBGueiCiPeeeenenneennaeache AG.Au.e.ueeoe.Te A..T....
........... P e s ietnacananeenensBAieeieiennncenenesBGueiCilineeenenneanaenecAhi AG.A.......T..A..T....
........... PP ettt eeeenneceereBAeeernnnossneeesee@oaeCiTirennenneeeonnne Al AG. A ... T..A..T....
.............. L O 2 Y\ 21 U DR DU SR
e G i it ttenea et AG.A....u-n. T..T..T....
........... P et ietnneeneonenansAeeieeeroneanneesGueiCilinerenennenaneneehe AG. Ao, .T. A..T....
........... P e it ceenecaaseoseneBieeanncencencaeeaBGeeeCiPeneeencennnnoceechiAG.AceueeeeTe A, .To...
........... T i et e e eeeeeacenaeeaBeeieeniaeeenaeeaaBieeCilPueeenneueaanachi AG.Arevy.eo .Te A, .T....
........... R Y PRI < SEPI o JNL R S U 2% UUDEUAIRN, SR SRR U
........... R Y o Y S P U S X R JP W, S
.............. G 2 Y o 2% W, SRR . R
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.............. X Y o 27 W NP W, SRR
it ectiaecann Y P CG.A..vun.on. T..A..T....
.............. A < 2T o1 '« 7 U D WU
.............. Tt iee i etneenceneeeBieneieanenneneeeBBiueeenreeeBGueeenenneeeaaCB.CoiBGuunn Al AT, A,
e e eaaeeaaan L Gt e it ceraaeaaaan P o] c 2 o7 U Ao
e reeeee e . O L CG.CA..vuvcruennn Aceeon..
.............. b U SPRPUDRY R - SUPPPD NPT, JUIRT o SUP - SUPY - SUUIIY U o S R
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.............. . 2 o T 0 o7 N
.............. N c 2SR o = S0 o7 RN W

| Bt i teianeac e CG.CA....... T Aceeaan.
.............. R AP PP  SPEPD U N oL 2 o WD W
.............. X o2 2O o c N o7 U S
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.............. O R 2 SR oL = 3 o7 WA U
.............. N Y oL 0 <7 WA P
.............. 2 O U . 2SO o 0 o A
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Appendix

Code Country Subtype/Genotype Core Gene Nucleotide Sequences
110 120 130 140 150 160 170 180 190 200
. I I S o [ L T o O I e S [ o H U R |
A-4 Korea adw2 B CCTCTGCTCTGTATCGGGAGGCCTTAGAGTCTCCGGAACATTGTTCACCTCACCATACAGCACTCAGGCAAGCTATTCTGTGTTGGCGGTGAGTTGATGAA
A-34 China adw2 B ... ...ttt it ettt ettt e e e Gttt ittt e i e e Gttt it i et e
A-38 China adw2 B st e s et te s e ueam e s s e s ea e st te ettt e Gttt ettt ae st e, Ao
A-42 China adw2 B | . ... ...ttt aa et ettt e e [ A.....
A-43 China adw2 B Ceer e C ettt et eaetrec et et er i es e B Ceee s e e
A-45 China adw2 B et e e m e e et et e seaaa et e et Aviiiiiinanans Go et e e nenaesassontoanannanaonsansannnnnenea
A-48 China adw2 B TR C et eseaaaaen it e et s st Geiieeesencaraane PR PP
A-11 Vietnam aywl B T P R censeessena s es s L
A-12 Vietnam aywl B et e e s e iai e s eeat et At G.vweon C i et e [
A-14 Vietnam aywl B .| .. .. ...ttt ittt ettt ettt Gue it et oseonnneonossansseencanssaesssanneans
A-15 Vietnam aywl B P et i e N P < I
A-1 Korea adr C ce e A e i ettt ettt ae i 7
R-2 Korea adr € [ ........ccc00. C e eeseer s et et ee it s e aa e Ce it P C e e ereieenaaneean
A-3 Korea adr C et m et et e aeesee ettt CA.iviininnnnenns . e
A-5 Korea adr C fee e e teer e C et ae e e e tai i eei et [ Ceee e e L
A-8 Korea adr C = ..t tiiiitiiie e et aea e et aaaaa ettt Cit ittt et eceeseneanassenonsacsannsasess
A-2 Korea adr C f e n e e feeetr e c e Chtee et e Chiteeennenonunnna C it edteas e e .
A-10 Korea adr C L
A-13 Vietnam adr C . ceeen
A-20 Japan adr C PN f et e et eeaaeeas e o Crses e ettt e s ettt e ettt a e
A-21 Japan adr C e S st s ss i tne e et usareassieesuzeaesersascacaiaeanaan=as
A-23 Japan adr C T e e s se e aaa e Gttt et s et Gt it e s e [N
RA-24 Japan adr € = ittt iiei s aaer e e et et et e e a sttt ittt AG. .. ... e e nieec e enaaaen
A-32 China adr C . L A ittt i e it e e
A-35 China adr C P Ceseeee e Cere e f i e e ie et s e e e a et e e ceese e e e e e
A-36 China adx C R @ e e 4 e e et 4 e e e s m s e e e s e e e e s e e ae e s e aeteasaa e sue e e s eeeaaeaeaanaeeaenaa e e e
A-37 China adr C ceeeenena frse e e aereaeane C ottt e e e ALl
A-40 China adr €© = .. .... .ttt eennsnnnnsanssssennnsncaansassnneas Al it i i i i i e At et i ittt et et e e
A-41 China adr € = ...ttt ieniataneatanettaaneacassasaasasatancaacanenttaenraeenna Acieiiiaiannn L
A-44 China adr C e e e e e uae e aaee s mee s aae e aes e et et st aae et aa ettt e et a ettt e ceee e
A-49 China adr C = ... ... .icietinnannnns 7 T.A. .t eienrnnnn [ G..oennn
A-50 China adir € ...ttt ittt iaeneenaansnnesassaseanetiaisacetsastortsetaaaeentae.n b
A-51 China adr © @ ...ttt ittt e e e e Al i [
A-52 China adr € @ ...ttt ttentneneanoteeseaseeansessssssansossssasssssansoansesss 7 A.....
BA-53 China adr € = ..t iiitttt ittt anetetntentoatatenttte st 7
A-54 China adx C TR Al
A-55 China Aadi © = ittt ittt ittt i ettt ettt ettt et ettt e e
U3 USA adr C P o T
0078 Pacifioc adrg- C ....A........ C ittt ettt it sttt aaaeeenstnenassosasassecanesoesensssoenannsnnas [ o A...o..
2080 Pacific adrg- C ... . A .. ... ... ...t ittt ittt B ittt ettt i et s e e Gttt iee it et e Ac....
3097 Pacific adrg- C CJALLLT. N [ A.....
3415 Pacific adrg- C ce AT, o G.vavnn e n e Al
5017 Pacific adrg— € ... A, .. T . it i tttnetetonaneenecaensassensstnesansonsecessnassesossoeenananaasnnss e A.....
5072 Pacific adrg- C ...,.A..C...... 7 e e et e e et ae st [ A.....
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Appendix

Code Country Subtype/Genotype

110 120 130 140 150 160 170 180 190 200
. clereeloeceeloeealeneelecaclenealeanenls O TP clecacleneals leeoealaeaalansel celeeaals ol
138 Italy ayw2 D O Av et iiiiaaann R - S . Ac..o.. T..C..... G..AC.A....C
139 Italy ayw2 D B N A et e iiieaaen R S O A...o.. T..C..... G..AC.A....C
I44 Italy ayw2 D F . . At iiii e O i A.o.o.. T..C.T...G..AC..C .C
I54 Italy ayw2 D FR I . Al eiiiieiennans L 1 Ao T..Cuouvuane G..AC.A. .C
I55 Italy ayw2 D e e AL Lo, Al iaa. Aveeeeceacasnson b S 1 A..ocee T..C.... G..TC.A..A.C
I59 Italy ayw2 D O L b S e Aciaee T..C..... G..AC.A. .C
I69 Italy ayw2 D T 7 b R < T ettt ennaneens AL T..C..... G..AC.A....C
I113 Italy ayw2 D S Al ittt innanes b R < b Al.... T..C..... G..AC.A....C
1118 Italy ayw2 D B At i = O A..... T..C..... G..CC.A....C
8.22 Scotland ayw2 D . A. .. .o Ao b R ¢ T.oooo Pt st i et s e necnennn cC..T..C..... G...C.A. .C
7.13 Scotland ayw2 D . AL T it Avceieennn Ao b L T..... L C..T..C..... G...C.A. .C
7.29 Scotland ayw3 D ... .A. . ...t nennan Al ittt i e L P L Ao T..C..... G..AC.A. .C
8.25 Scotland ayw2 D P Ao ) B L ! Adiean T..C..... G..AC.A....C
8.32 Scotland ayw2 D N Alieeenn. Accoa PeeGitineesennnnns T.evotran P st eennacanssases C..T..C..... G...C.A....C
0052 India ayw2 D [ . . Al Aieeiineenns L R b Al .o.. T..C..... G..AC.A....C
0062 India ayw2 D ceesAL .. Al P L 1 b A, T..C.ooovn G..AC.A....C
0076 India ayw2 D Y Al iiaan Al it a e L 1 1 A..... T..G..... G..AC.A....C
0081 India ayw2 D O R Aieiaiietenenan 1 O T.ooeo L A.CC..T..C..... G...C.A....C
0083 India ayw2 D ceesPe s acc st eanann Y T. .G. e s s sscnen s T.ooveo Peveesancsasans s AL Co.T..Civav G...C.A....C
0094 India ayw2 D [ Acicanaen ALt L Teeecoaosnosnanan Al TeeCuovonw G..AC.A....C
0018 India ayw2 D ceesAiiian Al it Al et i iie e L 1 ! Al.... T..C..... G..AC.A....C
0098 India ayw2 D ceecAl L. S Attt it ieers . L A..... T..C.vnu.n G..AC.A....C
0123 India ayw2 D PR . Al 7 L 1 Pevecsencsnanas Ao, T..C..... G. .AC. A .C
Ul USA ayw3 D e L b L L A..... T..C..... G..AC.A....C
0026 Pacific ayw2 D eGeGeorianenstaoacne Peoeeacsecaasana b L s Pesvesacnnsanse Al T..Cicun A..AC.A....C
2007 Pacific ayw2 D J R < e it eonnnsona b P L A.o... T..Covou.. A..AC.A....C
3414 Pacific ayw2 D B R < o Pe oG e eieeeeannene T..... ) Al T..C..... A..AC.A. .C
5029 Pacific ayw2 D G.G.i v ittt e trar s ! e e ! L Al T..C.vvn A..AC.A. .C
A-16 Vietnam adw2 A ceaesAi i it Al A, . it et T..G..... Ciceeenneaeanas ! C.ooe cC..C..... G, . AL ... c
A-1l9 Japan adw2 A R R Accieaan ALt i e T..G..... CA. it ittt eretantannanannasenns Covenn A..C....TG..A..A....C
I60 Italy adw2 A P . A A, .T. .ot T..G..... L ) C..... C..C..... G..A....... C
I68 Italy adw2 A L Aceiieianienasnns T..G..... Chit it i e st e nenen Poeeeroneananans C..... C..C..... G. . A . ... C
I98 Italy adw2 A .T..A..C..... C..... T..TC.veunn- Al v it CA.C..CA.T..... [ I R o A....T
7.32 Scotland adw2 A . ...A.......c0.. Al LA e i e e T..G..... Lo Tttt eeenannnnn C..... cC..C..... G..A....... (o]
8/19 Scotland adw2 A . T T..Gouune Gt ttneresesannonsanannenasnn Ao C..Cuuunn G..A..A....C
8.21 Scotland adw2 A . cAL i i e AL Al it ie e T..G.euvuonn Chnnni i Pt i e s s Covienn C..C..... G.. A ... o]
8.31 Scotland adw2 A . A..A. . ciceiarnean T..G..... Ceceenacnsnanans Peeeceenaenanes C..... C..C..... G. . Ao C
9.5 Scotland adw2 A P . 7 S T..G..... Lo Pt ettt et eeaann C...ont c..C..... G..A....... [o]
U2 USA adw2 A PO . T AL AT, it i ettt et T..G..... Ciit it tteenaans ] N AA. . ... C..C..... G..A....... C
U4 USA adw?2 A N [ . S AA. . A.. ... “ e e e T..Gevne Cieianns . eeseTieeeaaenvecnns C.ieeeClCovnne G. A C
US USA adw2 A . L Aceiasceiannaes T..G..... L Cetenranaeranns C.ovewe Cc..C. TG. .A....... C
U6 USA adw2 A P . AA. LA . i i i T..G..... Cittcnctaananns L C..... C..C..... G..A... ... C
U7 USA adw2 A eresAl i i e e A A . i i i e, T..G..... L L C.oone C..C..... G..A....... c
U9 USA adw2 A crsecAi i ieict i Al Al .. ittt e e T..G.o.o. Chtt i ittt e ie e P creceosccanas C.oo. C..C..... G..A....... C
U1l0 USA adw2 A P A. Acciiieeraneanea T..G..... L Pevanaonaanosss Civene C..C..... G..TG..... .
U8 USA aywl A [ . To..Guieeeeeearecanasoaansnas . Ao, T..Coono G..AC.A....C
0012 India adw2 A e dAL L L. AC. ... ... 7 T..G..... - C..... A..C..... G..A..A....C
. _ 200 e o
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Code Country Subtype/Genotype Core Gene Nucleotide Sequences
210 220 230 240 250 260 270 280 290 300

eanelereelectel e lenaclecaelieceleceelensalernacloicsilernealanceloenceleciolsesecleceelacasloseelaanal
A-4 Korea adw2 B TCTGGCCACCTGGEGTGGCAAGTAATT TGGAAGACCCAACATCCAGGGAATTAGCAGTCGGC TATGTCAATGTGAATATGGGCCTAAAACTCAGACCACTA
A-34 China adw2 B «s A s i e e e e s e e e e T. Gttt nnee s b R [ P e e st et e e A...... A .
A-38 China adw2 B R P e cGueernecrencannanns L L A....
A-42 China adw2 B ceedhe i it isientencanans e s e e L Te oo Al eieneen L Ao A..
A-43 China adw2 B . T Guieesecennananss TeeoehAieernonenn L A.T A,
A-45 China adw2 B eseBaiicciannnas ce s s es e A.C......G ceesceaas . TG -V S T..C...... ceemae T.oeeen A.T..
A-48 China adw2 B O c et ea e R O Coileeetrennnanonne Ao A....
A-11 Vietnam aywl B T ToeeBGevennnonnnn P L cesAliia AL
A-12 Vietnam aywl B B I T s s esccscnsnnaae [ T R 1 Ao, A....
A-14 Vietnam aywl B .. ......cccertcnnnnnns e Geernennnnssnnns T s cesseaen A C.ALT..
A-15 Vietnam aywl B L [ O . A....
A-1 Korea adr C P Gt iea i b R < [ L [ A..... Ao A....
A-2 Korea ade C . ......... C et et et s et et et e Gewuus e 1 L A. .
RA-3 Korea adr C = ...ttt ettt et aas Geoeeosoonnnnnes . L Govenvnnnne A....
A-5 Korea adr C . cecavouncnnen PR« PSPPI . Leeesenasssee A....
A-8 Korea adr C = .. .....cicetescocnannacnansceacanaans G vt nannaannonas s . A....
R-9 Korea adr € = = . ....ceiiiecnnonasnessesannnscsseanssnss Geveerrnononnnn B R S
A-10 Korea adr C T | < L L L A...... A....
A-13 Vietnam adr € @ ... ......cctieetcnnnnccncntaccnncnaan Geveeonannnnnans L . G..GA...... A....
hA-20 Japan adx C cr s s s e e st et seaennn ce s s e s e T e eGeennn . ceee Pl AL e O L eeeaddAiiia. A....
A-21 Japan adr C o P [ A....... L . A.T....A....
A-23 Japan adr C @ ...... At ei i iiiiae e L R [ N s A Y-
A-24 Japan adr C . Ce ettt e s C e r i e et e G vnnrsnennaannns L T . A...
A-32 China adr € . .......ccceteeccnanan e edraaeasanana- [ A....... L L O b L ClALAL.
A-35 China adr C I Ce et Gevernnenonanana L L 1 Al..o... A...
RA-36 China adr C @ ...ttt mitaneianosassarsarsannsnns < L T . Al A...
A-37 China adr C ceses et caannaanea sesess et searece ce e GGttt .T...AA. ceesas Teeeeceoese cesaGAL ... A...
A-40 China adr € = . .......iccceeseccaanss ettt et [ I T...AA .. ..... L A..
A-41 China adr € = . ....i.iiieeeeeresassacsncnssnasssans GGt erevnnnan G.T. AR s FO chAL L WAL,
A-44 China adr C e mess st ese ce e scanas c e et L ) Pt e e eicacesoas GA...... A....
A-49 China adr C @ .. ... ... it teteraienraaseneenanann GG.e it ettt i i i T I L L L, Al.oo. A...
A-50 china ad» ¢ = ..... seesssecsans e s . C et e e G faeemes s L P L Al .... A
A-51 China adr C = . ... ... ..ttt etteneeseennnnaans S T L R U L L Ao, Ao
A-52 China adr C “ e .o s e s e s s esecenses s cee s GG .. [ T...AA. ceee e L ce e AL A..A ..
A-53 China adr € ., ... ...ttt iotocannnenanansas Cooonn Gee ettt iiaee C..T...AA.......... L Al AL,
A~54 China adr C e . ce s e e s et e TGo oo eneanaennns «.T JAAL L L s .C.. T, ci et sasasas A.c . JALL
A-55 China adr C = ... ... ...ttt tittttaaeateatnarsacennas [ L L 2 Gh...... A....
U3 USA adr C Civenersncansecasna CG.eveeeeanaanes TeeeGeeeaonosnnns vees Pt ics vt eaant e Picenaanorsosncansasas <JALAL.
0078 Pacific adeg- C ...... b 1 [ TG...A.T........ CA.T.. it iiiianan. Ao A...
2080 Pacific adrg- C O L cessenaatesenen PeeeGuaarvenrvannns e o TT. e AT e v e v e L A.oo... A....
3097 Pacific adrgq- C ...... b L . T™F...A.T..... B N AL A....
3415 Pacific aderg- C ..... R 1 Guevrennonnenn T L R O R L o R Ao, A....
5017 Pacific adrgq- C ...... L L TT...A.T........ CA.T. .t itieetnennsns Ao Ao,
5072 Pacific adrg- C ... .A..T........... . CG.ivinnnnnne s L N . Ao, A.T..
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ie Country Subtype/Genotype

3

23

u
26
07
14
29
16
19

31 scotland adw?2

Italy ayw2 D
Italy M%tﬁ D
Italy ayw2 D
Italy ayw2 D
Italy ayw2 D
Italy ayw2 D

Italy ayw2 D
Italy ayw2 D
Italy ayw2 D

Scotland ayw?2
Scotland ayw2
ayw3
Scotland ayw2
ayw2
India ayw2
India ayw2
India ayw2
India ayw2
India ayw2
India ayw2
India ayw?2
India ayw?2
India ayw2

Scotland

Scotland

SA ayw3 D
Pacific
Pacifiec
Pacific
Pacific
Vietnam

(-3 - -0 - - - - -

ayw2
ayw2
ayw2
ayw?2
adw2

Japan adw2 A
0 Italy adw2 A
B Italy adw2 A
B Italy adw2 A
32 Scotland adw2 A
19 Scotland adw2 A
21 Scotland adw2 A

vouovoyu

POCDUODU

A

5 Scotland adw2 A

u
u
u
u
u
u

SA adw2
SA adw?2
SA adw?2
SA adw2
SA adw2
SA adw2

LR

0 USA adw2 A

U

SA aywl A

12 India adw2 A

Appendix

Core Genes Nucleotide Sequences
210 220 230 240 250 260 270 280 250 300
ceel. 1. T T T T I T I I e e .. Teveoloeealanasl
CALLT. i e TGT. ot vn v vanan T... ce.T. A..CC...T.... AT CACT...ctevenncnnn GT....G.A...C
ceAL LTl e e PGT. voivernanan T...G....T..... CC...TT. . TA.T. ..o CACT....ocevuncnns GT...... A...T
T | TGT. ea v v vennas T...6....T..A..CC...T....A.T........ CACT...ccvnvennnn GT....G.A...C
AL T i i i TGT: s et eesesanns T...G....T..A..CC...T. AT e CACT. . ocvcenconasns GT....G.A...C
SCAT. L Ll 5 Tttt nneaneans CC...T. LAT.. L. T..CACT...ccuuveanans GT....G.A....
I O TGT. v vt e v ceanan T..o.G....T..A..CC...T....A.T. ...t CACT...cecnaansnan GT....G.A...C
T . TGT. e v v aovnvans T...6....T..A..CC...T....A.T........ CACT. ot oeevecnanns GT....G.A...C
T S TGT:. v v voovnonns T...6....T..A..CC...T....A.T........ CACT. oo ce vt e cannns GT....G.A...C
R S TGT: v et evveenss T...6....T..A..CC...T AT, . AACT . s v oo v noonnnan GT....G.A...C
AL Tl L. TGT. « e v ot avnnn T...6G....T..... CC...T. AT L Ll CACT. ... .ot enennn GT....G.A....
AL T s s TGT. v et e v venann T...G....T..... CC...T. AT L [ X o GT....G.A....
CAL LT i e i TGT: v o vesnnnean T...G....T..A..CC...T. AT i CACT....cveeeennans GT....G.A...C
PAL i TGuceneinenanns T....TC........ CC...T....A.T..... T...ACT. .. et vemenenns GT....G.A....
B . S | PTGT:. e et vareeesn T...G....T..... CC...T....A.T........ CACT. ..cecoeanaans GT....G.A....
CAL il il cieii e TGuoeovnnennenn O CC...TG...A.T..... T..CACT. .. cteaesnonasa T.T..G.A....
AL e e e TG.vervveesnnnans L CC...TG...A.T..... T..CACT. ...t cerncnnns T.A..G.A...
AL L e TG.civennsaaans T....Touana.. CC...TG...A.T..... T..CACT. .. et vennennns T.T..G.A....
ceAl T i il e e TGC. oervennannan T.A.G....T..... CC...T....A.T....oo.n CAAT. ... centennnn GT....G.A....
R S T < I T I T T SR ¢ B oo A CACT..... sees e GT.T. .G.A. ..
T . S TGe v envoeanenans T....T...A...ACCC...TG...A.T..... T..CACT....ccucuceacens T.T..G.A...
T . S TG.v it aaennnnna T....T. i CC...TG...A.T..... T..CACT. . ..ot iaanna T.T..G.A....
cdALL ol F T.ooeTovieannn. C....TG...A.T..... T..CACT....contnnaans GT.T..G.A....
T TGovvernesannan b N CC...TG...A.T..... T. .CACT. .. .ccvureonnnns T.T..G.A....
PR . PO TGT. -t e e et ennn T...6....T..... CC...T....A.T........ CACT.....coivennnn GT. . G.A...C
cdAL T i e i TUCl e Ao T..eGeooaTuoenan CC...T....A.T........ CACT. ...t sesnanann GT. ..... A.T..
P R T.C......A. . ... T...G..o.Tuvnn CC...T.... A T........ CACT ... cvvewnesnnn GT...... A.T..
P | T.C...... A..... T...G....T..... CC...T....AT........ CACT. .. vceecunnnn GT...... A.T..
[ | T.C...... AL T...G....T..... CC...T....A T........ CACT. .. .vtanmnnuns GT...... A.T..
P | T Ao, C. P N« B TC...T....AAT..... T...ACT..C...vcitvaann GA....G.A....
cdAL Tl i i e i e T Acoeenen. .. eTeeeBGivererees.TCow o Tew o cAAT. .. .. T...ACT..C.scvvnenn SGA....G.A....
B O T.A.eeeeeonnnns T.oeGovereeannn TC...T....AAT..... T...ACT..C..... TT....GA....G.A....
T | TeAieeeenenanan T..eGoviniannnann TC...T....AAT..... T...ACT..C..... TT....GA....G.A....
T.C. .TT. .ot ToBA.eeroeinonnsans TG. .G.T..... T....T...TAAT........ CACT....c.cnovun T...A.T....A...G
B b b TC...T....AAT..... T...ACT..C..... TT....GA....G.A....
B ToAecerteananans TeoeGuoanonnans TC...T....AAT..... TeotACT..Coc v vnannnnn GA.T....A....
P S T.A...iieciannnn T.oeGuiveiennnnan TC...T. JAAT. .. .. T...ACT..C..... TT....GA....G.A...
CALLT. e e S T.oeoGuivinnnnnn TC...T. CAAT. .. .. T...ACT..C..... TT....GA....G.A...
AT oo s T.A....... C. [ R TC...T. CAAT. .. .. T...ACT..C..... TT....GA....G.A...
O T.A..cieiennn. T.'..Gutvinaenns TC...T. CAAT. . ... T...ACT..C..... TT....GA....G.A....
Y . S R T.A. .ot aaanna TeoeGooncnnnnnns TC...T. JAAT. . ... T...ACT..C..... TT....GA....G.A....
JALLT. ... ceseen b S T..oGuveennnnn. TC...T. CAAT..... T...ACT..C..... TT....GA....G.A....
| b L T.oeGivenenennn TC...T....AAT..... T...ACT..C..... TT....GA....G.A....
clAL LT e T.A..cooans C. [ TC...T....AAT..... T...ACT..C..... TT....GA....G.A....
O N T.A.ceieaennann T.o.Guoeianinnn TC...T....AAT..... T...ACT..C..... TT....GA. .G.A. .
cdAL T i [ L o c T.e'oeGuvevnoanns Te...T....AAT..... T...ACT..C..... TT....GA....G.A..
s AL T e i TGT. oot eereannn T...G....T..A..CC...T....A.Tev:cs:...CACT...cvveesTee..6GT....G.A...C
P . L T.Acoienennn S R e TC...T....AAT..... T...ACT..C...cvounrnn JGA....G.A.T..
_ o 202 DU e e




Appendix

Code Country Subtype/Genotype Core Gene Nucleotide Sequences
310 . 320 330 . 340 350 . 360 370 . 380 390 400

ceealoecelasealocaalosaalanesloseatoaaalocealoonclocanlanaslocsalocaslonecloneelonecloncaaloenaaloeaenl
A-4 Koxrea adw2 B TTGGGGTTTCACATTTCCTGTGTTACTTTTGCGAAGAGAAACTGCTCTTGAGTATTTGGTGTCATTAGGAGGGTGGATTCGCACTCCTACAGCTTACTGAC
A-34 China adw2 B ee e T it i ettt e s Cuicennnanns G.eveweennnn Teoonunn A.cieieinaneaa P ePese i Pensssosorssanses C.T..A..TA...
A-38 China adw2 B reePiieciacscnnansons Cuveennnnne [ P Tevennn Aliiieenanns b CAGC.A..TA...
A-42 China adw2 B S ¢ Cuiveninnnen Guit it ieae T. oo Aol i b | C.T..A..TA...
A-43 China adw2 B | Covonsassas G.vrvnnooee Toeesan Al ciererians Teel.ee ol ien i tnaeneseonn C.T..A..TA...
A-45 China adw2 B | Citvnnsnosenerons T....T.A. ... A. ..o B L C.T..A..TA...
A-48 China adw2 B ce e leie et eenaennannae Cuoveninnnns G.iveienans T.oen. A...C....A. .T..T. ...l cereurcunnancan C.T..A..TA...
A-11 vVietnam aywl B . L B R Tevrvnnn A T..T. L C.T..A..TA...
A-12 Vietnam aywl B S Chrotennronsonnssananans L Aleivernanns T..T el cescenansoanaos C.T..A..TA...
A-14 Vietnam aywl B P O Cecuasecssnssssnasasancse T.veuenn A..... sees e T..T L C.T..A..TA...
A-15 Vietnam aywl B T L T.veenn Aliieieienaan ! C.T..A..TA..
A-1l Korea adr C R PonaCivanveronnsannancsanssne Teveersnasoe ceesaas P el ePeiaricnsenancnans C.C.G....A...
A-2 Korea adr C B Chaetiininaaaceas | TeeTe e eTeeeeionannnnns ..C.Cuiiinn A...
A-3 Korea adr C sePeuiianncccacnas L Guoeeeeennonassacnse ¢ | CA....... A..
A-5 Korea adr C | Chtt et e i sneenaa s T, Alcviennenennn ! C.T..A..TA..
A-8 Korea adr C T Cineennssrecenannnoanse Pevescssoane cedeene Po . P ecPeevncssacencnnna C.C..vvun A..
A-9 Korea adr C | Citt i insesaaocasennann L b O Covienn A...
A-10 Korea adr C eesPeiceancracnnsoancas L 1 cessAl . TeeCon i v P n et ceeecaacnans C.C.G....A..
A-13 Vietnam adr C R o G.oveernnnnn 2 A..T..T. TR c.C...... AL,
A-20 Japan adr C R C.C.i ittt tnencarnnnnns L PR T..T. L C..A...A..
A-21 Japan adr C Lo Chten st tacennvanennn Y L1 (o A..
A-23 Japan adr C CoeeTuonncneenes Cossnene L T Peeeeenecans cese e T..T.. B C.T...... A..
A-24 Japan adr C FR ittt ittt tetanansceana L R T.C...... A..
A-32 China adr C P [ Coteein e s s nasannns 2 [ B N Covenen Al
A-35 China adr C srele it iicanansanssna L0 K S S s eer e T..T....T..... s ee e e C.T...... A...
A-36 China adr C eeaPencecvoncsccassacCacancns ctes e s st eennnn B sesseaT..T. ) C.T...... A..
A-37 China adr C P Ceceeeetstnsceasoncnese L PTeaPaesoe i PTieeeencnaansaanss C.C...... A...
A-40 China adr C 4 1 Cuernnnntveoosansecnnas Pucesasosaas “esean L | 1 CeCovvvee A...
A-41 China adr C T 1 Cecerenconnoscnsssansan .T.. c e e e s reesaen T..T. R o N o Y
A-44 China adr C O L T R Lo T Gitiveeonnn ! D | ¢ L «.C.C. . h A...
A-49 China adr C | 1 Cevenann C et et s e T. oo ceesevsannae T..T. U C.T...... A...
A-50 China adr C | 1, Cevencesnartonasusananas L T..T. ) C.C...... Ao,
A-51 China adr C ersePacernnnsnsacsascen Coveennnvseenansanan «aTuws cecesane e T..T. Piveceeasseosannsnas C.C...o..A ..
A-52 China adr C . L, 0] Pt ettt it et aesasnen T..T. e L, C.C...... A...
A-53 China adxr C . i Choteet it teenananncenas 2 T..T. ) T...... A..
A-54 China adr C B o Chot ittt it saen e nnes 2 b | ¢ C.C...... A...
A-55 China adxr C PO 1 cesceeseceseseCounennannen P < ! R . S | L «e.C.CL . lALL .
U3 USA adr C | O 4, L O ! | C.C..... TA. ..
0078 Pacific adrg- € C..T....ccceeesecccns o L “na e T..T. . C.T...... A ..
2080 Pacific aderg- € ... ... .. it eneanns Lo 2 b | C.C...... AL
3097 Pacific adrg- € . ..T.....ccceuvecaans Civannn C e e et i e . D O ce..ClCllLa. A..
3415 Pacifioc adrg- C T Chuiesnnveennctacenennas i T..T. Pt it e i cennannnnse C.C.vvnnn A
5017 Pacific adrg- C TR o D T..T. . C.C...unn A..
5072 Pacific adrg— C . ..T.. ... icesneeceresChuiuiennnionnsonenanenan Toweunn et e s T..T. L C.C..A...A..

o . ... 203 o o o




Appendix

de Country Subtype/Genotype Core Genes Nucleotide Sequences

310 320 . 330 340 350 360 370 380 390 400

B T T e L e e L S T o TP L T s

8 Italy ayw2 D O L B O < CeT e A A et ieeeeennnn L T Covennnn TA. .
9 Italy ayw2 D eosPicetcoceecana L G.TCA.A. .ottt esnan b L o Covveone TA. .
4 Italy ayw2 D R L o o A.T.A A . ... A..C..C.. . Cuivnnwnnn TA. .
4 Italy ayw2 D PR N L o C.T A At terinnnnnnn B o Cuovenenn TA. .
5 Italy ayw2 D R P eCiCh i e ennnnnnaonnnnnn ATCA.A. . cereanaennnn L N o | Cuovnenne TA. .
9 Italy ayw2 D ceeoPlicetoaaceanan T. e CoCittotannn Gevoeeonss A.T.A.A. ... ees P. eCoeeePerteetesancannassns Cuon s nan TA. .
9 Italy ayw2 D e el ittt L o A.T.A.A ..t ieieennnn P..Coes e Pt eeeesesecsnssns Coveenne TA...
13 Italy ayw2 D F T | O o C.T.A. A .. ieenncnnas L o | Covnennn TA. ..
18 Italy ayw2 D F T PToeoeCelCoitttttacccanvensan AT . ALA. . i ininnennns b P o L Chivieees TA. ..
22 Scotland ayw2 D F T 1 TeooCuChittvtencncncenses C.TCA.A. ... enneens B o Coveese.TA. .
13 Scotland ayw2 D .. .T....c00ueceeon b P o . G.TCA.A. .. oiueeannnnn L T o | C.ovinnan TA. .
29 Scotland ayw3 D P L1 O o C.T. A A, . .iiineteennns T..C FR | [ o TA.
25 Scotland ayw2 D P L (P & A o G.TCA.A...... C....... b R o [ TA. .
32 Scotland ayw2 D P L P o 2 G.TCA.A. .ot teeeeenenn R o Covnnenn TA. .
52 India ayw2 D F | b L o G.TCA.A. .. ... eeeenun T CiveePlicitieeecneceeran Covevane TA. .
62 India ayw2 D F O PeoeueCiCit et tnconcnoresns G.TCA.A. ...t itiennra T..CueeeePiiiiieneneonnnas Coveeane TA. .
76 India ayw2 D ¢ 1 T...C.C. ittt it iattsenssns G.TCA.A. ... e nnena ) L 1 Coneraen TA.
81 India ayw2 D . b G...C.C.iiiieiinnnan C..G.TCT.A. ...t inncann L L | C..C....TA..
83 India ayw2 D ceeTecesecsecnccas ToeooCoCit vt tcescncenanas G.TCA.A. .t .oceiveeeana B L o CeveeveaTA. ..
94 India ayw2 D P ¢ P...C.C. it ittt cnatnceenna G.TCA.A. ... ... uann L L o O C.oieenne TA. ..
18 India ayw2 D erePececocsaanecnn T...C.C. .. it tin it tr e G.TCA.A. . ... citeeean L O Ceveeene TA. ..
98 India ayw2 D F T ¢ T...C.C. ittt tiencananan G.TCA.A. ... it nvarann b L o | C.oveenen TA. .
23 India ayw2 D L L ! G.TCA.A. ... ernasse el eCrieoeeTocresanscsnnanses Covoovas TA. ..
. USA ayw3 D P | 1 T...C.C..vveven [ A.T.A.A. . ..., B L L C..ovene TA. ..
26 Pacific ayw2 D caePececnccancsoces T...C.C. it ittt eesncnnan G.T.c.A. ittt eteneronse b L 1 L CC.iennen TA. .
07 Pacific ayw2 D P L R o A o [ R L O CC....... TA. ..
14 Pacific ayw2 D L T.oe.C.C. it ittt eesanaccan G.T...A...... s ma s kL | L CC...cveee TA. .
29 Pacific ayw2 D P | 1 T...C.C. ittt ittt eeanen G.T...A. i ieueitarann b R 1 CC.v e ven TA. ..
16 Vietnam adw2 A R T..A,..T..CC..vevennn c e [ Ao [ O R o ¢ C..TA..
19 Japan adw2 A P 4 T..... P..CC. i ittt ittt ennncesasas PC. i ittt vt s e o Lo O o C..C.C..TA..
0 Italy adw2 A s s Tieece e . T A..T..CC. ... c et e erane G....TA..... Aciooae. C. T .Co v et Tiitetonoccsnnaanss C....C..TA. ..
8 Italy adw2 A e e Plewcennsoene Al . Te.CCoveteoseenvanannse G....TA..... Acesasen O L - C.o..C..TA..
8 Italy adw2 A O 1 Cit s ittt tecearnonnan | Lo | 1 L AC.T..... TA...
32 Scotland adw2 A ceaPucecnan T..A..T..CC..... i G....TA..... A..ocoeen Lo O | e C....C..TA...
19 Scotland adw2 A ...T....... T.evonn T..CC....... [ b o [ o B e C....C..TA...
21 Scotland adw2 A seeTeaccace TeeAeeTe . CCuctteesncsecnen oG .TA. . ... o L o e sCooo.C..TA. ..
31 Scotland adw2 A cesPleeneeen T..A..T L o G. STA.. ... A.. .o C..T..C.ov e e Ti ittt tetcnoennans C.. C..TA
5 Scotland adw2 A PR T. . A. .. .CC. ...ttt nneonnss G....TA..... Ao C..T..C....T. ... c e C....C..TA...
' USA adw?2 A esePliceesee T..A..T CC.uveeeennenanacsan G...-.TA..... Ao, C T o ¢ C. C..TA.
USA adw2 A v ePliasenan T. . A, .T..CC. ..ttt nnnnnnn G....Teenunn Ao, [ R o | Y C....C..TA...
USA adw2 A O L T..C..T CC.i et ittt e v eoceracsenses TA..... Ao [ o L o Y C. .C..TA..
USA adw2 A [P | 1 T. .A..T..CC. . ...t nnaannn Cc....T...... Al oo C..T..C. . .Pi ittt it eeeanann C....C..TA. ..
USA adw?2 A ceePTian e T..A..T CC. ittt tenncennan G. TA..... Ao C T CoveePloeveeresetsasnnas CT...C..TA..
USA adw2 A PP T..A. . T..CC.titittennnnnnenn G....TA..... Al [ O o O« C....C..TA..
O UsSA adw2 A eeeTececuen T. . A..T..CC.e. e eaChitennnne G....TA..... Acioavnns CoePeoCivavPeiveteansaansassas C....C..TA..
USA aywl A PO 1 2 L O o AT . A A . ittt e T..C.ve Tttt ittt etnncans C.vieneen TA. ..
12 India adw2 R ST L T..... L L o o kL A.C. . .T..Coee Pttt ettt nnenes C....C..TA. ..,
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Appendix

Code Country Subtype/Genotype Core Gene Nucleotide Sequences
410 420. 430 440 450 460 - 470 4380 . 490 500

ceeelececlecealecaalececlosvalocenloceolocseclanaslocaslaocaalocnaloscaloneoloneeloanaalacealeveeleneal
A-4 Korea adw2 B CACCAAATGCCCCTATCTTATCAACACTTCCGGAAACTACTGGTGTTAGACGA—————— CGAGGCAGGTCCCCTAGAAGAAGAACTCCCTGGCCTCGCAG
A-34 China adw2 B .. ... .....cceeeecennnnenennnns casree e 2 A ittt et ettt e e Civennenns
A-38 China adw2 B ... .....¢icceucrennsoentnasssncnoscsanssancna i 7 [
A-42 China adw2 B .. ... ...t i¢cccensarnseseasosanesasensanaans 2 7 Civennannn
A-43 China adw2 B | ... ......tiicucanenasaacaceessannnoaonaanan 4 7 Citiernnnns
A-45 China adw2 B P L A it et es et Civernenens
A-48 China adw2 B . ... ... ...ttt tneneeeencancarnesoasacasaananns O At et e ittt ae e Civnnnnnns
A-11 Vietnam aywl B Ai it i et et et ene e - Civeinnnns
A-12 Vietnam aywl B T P a et e it e e eennaeananaaannan Al iiereenasoanananannn [oF
A-14 Vietnam aywl B ... ... ... ...ttt ceettaraaaaacai et Pt ettt e terasacansasesaseasassesasnnsennsssosaenssss CA.iveieanan
A-15 Vietnam aywl B cA i it e i een et et ea e e £ 2 Civrennnnn
A-1 Korea adr C N Tovrenenn Cutteeeeanacesestiaesessnsssnaanncss P o
A-2 Korea adr C = . .....c.ieeeesesatocencenensaasnnncannees ¢ G eeseseces et ueeseannaaesenanenon Civerennns
RA-3 Korea adr € Lt ieeeeie e at et e a et a e et e ettt ettt et aa et ottt e e Civiennnnnn
A-5 Korea adr C T L 2 Civiannnes
A-B Korea adr C = ... ....c.icoetsecsasaacnsasasssstioccannancas P a et st o s st annsesonnsocesssnaeteanucssansannsnsosas Covnnnnnns
A-9 Koxrea adr C = ... ..ttt ncnannnans cereceena L C s e eseteees e e Civernnnns
A-10 Korea adr € @ .. ... ...ttt ettt L Covnenannn
A-13 Vietnam adr C @ ... .......¢cccteecensestencrssnscnnansascans - Cuitnennnnn
A-20 Japan adr €C = ... ..t ra e et et o Coveenennn
A-21 Japan adr C = | ........ 000000 fh et e e sae e [ Teeeennn L O o Cuivennnnns
RA-23 Japan adr € = L.t eee ettt ettt P i ettt it entnoeenansensscnacsssesnasnsscsnsnaneesns Cuivnnnnnns
A-24 Japan ade C @ ......... S et et ees e easaeseat s e a e . Civinnnens
A-32 China adr C | ... . ... ittt cneraannannn e e s e O T L.CLl AL
A-35 China adr € = ..., ...t ceeeetcenacanossosenannoenannsanss P e et o st oo nossesessssensnsasscascencsnnsossssnssnsnsss Coverennenn
A-36 China adr C C e e s et f e e s e et et 2 Covnninenn
A-37 China adr € = . .....iittceorraeresatsonnnssneesoencansannns 2 P Civiennns .
A-40 China adr ¢ ........ St s asanesecsescennaanss s nanannss L Av ittt acannans 1 Civnrnnnns
A-41 China adr € = . ....... ¢ ccetecccneacannanns Cesessecnsnna L c s e et e Civernnnnnn
A-44 China adr C T P et ettt et osasnsascessaensasacsaancsnsesaasaannss C.vvvenrnn
A-49 China adr C Ches e e e e aeresen e e L Civennnnns
A-50 China adr €© = ... ... ..¢.ieceteeccenennsanncnasans certeeeeen b e ceseeeseeCiiienaans
A-51 China ade ¢ = ........ S s et eerenencsacaacacnaasaanannansn L Civennnnnn
A-52 China adr C c. A ciretseiracanan che et T R S Citnrnennns
A-53 China adr € = .. ... ...t ttermcnatsesosanneensncoasaans . Covennnenn
A-54 china ade Cc | ,...... C e e s eea e escenacsaannasana Geeeeann T.A..... R A, ittt i it i e s e C.iiennnnns
A-55 China adr € = . .......cccteecccncnacannnns sesescsesnaans P i eeeoocsoosanssssssssscancscennns cheaeanaan Civerennnnn
U3 USA adr € = i iit ittt natactat et Teeeernn G .G ans Pttt sttt s ne e nansennns Cuovennnnene
0078 Pacific adrq- ceeseseesvenn c e s eeerenasasteas s cs e eesas e Accieeans Cereeseaneasesanenan Civeernnne
2080 Pacific adrgq- C .. ........¢cccicineennans f e et e e . A o e
3097 Pacific adrg- € .. ... ... ...ttt ittt nceaneaneanernncnnnnnns 2 Cuivnnenans
3415 Pacific adrqg- et f et s e e e e eae ettt . P e ottt ceeae e Civnnnnnnan
5017 Pacific adrg- € . .... ... ittt ercenerceenacnnancecanaannnss it e et o e e o nnsncnsenaasenceeceacsescenenesnsnasess Covenennnn
5072 Pacific adrg— € ... ... .ttt titenatennnetsterntesaaenanananns . ceAC it s
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Code Country Subtype/Genotype

D

D
I44 Italy ayw2 D
I54 Italy ayw2 D
I55 Italy ayw2 D
I59 Italy ayw2 D
I69 Italy ayw2 D
I113 Italy ayw2 D
I118 Italy ayw2 D
8.22 Scotland ayw2 D
7.13 Scotland ayw2 D
7.29 Scotland ayw3 D
8.25 scotland ayw2 D
8.32 Scotland ayw2 D
0052 India ayw2 D
0062 India ayw2 D
0076 India ayw2 D
0081 India ayw2 D
0083 India ayw2 D
0094 India ayw2 D
0018 India ayw2 D
0098 India ayw2 D
0123 India ayw2 D
Ul USA ayw3 D
0026 Pacific ayw2 D
2007 Pacific ayw2 D
3414 Pacific ayw2 D
5029 Pacific ayw2 D
A-16 Vietnam adw2 A

A-

7.32 Scotland adw2 A
8/19 sScotland adw2 A
8.21 Scotland adw2 A
8.31 Scotland adw2 A

8 Italy ayw?2
9 Italy ayw?2

19 Japan adw2 A
I60 Italy adw2 A
I68 Italy adw2 A
I98 Italy adw2 A

9.5 Scotland adw2 A

U2
uva
us
ué
U7
uo

USh
USA
USA
UShA
USA
USA

adw?2
adw2
adw2
adw?2
adw2
adw2

PPpE@

U1l0 USA adw2 A
U8 USA aywl A
0012 India adw2 A
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................. C. ittt it et i i
................. C.iiiiii et it
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I [ S I O [ R T R I [ T R |
......... Pttt eaecatacennsonacsecesansaassnassccasaancssneseConennnnes
P T N [
B TN Tevoenn F e T T TN Coviinnann
[ C 1 C.oo . .
Gl e C.vennaan
G L 1 ferr e et P N v sChiinnnnns
[ e ettt e it oo aosocsansnsnseassoasncsnnesoassssennesens Covnnnenns
......... P e ittt et ssesessnnsasssannsscenssssnasssannassanaeCooiiii..
[ N et et ottt s e maasseanseansessnesssenssnescsssnsssses C.ooiineen
Giaaiae. P ieeenansncnsscsanacaas st e e es st e e e e s e Covinnnnne
Gl . . . F T et s a e et Covevvnannn
......... L o
[ C Pt oo s o ooeecetsootsonseannnscstsscesssnsnncsssscssnns Covennannn
[ PP D e e st e et e s o nsoceennocssnssassasonseenescaasessnses Coviennnenn
[ < Pt e et o v s as s s saecssanennsesscasseessnoennsnenosss Coiinnan
R o et eceesescosonssassaancscsenessassanacsessenssoss Coveennnnn
cGLei i, Pttt e e e e en s asosesecatancsossossassesncasnacsssns C.ooiananan.
-.G...T T K Coveenann .
[ Dt s s st s s et o snsansssesncacsesscesssesannosesaceesnas Coivennnnn
[ < e et e et e iasanncansasancnssaanssssenss ch e e C.evnnnnn
Gl N Civinnnnnn
[ < P Pttt c st osesasosasassosaescsseanssesnssssnnonesseasns Covvvnnnn
Gl ! Coveeennnn
FLc TR «eTevea.n e Covnnennnn
Gl it eecooecsaneencanonssasccsecncneasssssncsancesnsnaa Cocnennnnne
[ P et et e st e cnsnseossassaaasstssscsassasssssssennnes Coiiinnean
L e s st e e v o amamsosnenosssssassosnescsenansanssnsssanss [
[N < N Covnnenna
............................. C..Tova.
......... ..ttt nv e COAGAC. . . . .T. .ttt ittt tttarannarnaneanaCiiiaiien.n
......... Toeeeear e CBEBBAC. . Lttt ittt tnonsennannseaseCuiinann
......... PoeeneeerssaCBGBAC. t vttt ccrneansensosaannnsnsseesCuinnno.n
......... Pt ittt et tatsessnnscsacassncnns e & I o
......... T, ee et st . aCBGBGAC. . . ..ttt it i ticnernraansaseea-Ciiiiiain
......... Pttt 0000 CBAGAC. . L L ittt ettt et tttenscananasassCuiuiiiil A
......... PeiereeesesCOGGAC. .t i ittt ctcrcrsnnsasecnsannssesessCoinnaan
......... ! S o ¢ [ o
......... Pt eesees e CEBGAC. L L ittt ettt et ttanasannecnansasCuiiiiia
......... .o et aeaeaCBGGAC. . ... ittt ittt ttennseannannaaas-Ciiai.,
....... B L o L < 7 o
......... Tttt et eCGGGAC. .ttt vttt e s nneeennncenssanaaa-Ciiaiion..
......... Pttt n e TCCGBGAC. . .ttt ittt tenrtennnaeaanaaaaesCuiiiiaan,
......... P.oveee-..C.CGGGBAC. . ..ttt et eercecncssnnsnasens-Ciiaciinn.
......... . ittt ee e CEGGGAC. . L L i ittt ittt esnsnssnananaanaCoiii,

......... TeoteeeresseCOGAGAC. c ittt eaesrtoessnsansasassssseesChruinnans
[ B Covionona.n
......... Te ettt v ot tCGAGAC. . .t e Tt ittt ittt naasnaanaaressCliiiion




Appendix

Code Country Subtype/Genotype Core Gene Nucleotide Sequences

510 520 530 5490 550

T B T L IRy
A-4 Korea adw2 B ACGAAGGTCTCAATCGCCGCGTCGCAGAAGATCTCAATCTC AATCTCAATGTTAG
A-34 China adw2
A-38 China adw?2
A-42 China adw2
A-43 China adw?2
A-45 China adw?2
A-48 China adw?2
A-11 Vietnam aywl
A-12 Vietnam aywl
A-14 Vietnam aywl
A-15 Vietnam aywl
A-1 Korea adr
A-2 Koxrea adr
A-3 Korea adr
A-5 Korea adrx
A-8 Korea adr
A-9 Korea adr
A-10 Korea adr © = it ittt aenoeaaeocssananateaeeaaenenenteetaeeaaaaeaenes
A-13 Vietnam adx € @ . ... .. ...ttt nnsencoosasenassnsscesnssaccnasannasannca G
A-20 Japan adrx
A-21 Japan adr
A-23 Japan adr
A-24 Japan adr
A-32 China adr
A-35 China adr
A-36 China adr
A-37 China adr
A-40 China adr
A-41 China adr
A-44 China adr
A-49 China adr
A-50 China adx
A-51 China adr
A-52 China adrx
A-53 China adr
A-54 China adr
A-55 China adr
U3 USA adxr C
0078 Pacific adrg- C  ...........cc... A ettt ittt ittt et s e s ettt s e e ae s
2080 Pacific adxrg- C ...... A i it i e e i et e e ettt e e et e eaa et
3097 Pacific adrg- C  ..........00.... T T T T U
3415 Pacific adrg—- C . ....c.ccncene-n .
5017 Pacific adrg- C .. ... ..¢ccecnaann A ittt ettt i e et eae et st ettt esas e
5072 Pacific adrg— € .. ... .t iitenneernosoceeesaaaassssesscecseessasonssnasacanens
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Appendix

Code Country Subtype/Genotype Core Genes Nucleotide Sequences

510 520 530 540 550

I38 Italy ayw2
I39 Italy ayw?2
I44 Italy ayw?2
I54 Italy ayw?2
I55 Italy ayw?2
I59 Italy ayw?2
I69 Italy ayw?2
X113 Xtaly ayw2 D

I118 Italy ayw2 D

8.22 Scotland ayw2 D
7.13 Scotland ayw2 D
7.29 Scotland ayw3 D
8.25 Scotland ayw2 D
8.32 sScotland ayw2 D
0052 India ayw2
0062 India ayw?2
0076 India ayw?2
0081 India ayw2
0083 India ayw?2
0094 India ayw?2
0018 India ayw2
0098 India ayw?2
0123 India ayW2 D . . . ...t estetenneeeaneot s s ascecs et setteantsat e ennen.
Ul USA ayw3 D oo
0026 Pacific ayw2
2007 Pacific ayw2
3414 Pacific ayw2
5029 Pacifioc ayw2
A-16 Vietnam adw2 .
A-19 Japan adw2 A = ...... A i it i et i e i e s ea e e s [ CA. vt neennn
I60 Italy adw2 A esCoAL...
I68 Italy adw2 A B o
I8 Ttaly adw2 R | L.t ettt ettt et et a e CA.CT..C
7.32 Scotland adw2 A «..C..A
8/19 Scotland adw2 A ...... A
8.21 Scotland adw2 A .. CLLA
8.31 Scotland adw2 A .. .C..A. ... .. trcntteeretiataanentanen G
9.5 Scotland adw2 & .. .CLA
U2 USA adw?2
U4 USA adw2
U5 USA adw?2
US USA adw2
U7 USA adw2
U9 USA adw2
U1l0 USA adw2 A L &
UB USA aywl A = ... ...ttt ettt i e i [ e
0012 India adw2 A = ...... A Lt et ettt ittt et s et s e s et et st e e Covennnnnans

- - - - -
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Table A.I.3) Alisnment of comnlete HBcAg amino acid seauences from Fiii.
Core gene amino acid sequence from Fiji

Code

0142
0143
0314
0349
0480
0550
0800
0880
0078
0075
0079
0092
0470
0456
0026

0142
0143
0314
0349
0480
0550
0800
0880
0078
0075
0079
0092
0470
0456
0026

10

SUHUMNWMMQPMGMHHWMHMmUmmMmH

C

110

20

P o P

120

‘30

veleeeeloaealocaalenas

M
PR (IR
PR |V, P
PR ¥ P

130

40

. ...
A. ...
B 0.
.m....U.
A - -8

50

] S L [

RDLLDTASALYREATESPEHCSPHHTALRQA

140 150

ma _ 70 80

S0

100

e« s e a8 e e e s afe o 2 ¢ 0o = 2 o]s
R e« oo affafla ¢ o o u s a af=
@« = s s m s 8 s s afe « s 5 @ 2w . .
« s s w8 s e e e ae o o a o . ofe
a e a2 s s e = ueeas ofe o e a o v 4 s .
----------- oo sfefle ¢ « a s 2 a afe

160 170 180
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D I I R T 5 e 4 s s e s o s s aas e e s s =
® e s o % e e e e s L R R R R « " s e
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@ m e 9 8 s e e e s e e s sess e @ e e a s e e s ee s naneaas .
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Table A.I.4) Alignment of complete nucleotide sequences from Fiji.

Code . . Core gene nucleotide sequence from Fiji

10 &0 20 40 50 60 70 80 90 lo0
L T T A (R Iy R [ TRt IR PN RS EPUDURURN RPUPRPRDEY PSDRDRNY IR S I IPUPR |

0142 ATGGACATTG ACCCTTATAA AGAATTTGGA GCTTCTGTGG AGTTACTCTC TTTTTITIGCCT TCTGATTICT TCCCGTCTAT CCGAGATCTC CTCGACACCG

0143 . ....cites tencecanas sresseenas seasasases sssssesass sesssassas cesressess sesssssens Cesasseers sseenssens
0314 ...... etas ceasessens sensa I e
0349 ........00 ciieneana e cescssamss ememmsase e Secsassess eeesassses ssemesssee secsmmueuns O
0480 .....icccer ctncacenes sseassnacs ssssasnren sesssccons ssssnsuess ssssscenss slescearees Tavenanane senananans
0550 .......... wresdhecnen suusmmseun memassecnn sssmssenns cmseasnemses saammsaann Y ces senaeans .o
D800 .....cceee tentcasace suaststaaas seacdonnns sEEssseenn saasuasems sameas e 0
0880 .......... mresseenes semsmemnas teceecenan amaan cecnnr seans crees sessseanaa B
0078 ......ccc0 tenrncans e thsssecsas sasas chene seanas Sees cususesess semevssass B Y N T T

1 e I o e Teeeveenns tieanenann
0079 ....ciiinr crnannnans cesensnnns B Goveeeenee aunnn C.ooew .T..T..CG. A..... «e.T .. &..T....
] ceeeelinee T..T..CG. Acvurnnnn T ..4..T....
0470 .....iviee ctncnnnaes samancennn e Gevevnrnaee aeees C.... .T..T..CG. A....... .T ..A..T....
0456 ........c00 cieiennna ¢ cencnsnase snediCiri cesennenn e Geeeeennen aanans Ceee. .T..T..CG. A....nn.n T ..A..T....
0026 ......ccc0 wencnanna T ee Gevenennns eeseslice. .T..T..CG. A........ T ..4A..T....

110 1to 130 140 150 160 170 130 190 oo
D P TN T I T | R [ [ [ IPEDUPUUR A TP IR DI ISR T [P TP IR |

0142 CCTCAGCTCT GTATCGGGAG GCCTTAGAGT CTCCGGAACA TTGTTCACCT CACCATACAG CACTCAGGCA AGCTGTTCTG TGTIGGGGTG AGTTAATGAA

0143 ........c. ciiiiriienn eenns “asas sessesesss sesmessese sesssasese sasesesses saeasans “e seesessces sessseamas
0314 ........T. c.eeCicicne tnnennanes vaneanann "+ steasereans Cessessses sasenasens cecssseses esaEsssees sesssesmes
0349 .......... csesssraas sasensanaa Cedsaeeuns sesssseass seecsssses smsamaaa ce seceecanan tesacnecens sesensans .
0480 .......... ccectecnne ssmeccncace sasas caces mesasss ces ssesmessen ssesesense mensenmen “ sesssaeaae ceemnaenna
0550 ......0000 Boelitiier teneennien canesenans sectecannues saesusanns Cesssasees ssssensana cnsnsnaann cesssuanas
0800 .......... cceceecnae seanan thee seemas cees sesmececes sasseessas semse Ceaee sesemsaces sesmemeann ctecancana
0880 .......... ceennnnnns cesssesses senenaa Gee veuenn. tee ecsssessans sesss esees sesesseasa sessesaeas sesesaeane
00718 .......... «..Ceiiiin deaiannan « cedeacaan ¢ setesssses seeremasas sessesaa I
0079 ........T. cceCiviver teneennnns et easeess sessesssus Esesesesas sEessesess srEssasens mesvsEseess ssamsacess

0079 ..G.G.uvve cevennseeT tennnenree caeaTeelBuar coneennnne annnaans o
0092 ..G.G..... e T. caccecenna oan
0470 ..G.G..... e 1 e
0456 ..G.G..... ceeerneneT vonnnannns O N cetee masesusa S .e-
0026 ..G.G.ovvv ceecnvneel covennnene coaaToeBur ceenennaees cvennnns A .

PP Y A, .AC......C
eeseT .Co.. A JAC...... c
seesT o.Cuvo Al JAC......C
vee.T ..C..... A. .JAC...... C
Y R . A. .AC......C

EEEEE

210




Code

0142
0143
0314
0349
0480
0530
0800
0880
0078
0015
0079
0092
0470
0456
0026

10
R TR |

220
R
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Core gene nucleotide sequence from Fiji

’ 220 140 ’ 80 260 270
...._...._...._...._...._...._...._...._...._...._

11
R T |

290
B I |

TCTGGCTACC TGGGTGGGAA GTAATTTGGA AGACCCAGCA TCCCGGGAAT TAGTTGTCAG CTATGTCAAC ATTAATATGG GCCTAAAAAT CAGACAACTA

P

P

R |
TTGTGG

Covevunnnn

N 1
R

220
R |

C ACATTTCCTG TCTCACTTIT GGAAGAGAAA CTGTTCTTGA

.T..
.T..
ceaee-sT..
eeneneaTa.

.................... D A
cesssnenna cessevace sesBuceies snscanadhin denaas cees
ceanncnns « semsmeseess T T.eun.. N
........ A e
........ e
ceceancenes sessae cees susBlBA e sesdBleeee Toweaanes
cennsanss e e ¢ e

T.....T...
O
Teeenannnn

P

..TA....CC ..
«eThA.ioo.CC coaddeee..
..TA....CC ....A..... T.e...uot
..TA....CC ....A..... Teeenennns
B I S I 3 S

C......A..

eeeTiuaa.n

Y P

T

320 240
R R T R I I

250
cee

260 270
B TP R S |
GTATTTGGTG TCTTTTGGAG

e Cte esevensces sessssmess sessssesans
e Ces eesuuasees sessssasse snsessmsss
ee.Tuno..s caesesenss amssessans e
e e I
e « seessmsses ssecessses
e . e

cecssesies samea essse sBeeeniBie cnnisnnsns asensesnns
......... 1
.................... B

C211 .

eesees-GT.

ceenseneddh

O
eseeselocd
P S ¥

T......T..
esessceTaa

400
P T |

TGTGGATTCG CACTCCTCCC GCTTACAGAC
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Code Core gene nucleotide sedquence from Fiji

410 420 420 440 450 460 470 430 490 S00
S T TP EPRNR IR I T T (T N TSIt [VPUPUPEY IR ISR ERRODRY Y EEEPUPEPN Y ISP S
:thnwnnhbbﬂmnnnnﬂbﬂnnﬂ?ﬂnb&nbnﬂﬂnn@@b@hnﬂbnﬂﬁﬂﬂﬂﬂﬁ?@bnOanPmmnbQQHnnnnHPObPOhPQ?annnnﬂnmnnﬂnGn&ﬂ?n@?ﬁ@

0143 .......... Casesssess ssseesmsas sesecsasss seeasmease sesessessa sasessseas EEaEesmsses seesessass seeasanna .
0314 ...... e e tessssna se escsacsena Ceseseactees ecsmssacess mEssemasas secsnenan e seemesesas
0349 ..... ceese esmsascees ssesssssas eesaea essee nssseccecs semssmeans ceasassess ssessa ceee ssasteemen ssesmamana
0480 .......... c...c... i tessaeenes teressesas semsEssses semsessese ssseasmeewe ceesnan ses ssasasennn
0530 .......cc0 ceeenaaTen toiiiiiiis faiiiiteed aerecanees maasans “ee sesssasses emssamsens ssessens es sreescsaee
0800 .......... coeeeeaTee dhiiiinier deeeea., e teeseeneen ssmmssEssis ssmmms “ees eeensanes * ssssesesss esseasaan .
0880 .......... ....... Tie tucacacnan sensannan s esnsscencs eseBiciiie cenann care sesnaa cess esasstessen sessascense
L e crsanaae .o
0075 ...A...... ceeeasaTen iiiicener feiniinane secasennan ccecnancna EusemesEse massessses sEEseseess saemensess
1 ceseBaanse ceriaiannen cescsecnns cesanessss mssssesees aveseness « ceessaeaan
0092 ......... « saceanmass e emess mmeman caes secemaaae e sececessss saeresaas .
0470 .......... ceceenn et sasemmeena e “ee saesemEass SesEstesaas sesesmcems sesaenmEsn ceteaanan .
0456 .......... tensesenes seseeesa ¢ ceesenness aamaa teesees eeeccsscces esassssaan cetcnaanna
0026 .......... tetacscens sesasasan e ctes mmeesecess sessessans ceteenaenn

10 Sto §$20 540 §50
P e I I TN TE U I SURPR R I T
eHﬁMPﬂnﬂnhﬁﬂn#OOOOOHOOOFbemﬁﬂoﬂnbbﬂnﬂnﬂﬂﬂ#ﬁﬂnﬂnﬁkﬂQﬂHPm

D143 ........u0 cictiienns certnannnn ssestcanne aseesanens s

05350 G........c cceenne cee sedeaannne cecevienee etseseanan as
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‘Code Core gene amino acid sequences from Riribati

10 20 " 30 40 . 50 60 70 80 90 100
cecefecealecealansaleneeloenalecnelecenlesceloececloanalecncloeansnslocacloennelanonslocealonceloaaeloanseal

2006 MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTAAALYRDALESPEHCSPHHTALRQAILCWGELMTLATWVGTNLEDPASRDLVVSYVNTNMGLKFRQL
2007

2019
2119
2127
2317
2483
2109
2110
2117
2084
B L T

2143 ............ e .. At a e KXttt eiiia e

2080 ........... = H...... H..B.-..oooioiit T N...... H....... B...... V... I...

110 120 130 140 150 160 170 180

ceeelecealecealocealannelocaaleaaelesncalocealoeacaleeeaeloaraalocceloecealoanalaaaeloeanas
20086 LWFHISCLTFGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRRRGRSPRRRTPSPRRRARSQSPRRRRSQSRESQC™*
2007 *

2019
2119
b
p-2c & o P T T
2483

2109
2110
2117
2084
b
2143 ... 5
2080 ...............n. .

----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------
-----------------------------------------------------------------------------------
-----------------------------------------------------------------------------------

ook o ok o o+ F o o+ ok * ¥
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Table A.L.6) Alignment of complete nucleotide sequences from Kiribati.

Code

2006
2007
2019
2119
2127
2317
2483
2109
2110
2117
2084
2039
2143
2080

2006
2007
2019
2119
2127
2317
2483
2109
2110
2117
2084
2039
2143
2080

Core gene nucleotide sequences from Kiribati

10 20

30

40 50 60 70

80

30

100
(|

ATGGACATTGACCCTTATAAAGAATTTGGAGCTACTGTGGAGTTACTCTCGTTTTTGCCTTCTGACTTCTTTCCTTCCGTACGAGATCTTCTAGATACCG

....... € ce st se et st ce it e
.............. cases s Ch e e s et ettt et e e . L I o
.................. B € X C
Cistesser e cesse v as e T. cesersesceree il iii i Tewennee .G...A.T. . ..C..C..C....

110 120 130

140 150 160 170

180

190

200

CCGCGGCTCTGTATCGGGATGCCTTAGAGTCTCCTGAGCATTGTTCACCTCACCATACTGCACTCAGGCAAGCAATTCTTTGCTGGGGAGAACTAATGAC

c et r et et et e et A, | fe et e fe et e st e
c e st es e e e et e st e ca st ess s et s as e na eeCoivininnn .- ctesacaa e Ceees e .
..................... e« T T T T T T T T T T T T




Code

2006
2007
2019
2119
2127
2317
2483
2109
2110
2117
2084
2039
2143
2080

2006
2007
2019
2119
2127
2317
2483
2109
2110
2117
2084
2039
2143
2080

Appendix

Core gene nucleotide sequences from Riribati

210 220 - 230

240

O T T T L I e o I T B I T

250

260 - 270 280

290 - 300

TCTAGCTACCTGGGTGGGTACTAATTTAGAAGATCCAGCATCTAGGGACCTAGTAGTCAGTTATGTCAACACTAATATGGGCCTAAAGTTCAGACAATTA

Gt PP
RSP
O S RO
el iueuansennnsannnannan cesenana ctt i e snaen ceaanens cesseecsnreaanaan cssssesaeaa cies st e csesae
O IO

T T T e

310 320 330

340
veleeen]-

Cooo  JAT....T...

350

360 370 380

-V s o

390 400

TTGTGGTTTCACATTTCTTGTCTCACTTTTGGAAGAGAAACGGTTCTAGAGTATTTGGTGTCTTTTGGAGTGTGGATTCGCACTCCCCCAGCTTATAGAC

fh et et et aresiae et e e Gt i e st et et et ietanaeaas st neana et A e et e e Alvevenannn .
Cereeeseas e et eecaee s crees Dl i i i e et e e e, ceneaen | e
Tt et i Y et e e saet e nsesaeses st e ch et
e O 1 R R RN SPI o o R

T & I - S




Code

20086
2007
2019
2119
2127
2317
2483
2109
2110
2117
2084
2039
2143
2080

2006
2007
2019
2119
2127
2317
2483
2109
2110
2117
2084
2039
2143
2080

Appendix

Core gene nucleotide sequences from Riribati

410 420 . 430 440 450 460 470 480 490 _ 500

CACCAAATGCCCCTATCCTATCAACACTTCCGGAGACTACTGTTGTTAGACGACGAGGCAGGTCCCCTAGAAGAAGAACTCCCTCGCCTCGCAGACGAAG

..................... L T T T T T T T T T T T T

et te st st e e c et e s ee s e . ceerieenaaa cecsassenesana
. cer e chr e Cee st Al iiiiiias C it e asa e e se e e e Pt e aren i reca e .
| . cereacaanaae ..

510 520 530 540 550

ATCTCAATCGCCGCGTCGCAGAAGATCTCAATCTCGGGAATCTCAATGTTAG

% 8 8 8 e ¥ 8 s B 4 T e SN e e s aEE e EAaEe s aaasssa e 5 0 e s e s e
R I N N I R B R R R R D R R R R LA IR R R
......... L R R R R R R R I I A R R
D R I R R B R R R R R I R A R D R I N R R R
........ . I R R R T R A A R
-------- ® 8 s ¢ m w e e s s s e s e u s oearessee s aEmuanw e
- “ 4 s a6 e e s e s s E e e D A I RN B R R e e s e
............. © 8 e e s s s s s e s m e e s ewsae st u e
" @ % 8 % e e s s e s s e e e essaea R A A R R R R s e e
........ R I R R R R R R T T R R S R T S S R S
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Table A.I.7) Alignment of complete amino acid sequences from Tonga.

Code . Core gene amino acid sequences from Tonga
10 20 30 40 50 60 70 80 S0 100
el eleeeeloaneloeoaaeloceelonealonaalonaaloceelonoeoloneeloneeleoneeloanealonealonaaloenelooeeleneal

3415 zUHUWWWMWQ>mCMHHwmﬁmmUmmmmeUHHUH?m>HKpm>ﬂMmmmmﬂmmmmﬂﬁﬂWO?CHQEQMHEZH>HSCQWZHMUM»Q”MHGCWKCZHZE@HWH”OH
3417

3097
3419
3428
3629
3099
3221
3365
3369
3519
3309
3509

st ol B e B B BB

110 120 130 140 150 160 170 180

ceese|leaeclaneceloencaleaasleneialecsealocsee]locealocesloensals s leceecleeeeclececlecaalenan
3415 HgmmHQQHHqQWMH<HM%HCQWQCEHmem>%Wmmz>mHHmBHMNHHGCwﬁmmwmmwprmmmwpwwmommwww”momwmmOO#
G *
L *
. I
3428 ... .. # e e e e e e e e e et e eeasaae e e aee e naaeane e *
3629 ..., ... iieiie Bt it i e it m e e i e et a e aaaa e e a e P *

3099 *

G *
G e LT *
3369

3519
3309
3509
3343
3414

-----------------------------------------------------------------------------------
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Q
L

AT L

0
L
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Table A.I.8) Alignment of complete nucleotide sequences from Tonga.

Code Core nucleotide sequences from Tonga

10 20 30 40 50 60 70 80 90 100

veeefeenelenealecealeseatacaalaceaalaseafoaacalennelocaaloeeeloaealoaaalocealoanalonnclocealanselanesl]
3415 ATGGACATTGACCCTTATAAAGAATTTGGAGCTTCCGTGGAGTTACTCTCTTTTTTGCCTTCTGATTTCTTTCCGTCTATTCGAGATCTCCTCGACACCE
1 I I o et et e e e e s n e a e
G 1 1
G T 0 1
B 7. -
G 1 4
G 1 1 . Y e et ee e
. |
1 1 T
1 1 . e o
G . . o
G 1 .

G 1 | o

G 1 . 5 N L Y < DT o S | Y ol S U Y N B
1 I 0 . T o | Y o c 2 | Y W,

110 120 130 140 150 160 170 180 190 200

veeeleseeloncarloceeloeeealanecalaaselosealonnslosealensaloannloenaloansloarelanealoeanlonasloaseloannal
3415 CCTCAGCTTTGTACCGGGAGGCCTTAGAGTCTCCGGAACATTGTTCACCTCACCATACAGCACTCAGGCAAGCTGTTCTGTGTTGGEGGTGAGTTAATGAA
1 7 L

L1 L

G

B .4

1 17 2 e et e e i i ete et nene e
B 11 > o fh et e e et e e e na e
G . T o ottt e e et e et aea e
G 1 1 o G h et eereece e ee e
1 3 L1 et h e et e ee et e
1 . 16 o h e e s et Eeeceee s

3309 . ....... o e
3509 e
1C JC - 5 R c R c T o 1 1 P . W Y o S NV o S o
3414 . .G.G...C....T.. ... T ettt TG Tenun... ieeee. . AA. ... T..C..... A, .AC......C
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Code Core nucleotide sequences from Tonga

210 220 230 240 250 260 270 280 290 300

weveleaeelonaaloceadoeealonaelacaalonaaloaealaneeleeanlocnoelonaalonaelocealoneeloseeloaealonaelonnsl]
3415 TCTGGCTACCTGGGTGGGAAGTAATTTGGAAGACCCAGCATCCAGGGAATTAGTTGTCAGTTATGTTAACATTAATATGGGCCTAAAAATCAGACAACTA
3417 ..... e et e e s e s e s e s e .

3097 L. it i cassan St e st s e s e e et et eaes et et e aaa st e
3419 ........ C s et et e s es s s et st e e a0 aan csscanaaas cs s s e essesesa e saan s ct et e ceaas cas e
3428 .......... G e et ceeasteesctaenaseacsceetacanass oo S e i ettt aeae et e,
3629 . ........ ... f e it e s st s et ae s aaae s e e st e a0t aaeea st et s o0 e e henAea st e s e s e e aaEaes et anaenssue
G L1 Gevanaranaas Citeentnaorannena et s esan et e aas
0 Ceereer e o e e
L Geenennannas C i it it ittt it et e s et a e
G I Geviiiinaa Coiti ittt ittt et anasaenasananansens
L L et e eeciieeaaa e L Covvennns et areeae e e
3302 .. i GTC...... Covvene Al b L Geveeasnnonn Cocnennnnennn Cemese e et ee i e
3509 C.. . i i e e i e T.o...T..... Ao Gowvnn C.o.... O
3343 LA . i T.C...... Ao, L T..... CC.ev Attt vaennn C.oveCitinitenannennae GT........ T..
3414 AL i i T.Covionnn A..... ) T..... CC....A....... e o & GT........ T..
310 320 330 340 350 360 370 380 390 400

R R R E R RN N IE T Ry PO AP (RS PR I T R R [T R |
3415 TTGTGGTTTCACATTTCCTGTCTTACTTTTGGAAGAGAAACTGTTCTTGAGTATTTGGTGTCTTTTGCGAGTGTGCATTCGCACTCCTCCCGCTTACAGAC
K T 0 o et e
3097 ......... ces e eseeecaas
3419
3428
3629
3099 . ........ cet e e
3221 ¢
33865
3369
3512 ..... P
3309
1 L
3343 ... i, T..... Chuovninnnannnaeanns Gevons A i ettt e C..A..... T....
3414 ... ..o, Teounn Ciceivennroanennan G..... At ittt it i e it te st st et s s et e e e C..A..... Teooo
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Code Core nucleotide sequences from Tonga

410 . 420 430 440 450 460 470 480 . 490 500

e o T e T e e T T e T P [ Py R
3415 CACCAAATGCCCCTATCTTATCAACACTTCCGGAAACTACTGTTGTTAGACGACGCGAGGCAGGTCCCCTAGAAGAAGAACTCCCTCGCCTCGCAGACGAAG
. e

L1 et e et teeree et e .

. e e et ettt et e iaa e e et e e es s e
. 2 e et teea e e it iedea et e et e e e e ..
1 4 e e e it e i es et r et et e e e e A
L1 et e e e et eses e ALl
3221 ... et eee e a e re e Gt et e e et eeeae e taee s aaa e e et e e et e e e et
3365 L.ttt e et e e Ceteretea e thaereeasea Cette e eareea e e i e
1C 1 . e e .o
3512 ..., e e i it iaaer i e e st i eetaeetat et e Ceree s crie e e et e aeaaa
G 2 L1 et e e ee e e et
3509 L .PTC.. .. s e sesisasaneaa v e TGt it e s i et c e s te s e a e ces s e es e . .
3343 ....... ceanssseas Ceveninennnee B e s e e c e eaae e e et e s aae e
3414 .. Cetiiii et iennans G.vvnno ettt r e r e reee et e et e ettt a e i e

510 520 530 540 550

3415 GTCTCAATCACCGCGTCGCAGAAGATCTCAATCTCGGGAATCTCAATGTTAG
B cheeaneaeas
3097 ... N teetseene .
3412 . ....... .00, caee .
1 . . -
3629 ......... C....C..iiiiiian .

L1 . L e
. e e . .
3385 ... ..., e ee et rei s e e

3362 .. ........... Crre et et e eee et s
3519 ... ..., Ceeeaas cer e e e
1
1 1
3343 aA........ Gevereretnaneenannnns .
3414 A........ e .

b o e e o

e e
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Table A.L.9) Alignment of complete amino acid sequences from Vanuatu.

Code Core gene amino acid secquences from Vanuatu
10 20 30 40 50 60 70 80 90 100
fe e el e leeaalecealeoaaalocaatanaals loeealocealocealonealececalonealoanaaloaealocasalonaaloeealoenneal

5022 MDIDPYKEFGASVELLSFLPSDFFP mHmCUH.H_U.H>m>HDNHPH>H_m SPEHC mmvmu.mﬂ_»?H_—#OpPCH_QS.QHH.EZH.»P.H_SC.QWZ.H_MUU>PmpMH.GCMJNCZCZZQH.WHMFOH.
5072
5073
B O T Lt e i e i i e i e e e et e e e e e aae e e e eeeaeeaaae i taa et e et e e s e
0 = D
5093
5114
5311
B =

L T H--------. H.-.-.-...

5264

B 2B L L i e e e aaeeea e e e e e e a e

L B....--...

5029 . .......... B .. M.-..-. B.- B - H...-... T...... H-...... H...... T..... F...

110 120 130 140 150 160 170 180

cecoeloeocsalocectlocealenceloaacealeacsaloasaalecscloaoscelasaaleacaloacaaloceacloeceeloeeeleess

5022 LWFHISCLTFGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRRRGRSPRRARTPSPRRRRSQSPRRRRSQSRESQC™*

L - *

L *

L *

BOBL i iii it e e e e e e e *

L *

L *

L T *

L L *

e L *

BB L i e e et *

L *

L e *

5029 *

221 e e . e
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Table A.I.10) Alignment of complete nucleotide sequences from Vanuatu.

Code : Core gene nucleotide sequences from Vanuatu

10 20 30 40 50 60 70 80 90 100

ceeedecreleaeeleenalenceleaceleavalecealovenlonneloaveloceelorecloeealoeeclocealanaaloneeloesealonnal
5022 ATGGACATTGACCCTTATAAAGAATTTGGAGCTTCTGTGGAGTTACTCTCTTTTTTGCCTTCTGATTTCTTTCCGTCCATTCGAGATCTCCTCGACACCG
5072 L i ittt e e C et e r s asesae et .
5073 ...... . i iiieannn c e it se ettt C et e eaeesas e cee et saar e f e .

5075 ......... i edes it e et i s e Ceraisaearea et Ch e te et e e
5081 ........ . it Ceeerareea C it et c e ettt et ettt e et eer et e
5083 L i i i e D & e e et e e a e sa st .
L e e et e et | Ceeena

L e Cetereeeana et e e s e r e
5186 . ...... . i i e ettt i i eee ittt et s e Cuivvnnnnnnanans PR

5230 ... ... i s citieenensarsaeennna Cereaas .
T et e e aetaasaees ettt Govvinnaann e
5265 ......... Chese s e aaeseaeesaaae e e R
5017 ........ e s e e e ee i aae e s namae e e et e e et nE s u s e et e A, Teweiinannn .
. R 1€ L T...G.A........ T..A..T....

110 120 130 140 150 160 170 180 190 200

5022 CCTCAGCTCTGTATCGGGAGGCCTTAGAGTCTCCGGAGCATTGTTCACCTCACCATACAGCACTCAGGCAAGCTGTTCTGTGTTGGGETCGAGTTAATGAA
5072 ... .. . C i hAL L AL L s N ceeean e

5073 ... et ese et et eeaaaasserei i s e s e et e s
L . Cererenana Cehasetes i e er et e e cen cenens
5081 ...... A it it i s e i e s et ea i e e Che e eeen
5003 L i i et st e Bt er et araas s eras it ees et et e e
L
L C et et e e eseaaasasaesasaer e ceeaens e
53186 ........ . i et e et e niasateasaieaaaa e sa et et e ie et e .o feee
5230 ... T e i e e Al et e re st ea et eseat i se e s e e Ceeiaeaae
5264 ... i i ettt et et e e e r et e e a s e e e et eeesaiesaa e . .

. L
5017 ... .. T N ettt saseaaaaes s e rest it ae e cnean
5029 .. G.G........... ... Teoon. S teeea e P AA....T..C..... A,JAC......C




Code

5022
5072
5073
5075
5081
5093
5114
5311
5188
5230
5264
5265
5017
5029

5022
5072
5073
5075
5081
5093
5114
5311
5186
5230
5264
5265
5017
5029

Appendix

Core gene nucleotide sequences from Vanuatu

210 220 230 240 250 260 270 280 290 300

ceeeleenelenealovealoanelocaeloanaloeaelonealooeoaloaeolonealonealonoelonoelonealonaaloeenlonnaloeeal

TCTGGCTACCTGGGTGGCAAGTAATTTGGAAGATCCAGCATCCAGAGAATTAGTAGTCAGTTATGTCAATGTTAATATGGGCCTAAAAATCCGACAACTA

cissessssannna | L T
cisses s et ereaannas | creeePiieie i ii i Citiiiniiinannann P

.............................................. e
ce s s es s et anans e e o 1 e CAL L i fe e s Ao
...... crecens e e
ch et et e Ce e s i et e e e s es s a s e s s i nn s aaannaenae A s

cedAl il il cee.T.Colnn. At iiiiiieeee T..G..CC. ..ttt nnnnnnnas CAC. .. caiiiicennnan GT..A.....T.

310 320 330 340 350 360 370 380 390 400

ceeeleaeeleceelecaalonealoceelonaaloneelocaaloanalonealonaalonealoceeeloeealonaalonaaloane]loneaeloeenl
TTGTGGTTTCACATTTCCTGTCTTACTTTTGGAAGAGAAACTGTCCTTGAGTACTTGGTGTCTTTCGGAGTEGTGGATTCGCACTCCTCCCGCTTACAGAC
c e et s s e s et e et f e s e e s s e . ) Al ..
.............. s e e e s e s e e m e e e T - f e e a s e e e s e E s ae e aEs e e
c e et eescneseass e eas ce e s | c et e s s e E s s et s r s s s s s aaaas e eaG.
................ .
c e et e s s e s e s et a s c et e . | c et st e c et e e e e e e

A . P es e c e e e T e r s s e s s e c e et e s s e

...992 ey - . e i e e
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Code Core gene nucleotide sequences from Vanuatu

410 420 430 440 450 460 a70 480 4s0 500

ceeelenaaleanalasealenealoeneloaeatoanelonnelonaalonsalonaalonealoneeloaerlonealonnalonenlonanlananl

5022 CACCAAATGCCCCTATCTTATCAACACTTCCGGAAACTACTGTTGTTAGACGACGAGGCAGGTCCCCTAGAAGAAGAACTCCCTCGCCTCGCAGACGAAG

L et ese et ae e et r e e e e eeaan T
5073 ... i i i Ceetr et e et i esatrercnaearetesennan et es et reaec et
] . ittt e s s S T T T T T cressei e cevee

5081 ............. et et ei e ar ettt e cee ALVAL L L Cieeeiaaeeee Cere e aae e tesetsennnnseans
5093 . ........ ..., et e et e i ta et e a e S e
5114 ... i e ettt e Crireeai e et tesaaaaaa .
e Ciceea e I Chriee e crerreaaa AL,
5186 ........... Ceree e et Ceiie e Gt ettt et e cae i st e et r e et s e ceen
5230 ... . i, e Chee e et et e it st e ettt e s e e e
L .
5265 .......... et e e e et es i e et e e et ceeae Al iiiie e reser et et eei e

5017 ..., e s e e i tes i eeer e et et etese e seaees et et et

2. o < Crseerteenarenasaaa Cheeer e et aeas

510 520 530 540 550

5022 ATCTCAATCGCCGCGTCGCAGAAGATCTCAATCTCGGGAATCTCAATGTTAG
5072 G.....ciiiininnann Gt et et e teaiaees et e
L cr e it i et
5015 . ........... Ch i has it aeseeseaa e cerann
5081 G....... B Cree s ea e cereee e
5093 .......... et e e i s e it teecctsee s enanan e
L
5311 .......... e e i e it eeraes et e st e e
5186 .......... et e i i e er i Ciat ettt ann ceen
5230 ......... A i i i i e e teettareceeetarraaanens
5264 .......... et e e e Ch ittt e e ceen
5280 L e i e e i it e i e
5017 G........ i Ceeta e vee
5029 L i i e i e et e e i e ea
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Table A.L.11) Alignment of complete HBcAg amino acid sequences of adrq- strains (genotype C) from the Pacific islands.

Code Country Pacific Genotype C strains, amino acid alignment
10 2 k] 0 0 1] 0 0
e 1 e S e e e I T [ L T e I IR (PSR |
A-35 China MDIDPYKEFG ASVELLSFLP SDFFPSIRDL LDTASALYRE ALESPEHCSP HHTALRQAIL CWGELMNLAT WYGSNLEDPA
0142 Fiji e e e e e e e e e e e Voo
0M43Fi ... e e e e e e e e e Voo
O34 Fii e e e e e e 22
0349Fjii . ... .. ... . e e e e e e e e e e e Vs
....................................................... T
0550 Fifl L e e e e e e e e e e e e e B
....................................................... VY
....................................................... Vs e
oo78Fiii 0 .. ... e e e e e e e e e e e e e e e e
0075Fiii .. ... ... .. LPLAL L. L e
2080 Kirbati . . . .. ... L. Pt N
BMETONGA . . . L L e e e e e e e e e e e Vo e
3417 Tonga . . . ... ... e e e e e e e e e e e e e e e e e 22
3097 TONGA . . . . L o e e e e e e e e e e e e e e e e Vo
3419 Tonga . ... .. e e e e e e e e e e e e e e e e e 22
3428Tonga . . . .. e e e e e e e e e e A, e 2
3628Tonga . ... e e e e e e e e e e e e R 2
3099 TONGA . . . . L e e e e e e e e e e e e e e e e e e e e e V.o s e
3221 ToNga . . . . e e e e e e e e e e e e e e e e e e 2
3365 TONGA . . . . L e e e e e e e e e e e e e e 2
3369TONGE . . . o o e e e e e e e e e e e e e e e e e e e e e e e e e Vo
3519Tonga . . . . e e e e e e e e e e e e e e e e e 2
3309TONga . ... e e e e e e e e e e e e e e LoV WD L RS .D T
3509 TONGA . . . e e e e e e e e e e e e e e e e e e e v. . DL e
S022Vanuatu . . . . L L L e e e e e e e e LV
S072W¥anuatu . . . .. L e e e e e e e e e e e e e e e e e e e e e 2
SO73Vanuatu . . . . L L e e e e e e e e e e Voo o
S075 Vanuatu . . . .. .. L. e e e e e e e e e e e VY s
5081 Vanuatu . . . .. . ... e e e e e e e e D.... ... 000 L. LN
5093 Vanuatu . . . . ... L. e e e e e e e e e e e e 22
SM4Venuaty . . . ... oL L. L e e e e e e e e s e LY
5311 Vanuaty . . . . .. O Vo e
186 Vanuatu . . . . L L L L e e e e e e e e e e s e e 2 ..
S230Vanuatu . . . L L L L L L e e e e e e e e 22 .S
5264 Vanustu . . . ... L. L. e e e e e e e e e e e e e e e e e e e s 22
S2BaVanuatu . . . . L L L L L e e e e e e e e e 22
5017 Vanuatu . . . . .. Lo L. e e e e e e e e e e e e e e Vo e




Appendix

Code Country Pacific Genotype C strains, amino acid alignment

_. 4 | 100 110 : 120 : 120 140. 10 . 160
T T T O T I T e L I Y T PR
A-35 China SRELVVSYVN VNMGLKIRQL LWFHISCLTF GRETVLEYLY SFGYWIRTPP AYRPPNAPIL STLPETTVYYR RRGRSPRRRT
0142 Fiji e I

0143 Fiji .

0314 Fiji . . .
0349 Fiji . .

0480 Fiji . . . .
0550 Fiji e . . .

0800 Fiji . . . .

0075 Fiji e o

2080 Kiribati . .
3415 Tonga . .

3417 Tonga e .
3097 Tonga . . . .
3419 Tonga .

3428 Tonga e . . . . . .

|
|
|
|
|
3629 Tonga e
3099 Tonga e
3221 Tonga . |
3365 Tonga |
3369 Tonga |
3519 Tonga |
3309 Tonga ML |
3508 Tonga e e e e
S022Vanuatu . . . L L L L L L e e e
5072Vanuetu . . . . .. ... L. L.

SO7TIVENUBIU . . . . o
S075WVanuatu . . . L L L L e
8081 Wanuatu . . . L L L L e o, . .

5093 vanustu . . . ... ... L.

5114 Vanusatu
S3MMWanustu . . .. ... ... .......... .G.
5186 Vanustu

5230 Vanuatu . . . L L L L L b s
8264 Vanuatu . . L L L L L L L e e e e s
5265 Vanuatu . . . L L L L. L. Lo

S017 Vanuatu . . . . ... L L. |

I . ¥, ¥ - S
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Code Country Pacific Genotype C strains, amino acid alignment

170 C
B I e I T
PSPRRRRSQS PRRRRSQSRE SQC*
%

> % » ¥ @

0075 Fiji

2080 Kiribati

3415 Tonga

3417 Tonga

3097 Tonga
3419 Tonga
3428 Tonga
3629 Tonga
3099 Tonga

3221 Tonga
3365 Tonga
3368 Tonya
3519 Tonga
3309 Tonga
3509 Tonga

5022 Vanustu
5072 Vanusatu
5073 Vanusatu

5075 Vanusatu

5081 Vanusiu

5093 Vanustu

5114 Vanusatu

5311 Vanustu .

5186 Vanustu .

5230 Vanustu

5264 Vanustu
5265Vanuatu . . ... ... L. Lt
5017 Vanustu O

LI I I

o -
P2 I O I N R I U I R T N T N

»
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Table A.L.12) Alignment of complete nucleotide sequences of adrg- strains (genotype C) from the Pacific islands.

Code Country Pacific Genotype C strains, nuclectide alignment
10 0 k) an 0 an 70 0

R TR IE EEEE EEREEUET EENEECERERN EEECEPETE ISR PRSP IR [ [P (S T O |
A-35 China ATGGACATTG ACCCGTATAA AGAATTTGGA GCTTCTGTGG AGTTACTCTC TTTTTTGCCT TCTGACTTCT TTCCTTCTAT
0142 Fiji T . . T. .C..G.
0143 Fiji e e T o e, .T. .C..G. .. ..
0314 Fiji e e e e T . C o e e . T. RN ¢ 2N
0349 Fiji e e e e e T. . o L e e e e e e e e e e T .C..G. .. ..
0480 Fiji e e e e .. T o s, T. .G.
0550 Fiji e .. A s e e e e e e T. .G.
0800 Fiji e e e T o s T. .G..L.
0880 Fiji T o s T. .G..C.
0078 Fiji e e . T e e e e e e T. .G.
0075 Fiji e e e T 0 o . c.cC C. ... L G LT ¢ I
2080 Kiribati e e e e T o e LT .G..C.
3415 Tonga P . T, C. ... . . T .G.
3417 Tonga e e e e e e T..... . .... LC L G s e T. .G.
3097 Tonga e T. o e Co s LT .G.
3419 Tonga e e L G e s, T. LGl
3428 Tonga e e T. o C o e T. .G.
3629 Tonga e e e T.o .0 o L [of AL e T. . B ¢ I
3099 Tonga . ... .... e [ e e . . LT .G..C.
3221 Tonga e e e e e [ LT .G.
3365 Tonga e e e T o e e s P .G.
3369 Tonga e e e e L LT .G.
3519 Tonga T e . N .G.
3309 Tonga T s N P ¢
3509 Tonga e LT R SR ¢
S022Vanuatu . . ... T . LT .G..C.
5072 Vanuatu . . . . . T o . I .GL L.
SO73Vanuatu . . . L. Lo T N .G. .C.
5075 Vanuatu . . . .. .. L. D LT .G..C.
5081 vanuatu T P .G..C.
5093 Vanuatu . . . .. .. T .C. T .G. .C.
5114 Vanuatu . . . . . .. T e e .T. .G. ...
5311 Vanuatu . . . . . .. T.. ... ... C e e LT .G..C.
5186 Vanustu . . . . . . . L T .G..C.
5230Wanuaty . . . ..o LT s T .GL L.
5264 Vanustu . . . . . .. T LT .G..C.
5265 Vanustu . . . . . .. T o e s, T. .G..C.
5017 Vanuatu L T. AL

_ L U > To Y - TR - . . - ———— — . _ -




Code Country

A-35 China
0142 Fiji
0143 Fiji
0314 Fiji
0349 Fiji
0480 Fij

0880 Fiji

0078 Fiji

0075 Fiji

2080 Kiribati
3415 Tonga
3417 Tonga
3097 Tonga
3419 Tonga
3428 Tonga
3629 Tonga
3099 Tonga
3221 Tonga
3365 Tonga
3369 Tonga
3519 Tonga
3309 Tonga
3509 Tonga
5022 Vanustu
5072 Vanustu
5073 Vanustu
5075 Vanuatu
5081 Vanustu
5093 Vanustu
5114 Vanustu
5311 Vanuatu
5186 Vanuatu
5230 Vanuatu
5264 Vanuatu
5265 Vanustu
5017 Vanuatu

Appendix

Pacific Genotype C strains, nuclectide alignment

8. 100 . 110 120 120
TCGAGATCTC CTCGACACCG CCTCAGCTCT GTATCGGGAG GCCTTAGAGT CTCCGGAACA TTGTTCACCT CACCATACAG

OO0
(@]

PRI o ¥ ¥ - N S S T,

140 190 10
| | [ l- - |




Appendix

Code Country Pacific Genotype C strains, nuclectide alignmenrt
170 10 1% 200 210 20 20 240
R H T T e e e [ S [ [ e T [ L T P |
A-35 China CACTCAGGCA AGCTATTCTG TGTTGGGGTG AGTTGATGAA TCTGGCCACC TGGGTGGGAA GTAATTTGGA AGACCCAGCA
o142Fii ... ... P ¢ S O
0143F5i ... ... e Gl VAL L O
O314Fi ... ... ... . L G oL VA LD L
0349F5 ... ... ... e G AL L
0480F5 ... .. ... .. R ¢ LA T,
0550F i .. ... ... .. LG VAL O
0800Fji ... ....... B € B O
0880FH . ......... P ¢ LA Lo L
0078Fii ... ... ... LG CL Lo AL T s
0075Fii ... ... B ¢ oL A Lo L
2080 Kiribati . . . ... .. L. e G LA T. . e LT
3415Tonga . . . .. .. ... e G L AL e L
3417 Tonga . . .. ... ... e .G LT L AL e
3097 Tonga . . ... ..... G e AL T e e
3#19Tonga . .. ..... .. R € e AL O
3428Tonga . . ... ... .. B L AL T o e e
3629Tonga . . ... ..... e G R O
3089Tonga . . .. ... ... B € Lo AL O
321 Tonga . . . . ... ... P € e AL L
3365Tonga . .. ....... B € - L
3369Tonga . . ... ... .. B ¢ LA O
3519Tonga . .. . ... ... B ¢ D O
3308Tonga . .. ....... B ¢ .G AL T... ... ... .GTC. ... C...... AL
3509Tonga .. ........ .G L. AL LG CLL L T . oo L T, T
5022 Vanuatu . . . ... L. L. B ¢ P L T . e T......
5072 Vanuatu . . . ... .. L. D € L AL L VAL LT T. c...
S073Vanustu . . . . ... L L. T ¢ Lo AL T. o o F R
5075 Vanustu . . . .. ... L. B B T. o LT T
5081 Vanuatu . . . . ... ... B € e AL T. o R T
5093 Vanuatu . . . . ... ... B ¢ L AL T . e B
S114Vanustu . . . . .. . ... P € LA T. o Tl
8311 Vanuetu . . . ... .. .. B € LA O R T
5186 Vanuatu . . . .. ... .. B € e AL K LT
5230 Vanuetu . . . ... .. .. D € . B T.
5264 Vanustw . . . . ... . .. T L T. .. LT
5265vanuatu . . .. .. .. L. D € e VAL Lo T R
5017 Vanuatu . . . . . ... .. D € L AL L




Appendix

Code Country Pacific Genotype C strains, nucleotide alignment
2% 200 : 20 20 290 ' 200 210 0
L R N T T S O T e e T e L I e
A-35 China TCCAGGGAAT TAGTAGTCAG CTATGTCAAT GTTAATATGG GCCTAAAAAT CAGACAACTA TTGTGGTTTC ACATTTCCTG
0142 Fiji L. CL L B C A e e e e
0143 Fiji oL C P C A e e e
OM4Fii ... B T..... T G A e e e s s
0349Fji .. ... .. ... oL TO AL C A e e
0480Fii . ... ... .. e T T........ L
.......... LG T G A e s
.......... L 1
0880FiHi . .... AL L T........ C e e e e e
0078Fji .. ... ... .. I ¢ . T.. .. ..., C AL Co. .
0075Fiji ... ... e To T..... L
2080 Kiribeti . . . . ... ... R T........ e e
3415Tonga . . ... .. ... B T..... T A e s
3417Tonga . ... ... ... D T..... T..C AL e C.
3097 Tonga . .. ....... e T T..... T o A
3418Tonga . ... ... ... B T..... T G A e e s s
3428Tonga . . . . ... ... B T..... L
3629Tonga . . ... ..... B T..... L
3098Tonga ... ....... A ¢ T........ C A e e
3229 Tonga . .. .. ... .. oo T T........ C AL e e Co. .
3365Tonga . .. ....... B ¢ T........ C A e s s
3369Tonga . ......... R ¢ T........ C A e e e s e
3519Tonga . . . ... .. .. N ¢ 2 T........ C A e e e e
3309 Tonga R T ¢ T. .. ..., C A e e s,
3508 Tonga . . ... L ¢ C A e e e s,
5022 Vanuatu . . . . . AL oL Lo oo T e e L s e
S072Vanuetu . . .. ... L. L. L T ..
5073 Vanustu . . . .. AL Lo L LG e e
5075 Vanustu . . . .. Ao Lo T T........ C e e e e e,
5081 Vanuatu . . . . . Ao oL T T........ L
5093 Vanuatu . . . . . AL o o T........ C ... LT T
5114 Vanustu . . . . . Ao Lo L C
5311 Vanuatu . . . . . L T........ C e s .G
5186 Vanuatu . . . . . Ao Lo T o s s,
5230 vanustu . . . . ... ... LT ol T........ C AL e C
5264 Vanuatu . . . . . Ao Lo o T........ C e s
5265 Vanustu . . . . . AL ... Lo T........ G e e s e
5017 Vanuatu . . . . . ... L. B T........ C A e .




Appendix

Caode Country Pacific Genotype C strains, nuclectide alignment

. | B_o ] | u._o . 30 ) 0 . 30 20 400
B e T [ e T e T e T L I

A-35 China TCTTACTTTT GGAAGAGAAA CTGTTCTTGA GTATTTGGTG TCTTTTGGAG TGTGGATTCG CACTCCTCCT GCTTACAGAC
0142 Fiji .. Cl L
0143 Fiji ...C.
0314 Fiji
0343 Fiji LG s
0480 Fiji
0550 Fiji
0880 Fiji P & o
0078 Fiji e e e e e e
0075 Fiii N ¢ 2
2080 Kiribati e e e e e e s e
3415 Tonga
3417 Tonga
3097 Tonga e e e e e e e e e
3419 Tonga e |

OOO0O0O0OXEO

3428 Tonga

3629 Tonga . < 2

3099 Tonga

3221 Tonga

3365 Tonga e e e e e e e e e e e e e e e s s .C .. . .
3369 Tonga e e e e e e e e e e e e e .C.

3519 Tonga .C. . .

3308 Tonga e e e e e e e e e e A | Y
3509 Tonga e e e e e e e e
S02Vanuatu . . .. ... ... L. L .. o €
S072Wanustu . . . L L L L L e
S073vanuatu . . .. ... ... ... ...... ....C.
5075 Vanustu . . . ... ...

5081 Vanuatu

5093 Vvanustu . ... .. ...

S114Veanustu . . . . .. ...

S31Vanustu . . . ... L L. oL
S186Vanustu . . ... ... .. . ......... ....C.
5230 Vanuatu . . . . .. ..

5264 Vanustu . . . .. . ..

5265Vanuatu . . . . .. L.

O
O

OOOOOO0O0 -
OO0OO0OOOO0

.C.
.C.

Oo0-

5017 Vanustu

OO0 00O00000000O0O0OO000O0.




Appendix

Code Country Pacific Genotype C strains, nucleotide alignment

| :_o | »N._o € " wap < ag) . 0 a0
. e T T T T L A T TR R Y B
A-35 China CACCAAATGC CCCTATCTTA TCAACACTTC CGGAAACTAC TGTTGTTAGA CGACGAGGCA GGTCCCCTAG AAGAAGAACT
0142 Fiji e e e e e e e

0349 Fij s e e e
0480Fi . ... .. e e e e e
0550 Fii . ... .. e R R e

0800Fi . ..... . L o o .
0880Fi . ... ... . R AL L

078Fi ... .. .. A L AL

0075 Fi R R

2080 Kirbsti . . . . . . . . N
3415Tonga . ... ... . A R

3417 Tonga . ... ... L L

3097 Tonga e e e e e e e e e e
3419 Tonga e e e e e e e e e e e e e e e e e e e e e

3428 Tonga e e e e e e o, N
3629 Tonga e e e e e e e e e
3099 Tonga e e e e .
3221Tonga . . .. ... .. e e e e e e e e e .
3365 Tonga e e e e e e e e e e e e e e
3369 Tonga e e e e e e e e e
3519 Tonga e e e e e e e e .
3309Tonga . ....... e e e e e e e e e e e e e e

3509 Tonga LLTTC L L e e e e e TO .,
5022 vanuatu . . . . ... L L. e e e e e e e e e e e e e e
5072Vanuatu . . . ... L. e e e e e e e e e e

S073Vanuatu . . ... L L0 L. e e e e e e e e S
S075Vanuatu . . . .C. .. .. ... ...... .
5081 Vanuatu . . . . .. .. e e e e e e e e e e e e .
5093 Vanuatu . . . . . ... e e e e e e e e e e e e LA
S114Vanuatu . . . . ... ... L L. e .
5311 Vanuatu . . . .. ... e
5186 Vanuatu . . . . . . .. e e e e e e e e e e e e e e e e e e e e e s

5230 Vanustu . . . .. ... e R . L L
5264 Vanuatu . . . . . ... e e e e e e e e e e e e e oA ..
S265Wanustu . . . L L L L L e e e e e e e AL e
5017 Vanustu . . . . . L L L. e e e e e e e e e e e e e e e e e e FR e e e
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Code Country Pacific Genotype C strains, nuclectide alignment
| 490 : 500 510 20 S0 -] _ s -
T e O N T O T e T T L I I
A-35 China CCCTCGCCTC GCAGACGAAG GTCTCAATCG CCGCGTCGCA GAAGATCTCA ATCTCGGGAA TCTCAATGTT A
O142Fii . .. o AL A e,
O143Fii . ... A e e e
O3M4Fi .o A e e e e
0349Fii . ... ..o . AL A e e e e
0480Fii . .. A e e e
0550Fii . . A e e s
0800 Fii . . . A e e
0880FiHi . ... ... ... ... ... A e
0078Fii . . A e
0075 Fii . A e e,
2080Kiribati . . ... Lo L A s
3MSTonga . .. L. e A
3MFTonga . . ... L A e
3097 Tonga . . ... ... e, A s
3M18Tonga . ... e A e e e
3428Tonga . . ... A s
3629Tonga . . ... ..... ..... Al Lo O
3099Tonga . ... ... ... ... AL Lo A e
221 Tonga . . L. e A e s,
3365Tonga ... .. e A e e,
3368 Tonga . ... e A e e
3318 Tonga . . ... e e A e e
3308Tonga . ... e e, A e
3308Tonga . . . .. ... .. L AL A e e e e
S022%anuetu . . .. L L. L A e e e,
SOT2Vanuatu . L AL . L L
9073 Vanuatu . . . ... L. L A e e
S075Vanuetu . . .. .. L. L. A e e s,
5081 Vanuatu . . . . oL L A e e,
S093Vanuatu . . . .. ... L A e e e,
S114vanustu . . . . ... ... L. A e e,
S3MMVvanustu . . ... ... L. L. B A s,
S186vanuatu . . . . ... L. L A e s,
5230Vanuatu . . . . ... L L AL L. A s,
5264 Vanuatu . . . ... ... L. L. L
S265vanustu . . . .. L. L. L A e e e,
S0M7 Vanuatu . . . . L L L A s e e
N e . NNl L _ _ .




Appendix

Note: Strains belonging to Vanuatu showed a divergent nucleotide alignment (b) with a
characteristic V91 at the aa levels. Amino acids and nucleotides are numbered from the

beginning of the HBcAg.
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Table A.I.13) Alignment of complete HBcAg amino acid sequences of ayw (genotype D) strains from Pacific islands.

_236A




Appendix
Code Country Pacific genotype D strains, amino acid ali¢gnment

l0 to ws ‘9 &0 60 20 S0 90 00
1 1 a1 1 1 | 1 1 1 -1 1 A [ R D '
0123 India MDIDPYKEFG ATVELLSFLP momwwmﬁer H.U.gm,prﬁm brnmmmmnmw HHTALRQAIL CWGELMTLAT WVGGNLEDPI SRDLVVSYVN TNMGLKFROL

2006 KiriB ..ouueiune meeeccnans seeeatanns B R A it e
2007 Kirib .. ouuoivnn cniaeinene menannanan T R A ittt cieeaaaaas
2019 KiriB ..ccccccse sscssscsnan sasssssssae N 1 [ R A cieieaetiaas teecmnacen
2119 Kiril cvcececonc toconnacan seenaaannn R e S A tiiiiiiiee meeeenaaan
2127 KEriB . cuuecinnc wacetaanen seeenennaa o - ce-Tecne- A it eeeeceaaas
2317 KiliB  ccovvecnne snnecenacs soneasanns B e - o
2483 KiriB .. .u-cvnee seecenanan saaanaanen Y VRS B S it ceeeeeaaan R A i iiiiiee creaaeaaas
2109 KiriB ..uuieivnee seecnneacnn ceeernacan R - R O B i e
2110 KiXiB .cvvecvnsns snacuncnns seasneannn T - R B otiiiiiiiee cieaennann
2117 Kirib . .ccccccee casesscaecs sesasncanase e 1 ee-Teue.. A ciiiaiteee dieanasena
2084 Kirib . ...cciiee teneniecan seeancaenn R e S, B it cneeaiaaan
2039 KiviB  .ucvuecrnn ceeeseiacs serencaaas e 2 ceeTeuenn B it creaaeaan
2143 Kirib .....c-c.n B T Y W : J I A iiiiaieien eeieeaaaa B <
0079 FiJi  covnciinine cvmccnncan mencnnanes R e L B oeiiiiiiin aeeaaaan
0092 FiJi - coveccunc cnccnnnccs cenamnacnn T P B it iiaiet meeaaiaaan
6270 FiJi  ccvrncnnns meeenennce cnnmennenn T B B tieciiane maaaceaan
0456 FiJi - ccuvienes cnecroaccs maneanaannan R ceTeen-. B ittt cieaaaean
0026 FiJi  ccvnninnnr mneenencens cenmmnncen e » I, I B oeiiiiiiene aieeeeaas
3343 TOMA . cceenscae osescasncsace scscnasaans S N 1 ceaTaecnae A ceecceesene aassanssas
3414 TOMHA  ccvvvcvnen cnncnnaccs sanameacnn R - B e
B029 VANUA .« oceevcens canenanaccn sanenaacnan e » eeTeenn- B oeeiiianne e
110 izo0 iz0 140 pRY 166 170 180
- | [} -1 - N | | [ - -1 | -0 L} B 1
0123 India LWFHISCLTF mﬁﬂ@ﬂﬂw SFGVWIRTPP AYRPPNAPIL STLPETTVVR RRGRSPRRRT PSPRRRRSQS PRRRRSQSRE SQC*
2006 Kirib ...ocvvnen waenn Lieees euesecnace sasamennss soseennace coomenanan eoeoracaan seacnanaan .
2007 Kirib ....-c-vvee cnonnn Lo tee teeceeceee teeeeaceas saeeeseecs samaemaaes eeeaenaens eesaeeeann I
2019 KiriB - c.eciunee aonnn 7 .o
2119 KiriB .ccuevenee anenn Lecue soecenmcnee soccsannes seseasaacs senmessacs emsecsaace seseaccons -
2127 Kirib .o .noc-viee cue-n L tee meeneecece saeseeeeas seseasaame seeeesaecs emeacsaane aeseaeenn- i
2317 Kirib . cvevcvnac ana-n Leven vncnencen o clH - e . .
2483 Kirib .....-ccc0 coe.. Lecer eenecoenan seenocannn seanacanna e .
2109 Kirib . -..ccceee cna-s —
2110 Kirib ....ceveee onenn Lt ceeeceacen meeeeeaces eemeaamaas wecmaetaen eemaascean waseaanoaa .
2117 Kirib - cveeccnae cana- Lo iie eeeemnan eaeeasaan meseiaace meeeameanr aieecreane memeaenaan cel®
2084 Kirib ...cecvnvee vunnn Lietue eoeneeceee toemuescuan sensanaacs sssecmsecs assaeseaas seasaaesens —
2039 Kirib .....cceeee ono-n L ie eeeaeanee meeeeaeeae eeemaeseae amesactaec seceeneean sacreaenaa ae*
2143 Kirib .c.ueeecees cnnn. I Lo
0079 Fiji  .ccvccvnne woenn Leeee eacocameuc sacesecuas sosnesnnse sremssaans ssmacteeas seseaesees —
0092 Fiji  .cceecceae wan-n L ee eectemcenac aeeasemaan eaiacemene meameiaane seeeereaan aeeeaeeann —
0470 Fiji - -cucccean wao-n 7 —
0456 Fiji  .cceecvvac wacen Leees wecocacane wamneenenn soseasuass sreecsseaes esaestaecs seeuneaenes .
0026 Fiji - ccuvcvnes canne .
3343 TOMYA .. v-cuvreee ovease Lecee cvacsnvesnn casnesnvas ceaflicaee cecssasaas essscsaces secsssansa o™
3414 TOMJA . w.cccccase aaena Lecee cceenencece eaauacaacces ecacsaansuau mssesescccscee seccecccces mamcaseasns .
5029 Vanua .....cccvee sennn Lt i e meecieaene ceeeeaamae eeeieaaacn aeaaeeaas ameeaaeaeae memaaaenan -

. V. T e o o L




Appendix
Table A.I.14) Alignment of complete nucleotide sequences of ayw (genotype D) strains from Pacific islands.

Code Councry . Pacific genotype D strains, nucleotide alignment
10 to 20 40 50 50 70 80 30 100
D T [ TR T T T [ L L T T S L [ T I Ity (O I e e I RO |
0123 India ATGGACATIG ATCCTTATAA AGAATTTGGA GCTACTGTGG AGTTACTCTC G CTTCCT TCTGACTICT TTCCATCAGT ACGAGATCTT CTAGATACCG
2006 Kiribh ......c.n0 el i ceeenens crnecannnae seesancacce sassevenes e S
2007 Kirib .......... el ceeneee eucennsncea mescaneanse eaacesenan ceeeTeBGuere teennnenee e
2019 Kirib .......... el ceeeens tieceumuane msemsenses seseavenen N e I
2119 Kirib .......... el icucecee cucsacanse asasasasas seccmcesns g A e
2127 Kirib .......... eCevceceene cucnncasen ssscesesss ssscacansa e A e
2317 Kirib .....c.cc.. eCecBGuocace sasses eeeee seesssanss sesaassene seesTeBase neancasnanne T e
2483 Kirib .......... el i cccnee eneenaneces sasmncence esacmanens g A T. ceeaTeaTee eocconcase acsnae C....
2109 Kirib .......... eCeticeeane wecasucnans smsecasnca amsassenans e I T
2110 Kirib .......... eleeeeveen creaunancans ecncacsccse censnsvasaa O L T
2117 Kirib .......... S L eseleelaue eouccaccca censccanne
2084 Kiribh .......... T seeaTeBace cssancacns ensTeolue csacsunsces coennanana
2039 Kirib .......... eCeceacann ssevscasocs cousseassan aasaccessese g e P
2143 Kivibh .....ccc.n eCuicacicen seceasannes ancanaas G.A GTG..veene eeeaTiGuue ancceancan e
0079 Fiji  .......... O e L e
0092 Fiji  .......... eCiceceeens teaesncnas cecccacnce sanseseense e A P T
0470 Fiji  .......... T ceaaTiGevte eeececeenn e
0456 Fiji .......... O Covee cecenvcees e T
0026 Fiji .......... e eeeaTiBenr cecaaennans e
3343 Tonga ..cccvenees elinceeeace cevesccses messsscsas sessasssss g A ceaeTeelee creecencas snaananaaaa
3414 TOonNUA ..cccercens O e A T
5029 Vanua ....cccc.n T secsee seneTeBree cencnccans seesTealuon eoacencece cnenncansae
110 1z0 120 140 1so0 160 avoe 130 190 200
B T [ T L e e T o T (O I [T [ [ NS (OO [ I I |
0123 India CCTCAGCTCT ATATCGGGAA GCCTTAGAGT CGCCTGAACA TTIGTTICACCT CACCATACTG CACTCAGGCA AGCAATTICTT TGCTGGGGGG AACTAATGAC
2006 Kirib «eeGuGavuen G.cereeuwne B [ Gaee eovccvsase snesanasaa ssacsossane sussssnsan ssassees A. ceceesnaasne
2007 Kirib «eG.G... .. Geeewenne T ecceeeannn. [ Gh.v ciecencocee sssacenscss mecesescee muensvecas semsesas A, ciiiieean.
2019 Kirib «eeG.G.o.. Geeeenneo i eTecan. Guev crecvencue susacnnose sasmsennan memascsses sssemann A. dieiieaann
2119 Kirib «eeG.G..... Goicewnnwnan T ceceeeeean eTeeann Ghee cieeciuencs sensecsnns wacamsaccas sseassccan sesacacae A, oo oiaaan.
2127 Kirib eeG.G.ouoan Geaeeaann T eesacncana eTeaann Gee cicecviecen ceccannnse acscsaanaan esecacnans muasaaanas A, cieeianann
2317 Kirib eeG.G.... Geceseuna B aTacee. G.e ... sasaa messeesess sasssecses smmsesmaEma saescess A, cieieeanann
2483 Kirib «eG.Geen Gieereuwnn T cecacaa- A, .T..... G oeenan seTiee sesmucecan concccscne saccannans ssamannas A, ceieeiaaann
2109 Kirib «eeG.G..... Geweeauna T ecacencanas eTaeann Guie teecavecsee sesscasace sasassccne ssansseans sasasasa A. ceiieiecnann
2110 Kirib «eeG.G..... Ge-weeauwnn B Teean. Gee -t cecucecoes cescccsncs weemescesee sumemsmeaecce secessen A, ciieiiienn
2117 Kirib «eeG.G..... Gecevawnun T eaccscaces [ G.e tccosercecces ccsscocsace sesscscsnne ssesacecss ssesemsse Ae ceiieeaeens
2084 Kirib eeG. G, Geeeeanoen T eeeasacnns eTeuon.. Gee ccescavsane saasaans C. ciccricccae cecnssessc sanvacnn A. cseeccecnce
2039 Kirib eeG.G.u.. Geeeennnn B «eTecenn G.c ccccnccuse accscsasones sasassecns sumcscscse secmaacs Al deieeiaaann
2143 Kirib «-eG.G..... Geeweanan T cevencnann eTeaan. G.o vecaann G.v tececccane saumseasaan semsecssne sssmmaan Ao cieiiaaan.
0079 Fiji «eG.Gecee Geeeeaonn T ceracancas eTavene Geve ccceesenens saacascass mssssassecs asussscnes smaacsas A, ciiiiiaan.
0092 Fiji eeG.G..... Gevceaaona B eTeaanan Geue cccencrences sesacsannee seunvsoece mcecaasaana saamsses A, ceieeiaannn
0470 Fiji eeG.G..... Geceeanne T «oTeeBGuoaee Ton... Ge:o ctcuasecec seemsccsens ssmsmsesces sscssssess sasasees A, ceieaceaans
0456 Fiji eeG.G..... Geeeeuaonn T cacacnnn=n e Tewann Gee cvenn seess mesesmcces semsecsase ssessssess esemssoes A, cieeieiannn
0026 Fiji ceG.G..... Geeeeanen B [ A Gue cccececcce coacannnae mansesacece sseasessns msesenns A. tieiiaaan
3343 Toowga ..G.G..... Geeeceaaa T eccasncana eTeaanan Guo conanevssca msmsesscsss ssssveusss sesesmzmms sesswuoe A, ceieieaans
3414 Tonga .:GuGissne GeicancassaT v Teaens Guor ceeennncen T A, il
5029 Vanua ..G.G..... Geveeeanne T eececonnnse T..... Guv cceecvasee sssscsvnas sesssscsse ssssssncns smenenne A, caceensnne




Code

0123
2006
2007
2019
2119
2127
2317
2483
2109
2110
2117
2084
2039
2143
0079
0092
0470
0456
0026
3343
3414
5029

0123
2006
2007
2019
2119
2127
2317
2483
2109
2110
2117
2084
2039
2143
0079
0092
0470
04356
0026
3343
3414
5029

Appendix

Country Pacific genotype D strains, nucleotide alignment
10 tz0 t20 240 z50 260 z70 230 E213 200
T T T T [ T L S A T T L e I N O IS [ T I I T |
India TCTAGCCACC TGGGTGGGTG GTAATTTIGGA AGATCCAATA TCCAGGGACC TAGTGGTCAG TTATGTTAAC ACTAATATGG GCCTAAAATT TAGGCAACTA
Kirib ...... I AC...... A.. ceiieee. GC. ..T....... ceeeBliii. anana Cite ceicncsancn awarmaca= G.. C..A...T..
Kirib ...... Teuwe cncaveoan AC...... A.. ... GC. ..Te.ueo... e Chiee tieencenne cocanna G.. C..A...T..
Kiribb ...cciccee cenevacas AC...... A.. ....... GC. ..T....... ceeeBilii. e Cice censocncaa caaunna G.. C..aA...T..
Kirib ...... Touoe cccnvocan AC...... AL, .. .... GC. ..T..ecen. e Choer tecenecana aseanna G.. C..A...T..
Kirib ...... Toee cccasasee AC...... A.. ... GC. ..Te.ac.en coeaBicace oscaaan Ciee coavncanne saseans G.. C..A...T..
Kirib ...... Teae nammusasn AC...... A.. ..... A.GC. ..Teuveennn cechiciee canaan Cuice ceacnvecne sascens G.. C..A...T..
Kirib ...... Teeoe scamansase AC...... A.. ... GC. ..T.e.ceuun- O Cuive trnvecacae sesonsoae G.. C..A...T..
KiribP ...ccceeen cosnseaaan AC...... A.. ....... GC. ..T....... T Choes fieecicnce cansenn G.. C..A...T..
Kirib ...... Teee cennvecean AC...... A.. ....... GC. ..T....... e hl AL ... Cois fieetanaee acanena G.. C..Aa...T.
Kirib .T....T... cennvanee AC...... A.. .o ... GC. ..T....... e Choie tticeaacee saasane G.. C..A...T.
Kirib ...... Teee cacavaces A C...... . GC. ..Teeecon. e Cine cacrcncncn anars=- G.. C..A...T..
Kiribh ...... B AC...... Ao, oo GC. ..T..cuencnn ceseBiiaes sasea. Ciue cacncncn=n eeceswe-G.. C..A...T..
Kiribh ...... Than camcenn-= Ch C...... A.- ——L.... GC. ..T.cecann O Ciace ecsscscacns asananna G.. CC.A...T..
Fiji ...... Teoe snmccecucs AC...... A.. cieaaa. GC. ..T.cecnan O Cave coanancecn caosesa G.. C..A...T..
Fiji ...... Teee cancuanans AC...... A.. ...... GC. ..T..uv.-n. N Ceit ticeiieare saanean G.. C..A...T..
Fiji ...... Teee cnveneannn AC...... A.. ....... GC. ..T....... P Lottt fieecancee cacenan G.. C..A...T..
Fiji ...... Teee ceeeacann AC...... A.. ciae.. GC. ..T.v.ecun.- e Cocr macceuccnn ncnca=n G.. ...A...T..
Fiji ...... B AC...... A.. ... GC. ..Tecuauens e Coive cirennccea coanans G.. C..A...T..
Tongga ...... Thas soecsnn=n AC...... Aie cveeene GC. eTeeeeenn O Covoe ccoscncncn mecunmsan G.. C..aA...T..
Tonga ...... Thoe samnsacan AC...... Ao, ... GC eTeeenann ceesficeee aeacn-s Cove cecacacnen msasoan G.. C..A...T.
Vanua .....- e AC...... A.. ..ol GC. [ e Cite ccnnacecea ceavnan G.. C..A...T..
210 220 3220 340 350 260 270 330 290 400
e T e R L e T e e R | T N I AR O [ IR [ O BT |
India TTGIGGTTTC ACATTTICTTG TCTCACTITIT GGAAGAGAAA CGGTCATAGA GTATTITGGTG TCTTITICGGAG TGTGGATTCG CACTCCTCCA GCTTATAGAC
KiriBl ... eccecee ceoecncaans scscacanane sseancscsns S Teaaa scesasncna semsneclone aricmaan-n-
KiriB ... cccecee cucecanace asuaannseasa sannnanaas ....TC. e seasasecee msaca Teeee eneacncacae cacsen Coee cnceanasnas
KiriB ..c.ciccecee cumuncenacs snnesancea cacacansns -...TC e chsessemes meses B Cove eeccanonns
Kirilr . ...ccceur ctanuacanane cacanncneae sncescnncan s Teeee cnencccnce ssases Conre tncvcnaaan
KiriB ... ccceeee cenacecacne anescacancs sasannsnss S Teeee eevcncance enasan Cive cracenanea
KiriB ..ccerccee tncacacass msencncnecs sasancasns I Tevree msemcaccnae scnan= O
FiriBl ...cccccer ecevencceanse senancsncs sacecnnanas cesallacar coccnnncne cnn=n Tuoeee tecacccane snnsna Cove wenneccncen
Kiribhh ...cccinee cneceacnces sancescanes sossenasss ceeeTCricee sccecaccnne oacase B Cone cuccncnnne
KiriP .. .icccecue wneecnsncn sevsecaaanss ancacnsans e Toeen cnnaacnanc acesas Cone tiecannnns
Kirib ...cccuicte ceancoacees sacnessscnaa sessnansnsns caaeTloeee cancassace nasne Toveene cececnnnns ascuonsana ancsancaasn
KiriP ... ciceene tececannce assanansne cacassaans e Teeee ecennnecan aneseas Cive eiceenacna
KiriB ...cciicee canuceeace aanecanaans aacacannes ceeeTCeiis cidececann aeneee Teceua ceceeanace aaasea Coer maceanacan
KiriBl ...cciercae cecuacacace eveacanase cncnscnnss erneTlecaee tiencaacas waca- Teceae ccasasasee sascea Cove cieneanacan
FijJi  cccccccece scaccescas canaancsne cansssnans eeaTCiiee ceenencnese aneaan Teause anacmacnaccs nsnauns Cane cecencncas
Fiji  ciiceceien teneceneane aassnanaaa senanacasns e S Ceve eencocanas
FiJi .t evecccnne aeanannens eneneasnsne sasunaannn e Teeee cecancanee aneson Cove teecancnnn
FijJi  cciciieeee cneeecananns sasncanase sacacaanns e g Cone eicnenacan
Fiji  ciiiiiicee caeecaceacs senanancas aanasannns e Teocee cumrusencs sccu== Covr tieienncan
TOMHPA . ccccvvoae sesseccncsa sasesansans assaaaaans eeaTCacee ccacancenne saana Teouee ccocaanncna aaasns Covie eacecanccas
TOMHA . cccececcne teaansonus sceaaseaneans sacessanes I Teeas esascssssss acasse Caee cecaacnana
VANUA ..icceeees secessaane sececanscs sasanannns eeeaTCicats teeennanne seaen Tewars cavannecas aeaans Coee cncancanna




Appendix

Code Country Pacific genotype D strains, nucleotide alignment

410 420 430 440 450 460 470 430 490 s00

B I T I TR [P R ST IO BRIV RN RURURDR IR [N T [ T R T B |

0123 India CACCAAMAATGC CCCTATCTTA TCAACACTTC CGGAGACTAC TGTTGTTAGA CGACGAGGCA GGTCCCCTAG AAGAAGAACT CCCTCGCCTC GCAGACGAAG
2006 Kiribh ......-vc¢ aceaana [d
2007 KiviB ... ceceee scnanscse c
2019 Kiribh ....ccccve accaens C
2119 Kirib ... ccicece cceacone C
2127 Kirib ...cccciceee cseesses C
2317 Kivib ....c.ccce ceenaas [
2483 Kirib ......c.ccc ceenenn c
2109 Kirib .....cccce ccacana c
2110 Kiribh .....cccne cceeenn C

2117 Kirib . ccccovcces ascsanaana Chute aeauacmcscee ocassensussas assscssanss sssesssanse msesesesss sesamsscuans sssssensce susssenssas

2084 Kirik ...ccceene accccaa Ce e cctctciite ciasairrcr mEsEsEaNEA HEMmRsEsss Esasssssis mueescemn-=

C

C

C

C

C

C

C

[od

C

C

--------------------------------------------------------------------------------

2039 Kiril ..ccccecan sceonaas
2143 Kirib .....cccee canenna
0079 FijJi  .cciccceae veacanse
0092 Fiji .....c.ccuin ceeeann
0470 Fiji  .....cccie ceceeann
0456 Fiji  .....uccnie ceacenn
0026 FijJi  .ccccccaae asaaaans
3343 TONUA ..-cccucccece ecaaoees
3414 TONMYA .. ovcanoee asecanna
5029 Vanua ....ccecee soceoana

--------------------------------------------------------------------------------
--------------------------------------------------------------------------------
--------------------------------------------------------------------------------

O I I [ I R Y TR TR (N T
QHMNHEUQﬂn.ﬂngﬂ.nmnnﬂnm.ﬁnmnurOﬁﬂ?ﬂnﬂn??ﬂﬂ.ﬂnmmﬁg.—-Onh.n;.—.ﬂ.—lﬂPﬂ

2006 Kirib A......c.ie ceecececaans ssossnnnnns osacennanes sssasnsnsnse
2007 KivxiP A...ccecee csovcccsae secunnacas assssasane sessceaaaaan
2019 Kirib A.......cc. ceececcnas seecncacac secasncnca sacescanss
2119 KiriB A...c.ccee cveeecenses anacasaanas macasasnce seeacsnnns
2127 Kirib A.......cc. ccececeren enesannnas sesscacana secassnans -
2317 Kirib A........cc ececccecnane sasessnecse mssscscsas ssassnsasns
2483 Kixilr A.......c. cceeecnnne scseasccns cssasccuncs sesescacnas
2109 Kixrib A, .. ...... ceececnnan ssacunnmnacane saassannss sssssacacas .
21310 Kirib A.....c.c. ctucucecee anamannnce ascanacace sseacsacas as
2117 KiriB Ao ..cceeer cnrenncene secannssea esmenssace asancsencasn
2084 Kixrxibh A, .....ccc cecsencaucuace aaascssascse asanssssss eaassansans
2039 Kixrib A......... cceeececes sussascscce ansseasnss nscsencnns
2143 Kiribh ......... B .t iccicecne eonassesne emsecscsaa asssecasans
0079 Fiji Ao uceeeuaae scacanncee seasmamscac eseaessmen sseacssmss
0092 Fiji B i iiii. L eaiciceata desecssEsa Ruswssreaa aaamacasan
0470 Fiji A it it iees e mecacases eecaceaseces easseasaan memesaannn
0456 Fiji B esiicaes miaresrass eesassasss Bsescscece essemeseasn
0026 Fiji B i iiiii eeeancanias secesasasa emessseses emmessesas
3343 TONMA A...c.cooee scccceansas samsscssccs ssssasssas snsassscsas
3414 TONGA A....c.cewe ccsevescsas sasasmmase sssssssnse ecessennnns

5029 Vanua A......... ceccuanane sssasssscse euasesennas sesannanan
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A.II Application of core gene sequencing data to an HBYV incident

An elderly lady born in the UK, underwent colostomy at the Royal London Hospital in
04.02. She was found to be positive for HBsAg post-operatively (patient B). After an
investigation, another HBsAg positive patient was identified. He had had renal
transplantation in India in 2001 and underwent colonic surgery at two different London
hospitals between 2001 and 2002 (patient A). These two patients had been in different
wards; however, both patients were operated on at the same theatre and the same day by
the same surgical team. The surgical team were suspected to be a source of HBV in these
two patients. However, all member of the team were negative for HBsAg. Stored sera from
both patients were sent to the west of Scotland special Virology Centre, Glasgow. DNA
from sera was extracted manually (using QIAGEN kit) and a hemi-nested core gene PCR
carried out on samples using standard primers (see table 2.1). Sequences were aligned
using sequence Navigator program and Bioedit software. One of the Indian core gene
sequences (0123) obtained from our previous study (see chapter 3.1) was selected as a
reference sequence. The two patient sequences were identical. Compared to the reference
Indian sequence (0123) there was 100% homology at amino acid level, and there were only
10 silent variations at the nucleotide level (Tables A.Il.1 and A.IL.2). These two C gene
sequences (Figure A.IL. 1, bold red sequences, A and B) localised within the Indian cluster
in the tree (bold red sequences). Either patient A infected in India by the commonest kind
(cluster) of Indian genotype D or in Europe by a form of genotype D that is rare in Europe.
Since he was previously in India, the first possibility seems most likely; in which case the
Western-derived isolates in the Indian cluster (IS5 and 8.25) may also have ultimately
come from India (see chapter 3.3).

This HBV outbreak illustrates the value of generating databases of sequences from around

the world. Just having the genotype would have been useful but databases of sequences
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from this approach allowed us to confirm that the origin of the virus was probably India.

However the route of transmission is not yet clear.
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Table A.IL1. Alignment of complete core gene amino acid sequences of patients A and B. Sample 0123 (from India) used as the reference sequence.

Code Complete core amino acid nucleotide sequence
10 20 ] ] B @ ] a0
R DU T B A T R I RN T I TR ISR TSI PRI TP BRI |
0123 MDIDPYKEFG ATVELLSFLP SDFFPSVRDL LDTASALYRE ALESPEHCSP HHTALRQAIL CWGELMTLAT WVYGGNLEDPI
B e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s
Y
%0 100 110 120 10 1a0 10 160
RN BRI BT SR IR ISP BRI IR (I PIIPIIPIII [P IR I O T e |
0123 SRDLVVSYVN TNMGLKFRQL LWFHISCLTF GRETVIEYLY SFGVWIRTPP AYRPPNAPIL STLPETTYVR RRGRSPRRRT
B e e e e e e s s s
B e e e e e e e e e e e s s s s
170 190
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Table A.IL.2. Alignment of complete core gene nucleotide sequences of patients A and B. Sample 0123 (from India) used as the reference sequence.

Cocdle

10
B I
ATGGACATTG

e I
ACGAGATCTT

R |
TCTCACTTTT

e I
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R T
CCCTCGCCTC

Complete core gene nucleotide alignment

20

e
ATCCTTATAA
100

e I |
CTAGATACCG
180
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| 2a0
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Fig A.IL.1. Neighbor joining phylogenetic tree of core gene sequences from chapter 3 as well as 2 HBV
isolates, A and B (red, bold colour) rooted with one of Pacific sequences (3309). Genotype A, purple;
Genotype B, blue; genotype C, green and genotype D, red colour. Indian sequences shown by bold red

colour. Figure shows bootstrap value of 70% and scale donates present diversity.
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SUMMARY. There are eight genotypes and nine subtypes of
HBV. Small differences in geographical origin are associated
with sequence changes in the surface gene. Here, we com-
pared core gene sequences from different genotypes and
geographical regions. Specific combinations of 24 amino
acid substitutions at nine residues allowed allocation of a
sequence to a subtype. Six of these nine residues were
located in different T cell epitopes depending on HBV geo-
graphical area and/or genotype. Thirty-four nucleotide
changes were associated uniquely with specific genotypes
and subtypes. Unique amino acid and nucleotide variants
were found in a majority of sequences from specific coun-

nucleotide motifs were defined for Korean, Indian, Chinese,
Italian and Pacific region isolates. Finally, we observed
amino acid motifs that were common to either South-east
Asian or Western populations, irrespective of subtype. We
believe that HBV strains spread within constrained ethnic
groups, result in selection pressures that define sequence
variability within each subtype. It suggests that particular T
cell epitopes are specific for geographical regions, and thus
ethnic groups; this may affect the design of immunomodu-
latory therapies.

Keywords: C gene variability, HBcAg, HBV genotypes, HBV

tries as well as within subtype ayw2 and adr. Specific JBsubtypes.

INTRODUCTION

Hepatitis B virus (HBV) DNA contains four open reading
frames. The core (C)-gene encodes the 183-185 amino acid
long nucleocapsid protein and is preceded by the precore
region [1]. Hepatitis B core antigen (HBcAg) contains helper
T cell and humoural epitopes [2], and is an immunologic
target of cytotoxic T lymphocytes (CTL) [1,3]. Different HLA-
restricted HBcAg T cell epitopes have been proposed
throughout HBcAg [4-8], which might be different on
account of the diverse distribution of HLA antigens in
different countries [5,9-10].

The HBV can be classified into at least eight genotypes
(A-H) [11-14]. One common antigenic determinant, a, and
two pairs of mutually exclusive determinants, d/y and w/r,
initially identified four HBsAg subtypes. Later research
defined nine subtypes in total: aywl, ayw2, ayw3, ayw4,

Abbreviations:CTL, cytotoxic T lymphocyte; HBcAg, hepatitis B core
antigen; HBV, hepatitis B virus; HLA, human leucocyte antigen.

Correspondence: William F. Carman, Gartnavel General Hospital,
PO Box 16766, Glasgow G12 0ZA, Scotland. Tel.: +44 (0) 141-
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ayr, adw2, adw3, adw4, adrq+ and adrq— [14,15]. The
relationship of these nine subtypes to genotypes A-G has
been established and some subtypes can be found in more
than one genotype. HBV genotypes have a characteristic
geographical distribution, largely in agreement with subtype
distribution [16].

Although the amino acid sequence of the core region is
relatively conserved (compared with surface gene), amino
acid substitutions have been observed in several reports
[1-3,5,17-21]. This is largely linked to the clinical or
serological picture [1-3,5,7,20]. However, in view of the
heterogeneity of HBV strains, it can be difficult to determine
whether substitutions recorded only once represent natur-
ally occurring variants or merely an immune-selected
mutation in that patient. So far, no systematic study has
been conducted to correlate HBcAg diversity with HBV
subtypes and ethnic background. This background infor-
mation would not only be critical to the correct interpret-
ation of sequences observed in clinical studies, but may aid
in the design of immunotherapies specific for persons of a
particular ethnic origin.

Here, HBV DNA in 91 sera from nine diverse geographical
origins was analysed by sequencing the core gene.
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Subtyping by additional S gene sequencing allowed defini-
tion of subtype-specific variants. OQur sequences were then
compared with those in international databases to add
strength. to the conclusions. We also found that nucleotide
and/or amino acid variation can be correlated with geo-
graphical/ethnic background.

METHODS

Sera

Sera from 91 HBsAg positive patients from nine countries,
including 49 samples from California (39 from Asian origin
living in California and 10 from Caucasians), 12 from Italy,
and 10 each from Scotland, India, and the Pacific region
were selected (Table 1). All were positive for HBsAg with a
variety of clinical features and serological status for HBeAg/
anti-HBe. The Asian origin samples from California were
previously sequenced for a precore variability study (results
not shown). These findings then were compared with se-
quences of known geographical origin in the database to
strengthen the associations.

Table 1 Origin of 91 HBsAg-positive sera that were used as
the source for HBcAg sequencing

Country No. of samples
South-east Asia
China 20
Korea 8
Japan 5
Vietnam 6
Pacific 10
Caucasian
USA 10
Scotland 10
Italy 12
India 10
Total 91

DNA extraction

A 50 pL aliquot of serum was mixed with 150 uL of PBS,
and then 200 pL binding buffer (High Pure Viral Nucleic
Acid Kit, Roche, Germany) supplemented with poly A
carrier RNA was added. The sample was digested with
40 pL proteinase K and incubated at 72 °C for 10 min.
After adding 100 pL of isopropanol, the mixture was ap-
plied to a filter tube containing fleece and washed twice
with wash buffer. After centrifugation, 50 pL of elution
buffer was added and the eluted DNA was stored at
=20 °C,

Polymerase chain reaction

Polymerase chain reaction (PCR) reactions were carried
out in 50 pL of a mixture containing 5 pL of the extracted
DNA, using standard methodology. The complete core
gene was amplified using Cl, C3A and C4 primers
(Table 2). In addition, the region of surface gene specifying
HBV subtype (amino acid positions 122-160) was ampli-
fied using S1, S2Na, S6C and S7D primers (Table 2). First,
round PCR was performed using 1 U of Tag DNA polym-
erase (Life Technologies, Paisley, UK), 1.4 of Taq start
antibody (Clontech Laboratories Inc., Palo Alto, CA, USA),
0.25 mM of each dNTP (Pharmacia, St Albans, UK), 10x
reaction buffer, 25 pmol of C1 and C4 primers (for core
gene) and 12.5 pmol of S1 and S2 primers (for surface
gene). For the second round PCR, 1 pL of first round PCR
product was added to 49 pL of the reaction mixture with
the same composition as the first round except that C1
was replaced by C3A, and S1/S2Na, were replaced by
S6C/S7D. A quantity of 5 pL of the second round PCR
products were analysed by electrophoresis in 1% agarose
gel, stained by ethidium bromide, and visualized under
u.v. light,

The PCR products of the correct size were purified using
the High Pure PCR Product Purification Kit (Roche Diag-
nostics, Penzberg, Germany), following the manufacturer’s
instruction.

Table 2 Oligonucleotide primers used for

Primer Gene Sequence 5’ to 3’ of oligonucleotide Base position PCR and sequencing. Base positions

c1 Core  CGG GAT CCG AGG AGT TGG GGG AGG 1726-1754  humbered from the EcoRI site. W and K
AGA TT represent mixed base sites, A or T and G

C3A Core  G(AG)T CTR TGT AWT AGG AGG CTG 1763-1783  or T respectively

c4 Core  CCT TAT GAG TCC AAG G(AG)A TA 2478-2459

S1 ‘Surface CCT GCT GGT GGC TCC AGT TC 56-75

S2Na  Surface CCA CAA TTC (K)TT GAC ATACTT TCCA  1003-979

S6C  Surface GCA CAC GGA ATT CCG AGG ACT GGG GAC  113-146
CCT G

S7D  Surface GAC ACC AAG CTT GGT TAG GGT TTA AAT  857-823

GTA TACC

© 2004 Blackwell Publishing Ltd, Journal of Viral Hepatitis, 11, 1-14
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DNA sequencing

The HBsAg subtype of the sequences was defined by substi-
tutions in the ‘a’ determinant between codons 122 and 160
inclusive. Direct sequencing of core and surface genes was
carried out (Perkin Elmer ABI-PRISM™ 377 DNA Se-
quencer, Fostercity, CA, USA) using 2 pmol of appropriate
primers: C3A and C4 for the core gene; S6C and S7D for
surface gene'. Because of unavailability of DNA materials, we
did not sequence the S gene of Indian samples. The results
were analysed using Sequence Navigator software.

Sequence analysis

After allocating a sequence to an HBV genotype by analysis
of the S gene, the core gene amino acid/nucleotide variations
that were found uniquely in that subtype or genotype were
recorded. Variants found in a majority of HBcAg sequences
(>50%) from a particular geographical area were confirmed
with HBcAg sequences from the same area obtained from
EMBL, GenBank and NCBI (Table 3). Sequences were only
selected from databases if the subtype, country of origin and
serological picture were provided. Finally, geography-specific
nucleotide and amino acid variations in each genotype were
identified. To qualify, they had to be both unique to a geo-
graphical region and found in a majority of sequences from
that region. Sequences have been submitted to GenBank,
numbered from AF323463 to AF323470 and from
AF324066 to AF324148.

Phylogenetic analysis

Sequences of core and surface genes were aligned using the
BioEdit Package version 5.0.9 [22], and a neighbour-joining
phylogenetic tree constructed using the Treecon Package
[23] employing a Kimura distance matrix [24]. Associations
were tested by bootstrap re-sampling analysis using 100
replicates [25]. Associations with a bootstrap value of
greater than 70% were deemed significant.

RESULTS

Phylogenetic analysis

Figure la,b shows that sequences grouped into six major
clusters. Four of these were occupied by genotypes A-D.
Pacific sequences composed two additional clusters (in both
C and S trees), one in genotypes C and one in D. Compared
with the rest, the most homogeneous groups was the Pacific
sequences. In genotype D strains, most of the Indian se-
quences comprised a subcluster in the C tree. Similarly, a
majority of the strains found in Scotland and the USA
(genotype A), were homogenous in both C and S trees. The
phylogenetic trees constructed based on S and C genes

Genotypes and core variation 3

revealed that the topological features of all strains except of
A4, A5, 154 and 1113 in the phylogenetic trees were iden-
tical. The C gene of A5 grouped with genotype B sequences,
whereas the S gene with genotype C ones (the Pacific adrq-).
Similarly, strains 154 and I113, based on core sequencing,
grouped with genotype D, whereas, the S genes with geno-
type A.

Genotype/ subtype-specific nucleotide substitution

At the nucleotide level, it was possible to identify unique
variants for subtypes adw2 (belonging to genotypes A and
B), ayw1, ayw2, adr and adrqg— (there was no ayr subtype in
our samples). Overall, 34 genotype-specific nucleotide sub-
stitutions in 20 positions were found (Table 4), of which 18
were silent (synonymous) and 14 were missense (nonsyn-
onymous). Of 34 variations, it was possible to define nine
unique nucleotide variants for specific subtypes: C;;,; and
G343 for ayw2; Cyz4, for ayw3 strains; Ti966. G1975 and
Gyo7s for adrq—; and C;;g9 for adrq+. A,354 was unique for
adw2 and A,3p4 was unique for aywl, both belonging to
genotype B. Our results concurred with those of sequences in
databases and we assume that some of the amino acid and/
or nucleotide differences between our results and other re-
ports could be related to the diversity in severity of chronic
disease in specific patients.

Amino acid substitutions and genotype/subtype

The amino acid residues at nine codons (aa 27, 59, 67, 74,
83, 87, 91, 97 and 116), and an insertion at amino acid
position 152, allowed allocation of a specific subtype
(Table 5). Of these nine residues, the following were unique
for genotypes and their corresponding subtypes: N74 and
N87 in genotype A (adw2); F97 and 1116 in genotype D;
V59 and 191 in genotype C strains (for adrq—). All sequences
which encoded adw2 (genotype A) had a 2-codon insertion
corresponding to amino acid 153 and 154 in the core gene,
independent of origin. The most divergent residues were
amino acids 74 and 91 with five and three possible variant
amino acids respectively. Table 6 shows alignment of all
amino acid sequences between the countries studied. Most
amino acid substitutions involved the HLA-restricted CTL
[3]. T helper and B cell [7] epitopes, irrespective of HBV
subtype (Table 5).

Genotype A (adw2 subtype) and D (ayw2) sequences had
five amino acid substitutions in common at residues 12, 27,
67, 83 and 91, which were not present in other strains.
Distinguishing adw2 (genotype A) and ayw2 (genotype D)
was possible by examination of residues 74, 87, 97 and 116
(Table 5). At the amino acid level, the core gene sequences
belonging to adw2, awyl (both belonging to genotype B)
and adrg+ (genotype C) did not show any unique amino acid
substitutions (however, see nucleotide results).
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Table 3 Identification of core sequences obtained from databases for comparison. Each sequence is listed under accession

number
Accession no.  Identification Origin Subtype  Genotype  Reference
M57663 pFDW294 Philippines adw2 A [41]
X02763 PHBV3200 USA adw2 A [42]
W< 51970 HBV991 Germany adw2 A Koechel et al., unpublished data
\ X70185 HBV-A938 Germany adw2 A [43]
AF297624 Isolate 656 Africa adw2 A [44]
V00866 PHBV933 USA adw2 A [16]
235717 pHB614 Poland adw2 A Plucienniczak et al., unpublished data
X97850 Patint-4 Greece adw2 B [45]
X97851 Patint-6 Greece adw2 B [45]
AB033554 RTB299 Indonesia adw2 B [44]
AB033555 PAD744 Indonesia adw2 B [46]
AF121249 AF121249 Vietnam adw2 B [47]
AF282917 HBV-B, China adw2 B Hou et al., unpublished data
AF282918 HBV-B, China adw2 B Hou et al., unpublished data
AB031261 HBV Vie A-2 Vietnam adw2 B [48]
AB031263 HBV Vie A-5 Vietnam adw2 B [48]
AB031264 HBYV Vie F-1 Vietnam adw2 B [48]
AB031262 HBV Vie A-3 Vietnam adr C [48]
AB031265 HBV Vie F-2 Vietnam adr C [48]
AB033553 SK619 Indonesia adw C [49]
D50489 HPBA11lA Japan adr C [50]
L08805 HPBETNC Japan adr C [51]
D16666 HPBESSA Japan adr C [50]
S§75184 §75184 Japan adr C [53]
AF241411 8290 Vietnam adr C [46]
AB031260 HBV VieA-1 Vietnam adr C [47]
X52939 HBV prex China adr C [53]
M38454 pADR-1 China adr C [54]
M38594 M38594 Korea adr C [55]
M38636 pHBV107 Korea adr C [56]
X04615 pYRB259 Japan adr C [18]
X14193 pADRm Korea adr C [57]
D12980 SRADR Japan adr C [58]
D00630 pHBV330 Japan adr C [17]
X01587 pHBVadr4 Japan adr C [59]
D00331 pAK66 Japan adr C [11]
X75656 HHVCCHA Polynesia adrq— C [60]
X75665. HHVBC New Caledonia adrq- C [60]
AB033557 pIWK146 Indonesia adw C [11]
AF121240 HBV/94-11066  Vietnam ayw D [46]
AF121242 HBV/98-1218 Vietnam ayw D [46]
AB033558 JYW796 Japan ayw D [11]
AB033559 JYW310 Papua New Guinea  ayw D [11]
X65258 HBVAYWCI Italy ayw D Lai et al., unpublished data
X59795 HBVAYWMCG Italy ayw D [61]
X02496 pHBV320 Latvia ayw D [62]
AJ131956 AJ131956 Germany ayw D [63]
L27106 HPBMUT Israel ayw D [64]
X72702 HBVORFS Germany ayw D [65]
X85254 HBVPRESS12 Italy ayw D Lai et al., unpublished data
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Genotype D
Pacific

> Genotype A

J

Genotype C
Pacific

Genotype B

> Genotype C

J

Fig. 1 Neighbour-joining phylogenetic trees of core (a) and surface (b) gene sequences from 91 HBcAg, rooted with sample
198 and U8 respectively. The figure shows bootstrap values of 270% and scale denotes percentage diversity. Coding numbers
indicate samples that have been analysed in the figure.
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Fig. 1 Continued
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Table 4 Unique C-gene nucleotide dif-

ferences which permit subtype classifi- Nucleotide

Subtype (genotype)

cation. Nucleotides are represented by position

adw2(A) adw2(B) aywl(B) adr(C) adrq—(C) ayw2(D) ayw3(D)

single letters and numbered from the
beginning of EcoRI. Italicized bold letters
represent missense mutations. Under-
lined numbers indicate the locations of
the missense nucleotides

1966
1975
1981
2059
2074
2075
2080
2104
2121

N
~
[
o
oo ap0oE_EbbSEORROAAO0OA0

2354-2359 CGGGAC -

insertion

C C C T C C
T T T G T T
T T T T A A
G G A A T T
T T T T A A
A A A G A A
G G G G T T
A A G G A A
G G G G T/G/IC T
A A A A C C
G G G G G G
A A A/IC A T T
T T T T C C
T T T T G/A C/A
C C C C A A
T T C C A A
A A T T T T
T T C C T T
C A C C C C
A c C C C C

Table 5 The most frequent differences in HBc amino acid
sequences between subtypes. Each was found in a majority
of strains from each subtype and the combination was un-
ique for that subtype. Numbering of amino acid in bold is
from the beginning of HBcAg. CD4 = CD4 recognized epi-
tope. CD8 = CD8 recognized epitope

CD8 (D4 CD8

Subtype/ —_
genotype 27 59 67 74 83 87 91 97 116
adw,/A 'V I T N D N T I L
adw,/B I I N S E § VvV I L
ayw,/B I I N S E § VvV I L
adr/C I I N S E § V I L
adrqg—-/C I vV N S§ E § V11 L
ayw,/D V I T G/T/VD S§ T F LI
ayws/D V I T V D S T F I

Interestingly, with the exception of two samples, all
strains with 97L (instead of I) were HBeAg negative or had
the precore stop codon mutation, A;gge.

Country-specific changes

A specific motif, consisting of S12, 127, N67, S74, E83
and V91, was observed in a majority of samples from
South-east Asia and the Pacific irrespective of HBV geno-

type, but not in core sequences from other regions studied
(Table 6). Similarly, Western-derived sequences (USA-
Caucasian, Scotland and Italy) shared a specific motif at
the same residues, but with different amino acids: T12,
V27, T67, N/V74, D83 and T91 (Table 6). This pattern
seemed slightly different at amino acid position 74 in
which all variation depended on genotype: N74 in geno-
type A and V74 in genotype D.

This finding was strengthened by analysis of the nucleo-
tide sequence. In both populations, 19 unique nucleotide
changes were found, of which eight were missense changes
for six amino acid residues (results not shown).

There were nine Indian and nine Italian strains of geno-
type D, subtype ayw2. One sequence (represented by six
examples) dominated in each country; the remaining three
sequences were represented by one example each (Table 6).
Further, the five Scottish strains of genotype D, subtype
ayw2 or ayw3, were identical to the majority strains in India
or Italy, while all the Pacific-derived strains of genotype D
were unique and identical.

Seven amino acid positions allowed definition of a par-
ticular country’'s sequence (Table 6). In the Pacific all se-
quences belonging to ayw2 contained A35, D40, V59 and
T74; 191 was observed in all adrq—strains from that region.
I80 was seen in Indian sequences and G87 in Korea. The
most heterogeneity was seen in ayw2 strains derived from
Indian, Italian, Pacific island and Scottish patients. Residue
74 showed the most discrepancy between countries in which

© 2004 Blackwell Publishing Ltd, Journal of Viral Hepatitis, 11, 1-14
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Table 6 Alignment of complete amino acid sequences of HBcAg which shows genotype/subtype identification and geo-
graphical origins of 91 sera using Bioedit software (Clustal W). Amino acid residues are numbered from the beginning of the
HBcAg using the single-letter code. Apart from genotype A, which had 185 amino acids, all the other genotypes had 183
amino acids, therefore two extra amino acids at positions 153 and 154 were added for a proper alignment

No Coutry Sub/Cenctype

A43Chioa wiw2 B
A-} China adw? B
A-38 China adw2 B
A42 Chona adw2 B
A4S China ayw! B
A43 Ctioe wiwB
A4 Keeasdw2 B
A1l Vietsam syw) B
A2 Venan wwl B
A-14 Viewam 2w B
A-15 Vietsan ayw! B
AlKoeask C
A-2Knea sk C
A3Kueand C
ASKoeasdr C
AdKorea sk C
A9Koraad C
Al Karea ade C
A-13 Vieam ok C
AlJyankC
Al pmokC
ADJwmskC
AMlgauC
A3 Ca adr C
A-35 Coina & C
A-36 China o C
A-31Chna sk C
A40Chiaak C
A4l Chns ok C
A Chinaak C
A49 Chima ok €
A-50Chiva adr C
A-$1 Chins s C
AS1Chma sk C
A-$3Chns ok C
A China odr €
A5 Chma odr C
UlUSAak C

0078 Pacific adr C
20%0 Pacific ok C
3097 Paciic o C
3415 Pacific o C
5017 Pacific wdr C
SO72 Pacific ok C
138 tay syw2 D
139 taly ayw2 D
M4 tlly ayw2 D

154 Ity ayw2 D
155 Ity ayw2 D
159 laly ayw2 D
169 Italy ayw2 D
1013 Iy ayw2 D
1118 nly w2 D
222 Scotiand ayw2 D
713 Scotiaod ayw2 D
7.29 Scotand syw3 D
3.5 Scotlaod sy D
8.32 Scotland wyw2 D
018 Inda gyw? D
0052 India ayw2 D
0062 bndia ayw2 D
0076 bndéa ayw2 D
0081 bndia ayw? D
0083 Indiz sywZ D
0034 [nia ayw2 D
0098 [ndhe ey2 O
0123 {ndn gyw2 D
Ul USA ayw3 D
0026 Pacific ayw2 D
007 Pacific syw2 D
414 Pacific ayw? D
5029 Pacific aywd D
A-16 Vietnam adw2 A
A9 jepan adw? A
160 Trly aiw? A

168 Italy adw2 A
158 ltaly adw2 A
7.32 Scotkiod adwl A
419 Scodand aiw? A
221 Scotland adw2 A
3.31 Scobeod adw2 A
9.5 Scottand adw? A
U2USA w2 A

U4 USA adwi A

U5 USA udw2 A

US USA adw? A
UTUSA wdwl A
U9 USA adwl A
UIDUSA sdw2 A
U USA ayw) A

0012 india sdw2 A

© 2004 Blackwell Publishing Ltd, Journal of Viral Hepatitis, 11, 1-14
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Table 6 Continued
No Connty SbGeanype

i Il Ii' 1 ll’ 1 Il’ ] lf 1 mL n
A4) Chaa adw2 B ( RQLLWFRISCLTFGRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRRY- -
A-34 Chna adw2 B | . . ..
A-33 Chwa adw? B
A47 China aw2 B
A45 Choa yw! B
A43 China adw2 B
AKwaiw2 B
A1 Vielan aywl B
Al Ve gwl B
A4 Viewas aywl B
A5 Viewan aywl B
AlKwa sk C
AlKores sk C
AlKaraad C
ASKwankC
AtKwnak C
AYKeaosk C
| A0 Euea sk €
A1} Vietsae ok C
Al C
AlllguC
ADJpusd C
ANl
A3 Clme o €
A35China i C
A% Chna o C
: AJChea sk C
. A40Clina o
A4 China o C
A4 Cina o C
A49 Clms ok C
AS)Clma ok C
AS| Clina & C
AS1Chsa i C
ASIChina o C
A5 Chwa & C
A5 Cion 34 C
VIUSA M C
0078 Pacific s C
30 Pacific o €
397 Pacifc s C
W15 Pacile 8 C
17 Pacific o €
5072 Pacifc b C
15 by ayw2 D
139 haly w2 D
4 Xaly ape2 D
154 htaly aywl D
155 iy ayw2 D
159 haly a2 D
169 irly ayw2 D
13 kdy ayw2 D
1318 Ly qyw2 D
3.22 Scoland ayw2 D
713 Scofland ayw?2 D
129 Scolaod ayw3 D
125 Scotand gyw2 D
132 Scotland yw2 D
0018 fodia ayw2 D
W52 boia ayw2 0
042 bia ayw2 D
0076 india ayw2 D
0081 toda wyw2 D
0083 b ayw2 D
0034 India ayw? D
0098 India ayw2 D
012 tnda qw2 D
Vi USAq D
0026 Pacifc syw? D
007 Pacifc ayw? D
WM Pacifc ayw2 D
5129 Pacif gyw2 D
. Al6 Vienam w2 A
; AN jpuatalh
. 160 haly w2 A

|
|
{
:

T e e

SRRl R

oS

! Y8 by a2 A
i 11 bay a2 A
i 792 St adw2 A
U9 Scoind w2 A
321 Scofand adw2 A
: 431 Sotand b2 A
: 93 Scabund a2 A
V2USA w2 A
" W USA ein2 A
USUSA win2 &
VS USAadw A
VIUSA a2 A
UIUSA wdw2 A
VIO USA w2 A
UBUSA aywl A
W2 loda abn2 A
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Table 6 Continued
No Courtry SublGenatype

A4 China ubw2 B
A China adw2 B
A-38China adw2 B
A42 China adw?2 B
A45Chinaayw) B
A48 Chinaudw2 B
A4 Kovawiw2 B
A-1l Vietoan ayw! B
A-12 Vietam ayw! 8
A-4 Vietnam ayw| B
A-15 Vietna syw| B
AlKweaak C
A2Koreasd C
A3Koreaa C
ASKoreasdr C
AdKoraak C
A9Korenad C
Al0Koreaad C
A-13 Vet s C
ANipnuC
AlllpmuC
AllpuaC
AdlpuC
A3 Choa ade C
A-35 Chint adr C
A3 China adr C
A3 China ke C
A-40 Chint s C
A4| China 1dr C
A4 China ar C
A49 Chiea aie C
A-50 China adr C
A5 China odr C
A52Choaak C
AS3Chnaair C
A-SAChoaak C
A-55Chinaake C
UIUSA ake C

0078 Pacific odr C
2030 Paiific ak C
3097 Pacifc o C
3415 Pacific ade C
5017 Pacilic o C
SO Pacific 2 C
138 Italy yw2 D

19 Italy ayw2 D

144 Iy ayw2 D

154 taly ayw2 D

155 Italy ayw2 D
159y w2 D

169 taly w2 D
1113 htaly ayw2 D
1118 Italy ayw2 D
822 Scotland ayw2 D
7.13 Scotiand ayw2 D
7.29 Scotland ayw3 D
3.25 Seotaod ayw2 D
3.32 Scottand ayw1 D
0018 Iadia syw2 D
0052 tndka ayw2 D
0062 tadia ayw? D
007 lndia ayw2 D
0031 Lndia ayw2 D
0083 India ayw2 D
0094 India wyw2 D
0098 India ayw2 D
0123 Inda yw2 D
Ul USA zyw3 D
0026 Paciic ayw2 D
2007 Pacific ayw2 D
3414 Pacific syw2 D
5029 Pacific ayw2 D
A-16 Vet adwl A
A-ljapmn adw? A
160 Italy adw2 A

168 Italy a2 A

198 Italy adw2 A
7.32 Scotland adw2 A
Y19 Scotland adw2 A
8.21 Scotland adr2 A
831 Scotlod adw2 A
9.5 Scotiand adwl A
U2USA sdwZ A

U4 USA adw2 A
USUSA sdw2 A

U6 USA adw2 A
UTUSA adw2 A

U9 USA adwl A
UI0 USA sdw2 A
UtUSAgwl A

0012 lndia adw A

ayw2 is common: T in Pacific, V in Scottish and Italian, and
G in Indian.

However, there were additional synonymous nucleotide
substitutions that were unique for specific countries in our
study (results not shown). For example, in a majority of
samples from India, we observed T1912, C1955. T1957, A2011.
G032, Az138, G2155 and Tz39;. In all strains belonging to
ayw2 from the Pacific region, we observed Tig66, G1975,
G2003: Ga00s: T2020, Az089, C2121 and Taiss. Azzg> and
C,139 were unique for Italian and Korean sequences
respectively. .

Finally, subtype-related specific nucleotide variations were
observed in a majority of samples from specific countries
(results not shown). As for the amino acid sequence, ayw2
subtype contained the most nucleotide divergence: 16 nuc-
leotide substitutions were unique in ayw2 sequences from
India, 10 from Pacific, and two from Italy. Much less het-
erogeneity was observed in adr strains: only A,;sg and C1g9
were unique in adr strains from Chinese and Korean se-
quences respectively (results not shown).

DISCUSSION

HBcAg contains helper T cell [26] and CTL epitopes [3.5,27].
Different HLA-restricted CTL/T helper epitopes have been
identified within the core gene which are capable of inducing
significant T-cell responses in HBV-infected patients [2—
3,19]. Previous studies have suggested that epitopes for CTL/
Th recognition might be different on account of the diverse
distribution of HLA antigens in different geographical re-
gions [28-30]. Since the worldwide distribution of HBV
follows a geographical pattern [16], there may be a strong
influence of ethnic background, perhaps driven by T-cell
selection, on this distribution, reflected by divergence of
amino acid substitutions within certain regions of the core
gene [4,31].

The aim of this study was to characterize the core antigen
variability in diverse geographical regions and ethnic
groups, and to determine genotype- and subtype-specific
variants. Our comparison of 91 new complete core genes
and those in databases verified that amino acid/nucleotide-
specific substitutions correlate with both ethnicity and HBV
genotypes/subtypes. Motifs and specific individual mutations
were observed that correlated with broad ethnic back-
ground, country, genotype and subtype. Our finding that
HBcAg variability was distributed geographically was
entirely consistent with Norder's study of S genes [16].
Moreover, construction of phylogenetic trees (Fig. 1), of C
and S genes, showed an almost identical pattern of HBV
genotype distribution. Some samples had discrepant geno-
type allocation based on analysis of two genes: in C gene
samples 154 and 1113 were in D, but A in S gene; similarly,
sample A-5 was genotype B in C gene and C in surface gene.
These discrepancies were not surprising, as recombination
events between different genotypes have been described

© 2004 Blackwell Publishing Ltd, Journal of Viral Hepatitis, 11, 1-14
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previously [32]; between A and C from Vietnam [33],
between C and D from Tibet [34] and between B and C from
different countries of South-east Asia (with exception of
Japan) [3 S].>Of interest is that A-5 came from Korea, where
HBV genomes have been reported with recombination
between genotypes B and C, designated as genotype Ba (a for
Asia). This is in keeping with Suguachi'’s study [35]. Inter-
estingly, in this study recombination between A and D was
found in two of Italian sequences (I54 and I113). The
validity of our data was strengthened by subsequent com-
parisons with international databases (Table 3). Below, we
briefly discuss three aspects of our findings.

The HBV antigenic subtypes generally reflect the country
or regions of origin [36]. However, there are a number of
confounding factors. First, some subtypes are not geo-
graphically localized but are worldwide. Secondly, there are
differences in HBV strains between native and foreign car-
riers in different geographical areas [36]; this means that
genetically homogeneous HBV strains cannot simply be
presumed to be linked epidemiologically. Thirdly, some
subtypes are genetically heterogeneous and belong to more
than one genotype [12]. Knowing the degree of HBV vari-
ation to be expected in a certain community could be useful
in epidemiological investigations [37].

Comparisons of our data with HBcAg sequences in dat-
abases (except aywl strains, of which there were no exam-
ples) were almost entirely consistent. In previous reports,
codon 97 showed the highest variation [38,39]; however,
here, codon 74 contained the most discrepancy between
sequences. Of nine variable residues observed throughout
the C gene, seven were unique for genotypes A and D, and
two residues were unique for the adrq— subtype. As some
subtypes belong to more than one genotype, these variants
may also be found in more than one genotype. Further
identical variants allowed correct subtype categorization.

The findings at the amino acid level were mirrored at the
nucleotide level. At the nucleotide level (Table 4), the best
correlation between our data and those obtained from dat-
abases was found in genotypes A (adw2 subtype) and D
strains. Because six of eight adw2 (genotype B) sequences in
our study were derived from Chinese patients, we compared
these with other Chinese adw sequences in the database [5].
These were almost identical. adrg+ strains in the databases
were also very similar to ours, but adrq— strains did not
contain T;¢75. Tables 4 and 5 propose amino acid and
nucleotide substitutions that are critical sites for defining
genotypes and their corresponding subtypes.

It is interesting that peoples of a broad ethnic background
(Asian or Western) share amino acid substitutions in the
core gene despite having different subtypes. This was par-
ticularly true of samples from the South-east Asian regions.
It would appear that there are shared host-factors, most
likely immunological, which act on these sequences despite
their background subtype. One of our hypotheses was
that specific ethnic groups would maintain the virus that
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originated in their home country. The hypothesized migra-
tion of South-east Asian peoples out into the Pacific corre-
lates with their commonality of HBV sequences; similar to
Norder’ study [16], six adrq— strains in genotype C as well as
four ayw?2 in genotype D formed a separate cluster that be-
longed only to the Pacific area (Fig. 1). Thus, the divergence
of HBV genomes in this area is limited, in keeping with the
known low variability between genotypes B and C. Another
novel finding is that a majority of Indian genotype D strains
almost composed a separate branch in the core phylogenetic
tree (Fig. 1a). Further, we were able to distinguish strains
that were observed only in Korea (Table 6). Asian immi-
grants to the USA shared identical sequences to those from
their home country. It thus appears that there are no sig-
nature sequences in the USA, probably because of long-term,
widespread importation of sequences. Immigration to the
USA had no effect on Asian sequences, in keeping with cir-
culation of HBV amongst ethnic minorities or the likelihood
that, in an intra-ethnic sexual partnership, it is the Asian
partner who is more likely to be the primary infecting
source. Nevertheless, genotype/subtype-specific variants
were identical whatever the geographical origin.

The pattern in Western-derived sequences (including from
US-Caucasians, Scotland and Italy) was slightly different, as
there was no specific substitution that correlated with indi-
vidual countries (Table 6). Nevertheless, a clear motif was
identified that was common to Western populations. We did
not study genotype F, which is native to the Americas.

Core variation was most likely to occur at positions within
known epitopes which can tolerate naturally occurring
variants [2,4,6,20-21,38-39], i.e. residues 12, 27, 67, 74,
83, 87, 91, 97 and 116 (Table 5). Most changes were
synonymous. This might be due to a lack of a positive
selection advantage or a strong bias towards maintaining
that amino acid. The similarity in amino acid/nucleotide
distribution in adw2 (genotype A) and ayw2 (genotype D)
strains found in Western countries (USA-Caucasian, Italy,
and Scotland), showed that considerable constraints must
exist against HBV variability in a particular genotype
infecting a person of a particular background. In addition,
the ‘South-east Asian’ and ‘Western’ motifs suggest either
that there is positive selection on specific variants or that
genetic drift in HBV is relatively slow [40]. According to the
almost unique amino acid variation in residues 35, 40, 59,
74, 80, 87 and 91 in particular countries (Table 6), we
hypothesize that differences in distribution of HLA antigens,
or other immune genes between diverse geographical areas
[6], probably contributed to the selection of amino acid
variation. However, primary data need to be accuamulated to
investigate this issue.

In conclusion, it appears from this work that there are
three levels at which C gene variation relates to ethnic
background. First is that there are various genotypes
associated with specific subtypes, which may have migrated
with their human hosts. Next, peoples with related ethni-
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city, despite wide geographical location, have a set of
common variants. Finally, small changes (one or two
substitutions) are selected, either negatively or positively,
once there is little intermixing between these people (e.g.
once they became a tribe). As more sequence data accu-
mulate from different geographical origins, it is expected
that HBV genomic classification will become refined, con-
tributing to the finer mapping of the relation between di-
verse geographical origins and the distribution of HBV
strains. Further, sequence analysis of core gene, partic-
ularly, in the CTL-restricted regions, provides a useful tool
for better understanding the biology of HBV strains, and
finally, for design of immunomodulatory therapies upon
vaccination.
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Intracellular Distribution of Hepatitis B Virus Core
Protein Expressed In Vitro Depends on the Sequence
of the Isolate and the Serologic Pattern
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Intracellular localization of hepatitis B core antigen (HBcAg) in vivo varies with liver cell damage. By use of
confocal microscopy, in vitro localization of HBcAg was studied using transfection of cloned HBcAg variants
in Cos-7 cells, by use of the pRK5 expression vector. Twenty-six samples were obtained from 14 patients with
liver disease; 10 of the samples were hepatitis B e antigen (HBeAg) positive, and 16 were anti-hepatitis B e
(HBe) positive. In HBeAg—positive patients, HBcAg predominantly localized in the nucleus; in anti-HBe—
positive patients, it accumulated mainly in the cytoplasm. This finding also applied to patients who either
experienced seroconversion to anti-HBe or remained anti-HBe positive and developed mutations. Of the 13
samples with nuclear localization, 9 were HBeAg positive; 5 had C-terminus and/or B cell epitope mutations.
All but 1 of the 13 samples with predominantly cytoplasmic localization were anti-HBe positive; all 13 had
mutations. Using site-directed mutagenesis to revert C-terminus and B cell epitope mutant sequences with
cytoplasmic expression back to the wild type led to the shifting of HBcAg distribution back to a predominantly
nuclear distribution. Thus, the pattern of HBcAg localization in vitro depends on sequence and the serologic

pattern of chronic infection, paralleling the situation in vivo.

The hepatitis B nucleocapsid protein consists of 2 struc-
turally and functionally separate domains; the sequence
from the N-terminus to approximately amino-acid (aa)
position 149 is, by itself, sufficient for assembly, whereas
the C-terminus is involved in pregenomic encapsida-

. tion, Hepatitis B core antigen (HBcAg) is a major im-

mune target [1, 2] that can function as a T cell-de-
pendent and T cell-independent antigen [3]. Hepatitis
B e antigen (HBeAg), on the other hand, is a nones-
sential secreted variant of the core protein, and it is
believed to be an immune modulator that somehow
suppresses cytotoxic T lymphocyte (CTL) responses.
Once an immune response against HBeAg has devel-
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oped, it is advantageous for the virus to suppress pro-
duction of HBeAg. Pathogenicity results from the in-
ability to avoid reinfection of hepatocytes and from the
incomplete suppression of replication by T cells. Al-
though HBcAg and HBeAg are serologically distinct,
the primary amino-acid sequence is identical over a
large stretch. Three shared binding sites for anti-HBe
and anti-HBc have been mapped to core aa positions
74-89, 107-118, and 128-135 of HBcAg (table 1). An
additional antigenic site has been proposed within the
arginine-rich C-terminus domain of HBcAg that, un-
like the other epitopes, faces the interior of the nu-
cleocapsid [4] (table 1). These 2 proteins are also highly
cross-reactive at the T helper (Th) and CTL levels. In
chronic carriers, seroconversion from HBeAg to anti-
hepatitis B e (HBe) can lead to either ongoing, often
severe, disease or remission of hepatitis. Among pa-
tients who experienced seroconversion from HBeAg to
anti-HBe, there exists supportive indirect evidence for
the proposed immunomodulatory role of HBeAg [5—
7]. In patients whose disease went into remission, mu-
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Table 1. Antigenic sites proposed within hepatitis B core an-
tigen (HBcAg).

Epitope/HBcAg Immune No. of
Reference, year amino acid effector mutations®
| Penna, 1992 1-20 Th 8
Bertoletti, 1991 18-27 CTL 5
Ferrari, 1991 50-69 Th 32
Salfeld, 1989 74-89 B 21
Ehata, 1992 84-101 CTL 4
Colucci, 1988 107-118 B 3
Ferarri, 1991 117-131 Th 1
Salfeld, 1989 128-135 B 9
Missale, 1993 141-151 CTL 2
Machida, 1989 148-160 B 13

NOTE. Nos. denote amino-acid residues within the core protein. B, B cell
epitope; CTL, cytotoxic T lymphocyte epitope; Th, T helper epitope.
® For all patients in the present study.

tations tended to cluster in CD4-Th epitopes, whereas, in pa-
tients with ongoing disease, mutations clustered in B cell epi-
topes [8-9], although not in CTL epitopes [10-12]. Nearly all
those selections occurred at the time of, or soon after, emer-
gence of the precore stop codon. One interpretation of this
finding is that the loss of HBeAg led to increased immune
activity. Samples that were obtained later during the anti-HBe—
positive phase, during peaks in hepatic activity, showed few
additional changes, and such changes did not occur within
epitopes. These and other results have led to a conundrum
concerning the pathogenesis of disease in this group. If hepatitis
B virus (HBV) disease is immune mediated, as is believed, then
why should viruses, which appear to have escaped the immune
response, still cause disease? One suggestion is that there may
be immune targets in other regions of the genome, in which
case one might predict that selection would occur sequentially
in these other proteins. Alternatively, the mutated viruses may
be directly cytopathic or may become novel targets for other
relatively unstudied arms of the immune response, such as NK
cells [13-15].

Several histologic studies of the association between expres-
sion of HBcAg and liver cell damage have been performed.
However, little is known about cellular localization of HBcAg
variants. For HBeAg-positive patients [16-20] and for anti-
HBe-positive patients whose disease is in remission [18, 21,
22], staining for HBcAg in liver biopsy specimens tends to be
nuclear; however, for anti-HBe—positive patients with ongoing
disease [17, 23-26], staining tends to be both nuclear and cy-

* toplasmic. This cannot be related only to a high level of rep-

lication, because HBeAg-positive patients usually are highly vi-
remic. In vitro, the cellular localization of HBcAg is dependent

~ on the stage of the cell cycle [27]. HBcAg is usually confined

to the nucleus when cells are blocked in the G1/S stage. This

may explain, in part, the in vivo observations that core protein
is expressed more predominantly in the cytoplasm during pe-
riods of active disease when liver cells are dividing. Conversely,
during periods of clinical remission of disease, when hepato-
cytes are quiescent, core protein is mainly confined to the nu-
cleus. If sequence could be shown to correlate with distribution
of HBcAg—especially if distribution changes with selection of
mutations in individual patients—this would provide impor-
tant clues regarding the potential mechanisms of liver damage.

In the present study, we examined the distribution of HBcAg
in transfected cells from samples successively obtained from
patients with chronic hepatitis B disease. The distribution of
HBcAg was correlated with sequence variation within B cell
epitopes and the C-terminus. Next, using mutagenesis, we di-
rectly investigated the influence of these mutations with regard
to intracellular trafficking.

PATIENTS, MATERIALS, AND METHODS

Patients.  All 14 patients who participated in the study were
Greek or Italian, had known HBV genotypes, and were under
the care of the authors of the present study. The patients were
selected for inclusion in the study, on the basis of previous
characterization of their sequential HBV precore/core se-
quences [28]. Twenty-six samples were studied and were cat-
egorized as belonging to 1 of 3 groups (table 2). Group 1
comprised all samples obtained from 6 patients. Group 1-A
included only the samples that were obtained from these 6
patients when they were HBeAg positive (including 2 initial
samples [1A' and 1A’] obtained from the first patient). Group
1-B included a second set of samples from the same 6 patients,
all of which were obtained after the patients underwent anti-
HBe seroconversion. Group 2 included all samples obtained
from 5 patients who had active disease and who were found
to be continuously anti-HBe positive. Group 2-A included the
samples obtained from these 5 patients during an early period
when few mutations were apparent in HBcAg. Group 2-B in-
cluded a second set of samples obtained from the same 5 pa-
tients after selection of either a precore stop codon and/or at
=1 HBcAg mutation. Group 3 included all samples obtained,
at a single point in time, from HBeAg-positive patients.
Polymerase chain reaction (PCR), cloning, and mutagen-
esis. DNA was extracted from 50 uL of serum, by use a
QIAamp blood kit (Qiagen). Nested PCR was performed on 5
pL of extracted DNA, by use of primers to the core region of
HBYV, as described elsewhere [8]. One microliter of first-round
PCR products was nested using primers that contained the
restriction enzyme sites EcoRI and Hindlll, respectively. The
second-round PCR products were purified using Geneclean
(BIO101), according to the manufacturer’s instructions. Ten
microliters of the products purified using Geneclean were used
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Table 2. Serologic, clinical, and sequence data correlated with hepatitis B core antigen (HBcAg) localization

in vitro.
Mutation
HBeAg/ Clinical HBCcAg B cell Precore
Group,® sample  Genotype anti-HBe outcome distribution epitopeb C-terminus  stop codon®
Group 1
1A A +/— N - - -
1A? +/— C -
1B —/+ Remission C -
2A D +/—- N - - -
2B —/+ Remission C - + +
3A D +/- N - - +
3B —/+ Remission C + + +
- 4A D +/— N - - -
4B —/+ Active C + + +
5A D +/— N + - -
5B —/+ Active C +
6A D +/— N +
68 —/+ Active C +
Group 2
7A D -/+ NC + + -
7B —/+ Remission NC + +
8A D —/+ N - + +
8B —/+ Active C + + +
9A D —/+ N + -
9B —/+ Active NC + +
10A D -+ (o} + -
108 —/+ Active N - - -
11A D -/+ N +
11B —/+ Active o
Group 3
12A D +/— Acute disease N - - -
13A A +/- Acute disease N - - -
14A D +/— Acute disease N - - -
NOTE. C, Predominantly cytoplasmic distribution; HBe, hepatitis B e; HBeAg, hepatitis B e antigen; N, predominantly nuclear

distribution; NC, mixed nuclear and cytoplasmic distribution; +, positive; ~, negative.

@ Group 1 included samples obtained from patients who had seroconversion from HBeAg to anti-HBe, group 2 included samples
obtained from patients who were continuously anti-HBe positive, and group 3 included single samples obtained from patients who
were HBeAg positive. Two initial samples were obtained from patient 1 (samples 1A' and 1A3).

b B cell epitopes were those shown in table 1.
¢ Mutation A gee.

in a restriction digest with 10 U each of EcoRI and HindIll
(Life Technologies), were run on a 1% agarose gel, and were

- purified using Geneclean. These fragments were ligated into the

- multiple-cloning site of the eukaryotic expression vector pRK5

(a gift from H. Will, Hamburg, Germany), which contained a
cytomegalovirus promoter. Competent Escherichia coli strain
DH5a was transformed with the ligation reactions, colonies
were picked, and clones that contained inserts were identified

. by restriction digests of minipreparations of DNA. Large-scale

preparations of DNA for transfection were prepared over 2 CsCl

density gradients. The constructs were sequenced to confirm
the presence of mutations.

Site-directed mutagenesis was performed with a PCR method
that used oligonucleotides to revert mutated sequences back to
the wild-type sequence (according to original sequences in the
early phase and/or normal variations in the corresponding ge-
notype, as obtained from a database), according to the man-
ufacturer’s instructions (Stratagene). Sequencing of the plasmid
confirmed the presence of mutations. All relevant sequence
information is found in table 3.
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Table 3. In vitro mutation of cytoplasmically distributed
sequences.
Mutagenesis position® HBCcAg localization
Mutated B cell epitope
virus HBc-1° HBc-2° C-erminus N NC C
2B T160A o+
3B N74A +++ o+
3B - S181P ++ ++
3B N74A S181P + +++
4B E77D, A79Q, S80P + +++
4B S181P +H+ o+
{ 4B E77D, A79Q, S80P S181P +++ 4+
5B Q177K +++  +
5B A81T Q177K +++  +
10A V74A ++ ++
10A A131P ++ ++
10A  N74A A131P b a
118 P135Q + +++
NOTE. Confocal microscopy was used to study the distribution of hepatitis

1
|
t
i
|

B core antigen (HBcAg) after mutation was confirmed by sequencing. C, Pre-
dominantly cytoplasmic distribution; N, predominantly nuclear distribution; NC,
mixed nuclear and cytoplasmic localization; +, 25% of stained cells; ++, 50%
of stained cells; +++, 75% of stained cells.

® The mutations generated are listed according to their amino-acid position
within an epitope. Letters appearing before each no. denote the mutated se-
quence to wild type, and letters appearing after each no. denote the original
sequence before mutagenesis.

® Residues between aa positions 74-89.

¢ Residues between aa positions 128-135.

Cell culture, transfection, and immunofluorescence. It is
known that the distribution of expressed HBcAg is cell cycle
dependent. Sequential thymidine- and aphidicolin-blocking
steps produced monolayers of synchronized Cos-7 cells (data
not shown). Twelve hours before treatment with cell cycle-
blocking agents, Cos-7 cells were seeded at a density of
3 X 10* cells/well, in a 24-well plate, in growth medium. Me-
dium that contained 2 mmol/L thymidine replaced the afore-
mentioned medium, and, 12 h later, cells were washed twice
with PBS and refed with normal medium. Transfections were
done after thymidine withdrawal and cell release, by use of
FuGENE-6 and/or Lipofectamine Plus transfection reagent (In-
vitrogen), according to the manufacturer’s instructions. After
an additional 13 h, the cells were washed twice with PBS, me-
dium that contained 2.5 pug/mL aphidicolin was added, and the
cells then were incubated for an additional 36 h. Aphidicolin
blocks cells in the G1/S phase of the cell cycle, in which ex-
pression of HBcAg is predominantly nuclear [27]. This inhibits
movement of HBcAg into the cytoplasm because of dissolution
of the nuclear membrane, implying that any cytoplasmic ex-
pression is more likely to be the result of active transport.

FACS analysis.
determined by flow cytometric analysis of permeabilized cells

The cell-cycle status of cultured cells was

that were stained with propidium iodide. Cos-7 cells were dis-
sociated with EDTA at the appropriate time after transfection
and were resuspended in PBS. Cells underwent centrifugation
at 1500 g for 2 min and then were fixed with 70% ethanol on
ice. After 20 min, the cells underwent centrifugation, were
washed once with PBS, and then underwent centrifugation
again. Pelleted cells were resuspended in 1 mL of a solution
that contained 0.5% Triton X-100, propidium iodide, and RN-
ase. After incubation for 30 min at room temperature, the total
DNA content was analyzed in the FL3-H channel of a FACS
flow cytometer (Beckton Dickinson).
Immunofluorescence and confocal microscopy.
tion of core protein was studied using immunofluorescence

Localiza-

and confocal microscopy. Cells were fixed with ice-cold meth-
anol. After permeabilization with 0.5% Triton X-100, rabbit
anti—core polyclonal Ig G (Zymed) and fluorescein isothiocy-
anate-conjugated goat anti-rabbit IgG (Sigma) were used as
primary and secondary antibodies, respectively. Then, cell sam-
ples were examined using a Zeiss LSM510 confocal microscope
with laser excitation at 488 nm. The intracellular distribution
and quantitative expression of HBcAg were determined by ran-
dom evaluation of =100 cells with either a 40X or a 63X oil-
immersion objective lens. Cells had either predominantly nu-
clear distribution or predominantly cytoplasmic distribution if
>70%—-80% of cells showed nuclear or cytoplasmic HBcAg,
respectively, If a similar proportion of cells expressed HBcAg
in both the nucleus and the cytoplasm, they were considered
to have nuclear and cytoplasmic localization. Data sets were
processed using LSM510 software.

RESULTS

Synchronization of Cos-7 Cells by Thymidine-Aphidicolin

To study the influence of the cell cycle on the subcellular dis-
tribution of HBcAg, Cos-7 cells were synchronized by the use
of 2 blocking agents. In initial experiments (data not shown),
aphidicolin, when used alone soon after transfection, yielded
low transfection efficiencies. Consequently, a 2-step cell-cycle
synchronization was used. As a first step, cells were incubated
in the presence of thymidine for 12 h, to enter the G0/G1 phase
of the cell cycle (figure 1A). Afterward, cells were withdrawn
from thymidine and were permitted to progress out of the G0/
G1 phase and into the S, G2, and then M phases of the cell
cycle for 12 h (figure 1B). After cell-cycle release, the cells were
washed twice with PBS, and transfection was done using
FuGENE-6 and/or Lipofectamin Plus transfection reagent
methods. As a second step, 12 h after transfection, the cells
were treated with 2.5 pg/mL aphidicolin for 30 h. Synchroni-
zation achieved by use of aphidicolin resulted in 94% of the
cells remaining in the G1/S phase (figure 1D and 1E).
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Analysis of Cos-7 cells by FACS flow cytometry. The peak to the left corresponds to cells in the G1 phase of the cell cycle; the peak

to the right corresponds to cells in the G2 phase. The shoulder between the 2 peaks corresponds to the S phase. Different cell cycles show variable
features, according to the treatment described in Patients, Materials, and Methads. Asynchronously growing cells were given a characteristic trimodel
profile (A); the thymidine-treated cells (B) with 84% of cells were in the GO/1 phase. The release period in which cells were thymidine free (C} is
shown, as are aphidicolin-treated cells 12 h (D} and 30 h (E) after administration of aphidicolin. A total of 88% and 94% of Cos-7 cells arrested in
the G1-S phase of the cell cycle after incubation with aphidicolin for 12 h and 30 h, respectively.

Distribution of Mutations in the Core Gene B Cell Epitopes

and the C-Terminus Region

Overall, 34 mutations were distributed in different known B
cell epitope regions within the core gene (table 1). Twenty-one
mutations (62%) occurred in residues 74-89, whereas 3 mu-
tations (8%) occurred in residues 107-118 and 9 mutations
(30%) occurred in residues 128—-135 (table 4). Of 21 mutations
in the first B cell epitope (aa residues 74-89), 8 mutations

occurred at aa position 80. Thirteen (59%) of 22 C-terminus
mutations occurred within aa residues 148-160 (table 4).

Cellular Distribution of Core Protein

Expression of HBcAg was predominantly nuclear in 13 samples,
both nuclear and cytoplasmic in 3 samples , and predominantly
cytoplasmic in 10 samples. Of the 13 samples that showed
predominantly nuclear expression of HBcAg, 9 were HBeAg
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Table 4. Correlation between sequence and hepatitis B core antigen (HBcAg) localization.
T helper T helper
1 20 21 49 S0 69
Patent  HBcAg Clinical 12 13 26 27 29 35 38 40 51 55 56 57 58 59 63 64 66 67 68
code localization status® T Vv s VvV D S Y E H L R @ A I G E M T L
1A N
1A7 ¢ S M D T N F
1B C Remission S D vV D I F
2A N
2B C Remission H Vv D
3A N
3B c Remission D I S
4A N A
4B C Active s D
S5A N D I S
5B Cc Active D I S
6A N
6B C Active D
7A NC S T
7B NC Remission s A E
8A N T Q F D b
88 c Active T L F D b N
9A N D
98 NC Active S L D \ D
10A C D v D
108 N Active A D H VvV V D
1A N D I
1B C Active D I
12A N
13A N
14A N
NOTE. B cell and T helper epitopes and C-terminus areas, with their boundaries and wild-type variants. Amino acids are denoted by a

single-letter code and are numbered from the beginning of HBcAg. Only positions at which changes occurred are shown, so the relative
proportion of epitopic to nonepitopic areas is skewed in favor of regions where substitutions occurred. C, predominantly cytoplasmic
distribution; N, predominantly nuclear distribution; NC, mixed nuclear and cytoplasmic localization.

® Status of 11 samples obtained from patients who were anti-hepatitis B e positive during a later phase of the study, according to whether
the samples were obtained during the remission phase or the active-disease phase.

positive and 4 were anti-HBe positive (i.e., samples 8A, 9A,
11A, and 10B; (note that 3 of the samples that showed nuclear
expression were initial samples) (see below). Only 1 patient
whose sample (sample 1A') showed a predominantly cyto-
plasmic distribution of HBcAg was HBeAg positive; in other

- words, 9 patients were anti-HBe positive. In keeping with this

finding, none of the patients whose samples had both nuclear
and cytoplasmic distribution of HBcAg were HBeAg positive;
in other words, all of these patients were anti-HBe positive.
Also, we observed a form of nuclear expression associated with
the membrane, by use of standard microscopy (results not
shown). Figure 2 and tables 2 and 4 detail the patterns of core
localization in 3 patient-derived HBV core genes cloned into
pRKS5 and transfected into GO/1-arrested Cos-7 cells. Conse-
quently, the first finding of the present study is that cytoplasmic
distribution of HBcAg is closely associated with HBeAg neg-
ativity/anti-HBe positivity.

Core gene sequences from the initial samples showed nu-
clear distribution.  Tables 2 and 4 show the results of core
gene substitutions in 11 initial samples (either HBeAg-positive

or anti-HBe—positive samples) and in 3 HBeAg-positive sam-
ples obtained at a single point in time. Twelve of these 14
samples shown predominantly nuclear distribution (only 1 of
the samples obtained later during the anti-HBe—positive phase
[sample 10B] had nuclear localization; a total of 13 samples
had predominantly nuclear localization). Eight of 13 samples
(all but 1 of which were from HBeAg-positive patients) did not
have any mutation. The remaining 5 samples (3 of which were
anti-HBe positive) had mutations in either the C-terminal re-
gion and/or the B cell epitopes. Two of these samples (samples
9A and 5A) had mutations only in B cell epitopes (A74V/G [2
possible variants for genotype D] and T80A, respectively). An
additional 2 samples contained mutations in both regions; sam-
ple 6A showed mutations T80A, Q130P, C153G, and T155S,
and sample 11A showed mutations S135P, Q151R, and T155S.
Only 1 sample (sample 8A) with a C-terminus mutation alone
(C153G) was observed. As noted below, a second set of samples
that were obtained from the same 5 patients later during the
anti-HBe—positive phase developed further mutations and
shifted to the cytoplasm. Finally, HBcAg from the remaining 2
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Table 4. (Continued.)
B cell B cell B cell C-terminus
70 73 74 89 90 106 107 118 119 127 128 135 136 150 183
77 79 80 81 87 92 93 96 97 109 113 130 131 151 153 155 156 160 177 179 180 181
T G V/GE P A S S N M K T E R P A P R 6 S P T Q R E S
S
S A N I D P A
P A
a
T P
Q Q P P P
T
T K
T Q c T
v T v Q c T
Q M P
Q L Q c T
v c
G o I E T L
A
A \Y Q Q P
A P F
] Q T
v G T Q Q T

initial samples (samples 10A and 7A) showed either predom-
inantly cytoplasmic distribution or both nuclear and cytoplas-
mic distribution, respectively (figure 2, sample 10A). Therefore,
all but 2 of the initial samples that were obtained showed pre-
dominantly nuclear expression. It was unusual to observe C-
terminus and/or B cell epitope mutations and nuclear locali-

+ zation of samples that were HBeAg positive.

Accumulation of B cell epitope/C-terminus mutations and
HBcAg localization.  For the 5 patients with initial samples

* that contained B cell epitope and/or C-terminus mutations and
" predominantly nuclear localization (samples 5A, 6A, 8A, 9A,

and 11A) (table 2), there was a shift, over time, both in cellular

; distribution and sequence. Samples that were obtained later

Wednesday Mar 24 2004 01:09 PM, JID, v189n8, 31163, HSC/TLS

during the anti-HBe~positive phase (samples 5B, 6B, 8B, 9B,
and 11B) (table 2) had predominantly cytoplasmic distribution
(see below): all sequences in the latter group contained addi-
tional mutations in the same and/or other regions (table 4).
Thus, it appears that there is an association between accu-
mulation of additional mutations and a shift to cytoplasmic
distribution.

A shift in cellular distribution to the cytoplasm is linked to
substitutions in the carboxy terminal and/or B cell epitopes.
Of the 10 samples with predominantly cytoplasmic distribution

' that were obtained later in the study, 8 contained both C-
| terminus and B cell epitope mutations (tables 2 and 4). Sample

2B contained only a C-terminus mutation (A160T), whereas
sample 10A only had mutations in 2 B cell epitopes (A74V/G
and P131A). Sample 10B, although obtained later during the
anti-HBe-positive phase, shifted back to the nucleus: in keeping
with this finding, all the mutations in sample 10A (the first
sample obtained) reverted back to the wild type (i.e., there were
no mutations) in sample 10B (figure 2 and table 4). Sample
8A, which was obtained during the initial phase and which had
a C-terminus mutation (C153G) (see above), reverted back,
and an L156P mutation arose during the anti-HBe—positive
phase (table 4, sample 8B). An additional aa variation (V74G)
occurred in the sample obtained during the later phase (sample
8B). Both of these variants in aa position 74 are specific for
genotype D (M.S.]. et al,, in press). Both the samples that
showed nuclear and cytoplasmic distribution (samples 7B and
9B) contained mutations in both the C-terminus and the B cell
epitope regions (table 4). In sequences with mutations, there
were no differences in the distribution of those mutations be-
tween the 2 clinical groups (i.e., patients with seroconversion
from HBeAg to anti-HBe and patients who were continuously
anti-HBe positive). Thus, all samples obtained during the later
phase showed predominantly cytoplasmic distribution (includ-
ing both nuclear and cytoplasmic distribution) and contained
B cell epitope and/or C-terminus mutations. All but 1 of the
samples were anti-HBe positive. As a result, cytoplasmic dis-
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Negative Control

Initial sample

Predominantly nuclear
Anti-HBe positive
No mutation

5A

Predominantly nuclear
HBeAg-positive

T80A

10A

Predominantly cytoplasmic
Anti-HBe positive

AT74V/G- P131A

11A

Predominantly nuclear
Anti-HBe positive
S135P- Q151-T156

Later Sample

4B

Clinical status: Active
Predominantly cytoplasmic
Anti-HBe positive

E77Q, Q79P and P80A

SB

Clinical status: Active
Predominantly cytoplasmic
Anti-HBe positive
T80A-P131A-K177Q

10B

Clinical status: Active
Predominantly nuclear
Anti-HBe positive

No mutation

11B

Clinical status: active
Predominately cytoplasmic
Anti-HBe positive
V80A-G89V-Q135P-Q151R-7

After Mutagenesis

Predominantly nuclear
Mutated positions:
S181P

5B
Predominantly nuclear
Mutated position: Q177K

10B
Nuclear and cytoplasmic
Mutated positions:
N74A-A131P

S dpl

11B
Nuclear and cytoplasmic
Mutated position: P135Q

Figure 2. Intracellular localization of hepatitis B core antigen (HBcAg), by use of confocal microscopy. Immunofluorescence staining of HBcAg in
Cos-7 cells transfected with constructs that contained clones of initial samples (samples 4A, 5A, 10A, and 11A), and "later" samples (i.e., samples
obtained later during the anti-hepatitis B e [HBe]— positive phase) (samples 4B, 5B, 10B, and 11B), and mutated sequences in the B cell epitope and
C-terminus of patients with chronic hepatitis B virus infection, as described in the text. Cos-7 cells showed various patterns of predominantly nuclear
distribution, predominantly cytoplasmic distribution, and both nuclear and cytoplasmic distribution. Note that only B cell epitope and C-terminus
mutations are indicated as variations. The clinical status of later samples is shown. No cells showed predominantly cytoplasmic localization after
mutagenesis, indicating that sequence is critical to intracellular distribution. HBeAg, hepatitis B e antigen.



tribution of HBcAg was strongly correlated with the presence
of mutations in B cell epitopes and/or the C-terminus region

- of the C gene as well as with anti-HBe positive status.

Correlation of HBcAg Localization with Clinical Outcome
Of the 11 samples obtained during the later phase, 4 were

 obtained from patients whose disease was in clinical remission
and 7 were obtained from patients who had active disease.

Samples from the 4 patients whose disease was in clinical re-
mission showed a shift in the distribution of HBcAg from the
nucleus to the cytoplasm after seroconversion to anti-HBe. All
but 1 of samples (sample 10B) from the 7 patients who had
active disease showed a shift from nuclear to cytoplasmic ex-
pression, in a comparison of samples obtained during the earlier
and later phases (table 2). Of interest, with the exception of
sample 10B, all samples obtained during the active-disease
phase and the remission phase contained B cell epitope and/
or C-terminus mutations. Consequently, in 10 of 11 samples
obtained later during the study, either from patients with active
disease or from patients whose disease was in remission, there
was a shift from predominantly nuclear to predominantly cy-
toplasmic distribution, a finding that indicates that there was

' no clear difference between different clinical outcomes and

HBcAg localization.

- Cellular Distribution of the Core Protein is Dependent

on the Sequence

Some of the shifter samples (table 2) were chosen for site-
directed mutagenesis (table 3). Samples 3B, 4B, and 5B had
double mutagenesis, at the same time, on both the C-terminus
and B cell epitopes. Because sample 10A did not contain a C-
terminus mutation but contained mutations in 2 different B
cell epitopes (table 4), it was selected for double mutagenesis
on these epitopes. All experiments were designed to revert the
mutated amino acid to the expected amino acid variant for
each genotype, which was also that observed in the first sample

. of the pair obtained (or the second sample, as in the case of

' patient 10). All clones were sequenced to confirm reversion.

After the sequence in the C-terminal and/or B cell epitopes of
the later sample was reverted back to the original sequence, a
shift back to the original nuclear distribution and/or both nu-
clear and cytoplasmic distribution was observed. After single
amino acids in B cell epitopes underwent mutation, 4 of 5
samples shifted back partially (i.e., they localized to both the
nucleus and the cytoplasm) (figure 2, sample 11B). In contrast,
mutagenesis of C-terminus mutations resulted in predomi-

* nantly nuclear localization in all cases (figure 2, samples 4B and

5B; table 3). In keeping with these findings, all double-mutated

- samples shifted back to either nuclear distribution (results not

shown) or nuclear and cytoplasmic distribution (figure 2, sam-
ple 10B). Consequently, reversion of C-terminus mutations

leads to shifting of HBcAg back to the nucleus. Reversion of
B cell epitope mutations leads to a mixed nuclear and cyto-
plasmic distribution. The effect of dual mutations is the same
as that of C-terminus mutations.

Precore Variants

The precore stop codon mutation was found at aa position 28
of the precore region in 8 of 13 samples with predominantly
cytoplasmic localization; it was found in 3 of 13 samples with
predominantly nuclear distribution. Consequently, the precore
region did not appear to influence the effect of C gene local-
ization. Note that the pre-C region was not within the cloned
product (table 2), so it did not directly affect localization.

DISCUSSION

The entire HBV genome is extremely stable in the early high-
replicative HBeAg-positive phase, when the immune response
is considered to be weak [29]. However, after seroconversion
of HBeAg to anti-HBe, multiple clusters of mutations appear
in different regions of HBcAg—in particular, in immunodom-
inant epitopes (table 1). Several studies have shown that the
amino-acid variability of HBcAg is related to the severity of
liver disease, both in the HBeAg and the anti-HBe phases [7—
8, 10-11, 28, 30]. Previous studies have reported HBcAg dis-
tribution in the cytoplasm, nucleus, or both, of infected or
transfected cells [17-20, 22-24, 26, 30-34], but none of the
studies evaluated naturally mutated sequences. Recently, Kawai
et al. [35] found that hepatocytes that exhibited cytoplasmic
expression of HBcAg contained more core promoter double
mutations (T1762 and A1764) than did hepatocytes that ex-
hibited nuclear expression. Studies of liver biopsy specimens
have suggested that the intracellular distribution of HBcAg cor-
relates with disease activity, with cytoplasmic expression being
associated with more severe disease [17, 19, 25, 34, 36]. The
cell membrane of HBV-infected hepatocytes may also express
HBcAg during chronic infection [1, 37]. However, whether
intracellular distribution of HBcAg is associated with liver dam-
age is unclear.

Previous studies have evaluated biopsy specimens for which
the additional influence of host factors has made it difficult to
delineate the mechanisms responsible for intracellular distri-
bution of HBcAg. The present study has confirmed previous
observations that there is a close association between the top-
ographic distribution of HBcAg in vitro and the inflammatory
status of the liver in vivo (figure 2 and table 2). For the first
time, it has been shown that the distribution of expressed
HBcAg is strongly associated with the viral sequence (tables 2
and 4). The presence of cytoplasmic expression of HBcAg cor-
related with the existence of mutations in the B cell epitopes
and/or the carboxy terminus of the protein. These experiments
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were performed in the presence of aphidicolin, to block cells
in the G1/S phase; consequently, any shift to cytoplasmic ex-
pression of HBcAg was not a result of dissolution of the nuclear
membrane. However, to prove that sequence was critical in
HBcAg localization, reversion of C-terminus and/or B cell epi-
tope mutations back to the wild type was performed; in most
cases, reversion shifted HBcAg localization back to the nucleus

" (table 3). Some possible explanations for this shifting are pre-

sented below.

Machida and et al. [4, 38] reported an antigenic site within
the C-terminus region, known as “HBicAg” (hepatitis B inner
cAg; aa residues 148-160), to be a potential B cell antigenic

' determinant [39]. In the present study, 13 of 22 C-terminus
- mutations occurred within aa residues 148—160 (table 4). If the

arginine-rich C-terminus is a B cell epitope, that might explain
the mutations that occurred in this region. Because this region
is also known to affect nuclear localization, mutations would

" explain the shift of HBcAg to the cytoplasm. This is in line

with observations that escape mutations appeared in the B cell
epitopes of patients with ongoing disease [8] (tables 2 and 4),
because double mutagenesis of both a B cell epitope and C-
terminus residue led samples shifted back to both nuclear and
cytoplasmic distribution and/or predominantly nuclear distri-
bution (results not shown).

Although B cell epitope mutations tended to shift HBcAg to
the cytoplasm, they was not as effective as C-terminus muta-
tions, which probably direct HBcAg intracellular trafficking by
a different mechanism(s). A majority of samples with B cell
mutagenesis had localization in both the nucleus and the cy-
toplasm (figure 2, sample 11B), whereas all samples with C-
terminus mutations showed predominantly nuclear distribu-
tion (figure 2, samples 4B and 5B). This was also observed in

~ 2 of 3 samples with double mutations (figure 2, sample 10B).

The reason underlying this phenomenon is unclear and de-
serves more investigation.
In the present study, we clearly showed that, in samples with

* both nuclear and cytoplasmic localization, HBcAg could be
* associated with the nuclear membrane (results not shown). This

unusual pattern has been reported elsewhere [40]. Because there
is no sharp boundary between the G1 and S phases, transport
of HBcAg to the nuclear membrane may occur during the
transition between phases. It may be that nuclear/cytoplasmic
localization may be a transition step between the 2 compart-

. ments [19]. Alternatively, there may have been high levels of

nuclear HBV DNA with inefficient transportation from the
nucleus. However, there is no strict division between predom-
inantly nuclear and predominantly cytoplasmic localizations of
core protein in vivo, because core particles usually are present
in both compartments [30, 26].

For a majority of patients, a predominantly cytoplasmic dis-

tribution in vitro was found in samples obtained during the
active-disease phase and the remission phase (table 2). These
samples (samples 1A', 1A% 2B, and 3B) selected more mutations
in Th epitopes than in the C-terminus region and/or B cell
epitopes (table 4). Of the samples obtained from 7 patients
who had active disease, 6 showed a shift from nuclear to cy-
toplasmic expression in a comparison of samples obtained in
the early and later phases (table 2); of these 6 samples, 4 (sam-
ples 4B, 6B, 8B, and 11B) had a higher proportion of mutations
in B cell epitopes than in other regions (table 4). All samples
with active disease were anti-HBe positive; 4 had predominantly
nuclear distribution (see above). In keeping with this finding,
all 4 samples that had predominantly nuclear localization and
were obtained from patients who were continuously anti-HBe
positive were obtained from patients with active disease. The
only apparent correlation of HBcAg sequences in samples 8A,
9A, 10B, and 11A with those in samples from other anti-HBe—
positive patients with predominantly cytoplasmic distribution
was that fewer mutations were found in these samples, com-
pared with later samples with predominantly cytoplasmic ex-
pression (table 4). Although this unusual expression has been
reported elsewhere [35, 40—41], it is likely that, after serocon-
version of HBeAg to anti-HBe, there is coexistence of both
antigen and antibody for some time [42], with concurrent per-
sistence of a low concentration of integrated HBV DNA in the
liver after the disappearance of HBeAg [40]. Nevertheless, var-
ious studies reported continued liver disease activity after cer-
tain patients experienced seroconversion to anti-HBe status that
might be related to continued viral replication and secretion
with the presence of HBcAg in the nuclei. Even in some patients
with cirrhosis and severe chronic hepatitis, distribution of
HBcAg has been reported to be predominantly nuclear. The
reason underlying this pattern is not clear, but it might be
related to the specific patient population studied [16].

In summary, we have shown that subcellular expression of
HBcAg is related to serologic patterns and that it depends on
the HBcAg sequence, even in samples successively obtained
from individual patients. C-terminus and/or B cell epitope mu-
tations are involved in the shifting of HBcAg between the nu-
cleus and the cytoplasm. These results were generated by trans-
fection. Because there is no susceptible cell line that can be
truly infected by HBYV, the biological importance of such var-
iants, with regard to the viral life cycle and cell behavior, are
still unclear.

Acknowledgments

We thank R. Clyton, Angela Rinaldi, and Joy Keen for tech-
nical assistance. We gratefully acknowledge Roger Everett for
helpful comments on cell-cycle blocking.

CHECKED 10 « JID 2004:189 (15 April)  Jazayeri et al.

Wednesday Mar 24 2004 01:09 PM, JID, v189n8, 31163, HSC/TLS

q55



References

1.

11.

12.

13.

16.

19.

Mondelli M, Vergani GM, Alberti A, et al. Specificity of T lymphocyte
cytotoxicity to autologous hepatocytes in chronic hepatitis B virus in-
fection: evidence that T cells are directed against HBV core antigen
expressed on hepatocytes. ] Immunol 1982;129:2773-8.

. Milich DR. Molecular and genetic aspects of the immune responses

to hepatitis B viral antigens. Adv Exp Med Biol 1989;257:115-33.

. Milich DR, McLachlan A. The nucleocapsid of hepatitis B virus is both

a T-cell-independent and a T-cell-dependent antigen. Science 1986;
234:1398-401.

. Machida A, Ohnuma H, Takai E, et al. Antigenic sites on the arginine-

rich carboxyl-terminal domain of the capsid protein of hepatitis B virus
distinct from hepatitis B core or e antigen. Mol Immunol 1989; 26:
413-21.

. Carman WE. Variation in the core and X genes of hepatitis B virus.

Intervirology 1995;38:75—88.

. Boner W, Schlicht HJ, Hanrieder K, Holmes EC, Carman WF. Further

characterization of 2 types of precore variant hepatitis B virus isolates
from Hong Kong. J Infect Dis 1995;171:1461-7.

. Carman WE, Thursz M, Hadziyannis S, et al. Hepatitis B e antigen

negative chronic active hepatitis: hepatitis B virus core mutations occur
predominantly in known antigenic determinants. J Viral Hepat 1995;2:
77-84.

. Carman WE, Boner W, Fattovich G, et al. Hepatitis B virus core protein

mutations are concentrated in B cell epitopes in progressive disease
and in T helper cell epitopes during clinical remission. J Infect Dis
1997;175:1093-100.

. Okumura A, Ishikawa T, Yoshioka K, Yuasa R, Fukuzawa Y, Kakumu

S. Mutation at codon 130 in hepatitis B virus (HBV) core region
increases markedly during acute exacerbation of hepatitis in chronic
HBV carriers. J Gastroenterol 2001;36:103-10.

. Ehata T, Omata M, Yokosuka O, Hosoda K, Ohto M. Variations in

codons 84-101 in the core nucleotide sequence correlate with hepa-
tocellular injury in chronic hepatitis B virus infection. J Clin Invest
1992;89:332-8.

Chuang WL, Omata M, Ehata T, et al. Precore mutations and core
clustering mutations in chronic hepatitis B virus infection. Gastroen-
terology 1993;104:263-71.

Khakoo SI, Ling R, Scott I, et al. Cytotoxic T lymphocyte responses
and CTL epitope escape mutation in HBsAg, anti-HBe positive indi-
viduals. Gut 2000;47:137—43.

Kakimi K, Guidotti LG, Koezuka Y, Chisari FV. Natural killer T cell
activation inhibits hepatitis B virus replication in vivo. J Exp Med
2000; 192:921-30.

. Kakimi K, Lane TE, Chisari FV, Guidotti LG. Cutting edge: inhibition

of hepatitis B virus replication by activated NK T cells does not require
inflammatory cell recruitment to the liver. ] Immunol 2001;167:
6701-5.

. Baron JL, Gardiner L, Nishimura S, Shinkai K, Locksley R, Ganem D.

Activation of a nonclassical NKT cell subset in a transgenic mouse
model of hepatitis B virus infection. Immunity 2002; 16:583-94.
Hadziyannis S], Lieberman HM, Karvountzis GG, Shafritz DA. Analysis
of liver disease, nuclear HBcAg, viral replication, and hepatitis B virus
DNA in liver and serum of HBeAg vs. anti-HBe positive carriers of
hepatitis B virus. Hepatology 1983; 3:656—62.

. Wu JC, Lee SD, Wang JY, et al. Correlation between hepatic hepatitis

B core antigen and serum hepatitis B virus-DNA levels in patients with
chronic hepatitis B virus infections in Taiwan. Arch Pathol Lab Med
1987;111:1814.

. Hsu HC, Su IJ, Lai MY, et al. Biologic and prognostic significance of

hepatocyte hepatitis B core antigen expressions in the natural course
of chronic hepatitis B virus infection. ] Hepatol 1987;5:45-50.

Akiba T, Nakayama H, Miyazaki Y, Kanno A, Ishii M, Ohori H. Re-
lationship between the replication of hepatitis B virus and the locali-

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

zation of virus nucleocapsid antigen (HBcAg) in hepatocytes. ] Gen
Virol 1987;68:871-7.

Chu CM, Yeh CT, Chien RN, Sheen IS, Liaw YE. The degrees of he-
patocyte nuclear but not cytoplasmic expression of hepatitis B core
antigen reflect the level of viral replication in chronic hepatitis B virus
infection. J Clin Microbiol 1997;35:102-5.

Chu CM, Yeh CT, Sheen IS, Liaw YE. Subcellular localisation of hepatitis
B core antigen in relation to hepatocyte regeneration in chronic hep-
atitis B. Gastroenterology 1995;109:1926-32.

Park YN, Han KH, Kim KS, Chung JP, Kim S, Park C. Cytoplasmic
expression of hepatitis B core antigen in chronic hepatitis B virus
infection: role of precore stop mutants. Liver 1999; 19:199-205.
Brechot C, Pourcel C, Louise A, Rain B, Tiollais P. Presence of inte-
grated hepatitis B virus DNA sequences in cellular DNA of human
hepatocellular carcinoma. Nature 1980; 286:533-5.

Gowans EJ, Burrell CJ, Jilbert AR, Marmion BP. Patterns of single-
and double-stranded hepatitis B virus DNA and viral antigen accu-
mulation in infected liver cells. ] Gen Virol 1983; 64:1229-39,

Ballare M, Lavarini C, Brunetto MR, et al. Relationship between the
intrahepatic expression of ‘e’ and ‘c’ epitopes of the nucleocapsid pro-
tein of hepatitis B virus and viraemia. Clin Exp Immunol 1989;75:
64-69.

Naoumov NV, Antonov KA, Miska S, Bichko V, Williams R, Will H.
Differentiation of core gene products of the hepatitis B virus in infected
liver tissue using monoclonal antibodies. ] Med Virol 1997; 53:127-38.
Yeh CH, Wong SW, Fung Y, Ou JH. Cell cycle regulation of nuclear
localization of hepatitis B virus core protein. Proc Nat Acad Sci USA
1993;90:6459-63.

Carman WEF, McIntyre G, Hadziyannis S, Fattovich G, Alberti A, Tho-
mas HC. Core protein evolution after selection of hepatitis B precore
mutants and correlation with disease severity. Viral Hepat Liver Dis
1994;273-6.

Hannoun C, Horal P, Lindh M. Long-term mutation rates in the hep-
atitis B virus genome. ] Gen Virol 2000; 81:75-83.

Yamada G, Nakane PK. Hepatitis B core and surface antigens in liver
tissue: light and electron microscopic localization by the peroxidase-
labeled antibody method. Lab Invest 1977;36:649-59.

Nakopoulou L, Adraskelas N, Stefanaki K, Zacharoulis D, Hadziyannis
S. Expression of HBsAg and HBcAg in liver tissue: correlation with
disease activity. Histol Histopathol 1992;7:493-9.

Fang JW, Wu PC, Lai CL, Lo CK, Meager A, Lau JY. Hepatic expression
of interferon-alpha in chronic hepatitis B virus infection. Dig Dis Sci
1994;39:2014-21.

Bock CT, Schwinn S, Schroder CH, Velhagen I, Zentgraf H. Localization
of hepatitis B virus core protein and viral DNA at the nuclear
membrane. Virus Genes 1996; 12:53—63.

Serinoz E, Varli M, Erden E, et al. Nuclear localization of hepatitis B
core antigen and its relations to liver injury, hepatocyte proliferation,
and viral load. ] Clin Gastroenterol 2003; 36:269-72.

Kawai K, Horiike N, Michitaka K, Onji M. The effects of hepatitis B
virus core promoter mutations on hepatitis B core antigen distribution
in hepatocytes as detected by laser-assisted microdissection. ] Hepatol
2003;38:635—41.

Tong SP, Li JS, Vitvitski L, Trepo C. Active hepatitis B virus replication
in the presence of anti-HBe is associated with viral variants containing
an inactive pre-C region. Virology 1990; 176:596—603.

Trevisan A, Realdi G, Alberti A, Ongaro G, Pornaro E, Meliconi R.
Core antigen-specific immunoglobulin G bound to the liver cell
membrane in chronic hepatitis B. Gastroenterology 1982;82:218-22.
Machida A, Ohnuma H, Tsuda F, et al. Phosphorylation in the carboxyl-
terminal domain of the capsid protein of hepatitis B virus: evaluation
with a monoclonal antibody. J Virol 1991; 65:6024-30.

Sallberg M, Ruden U, Wahren B, Magnius LO. Immune recognition
of linear antigenic regions within the hepatitis B pre-C and C-gene
translation products using synthetic peptides. ] Med Virol 1994;42:
7-15.

Wednesday Mar 24 2004 01:09 PM, JID, v189n8, 31163, HSC/TLS

Intracellular Distribution of HBcAg * JID 2004:189 (15 April) + CHECKED 11

q57



40. Wu PC, Fang JW, Lai CL, et al. Hepatic expression of hepatitis B virus
genome in chronic hepatitis B virus infection. Am J Clin Pathol
1996; 105:87-95.

41. ter Borg F, ten Kate FJ, Cuypers HT, et al. A survey of liver pathology
in needle biopsies from HBsAg and anti-HBe positive individuals. J
Clin Pathol 2000; 53:541-8.

42. Maruyama T, Kuwata S, Koike K, et al. Precore wild-type DNA and
immune complexes persist in chronic hepatitis B after seroconversion:
no association between genome conversion and seroconversion. He-
patology 1998;27:245-53.

CHECKED 12 « JID 2004:189 (15 April) * Jazayeri et al.

‘Wednesday Mar 24 2004 01:09 PM, JID, v189n8, 31163, HSC/TLS



Jazayeri et al HBY core gene variability in the Pacific

HBY genotypes, core gene variability and ethnicity in the Pacific region

Mohammed S J azayeri], Ashraf A Basunil, Graham Cooksley?, Stephen Locarnini® and

William F Carmanl’4

1- Institute of Virology, University of Glasgow, Scotland.

2- Clinical Research Centre, Royal Brisbane Hospital Foundation, Brisbane, Australia
3- Research and Molecular Development, Victorian Infectious Diseases Reference
Laboratory, Melbourne, Australia.

4- West of Scotland Specialist Virology Centre, Gartnavel General Hospital, Glasgow,
Scotland.

*Corresponding author: WF Carman

West of Scotland Specialist Virology Centre, Gartnavel General Hospital.

PO Box 16766, Glasgow, G12 0ZA, Scotland

Tel: +44 (0) 141-2110085

Fax: +44 (0) 141-2110082

E.mail; w.carman@vir.gla.ac.uk

Number of words in the abstract: 115.

Number of words in the text: 2776.


mailto:w.carman@vir.gla.ac.uk

Jazayeri et al HBY core gene variability in the Pacific

Abstract

Background/Aims: The world-wide distribution of HBV genotypes follows a geographic
pattern under the influence of ethnic background. Methods: 48 core genes from four Pacific
islands were compared with the following findings. Results: First, island-specific variant
substitutions were found for only two out of four islands. Second, 11 amino acid and 90
nucleotide changes specific for Pacific genotypes C and D were defined. Third, the
nucleotide diversity of genotype C (all but one were silent) was greater than that of genotype
D. Conclusions: These results suggest an early appearance of genotype C in the Pacific with
few subsequent amino acid changes because of shared immunological responses across the
region followed by random silent changes, some of which reflect isolation of individual
island populations. Genotype D appeared later.

Keywords: HBcAg variability, HBV adrq- subtype, Pacific-specific core gene sequences.
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Introduction

HBV genomes can be classified into at least eight genotypes (A to H) based on nucleotide
divergence between the strains (1-4). Subtypes are based on antigenic typing, but correlate
broadly with genotypes. Some subtypes can be found in more than one genotype; hence,
these confer additional heterogeneity within the genotypes. Subdeterminants of w (w1 to w4)
have allowed the further characterisation of ayw and adw subtypes into a total of 10 subtypes:
aywl, ayw2, ayw3, ayw4, ayr, adw2, adw4, adw4q-, adrq+ and adrq-. The q determinants
were found to be absent from adr strains in the Pacific region, thus, defining adr and adw as
either g+ or - (5). Between strains, ayw and adw subtypes demonstrate considerable genetic
heterogeneity (2). Genotypes and subtypes probably evolved in ethnic backgrounds over
centuries (6) and the relationship of these ten subtypes to genomic groups A to H has been
established.

HBV genotypes have a characteristic geographic distribution, largely in agreement with
subtype distribution (7). Genotype A is widely distributed in Western Europe, USA and Sub-
Sahara Africa as well as Asia as far as east as the Philippines. Genotypes B and C belong to
the indigenous population of South East Asia (1, 8). In addition, genotype C is found in the
populations of the Pacific Islands, and can be sub-differentiated geographically by subtype in
this region. As compared to strains from South East Asia, two adrq- strains formed a distinct
cluster within the Pacific area (7). Genotype D has been found worldwide with its highest
prevalence in the Mediterranean area, the Middle East, and South Asia (7). Genotype E is
found in West and South Africa. Genotype F is found in South and Central America.
Genofype G has been found in France and the USA (3). The distribution of genotype H seems
to be restricted so far to the Northern part of Latin America including Central America and

Mexico (4).
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It has been proposed that HBV diverged into genotypes according to the distribution of
humans among the different continents (9). Well-known waves of migration have occurred
over time: the prevalence of different HBV genotypes reflects the origin of the immigrants
and other patterns of migration (10). The presence of genotype D in Central America reflects
the westward immigration of Spanish in whom genotypes A and D are common (11).
Yamashita et al, (12). analysed the geographical interface of adr (genotype C) and adw
(genotypes A and/or B) strains from Japan. They found an apparent south-to-north gradient of
the r determinant and concluded that Japan may have been originally inhabited by people
infected with adw (Philippines and Indonesia), and later, by people from the Asian continent
infected with adr (South East Asia). In keeping, the HBV type in populations living on
Pacific Islands correlates with immigration from South East Asia (genotype C) (13-15). An
alternative hypothesis, because of the great diversity of genotype C in the Pacific (Basuni et
al, unpublished) is that genotype C migrated from the Pacific to South-East Asia.

The hypothesis that the outcome of HBV infection is influenced by HLA-associated immune
response genes has been evaluated in many studies (16-20). There is an association between a
self-limited course of acute infection and the presence of certain HLA alleles: HLA-DR B1-
1302 in West Africa (21); DR B1-1301 and 1302 among Caucasians (22); and DR13A in
Asians (23). In keeping, immunodominant CTL epitopes restricted by HLA-A2404 have been
identified in East Asia (24). Collectively, these results suggest that the epitopes for CTL/Th
recognition might be different on account of the diverse distribution of HLA antigens in
different geographic regions. Analysis of patients with different HLA haplotypes revealed
that several sequences within the HBV proteins, in particular core, could induce significant
levels of T cell response. Consequently, it is of relevance to sequence geographically

divergent HBV genomes to describe the extent of natural variation (25).
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Introduction

HBV genomes can be classified into at least eight genotypes (A to H) based on nucleotide
divergence between the strains (1-4). Subtypes are based on antigenic typing, but correlate
broadly with genotypes. Some subtypes can be found in more than one genotype; hence,
these confer additional heterogeneity within the genotypes. Subdeterminants of w (w1 to w4)
have allowed the further characterisation of ayw and adw subtypes into a total of 10 subtypes:
aywl, ayw2, ayw3, ayw4, ayr, adw2, adw4, adw4q-, adrq+ and adrq-. The q determinants
were found to be absent from adr strains in the Pacific region, thus, defining adr and adw as
either g+ or g- (5). Between strains, ayw and adw subtypes demonstrate considerable genetic
heterogeneity (2). Genotypes and subtypes probably evolved in ethnic backgrounds over
centuries (6) and the relationship of these ten subtypes to genomic groups A to H has been
established.

HBV genotypes have a characteristic geographic distribution, largely in agreement with
subtype distribution (7). Genotype A is widely distributed in Western Europe, USA and Sub-
Sahara Africa as well as Asia as far as east as the Philippines. Genotypes B and C belong to
the indigenous population of South East Asia (1, 8). In addition, genotype C is found in the
populations of the Pacific Islands, and can be sub-differentiated geographically by subtype in
this region. As compared to strains from South East Asia, two adrq- strains formed a distinct
cluster within the Pacific area (7). Genotype D has been found worldwide with its highest
prevalence in the Mediterranean area, the Middle East, and South Asia (7). Genotype E is
found in West and South Africa. Genotype F is found in South and Central America.
Genofype G has been found in France and the USA (3). The distribution of genotype H seems
to be restricted so far to the Northern part of Latin America including Central America and

Mexico (4).
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It has been proposed that HBV diverged into genotypes according to the distribution of
humans among the different continents (9). Well-known waves of migration have occurred
over time: the prevalence of different HBV genotypes reflects the origin of the immigrants
and other patterns of migration (10). The presence of genotype D in Central America reflects
the westward immigration of Spanish in whom genotypes A and D are common (11).
Yamashita et al, (12). analysed the geographical interface of adr (genotype C) and adw
(genotypes A and/or B) strains from Japan. They found an apparent south-to-north gradient of
the r determinant and concluded that Japan may have been originally inhabited by people
infected with adw (Philippines and Indonesia), and later, by people from the Asian continent
infected with adr (South East Asia). In keeping, the HBV type in populations living on
Pacific Islands correlates with immigration from South East Asia (genotype C) (13-15). An
alternative hypothesis, because of the great diversity of genotype C in the Pacific (Basuni et
al, unpublished) is that genotype C migrated from the Pacific to South-East Asia.

The hypothesis that the outcome of HBV infection is influenced by HLA-associated immune
response genes has been evaluated in many studies (16-20). There is an association between a
self-limited course of acute infection and the presence of certain HLA alleles: HLA-DR B1-
1302 in West Africa (21); DR B1-1301 and 1302 among Caucasians (22); and DR13A in
Asians (23). In keeping, immunodominant CTL epitopes restricted by HLA-A2404 have been
identified in East Asia (24). Collectively, these results suggest that the epitopes for CTL/Th
recognition might be different on account of the diverse distribution of HLA antigens in
different geographic regions. Analysis of patients with different HLA haplotypes revealed
that several sequences within the HBV proteins, in particular core, could induce significant
levels of T cell response. Consequently, it is of relevance to sequence geographically

divergent HBV genomes to describe the extent of natural variation (25).
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In a pilot analysis, we showed that specific core gene motifs (amino acid and nucleotide)
could be defined for the Pacific regions in both genotypes C and D (Jazayeri et al., in press).
Here, a further 48 sequences have been analysed. We have confirmed our previous results
and defined further specific variants that are unique for particular islands, genotypes and
subtypes.

Materials and Methods

HBsAg positive samples were collected from four Pacific islands (Fig 1, table 1): Kiribati
(14), Vanuatu (14), Fiji (15) and Tonga (15). They were chosen from a previous study of
surface variability based on known migration patterns (Basuni, PhD thesis, 2001).

DNA Extraction and PCR

DNA extraction and PCR were done as have been described previously (Jazayeri et al., in
press). Briefly, DNA was extracted from the serum samples, then, the 1* round PCR reaction
was carried out in 50 pl of a mixture containing 5 pl of the extracted DNA, using standard
methodology. The complete core gene was amplified using C1 and C4 primers. The region
of the surface gene specifying HBV subtype (amino acid positions 122-160) was amplified
using S1, S2Na primers (Jazayeri et al., in press) to allow an allocation of the virus to
subtype. For the second round PCR, 1 pl of first round PCR products was added to 49 pl of
the reaction mixture with the same composition as the first round except that C1 was replaced
by C3A, and S1/S2Na, were replaced by S6C/S7D. PCRs were analyzed by electrophoresis in
1% agarose gel, stained by ethidium bromide, and visualized under UV light.

DNA Sequencing

After PCR product purification, direct sequencing of core and surface genes was done as
described previously (Jazayeri et al., in press) and results were analysed using Sequence

Navigator software (Applied Biosystems).
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Sequence Analysis

After allocating a sequence to an HBV genotype by analysis of the S gene, the core gene
amino acid/nucleotide variations that were found in a majority (> 50%) of HBcAg sequences
from .a particular island were recorded and compared with HBcAg sequences obtained from
databases. The adrq- subtype is rarely found in Genbank; of eight available, six were
submitted as part of our studies (Jazayeri et al., in press). These, and two isolates (HMA and
Cha) published by Norder et al., (7), constituted our reference sequences. No Pacific ayw
sequence (excluding this study) has been reported in Genbank. Finally, genotype/subtype-
specific nucleotide and amino acid variations were identified. Sequences have been submitted
to GenBank, numbered from AY269035 to AY269047, from AY269050 to AY269061 and
from AY269064 to AY269086. The accession numbers for the previous 10 samples from the
pilot study were AF324097 to AF3224106. After construction of simple Neighbour-joining
Trees based on core and surface proteins, further phylogenetic trees were constructed using
sequences from the database and from a previous study (Jazayeri et al., in press) for
comparison.

Phylogenetic Analysis:

Sequences of core and surface genes were aligned using the BioEdit Package version 5.0.9
(26), and a neighbor joining phylogenetic tree constructed using the Treecon Package (27)
employing a Kimura distance matrix (28). Associations were tested by bootstrap re-sampling
analysis using 100 replicates (29). Branches with a bootstrap value of greater than 70% were

deemed well-supported by the data.



Results

Genotype and subtype prevalence in Pacific islands

Table 1 shows the distribution of genotypes and subtypes of strains studied from individual
islands. The following preparations were genotype D: in Kiribati, 13 out of 14; in Fiji, 5 out
of 15; in Vanuatu, 1 out of 14; and in Tonga, 2 out of 15. The remaining sequences were
genotype C. Subtype adrg- was the main subtype in genotype C-occupied islands while ayw?2
was the prevalent one in Kiribati.

Genotype/subtype-specific substitutions common to Pacific region

Comparing genotypes C and D, there were 11 aa variations at 10 positions (table 2): S/T12,
I/V27, A/S35, D/E40, I/V59, N/T67, S/T74, D/E83, I/V/T91 and F/I97. These variants were
not island-specific with the exception of V91 found only in Vanuatu.

It was also possible to identify nucleotide variants for genotypes C and D, subtypes adrq- and
ayw2. Overall, 90 genotype/subtype-specific nucleotide substitutions in 45 positions were
found (table 3), of which 67 were silent. 23 were missense (genotype specific) in the 10
positions detailed above. Interestingly, a majority of adrq- strains derived from Vanuatu (but
not other islands) contained nucleotide variants identical to ayw (genotype D) in 4 positions:
78, 138, 234 and 255.

Substitutions that distinguish specific islands

Island-specific nucleotide variants were identified which increased or decreased in frequency
from West to East (from Vanuatu to Fiji and on to Tonga) (figure 1, table 4). Nucleotide
changes at positions Css, T1g9, Ci14, Gass and Tag7 were found in a majority of strains from
Tonga. On the other hand, changes including Csg, T234 A246, A2ss, G271, C3s4, Ci66, Asss and
Gs1o were predominant in Vanuatu. However, no island-specific nucleotide variants were
detected in Fiji and Kiribati. All nucleotide changes that were specific to an island group,

except G,7; (Which corresponded to residue V91 in Vanuatu), were silent mutations.



There were six strains from Tonga (3309, 3415, 3417, 3419, 3428 and 3629) and four from
Vanuatu (5017, 5022, 5230 and 5072) of genotype C, adrqg- subtype, which showed high
variability at the nucleotide level compared to other Pacific strains (results not shown).
However, in genotype D-studied strains, the only major heterogeneity was seen in isolate
2143 from Kiribati. All these strains originated from different cities in each island with
various HBeAg/anti-HBe status.

Comparison with international database

Choosing the correct reference sequence is mandatory, especially in cross-sectional studies,
otherwise over- and/or under-estimations can occur. The adrg- subtype is rarely found in
Genbank; of eight available, six were submitted as part of our previous study (Jazayeri et al,
in press) and two isolates (HMA and Cha), published by Norder et al., (7), constituted our
reference sequences. No ayw sequence from Pacific (excluding this study) has been reported
in Genbank. We chose one genotype C from a Chinese (A35) and one Indian genotype D
(0123), both from our pilot study for comparison between corresponding Pacific strains. For
genotype C, there were 2 amino acid and 12 nucleotide variations between our predominant
Pacific genotype C sequence and A35 (Chinese reference) (table 5). However, in genotype D,
we found 5 amino acids and 30 nucleotides different between our Pacific D and 0123 (table
6).

Phylogenetic Analysis

Genotype C Tree

Figure 2 shows that all the genotype C sequences, from the pilot study (bold codes), database
(bold italic codes) and adrg- strains (from this study, italics), grouped into two major clusters.
The first is completely occupied by Pacific adrg-, including one of the database sequences,

X75656 (7); a majority of strains belonging to Vanuatu composed a major sub-cluster. The



second cluster contains adrq+ sequences (including from the database) derived mainly from
S.E Asian populations, which are heterogeneous.

Genotype D Tree

Figure 3 shows alignment of all genotype D sequences. They grouped into 2 major clusters.
The first, similar to the genotype C tree, was entirely made up of Pacific strains (italic codes).
The second cluster contained two sub-clusters: the first had those from Western populations
(a majority from Europe); the second had a combination of Asian and a few European
sequences. Inside the Euro-Asian cluster, there was an Indian sub-cluster. Unlike genotype C,
the Pacific genotype D shows relative homogeneity with only a few nucleotide mutations,
indicating that genotype D arrived recently in the Pacific as a relatively homogenous
population. We have been unable to identify a likely some of this migration in this study.
Discussion

The prevalence of hepatitis B in the South Pacific is amongst the highest in the world. This
geographic area comprises a unique region of admixing two HBV genotypes, C and D, with
specific identities which have not been identified in other regions. In a pilot study, analysis of
ten HBV sequences from 4 Pacific islands showed unique changes in both genotypes C and D
(Jazayeri et al., in press). This provoked us to investigate another 48 sequences which
confirmed those.

The intra- and inter-Pacific island nucleotide variations showed that a majority of such
variants, despite being silent, were within the known HBcAg immune epitopes, mainly CD4.
Phylogenetic analysis revealed that both genotypes belonged to a separate Pacific cluster
(figures 2-3). Comparison with databases samples supported our conclusions. Adrg+ is the
prevalent subtype in South-East Asia, while adrg- is only found in Oceania. Geographical
transition from Asian adrq+ to South American adw4q- has been suggested to be via the

adrg- subtype in Oceania (5). The gradient of nucleotide and aa variations from west to east



in our study (shared sequences between Tonga and Fiji and, on the other hand, variations
between Tonga and Vanuatu), are most consistent with the hypothesis of migration of
Polynesian people from Southern China through Melanesia and Fiji and their radiation across
the Pacific to fill the Polynesian triangle in different times (13, 15, 30-31). In contrast, back
migration from Polynesia to Melanesia could also be responsible for this variation gradient
(see below). Of interest is that 10 strains from Vanuatu, all genotype C isolates, constitute a
subcluster in genotype C tree (figure 2, cluster B). However, two isolates from Vanuatu were
extremely divergent and found within subcluster A. On the other hand, within the subcluster
A, 6 strains from Tonga constitute a separate branch (see results). The presence of different
strains from all islands (in particular Fiji and Tonga) in cluster A may indicate admixture of
isolates in Fiji due to its geographical location between other 3 islands (fig 1). The gradient of
nucleotide substitutions between 3 islands in table 3 showed commonality between Fiji and
Tonga, rather than Vanuatu. This is in keeping with the history of an isolated Vanuatu.

The contrast between the silent mutations that predominate within Pacific genotype C
sequences and non-synonymous changes that separate Pacific from the S.E Asian sequences
is suggestive of an interaction with human genetic variants, especially HLA, in the evolution
of geographically separated HBV lineages. Once in the Pacific, no further immune mediated
amino acid selection seems to have occurred, probably because there are only a few Pacific
HLA types. On the other hand, the significant nucleotide variability is in keeping with
random mutation in isolated island population.

In contrast, genotype D strains including those from databases showed that the Pacific
islands contain a unique homogenous cluster separated from other genotype D groups. The
few D sequences on other islands show a similar homogeneity, indicating recent contact
between Kiribati (which is almost an isolated island in Micronesia with limited transfer of

virus-see figure 1) and the genotype C-dominated islands. This suggests that genotype D
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arrived in the Pacific as a relatively homogenous population and has been distributed by
admixing with stable human populations (Basuni, unpublished data). As Indian immigrants
usually have genotype D, one might expect Indians to be the origin of genotype D strains in
this region. However, our results did not show such an acquisition of these new strains by
migration, there was substantial variability between these two ethnic groups. This is best seen
as the two separate clusters in figure 3. The study on S genes by Basuni et al, also revealed no
strong evidence for Indian admixture in Pacific genotype D populations. In fact, results from
our previous pilot study showed that at the nucleotide level the Pacific genotype D sequences
were closer to Caucasian strains rather than Indian (results not shown). Thus, a Pacific origin
for genotype D cannot be ruled out.

Using phylogenetic network analysis (Basuni, unpublished data), Pacific sequences can be
shown to shared an ancestral lineage most closely related to Japan and China, suggesting an
immediate Asian origin for genotype C (while, the Pacific genotype D sequences contained a
completely separate cluster from India). The hypothesized migration of South-East Asian
peoples out into the Pacific correlates with their commonality of HBV sequences similar to
the study by Norder et al (7): 37 adrqg- strains in genotype C as well as 21 ayw2 in genotype
D formed a separate cluster that belonged only to the Pacific area (figures 2-3). Thus, the
divergence of HBV genomes in this area is limited, in keeping with the known low variability
between genotypes B and C.

To the best of our knowledge, the HBV C genes of Pacific peoples has never been studied.
There may be implications for the design of therapeutic vaccines, but, at a minimum, these
studies reveal that both C and S genes of HBV have evolved in similar ways in the Pacific.
Overall, the high diversity for genotype C (including silent mutations) and the island-specific

sequences, suggest a long history of evolution and isolation for genotype C-islands. In

11



contrast, the low diversity of genotype D indicates a recent, limited, spread over the rest of

the Pacific with a single lineage.
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Fig 1- Pacific map showing boundaries of the Pacific islands and surrounding countries. Fiji
and Vanuatu located in Melanesia, Tonga and Kiribati located in Polynesia and Micronesia,

respectively.
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Table 1- Origin and Distribution of HBsAg positive sera that were used in this study as

well as genomic/subgenomic identification of Pacific islands strains.

Island  Sample  Genotype Subtype | Island Sample  Genotype Subtype
Code Code

Fiji Vanuatu
0142 C adrq- 5022 C adrg-
0143 C adrq- 5072 C adrq-
0314 C adrq- 5073 C adrq-
0349 C adrg- 5075 C adrqg-
0480 C adrg- 5081 C adrqg-

- 0550 C adrg- 5093 C adrg-

0800 C adrg- 5114 C adrq-
0880 C adrq- 5311 C adrq-
0026 C adrg- 5186 C adrqg-
0075 C adrq- 5230 C adrq-
0078 D ayw2 5264 C adrq-
0079 D ayw2 5265 C adrg-
0092 D ayw2 5017 C adrq-
0456 D ayw2 5029 D ayw2
0470 D ayw2

Tonga Kiribati
3415 C adrq- 2080 C adrq-
3417 C adrq- 2006 D ayw2
3097 C adrq- 2007 D ayw2
3419 C adrg- 2019 D ayw2
3428 C adrq- 2119 D ayw?2
3629 C adrq- 2127 D ayw2
3099 C adrq- 2317 D ayw2
3221 C adrg- 2483 D ayw2
3365 C adrg- 2109 D ayw2
3369 C adrqg- 2110 D ayw2
3519 C adrqg- 2117 D ayw2
3309 C adrqg- 2143 D ayw2
3509 C adrq- 2039 D ayw2
3414 D ayw2 2084 D ayw2
3343 D ayw2




Table 2. The most frequent differences in core gene amino acid sequences between

genotypes/subtypes of the Pacific region.

© Amino acid Genotype D Genotype C
Position Subtype ayw Subtype adrqg-

12 T S

27 \Y I

35 A S

40 D E

59 I \%

67 T N

74 T S

83 D E

91 T vv*
97 F I

Each specific amino acid was found in a majority of strains from each
genotype/subtype and the combination was unique for that genotype/subtype. Amino
acids are represented by single letters and are numbered from the beginning of the core
gene.

V* was only seen in adrg- strains from Vanuatu.
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Table 3- Unique C-gene nucleotide differences which permit genotypes C and D

classification.
Nucleotide  Genotype D  Genotype C Nucleotide  Genotype D  Genotype C
Position Subtype ayw  Subtype adrq- Position Subtype ayw  Subtype adrq-
34 A T 200 C A
51 G T 204 A G
66 C T 219 T A
75 T G 221 C G
78" C T 228 A G
79 G A 234} T C
81 A - 243 T C
90 T C 249 C A
93 A C 250 C T
96 T C 255" A G/T
103 G T 272 C T
105 G A 288 G A
120 T G 289 T A
135 T G 308 T C
138° G A 324 C T
159 T A 342 G T
174 A T 348 A T
175 A G 387 C T
180 T G 390 A C
183 C T 396 T C
189 A T 418 C T
192 A G 435 G A
193 C T
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Note: Nucleotides represented by single letters and numbered from the beginning of the core
gene. Dash lines represent no variant specified for that position. Bold numbers and letters
indicate amino acid altered positions (missense mutations).

*: A majority of adrg- strains from Vanuatu had Crs.

® A majority of adrg- strains from Vanuatu had C3s.

1: adrqg- strains from Vanuatu contained T34,

t: Azss seen in a majority of samples from Vanuatu despite belonging to adrq- subtype.

17



Table 4. Nucleotide differences between prevalent strains in Fiji, Tonga and Vanuatu.

Nucleotide Vanuatu Fiji Tonga
Positions/Changes
C36T : 1 2 6
C78T 9 6 3
T109C 1 2 6
C114T 0 4 12
A138G 3 9 12
T234C 11 0 3
A246G 10 1 1
G255T 0 2 6
A255T 9 6 2
T267C 0 2 6
G271A 11 1 0
C354T 10 2 0
C366T 10 1 0
A454C 7 2 0
G501A 3 6 12
G510A 11 7 2
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T

Tonga

3415

T

Tonga

3417

Tonga T

3097

Tonga

3419

Tonga

3428

Tonga

3629

Tonga T

3099

Tonga

3221

Tonga

3365

Tonga T

3369

Tonga

3519

Tonga

3309

Tonga

3509

Vanuatu T

5022

Vanuatu T

5072

Vanuatu T

5073
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T

Vanuatu

5075

Vanuatu T

5081

Vanuatu T

5093

T

Vanuatu

5114

Vanuatu T

5311

Vanuatu T

5186

Vanuatu T

5230

Vanuatu T

5264

Vanuatu T

5265

Vanuatu T

5017
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Table 6- HBcAg nucleotide differences between Pacific genotype D and Indian samples.

Nucleotide Position Pacific Indian
12 C T
55 T C
57 G T
75 T A
78 C A
103 G T
105 G A

111 G A
120 T A
132 T G
138 G A
189 A G
207 T C
220 A G
221 C G
228 A G
238 G A
239 C T
243 T C
255 A G
267 C T
288 G A
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291

294

298

345

346

366

387

418

501
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Fig 2. Neighbour joining phylogenetic tree of core gene sequences of genotype C from
Pacific adrqg- strains (italic), adr subtypes from the pilot study (bold) and database (bold
italic). Sequences belonged to Pacific island shown by first island name letter after their
sample code; F, Fiji; K, Kiribati; T, Tonga and V for Vanuatu. Strains rooted with sample
198. Figure shows bootstrap value of >70% and scale denotes percent diversity. Viet=

Vietnam. Sequence variations of Pacific strains grouped into two sub-clusters, A and B.
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Fig 3. Neighbour joining phylogenetic tree of core gene sequences of genotype D from the
Pacific (italic), pilot study (bold) and database (bold italic) ayw strains, rooted with samples
198. Sequences belonged to Pacific island shown by first island name letter after their sample
code; F, Fiji; K, Kiribati; T, Tonga and V for Vanuatu. Strains rooted with sample I98.
Figure shows bootstrap value of >70% and scale denotes percent diversity. Indi=India, Scot=

Scotland.
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