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All HBV genome positions described in the present thesis are referred to the single site

targeted by EcoRI restriction enzyme.

The letter placed before the number corresponds to the wild type nucleotide or amino acid,

whereas the letter placed after the number indicates the mutated form.

Examples:

a) G1896A, G is changed to A in NT position 1896.

b) pcW28X, the W (tryptophan) in codon 28 of the preCore region is substituted by a stop

codon.

c) rtM204V, the M (methionine) in codon 204 of the viral reverse transcriptase is changed to V

(valine).
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1 INTRODUCTION

1.1 Hepatitis B Virus Virology

1.1.1 History

Alter and Blumberg discovered hepatitis B virus (HBV) in 1965 (1) with detection of a new
blood antigen in an Australian aborigine. At that time, it was called Australian antigen, and
currently it is known as HBV surface antigen. In 1974, Dane et al. detected HBV viral particles
by electron microscopy, and in 1979, the viral genome was completely sequenced (2). By the
early 1980s, a vaccine had been obtained from plasma of HBV-infected patients (3). Currently,

the HBV vaccine is produced by recombinant DNA technology.

1.1.2 Classification

HBV is a member of the Hepadnaviridae family, genus Orthohepadnavirus. As its family name
indicates, these viruses preferably infect the liver and have a DNA genome: Hepa (liver)-dna-
viridae (DNA virus). HBV has also been detected in other tissues, such as kidney and pancreas,

and in mononuclear cells (4,5).

1.1.3 Epidemiology

Hepatitis B virus infection has a worldwide distribution. The disability-adjusted life year (DALY)
is a measure of overall disease burden, expressed as the number of years lost due to illness,
disability, or early death. Figure 1 shows the most recent DALY data (updated in 2004)
attending to HBV distribution. It has been estimated that more than 2 billion people (around
one third of the total world population) have been infected by HBV. Of these, approximately
360 million are now chronically infected and have a high risk of developing serious liver
disease, liver cancer, or liver-related death. It is estimated that HBV causes 500,000 — 700,000

deaths per year worldwide (6).
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Figure 1 DALY for hepatitis B infection per 100,000 habitants (6)
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1.1.4 The Viral Particles

HBV virions circulate in blood as double-shelled particles, 40 to 42 nm in diameter, with an
outer envelope and an inner nucleocapsid (Figure 2). A double layer phospholipid membrane
from the host hepatocyte and hepatitis B surface antigens (HBsAg) constitute the outer
envelope. The inner nucleocapsid has a diameter of 30 to 32 nm and consists of hepatitis B
Core antigens (HBcAg), encoded by the Core gene of the viral genome. A total of 180 to 240
HBcAg monomers constitute the nucleocapsid, which adopts an icosahedral conformation. The
viral genome, viral polymerase and some host proteins that participate in the viral replicative

cycle are located within the nucleocapsid.

Figure 2 Conformation of the HBV circulating virions in blood.

Surface antigens -#—

Nucleocapsid
DNA Polymerase

HBV DNA

Phospholipid membrane

1.1.5 HBV genes and proteins

HBV has a circular DNA genome around 3.2 kb in length that is not fully double-stranded. The
negative strand, which is not completely closed (its 5" and 3’ ends are not covalently linked),
contains all the information of the HBV genome. The positive DNA strand has variable lengths
and contains an incomplete copy of the HBV genome. Figure 3 represents HBV genome

organization; all the regions indicated in Figure 3 are described in Table 1.

Within the nucleocapsid, the DNA adopts a relaxed circular conformation (rcDNA) that is
maintained by the double base pairing of both DNA strands. In addition, the viral polymerase is

covalently linked to the 5’ end of the rcDNA negative strand, while a short ribonucleotide is
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linked to the 5’ end of the positive strand. However, inside the nucleus of the hepatocyte,

HBV-DNA adopts a covalently, closed, circular DNA conformation.

Figure 3 HBV genome organization. The negative strand (-) is presented in dark grey and the positive (+)
in light grey. The polymerase (P) is linked to the 5” end of the (-) strand and the ribonucleotide (RP) to
the 5" end of the (+) strand. The four promoters are indicated in pink letters: the surface (Sp), pre-
surface (preS1p), X (Xp), and Core (Cp) promoter. The two enhancers (En), the direct repeat regions (DR1
and DR2), the polyadenylation site (PolyA) and the analogue region of retroviruses (U5 LR) are also

shown.

The four open reading frames are depicted in colors: surface (S, orange), polymerase (P, red), X (X, blue)

and core (C, green).

3211
PreS2 155

pre!

2854 133 S
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Table 1 Position of the HBV regions, described in Figure 3.

Regions Positions in HBV genome
Core promoter 1620-1785

X promoter 1255-1390

preS1 promoter 2712-2824

Surface promoter 3152-11

Direct Repeat region 1 | 1824-1843

Direct Repeat region 2 | 1590-1600

Enhancer | 1180-1198

Enhancer Il 1627-1774

Polyadenylationsite 1916-1960

US5LR 1855-1905

The HBV genome has four, highly overlapping open reading frames (ORFs): the Core,
Polymerase, preSurface-Surface and X. Transcription of the four ORFs synthesizes five mRNA
(Table 2): preCore-RNA, pregenomic-RNA (pgRNA), preS1-RNA, preS2/S-RNA, and X-RNA.
These five transcripts code for seven viral proteins: hepatits B “e” antigen (HBeAg),
polymerase, HBcAg, the three types of surface antigens (SHBs, MHBs, and LHBs), and the x
antigen (HBxAg) (Table 2).

Table 2 Transcripts and viral antigens synthesized from the HBV genome

Transcripts Length | Viral Proteins | Molecular Weight

preCore 3.5kb HBeAg 16 kDa

pgRNA 3.5kb HBcAg 21 kDa
Polymerase 90 kDa

preSl 2.4 kb LHBs 39kDa

pres2/s 2.1kb | MHBs 33 kDa
SHBs 24kDa

X 0.9 kb HBxAg 16.5 kDa
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pgRNA and preCore RNA are the largest transcripts and contain a redundant sequence at the 3'
end. This sequence corresponds to the region from transcription initiation of all the mRNAs (nt
position 1789 of the HBV genome) up to the polyadenylation site (nt position 1916-1960). The
pgRNA redundant sequence coincides with the encapsidation signal, a secondary structure
repeated at both 5’ and 3’ that is essential for viral replication (7) and mainly corresponds to
the preCore region. A detailed description of the encapsidation signal is presented in section

1.1.7.1, Encapsidation Signal.

1.1.5.1 The surface gene

The surface ORF (nt positions 2848-835) codes for the three types of surface antigens
comprising the outer envelope: small (SHBs, 24 kDa), medium-sized (MHBs, 33 kDa) and large
(LHBs, 39 kDa). LHBs is translated from position 2848 and MHBs, from position 3205. SHBs is
translated from position 155 and is the most abundant type. The three HBsAg types share the
complete SHBs sequence and the common region from amino acid 124 to 147 contains the
main antigenic loop, also called the “a” determinant. This antigenic loop activates the primary

response of neutralizing antibodies in HBV infection.

Inside the preS-S region and between positions 2950 and 3125 of the HBV genome, there is a
highly variable sequence that has been used to distinguish four major HBV serotypes (adr,

adw, ayr, ayw).

HBsAg can self-assemble without the HBV genome, adopting structural spheres or filamentous
forms. These non-infective structures account for an important percentage of the population
of viral particles (>99.9%) (8), and can be detected in HBV-infected serum by electron
microscopy (Figure 4). The infective particles that contain the HBV genome, known as Dane

particles, are observed in a lower percentage (1:1000 to 1:10000) in serum of infected patients

(8).
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Figure 4 Electron microscopy image of serum of a chronic HBV infected patient (9).

Dane particles

Sphere forms
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1.1.5.2 The preCore and Core gene

The preCore/Core region (nt positions 1814-2452) contains two initiation codons in positions
1814 and 1901. The region between these codons is known as the preCore, whereas the region
from nucleotide position 1901 to 2452 is the Core region. If transcription starts from the first
initiation codon (position 1814), the synthesized peptide (known as p25) contains both the
preCore and Core region and has a molecular weight of 25 kDa (Figure 5). The preCore region
has a signal sequence that leads p25 to a secretion pathway, and cleavage of the first 19 amino
acids at the N-terminal region and the last 34 amino acids at the C-terminal region is produced.
The resulting protein is HBeAg (17 kDa), which is released from the infected cell together with
HBYV particles.

The function of HBeAg has not been completely defined, but it is mainly believed to act as an
immune tolerogen and to contribute to establishment of HBV infection (10). Interestingly,
HBeAg is not detected in all chronically HBV-infected patients with viral activity, and it is a
central parameter for clinical classification of chronic hepatitis B patients. Absence of HBeAg
seems to be associated with selection of HBV preCore variants that abolish or significantly
decrease HBeAg synthesis. Among all the preCore mutations that inhibit HBeAg expression
(Figure 5), the most common in the Mediterranean area is a substitution of G to A at position
1896 (G1896A), which induces a change in codon 28 from a tryptophan (TGG) to a stop codon
(TAG) (11-14). The minor G1897A change has similar consequences in codon 28 (TGG to TGA)
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(15). Moreover, the G1896A change is often detected together with a G to A substitution in

position 1899 (A1899G).

Additional changes in the first (A1814C, T1815, G1816A) and second codon (C1817A) of the
preCore region result in HBeAg non-expression, due to changes in the ATG start codon or
conversion of glutamine (CAA) to a stop codon (TAA) in the second codon. In addition,
mutations in the basic core promoter, mainly A1762T and G1764A, are commonly related with
HBeAg non-detection. These changes produce a strong decrease in preCore mRNA expression

(13,14).

Figure 5 HBeAg and the HBcAg are products of the Core gene. Some of the most common mutations

that abolish HBeAg expression described in the preCore region are indicated in the lower part or the

figure.

P17—HBeAg

P22 I

WT

P25 | ]

P21 —HBcAg
Core Gene )
pre-Core Arg-rich

G1899A —> Codon 29

G1896A — Codon 28: STOP

C1817A —> Codon 2: STOP preCore mutations
G1816A

T1815C } Codon 1: No ATG

A1814C

G1764A
A1762T

HBeAg non-expression

} Basic Core promoter mutations

If transcription is initiated at the second initiation codon from the preCore/Core region
(position 1901), the viral capsid (HBcAg, 21 kDa) is coded. The Core contains two domains, the
assembly domain (AA 1 to 149) and the protamine domain (AA 150 to 183). The latter contains

an arginine-rich region responsible for RNA packaging (16).

The core monomers adopt an alpha conformation (Figure 6). Two monomers associate by

intermolecular disulfide bridges to form compact dimers (Figure 6). HBcAg contains four
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cysteine (Cys) residues at positions 48, 61, 107, and 183. Cys61 is always implicated in the
inter-chain disulfide bonds and Cys48 is partly implicated. Both Cys61 and Cys48 interact with
identical residues of another monomer. Cys107 is a free thiol buried within the particle
structure, whereas Cys183 participates in a disulfide bond with Cys183 of the HBcAg partner.
The dimers have a 12- to 15-A diameter pore that is proposed to be an essential structure to

enable access to the nucleotides within the capsid for viral replication (17,18).

Figure 6 Structure of HBV Core monomers (a), association of two monomers to make a dimer (b), and

conformation of the capsid (c) (18).

HBcAg and HBeAg share most of their sequences, and are highly cross-reactive at the T-cell
level. Nevertheless, B cells recognize HBcAg and HBeAg differently, and the immune response
against them appears to be independently regulated (19). The HBcAg immune response seems
to be greater than the response against HBeAg or HBsAg (20). Detection of different types of
antibodies against HBcAg (anti-HBcAg) in different phases of the infection seems to indicate
that HBcAg is the most immunogenic of all the HBV antigens. Anti-HBcAg IgG persists for many
years and has slowly decreasing titers, whereas anti-HBcAg IgM appears early in acute
infection, and its titers fluctuate with clinical reactivation and strongly correlate with

hepatocellular injury (21).

Several intrinsic characteristics of HBcAg might be the cause of its high immunogenicity:
unique tridimensional folding, the presence of a region that interacts with immunoglobulins
outside the classic antibody binding site, the presence of many CD4+ T-cell epitopes, and the
presence of encapsulated nucleic acids (20). These properties, together with findings from
immunogenic studies have led to the definition of different regions (Table 3) able to stimulate

B-cells, T-helper lymphocytes (Th), and cytotoxic T-lymphocytes (CTLs) (22-25).
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Table 3 Amino acid positions of the Core gene that determine epitopic regions

Th cells CTLcells
B cells restricted to | restricted to
HLAII HLA |
1-20
28-47
50-69
72-90 18-27
Amino acid J4.84 :;'325 88-96
regions 126-133 108122 107-115
111-125 117-125
117-131 141-151
120-139
126-146
141-165

The regions in bold have a particular immunodominant role (20).

Most studies are focused on two main epitopic regions, Th50-69 and B74-84, whose
localization in the Core monomer is indicated in Figure 7. Some additional HBV-specific HLA-
class Il restricted CD4+ cell responses have been characterized, mainly in patients with self-
limited acute hepatitis (24,26,27). Th CD4+ cells of patients with self-limited hepatitis target
multiple epitopes within the nucleocapsid protein. In this sense, the sequence covering the
amino acid 50 to 69 region can stimulate Th cells in 90% of patients tested, irrespective of the
HLA-class Il profile (24). Importantly, two immunodominant T cell epitopes covering amino
acid 1 to 20 and 50 to 69 within HBcAg were found to induce a significant CD4+ Th-cell
response, independently of the HLA-class Il haplotype (26). In addition to these regions, other
minor Th-cell epitopes have been defined (Table 3) (24,28). Epitopic regions in HBcAg that
stimulate CD8+ T-cells (CTL) have also been described, but all of them are restricted to HLA
genotype; for example, the epitope from amino acid 18 to 27 (Th18-27) is an HLA-A2-restricted
site. The major B recognition site of the Core gene is located at amino acid positions 74 to 84
(B74-84) (25), and this region also contains the main immunodominant region (MIR, AA 78-82),

found in the spike of the HBc tridimensional structure (Figure 7).

In patients with chronic hepatitis, HBV strains with point mutations or large deletions have

been detected in the Core gene, and most are localized in the regions described as epitopic
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(25,29). Rigorous longitudinal analyses of these changes are lacking, and it is not clear whether
they are a cause of severe liver damage or subsequently modulate immune response and viral

clearance (29).

Figure 7 Secondary structure of the Core monomer. The main alpha conformation domains that adopt

the Core monomer are highlighted in green. Th50-69 and B74-84 are also indicated.
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1.1.5.3 The polymerase gene

The P ORF (nt positions 2357-1623), the largest HBV gene, encodes a unique 90-kDa protein,
the viral polymerase. This protein is a multifunctional enzyme involved in DNA synthesis and
pgRNA retrotranscription. It contains four domains: the terminal protein (TP), a spacer region,
the polymerase, and RNaseH. The TP is located at the N-terminal end and acts as a primer for
synthesis of the negative DNA strand. A spacer region located next to the TP is described to be
dispensable for enzyme function; this region easily tolerates mutations (30). The RNaseH
domain is located at the C-terminal of the polymerase gene and degrades pgRNA during the
replication cycle. Between RNaseH and the spacer region is the proper viral polymerase, with
both DNA polymerase and retrotranscriptase (RT) activities. The RT retrotranscribes pgRNA to
a negative DNA strand and polymerase activity synthesizes the incomplete positive DNA from

the negative strand.

RT activity can copy pgRNA to DNA, but approximately 1.4 to 7.9 x 10 substitutions/site/year
are generated in the process (29). The catalytic center of RT activity (nt position 736-747) is
mapped at AA positions 551 to 557 of the HBV genome, which corresponds to the tyrosine-
methionine—aspartate—aspartate (YMDD) sequence. The YMDD motif contains two of the
three essential aspartate residues of the polymerase. Attending to the specific RT region
nomenclature, position 348 of the polymerase gene corresponds to the first AA of the RT;

hence, the catalytic motif is located at AA position 203 to 206 (Y203M304D205D206) (31).

The RT region is highly conserved in retroviruses and Hepadnaviruses, and the YMDD catalytic
motif is identical to the motif observed in HIV-1 (32). Neither the HBV polymerase nor its RT
domain has been crystalized. However, the HBV RT tridimensional structure has been
modelled from the available crystal structures of HIV-1 RT (Figure 8) (33,34). Regardless of
their amino acid sequences and differences in the structural domain, both polymerases appear
to have a common “right-hand” configuration with thumb, palm, and fingers domains (Figure
8) (35,36). The palm domain, which includes the YMDD catalytic motif, appears to be the active
site and catalyses the addition of nucleotides in nascent HBV DNA (phosphoryl transfer
reaction). The fingers domain facilitates interactions with the incoming natural nucleotides and
the template base to which it is paired; and the thumb domain may play a role in positioning
the duplex DNA, processivity, and translocation (35). Nucleoside analogues and host
nucleotides bind at a site located in the palm subdomain, adjacent to the 3’ terminus of the

nascent strand.
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Figure 8 Tridimensional structure of the HBV retrotranscriptase domain (33).

HBV DNA synthesis

Binding of dNTPs and
Oral Antivirals

Fingers

Oral antiviral drugs, also referred to as nucleos(t)ide analogues (NUCs), bind as natural
polymerase substrates, and act as competitive inhibitors by blocking elongation of the new
HBV-DNA strand. Incorporation of NUCs in the nascent strand results in an absence of
available 3'OH-free ends, preventing replication. These drugs induce selection of HBV variants
carrying amino acid substitutions in the RT domain, which can cause changes in the tertiary
structure of the enzyme and result in a reduction in the affinity of the drug, decreasing its
antiviral activity. In consequence, NUCs will efficiently inhibit wild type HBV variants present in
the viral quasispecies, while variants carrying resistant mutations will maintain their replicative
activity. The percentage of resistant variants in the quasispecies may increase under NUC
treatment and ultimately be selected as the major variant, causing treatment failure. Thus,
mutated strains have high clinical interest because they can confer resistance to oral antiviral
treatments. A detailed description of the mutations selected under different antiviral

treatments is described in section 1.2.3, Antiviral Treatments (37,38).
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1.1.5.4 The X gene

The X ORF (position 1374-1838) codes for the 16.5-kDa HBxAg, which is reported to modulate
certain signal pathways, protein degradation, cell death, and carcinogenesis (39). HBxAg can
be divided into 6 domains (A-F), with different degrees of conservation. The C-terminus of the
protein (domains C-E) seems to be the transactivating portion, while the N- terminus (domain
A) can repress HBxAg transactivation activity (40). The N-terminus is believed to avoid
excessive HBxAg transactivation and to play a role in a self-regulatory mechanism of X gene
expression. It has been demonstrated that HBxAg stimulates viral replication and is an

absolute requirement for in vivo and in vitro HBV replication (41).

The correlation between HBxAg and HCC development has been extensively investigated. The
oncogenic roles of HBxAg include activation of a variety of transcription factors, such as
nuclear factor nB, activator protein cAMP, and activating transcription factor 2. The x antigen
is also involved in interactions with cellular oncogenes, such as Ras, Src, and c-jun, stimulation
of cytoplasmic signal transduction pathways (Ras-Raf), and participation in cell stress—induced

pathways (39).

1.1.6 Viral replication cycle

HBV circulates in blood as a double-shelled particle (Figure 2) and replicates within the
hepatocyte, as is described in Figure 9. preS1-HBsAg interacts with a hepatocyte receptor and
allows entrance of the viral particle inside the liver cell, forming an endosome (42) (Figure 9a).
Within the endosome, the outer envelope is released and the nucleocapsid remains in the
cytoplasm. The HBcAg dimers contain a nuclear localization signal. Thus, the capsid interacts
with the nuclear membrane and releases the partial double-stranded viral genome (rcDNA)
inside the nucleus (43). The polymerase linked to the 5’ (+) DNA strand and the short
ribonucleotide added to the 5’(-) DNA strand are then eliminated by unknown mechanisms.
The viral polymerase completes synthesis of a positive strand and the HBV genome finally
adopts the conformation of a covalently, closed, circular DNA (cccDNA) (Figure 9b). The
cccDNA serves as a template for synthesis of 5 mRNA, and acts as a minichromosome. It has
been postulated that cccDNA will remain in the nucleus during the life of the infected
hepatocyte (44). The life span of liver cells is estimated to be from 10 to 100 days (45). This

long-lasting establishment of cccDNA in the hepatocyte nucleus is closely related to the
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difficulty of eradicating HBV disease and the development of hepatocellular carcinoma (46). It
must be kept in mind that viral antigen expression will continue even in the absence of HBV
genome replication due to cccDNA presence. Therefore, these antigens (eg, HBsAg or even
HBeAg) will be detected, and HBxAg will maintain its multiple roles over cell functions

including its oncogenic risk.

The mRNAs are transported to the cytoplasm, where their translation by host ribosomes yields
the viral proteins, including the three types of HBsAg (SHBs, MHBs, LHBs), HBxAg, HBeAg,
polymerase, and HBcAg (47) (Figure 9c). These last two proteins are coded from pgRNA, which
adopts a secondary loop structure in both the 5’ and 3’ redundant ends (Figure 10). This
structure, which is called epsilon (g), is recognized by the viral polymerase, and once it is
associated with pgRNA, induces addition of HBcAg around the complex, driving construction of
new HBV nucleocapsids (48). Inside the nascent capsid, pgRNA is retrotranscribed to initially
yield the negative HBV-DNA strand (reaction primed by the OH corresponding to Tyr 63 from
the terminal protein region of the polymerase) and, from the negative strand, the positive
strand is synthesized. A detailed description of the pgRNA replication strategies adopted by

HBV is provided in section 1.1.7.1, Encapsidation Signal.

Capsids bearing de novo synthesized rcDNA are identical to those coming from the blood that
originally infected the cell. Therefore, some of the de novo capsids can reinfect the cell nucleus
(capsid recycling process), thereby increasing the nuclear cccDNA pool and cccDNA viral
variability. The variability of this intrahepatic form might be increased due to viral polymerase
errors produced during retrotranscription and other potentially DNA-editing steps, such as
activity of apolipoprotein B RNA-editing catalytic polypeptide-like 3 (APOBEC3) family of
cytidine deaminases host enzymes, recently described to act upon HBV (49). However, most of
the de novo capsids are directed to the endoplasmic reticulum, where they acquire the
lipoprotein envelope containing HBsAg, yielding new viral particles that are exported from the

hepatocyte (Figure 9d).
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Figure 9 Steps in the HBV replication cycle (a) Entry of the HBV particle inside the hepatocyte, by an

endosome. After releasing the outer envelope, the nucleocapsid is directed to the nucleus

\/ \/
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b) Synthesis of cccDNA, which serves as a template for synthesis of the five mRNAs.
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¢) Production of seven viral antigens; the polymerase and the HBcAg interact with pgRNA and a new

nucleocapsid is synthesized.

d) The new nucleocapsid can reinfect the nucleus or be exported from the hepatocyte.
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Figure 10 Adopted structure of pgRNA at the 5’(a) and 3’(b) ends.

(a) The 5’ end comprises two stems, the basal and apical (in green) and two bulges, the inner bulge and
the apical loop (in orange). The annealing region of the 4-nucleotide primer (4NT primer, in blue) is also

indicated. The presence of an OH group in the tyrosine at position 63 (Tyr63) of the terminal protein of

the polymerase (TP of Pol) enables synthesis of the 4NT primer.
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(b) The 3’end of the encapsidation signal contains direct repeat region 1 (DR1), which includes the

acceptor site (AS) region. The four TATA-like boxes are highlighted in orange.
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1.1.7 Regulatory elements of the HBV genome

cccDNA serves as a template for unidirectional synthesis of the seven HBV transcripts. All of

them are modified by addition of a 5’ cap at each promoter site and by a 3’ polyadenylation

between positions 1916 and 1960, which is essential for the ending at the same position of the

transcripts. Four promoters initiate transcription: preCore/pg, S1, S2, and X. In addition, two

enhancers (EN-1 and EN-II) as well as cis-acting negative regulatory elements play important

roles in regulation of viral gene transcription (50). In the HBV genome, there are also two

short, highly conserved 11-bp sequences involved in viral replication, defined as direct repeat

regions (DR). DR1 (UUCACCUCUG, positions 1824-1834) is located at the 5’ end of the negative
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strand and DR2 (UUCACCUCUGC, nt position 1590-1600) at the 3’ end of the positive strand
(50).

pgRNA and preCore RNA are both transcribed from the same HBV region. These two
transcripts have different functions and are subject to a combination of coordinate and
differential transcriptional regulation. The Core promoter (nt positions 1591-1822) initiates
transcription of both preCore RNA and pgRNA, and consists of the basal core promoter (BCP,
nt positions 1742-1849), and an upstream regulatory region (nt positions 1636-1742). BCP
directs precise initiation of the preCore and pgRNA transcripts. BCP lacks canonical TATA
boxes, but contains four TA-rich regions (TATA-like sequences, indicated in Figure 10b). Three
types of TATA-like boxes are required to control transcription of preCore RNAs: TA1l (nt
positions 1750-1755), TA2 (nt positions 1758-1762) and TA3 (nt positions 1771-1775). TA4 (nt
positions 1788-1795) controls transcription of pgRNA and can regulate preCore RNA
transcripts (51). The regulatory sequences upstream of the BCP contain cis-elements that may
positively modulate promoter activity, referred to as core upstream regulatory sequences

(CURS, nt positions 1636-1742) and negative regulatory element (nt positions 1613-1636).

1.1.7.1 Encapsidation signal

pgRNA contains identical 143-bp sequences (nucleotide 1818 to 1960) at both the 5" and 3’
ends (Figure 10) that act as cis-acting motifs. These redundant sequences adopt a hairpin
stem-loop structure named epsilon (g). Secondary structure analysis (2D) has provided a
description of the base-pairing pattern in the structure (52), and nuclear magnetic resonance
analysis has confirmed the structure of the upper stem (52-54). The ¢ is also highly conserved
in other mammalian Hepadnaviruses, as well as HBV isolates, indicating the importance of

these structures (55).

The 5’ end ¢ signal contains two stems, basal and apical, and two bulges. Base pairing
characterizes the stems, while the apical loop has been recently described to contain 3
nucleotides, as is indicated in Figure 10a (54). Thermodynamic calculations in this region
indicate that the entire signal is highly stable. The high structural stability induces strong
affinity of the polymerase to recognize the structure, and increases viral replication (55). For
this reason, most changes selected in this region maintain base pairing and the energy of

stabilization.
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The preCore variants described to abolish HBeAg expression are located in the ¢ signal (see
section 1.1.5.2, The preCore and Core Gene). The mutants abolishing HBeAg synthesis found in
nature also maintain a stable € secondary structure. For example, the main preCore mutation,
G1896A, increases the loop stability in genotype D. This genotype has a characteristic
polymorphism with a T in position 1858; in consequence, a change to A in position 1896
increases stability of the € signal. For this reason, selection of the main preCore mutation is
more common in genotype D than in genotype A, in which the polymorphism in position 1858

is a C (Figure 10a) (12,55).

The ¢ signal at the 5’ end directly interacts with the polymerase and constitutes the first step in
the initiation of reverse transcription. This interaction induces recruitment of 180 to 240
HBcAg monomers around the polymerase-pgRNA complex (56). The interaction of Pol at the 5’
end of pgRNA induces synthesis of the (-) DNA strand. Initially, the polymerase anneals to the
bulge of € at the 5’ end and synthesizes a sequence of four nucleotides (4NT, Figure 11a). The
terminal protein of the polymerase contains tyrosine at position 63; presence of the OH group

of this amino acid enables synthesis of the 4NT primer (Figure 10b).

The 4NT primer translocates to the DR1 sequence located in the 3’ end of pgRNA (Figure 11b)
and acts as a primer for synthesizing the (-) DNA strand by retrotranscriptase activity of the
polymerase (Figure 11c). While (-) DNA synthesis occurs, RNAaseH activity of the polymerase
degrades pgRNA. However, a short RNA sequence of approximately 15 NT is not degraded and
translocates to the DR2 located at the 5’ end of the (-) DNA strand (Figure 11d). 15NT serves as
the primer for synthesis of the (+) DNA strand, by polymerase activity (Figure 11e). The nascent
(+) DNA fragment also translocates to the 3’ end of the negative strand (Figure 11f), and
synthesis of the (+) DNA continues (Figure 11g). However, this last step is limited to the
moment the capsid is released, when nucleotides become unavailable for replication. For this
reason, during capsid maturation, the positive strand remains incomplete, and the HBV

genome adopts a partially double-stranded DNA (rcDNA) conformation (Figure 11h).
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Figure 11 pgRNA Retrotranscription Steps.
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f) Translocation of the (+) DNA to the 3’ end of the (-) strand

0
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g) Synthesis of the (+) DNA
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DR1 DR2 DR1

h) rc DNA genome conformation (3.2-kb)

1.1.8 Viral variability: Quasispecies structure of HBV

The HBV retrotranscription process includes the retrotranscriptase activity of the viral
polymerase. This enzyme is similar to other reverse transcriptases or viral RNA polymerases
that have no proofreading activity, such as HIV or HCV. Therefore, mutations can accumulate
throughout the genome. However, the high mutation rates (1.4-7.9x107
substitutions/site/year) (57) and replication (5x10"* virions/day in HBeAg-positive and 6x10™
virions per day in HBeAg- negative infection) (58) are constrained by the restrictions imposed
by the highly overlapped HBV genes: there is a high possibility that one nucleotide substitution
will affect different ORFs. That is, a mutation in an overlapped region might alter the
functionality of two different encoded proteins. The two different evolutionary trends
observed in HBV infection yield to a complex viral composition called quasispecies, which
means that in an HBV-infected patient, the virus circulates as a complex population of
different, but closely related, viral genomes (59). Recently, an increase in HBV complexity has
been attributed to the effect of innate antiviral defense mechanisms mediated by the activity
of host enzymes belonging to APOBEC3 family of cytidine deaminases. These enzymes are able

to cause extensive deamination of cytidine bases to uridine in the negative DNA strand,
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resulting in a G to A hypermutation in the positive strand. G to A hypermutations have been
identified in HBV UDPS reads (60). This activity was first reported in HIV (61), but it has also

been demonstrated in HBV (49) and other retroviruses and retrotransposons (62).

The quasispecies structure confers a relevant plasticity to viruses, allowing fast and easy
adaptation to changes in the viral environment. Host immune pressure and exposure to
antiviral treatment are actually evolutionary factors for these viruses. The selection of variants
that confer higher adaptability to new environmental conditions results in remodeling of the
viral population composition. Therefore, members of the quasispecies present at baseline
infection (eg, before antiviral treatment or vaccination) will be selected according to
evolutionary pressure, such as that occurring from the immune system or antiviral treatment

(63) (Figure 12).

In the complex composition of the HBV quasispecies, some variants with specific mutations are
especially relevant to the clinical course of HBV infection. For example, antiviral treatment
might induce selection of members of the viral population that carry amino acid changes
conferring resistance to therapy. Most of these mutations might be located in the viral
polymerase. The quasispecies members that survive under antiviral treatment, labeled as
antiviral-resistant variants, maintain replication despite the presence of an antiviral drug. Thus,
selection of variants conferring resistance to oral antiviral treatment has clinical implications
on the course of HBV infection (37,38). In addition, variants in the surface ORF that induce
changes in the antigenic loop have been associated with vaccination and prophylaxis escape

mechanisms (64).

However, mutations in the preCore and Core promoter regions are the most common
naturally occurring changes in the HBV genome (29). HBV genes are highly overlapped, but the
region showing the least overlapping is the PreCore/Core region. Specifically, only 24 bp of the
preCore 5’ end (position 1814 to 1838) overlap the X ORF, and 95 bp of the 3’ end of the
preCore/Core region (2357-2452) overlap the polymerase (Figure 3). Thus, the region from
position 1839 to 2358 can accept mutations without affecting any other gene; indeed, the HBV
Core gene (positions 1901 to 2452) can concentrate most of the mutations selected in the HBV
genome. As was described in section 1.1.5.2., most Core gene changes are clustered in epitopic
regions (22,25,29,65,66), but the distribution of these mutations has not been completely
defined. Their high frequency and stable phenotype imply that these variants are the result of

biological selection, possibly one that enhances HBV replication or evasion of the immune
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response. Mutations in the preCore region can also be selected and can inhibit HBeAg

expression (very common in the Mediterranean population) (11).

As was previously discussed (section 1.1.7.1, Encapsidation signal), mutations in the PreCore
region are related with abolishment of HBeAg expression and affect the secondary structure of
the encapsidation signal (12). The preCore/Core region is closely related to the immune
response: the preCore codes for the immunotolerogen HBeAg antigen, and the Core contains
epitopes. Selection of mutations in both regions has implications on evasion of the host

immune response, and ultimately, on the outcome of HBV infection.

Figure 12 Representation of the variability of the quasispecies population. Possible selection of

mutations under different evolutionary pressures, such as antiviral treatment or the immune response.
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HBV variability has led to the definition of 9 (A to 1) genotypes, which differ by an 8%
difference in the nucleotide sequence (67). These genotypes have a defined distribution, in
which genotypes A and D are the most prevalent in Europe, genotype B and C in Asia,
genotype E in Africa, genotype F in Central and North America, and G in North America and
Europe. In the Mediterranean basin, genotypes D and A are the most common and are present
in similar proportions (genotype D, 48.1% and genotype A 39.5% of cases). As expected,
genotype A is predominant in HBeAg-positive cases (68.6%) and genotype D in HBeAg-negative
infections (60.7%) (68).

Genotype also has influence on the course of the infection (69). In general, it has been found
that genotype C induces a more severe liver disease than B, F, D or A, in that order. On the
other hand, progression to chronic hepatitis after acute infection seems more likely and faster
with genotypes B and C than A, and genotype A seems to be faster than D. In addition, the
antiviral response to interferon therapy is associated with HBV genotype: achievement of
sustained viral response is clearly more probable in genotype A cases than genotype D (70). A
detailed explanation of the relationship between HBV genotype and antiviral therapy is

described in section 1.2.3, Antiviral Treatments.

1.2 Clinical Implications of HBV Infection

1.2.1 Natural history

The clinical expression of HBV is very diverse. Primary HBV infection can be symptomatic or
asymptomatic. After initial exposure to HBV, some individuals experience acute infection
showing ALT flares, and test positive to HBsAg and anti-HBc IgM. After 3 to 6 months, 95% of
adults, but less than 10% of children, clear HBsAg and develop anti-HBs seroconversion.
Individuals in whom infection does not resolve (5% of adults and around 90% of children)
develop chronic liver disease (Figure 13). In such cases, viral replication continues in the liver,
although the titers of the virus are variable. Persistent HBV infection can be symptomatic or
asymptomatic. People with subclinical persistent infection, normal serum ALT levels, and
normal or nearly normal findings on liver biopsy are termed inactive chronic HBV carriers.
Those with abnormal liver function and histologic features are classified as having chronic

hepatitis B (CHB). This last group of patients has a higher risk of developing liver-related
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complications, such as cirrhosis, decompensated cirrhosis, and/or hepatocellular carcinoma

(71).

Figure 13 Natural history of HBV infection
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Chronic hepatitis B infection has four natural stages: the immune tolerant stage, immune
clearance stage, inactive HBsAg carrier stage, and reactivation stage. However, not all CHB
patients go through all the four stages. The immunotolerant stage is typical in patients with
perinatal or early childhood-acquired infection. Patients are HBeAg (+) and have active viral
replication, but ALT levels are normal and there is minimal or no inflammation on liver biopsy.
After this stage, the condition passes to the immune clearance stage, which is characterized by
maturation of the host immune system and an increase in hepatic inflammation. HBV-DNA and
ALT levels are high during this phase of infection, reflecting active HBV replication. After
immune clearance, some patients achieve the inactive HBsAg carrier stage, in which

biochemical and virological parameters normalize and there is a lower risk of developing
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cirrhosis or HCC. Some of these inactive patients experience intermittent virological activity

and enter the reactivation stage (72).

1.2.2 Immune system activation in HBV infection

HBV is an obligate intracellular pathogen that primarily infects hepatocytes. The virus is not
considered directly cytotoxic. However, persistent production of viral antigens due to the
presence of cccDNA, even in inactive replication periods (eg, under effective antiviral therapy),
may justify some cell toxicity, for instance, due to the multifunctional and potentially

carcinogenic role of HBxAg.

Moreover, the presence of HBV viral antigens expressed by HLA (mainly type |, but also type Il)
on the surface of hepatocytes strongly activates the host immune system. The main purpose of
the immune response is to protect the host from infection, and this implies clearance or
elimination of the virus. Both the cellular and the humoral arms of the immune response are
essential for viral clearance, but the cellular response, which results in lysis of infected
hepatocytes, is thought to be the main factor responsible for disease pathogenesis and the

clinical manifestations of HBV infection (73,74).

Various studies based on animal and human models have shown that after the initial
inoculation, HBV does not immediately begin to replicate efficiently (75). HBV-DNA and HBV
antigens are not detectable in serum or liver until 4 to 7 weeks later, and after this period, a
logarithmic expansion phase begins (76,77). The elements of innate and adaptive immunity
seem to be activated during this initial phase of HBV infection, as has been seen in chimpanzee

models (78,79).

1.2.2.1 Early events: Innate immunity

Innate immunity generally plays a role in limiting HBV spread and initiating an efficient
adaptive immune response. Innate responses in the early phases of infection are mainly
characterized by production of type-1 IFN alfa/beta cytokines and activation of natural killer
(NK) cells. NKs are activated by recognition of stress-induced molecules and/or modulation of
the quantity of HLA-I molecules on the surface of infected hepatocytes (80). Thus, activation of
the elements of innate immunity leading to production of large quantities of IFN a/p seems to

be the key to activating adaptive immunity (81).
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However, several characteristics of HBV infection apparently make the innate immune
response ineffective. First, the peculiar kinetics of HBV replication, which shows an initial lag
phase and an exponential phase at week 4 to 5 after infection (77). The initial lag phase is not a
consequence of innate immune activation. As has been observed in experimental infection in
woodchucks (82) and chimpanzees (79), activation of IFN-gamma, IL-2, and TNF-alpha, and
intrahepatic recruitment of inflammatory cells is delayed until logarithmic expansion.

Furthermore, in infected chimpanzees, activation of cell genes was not detected (78).

Another aspect of HBV that induces ineffective immune response activation is IFN alpha and
beta production. These two types of IFNs can efficiently limit HBV, but data in HBV-infected
chimpanzees suggest that antiviral cytokines are not triggered by HBV replication (78).
Production of IFN and other cytokines depends on the presence of free DNA or double-
stranded RNA molecules in cytoplasm, which are recognized by toll like receptors (TLR).
However, HBV has developed a “hidden” replication mechanism to escape this initial antiviral
defense: HBV replicates inside nucleocapsids, and therefore, it evades contact of pgRNA or

rcDNA with TLR. Moreover, cccDNA always remain inside the hepatocyte nucleus.

All these observations regarding immune activation have been evaluated in chimpanzees,
whose expression of hepatitis after HBV infection is mild compared to humans. This might be
the reason why gene expression is absent in chimpanzees. Furthermore, after HCV infection
and HBV infection, there is a large difference in IFN production in chimpanzees. This difference
might support the observations in the chimpanzee model that HBV evades the first line of host
defense mechanisms. The detection of clinical symptoms in patients, generally 10 to 12 weeks

after infection (83) might be indirect evidence of the early phases of HBV infection.

After the exponential phase of HBV expansion, chimpanzees able to control the virus show
activation of IFN-gamma, TNF-alpha, and genes linked to a Th-type cellular response (78,79).
IFN expression, together with activation of NK cells by expression of stress signals on
hepatocytes or liver dendritic cells might be determinant factors of subsequent activation of

adaptive immunity, the main factor responsible for viral clearance.

1.2.2.2 Adaptive immune system

The adaptive immune response is comprised of a complex chain of effector cell types, all of
which play key roles in developing immunity against the virus (Figure 14). HBV replicates in

hepatocytes to produce HBsAg subviral particles and virions. Both types of particles can be
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taken up by antigen-presenting cells, which degrade the viral proteins to peptides that are
then presented on the cell surface, bound to HLA class | or Il molecules. Antigen-presenting
cells can also display viral antigens, taken up by phagocytosis of the killed infected

hepatocytes. CD8+ or CD4+ T cells can recognize these peptide antigens.

The importance of activation of all these cell types is demonstrated by resolution of acute HBV
infection, which is associated with a vigorous, polyclonal, multispecific Th and CTL cell
response. In addition to lymphocyte activation, the mononuclear phagocytic system
(monocytes and macrophages) and Kupffer cells are involved in the immune response.
Monocytes and macrophages are able to capture antigens and act as antigen-presenting cells
to lymphocytes, whereas non-specific activation of Kupffer cells induces production of TNF-a

and IL-12, both HBV inhibitors (78).

T cells play a central role in the mechanisms of action and control of the immune response
(84), by responding with specificity and memory against an antigenic stimulus. T cells recognize
the antigen as a peptide fragment linked to the HLA molecule through its T-cell receptor. Th
cells express the CD4 + molecule that activates cytokines, is able to regulate activation of
macrophages, controls antibody synthesis, and participates in CTL activation and expansion. T
cells may also have a cytolytic function, in which they recognize peptides expressed in the

membrane of antigen-presenting cells through HLA type II.

Cytotoxic T lymphocytes express CD8+ molecules and can recognize and destroy infected cells
through cell lysis or through a non-cytolytic pathway, depending on the cytokine activated
(19). CTLs recognize infected cells by the peptides bound in the T-cell receptor presented
through HLA-I. These peptides, which are presented in the membrane of antigen-presenting
cells or infected hepatocytes, come from the HBV proteins, such as HBcAg, HBeAg, and HBsAg.
As was described in section 1.1.5.2 (The preCore and Core gene), the most immunogenic HBV
antigen is HBcAg, which presents different epitopes that can activate the immune system

(Figure 7 and Table 3).

The cellular immune response seems to be the major contributor to HBV clearance; however,
humoral responses also play a role in controlling HBV infection. In fact, B-cell antibody
production neutralizes free viral particles and can prevent (re)infection. Therefore, integrated
activation of both the cellular and humoral arms enables control of infection. The different
immune response components are interconnected and failure of one of them clearly affects

the expansion and protective efficacy of the others. A lack of CD4+ Th cell response can impair
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CD8+ T-cell activity and antibody production (85), whereas an inability to establish a virus-
specific CD8+ T-cell response results in a level of circulating virus that cannot be cleared by

antibodies alone (86).

Figure 14 Hepatocyte immune response developed in the presence of HBV (9).
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1.2.3 Antiviral Treatments

Progression of liver disease in HBV chronic carriers is directly related to the intensity of viral
replication (87). However, progression also occurs in the absence of detectable viral replication
(87). The goal of antiviral therapy for hepatitis B is to improve quality of life and survival by
preventing progression of the disease to cirrhosis, decompensated cirrhosis, end-stage liver
disease, HCC, and death. This goal can be achieved if HBV replication can be suppressed in a
sustained manner. The accompanying reduction in histological activity of chronic hepatitis by
successful therapy decreases the risk of cirrhosis and HCC in non-cirrhotic patients. However,
HBV infection cannot be completely eradicated because of the persistence of cccDNA in the
nucleus of infected hepatocytes. It must be kept in mind that successful therapy results from
inhibition of the pgRNA reverse transcription step, but not mRNA transcription (including

pgRNA). Hence, viral antigen production is maintained even in the absence of active viral
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replication. As pgRNA transcription is not blocked, production of this mRNA is maintained
under antiviral therapy. If antiviral therapy ends, reverse transcription activity and
consequently, viral replication might be reactivated. For this reason, the duration of antiviral
therapy for treating chronic hepatitis B infection currently remains undefined, and is mainly
considered indefinite. However, some virologic and serologic parameters can be evaluated for
stopping therapy. For example, in HBeAg-positive cases, when HBV DNA levels become
undetectable and seroconversion to anti-HBe is achieved and maintained for at least 12

months, treatment can be stopped (88).

Currently, seven antiviral treatments are available for chronic HBV infection, divided in two
groups: immunomodulators (interferons) and direct oral antivirals (viral polymerase
inhibitors). The interferons (IFN and pegylated IFN) have immune-stimulatory properties, and
this is the main mechanism of their antiviral activity against HBV. In general, HBeAg-negative
patients present higher rates of response than HBeAg-positive ones (~20%) (Figures 15 and
16). The response to IFN is clearly conditioned by HBV genotype, being higher in genotype A
than genotype D cases (70). Interferon administration has been associated with improved
serological response, such as HBsAg loss and HBeAg seroconversion. However, the fact that
administration is by intravenous route, the potentially severe associated side effects, and the
genotype-dependent efficacy, limits this treatment to a small percentage of highly selected

cases (ie, young patients with genotype A) (70).

Figure 15 Percentage of response to each antiviral after one year of treatment, attending to HBeAg

status (88).
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The other drug group is oral viral polymerase inhibitors, which include nucleoside and
nucleotide analogs (NUCs): L-nucleosides (lamivudine [LVD] and telbivudine [LdT]), alkyl
phosphonates (adefovir dipivoxil [ADV] and tenofovir disoproxil fumarate [TDF]) or D-
cyclopentanes (entecavir [ETV]) (Table 4). Several clinical trials have assessed the efficacy of
these treatments and have shown that ETV and TDF are the most potent currently available
antivirals. The recently updated EASL guidelines recommend ETV and TDF as first line
treatment, and IFN for young, genotype A males with low HBV DNA load (89). The response to
treatment differs between HBeAg-positive and HBeAg-negative cases, as is summarized in

Figure 15.

Table 4 Chemical formulation of the five types of nucleos(t)ide analogues.

Nucleotides analogues Nucleosides analogues
Lamivudine Adefovir
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A o ne
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Telbivudine
o} Entecavir
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o N
43
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The most important disadvantage of these treatments is selection of mutations in the HBV
polymerase gene conferring resistance to NUCs in long-term therapy (section 1.1.5.3, The
polymerase gene and section 1.1.8, Viral variability: Quasispecies structure of HBV). Mutations
selected by NUC treatment can be split into 2 groups: those that cause resistance, sometimes

leading to decreased viral fitness and conferring a capacity to replicate under the treatment
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effect, and compensatory mutations, which partially or fully restore viral fitness. Treatment
resistance has been found in 70% of patients after 4 years of LVD treatment (90), in 29% of
HBeAg-negative patients after 5 years of ADV (91), in 25% of HBeAg-negative patients after 2
years of LdT (92), but in only 1.2% of treatment-naive patients after 5 years of ETV (93). In
contrast, no resistances have been associated with TDF after 5 years of therapy (Figure 16)
(89,94). The main mutation patterns described in the polymerase gene, classified according to

their sensitivity to treatment are presented in Table 5.

Table 5 Main mutations described in the HBV polymerase gene that are resistant (R), intermediate (I) or

sensitive (S) to oral antiviral drugs.

Main mutaions LvD LdT ETV ADV TDF
M2041 R R | S S
L180M+M204V R R | S S
A181A/T | S S R S
N236T S S S R |
L180M+M204V/1£1169T+V173L+M250V | R R R S S
L180M+M204V/1:T184G+S202G R R R S S

Figure 16 Cumulative incidence of HBV resistance to Lamivudine (LVD), adefovir (ADV), entecavir (ETV),

telbivudine (LdT), and tenofovir (TDF) in pivotal trials in NUC-naive patients (88).
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Selection of resistance mutations is usually characterized by a sudden, fast increase in viral
activity, known as viral breakthrough (VBK). An increase in serum HBV DNA is seen in VBK, as
well as an increase in liver damage, reflected by the subsequent elevation of liver enzymes
(ALT). In theory, resistance can be prevented with a sufficiently potent antiviral drug or a
combination of NUCs. Currently VBK is mainly prevented by use of the last-generation
antivirals ETV or TDF (95). Before commercialization of ETV and TDF, the most commonly used
antiviral treatment was LVD, which was FDA-approved in 1995. This drug presented high
percentages of response, especially in HBeAg-negative patients (Figure 15). However, after 5
years of LVD use, more than 70% of patients presented HBV variants with polymerase
mutations resistant to treatment. The main variant associated with LVD resistance is
rtM2041/V, which occurs within the YMDD motif of the reverse transcriptase region of the
polymerase. Although viral strains with rtM2041/V mutations (YVDD/YIDD motif) can replicate
under LVD, these variants present lower replication rates without treatment than variants

without mutations (YMDD motif), both in vivo (96) and in vitro (97).

Some mutations within the HBV polymerase gene act as compensatory mutants. This is the
case of the variants rtL80I/V, rtL180M, and rtV173L. When these are present in the same HBV
genome as the M204V mutation (YVDD), the replication efficiency of the resulting strains is
similar to that of wild-type (YMDD) strains (97). LVD-resistant mutations also present
resistance against L-nucleotide analogues drugs. For example, in patients treated with LdT,
selection of rtM204| mutations (but not rtM204V) has been observed (98). Furthermore, ETV
resistance patterns include the simultaneous presence of LVD-resistance mutations (rt
L180M+rtM2041/V, commonly known as “LVD signature”), linked to an additional mutation in
positions rtT184G, rtS2021/C, rtM250V, or rtI169T (99). Similarly, the mechanism mediating

ADV resistance has major resistance mutations at rtN236T and/or rtA181T/V (100).

The complex patterns of mutations that can accumulate within the HBV genome over time,
especially in the retrotranscriptase domain, may affect the efficacy of subsequent treatments
Thus, identification of mutations will quickly become an important component in the
management of patients with CHB. Because of early, widespread application of LVD treatment,
most CHB patients have been treated with LVD. Although this drug is now less widely used,
patients that have mutations against LVD are at a higher risk of reselecting these mutations
when they are treated with ADV or even ETV (101,102,103). It is important to take into

account that the rate of resistant mutations against ADV or ETV is higher in patients previously
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treated with LVD, than in naive patients. Specifically, 25.4% of LVD-treated patients reselect
mutations after 2 years under ADV (101). In addition, only 1% of naive ETV-treated patients

present resistance to ETV compared to 40% patients previously treated with LVD (102).

As was mentioned above and is shown in Figure 15, HBeAg-negative patients present better
treatment response rates than HBeAg-positive patients. The main virological difference
between the two types of patients is presence of the main preCore mutation (codon 28),
which inhibits expression of the antigen in HBeAg-negative cases. Some studies have evaluated
the possible relationship between selection of mutations in the YMDD motif and HBV viral
strains carrying the main preCore mutation (104,105), but no conclusive results have been
obtained. In this line, seroreversion of HBeAg (from antiHBe positive to HBeAg positive) is
quite common under LVD treatment, indicating a possible relationship between preCore

mutations and treatment (105-107).

1.3 Ultra-deep pyrosequencing as a tool for studying HBV

quasispecies

1.3.1 Sequencing methods

In 1975, Sanger and Coulson described the groundbreaking methodology of plus-minus
sequencing (108), based on primed synthesis in the presence of polymerase combined with
limited availability of deoxy NTPs, with visualization in acrylamide gels. This technique was
optimized two years later. Maxam and Gilbert combined chemical cleavage of radiolabeled
DNA at specific bases to determine the sequence of a long DNA fragment via Southern blotting
(109). In another study, Sanger et al. described a plus-minus strategy that used dideoxy NTPs
as chain-terminator inhibitors (109). This last method has been simplified and is now widely

used.

Since 2005, next generation sequencing (NGS) platforms have changed genomic study (110).
There are several commercially available NGS systems, all with a common characteristic:
generation of thousands of millions of sequence reads in parallel within the same run. In
contrast to Sanger sequencing, which is based on electrophoretic separation of chain-

termination products and generates individual sequencing reactions, NGS techniques use
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repeated cycles of polymerase-mediated nucleotide extensions or iterative cycles of
oligonucleotides. The differences between platforms are related to template preparation

and/or the sequencing chemistry (Table 6).

Table 6 Comparison of NGS platforms.

454 lllumina Solid CGAP tSMS SMRT
Characteristics | (Roche) (Solexa) (Applied (Helicos) (Pacific
Biosystems ) Biosciences)
. Pyrose- Reversible Reversible Synthesis with

Chemistry quencing dye terminators Ligation Ligation  dye terminators stationary polymerase
Length (bp) 400-1000 50-100 50-100 50-100 50-100 400-1000

Template Clonal bridge Solution

preparation emPCR amplification emPCR base None* None*

CGAP, Complete Genomics Analysis Platform. TSMS, True Signal Molecule Sequencing. SMRT,
Single Molecule Real Time. *Avoids DNA template preparation by applying single molecule

sequencing.

1.3.2 The 454 technology

Among the more consolidated NGS platforms, the 454 Sequencing System enables sequencing
of the longest fragments. This is an advantage when analyzing simultaneous changes in the
same viral genome to investigate possible complementary or synergic roles between distanced
positions. For instance, study of ETV-related antiviral resistance requires analysis of a 241-bp
fragment, because the possible mutations might be 1169T, V173L, L180M, M204V/I, or M250V.
To analyze long fragments with other technologies, a computational study based on
overlapping of small fragments would be required, and this can be a very difficult, and in some

cases, impossible task because of the extreme complexity of the HBV quasispecies.

The 454 technology is based on pyrosequencing, a DNA sequencing method based on the
"sequencing by synthesis" principle, which relies on detection of pyrophosphate release on

nucleotide incorporation rather than chain termination with dideoxy NTPs (111-113). The 454
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Sequencing System supports analysis of samples from a wide variety of starting materials,
including genomic DNA, PCR products, bacterial artificial chromosomes and cDNA. The system
relies on fixing nebulized and adapter-ligated DNA fragments to small DNA-capture beads in a
water-in-oil emulsion. The DNA fixed to these beads is then amplified by PCR. Each DNA-bound
bead is placed on a PicoTiterPlate (PTP), a fiber optic chip. A mix of enzymes such as DNA
polymerase, ATP sulfurylase, and luciferase are also packed into the well. The PTP is then

placed into the GS FLX System for sequencing.

1.3.2.1 DNA library preparation and emPCR

The steps required for pyrosequencing are shown in Figure 17. The initial step is the
generation of a library of template DNA, where short adaptors are included in the primers. The
adaptors are added at the 5’ and 3’ ends of the amplicon (Figure 17a) and contain universal

priming sites to simplify subsequent amplification, purification, and sequencing.

The DNA library is purified, titrated, and assessed for quality. It is then diluted to guarantee a
ratio of one DNA molecule to one bead. DNA molecules are then denatured and the single-
stranded template DNA (sstDNA) is obtained. The sstDNA is hybridized to individual beads,
which contain sequences complementary to the adapter sequence included in the

amplification primers. Thus, the amplicon library is immobilized onto the beads.

Once the bead-bound library is obtained (Figure 17b), it is emulsified with amplification
reagents in a water-in-oil mixture (Figure 17c). The method has been designed to produce oil
drops whose diameter limits introduction of one bead into each drop. With this strategy, each
oil drop contains a single bead and a single DNA molecule, and acts as a micro-reactor where
PCR amplification occurs. This process, known as emulsion PCR (emPCR) (Figure 17d), induces
amplification of sstDNA molecules with primer coated beads in aqueous droplets within an oil

phase, resulting in bead-immobilized, clonally amplified DNA fragments.
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Figure 17 Steps required for emulsion PCR. (a) Template DNA generation by PCR amplification using
primers that include the sequence of adapters A (forward) and B (reverse). After dilution and
preparation of the DNA library (b), the diluted DNA library is emulsified in water-in-oil (c) and clonal

amplification is then performed (d).

a. Template DNA generation b. Bead-bound library
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d. emPCR in each micro-reactor c. Water-in-oil emulsion

A

- High speed shaker

F.'\ :

Each drop acts as a micro-reactors

Clonal amplification of each sstDNA

After emPCR amplification, the emulsion is disrupted (Figure 18a) and beads are counted.
Optimal recovery is between 65% and 85% (Figure 18b). The recovered beads are enriched by
adding a primer containing a 5’-biotin tag that anneals to Adaptor B; therefore, beads
containing clonal amplified DNA are selected. Streptavidin-coated beads are then added, and
the DNA library is immobilized (Figure 18c). After the realising of the non-biotinylated strand,
the beads remaining in the magnet are used as the single-stranded template DNA (sstDNA)
library (Figure 18c). The optimal enrichment is between 5% and 20% (Figure 18d). After this
step, and if recovery and enrichment percentages are optimal, the product is deposited in a

PTP (Figure 19 a).
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Figure 18. Steps prior to the sequencing reaction. First, emPCR is disrupted (a), the percentage of
recovered beads is quantified (b), and the solution is enriched with biotin primers and streptavidin. The

immobilized beads in a magnet (c) are quantified (d) to proceed with the sequencing.

a) emPCR disruption b) Quantification of recoverage

Optimal results: 65% - 85% recoverge

- Enrichment with 5 tagged biotin primers

Beads without
amplification

Beads with clonal s s s
amplified DNA - Addition streptavidin

>

ll_ 1 L - 3
W o ey Q
e/, 9
d) Quantification of enrichment c) Purification
:
¥  Igal,
o>
L

'\-ll\-"

Optimal results: 5% - 205% recoverge

Figure 19 The treated emPCR product is deposited in the PTP (a). In theory, only one bead containing

one clonally amplified DNA strand is incorporated in each PTP well.
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1.3.2.2 Sequencing

The diameter of the PTP wells allows addition of only one bead per well. sstDNA library beads
are added to the DNA bead incubation mix (containing DNA polymerase) and are layered with
enzyme beads (containing sulfurylase and luciferase) onto a PTP (Figure 19b). The 70-mmx75-
mm plate is an optical device containing 1.6 million wells at a diameter of 29 um per well. The
device is centrifuged to deposit the beads in the wells. The layer of enzyme beads ensures that
the DNA beads remain positioned in the wells during the sequencing reaction. The bead
deposition process maximizes the number of wells that contain a single amplified library bead

(avoiding more than one sstDNA library bead per well).

The PTP is placed in the FLX Genome Sequencer. The fluidics sub-system delivers sequencing
reagents (containing buffers and dNTPs) across the wells. The four nucleotides are added
sequentially in a fixed order across the plate during each sequencing run (Figure 20a). During
the nucleotide flow, millions of copies of DNA bound to each bead are sequenced in parallel.
When a nucleotide complementary to the template strand is added to a well, the polymerase
extends the existing DNA strand by adding nucleotide(s). Addition of one (or more)
nucleotide(s) generates a light signal (Figure 20b) that is recorded by a Charged-coupled

Device (CCD) camera in the instrument (Figure 20c).

Figure 20. Sequencing includes the flow of the four nucleotides (a), always in the same order. When one
nucleotide adds to the DNA template, a light signal is generated (b) and it is reordered by the CCD

camera (c).
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The signal strength is proportional to the number of nucleotides in a single-nucleotide flow; for
example, homopolymer stretches, incorporated in a single nucleotide flow generate a stronger
signal than single nucleotides. However, the signal strength for homopolymer stretches is
linear only up to eight consecutive nucleotides, after which the signal rapidly falls off. Data are

stored in standard flowgram format files for downstream analysis.

Pyrosequencing is based on chemiluminescent detection of pyrophosphate (PPi) released
during polymerase-mediated dNTP incorporation. ATP sulfurylase quantitatively converts PPi
to ATP in the presence of adenosine 5 phosphosulfate. The ATP acts as fuel for luciferase-
mediated conversion of luciferin to oxyluciferin, which generates visible light in amounts
proportional to the amount of ATP (Figure 21). The light produced in the luciferase-catalyzed
reaction is detected by a camera and analyzed by dedicated software. GS-FLX analyses the
signal-to-noise ratio of each dNTP, filters according to quality criteria, and subsequently

algorithmically translates the output data into a linear sequence.

Figure 21. Pyrosequencing reaction (APS, adenosine 5 phosphosulfate).
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1.3.3 Data analysis and error rate

The NGS experiments generate high volumes of data requiring a complex, powerful data-
pipeline system for storage, management, and processing. The main feature of the data
pipeline is the computational conversion of image data into sequence reads, known as base
calling. First, individual beads are identified and localized in image series. Image parameters,
such as intensity, background and noise, are used in an algorithm to generate read sequences

and error probability-related quality scores for each base. The flowgram obtained after an
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experiment is similar to Figure 22. A four-NT calibrating sequence (TCAG) is incorporated in the

amplification primers.

Figure 22 Flowgram obtained after a pyrosequencing reaction. According to the quality criteria and the

algorithms, the data is translated into a linear sequence output.
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Specific 454-platform data-pipeline software is available (Amplicon Variant Analyzer, AVA,
Roche). However, there is a need for more advanced software with specific statistical tests
that include incorporation of ambiguous bases into reads, improve removal of poor-quality
bases, and filtering of mismatch sequencing errors (more information about the filter applied
in the present work is described in the Annex, third study). Recently, G to A hypermutations

have been identified in HBV UDPS reads (60).

NGS error rates depend on several factors, such as signal-to-noise levels, cross-talk from
nearby beads, and dephasing. Accuracy in NGS is achieved by sequencing a given region
several times, thereby contributing to deep coverage. In the case of sequences longer than the
maximal sequencing length allowed by 454 technology, an adequate number of overlapping

reads is required to assemble, align, and analyze the data.
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2 FIRST STUDY: HBV core region variability: effect of antiviral

treatments on main epitopic regions

2.1 Hypothesis and Aims

2.1.1 Introduction

The first study was designed to analyze Core gene variability under different conditions. HBcAg
contains various regions that can stimulate the host immune system. The most important
epitopes are Th50-69 and B74-84, but the entire Core gene has regions able to activate the
immune system (22-25,27,28,65,66,114). The Core shows the least overlapping of all genes in
the HBV genome and this enables accumulation of mutations all along its sequence (115). The
hypothesis of this study was that selection of mutations in the Core gene might be an
alternative mechanism for HBV to maintain its viral fitness. Disease progression is related to
Core gene changes (116-118), which have been particularly described during interferon (IFN)

administration, indicating a possible treatment escape mechanism (119,120).

The study was focused on determining the effect of Nucleos(t)ide analogues (NUCs) under the
assumption that they have little or no immune-stimulating activity (121). It must be kept in
mind that when an optimal antiviral response occurs, viral antigen production is maintained.
Therefore, immune stimulation may continue to act against these antigens. We postulated
that selection of mutations in the Core gene to escape treatment might be a complementary
or alternative mechanism to mutations in the polymerase gene that confer resistance to
treatment. In addition, other viral factors might interfere with treatment response, such as
mutations in the preCore region that abolish HBeAg expression, or the HBV genotype. The
absence of HBeAg could induce alternative immune responses, such as lymphocyte activation
against Core epitopes. At the time the study was designed, we postulated that an absence of

HBeAg expression might induce greater Core variability.

The cases of HBV inactive carriers (ICs) from our area are of special interest. These are patients
with persistently low rates of HBV replication and low ALT levels. We hypothesized that these
cases might select mutant Core viruses with low HBV replication capacity also able to evade

the host immune system.

46



UFirst Study

2.1.2 Hypothesis

The virological, biochemical, and histological differences between ICs and chronic hepatitis B
(CHB) patients might be reflected by differential selection of changes in the Core gene.
Moreover, the effect of NUCs on Core gene variability might be different from that occurring

with IFN treatment.

2.1.3 Aims

1. Evaluate the selection of changes in the HBV Core gene in three epitopic
regions (Th28-47, Th50-69 and B74-84) and in a conserved region (AA1-11) in

baseline samples of HBV-infected patients.

2. Establish a comparison between the number of changes selected in the Core

gene in chronic hepatitis B patients and in inactive HBV carriers.

3. Analyze changes in the Core gene under IFN treatment and compare them with

the changes under NUCs.

4. Study possible associations of main preCore variants and HBV genotype in the

evolution of the Core gene.

2.2 Summary of the study

Amino acid variability in specific HBV core gene regions was assessed in HBV-infected patients.
To evaluate this variability, a fragment of the Core gene from nt position 1800 to 2559 was
directly sequenced. Four regions were considered for this study; a region delimited by amino
acid 1 to 11 (AA1-11), reported as highly conserved (122), a minor Th epitope from amino acid
28 to 47 (Th28-47) (24), the main Th epitope (Th50-69) and B lymphocyte epitope (B74-84)
(22-25). Only 4 inactive HBsAg carriers had HBV DNA levels that were high enough to amplify
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the Core region. A total of 76 CHB samples were selected and several sequential serum
samples were studied. In some patients, different samples were available and all were
included in the study, in order to obtain data during treatment-free (TF) periods or following
administration of IFN, lamivudine (LVD) or adefovir (ADV). The following samples were

included: 23 in the TF group, 22 in the IFN group, 39 in LVD patients, and 17 in the ADV group.

Core gene variability was established by detection of amino acid changes in the serum samples
analyzed. Each sample was compared with the previous sample, and the baseline sample was
compared with the consensus of the corresponding HBV genotype. For example, in a genotype
A CHB patient with 3 samples (baseline, TF, and LVD), the results of sequencing the LVD
sample were compared with the TF results, sequencing of the TF sample was compared with
the baseline sequence data, and the baseline results were analyzed according to the consensus

sequence of HBV genotype A.

Detection of an amino acid change was scored with 1 point. The number of changes in each
sample was expressed as the percentage of changes per group (%N) and the average of
changes after a standardization of 12 months (Av12), attending to the time of infection or the
period between the samples analyzed. The results of the standardization are presented in

Figure 23.

Figure 23 Standardized results of the changes detected in each group analyzed.

@ Baseline d IC B Treatment free® IFN B LVD B ADV

AAT-11 Th28-47 Th50-69 B74-84
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Baseline variability was assessed in 185 samples included in the study. At baseline, the %N and
the Av12 detected in the AA1-11 region was significantly lower than in the three other regions
analyzed (p<0.001). No differences in Core variability were observed between genotypes. In
contrast, HBeAg-negative cases showed higher Avl2 in Th50-69 and B74-84 than HBeAg-
positive patients (Th50-69, p=0.04 and B74-84, p=0.06). Indeed, cases carrying the main
preCore mutation (G1896A) presented higher variability than the wild type (Th50-69, p=0.07
and B74-84, p=0.02). Patients with changes in B74-84 had higher HBV DNA levels than patients

in whom B74-84 was conserved (p=0.04).

TF samples were included to evaluate the natural evolution of the HBV Core gene. The changes
detected in TF samples were compared with those in the previous baseline sample. The TF
group presented the higher percentage of changes and higher Av12 variability in the Th50-69
and B74-84 regions than in Th28-47 or AA1-11. This high variability in Th50-69 and B74-84 was
also detected in samples under IFN, LVD, or ADV treatment. However, the highest Av12
changes in epitopic regions were detected after IFN (%N=73%, Av12=3.1 in Th50-69 and
%N=86%, Av12=2.7 in B74-84). Interestingly, changes in the Th28-47 epitope were significantly
higher after LVD or ADV than in the treatment-free period (%N LVD vs. TF, p=0.04 and %N ADV
vs. TF, p=0.01), possibly indicating an alternative immune system activation than that observed
in natural evolution or even after IFN treatment. In addition, a comparative analysis was
performed in patients with a treatment-free period followed by treatment with IFN, and it was

confirmed that variability under IFN was localized in the main epitopic regions.

After TF, IFN, LVD or ADV, Core variability showed no differences according to HBV genotype
(A and D). Nor did the main preCore mutation present significant differences, except under the
effect of LVD: cases with the wild-type preCore mutation showed higher Av12 variability in
Th50-69 (p=0.03) and B74-84 (p=0.08) than cases with the main preCore mutation. As to the
specific mutated Core positions, codons 74 and 77 were the most polymorphic ones, and the
E64D-N67T double change was significantly observed. Codon 84 substitutions were mainly

associated with IFN treatment (p=0.05).

A comparison of CHB patients and ICs was performed, but the number of IC patients included
was small because of their low viral loads. Despite this limitation, a higher variability was
detected in the Th28-47 region in IC than TF samples and higher variability in Th50-69 and B74-
84 in IFN than IC. These differences might indicate alternative mechanisms of Core variability

to evade the immune response in the ICs.
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Based on our results, it was concluded that baseline variability in the Core gene was mainly
detected in the main Th50-69 and B74-84 epitopes. HBeAg-negative baseline samples
contained most of the changes in Th50-69, indicating that this region may be enhanced by the
host immune response during HBeAg loss. We also postulate that the high variability in the
B74-84 epitope might confer a mechanism to escape the immune system because baseline
samples with changes in the B epitope had higher HBV DNA levels than samples with a

conserved B74-84 region.

The natural evolution of the Core gene showed highest variability in the main epitopes, but the
AA1-11 region was the most highly conserved of all the different groups, baseline, TF, IFN, LVD
and ADV. Treatment-induced substitutions in the HBV core protein were particularly frequent
under IFN. The main preCore mutation showed no effect on Core variability, except for cases
under LVD treatment, which presented lower variability than wild-type preCore, possibly
explaining seroreversion of HBeAg during LVD treatment in some patients. We observed some
immune-stimulating activity related to the minor Th28-47 epitope under NUC treatment,
indicating possible maintenance of viral protein synthesis. This was also observed in the IC

group, suggesting a possible alternative mechanism of immune escape.
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HBYV core region variability: effect of antiviral
treatments on main epitopic regions
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Background: Amine acid (AA] changes in specific hepatitis
B core antigen [HBcAg) regions were assessed in patients
infected with chronic hepatitis B (CHB) after a 12-month
untreated period and after receiving antiviral therapy
(imterferon, lamvudine or adefowvir dipivoxi), and in inac-
Eiwe hepatitis B surface antigen=posilive carricra,
Methods: Samples correspending o different time points
in 76 CHH cases (B4 on-lrealment) and 4 inacloe carri-
¢rs were included. The main precare mutation, T=helper
immunpdominani epitope al AA &0-B8 [ThAD-69]), minor
T=helper epitope (ThZB-47], B=-cell immunodominant
cpitope [BT4-84) and a conserved region of HBoAg at AA
1-11 [AA1-11) were dircctly sequenced. For comparisons,
the average number of AA changes in each region was
standardized to 12 months [Av12)

Results: AR changes clustered mamly in immunodomi-
nant regions [(69%). The highest pereentage of cases (%)
with changes and highest Av12 changes were delected

after interferon  treatment (Rn=73%, Avi2=31 in
Th50-69 and %on=86%, Av12=2.T7 in BT4-84). At basc-
line, immunodominant regions had higher Av12 changes
in hepatitis B e antigen-negative patients and those with
main precore mualations. Changes in the ThXB-47 regian
were more fregquent after nucleoside/nucleotide analogue
treatment (40%) than before treatment (9%). Codans
74 and 77 were lhe most polymorphic, and Lhe doulile
change EG4D-MGIT was significantly observed. Codon
84 subshiulions were mainly assoctaled with milerferan
treatment (P=0.05).

Conclusions: Maturel and treatment-indeced substi-
tutions in HBV core pratein, acourring especially with
interferon treatment, were characterized. Some immune-
stimulating activity related to the minor Th28-47 epitope
might be associaled with pucleoside/nudeatide ana-
logues: this sctivity was also scen in insctive carricrs.

Introduction

The HEV DMA core region encodes the hepaticis B
core anvigen (HEcAg), the viral capsid component
and hepatitis B ¢ antigen {HBeAg), a secreted non-
particulate form of HBeAg [1,2]. HBY 5 not directly
cvtopathic; the cellular immune response 15 believed
to be responsible for the pathogenesis of the disease
Infecred hepatocytes are recognized and destraved
by HRV-specific cyromxic T-lymphocyies, which ac
against peptides bound to human leukocyte antigen
(HLA) type-1 that 15 expressed an the cell surface [3,4].
Resolution of acuwte HBY infecrion is associated with
a mulospectic CD4* T-helper and CDE' cyviotoxic
Telymphocyte response [5]. Development of chromc
hepatiis B (CHB) infection s associated with poor

TN b e ool | R Posid 1 355 8535 (o] 30600 2068 [3alng]

establishment of the immune response during the
acure phase [4,6].

HBeAg and HBcAg, which share 2 large number of
amne acids (AA) and some Cpitopes for B- and T-cells,
are mmportant targers for antiviral mmuniy |[7-9]
HBcAg, which s more immunogeme than hepanos B
surface antigen (HBsAg ) and HBeAg proceins, is & major
target for mmmune-madiared viral dearance, 1|1.L||||:.||1g
B-cell, T-helper and cytotoxic T-lymphocyte responses,
The IIIE.'!EIH.‘IEI'-‘iII"EPﬂ.'iFIL CD4 Tcell response has
been identified as the dominant helper response corre-
lating with recovery of HBV infection [4, 10-12]. Sev-
eral epinopes have been sdenofied i HBcAg [11). An
important one 15 the immunodomanant T4 T-helper

v
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¢pitope unrelared w HLA haplotype, which is lecared
berween AA 50 and 69 (Th30-69) [13]. The major
antibody specificities against HBcAg lie on the ourt-
side of the capsid structure, particularly at the tip of
spikes where the main core antigenic loop is located,
including the immunodominant B-cell epitope berween
AA 74 and R4 (R74-84) [9,14,15]. Although HRcAg
concains a large percentage of invariant AA, significant
sequence diversity is seen, predominantly in the capsid
spikes where the rwo immunodominant cpitopes are
located [15]. This varnabilitcy might cause alterations
in the immunogenic core cpitopes by modifying their
sequences, which would decrease HBV recognition by
T-cells and result in a low anuviral immune response,
or even immune escape [4,16,17). HBcAg AA changes
have been associated with viral persistence by influenc-
ing the host immune response and the narural course
of HRV infection [2,9,18,19]. Thes: changes mainly
occur in immunodommant T- and B-cell epitopes, such
as Th50-69 and B74-84 [10,11,16,19].

The primary goal of antiviral weaument for CHB
infection 1s sustained suppression of HBV replication
and remission of liver discase. The antiviral effect of
interferon [IFM} is mainly based on enhancing the cel-
lular immune response against infected hepatocytes by
ncreasing expression of major histocompanbility dass
I anugens and sumulaung the activicy of T-helper cells
and natural killer lymphocytes [11]. Selection of HBcAg
chanpes caused by IFN pressure or during natural sero-
conversion mainly occurs in immunodominant T- and
R-cell epiropes recognized hy CN4* T-hel per cells or by
B-cells, and 1s considered an immune escape mecha-
nism [12,16,19]. A large number of nucleoside/nucle-
otide analogues that act as HBV reverse wranscriprase
inhibitors are currently available to treat CHB [20]. To
date, there are no studies investigating the relationship
berween emergence of AA changes in HBcAg epitopic
regions and nucleoside/nucleotide analogue treatment.

The aim of this study was to evaluare a selection
of HBV core gene changes in three epitopic regions
(Figure 1): the main CD4 Tcell recognivion sire
(Th50-69), the main R-cell site (R74-84) [13,21,22]
amd a mmor T-helper cell recognivon site between AA
28 and 47 (Th28-47) [21-23]. In addition, we exam-
ined a conserved region of HBeAg from AA position
1-11 {AA1-11) [15]. These core regions were analysed
in CHB patients with persistent viral activity and in
macuve HBsAg-positive carriers. In CHB pauents,
selection of changes in the core nucleotide sequence
was examined at baseline and in several additional
serum samplas: after a treatment-free period, and after
non-response to IFN, lamivudine (3TC) or adefovir
dipivoxil (ADV) therapy. The role of the G1896A HBV
precore variant and HBY genotypes in selecing HBV
core changes was also analysed.

k]
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Methods

Patients

A retrospective study was carried out in 76 CHB
patients dia\gnosed and followed -up In our centre {Vall
d'Hebron Hospital, Barcelona, Spain). In addition,
a proup of 20 inactive HRsAg-positive carriers were
amalysed for incusion n the swudy Inacuve carriers
were defined as follows: HBsAg-positive, detection of
antibody against HBeAg (anti-HBe), normal alanine
aminotransferase levels and low rates of wviral repli-
carion (HEV DNA=4 log,, copicsiml) over the envire
duration of known infecrion. Because of the study
requirement to amalyse two samples at different time
points, anly four inactive carriers who had HBV DNA
levels between 3 and 4 log,, copies/ml afrer 12 months
were included in the study.

A roral of 185 serum samples from the 80 parients
enrolled i the study were analysed. These ncluded a
baseline serum sample from the 76 CHB patiems and
serial samples corresponding to varicus ume points,
which were classified as the trearment-free period group,
the IFN, 3TC and ADV tcatment period groups, and
the inactive carrier group.

To evaluate the narural evolutien of the HBV viral
quasispecies, 23 of the 76 CHB pauents, all of whom
had remained unweated during a period of ar least
12 months, were selected. Samples obrained after this
treatment-free perind (that is, before any trearment was
iniviated) were analysed as a separate group. In roral,
21 of rhese parients were later rreared with one of the
study drugs, and samples from these pavienes ac the ume
of non-response to therapy were included in the patient
samples for the various treatment groups.

Overall, 64 patients had received treatment or were
under treatment, as sequential monotherapies in all
cases. A total of 35 parients were HBeAg-posituve, and
6 (17%) of them had a toral loss of HBeAg during 3TC
therapy. Both the HBeAg-positive and -negative patients
had documented CHB and persistent HBV DNA serum
levels 24 log, copies'ml over the enrire study period.
The 22 parients rreated with TFN had heen selecred
because all were noncresponders w this  therapy.
Although all of these patients received various therapies
afrer IFN, the subsequent treatments were analysed in
only § cases; the remaining 17 patients were analysed
only after IFN treatment. A total of 26 patients received
only 31C, and 8 were treated only with ADV. Another
13 patients ware sequentially treated: 4 treated with
IFN followed by 3TC, 1 treated with IFN followed first
by 3TC and then by ADV, and 8 teated with 3TC fol-
lowed by ADV. Thus, a toral of 22 wearment periods
corresponding to the IFN perind, 39 corresponding 1o
ITC and 17 corresponding to ADV were analysed. The
serum sample for the IFN treatment group was taken
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Figure 1. Core protein sequence from the consensus sequence o° genotype A
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The four regiors anaysed [AA1-11,ThiB-47, Th50-€3 and B74-83] are shown (n boxes.

& months after starring therapy, and the samplas far
3TC and ADV werce drawn at 212 months after starting
therapy or when a lack of response was evident. IFN-
treated patients received [IFN-c2b (Intron-A% Schering-
Plough, Kenilworth, NJ, USA) at 5§ million units/day
for 24 weeks or pegylated IFN (Peglntron®™; Schering-
Plough) at 180 pgiweek for 24 weeks, depending on
the year when therapy started. Patients with nucleoside/
nucleotide analogues were treated with 3TC 100 mg/
day (Zeffix®; Glaxo Wellcome UK, Lud, Uxbridge,
UK} or ADV 10 mg/day (Hepsera®; Gilead Laborate-
ries, Foster Ciry, CA, USA). The main demographic,

Antiviral Therapy 16.1

binchemical, viralogical and histalogical dara of the
study patients arc shown in Table 1.

HBV core region analyses

Four HBV core regions were analysed longitudinally,
These included three epitopic regions of HBcAg,
Th28-47, Th50-69 and B74-84 [12,13,20-23], and
the conserved region, AA1-11, in the N-tarminal region
of 11BcAg [15] (Figure 1}. A total of 185 serum samples
were studied. Baseline sequences were compared with
consensus sequences established for each genorype by
alignment of 185 complete GenBank sequences of HBV

»

53



[First Study

M Home ct ol

Tabde 1. Demographic, brochemical, serlogical, wiological and hatologeal data of 4 inactive HBsAg cariers and 78 patients with

CHE nfection al baseline, and after the various periods studied

Charactenistic Bascline [n=/6) IC [ =) TF [m=21] M [ m=22] ITC [ 1) ADV [n=17)
Median age, yoars |rangd 40 [15=109 a5 [42-53)" 43 [24-B2)" 40 |24-KE]F & 1= &7 [27-55]
Made 1o, m i) 1 (o] 2 [a) 17 [14] [ET[15] 1 (o) 15 [8a]
Liver hicpay®

CHH, n - k| I & ] 5

LC, m - 1 [ - 1 )

HCE 2 - - . 1
Honitype

A %) 100 11§67 37 [13) B 138) 12 (58] 13 (60

0, n (%) 129 43 38 (53] 14184] 17 (44 & (18

F. o l%) 5} L 1) o a 115)
HEehg-poitive, o [5) I5 [4E) [ 17 [53) 118} 10 (78] 1 53
PC wasianis

W, 9] 2 (501 10 (48] 34 [45] Tl 4 [61) 10 58]

M, m %) 11501 10 [48] w51 14 53] 14 (28] 6 [35]

WL o ) - 104) 34 I 1(3 116}
Median AT, ILml farge] a7 [E1-T00 257 [14-40) Wi [54-453] A2 [E3-513) £3 [45-280] Bl [47-30)
Medizn HEW DA, B9 [4-12) 1.3[3-4] o8 [4-5 54 [5-8] 6 (a9 5.3 [4=7]
Ingy . copiesjml [range]
Median time of infection ar ¥a [12- 10a) 132 (04204 14 [12-300 i [-12] 12 [12-20 17[1z-18)

treatment, mant ks [range]

gt 0l Lhi begmmng o Lhe perad. "Livir bopiy perforeed doring bhe peeied e |1 P ci lonl bepdlilo B ¢ anbigen [HBeAg] afler limovad me (110) bepilreinl
i,

ADY ar s mogremm ;AL u BAiAE e nok el

. cnenair arthe Arpanea: 048, enemsr hegaais B; By hegatitis B wifere ansges HEC. hegwioee] ki

eingmi; K, mactd fderier; IFN ineerieaac LT It Sirvbons; W1 reutsbnd fsem of il pebroe s malsdion (410G T, precaer stguseg W, wild - tyger Frem af maiin
preaE s 18961 W, deteetion of both wid-type §0d salBlion ia mln prittes sutilios (08 TRG]E TF, tr#meal - T pensd

penotypes A 10 H. Only sequences obtained from the
genoty pes adentafied m the study patients (A, D and F)
were used in this analvas. Sequences obrained ar the
beginning and at the end of each study conditson period
in each pavient (erearment-ree, following IFM, 3TC or
ADV treatment, and inactive carriers) were compared.

To enable Proper Compansons, the average aumber
of AA changes i each region and study condition
period were standardized 0o 12 months (Av12} as
follows: number of AA changes divided by months
i the peniod and mulaplied by 12, For the baseline
sequences, the known time of infection o baseline was
used in the Av12 caleulaton. The standardized resules
were alse averaged for each group. Baseline samples
amd the 12-month treatment-free 'ani||1c-.-n were el
a5 a measure of the narural evoluion of the virus, The
rationale for this standardization step was based on
the knowledge thar viral evolution 15 a time-depend-
ent process, and in this way maore comparable resules
could be obtained. For example, an observarion of
3 changes in & months is not the same as 3 changes
in 12 monchs, and patients were weaced for different
periods of time. The selected patients receiving IFN
were treated for only & monchs (a8 was recommended
ar that time}, whereas samples from the remaining
paticnts were collected at 212 months, Standardiza-
vion v 12 months was done o enable observation

H
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of AA substiturions even i periods when less varia-
won was expected (for example, in the reatment-free
periods) and in the most conserved regions. The Avl2
changes were statstically analvsed for each regon
and srudy condition period {rrearment-free, following
IFM, 3TC or ADY treatment, and inactive carriers).
Resulis are J:.'tprlr:uql as the mean and range.

Serological and virological testing

HBsAg, HBeAp and anti-HBe were determined by FIA
{Ortho Chinical Dhagnostks, Amersham, Buckimgham-
shire, UK}, HEV copy number was quantified by real-
ame PCR wang the LighCyeler system (Roche Dhag-
nostics, Mannheim, Germany) with a detecdon limic
afl 3510 copaes’ml, as previonsly described [24]. HRV
genotyping was performed by sequence alignmenr, as
previously described [25].

Amplification and scquencing of the HBY core region
HBV DMA was extracted from serum by QlAamp
miicrospin columns (OQlAamp DNA Mini Kit, Quia-
gen, Hilden, Germanyl, according to the manu-
facturer's itructions, A 760 bp DNA fragment of
HBY, locared in the precore-core region of the HBY
genome, was amplified by nested PCR using specific
primers. Fiest PCR: sense primern, nucleotides 166 2-

1681; FACTATAAGAGGACTCTTGGACT-37
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and  antisense  primer, nucleotides 2912=2931;
FECTGTTCCCAAIGIGAATA(AIMIGGTGA-3".
Mested PCR: sense primer, nucleotides 1800-1812,
$-CCC{A/C)GTAAA(AIG)TT(CITICCCACCT-
TAT-3' and anvi-sense primer, nudeovides 2340-
2559, F-GGCTGTAGGCATAAATTGGT-3'. This
fragment includes nucleowide 18%6 of the precore
region, in which a change from G wo A abolishes
HBeAg expression.

Sequencing was performed with the Baig Dyve Ternu-
nator version 1.1 Cycle Sequencing Kir (Applied Bio-
systenms, Foster Ciry, CA, USA) and nested primers.
Products were analysed with che ABl Prizm 310 auro-
matic genome analyzer {Appled Biosystems) and the
consensus sequence of each pacent was obtaned.

Statistical analyses

Campansons between quaniiabive vanables were per-
formed using the Studene’s r-vest or Mann—Whimey U
test (berween groups), and the Wilcoxon signed-rank
test {within group). Qualicative variables were come-
pared with the Fisher's exact test and MeMemar's test.
Differences were considered statistically significant
at Pevalues of <005, We aleo examined the possible
significance of HBY genotypes and mutant forms of
the precore regwon. All stanstical analyses were per-
formed with 5P5% version 15.0 for Windows {5P55
Inc., ﬂhil.':gu. IL., LUsA)

Results

A roral of 185 sequences were processed. The changes
observed in ¢ach codon of the four core regions of the
six groups amalysed (bascline, rrearment-free, afver
IFH, 3TC, or ADY, and inactive HBsAg-positive car-
riers) were standardized 10 12 months (Av12). Adver
standardizing, the mean number of changes in the four
regions studied for each group was caleulaved, with the
followmg resulis: 3.4 m the CHE baselme samples, 1.5
in the mearment-free period, 7.6 after [FN trearment,
2.3 afver ATC trearment, 3.2 after ADV treatment and
3.5 in imacrive carrier paricns (Figure 2.

AA analbyses in bascline serum samples

Sequences from the 76 CHB pavents obrained a
baseline were analysed vo assess the prevalence of AA
subsutunons n che three cpiopic regrons and con-
served AAl=11 region. AA changes were compared
with comensus sequences, relatwe  the known
vime of infecrion. The percentages of CHB cases
with changes in epitopic regions (37% Th28=47,
$5% Th30-A? and 39% R74-84) were ]'Ii_[e,htr than
the percemtage in rthe conserved region (9% AAL-11;
Pe.001; Figure 3A). The Avl2 changes were also
lower i AAL=11 than m the three epiopic regrons

el e @l Therigw TR

[First Study

Matural and treatment-i nduced changes in HEY cor protein

(P<0.001), with the minor Th28=47 regon being
less wariable than the two mmmunodommant epriiopes
{P<0.001; Figure 3B). 5ix of the seven most variable
cocdoms { Av] 2201} were clusiered in the immunodo-
minant epitopes (Figure 2}, Regarding HEeA g starus,
a higher number of Avl2 changes in Thi0=-£9 were
observed in HBeAg-negative cases than in posidve
cases (mean [range] 1.34 |0-6] versus 0.49 [0-4);
P=0.04) and a trend towards more substitutions in
negative cases was seen for B74-84 (mean [range]
1.21 [0-6] versus 0.8 [0-6]; P=0.06), Mo differences
in Avi2 values were found between genorypes A and
. Regarding che presence {murant) or absence {wild
type) of the main precore mutation G18%6A, a sigmili-
cant dafference in Av12 was observed in the B74-84
region (mean [range] 0.43 [0=2] wild type versus 1.35
[0=&] mutant; P=0.02) and a trend approaching sig-
mbficance was observed in the ThS0-&% regron {mean
|ramge] 0.7 [0-6] wild type versus 1.13 [0-4] muranc;
Pa.07). In both cases, the highest Av12 value cor-
responded to mutant cases, Patents with changes in
the B74-84 region showed higher HBY DMA levels
{mean [range] 6.9 [4=12] log,, copresiml) than those
withour alwerations in this region (mean [range] 5.8
[4=2] log,, copiesfml; P=0.04).

AA changes and their relationships with absence
of treatment, antiviral therapy and inactive HBsAg
carrier status
The &4 treaved CHR patients (includmg 22 [FM-treated,
39 3TCorreared and 17 ADVerreated samples), 23
rreatment-free period samples, and 4 inacrive HEBsAg-
positive carriers were included in this analysis, Baseline
and trearment-free samples were used 10 examine the
natural evolution (that is, without drug administration)
of the viral quasIspeces |.|l|r:ir|g CHR infection. Percent-
ages of cases with changes and starstcal signibcance
in the compansons between proups amd regions are
shown in Figure 3A, In o significant percentage of trear
mene-free samples, changes were selecred in the epitopic
regioms, mamly i the two immumedoninant enes {5 2%
in Th30-69 and 56% in B74-84), ar values similar wo
those observed at baseline and after 3TC or ADV treat-
ment, but lower than those recorded afver IFN lhernp}-
{72% in Thi0-8% and J6% m B74-84). Stavistical dif-
ferences betweentrearment-free and IFN cases were only
found m BP4-84 (Fal04); however, che percentage of
chanpes in the minor epitope Th28=47 was higher after
ATC amd ADV (36% for 3TC and 47% for ADV) than
in the reatment-free group (9%; F=0.03 and F=0.01,
respectivelyl. Percentages of changes in B74=84 were
'\igll'irl.':lﬂlt‘f hiﬁhzr afier IFM [IIH’:I'.‘I"’ than after 3TC ar
ADV (P=0L01 and P=0.03, respectively),

Amnalysis afver standardizavion 1o 12 months showed
that m the natural evalution of the wml quasispecies

ar
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Figure 2. Av12 for cach position at baseling and in cach study condition period

Basnbne (n=T8)
us |
TR i :
2 as i 1 l 1
i1 . I Egg ag-on nﬂﬂ.u.ﬂ.n-.ﬂﬂ.ﬂ.ﬂ_ﬂi[l_ﬂﬂ.ﬂ.ﬂ.uﬂ.ﬂﬂﬂ

It agidtE s NS tNaTREE S A RS
Amindg acid position

]
¥

Inactive carmiers (n-d) =
[ ] [

(-1 ]
T

e e Y e L L P e T T D

Aming acid position
Treairment fres (n-23)

Ef,l

El}ll‘i :

T

1

1

|

N oa 4 ! !
|

I

[ 5] |
]

1

|

FhRn e S R AAIRAERAT ST ITISESAEINRE ===u==:=:u==-=="'=i o2
Aming acid positsan

Ll

Intierfismn (=22}
as
LT

Lol ]

1 Sl I

"'"""""""”':tﬂﬁhﬂiﬂlﬁ IHF!I#*!HE-'%!#*-E*S-IH I#‘-::IE‘!Z‘EEHEHE:
Aming ackd posilion

Lamivuding (n=34)
ns

fid
i E |
E ne
o1
[

_H"'-'-"-E:::H;:::=:-&='3#==:==1=m“===: ARISEIIZISIERTECREZSLIOS

Amine acid pasliben
Adefowir Apivdwl =17}

(-1 ]

z
o
A
PR e
-

- iEEREE i fER H H BEH HBpHA | HE B . F fE § B pEd _DH BE i i
AR E e R R R R AN IR AR TS YT TT RSN A IR R AIES IS I IEREEERER A S

Amino ackd position

Mevosas mdeaie bhe main amno ecid geton n seerned i Besalis A2 dhe WRETAGE fiufbEd of eminy ar vasalibuioea stand e e 1o e | Do maai geasl

LE SNt iseemasosal Mesieal P

56



{rreatment-free groupl, the AAI=-11 region was con-
served [no substituriong were found), whereas in the
three epitopic regions, AA substitutions were selected.
Differences between the AAL1-11 reEg I and the
Thid=69 (P=0.01) and B74=84 (P=0.001} regions were
sigmificant, In relaton o antiviral therapy, Avi2 val-
ues afrer IFN sreatment indicated substannal conserva-
tinn of Ad1=11 compared with the ather thove regions
{P=0,05 ), Differences beewsen Th28-47 and Thi0-59
were also observed (20,05}, but oot batween Th50-s2
and B74-84. After 3ATC trenrment, a large number of
sulvtrutons were detected m the B74-84 epiope, with
significant differences compared with the other three
regioms (P<0.05). Afver ADY reatment, there were o
differences berween Av12 changes for the four regions
studied, alchough a difference approaching sgnificance
way [ound hetween R74-84 and AAL-11 (P=007).
When the three amriviral therapics were compared (Fig-
ure 3B}, the Av12 was hagher in the mmmunodommant
Thi0-69 and B74-84 cpmopes following IFN than
after 3TC or ADV l]'u‘:np'_r (P=0U05). Sumdar resulis

[First Study
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were found when the IFN group was compared tw
the rreatmene-free group (P=0.001). Afrer ADV rroar-
ment, the Av12 was significancly increased in the minor
immumadommnam Thig-47 TERIT I COMpPArrein with
the treakment-free samples {P=0.04; Figure JB).

In the CCHTLprar s between 1pactive carriers and
CHE pacients, differences approachmg significance
were found 1 the immunodominant regrons Th 30-69
(P=0.05) and B74-84 (P=0.06) between samples cor-
respanding to IFN therapy, and in the Th2B=47 region
anly m the treatment-free samples (P=008). A toeal of
2 of the 23 treatmem -free patients presented reactiva-
rion episodes; however, no significane differences were
found in the pattern or number of AA changes relative
o panents in whom reacuvarions were noc observed,

Patient-by-patient comparison of AA changes

between the treatment-foee period and following IFN
Ta confirm a greater selectoion of AA changes m the
two immunsdominant epitopes during [FMN therapy,
! p:ti!:nl-hf-p:l!:nl comparative ::lll.l!rﬁ'rl of these

Figure 3. Percentage of cases vath amino acd changes and Av12 at baseline and o different study condition penods
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regrons was performed an 16 patients who were
trearment-free for =12 months before starring IFM.
The sulstmonons observed in the almence of treat-
ment were compared with those derected afer 1FN
therapy {(Figure 4). As was seen in the overall long-
tuchinal study, this analyse showed significane daffier-
ences in the Av12 number of AA changes bevween the
IFM-treated and mearment-free period in the Th 50-89
(P=0102] and B74-84 (P=0.01] epiopes. [hiferences
were also significant relative vo baseline (P=0.003 for
Th30=69 and P=0.04 for B74-84).

Maost commaon AA changes and their refationships
with absence of treatment, antiviral therapy and
inactive HilsAg carrier status
In the wtal populaton, eleven codons showed 210
absolute AA substunons, The distmbunon of these
changes and their stabiliey in the various srudy con-
ditions are shown in Table 2. More than one type
of substitution was observed i each positmon, with
codon 74 being particularly polymorphic (V/N mainly
changed to A but alse o Dy K, H or I}. The larg-
¢t numbers of substitunons were in codon 77, with
36 changes, and codon 74, with 33 changes. A toral
afl 31 of the 87 substiunons ohserved in these s
rions at baseline were seen to persisc afrer the various
study periods (thres after the reatment-free peniod,
IFM, amd lascly, 3TC Ij'IEﬂ.FY]. In the :E\qm:lliﬂ study,
103 AA changes were selecred: 16 (mean 0.8) afrer
the treatment-free period, 10 of which remamed afrer
treatment {the N74A change was stable after IFN,
ITC and ADV therapy), 29 (mean 1.3) afver [FN, 36
(mean 0.9) after 3TC and 22 {mean 1.3) alter ADV.
The most prevalent AA subsrirurions in CHB parvienrs
were 24 EF70, 13 NAVF4A and 13 EadD; TeTN was
alw observed m & (46%) of the patents with F&4D
changes. In 15 posmions in the regions analysed, the
differences in Av12 values berween groups were signifi-
cant or approached significance (Table 3). Interesungly,
ne differences in the highly varable codon 74 were
observed. All posstrons in which Avl2 changes were
higher after IFM therapy than in the other study condi-
tions were located in the man epitopic regrons, Thi0=-69
and B74-84. OF note, the Avl2 value for codon 24
(subsrrrunions LEACQYR/H] was higher afver IFMN therapy
[AvlZ=lb46) tham in the other groups. Mudeotide substi-
tutions that were signihcantly more commen after ADV
therapy than in the other groups were mainly located
the mmor Th28-47 epivope (codons 38, 41, 45 and 48},
or in the conserved AA1-11 region {codon 3 and 4).
Only one position i the main épitopic regions {codon
51} was more variable following ADY (Avi 2e0.29) than
3TC [no changes; P=0.04 ). Changes in posinon 55 were
the only ones found to be more commaon after 3TC than
after the reatment-free perwd {F=0.05],

™
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Relationships between emengence of AA substitutions
and baseline precare variant at position 1896, HBV
genotype and HBefyg status

Only one CHBE patient showed changes in precose
varant status: wild type was selected from a baseline
wild typefmutant misiure after [FN treatment. Wah
regard oo HBY genocype, genotype A was selected in one
patient after IFM therapy from a baseline A'D genotype
maxture. Mo relationship bevween baselme detection of
the main precore mutarion (GL396A) and selection of
changes in the four core regrons was observed after the
wrearment-free period, 1EN or ADYV therapy. However,
wild-type precore cases under 3ITC treatment showed a
sipnificantly higher Avl 2 value in Th30-62 than mutant
cases (mean [range] 0.72 [0=3] versus 0.18 [0-=2];
P=0.03}p and a nearly signaficans Av 12 value in B74-84
(0.95 [0-4] versus 0.35 [0-2]; P=0L08). Mo assaciatons
were found with emergence of HBV substinwtions for
HBY genotype, HBeAg baseline status or HBeAg sero-

comversion in the different Eroups studsed.

Discussion

An increase i the number of AA substitutions in
HEcAg during chromic HBY disease has been described,
mainly clusrering in the CD4-, CDE and B-cell immu-
nodominant epitopes [17,18]. Although these variants
are associted with persmtence aof chromse mfecion and
sensativity to [FM therapy, their real significance remains
controversial [7,17,21,23 36-28], and their diseribu-
tion does not show specihic patterns [3,18]. The present
study investigated the natural ocumence and selection
af HBY core vanants m treatmeni-free CHR patiems
and those under rreatment (IFM, 3TC or ADV) as the
external evolutionary factor. The effect of IFN has been
reported previously [17,24,29], bt there are no sidies
INVeSHEATNE COPC YATIANMS in patients receiving nuceo-
sidefmucleotide analogues, In the presenr study, HRY
core substitutions were examined while active viral
replication was occurring. Hence, possible associations
ol core nuclerdude |.:1'|r|.ng|='\.' with respome (o0 antivaral
therapy were not derermined.

The study focused on three epitopic régions, includ-
g immunodominant Th0-8% and B74-84, and mmaor
Th28-47, as well as the AA1-11 region. The Th13-27
epatope [30,31], which 15 also located m the 760 bp
precore-core region analysed, was not studied because
of the small number of chanpges detected {only seven
cases; MH et ol data non shown). The baseline analy-
sis devecred a high prevalence of HEV core wariants,
particularly in the immunodominant regions (>50%
of cases), concurrmg with previows reports showing
a hagh rare of core substmunons m HB=Ag-negauve
cases, mainly in the Th30-69 region [16,25,28,29.32),
and 1 cases with the mam precore vanane [18,23.27).

T20T Inlemakional Medal Préda
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Figure 4. Patient-by-patient anabysis of 16 indiveduals who were sampled after TF and FM treatiment
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Talble 2. Amino acid positions with the highest variability observed in this study

Core position® Amino add change

Wild type Y38 E4D H51 Hs2 159 EB4 Mig N4 E?7 Pra L84
Sulstitution s b ¥uaN o LEQ MTF O DS TN ADKMHA QINK QTS Q/RMH
Changes detected in one period

Bascline 4 9 3 2 4 i 2 ! 7 6 3
T - - - - - - 1 2 - 1 2
IFN 1 1 2 2 2 3 2 3 5 1 5
e 2 1 2 4 2 i 8 - 3
HDV k| 3 & 1 - - - 4 4 2 -
Changes retained during

corsccutive periods”

EBastline-3TC = 2 - - 3 1 1 k| 3 3 2
Easeline-TF - - - - - - - - 2 - -
Bascline-TF-IFN 1 2 - - - - 1 1 - - I
Bascline-TF-IFN-2TC = = - 1 = - 1 = - - 1
Bascline-TF-3TC = = - = = - - - - 1 =
TF-IFN 1 1 1 2 I
TF-IFN-3TC-ADY - - - - - = - 1 o - -
TF-3TC - 1 - 1 - - - - 1 - -
IFN-3TC - - - 1 - - - N 1 - -
ITC-ADN - 2 - - 1 . - 2 1 - -
Total changes

CHE n 21 n 10 12 17 1q 2 3 14 18
Ic - 3 - - - 1 1 1 2 - I

Forcach postion the wild-lype fom 3 shown and all substilubions e indicated in tae row showing chinge; the underined amino seid indicates the moat fregquent
chnge (for cxample, for E7 700K, the most frequent chinge o E770). *Changes were deteeted in the fist period indicated inthe rmw of the first eolumn and
retmined through the eonseeutive periods. For example, two E40D changes were observed at baschine and remained in the tesiment-free pericd [TFand the gerisd
under ivterfernn (IFN) treabment [cases 13 ard 15 in Fgure 3], and one N74A change was selected during TF ard remained afiter subsequent IFN, lamivudine (3T0) and
sdefovir d pivosil (ADV] treatments [ezve 4 ir Figurs 3| CHB, chronie hepatitis E; IC, insctive earvier.

Takle 3. Amino acid positions with significant differences in Av12 between the different study condition periodse

First sample Second sample
Codon pesition Period 1 Avl2 Period 2 Avl2 P-value*
&4 TF 0m2 IFN 0486 005
9 TF 004 k1| oog o0s
3 TF o ADV o8 005
4 1F /] ALV 015 o002
41 TF 0 AV 012 004
45 TF )] ADV 018 004
46 T [}] ADV 012 004
£2 IFH 036 31 003 003
] IFN 027 31C oo? 004
i3 IFH 027 3t 003 003
i7 IFN 048 3TC 013 005
&4 IFH 046 3T ooa8 005
4 IFH n ADV nis onz
g4 IFH 0.46 ADV a 004
40 IFH 008 IC 078 om
4 3 0.06 ADV 015 006
8 T 0.05 ADV 018 005
1 imT o ADV 023 003
n T )] IC 023 002
24 ADV o IC 025 o004

Feriod 1 venus penod 2. *Mann-Whitney U test. ADV, adefove dipivoxil; Ar1 2, the sverage nember of aming acd aubstitutions standirdized to 8 1 2-month perad;
IC, inactive esrrizr; FMN, inkerferan; TF, trea tment-free peiod; 3TC, lamivadine.
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All these findings suggest enhanced immune pressurs
againstcore epitopes by HBeAg low, which we wall dis-
cuss later. Interestingly, HBV DNA levels were higher
in patients with AA changes in B74-84 than in thosz
without, in keeping with the findings of other authors
[32,33], but contrasting with a recent study by Sendi
et al. [31], in which AA substitutions were morz fre-
quenr ar low HBV DNA levels, as well as in inacuve
HBEsAg-positive carriers. We suggest thar the presencs
of core AA changes enables HBV to evade immuns
clearance, thereby lengthening the life of the infecred
hepatocyte and increasing the viral populauon. This
would provide the posibibity of mfecong more hepaco-
cytes and ultimacely raise the serum HBV DNA level, as
occurred in our patients,

The natural evolution of the HBV core gene, evalu-
ated in rrearment-free serum samples, yielded the high-
cst variability in the immunodominant cpitopes and
greatest conservation of the AA1-11 region, as has been
described previously [15]. Interestingly, the percentage
of changes in AAl-11, Th28-47 and B74-84 observed
in the inactive carrier group was higher than in untreared
CHDB patients, in accordance with a recent report [31].
AA substrutions in epitopic regions in both untreated
and nactive patients indicate parsistent immune activity
and suggest a viral escape mechanism [16,17,28], buc
the host response seems to differ in these rwo patient
populations. Nonetheless, because of the small number
of inactive carriers included in this study, these results
should be interpreted with caution.

Regarding the effect of anuviral therapy on wore gene
evolution, we found a tendency to conserve the AA1-11
region, although variability was slightly higher than ac
baseline and in wearment-frez periods. The percent-
age of changes in the immunodominant Th50-69 and
B74-84 cpitopes was higher after IFN therapy than
in the remaining treated groups, in keeping with the
expected immune-sumulating effect of IFN [34]. Cora
substiturion selection during IFIN therapy has been
reported praviously [17,24,29]; however, in the present
study, we compared IFN-treated and treatrment-free
periods, as well as the treatment-free and IFN-treated
period in each patient for whom the two measures wers
available. In both analyses, immunodominant regions
under IFN stimulus showed higher variabilicy than the
other combinations of regions and conditions studied.

An increass in spontaneous or IFN-induced HBY
core sequence diversity has also been reported after
HBeAg serocwonversion [28]. Among our [FN-treated
patients, 80% were anu-HBe-positive; thus, the high
rate of AA changes in corz immunodominant epitopes
observed after IFN therapy is consistent with thesz
reported resules. Apparently, changes sslected under
IFN can evade detection and elimination by the immune
system, thereby allowing HEV escape and maintaining

Anliviral Trerapy 16,1

[First Study
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active infection. We found no differences in the rate of
AA changes berween HBeAg-positive and anu-HBe-
positive patients after IFN treavmenr, in conerast o the
findings of Lim et al. [28]. This discrepancy might be
rclated to the differing cthnic origin, viral genotypes,
small number of seroconverters and the fact that only
non-responders were included m our study.

The anuviral effectof nucleoside/nucleotide analogues
is based on inhibition of viral replication by targeting
HBV reversz transcriptase activity. No immunomodu-
latar activity has been described. Thus, similar results
in immunodominant epitopes were expected herween
unereated padients and those reawed with 3TC or ADV.
Surprisingly, minor Th28-47 epitepe variability after
nucleoside/nucleotide analogue treatment was higher
than in the treatment-free period, suggesting stimula-
tion of T-helper CN4* activity againsr this epitnpe. A
possible explanation for these results might be related
to the effect of nucleoside/nucleotids analogue antiviral
treatment, which decreases retrotranscriptase activity,
but not pregenomic HBV RNA production or viral
antigen expression. This could result in an accumula-
tion of immature core particles, which might stimulate
the protecsome, incrzasing production of viral epitopes
and their expression on the hepatocyte membrane, and
ulumartely increasing immune pressure against these
cells. We suggest that changes detected in Th28-47 of
the core region are selected during nuclecsidefnucle-
otide analogue treatment and could confer an escape
mechanism from immure pressure; however, the rea-
son why this theorsucal phenomencn was more evident
in Th28-47 than in the immunodominant epitopes
remains unexplained.

HBcAg and HBeAg are highly cross-reactive at the
T-cell level: the immunodommnant leop, whichincludes
the B74-84 cpitope, is involved in the antigenicity of
both of these proteins |9]. It is known that HBeAg
can contribute to the outcome and pathogenssis of
HBV infection, inducing rolerance in HBcAg-specific
T-cells and reducing their porental o kil HEV-in-
fected cells [35]. In this regard, HBeAg upregulates
toll-like recepror expression in CD4* CD25* T-regula-
tory cells, an action associated with inhibition of the
T-cell response [36,37]. This facior, and the exiswence
of crass-reactive HBeAg/HBcAg epitopes would facili-
tate viral persistence [38]. It can be hypothesized chat
after the main precore variant selection {G1896A),
the HBeAg immune-tolerant effect is lost and HBcAg
epiopes expressed on the hepatocyte surface wme
under the pressure of the immune system. Thus, a
higher number of HEV core substitutions would be
detected in patients with a precore variant, as was seen
ar baseline and reported previously [18,23,27]; how-
ever, these results were not observed in the sequential
analysis of the weatment-free, IFN and ADV periods.

&
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Moreover and surprisingly, after 3TC therapy, the
numbers of AA substitutions in the immunodominant
Th50-69 and B74-84 regions were higher in wild-
type cases than in precore mutant cases. Qur hindings
could explain the reported cases of resclecnon of wild-
type sequences after 3TC therapy [37] as the result
of preferential immunoselection of precore wild-rype
sequences because they have a higher number of core
subsritutions than sequences with precore variants.

Afrer [FN therapy, the most frequent AA substirtu-
tians were in the immunodominant regions, whereas
after ADV, they were similarly distributed between
mmunodaminant and minor Th28-47 regions. Also,
specific changes in the minor Th28-47 epitope (codons
41, 45 and 46 ) were seen more often after ADV therapy
than in the treamment-free period. Both these findings
suggest differenval immune stimulation during ADV
therapy, more specifically associated with this minor
epitcpe. Despite the finding that the substitution par-
terns detected were not specific, some changes were
especially interesting. The E64D substitution in the
Th50-69 region is notable, being observed in all the
periods analysed excepr after ADV therapy. This change
significantly reduces T-cell proliferation m vitro when
linked to T&7N, altering the E_ LMT_ sequence, a
common motif in T-cell epitopes [16]; thus, it 1s selected
by the effect of immune pressure. In our parients, the
double E64D-N671 change was observed mn 46% of
paticnts with an E64D substitution.

The mamn variants observed in the B74-84 region
over the entire study were N74A/D and E77Q, which
were similarly distributed berween the baseline and
sequential groups, indicating that ther selection was
not the result of specific evolutive pressures. Both
codons are highly palymorphic [15], and their variants
are often detected in CHB and inacuive camier cases
[17,19,23,29.40]; however, changes in codon 77 have
been associated with the HLA-B* 4001 allele [41] and
might be involved in viral escape mechanisms. Large
studies are needed vo determine the effect of these vari-
ants on immunological reactivity against HBV.

Interestingly, in the present report, selection of
changes in codon 84 (mainly L84Q)) was associated
with IFN therapy. Although highly polymorphic posi-
tions, such as 74, 77 and 84 [13] have been observed
with IFN therapy [17,29], there are no srudies investi-
gating their status after other therapies or the absence
of trearment.

Despite the small number of IbsAg-pasitive inactive
carriers, strong selection of E40D/Q) was found in these
paticnts, which were at levels similar to those observed
at baseline in a recent study [31], suggesting differential
immunological activity in the development of inacrive
HBsAg-positive carrier status and CHE status: immune
activity  specifically addressed tw  minor T-helper
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epitopes in cases of inacuve HBsAg-positive carriers
and activity addressed to changes in immunodominant
¢pitopes in CHB. However, this observation must be
mrerpreted with caution because of the small number
of inactive HBsAg-positive carricrs studied. Lastly,
although AA1-11 has been described as a conserved
region, some positions showed remarkable variability,
particularly codons 3 and 4. The finding that region
AA1-11 parvally overlaps with the T-helper CD4-
epitope 1-25 [40] suggests thav there mighr be some
immunaological pressure againse this epirope, especially
after ADV ucaument.

The most important limitavon of this study is the
small number of inactive HBsAg carniers included. It
was difficult to recruir eligible patents for this group
because their low viral lbads made HBV core analysis
mmpossible. Another limitation involves the analysis of
HBV evolution by using direct sequencing techniques,
rather than more sensitive methods, such asclonal anal-
ysis. Nonetheless, the significant results obrained can be
used as the basis for designing a clonal study with ultra-
deep pyrosequencing methods focused on the most sig-
nificant regions. I would be of parricular merest o
perform studies directed o specific positions, such as
Ee4D-Ne 7T, L84D (associated with IFN treatment) or
to the highly polymorphic positions 74, 77 and 84.

In conclusion, this study reports that immunodomi-
nant regions Th30-6Y and B74-84, as well as certain
specific AA substitutions appear to be predominantdy
mvolved in natural and antiviral therapy-induced evo-
lution in the HBV core protein. Mere changes occurred
under the immune-stimulating effect of IFN than in
trearment-free periods or during nucleoside/nucle-
otide analogue ctherapies. Some immune-stimulating
activity, likely related to maintenance of viral pro-
ein synthesis, was associated with nudeoside/nucle-
otide analoguzs. This activity was mainly evident in
the minor Th28—47 epitope, as was scen in inactive
HBsAg-positive carriers,
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3 SECOND STUDY: Ultra-deep pyrosequencing analysis of the
hepatitis B virus preCore region and main catalytic motif of

the viral polymerase in the same viral genome

3.1 Hypothesis and Aims

3.1.1 Introduction

HBV has a highly overlapping genome. In our first study, we evaluated the Core gene, the HBV
gene showing the least overlapping and therefore, a region whose sequences can theoretically
accumulate changes. For this reason, the Core is suggested to be the most useful region to
describe the HBV quasispecies (115). The preCore region contains the encapsidation signal,
which is recognized by the polymerase and is essential for viral replication. Mutations in the
preCore region have several implications besides inhibition of HBeAg expression. They also
stabilize the encapsidation signal, (12,48) thereby enhancing viral replication (55). The preCore
region is mainly non-overlapped, and mutations in this region can occur without affecting
other HBV genes. Therefore, preCore mutations are of interest because of their clinical and

virological implications.

In contrast, the HBV polymerase gene overlaps the surface gene and this may restrict selection
of mutations in both these genes. However, in patients under NUC treatment, mutations that
confer resistance to antiviral therapy can be selected in the polymerase gene, mainly in the
catalytic motif (YMDD) (37,38). The rate of response to treatment is closely related to HBeAg
expression: anti-HBe-positive patients have a significantly greater response than HBeAg-
positive patients (123). The causes of this differential response are not clear, but one theory is
that it may be due to higher rates of viral replication in HBeAg (+) than HBeAg (-) patients;
nonetheless, the virological characteristics have not been analyzed. Our aim in the present
study was to analyze the preCore region and the polymerase gene from the same viral genome

to evaluate possible associations between the main variants in both regions.

Ultra-deep pyrosequencing (UDPS) seems to be the most powerful tool to analyze the
variability of viral quasispecies. The main limitation of this technique at the time of the study
was that the length of the region to be analyzed was limited to 250 bp. Thus, UDPS analysis of

the preCore region and the main motif of the polymerase gene from the same viral genome

66



[ISecond Study

was not feasible because the two regions are separated by more than 1 kb. Therefore, we
designed a technique to obtain an HBV DNA product containing both regions of interest from

the same viral genome in a 250-bp length fragment.

3.1.2 Hypothesis

UDPS technology may be useful to study the HBV quasispecies composition. It is hypothesized
that HBV preCore region variability may be determined by the secondary structure adopted by
the encapsidation signal. It is also hypothesized that in the same viral genome, preCore
variability (main variants associated with HBeAg non-expression) is related with selection of

mutations in the main catalytic motif of the polymerase gene.

3.1.3 Aims

1. Establish a technique to analyze the preCore regions and the YMDD motif of
the polymerase gene from the same viral genome, so that both regions can be

evaluated by UDPS.

2. Analyze the prevalence of mutations in the preCore region and define possible

limitations in the secondary structure adopted in the encapsidation signal.

a) Study base pairing between the amino acid positions of the loop

structure.

b) Study the variability/conservation of the different functional domains
of this signal, mainly: the signal bulge, the 4-nucleotide primer target

and the acceptor site in the DR1 sequence.

3. Evaluate the rate of mutations in the YMDD motif of the polymerase gene by

UDPS.

4. Examine possible simultaneous presence of mutations in the preCore gene and

YMDD motif.
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3.2 Summary of the study

Attending to the first aim of the study, we designed a technique based on PCR of the HBV
genome that included amplification from the preCore region to the YMDD motif of the
polymerase (Figure 24). The PCR primers used included a Hindlll restriction enzyme specific
target sequence at both 5 ends of the sequences. After PCR, a 2.1-kb PCR product included
the Hindlll sequences at the 5’ and 3’ ends, the complete preCore region and the YMDD main
polymerase catalytic motif. After intramolecular ligation of the 5’ and 3’ ends of the PCR
product, a circular molecule was obtained. The molecule contained both regions of interest
separated by only 45 nucleotides (the length of the primers and Hindlll sequences) (Figure
24a). Once the technique had been well established (Figure 24b), it was possible to analyze the
preCore and YMDD motif of the same region by UPDS, despite the 250-nt limitation for clonal
sequencing. Presence of Hindlll was required for synthesis of the circular construct. Therefore,
Hindlll served as an internal control to establish the error rate of the UDPS method: any
nucleotide difference in this sequence corresponded to a sequencing error, which was
ultimately established at 0.03%. In the present study, 8 different samples from 7 patients were
analyzed. Four samples were collected at baseline (treatment-naive) and four after viral
breakthrough (VBK) under LVD treatment. Patient 4 was sequentially studied; one baseline and

one VBK sample were processed.

Figure 24 a) Technique designed to obtain the preCore region and YMDD motif of the same genome in a

circular product to be analyzed by UDPS

Nested PCR
2194 bp

.,

HBV DNA 2,194 bp

Hindlll-R

: 3200 bp G-
H AGCTT-
‘.“ preCore
. preCore Core
“, _\Core Intramolecular
Ligation
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b) Master sequence obtained by conventional sequencing of the circular construct.
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A total of 200 817 sequences were obtained. The preCore region was deeply analyzed, and the
main percentages of changes in codons 1, 28, and 29 are presented in Table 7. The HBeAg-
positive samples contained significant viral populations of genomes with the main preCore
mutation, and HBeAg-negative samples also included viral strains with wild-type preCore

sequences in the quasispecies.

Table 7 Percentage of changes detected in the preCore region and Core gene of the 8 samples analyzed.

preCore Region Core Region

sample Pt | HBe| HBV Codon 1 Codon 2 Codon 28 Codon 1
ID | Ag | Gen

WT (M) Other*| WT (Q) Stop* Other*| WT (W) Stop* Other*| WT (M) Other
Baseline| 1 | N D 99.73 0.27 99.80 0.03 0.17 |0.14 99.80 0.06 |99.26 0.74
Baseline| 2 | N A2 0.13 99.87 | 99.82 0.02 0.16 |[99.64 0.25 0.11 [99.53 0.47
Baseline| 3 | N A2 99.88 0.13 99.94 0.02 0.04 |0.02 99.96 0.02 |99.89 0.11
Baseline| 4 | P 99.48 0.52 99.71 0.06 0.23 |91.59 8.31 0.10 |[99.49 0.51
VBK 4 [P 99.51 0.49 99.73 0.11 0.16 |98.56 0.21 0.23 [99.59 0.41
VBK 5 |N A2 99.54 0.46 99.65 0.14 0.21 |0.10 99.85 0.05 |99.09 0.91
VBK 6 |P A2 90.19 9.81 99.75 0.07 0.18 |97.61 1.31 1.08 (99.21 0.79
VBK 7 | N D 99.49 0.51 99.79 0.09 0.12 |0.14 99.70 0.16 |99.30 0.70

The nucleotide positions constituting the € structure showed high conservation. However, the
percentages of variability were similar between base-paired positions in the basal and apical

stems of the structure. Interestingly, the changes in base-paired positions were sequence-
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complementary, indicating that the variability in this region might be limited to the base
pairing, and therefore, also related to the thermodynamic stability of this structure, as was
suggested by conventional Sanger sequencing (12,55). The most frequent changes were in the
basal stem, and the most variable were G1896A and G1899A, coinciding with their
involvement in HBeAg inhibition. The most conserved position among all the samples analyzed
was T1855. This was a striking finding considering that T1855 is base paired with G1899 in the
stem of the encapsidation signal. The G1899A change, which was highly selected, stabilized the
signal and resulted in a Gly to Asp substitution in codon 29. In contrast, the T1855C change
was extremely rare although it conferred the same stabilizing effect (T1855C induced the
lowest free energy value of £ for all sequences, 30.1 kcal/mol in genotype A2) and induced a
“silent” change in codon 14 (TGTgs55 and TGC,gs5, both coding a Cys). All these data suggest a
possible essential role of T1855, even more essential than thermodynamic stability. To test the
possible involvement of T1855 in viral replication activity, we mimicked the T1855C change by
site-directed mutagenesis in Huh7 cells infected with wild-type (T1855) and mutant (C1855)
HBV strains. The presence of mutations (C1855) yielded lower HBsAg, HbeAg, and HBV DNA
levels than wild-type sequences, suggesting the essentiality of T1855 and justifying its high
degree of conservation (it is remarkable that this position is present in both the 5’ and 3’ ends

of pgRNA).

The degree of conservation of several motifs of the encapsidation signal was evaluated to
analyze their functionality. For example, the hexanucleotide sequence located at the top of the
apical stem (from 1877 to 1882) is described to be highly conserved (54), and the pseudo-
triloop (nt positions 1878-1880) may be particularly involved in pgRNA encapsidation. High
conservation of the T1878, G1879, and T1880 nucleotides was observed in our study,
particularly G1879, which suggests that they have a predominant role in the epsilon signal-

capsid interaction.

The 4 nucleotides of the bulge were analyzed because they have a role as a template for
synthesis of the 4-nucleotide primer and initiation of viral replication. The 4 nucleotides were
highly conserved (98.53% of the sequences) showing to be essential. However, the remaining
1.47% of sequences presented mutations in the bulge and/or acceptor site (AS). These cases
showed no homology between the 4NT bulge and the AS in DR1, but different patterns of

alternative AS were described, mainly located in nt positions 1849-1852.
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The variability of the YMDD region is presented in Table 8. In baseline samples, mutations
conferring resistance to LVD (YVDD/YIDD) were detected as minor populations (0.07% to
0.54%) and in samples corresponding to VBK; wild-type YMDD viral populations were also
detected (0.07% to 1.06%). Linkage analysis of preCore and YMDD mutations showed that
simultaneous presence of mutations in both the preCore and polymerase regions of the same
viral genome was allowed, as occurred in patient 5 (99.46% of M204l and 99.85% of G1896A)
and Patient 7 (99.69% M204V and 99.70% of G1896A).

Two samples (baseline and LVD non-response) from Patient 4 were analyzed. Interestingly,
rt2041 was the main YMDD mutation detected in the initial sample (0.47%); however, rt204l
was not selected in the viral breakthrough sample, whereas rt204V was selected. This result
suggests that the baseline polymerase resistant variants present in low levels (>0.5%) do not
determine the selection at VBK. In addition, in this single longitudinal study, the percentage of
HBeAg-negative variants significantly decreased after VBK (8.37% to 0.31%), indicating that
HBeAg-negative strains might be more sensitive to LVD treatment than HBeAg-positive
variants. This concept is in accordance with the better response to antiviral treatment in

HBeAg-negative than HBeAg-positive cases (89).

Table 8 Mutations in the YMDD motif in the 8 samples analyzed.

Amino acid at codon 204 of

sample | = |"2€ | "BV | the polymerase (YMDD motif)
ID |Ag Geno

M \' | Other
Baseline | 1 N D 99.70 0.11 0.09 0.09
Baseline | 2 N A2 |99.63 0.08 0.20 0.10
Baseline | 3 N A2 |99.89 0.02 0.05 0.04
Baseline | 4 P 99.33 0.08 0.47 0.12
VBK 4 P 0.25 93.90 5.63 0.23
VBK 5 N A2 | 0.08 0.20 99.46 0.27
VBK 6 P A2 | 1.06 98.69 0.01 0.24
VBK 7 N D 0.07 99.69 0.00 0.24

The circular construct included the last 8 codons of the X gene and the first codon of the Core
gene. A minor proportion of all the sequences (0.16%) contained a mutation that destroyed
the X gene TAA stop codon. These mutants led to elongation of the X antigen by 51 amino

acids, and a consequent alteration of the COOH terminal region of this antigen (39). Moreover,
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significant percentages (0.11% to 0.91%) of mutations in the first codon of the Core gene were
observed in the viral populations of all samples. This change might produce defective Core
particles and their presence in the viral quasispecies could be explained by
transcomplementation mechanisms, such as encapsidation of defective genomes with core

proteins encoded by competent genomes (without these mutations).

In conclusion, this UDPS study confirms the feasibility of detecting mutations simultaneously
occurring in the preCore region and YMDD polymerase motif. The presence of LVD-resistant
variants in baseline naive samples, preCore mutations in HBeAg-positive patients, and wild-
type preCore variants in HBeAg-negative cases was also demonstrated. These findings show
the complexity of HBV viral quasispecies, which contains reservoirs of the main clinically
significant variants in HBV infection that can be selected when the corresponding evolutive
factors are present (eg, in YMDD variants, administration or elimination of antiviral therapies
and in preCore variants, the host immune response). The low percentages of defective Core
genomes and mutated HBx strains whose presence might be allowed due to cooperation

between viruses also illustrates the complexity of the HBV quasispecies.

The thermodynamic stability of the € signal was confirmed to be the principal restrictive factor
for selection of the main preCore mutation, which is responsible for abolishment of HBeAg
expression. Furthermore, analysis of € signal variability revealed the essential role of €
structural motifs and possible involvement of some nucleotides in € signal function. Lastly,
correct annealing between the 4NT primer, synthesized in the base bulge sequence, and the
AS in the DR1 sequence does not seem to be an absolute condition for the 4NT primer,
required for minus DNA strand synthesis. The variability observed in the bulge region has
enabled definition of a putative cis-acting sequence as an alternative to the normal acceptor

site in the 3' of pgRNA.
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ABSTRACT

Hepatitis B virus (HBV) pregenomic RNA contains
a hairpin structure (&) located in the preCore region,
essential for viral replication. ¢ stability is enhanced
by the presence of preCore variants and ¢ is
recognized by the HBV polymerase (Pol). Mutations
in the retrotranscriptase domain (YMDD) of Pol are
associated with treatment resistance. The aim of this
study was to analyze the preCore region and YMDD
motif by ultra-deep pyrosequencing (UDPS). To
evaluate the UDPS error rate, an internal control
sequence was inserted in the amplicon. A newly de-
veloped technique enabled simultaneous analysis of
the preCore region and Polin the same viral genome,
as well as the conserved sequence of the intemal
control. Nucleotide errors in Hindlll yielded a UDPS
error rate <0.05%. UDPS study confirmed the possi-
bility of simultaneous detection of preCore and
¥MDD mutations, and demonstrated the complexity
of the HBV quasispecies and cooperation between
viruses. Thermodynamic stability of the = signal was
found to be the main constraint for selecting main
preCore mutations. Analysis of s-signal variability
suggested the essential nature of the £ structural
motif and that certain nucleotides may be invelved
in £ signal functions.

INTRODUCTION

Hepatitis B virus (HBV) 1s a double-stranded DNA virus,
whose genome (3.2kb) contains four Open Reading

Frames (OPFs) encoding seven proteins: surface antigens
(preS1, preS2 and HBsAg), polymerase (Pol), core protein
(HBcAg), X protein (HBx) and the soluble ‘¢’ antigen
(HBeAg). During the viral cycle, HBV-DNA conform-
ation shows different phases: relaxed-circular. partially
double-stranded DNA in circulating viruses and cova-
lently closed circular DNA (cceDNA) within the hepato-
cyle nucleus. cacDNA acts as a mini-chromosome within
hepatocytes and transcribes five messenger RNA: preSl,
preS2, X, preCore and pregenomic RNA (pgRNA).
pgRNA is a greater than full-length HBV genome
(3.5kb) that codes for the Pol and HBcAg proteins. Pol
has two catalytic activities, reverse transenptase (RT) and
RNaseH, and contains a spacer sequence and a terminal
protein (1).

In both the 5- and 3-ends of pgRNA. there is a redun-
dant sequence of 60 nt that adopts a stem loop structure
(Figure la and b) and acts as encapsidation signal (e). The
5" sequence is crucial for Pol protein recognition and
binding to the 5" € structure (2). Pol triggers pgRNA en-
capsidation by core proteins, and initiates reverse tran-
scription (3). Pol employs an N terminal tyrosine residue
of the terminal protein domain as a primer to generate the
first 4nt (4nt pnmer) of the DNA negative strand. This
4 nt primer is covalently attached to Pol and uses the bulge
of the e signal as template (Figure 1a) (4). The 4nt primer
and Pol protein complex switches from the 5'- to 3"-end of
pgRNA and anneals to a 4-nt acceptor site within the
3 copy of direct repeat region 1 (Figure 1b) (5).

peRNA and preCore mRNA share the same preCore
region, but code for different antigens: HBcAg (starting at
Position 1901 of the HBV genome) and HBeAg (starting
at Position 1814), respectively. Several preCore region mu-
tations abolish HBeAg expression. The most common is G
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to A al Position 1896 (G I896A0, which changes a inplo-
phan (W) in codon 28 (TG ge) 1o an amber stop codon
(TA Gy peWilsop, This substiution 5 ollen
associated with the GIEWA change n codon 20
(pelG290) (6). Other minor mulations have beon
obscrvid i codon 2 (CAA o TAA, Q2stop) amd in
codon 1 (7). The pcW2Hstop change s reporied to be re-
sponsble for 95% of HBeAg-negiive patients in our
arei, muindy i assocation with viral genotype D (£.9).
Thie Ci] 8964 and Gl 5FA mutathone have boon asoaated
with secondary « struciure slabibly ond therelore, with
viral replication (8.10-12).

The main mutstions conferring resistance to nuclemsade
amalogues, such as lnmvedine (LMY}, are predomimantly
detected in the BT atalyve motif, Y Mag DD, in which
mathianine (M) is changed 16 valine (V) or Baleudne (1)
(riM204Y and fAMIML (1314 Frolonged LMY therapy
is assockaed with o high probability ( >70% after 3 years)
of resiance 1o treatment (15), Afler the first vear of
therapy, anmti-HBeposdtive paticnis have o sipnificantly
grenler mesponse then HBeAg-posilive cases; however,
long-term nse: rales Wre com i by the re-
appearance of HBY DNA in serum (16). Several factors
can have an ofloct on the seleclion rales of LMV-resistanl
mulanis: ethne background, virnl load, HEY penotype,
core promoler vanants and preCore vanants (17).

Ulra<deep  pyrosoquenang  (ULPS) by GS-FLX
platform (KRodhe) has been wsal w dewecn clinkeally
relevant mmority  drugoresistant vanants in treatment-
nalve and experiencad HIV-1 (18,19) and HBY patients,
therehy confirming s ability 1o sentify  individual,
well-known mutations preseni m the Pol and HBsAg
genes ot frequencies of 0.1-1% of the HRY quasispecies
(20,21, UDPS by GS-FLX platform is currently the only
technology that allows simulianeous quantiative analysis
of thowands of clonally amplified soqoenoes of 200-2 50 m
n length for standard GS-FLX {longer fragnents since
List year).

The wim of the present study wirs Lo onalyee by UDFS
the HBY preCore region (ihermodynamse sirociural re-
srction and vanabilitny of &sential strociural motifs of
the & signal) and it asocution with the BT caialaic
YIDD moif varams, with analysis of hoth regions in
the same soquence. However, these Iwo regions are
scparaied by a distance of 1kb m the HBY genome,
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making it difficull 1o simullansously fudy bolh regions
by clussic clomng methodology (23231 Therdore. our
methodolopal hypothesis was based on execuwting o
PCR that woaild encompass the preCone and VMDD
regions, usng primers that mcdude the Hmdlll site on
their ¥-ends. After induction of intramolecular Hgation,
o circubar molecule was produced, which mcluded the
YMDD Pol moul and the preCore region flanking a
Hindlll sequence. The icgrity of the restriction site
sequence was usod as the imternal control o verily the
fidelity of UD¥S analysds

PATIENTS AND METHODS
Faticnis

Seven chromcally infected HEV patients, all males and
wilh o mecan age of 36 vears (range [7-50), were
included 1n the study., Patenis were sclocied beoause
they had complete cliniml documentation and kmown
viral characteristies by conventional techniquis. They
had been tresfed with LMY for & mean of 25 months
because of high HBY DNA levels and elevated hepatic
biochemacal markers. Two patients were HBeAg-positive
at baseline and ¢ antigen loss did not aceur during anti-
viral treatment. (enoiype changes were nol o
during the siudy period. Baseline Mochemical and sero-
logical markers, osnd trestmemt  chorucleristios  are
described 1n Table 1. All patients ievied negative for
HOV and HIV markers HBY gerodogy, HBY DNA and
LMV-remastunt mulabions were lested every 3-6 months,
The circular construct wsed (o snalyre the preCore and
YMDD was oblained [rem four bascline samples
{Paticnts 1-4) and from foar sampkes co mg o a
time of viral breskihrough with mutations in the YM DD
molil (Patenls £-7),

Sembogy and HBY IVNA assays

Serological markers for HEY (HBsAg, HBeAg snd
anti-HBe), HOV (wnni-HOV), hepanitis deha (ann-HID)
and HIV (anu-HIV) were tested by commercial emevome
immupnoxssayve  HBV-DNA  was  quansfied using
real-time PCR with o dewection lmit of 2000 fml
(COBAS TagMan HBY V20, Reche Diagnostics
CimbH, Mannheim, Germany), Main preCore mutitbons

Tabde 1. Baichne hiochimacal and sorabogeal maror. sid wrearmds characierinhe of The woatn pannts indledod on thi dwdy

18] Ha =ehine Lamavusling irealnsmi
HHEY IFNA HHaAg  ALT HEY Time Months  HEY DNA ALT Type mutstion  Hewne treamant
{11 el MUmh  pomonpe  ropoms (L mly (1L mly
1 =" N w2 I VHE a8 Akw 10Y 1 MY LAM+AIY
1 At 0® ] 87 Al SWH e ] L1
3 12 -.Illl M M Al VR 24 b n - =
4 cal) > F + (L] VBk Ia 6t 40* RLY M2 LAM +TDF
3 13w M L Al YVEK M R le:l: 40 MatMTY LAM+ETY
L] wli* P il Al VEK Pl 13w 10 Wi MY LAMK HTRF
T Tuw IF ] 1u? 4] VEK 12 23w 10 LiEGiLM LAM +ADY
BV,
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were detecied by Sunger sequencing. us  previously
deseribed (E). HBV genotype and muiations conlerring
tratment  rosplance wore detectad  wath LiPA
(INMNO-LiPA, Innopenciss. Ghent. Badpum) (sensiivaiy
I-5%s) and direct sequencing (sensitisaty 20%) (24).

Goencration of a cirenlar comtoucs containing the Y MDD
mutil @ prelore region
HBEY IDMA was extracted from 200§ of serum with the
QlAamp DNA Minikit (QIAGEN, Hilden, Germany),
With the sim of analymng greaily separmed regions in
the same genome, o 2.7-kb HBY DMNA fragment including
the YMDD Pol motfl and preCore region was PCR
amphbed (Figure 2a), wsing the lorward primer Fl
(Pogtion 1703) and reverse primer R1 (Position 101K)
{Table 2). The PCR resction mix included 200pM of
dNTPs and 400 oM of cach primer, amd the method was
performed as follows: 30 cycles w W°C for 3 s, 35°C lor
303 and 72°C for Imin. followed by 10 cydes a1 M4°C for
305, 38.6°C for W and 72°C for 3min and a final hald
al 72°C for Toun, The amplicon oblmned was amgplifisd
by nested PCR with primers thal meluded the HindI11
resinction  sibe sequence (AAGCTT) at the F-end
(forward HindPePol-F2, Posiion 1792, and reverse
HindPefol-B2, Postion 764) (Table 2] under the saume
condiions as the At PCR run yvicdding u 2194-kb
product in grmlyp: A2 nmpb:s amd o 2155-kb product
in genobype D smple. To mummize amplification errors,
Plu Ulrrall (Srratagene, Agilent Technologies, La Jolla,
USA) polvmerase was wied in both PCR rums. The
nesiod amplicon was punfied through 0.9% sgoarose gel,
digested for 1h a1 37°C with Hindll {NER, Ipswich,
USA), and purified again through 0.9% n?.-ruu gel. The
next step nvolved hgation of both Hindlll ends of the
sime fragment (intramalecular Hgatdon) so that the 1w
jons of interest would come dose enough in the same
maokecule 1o be analyeed by UDPS (Figure 2a), Optimal
resulis were obuined with 0.5mg/pl of the HAV
DNAPCR fragment, and | U of T4 DNA ligase (Roche
Diagnosiies GmbH L The bgatton product was losdead
ono 0.9% agarose gel; the hand patern obained is
shown 1n Figure b The band cornspondmg to the
Hindlll circular construct (apparent size ~1700bp)
(hand o 0 Figure 2b) was cul from the gel and purified.
The sdentity of the crreulur comstructs was confirmed by
seqquencing two overlapping PCR amplicons that cover the
complele circular construct sequence: a L2-kb amphicon
oblamed with pnmers A2 and B3 and sequenced with C3,
33 and E3 and a 1.8-kb amplicon obianmed with primers
Ad and B4 and sequenced with Ad, C4, I and C3
{primers deseribed m Table 20 The frozment oblained
Imom sequencing the 1.3-kb amphicon. which mcludes the
preCore region, the YMDD mouif and the Hind1] se.
guenoes with C3 s shown in Figure e

Simultmeems LIS analysis of the Y MUY gutif and
preCore region

A 207-bp nucleotide fragment was PCR amplified from
the DMNA recovered from band @ (Figuee Ib) Al
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HBV.specific prmers meloded ¥ adoplors as binding
sites lor the pyrosequencing rasction (lat § GOCTOCC
TCGCGOCA, mght § GOCTTGOCAGCCCGE, hoth
ending with the TCAG harcode). The complete sequence
of UDPS-Primer A as forward and UDPS-Primer B 0s
reverse is shown in Table 2. Bricfly, PCR was performed
using 1= I"fu Ulirall polymerass buffer. 10mb of @ch
dNTE, 20 pmal of ferward and reverse primers and 2.5 L
of Pla Ultrall DNA polymermse (Stratogene, Aglent
Technolopes) in a Anal volume of 100l Afer o single
densturation slep of 2min sl 95°C, ample underwent 30
cyches for 30 wl 95°C, 3s ot 680°C and 2 oon el 72°C, and
a single fnal 10-min step at 7T2°C. Hefore UDPS, the
quality and length of the HBY DNA amplicons wis
verified with the Agilenl 2100 Woamlyrer (Agilent Lile
Science. Sunia Clara, CA, USA)L The 207-bp (rugment,
which included 163 bp of the HEV-DNA soquence, under-
wenl UDPS with the 454 Life Scence platform (GS-FLX,
Roche Applicd Science), according 1o the manufaciumer's
protocel. Base colls amnd quality scores were determined
wing the CGS-Ampbeon Variant Analysis  soltwnre
fincluded in the G5-FLX platform)

Abgori then Tor istorpreting soquonce data

Data secursey was validated according o previously
reportad procedunes (18,2526). Briefly, reads with inser.
ton-delctions, reads in which the primer did not match
the reference primer by at beast 75%, those that did nod
reach a fixed length and those contakning ambiguous clls
were discarded. A complementany roverse sequence wis
obtnined from the reverse sequence. The progrom
sclocted nuclontide soquences that passed the filter, and
the sequences were lransdated to amino acids for Lhe poly-
mieruse and preCore regions (both regions @re in-frame in
the circular construct), Several files were obainad and a
matniv of the Mequency of changes sl each amino acid
position i companson with the master from aich
patient was used, As was mentionad above, the circular
construct wed as the target for UDPS analysis was the
resuli of intrumobecular ligation of the HindIll 5% and
Y-ends. Therefore, the megrity of ths 6-bp resiriction
mzyme  sequence | was o requiremeni lor
cormect ligation, and any nuckeotide substitution in this
soquenice would be a UDPS error, For this reason,
meted of using a more complex Poisson  llter
(19,25 26), which needs UDIMS processing of additional
wlonal woguenoes (exlgmal comral), the changes deteched
m s G-bp sequence were wed 1o establish the eut-ofl
fidelity of the ULDN'S proccss (internal eonirol)

Amalvsls af R4 (olding stability i the HEV pgEMNA
encapsidation signal

Compuber models of RMNA [olding and struciure repoesen-
tations were oblained from the RMNA Structure Fold
program (verdon 3.3, developed by D David H.
Mathews (27.28), All calculations were performed at a
temperature of 37°C, In kecping with Dr Mathews'
kimelly provided suggesiion, a sempt sdaplation of the
RMA  Srructure Fold program (by command line
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Table L Sogquesca of primery wad in he wudy

M ame Pawition off ihe primmer Keqaence (T-1)
amd e tion '-qu'lll.":'
prnawng (hold characiond
Fl 1701, Fw VYATAAGAGUOACTOTTGOACT
Kl 1018, Ky COAAANCTUTAA AAGATITA
HindPelolF2 1732, Fw T-M:m»‘ﬁ CTGCGCACCAGT
HindPelrak-R2 Ted. Ry COCCAATACCAC
Al 4E9. Ry TTYCOCACCTTAT
[ ] i, Fn GTICTAGACTCGT(RGTGOACTT
| 440, Fa ATGTWTOCCTOWTGT TGOT
n 16l Fw TCAAGOCTOCA AGCTOTOOT
E3 THHT. Fw GUAGTOGTGLATTOGEACT
Ad 3T, Fw GTGTGGATTCGCACTOCTOCAG
[ 1927, By AAATTCTTTATAA GO TCAATGT
(& HIT, Fw TCACTATATTOTTGGIA AL
I a7, Fw TGCTGE TG CTOCAGT T
LIPS Pamsr A my, Fa GUCT OO TOGOGO A TOALG T AN T OO ACTG
U EHS-Maeser B %3, Ky TG CAGOUUG CTCCAAATIC T TFATAWGGGTT HA
Fw TIRSSC 1804, Fw CTAATCATCTCTTGTACA COCRCTOTTCAAMGOCTOCAAMGETG
oy TIRSEC 1879, Ky CAGCTTGGAGGCTTGAACAGY GGG CATGTACALGAGATGATTAG
Cl My Sl B AGHCAACAWOAGLHAW ACAT
plnksFw TCTOOGCTOTOC TOAMIOUAGTTA
plaka-Ry - ACOATOOOAGOADTOAAIAGET

The potion and diracton of the ¥ primer in the HEY genome (hold charcters in ihe ssquencel. and the mutageniovd poatien hold beer o)

o indicand

interfaces) was used to caleulate the lowest free energy of
thes structure. Brielly, coch nucleotide sequence wiis auto-
matkally converted to a “seq’ file, with the mput fommal
required for ithe program. A “bai’ fike was creatad for each
‘wag’ file. enabling executbon of the Fold module of the
program for cach sequence und cresimg the outpat ‘et
files, whech contained the Iree mergy of the struciune
The arcular construat onalveed included nuckeolides
from Positions 1214 o 1912, corresponding (o the main
sequence of the ¥ ¢ dgal (8,11.12). The sequences
obtained were used to calculate the epsilon encrgy of the
RMNA ensemble. Bocause the epulon cnergy data anc nol
nomally disinbuted. between-group comparisons were
done usmg o permutation lest based on the standard
r score for two groups. The Monie Carlo approoch o
compute Poalues wos carmed oul, with »= 2000

rtated les. Povalues m these compansons were
E:nn.'md I‘nﬂupﬁ: testng problems following the flse
discovery rate procedure. The standard RNA-Structure
Fold (5.3} program was used 1o predict the socondary
structures of the 5 (Fgure la) and 3 (Figure 1bj
{ Position 1730-1930) ¢ signals. Both predicted structures
showed o passido-triloop at the adge of the apical stem, as
has boen demomstrated by magncbe resonance (MIR)
analysis {29).

I"henotyping. mutazenesis amd codl cul nae

A more than full-length HBY (1.1 genome unit) (able o
produce functional replicative pgENA) from o patiem
chronically infected wath HBY genotype A was doned in
pInEs-moad vector {kindly provided by Dy F. Zoulim ), as
descrbed by Durantel o af, (30), Thes construct was used
1o simulate HBY viriants by site-directed mulageness. In
the presemt study, a thymine o cytosine mutation
Position 1835 (TI835 was  penerated, using the
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Mulei-Site-Directed  Mutagenesls  Kit  [Agilent
Technologas), Mellowing the manulacturer’s instractions,
This ks a sibent change that does ot induce an amine acid
substitution  (both code for o cyvsteine)l The forward
primer wias Fw.-TI8S5C, and the revers primer
Rw-TI855C (Tabde 7). Becaude of the 60nt redundancy
in HBV pgRMNA, Position 1855 15 repeated ol the ¥- and
Y-ends Thus, the mutngenesis process vielded three dif-
ferent conmstrocts that containgd the TIB55C change al the
S<nd, the ¥=<nd or sumullancousty at both ends,
Creneration of these mutations wis confimed by dirac
soquenang of the clones with primers  annealing
plnEw.mad-11 HBY jusi before the HHBY lgatson
{promoder-Fw far the $<end, and CIDI-Rv Tor the
¥-end, shown in Table 2).

The thrie pTriExmad-1.]1 HBY constrects were trans.
Feeted i Hub? buman bepatoms wlbs culured in
Dulbecco’s modified Eage medium (DMEM) supple-
el with 100 call serumi. Plasmid transfectbons were
performed using Fugene-HID ( Roche Dingnostics GmbH ).
Cellz were seeded in 1 2.well plies at a density aff 10% celis)
ml and were tramfected at B0-90% confluence, Following
the manulsciurer's instructions. The supermaiant wis used
Lo quantify production of HBsAg (Architecht, Abbod
Dragnostics,  Sigo, Ircland), HBeAg  (Vilros,
Ortho-Clmical  Dimgnostics, High W . Uk) and
HBY DNA (COBAS TagMan HBY V20, Roche
[Nagnostics GmbH)L HBY DNA was extracted from the
supermatunt  (QiagenAMP DNA Mind Ki,  Qiagen,
Hilden, Germany) sccording o the manufacturer’s in-
wructions and wsed o evalusiz HBY DNA production.
The HBY wiral particls origin of HBV-DMNA detacted in
eullure supernatants was confirmed by dilfergniial PC'H
Hrielly, consecutive dilutions (1/1. 1/10. 1/10¢, §/10" and
1/10%) of extracted DMNA were performed, and specific
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regions of HBV and pTriEx-mod were amplified. using the gn_i -

paired primers C4 and C3-Rv for HBY, and pTriEx-Fw SRR

and pTriEx-Rv for a 592-bp region of the plasmid (Table 87 8s e b ok g
2). Two negative controls were performed in the study, c28% [TTTTTTT

one that contained only Fugene, which enabled evaluation = _
of Huh7 replication in the presence of the transfection gl - g 25-23 5% s
reagent, and another that contained only HBV DNA = FEsE=E=FF
without reagent. HBsAg and HBeAg tested negative. but » '§ g
guantification of HBV DNA was positive (2.15 x 107 Ul/ SlY|c|sezsazas
ml). Differential PCR analysis, using primers for both AR
HBV and pTriEx amplification, were positive only at a A
dilution of 1/10. HBV PCR of wild-type and mutant g g-gSngEs
clones remained positive up to 1/10° to 1/10* dilutions, sEEs==-=
indicating production of HBV DNA resulting from O"Z 'eg ZEEmAERE
HBV transfection of Huh7 cells. Amplification of the Z2|l#|g873*=2~"2
pTriEx region in HBV transfection reactions was only de- Gl I
tectable at a dilution up to 1/10; in further dilutions, PCR (3 Tgoagse
was negative. Elsgs=£=g=

&) Z|c=3geazs
RESULTS 2 N S|ls=22====2=
Hindlll restriction sequence as internal control of UDPS g. E AS‘ SogdsS-To 2

2|22 222252322
In the 200817 (Table 3) sequences analyzed. only 189nt 2|8 _
changes were observed at the HindIII restricion enzyme =/ —
site. Sixteen HindIIl mutated sequences were found at a £ Eg g E g é ;i
frequency ranging from 1 to 24 (average. 22) and all
carried only one amino acid change. The single nucleotide § JE RRCHLSEs
error rate was 1.6 x 107 and the codon error rate was g ~|E|sgss=s<s=¢<
4.7x 107, These values were considered the UDPS = g .
error rates, and the cut-off for the sequence analysis was 2 3 ) CrEEZI2R
3 0, i 1 L] oWy = T
set at 0.03% (twice the nucleotide error rate). g E $<zzszs32

=
Analysis of the main preCore codons ;f = 5 PR .
PreCore codons 1. 2 and 28 were analyzed; changes in z|2 g S| sssssses § d
these codons are the main cause of HBeAg :g gn P
non-expression. The percentage of changes m each g gg - 5
sample processed is shown in Table 3. In four of the five e = g. g
HBeAg-negative patients (Patients 1, 3, 5 and 7). 3 2% 2 B
HBeAgnegative biochemical status was due to a stop _% = 5 CEZEESZ2 ;f o
mutation 1n  codon 28 (W28stop, main preCore = | 2L Bl s===z<&8 2 ‘é
mutation). In Patient 2. HBeAg-negative status was due g B3 = =
to mutations in codon 1 of the preCore region (99.87%). = 5 EEZEAEEE 2 7
This mutation was also detected at a lower Mmequency in 2 = E8EETTTT| o %
Patient 6 (9.81%). Patients 2 and 6 were both infected with z g - B
genotype A2, Ay aeusegen|d; 2
The circular construct included the € structure sequence % s& B, s o g @ - iE g

of the 5 pgRNA end. The base pairing rate between 1 mRmeafdn L2 &
Position 1896 mn codon 15 and Position 1858 in codon A - ;g ?“
28 was analyzed. Among a total of 920386 sequences % . 'g FE 2
with TAjs0¢G in codon 28, 89837 (99.39%) showed HEE al%aaZal 5545
CCTigsz in codon 15 and among all sequences with % o 3 Eg B
CCT 55 in codon 15, 99.76% showed TAz94G. These - | 2 sg2 2
results indicate that correct base pairing between g ‘-’.i_i zzzenzez |S558
Positions 1896 and 1858 is an extremely important con- g . n £ g-“ E
straint in the GIS9%A mutation. The second most 2| &= —rim g ihot g:% 8
frequent nucleotide substitution, G1899A (28.35%), was | o 2222 3523
paired with Tgs5 11 99.3% of cases, and was observed m 2|l g el 2¥¥¥|= %;8 E
the presence of G1896A in 99.6% of cases. 2| A REEEooo> | 20FF
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Conserved positions in the preCore region and
maintenance of base pairing in the basal and apical stems
A schematic representation of base-pairing between the
preCore positions analyzed, corresponding to €, 1is
shown in Figure 3, which includes the percentage of nu-
cleotide and amino acid changes for all sequences.
Although a high level of conservation was observed,
there was a low percentage of variability (=0.05%., close
to the UDPS error rate). Interestingly. the base-paired
positions in the basal (1851-1859 and 1895-1903) and
apical (1866-1877 and 1881-1894) stems showed similar
percentages of changes to maintain base-pairing.

Attending to the upper stem positions, a T to C change
in 1884, 1885 and 1893 was observed in =0.1% of se-
quences (0,15, 0.14 and 0.13%. respectively), with a com-
plementary change of A to G in their base-paired
Positions (1875, 1874 and 1867) in very similar percent-
ages (0.13, 0.1 and 0.13%, respectively). Additionally, the
low percentage (0.1%) of G to A changes in Position 1891,
which represent a new stop codon in the preCore sequence
(W26stop), were also compensated by a complementary C
to T change in a similar percentage (0.09%) in the
base-paired C1869T position. In all the apical stem pos-
itions, base-pairing of the structure was maintained.

The hexanucleotide edge of the upper stem (Positions
1877-1882) was also analyzed, with emphasis on the TGT
nucleotides (1878-1880), which form a pseudo-triloop
structure essential for pgRNA packaging (31). The
pseudo-triloop was found to be highly (but not complete-
ly) conserved (99.5% of cases). Four varants were
detected at a frequency of =50 relative to the master:
403 CGT, 330 TGC, 118 TAT and 66 AGT. Among the
three nucleotides, the most highly conserved was G g
(0.06% variability), and this was one of the most highly
conserved nucleotides in the complete € ssgnal. Outside the
pseudo-triloop, Cisxz showed 0.15% variability, and the
single nucleotide bulge Tygeo. located in the middle part of
the apical stem, had 0.2% variability (Figure 3).

Interestingly, the most frequent changes in the e struc-
ture were located in the basal stem (GIB96A and
G1899A), where the rule of base-pairing maintenance
was also observed (see ‘Analysis of main preCore
codons’). The low percentage of T to C changes (0.3%)
in Position 1855 was surprising considering that this
change did not induce an amino acid substitution. Its com-
plementary base, Position 1899, showed a higher rate of’
G to A mutations (28.3%), despite that fact that a signifi-
cant amino acid change (G29D) was produced. Study of
Position TI855 to € by mutagenesis is described in the
nexi section.

Stability of the peRNA 5 g signal: free energy of the
stem loop structure

The free energy of the thermodynamic ensemble of the
stem loop structure of the pgRNA 5 & signal was
calculated for all sequences obtained by UDPS analysis
(emergy values for master sequences shown in Table 3).
The distribution obtained. attending to HBV genotype
and the presence (mutated) or absence (wild-type) of mu-
tations in preCore codons 1 (pcl) and 28 (pc28) 1s shown
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in Table 4. An analysis was performed between values
from the same genotype group; however, comparisons
including peCl were not taken into account because the
first preCore codon (pcl) is not present in the pgRNA
S-end (it starts at Position 1818). The presence of a
mutation in pc28 destabilized the € structure in genotype
A2 sequences (higher energy in codon 28 mutations),
whereas in genotype D. the opposite was observed,
indicating that in this case, pc28 mutations stabilize the
€ structure (lower energy in pc28 mutations).

The low percentage of T to C changes in Position 1855
mentioned above was even more surprising when stabil-
ization energy was calculated. The rare TI855C (0.30%)
variant showed the lowest energy value (—30.1 keal/mol in
genotype A2) and therefore. the highest theoretical
thermodynamic stability. This observation, in addition
to the finding that TI855C did not induce an amino acid
change, prompted us to mimic the T1I855C mutation by
site-directed mutagenesis. Two clones that are found in
natural HBV replication were used to transfect Huh7
cells: the WT clone and another with the 1855C
mutation in both the 3- and 5-ends. Two more clones
with the mutation in only one of the two pgRNA ends
were selected to analyze possible differences in the nucleo-
tide depending on its location in pgRNA. Each transfec-
tion was performed at least six times and detailed results
of the average expression of HBsAg, HBeAg and HBV
DNA are shown in Table 5. In the presence of the
double 5 plus 3 mutation, HBsAg. HBeAg and
HBV-DNA had systematically lower values than T1855
WT. indicating a possible essential nature of the nucleo-
tide. Surprisingly, quantification of HBsAg, HBeAg and
HBY DNA yielded higher levels in clones carrying only
one mutation in either the 5- or 3'-end.

The 4-nt bulge and the acceptor site

The e structure bulge contains 4nt (TTCA) that act as the
template for synthesizing the 4nt primer to start minus
DNA strand synthesis. This small sequence shifts from
the 5" bulge to an acceptor site (AS) located in the 3
direct repeat region 1 (DRI) (Figure Ib). Conservation
of the 4nt bulge and AS in DR seemed to be essential
for HBV replication; hence, both regions were analyzed.
Varants occurring at a frequency of =50 (2-fold the most
prevalent variants in the HindlIl control sequence:
=>0.03%) were considered significant. A total of 189737
sequences were mcluded. and the vast majority (98.53%)
showed the same sequence in the bulge and DRI regions.
The remaming sequences (N = 2783, 1.47%) contained
changes that prevented complete annealing of 4mt
primer in the AS DRI site, due to a single nucleotide
substitution. Less than a third of mutated sequences
(N =920, 0.489%) contained the change only m the
bulge sequence. while in the other cases (V= 1863,
0.98%), the change was only present in the AS of DRI,
The 2783 sequences without correct homology between
the 4nt primer (TTCA) and the AS DRI site were classi-
fied into nine different variants by homology of the
bulge sequence (Figure 4): variants -4 were defined by
mutations within the bulge (Positions 1863-1866) and
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Figure 3. Schematic representation of base pairing between the preCore positions amalyzed, which correspond to the stem-loop structure.
The columns in the center indicate the consensus sequence obtained from the laboratory's entire collection of genotypes A sequences (bold char-
acters). The ‘Nucleotide changes’ column indicates the percentage of each nucleotide change (%A, %C, %T and %C) and the total changes (% Tot)
for all positions, attending to the master sequence. The “Amino acid (AA) changes’ column indicates the codon representing the position (N), the
amino acid coded from the master sequence (WT), and the percentage of sequences that code for a different amino acid (%MT).
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variants 5-9 by mutations within the DR1 AS (Positions
1824-1827). Sequences from variants 5-9, which repre-
sented 1232 cases (44 0.65% of total sequences). showed
complete 4-nt homology with a sequence located in
Positions 1849-1852 (TTCA corresponding to HBV

Table 4. Epsilon energy distribution attending to HBV genotype and
the presence or absence of mutations in the preCore (codons 1 and
28)

Genotype 28 1
WT MT
A2 wT —-25.44, —2598,
MT —24_304, —23.79,
D WwT -23.76, —24.81
MT ~24.39¢ =2548,

a wversus b: P = 0001; a versus ¢: P=0.006; a versus d: P = 0.018;
b versus < P = 0.001; b versus d: P = NS; ¢ versus d: P = 0.001;

e versus . P = 0.0015; e versus g P = 0.0210; e versus h: P = 0.0015;
f versus g P = NS; f versus h: = 0.0210; g versus h: P = NS

a wversus e F=0002; b versus f P=NS§; ¢ versis g F=0.007;
d versus h: P=0.013.

Table 5. Average expression of HBsAg, HBeAg, and HBV DNA in
the different transfection experiments

genotype D), which was considered a putative acceptor
site (AS3), Varant 3, with 119 sequences (4, 0.06% of
the total) showed 3-nt homology with an upstream AS3
sequence. The sequence groups of variants 2, 4, 8 and 9
(N = 864 cases; 31, 0.46% of the total) showed 3-nt
homology with alternatives to the AS sequences located
at Positions 1818-1823 ['w’ or AS2 in Positions 1835-1846
(27)]. Lastly, 568 sequences (20.5, 0.28% of the total) had
an AS canonical region. In summary, when sequences of
the 4nt bulge primer and its AS DRI canonical site were
not completely complementary, 44% of cases showed 4-nt
homology with the putative AS3 acceptor site (HBV
genotype A2 charactenstic sequence) while the remaining
56% showed only 3-nt homology, mamly located in pre-
viously described alternative acceptor sites (32).

YMDD analysis

The YMDD motif was analyzed in four baseline samples
and in four samples containing LM V-resistant mutations,
detected by InnoLipa. Percentages of the sequences
obtained with different nucleotides are shown in
Table 3; the columns indicate the amino acid detected.
The wild-type form was represented as methionine (M),
and mutants conferring resistance were valine (V) and 1so-
leucine (I). Amino acids other than M, V or I, detected in
a lower percentage, were grouped as *Others’. As was seen
in the baseline samples, the wild-type form of Position 204
was highly predominant (=99%). but mn the four samples.

Experime nt HBsA HBeA HBYV DNA .
e ([Ulfmﬁ [arhilrir‘y units) (log TU/ml) a low percentage of the main rtM204V/1 mutant forms
0.07-0.2%) and a significant percentage of other
Wild-type (T1855) | 6589 552 6.5 variants (0.09-0,12%) were detected. In the four samples
:gg% mutation in g and 3 I?g-;g ggg g-; corresponding to a time of viral breakthrough (VBK)
1855C mutation in ¥ 17537 1L.70 63 analyzecl_, the LM V-resistant variants ntM204V/1 were
the main populations (98.7-99.7%). However, low
1E14 1820 1810 1e40 180 1aT0 1880 1830 1900
R T T T L T e T T T T LT i, i ® e encacann Weesasanas ® scssssaPacsniness®aass
DRle=sssnms Bulges===
ASl---AS--  RCD-----a--- AS3-
Magtar 5t mmrﬁmmmmmmﬂmuﬂ&accnmmmm 3t
i S 5 : —Alml‘l‘lﬁiﬂcfmmﬂﬂ.-l‘}a:l‘_m-f I"IG‘TTCA’I GTCCE, E!gifi@mcmcmcmmcm TG00 'I-‘GGC_ - -'.[“1‘_ ‘I-m_ - ';‘éé__:l_ - -2-7-5 (0.15%)
i--"__-___--_s:—A_milC'I-___ ‘ﬂfijmc___-C_If_'l"ﬂ:CTMTCAT['I‘CE.TGTTCAT’GI‘CCE!!EEMCI‘-EM- [‘m‘lm_ _EGCI‘TM__-_C:HID] J' 57__-_ [!-!_Ii-l.-i]_
3 B CTOCARCTTTIIOANCTOTGOCTANTCATCTCaTETTCATIO: ACTATOTR AT COARGOTATEOCTIGOTEACTTISAGCATEE 3 115 (0.084)
4 o -;::-C_IGCMC_ _--I-I-l;-'-l'-QC__C_I'CIGCCTM‘_!'-C_@__ IGTUCATGICCI:E!@J\GC_ 5 C!‘CCJ\MC_ ; _IGIECIiﬂOG-_-_IﬁGC-"-IITB_G_G-B_C-ATW—J -_d5-9_-_-fl;,2--ll]
5 57 -ATGSAACTTT eTAATCATCTeATEICAr T, T ARG TaTEOCTTOOS TESCTTTal0a CATGS -3¢ 234 (6.24%)
=-cTGC CTAATCATCTCT TGTACATGTCCC, CCTCCAAGCTGTOCCTTOGETEACTTTOGGGCATGS -1 228
6 5 ATGCAACTTTIICGECTCTGOCTANTCACCTCaTCRECRrerceTACTORTCAMECCTCCAMGOTATOCCTIOOSTEOCTTIAGECATES 30 212 (0.15%)
5 - CTAATCATCTCT TGTACATGTCCCACTATTAAGCCTCCAAGCTGTGOCT TTTGGGECATGG-1" 65
P —— 1-1';;\::-:_-1\'_'1'0:“- m}m";;l-;m@m""""Ctg@m"" s . TaceacaTee 30 291 (0,15%)
;--- o -5- R_IG:MC-___ TTT - CTH:\_I-CM__;TC&TﬁE@GIC‘CT m C!'CCJ\M-CEGIGC‘:IEWG!\?GCIEIW__-_C&'GS a _2-;0_ ) _[O_L;ﬂil_
5* -CTGC CTART CACC T T TG TACATGTCCC ACTY T T A AGCC T CARGC TG TGCCTTGGE TEECTTTEGGGCATES -3 159
s & -ATOCAACTITEIGACCTCTGCCT Mmma.@mm FEedhorac ﬁl o ';LL',;'M' AGCTOTGCCTIO00TOACTITA00ACATR -2 235 (0.22%)
5* = CCTCTRCCTAAT CATCTCT TGTACATGTCOCC CCTCCAAGCTGTOCCTTOGETEACTTITORGGCATES -1 179
Figure 4. Sequences without comrect homology between the 4 nt primer in the bulge (1863-1866) and acceptor site (AS) in direct repeat region 1

(DRI1) (1824-1827). The genotype A2 consensus sequence from our laboratory collection used as the pattern is presented in the first ling, and variants
are added below. The number of sequences of each variant and the percentage of the total represented is indicated at the end of each line. Bold
characters indicate mutations from the master, and lower cases indicate a mixture with the nucletotide of the consensus sequence. Boxes indicate

homologous sequences and suggest alternative ASs.
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Table b Peromlage of g u, by i o il ind’ of midatsong = YMIHY snd peal one poitos
Lk preony Bancling Samplos VEHK wsmplcs

Pl M2 M3 Iha n4 s & M7

M = Hie ™ HEe M Hie P Hie I HEe N Hite P Hie M2
M Codon 1-2* Cadon 28 i I G A2 Gan AL G I¥ G [ o A2 Crott A e I
W W W 02a 1005 [ITE% el 1. 3 Lo ns (i
e A Wi o Al (00 033 Q=4 QL 000 0.0
Wi Wi hill il L] .7l TEL LilE 0o L 0.
Wy Al M ola o s L any .00 L) 0.0 o,
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"WT codon | snd 3 are nor mumied. MT codon | andior codon 3 sor muamied. However, moussons are muindy found in codon 1.

percentages of wild-lype sequences were also detected
(0.07-1.06%). In three potients with VBK (cases 4, 6
and T} the oMY mutation was predominant, but
Patient 4 had the predomanant mutstron m combmation
with a considerable percentuge of nM204] (5.6%)L The
AM204] mutation slone pradomingtad in Pavent 5, but
o small percentage (0.2%) of nMX04Y was also detected.
These results agree with those obtained by Lipa (Table 1)
Intevesingly, the perceniage of ‘Oiher’ vananis in
Position 24 (0.23-0027%) was higher in VBK samples
than in haseline samples, suggesting that these variants
might also be mvolved in LMY resstance.

Simmulancoss detection of preCore and polymerase gme
mutations in the same HBY genome

The possbility of simullaseous muolations in e
Y MDD Pol motil (Posiion 2M) and preCore icodon
I, 2 and 28) genes wis analyeed in the eight dreular con-
structs processal Sequences were grouped according to
the presenoe or absonoe af mutations in the Tour regons
{preCore codons | and 2 were analyeed together), and the
percentiges found are shown m Table 6. In Patenis 5 and
T, who were both HBeAg-negative and had muations
agamsi LMV, the sequences showing simuliancous muia-
tions in the preCore and Pol penes comprsed the major
popukatons, Interestingly. sequences carrying mutations
in the preCore and Pol genes were defected in significant
percentiges in all cases, panticularly Patient &, i whom
9.9%, of sequences showed simulianeously oocurnng LMY
muinions and preCore codon | muintions.

Seiquontial sudy of the preCore megion and Y MY moil

In Paient 4, the circulor constnect was oblained from
camples taken at baseline and a0 VHBK. Mutations
confernneg LMY resistance were detected in the baseline
sample (0.55%5). and were much more prevalent at VBE
[9‘?.5-:'.&] {Tabiz ). Although the ndHl muiaton was
detected m a higher percentage than 204V at baseline
(0.4T% wversus 0.08%), 204 was more Troguent
(93990 than m204] (5.63%) at YBEK. As (o pﬂC‘un:
muistions. the pereeniage of stop codon 28 sipnificantly

decreased al VBE (0.12%) relative 1o the baseline sampli=
(8.31%) (Tabic 3%

Start codon of the core geie

The areular construst included the stan codon of the Core
gene, and significant percentages (0.11-0.91%) of muta-
Lions in Lhis codon were detected in all samplos processal.
{Table 3). It must be kepl in mind that these mutations
abolished Core protein production: henoe HBY genomes
carrving these changes would be defective for viral capsid:
production.

preCore frmment overlapping e HEx gene

The HBx gene spans Position 1374-1838 of the HRY
genome, overlapping the preCore gene in the kst dght
codons (Poaiions 1214-1838), For thes reason, mutations
in the HBx stop coden (Positions 1836 1535) and its im—
plications on the preCore ORF were analyred. Although
most sequences (194423 968250 had the expecied TAA
stop codon, 5837 scquences (29%) cured the TAGH
amber stop oodon, which represenis an solewcine o
valine amino ol substitution in  the overlapping
preCare region (ATC 1o GTC). OF nole, a significani per-
centuge of saquenoes (324, 0.16%) showed o TIESC sub-
stitwlion, which d:mgrx the ochre stop codon TAA lo-
CAA (Glal. Adter this substitution, the HBx proten
would be tramlited (o the next in-fmme stop codon.
TAG a1 Position 1993, inducing expression of 11 addition-
ol amino acids at the COOH-termingd region, In the
preCore ORF, the TIZ36C mutation abio mduces o
change of loucine io proline. The remaining 233 sequences
showed other amino acid substinmbons, which were not
analvied becausc lhqr opcaried ot a frogueney belows
our established cut-ofl,

The circalar construct developed in the present study
provided miosmaton aboul the HBY KT YMID Pol
and preCore rogeons, Uius :mhﬁm wivalyazs of simullan=
eous mutations in both regions of the same genome. The
ohligate presence of the 6-bp HindlT1 :-rmm:: which
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limdoed the two regions, was used ox an inlermal control of
fidelty of the UDPS provess. The caloulated nuckeotide
error rale (1.6 x 107 with more iransmilons than
trmnsversiond (G0 versus 4006), was simiblar 1o repontad
error rale valess oblaned wilh donal DNA as ithe caiemal
control (18-20.26.25), thus valudating the use of Hmdlll
a8 the exclusive error rate control. Nonetheless, 1o be more
preaise and concise, only varunis m a percentage higher
than twice this error rale (=0.03%) were tken imo
considenton,

Analysis of the ¥ MDD molil of the Pol gene confirmed
the presence of low  bul  sigmificant  percentiges
(007-0.55%) of LMV resisance mutations in basding
samples from all patcnts stedied, thus dlustrating the
complexity of the HBY quasispecics. Interestingly, signifi-
cam populations of other YWD vardants (0.09-0.17%)
were also detected ot baseline. AL YBE, the riM 2048V/1
varpants  were the mun  populavons  dewcanad
(99, 7-03 9%5), bul wildaype séquences were also Toumd
in small poroentages (007-106%) Once agamn, the
presence of YMDD vananis was associated with LMY
resistance (14), Voriamn rM20dV was predominant in
three of four cases of VBK, whercas riM2041 was predom-
inant in only one. In the sequentially studied case. ri2041
was detected in a higher percentage than n204Y m
baseline (047% versus 0.03%), but afier VRK, niMV
wid more prevalent (93.9%) than n20dl (563%), This
suggests that the 1ype and relntive frequency of mulaiions
al baseline does nol predict the mutitions w@leded dunng
tredlment (11),

The hagh perceniages of viral populaiions with preCone
and LMV-redstant mutations observed in LAV resistant
anli-HBe cascs scam to mdecate thal mutations in these
regions simulianeously ocour in ihe same genome. In the
limited available audies direcily investigating this dmul-
tancous proscace (22.23), there were no corncations of
LMVercsstant mulations with HBY gonotype or the
presenee (or mot) of the preCore siop  oodon
Furthermore, & wifro stimly has shown that progeny
DMNA bevels were restored in consiructs with preCone
and LMY mustions (34,35) Only o small number of
clone: were analbzed i the previows studies (22,23)
because the preCore and YMDD regons are more than
I kb apart, a fact that mikes ther study difficult. When
the prescnt rescarch was performed, clomal analysis by
UDPS was hmited (o a 2530-bp sequence kength (~400bp
in s current version) Monetheless, ihe methodology
reported here enabled uliru-deep clonal study of both
iypes of varanis in the same genome. The resulis
oblgined with this novel PCR-based tochnigque suppart
ihe sen thal umulisneous mulstions m the preCose
region and YMDD Pol motil are common in the HBY
quasispeckes in CHB patients, regandless of the viral
penatvpe (A2 or [ or HBeAg stalus.

The presence of genomes willwoul the Core antigen star
codon sugeests the exwienoe of minor viral populations
thai are defective For viral capsid produection, another in-
dication of the complexity of HBY viral guasispecies. The
presence of these genomes in HBY infecton can be
explained by potable collaboration between vinses
from the same infection by a lrans-complementolion
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mechanion: i wild-dypd and Core-defoctive  genomie
comfet the same bver cdls, Core profeins prodused in
encess by ibe wild-iype virnl pemome mughi be used w0
encapsidme Core-defective HRBY genomes, Possible raduc-
ton of HBY wore protans i the cyioplasm pool due to
the presence of Coredelective genomes oould decrease
their expresion in the cell membrane, thus modulating
host immune pressure and mamiaining the infection.
Therefore, the prosence of defective genomes might esnab-
lish cooperation with wald-type simses, thus favonng viral
fitness. This mechamsm of tmm-complementation his
been described in in viro sudies anslymeg defeaive
HBY Core dones (36). Funther mutagenic studics are
nooded Lo cvaluate the possible decrcese in host immung
respaonse 0 thas situation. Ressarch evaluating possible
rides of the minor (0.16%) mutsed sequences detected
(ndditionn] amino add i the HBx COOH-terminal
peplide due o a mulslion 8 the HBx stop codon)
would also help o clarnily e rode of the HBx gene in
HCT pathogeness,

In agreement with previous swudies (17), the 1wo
HHeA g-posiiive cases had significanily hagher perceniape
of proCore stop mutations in codon 28 (831 and 1,31%),
suggesting casy schection of preCore mulations when the
host immune response increases dunng viral infechon.
Likewise, in HBeAg-negative pathents, wild-type codon
X preCore penomes. were detecied in lower percenlipes
(0200, 14%5 ), explaining cases of nareral or LMY.related
serorgverdion (3E3) An inlersstling obsérvalion wm the
longitudinally  studied  patient  was e sigmbeant
decrease mn the main preCore mutsison ai VBE, which
coincides with reports suggedting that HBY simins
currying preCore stop codon 28 and no Pol sesistant
vamanis are more sensitive o LMY ireatment than
preCore wild-type sequences (35.38.39), However, add-
itonal longiuding UDPS analyses, o reporied in the
present study, must be performed to furiher sabstantiate
this possibility.

Epslon clements are present twice on pgRNA, one
located near the 3 terminus and the sther an the ¥
termenus. Cormect base-pairing betwaen Position 1896
{eodon 28} and 1258 {codon 15) from the lower stem of
the encapsadation signal 15 one of the muin constraints for
preCore varability and ¢ thermodynamic sability, o hos
been reportad previously (8) and was highly reinfoned by
our resulis. Regarding HBY genoiypes, the main preCore
mutation (ARG variam) was dearly predominant in
genotvpe [, while in genotype AL sigmificant percentage
of preCore mutation were locoted a1 codon 1. This
thermodynaniic restriction between HBY genolyvpes cor-
roborales resulis from previous studies using clonal or
direct sequencing techmigues (2.11).

Afier initial o Pol binding, the HBV apical stem loop of
€ hs to open up to form a pamer syathois-compelent
wmpkx, bul the highly stable HBY apper stem 15 a
barrier. The free energy 10 overcome this barréer muy
come from imlersction with KT und by capping the TGT
mendotnloop  with capsid  protems  (31) Highly
consenvsd poabiond and mainlénance of cormact hoke
pairing in the upper stem were obderved in our results,
A change of T o C in Positions 1884, 1385 and |893



wiis found in 15, 014 and 0.1 3%, respectively, bt mnmter-
catingly, the complementary changs of A 10 G in thar
base-puzred Posbons (1875, 1374 and 1867} showed very
similar pereentages (0.13, 0.1 and 0.014%, mespectively]).
Addivionally, the low percemtage (0.1%) of G 10 A
clanges detectod m Posiion 1891, whach in fadl represent
a mew stop oodon in the preCore sequence. was also
u:rmgmnun! with complementry C we T changes in a
similar percentage (009%) in the 1869 base-paired
position. Observation of comect hase pairing of the
apbcal and upper cem of @ might reinforce the wlea that
siruciural rather than sequence nestictions are mvolved in
conservaiion of the £ encapsidation signal,

The hesanudeotide sequence located at the top of the
apcal stem (from 1877 to 1832) was found 1o be hghly
conserved among 1200 HBY stroons (440, MR analyss (41}
has shown that the e TG sequence folds in a
prudo-inloop (Figure 1), o streciure correcily predicied
by the RNA folding program ued in the i study
{27.28). The peeudo-triboop is 0ol needed Tor BT binding,
but i required for pgRNA encapsulation, suggesting ils
imleraction with capsid proteinz (29.42). High ocomserva-
ton of Tye, Gars and Tiem nucleotides was obserued
in our dudy, partecularly Gy, which suggests that they
have a predommant role in the ecapssd micracuon (43L
Structural and functional experiments must be performed
1o analyre the effect of these changes on the HBY reph-
ealion process.

The muintion combinaiion of GIEYA plux GIE9GA
wik Frequéntly detecicd in our study, Guarnien «f o
(36) reporied thadl GIE99A does not  sgmificantly
mereass i vifre viral repleution, despiie significani theor-
etical eabilization of the ¢ structure, G18% s found in the
Kogae sequence and precodes the starl codon of HBeAg
The reason why GIE99A 15 o highly prevalent change.
contmst 10 itd paired stem  paosition, the conserved
TIRSSC, remaind unknown. According 80 our resulls,
the juae Tl ess 10 juas ToAjmes chonpe was 100 times
M ﬂ':quml than ithe ||_g-§T:{i1” 1 ||.q.q.ciﬂ|m
clange. Funhermore, in contmst 1o previously reported
resalis { 38), the stie-directed mutagenesis and the trunsfee
tion dudiee showed that presence of the TIRSSC mutation
in both the 5'- and ¥-ends led 1o a shight, but systematic,
reductton 1n HBsAg, HBeAg and HEV-DNA levels, IF
Tigsa were to have an eswential mle, selection of the C
substitution would be limited and explain the low preva-
ke of this changs. The meost sinkimg findmgs of our
study were that chimerical (bui not natural) construas
with only one 1235C mutation a1 the 5. or Y.end were
ussoecimied with higher HBsAp, HBeAg and HBV-DNA
bevele than wikd-type clones. Although the 5 and 37 strue-
tures have differing functions i the singular HBV repli-
cation cyche {4.5), enhancement of viral replication activity
in chimerel consructs with a single mutation remains
uncapliined, Specific expenments using primary hepato-
cyte cells, such as macaque hepatocytes or other o vitro
cell sysiems are nesded 0 explore ithe possible involve
ment of Tyaasi

Analysis of awcleotde vanability in the 4ni bulge
primer (4nl prmer) wsed a5 o lemplate for synitheas of
the manus DNA strand and ite cormesponding AS in the
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DRI regon conflrmed the kigh conservation of hoile
regions. 1L has been speculated that the 4m primer i
more essential thun DRI AS. The exstence of alternative
sccepior sites (32) i suppested, as well as the sdea that 3-na
sequences would be completely Tunctional for minus
strund DMA synlhesss (36), Our resulls support Uhese
concepis because the 4 mi bulge pomer was shighily mone
comserved than AS DRI (99.5% versus 98 9% As was
expecied. the e structural motifs were strongly comerved
in our stsdy; very few cases (1.47%) had dilferent se-
quendes in the 4l primer and il canonical DRI AS
However, 44% showed complele 40l homwlogy with the
puiative sccepior siie, AR (Posiions [R49-1552), wheras
the remaining 56% showed only 3-nt homalogy with ca-
nonical DRI AS or with sequences locaied i previous]s
reported allermative acoceplor siles (32). Theelore, ous
results seem (o agree with the oistence of an alternative
o the DR | acoeplor siles for the ol primer (32). Analysis
of the thearetieal secondary structure of the 3.end ¢ signal
{Figure 1b) showed that the AS3 sequence has tighles
Watson-Crick puring than cunomcal DR1 AS. This fack
could represent an energy bamer for 4 nt annealing. and
enplain the low prevalence of ninated bulge variants 1o
ciable correct anncaling of 4ol with AS3,

The high cost of the pyrosequencaing method used m this
resgaich is a limdt 1o the number of patdents that cim be
studied, but the lorge number of sequences obtuined fon
each patent provide information an the HAW
viral quasispecics than has been previously reported. The
construct wid decigned 1o evaluae spocific poaiions in (e
preCore and polymerase regons, bul not the enlire gene.
Thus, our conclusions are resincied 1o the YMDD and
preCore regions. Because of the same cosl concerns, onls
LMV-ireated patients were sclectad; other RT positions
assocmted with LMY and other anipaml treatmeni=
were not included The circular constrct designed fon
this study wis useful for analyzing two widdy separatad
regions. This micthod can be applied 1o other genes il
Tragmeni with the iwo regions of interest ai the ends com
be amplifiad by PCR.

In conclusion, UDPS sody confirmed the fesibiliis.
afl detecting amultineoudy ofcimng mulaliong (m
the preCore region and YMDD polymerase motil
The presence LMV-resstanl vanunis in baschine
naive damples, detection of preCore mutations in
HBeAg-positive patients and  the presence of WT
preCore wvananis o HBeAgnegatve cases were absa
demonstmied. Low  percemtages of defactive Cone
genomes and msated HR sirdns were found, illusirating
the complexity of the HBY guasispecies. Viral strains
present in small percentages can act s reservoirs and be
selevted in response o exlernal changes (e administra-
ton or elmunation of drug pressure. or an moreased host
immune response). Genomes with mutations in the stars
codon of the Core gene might resull in defective partiches.
whose presence might be allowed duc o cooperation
between viruses. The thermodynamic stabality of the »
agnal was confirmed o be the principal restriction (o
selection of the min preCore mutation, which is respon-
able for nbolshmeni of HBeAg expression. Forihermore.
analveic of ¢ signal variahibity revealed the essential role ol
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structural @ motifs and possble involvement of some nu-
cleotsdes mn ¢ signal function. Lastly, we found that cormect
annealing between the 4t primer of the bulge and the AS
docs mod socm do be an absoluic condibon for ihe 4ol
prmer swiich mecded for minus DNA sirand synibesis,
ing that abermative cleacting sequences, such
defined n the present repori. might coninbuie o
define the normal acceplor =it in the ¥ of pgRNA

ACKNOWLEDGEMENTS

The autboms thank Dr F. foulim er @, from INSERM for
kindly providing the Huh? cells used in this study and
detailed imformation on HBY phenotymng. and Celine
Cavallo for English language suppon and helpful
sugpesbons.

FUNDING

This stisdy was funded by a grant from the Spanish
Minisiry of Health and Consumer AfTurs (FIS PRORY
0899). CIBERehd w funded by Ingtitute Carlos 10,
Minidry of Health and Consumer Alairs. Funding lfor
open access charge: Spanish Mimsiry of Heulih und
Consumer Aflars (FIS PS09/(0699),

Comflict of imterest statemen, Mone dedaned.

REFERENCES
I, Wamal M, (2008) Hepachis B viruse: revens immrption 3
differant way. Viws Res. 1M, 315249

3 KimS. Leel. and RywW S (2004) Fowr comervad cybein

resistars of the bepatiis B vina polymerase are criteal for BNA
] 4. Firvd,, 3, BOT2-5040

1. WangG.H. and Sseger,C. (139) Novel mechanivm for revere

trnicTiption in hepatitis B vinse J Vieal 87, SA0I7-8512

4, Id L ﬂ H!m:I.M { sy Fﬁrnmm nrl‘ a fanctioeal huuu.

H v A ma
alterathon in the BNA teenplace. Wil ol Rial, IE, AT&S-A372

3 Micper A, psd MNasial M. (P99 Spocific heparmin B viras
minussirand DA symbess regaires enby the F © encapaidmion
aigmal and the F-prosimal dirs repeat DR 4. Fieal, T,
SNS-SNU

& Carman W F. Jasma MK Hodripennia 5 . Karsyisnmnl.,
MoGarey M L and Maleris AT H, | 1#%) Mmoo preventing
formation of hepabti Il @ snbgen in patmti wilk chroai
heputtn B inlaton Foneer, 9 SHE-91,

T O0kmmevio M., Yosumodo % Aknhane Y, Yemanaka T,

M iyarakl, V., Segaly . TesdaF. Tamka, T, Mipskawa,¥. and
Mavami M {90 Hepaeiin B vinses wnh precare sepon deaon
prevad bn penmscntdy infeaed host along wib serosonwnien
the amtibody sgainat @ anfigen. J Vel Sl 196- 1000,

i RodnpaesFrss F | Rsti M Jand B, Cotrion M, Vilsdomag 1,
Exwchan B psd Cimasdia ], (1999 Meparizis B varos miscios:
precore mummne: and o rebation 10 viral genoqypes and core
mgations Hepateogy, I3, 1641- 1647,

O lardi R, Rodapses F, ButaM,, Costa X | Valde A Allesds H.,
Schaper sl Galimany B . Fsschan K. opd Gosrda ). (X040
Hunimhﬂzhu::mpmmhrﬁn-uf tis B wirus,
Ralationabip with precons vasianis and MUV peeotypes 0 a
Hpasmh ot of HEY carvien. J. Wepatel , 80, S07-314

10 Pollack )R and Ganem,h, (1594) iu-lnl:ﬁ RNA bnding by a
hepatdis B ovans fevers ransorgplase indies two deisct
reactioma; BMA packapng and DNA smheas J Vindd | 65,
S5TR-33N7

86

1, Lok AN, Alerem L), and Cireeme X, § 1994) Mutstions = ibe
pre-onre pogion of hepatmin B vinm sorwe 1o eehance che sahiliey
ol the segondary wnmnee of ik pee-penome encapakdation
wignal Prowe. Natl Aol Sei. LS, W0, 07T =806

11 Ksdd A H. and Kidd Lunggren K. I,I'Hﬂ].ﬂmﬂm
mrugiusy modcl Tor ik Seaond of he B werus preg
RMA Nuelae Ackdy Res,, 3, 1943301,

13 Diepitag J.1, Permilio BT, Schiff E R, arthokmes M.
'h'nn‘d.'l‘. -d Hubm. M. lI.HFI A nlihh: tial of hewvudine

[} N, Fgd. 4. Moo, 230,

IH‘I' 11,

14, Al ML, Dheubaarien, M. Andeous, CW_ wA
Walern KA. TuxlDL. &nl,ﬂ ad Coedreay, LD, I 96d)
e riificand i il 2 B i nl i hepatitis B
virun mewstant w bmivudine. MHepamlogy, I7, 1670-1677

15 Lok ASF, laCL, 1 M., VeoG B, O Y. Schil E R
Dicemsg L. Flemh o Linthe N, Griffica, DA, o0 ol
(2000} Loag-term walety of kimiviedine troatment in palibngs with
chiromc hepatitn B. Uaiiroemteraey, 125, 1TIE-1TIL

1a Chen RN, ¥YehOT, Tam S, OO M, and Lisw,Y F. (3003)
Determinamty. for yummsed HBeAg suponse 10 bimivading
tharapy. Mleparlegy. M, 1267-12T1

17 Lok A S, FulimF., Lovamin 5. Banbokmoa A,

Cohany MG, Pewlotiky J 0., Lisw, V.F, Mirolasmi M and
Kuikem . {3007 Anenira] drag-resiscamt HEY: smasdardiration o

1K Zl.plﬁ.l:l_ Kl K. Drumer M. and Deororwinkel N, | 2000}
nevi-gr gt daba el releibld
m al HIV qusunpecies Nuelele Acidy Res, 3,
T - T,

19, Wang,C., Mitsiva. ¥, Ghariaadih I, nm,m and
Shalfes B W, (207) Ol wah
whrs-deep pTosaumaANg m | MIV-1 |Ii'|.||I [ L
Gowwne Raow, 7, 11951200,

0, SclmoneM.. VissaniiD, P MCF., Brusdiea .,
]“hnhu,l.- nfed Capatshimncha M . {309} Uie of msievely

narallel ulraden pymsegumcing to cassaeue the peostic
dnendy of hopaistin B visas in didg-oouniasd and drug-mang
patiems and 10 deteey minar vamann in reverss wansenpase ond
Bepatits B 5 antigen J. Fiol,, &3, 1TIE-1T26

1. Marprddon- Thermet. 5., Shulman, ™5, Ahmed A, Shabriar K.
Lea T, Wangl®, Holme% I, Habrradeh F, Gibansdch B,
Haseraruh B or !, (3000) Llurs deep ing of heparitis
W i Gims e Mo sudeodile ind muclaatule
eV s Encias mhibwor (MET]Hrawd ik and
NRThsane pationis. J bfeci, DN, 199, 13751203

12 Lok AKX, Hamam M, Carano, ., Margooti b, Gramenri A,
Gran Gl . Jovine ., Benardi M. and Andreose . (000§
Evodation of hepazits B virus polymerase gene mawatioons in
hepatilin B ¢ salipen-oepative potients receiving lmivusdine
thawapy. Mepatalogy, R2, 11451153

1 Chas W, Hehmk B and Kimd M. (2000 Reversian (ram
PrEgoTE Cone Pomote menants o wikd-type hepatinia hm
dn.:njq the cound of lamivuding (Berapy. fepatelopy, X5
TPhE =106,

M. Kndripser Frim, F., Jardi K., Schaper M., Cimlerms, M,
Fiefaaioon ], Tabomero ), Evichan . ansi ot M lm
Redeteetion of HEV bmividing-rodesn mamssns s 3 pation
under ensecavir therapy, who had been eamed squeetislly wich
mickeodtide analogued J. Mad sl 79, 1671-1678

15, Camphell P I, Maasance K1, Siephena,PJ . Dicko k., Ranoe B,
Ginadhead 1. Follows (A, GireenA B Forreal A, aad
Suamon MR, (20608) Subclonal phylopeneic snacrums in cencer
revieakid by wira-diep sguinang. Proc. Nedl Aosd 5o, US4,
08, RO -

A Huse S N . Hober 1A, Morrsos M G Sopmn, 501, and
Wlch I, M. (2007) .ﬁ.m.w-q d-l.h:r of massively parafld
IhdA oy poinguenas B R4

I, Heuber .5 ased .IJ.II {0HH RNA snadtisre sollware
for RMA woondary wructure predicson and snslysis.

AN Bipssfarmanics, 11, 159,

T Mztheua I3 H, Doy MUY, Chalda 11 Schroader 50

Faker M. and Tuner [JH, (X0 Inearporsing chemdeal




S -

L il @ il f alporilum
T {lﬂﬂ“ of RMA sacondary siructure, Frar. Mol dvad, Sei
LS4, 101, TI7-7290

29, FlodelL 5. Peversen. M. Girand F. Ed-ul..l. Hkldnt..il.nuul.ﬁ..
Sichleucher |, and Wignsmpa 5. (1006} Sialsa i

mmdlﬂ mﬂ-]ﬁ!ﬂ# H wvinn im
sigeal, Noclei dcily Rev., M, dddddtT,

20, Duransel D Carrowds-Darantl 5. Warks Laposolio il
Arunslle M., Puhoad ., Tespo 0. and Zoubm F, (2008} & nes
siraiegy o Mudyieg in vitro the drneg sacepiiheliny of chinieal
inalanes of haman hepation B virm, Nepamlogy, 40, B3 58

i Hud, snd Beyer M, (2006) Hepatita B vins revens cumeipas
snd © RNA ol oo apacilhc il eradtion in aife
4. Vied, B0, J141-2150

32 Abwabem TM. and Lock, I I, (2007} The tapolapy of hmpaitin
vinss peegomomi: HMA promotes i replicaan. S, Vil BY,

1I5T=1 1584,

I YweaMF. Tanaka Y. FoapDY.T. Fungd.. Woap DK 1.,
Yuwa lOH, B DY K., Chan A 00, Wong HOY .,
Mirnkamd M. o7 &l (2009 risk (actars and predcte

woowre for bt dowclopmom of hepavocelldar cusoinomsa in chronic
hepatitis B J, ., B0, BO-RA

54 Chen B Y ML, M, Shaw, T, Ciolladje 1. Dielsney, W E
Teen H . Bovaken 5 Dhesmaend P oand Locamis S A 12000)
Effec of the Gi#ah preoore mutation on drag sensiiviey and
replication yield of Lemivading-neaistand HIY in vio.
Hrpatology, 17, T-15

58 Teeke ¥ | Gehske 4| Luedde T, Hewm oA, Masnu M ard

- (200ky Basal core promoter and progene mumations
i whpmhm’mm mplication afflcacy of
Larrvdeses pewalonl sutamts. S, Fiesd | TH, !I.'l\:ll--l,!ﬂ.

B Ciuarnsen M., Kin Bobsan, Hangli, Lo, fhowy. ., Tasg X,
Wiand L. aned Tong 5., (2006 ) Paint mamarions upsirmm of
heparitis B wirus core pene affeer [NMA replhication ot the wep of
cove protein grpeeasion, J, Viesd, 80, 357-305

[Second Study

Nucleie dcide Research, 2071 15

. Vol T, Lutgehetmann, M., Waohiles 1", Raoib A, Qsai A,
Murray.)M... DandriM. sod Pesaren.). (X07) Trespaatad
inteabepaiic bepaiitin B visss prodactnity cosinibaies io ks
wiemia in most HbeA g negative patinis. Gaaroendardoper. 1AL
LELR L]

M ChenCH. LeeCM., Lo SN, ChanplioC., Wangd O,
wm.t_u.. I-:u.ru.f.‘.'l-l. ansd Ha, T.H. ||.'l'.|ml:n-_tinui

anad gaowe
HBeAg posinive lirwlthpldm Ir.-ﬂr.-.lwh-dhﬂm
HibeAg desranoe in lamiveding therapy. J. Flopatol . &4, T6-82.
. I:u-uhm.h. Bumaskiro K., Murachisa 5, Opas K.
Tanska K., Hegisochi A, Moo, T, ke T., Tossla B, Kogay'.
ot @, (3004) Geenerlc hatsregenaity of the precore and (e core

lamrvdime therapy. J. Mal Firal, T2 26-3.

80 Fledell 5., Schioacher, 1., lt‘m-_.:.‘l'.. Ippd H., Kidd-Lunggren K
and Wigmengs S, (20000 The apical mem-loop ol the hepariths B
\----W signal folds io a sable wHloop wih we

wng pryrimidine hdpe. N drads Bea, 30, 48032811,

41 ﬂrlrd..FC Oink O M., Ampe KA M., Tesan®. and
Wimnga 5.5 (M0T) Thermeodynamics and NMB sridie on
ducke hion and buman HEY encapsadaticon dgnak.

Nuckiy dplle Res, X3, 3800-2K1].

AL Amprk AN, van der Wal R M., MelisenF HT., Tomn M.
and Wignenga S5, (M09 The unstable past of the aphal sz of
Hhﬂlﬁl\iﬂnqﬂlh“!ﬁdhﬁm
bt @0t . b % anad I fog severse
iranecriptass binding, Wik mdary, 4K, 14108,

A1 Peivadd K., Duchardl b, Flodsll S, Lamuon(, Kkl
Imli.. Wimenga5. and Schieusher ), {307} Conserved
machooiidey in wn RMNA cosensial for bopatiten B virus eeplicaiion
et disinet mobsdily parternd. Neckide Aodn B 380
(oA R T

87



88



Third Study

89



(Third Study

4 THIRD STUDY: Variability and dynamics of hepatitis B virus
quasispecies reflected by ultra-deep pyrosequencing of the

main epitopic regions of the HBV core gene

4.1 Hypothesis and Aims

4.1.1 Introduction

The present work was a continuation of the first study, in which we observed high variability of
changes in the main epitopic regions between baseline sequences and their consensus
genotype. After application of UDPS in the second study, we concluded that this method was a
powerful tool to analyze viral quasispecies variability (124). However, due to the amplicon
length limitation of 250 bp, study of the Core gene was restricted to the main epitopes, Th50-
69 and B74-84 (22-25,27,28,65,66,114). The main epitopic regions of the Core gene are mainly
related with immune pressure; however, the fragment also contains the tip of the spike of the
Core antigen (codons 74-84), which includes codons involved in electrostatic interactions
between the Core and HBsAg (125). Cryo-electron microscopy studies have shown that codons

78 and 79 are within the contact area of Core with envelope proteins (17).

Thus, we designed this study, in which UDPS was used to analyze the quasispecies composition
of the Th50-69 and B74-84 regions of the HBV Core gene in the absence of antiviral treatment,
to test the natural evolution of the quasispecies, whose variability was previously reported by
direct Sanger sequencing (126). We also focused on analysis of one particular case after a
treatment-free period and after administration of lamivudine (LVD) antiviral treatment. UDPS
analysis of an HBV clonal sequence was included to evaluate the error rate of the technique,
because in this type of study, use of an internal control sequence, as was done in the second

study, was not possible.
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4.1.2 Hypothesis

The variability and conservation of the Core gene positions described in the first study might
be detected by UDPS in individual samples. UDPS analysis of the main epitopes might reflect
conserved positions that could indicate possible essential roles, such as interactions between
Core and surface antigens. In addition, it was hypothesized that minor variants present in the

baseline quasispecies might be selected by natural evolution or under antiviral therapy.

4.1.3 Aims
1. Describe baseline variability in the main epitopic regions of the Core gene.
2. Analyze linkage of different mutations in the Core gene.

3. Evaluate the evolution of the main epitopes, Th50-69 and B74-84, of the Core
gene in the same patient under different conditions: a treatment-free period

(baseline samples) and after LVD breakthrough.

4.2 Summary of the Study

The baseline variability of the main epitopic regions of HBV Core gene was analyzed attending
to the percentage of changes detected in the 55 codons studied (from codon 40 to 95 of the
Core gene). Four baseline samples were included, 2 genotype A and 2 genotype D. One
genotype A patient was HBeAg negative due to mutations in the first codon of the preCore.
The two genotype D patients were both HBeAg-negative, due to a main preCore mutation in

codon 28.
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All patients were diagnosed with active HBV replication and were treated with LVD. All of them
presented mutations conferring resistance to treatment after 18 to 24 months. Owing to their
similarities in LVD non-response, they were selected for inclusion in the study of baseline
variability. A sequential study was performed in Patient 4, and 3 samples were UDPS-analyzed:
in addition to the baseline sample, one treatment-free sample and one VBK sample after LVD

were included.

For the present study, the UDPS sequence error values were determined by parallel UDPS
processing of a cDNA clone in triplicate. Results from the clone resulted in a multiparameter
Poisson model, with the distribution of the error rate per site represented in arrays and
according to the type of nucleotide change (Detailed description of the filter developed to

establish the error rate in the clone is presented in the Appendix).

In addition, to obtain the percentage of amino acid variability in each sample, the total number
of amino acid substitutions was divided by the total number of amino acids analyzed. This
value, which represented the theoretical variability of each position, was used to estimate the
expected variability for each epitopic and non-epitopic (remaining positions) region studied. To
obtain the expected variability, the theoretical variability was multiplied by the length of the
epitope: 20 for Th50-69, 11 for B74-84, and 25 for the remaining positions). For example, if 3
changes in TH50-69, 3 changes in B74-84 and 2 changes in the remaining sequences were
detected, the total variability for each position would be ((3+3+2)/56)=0.14. From this value,
the expected variability in TH50-69 would be 0.14x20=2.8; in B74-84, 0.14x11=1.5, and in the
remaining non-epitopic positions, 0.14x25=3.5. From these results, we deduced that B74-84
variability (2 changes) is higher than was theoretically expected (1.5), suggesting a

predominant evolutive pressure over this region.

A total of 108 403 sequences were obtained and analyzed. Each sample showed specific
patterns of amino acid substitutions. Patient 1 (genotype A, HBeAg-negative) presented the
lowest rates of variability (Figure 25a), but showed a mutated sequence in the motif located in
amino acids 64 to 67. The sequence flanked by these amino acids is commonly defined by
EssLMTg; and is recognized by T cells (65). The simultaneous E64D and T67N change has been
reported to reduce T-cell proliferation in vitro (65), and interestingly, the sequence detected in
Patient 1 was defined as DVTN. The other genotype A sample (Patient 2, HBeAg-positive)
presented higher percentages of variability (Figure 25b), and the two main substitutions at

position 41 (mutant: A, 7.51%) and 59 (mutant: |, 4.21%) coincided with the consensus
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sequence of Patient 1. The variability detected in Patient 1 (0.1% average amino acid
variability), ranging from 0.69% to values under the cut-off (<0.05%), was the lowest in all 4
samples. In this patient, the main epitopic regions contained 67.7% of the changes, a
percentage 1.2 times higher than would be expected by the length of these regions, and the
changes were equally distributed between the two epitopes. In contrast, Patient 2 had higher

variability (0.35% average amino acid variability).

Figure 25 Variability detected in genotype A cases: Patient 1 (a) and Patient 2 (b).
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The two genotype D baseline samples (Patients 3 and 4, Figure 26) had the same consensus
sequence, except in codons 64, 74, 80, and 93, which were also the most highly variable in
Patient 4. In Patient 3, five codons with more than 1% variability were detected: A41 (1.58%),
159 (1.68%), A74 (2.1%), E77 (1.94%), and S87 (1.93%) (3 of them in epitopic regions). The
average amino acid variability was 0.26%, and 57.8% of changes were located in the main
epitopic regions. Overall, this percentage was not higher than expected; however, changes in
B74-84 were 1.6 times higher than the expected random percentage (31.6% vs 19.7%). In
Patient 4, variability was higher than 1% in 8 codons: Q40 (36.27%), L55 (18.58%), D64
(29.96%), V74 (13.72%), E77 (3.03%), T80 (8.08%), T92 (18.93%), and V93 (18.89%) (5 of them
in epitopic regions). Despite the high total amino acid variability in Patient 4 (2.69%), only
49.8% of changes affected positions located in main epitopic regions, a value lower than was

expected in both Th50-69 and B74-84.

Regarding the number of highly variable codons (variability >1%) in genotype A and D cases, it
was observed that genotype D contained more variable codons than genotype A (2 codons in

genotype A cases and 14 codons in genotype D).

Figure 26 Variability detected in Patient 3 (a) and Patient 4 (b), both of whom were HBeAg-negative and

infected by genotype D.
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As to the median baseline variability of the 4 samples, 12 codons showed a variability lower
than the system error rate (<0.05%) (positions 44, 52, 57, 68, 70, 75, 76, 78, 81, 85, 86, and
89). The most highly conserved was leucine in codon 76, with frequencies clearly below the
system error rate (0.003%-0.02%) and a median baseline error of 0.013%. Under the
hypothesis that high conservation could indicate an essential role of the conserved amino acid,
we decided to analyze one of the most conserved positions by site-directed mutagenesis.
Codon 76, coded by leucine, claimed our attention because it has never been defined as
essential and it is located in the B74-84 epitope. The mutations induced in codon 76 in Huh?7
cell culture were a valine (V) and a proline (P). The presence of P significantly decreased
production of HBsAg, HBeAg, and HBV DNA, in comparison with the wild-type form
(HBsAg=56.7 [L] vs. 28.2 [P] IU/mL; HBeAg=5.97 [L] vs. 1.19 [P] arbitrary units and HBV DNA
=6.3 [L] vs. 5.8 [P] logs IU HBV-DNA/mL). However, the presence of V did not differ from the
wild type in HBV DNA (both yielding 6.3 logs of IU HBV-DNA/mL), but it reduced HBsAg levels
(HBsAg=56.7 [L] vs. 36 [V] IU/mL) and, surprisingly, increased HBeAg (HBeAg=5.97 [L] vs 24.6

[V] arbitrary units).

Regarding the longitudinally studied patient, 3 samples (baseline, after 36 months without
treatment, and after 18 months of LVD treatment at VBK) from Patient 4 were processed. A
decrease of Core variability in the treatment-free period and after LVD treatment was
observed. Linkage analysis was performed of the 10 most variable positions, which were
selected from the highest standard deviation values obtained from the frequency of mutations
for each position in the 3 samples, defined as the most variable positions. The haplotype

distribution of these 10 most variable positions was established for the 3 samples (Figure 27
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and Table 9). The baseline sample presented the highest complexity of haplotype distribution,
16 haplotypes in 21% (the master and 15 with one or more variants) reflecting high complexity
of its quasispecies (Figure 27 and Table 9a). In the treatment-free sample, which represented a
period of natural evolution of the region, a minor baseline variant was selected as the master
sequence (variant 12: 1.31% at baseline). Moreover, only two minor variants were detected in
the treatment-free sample (Figure 27 and Table 9b), therefore, evidencing lower complexity
than the baseline sample. After LVD treatment, the variant selected as master and the two
minor variants detected after the treatment-free period were maintained (Figure 27 and Table

9c); thus representing less quasispecies complexity.

Figure 27 Distribution of HBV Core region haplotypic composition in the three sequentially analyzed

samples (see % in Table 3).
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Table 9 Linkage analysis of the most highly variable codons in the sample from Patient 4.

(Third Study

a)
Codon 40 41 55 59 64 74 77 80 87 92 93 % Variants
Master E A D T S T \ 50.2
Q 7.5 1
Q E N M 6.84 2
Q E 5.45 3
Q 291 4
Q E G . . . 2.56 5
N M 1.77 6
Baseline E N M 1.54 7
Q 1.48 8
Q E 1.43 9
Q N M 1.38 10
E 1.36 11
Q E G . H M 1.31 12
E 1.29 13
Q E N M 1.03 14
G . . . 0.99 15
b)
Codon 40 41 55 59 64 74 77 80 8 92 93 %
Master Q A | | E v E G S H M  97.58
Treatment E S LV N Q@ A N N . 157
Free K 0.28

97



(Third Study

c)
Codon 40 41 55 59 64 74 77 80 87 92 93 %
Master Q A | | E \Y E G S H M 98.37
Lamivudine E S L \' . N Q A N N . 0.771
treatment . . . . K . . . . . . 0.468

In conclusion, this study validates application of UDPS to study the variability of the main
epitopes of the HBV Core gene and substantiates a significant richness of the baseline HBV
quasispecies. The largest number of variable codons was mainly detected in the Th50-69 and
B74-84 regions. A probable relationship with HBV genotype and Core variability was suggested,
because higher variability was detected in genotype D samples than in genotype A samples.
However, more extensive analyses in a larger number of samples must be performed to
confirm this possibility. In addition, important variability was associated with well
characterized Th cell motifs, such as EgLMTg;, suggesting that the host immune system might
be the main factor responsible for HBV Core evolution. Furthermore, UDPS showed that
codons 78 and 79 were highly conserved, in keeping with their involvement in the interaction
between the HBV virion capsid and envelope (65). However, codon 76 was found to be the
most highly conserved, even to greater degree than codons 78 and 79. Thus, we postulate
possible involvement of codon 76 in interactions with HBsAg (similar to codons 78 and 79) or

an involvement in HBeAg conformation.

The dynamism of the HBV quasispecies was tested in one patient in whom strong selection of
one of the minor variants present in the baseline quasispecies was seen, coinciding with a
decrease in Core variability during a treatment-free period and on lamivudine treatment. This
decrease seemed to be the result of a “steady state” situation of the HBV quasispecies after
selection of the most highly fit variant after the treatment-free period. UDPS proved to be a
useful massive cloning method to deeply analyze viral quasispecies that is mainly limited by
the current high cost of this technology. However, because of the advantages of UDPS in the
study of viral quasispecies, the cost will probably decrease as application of this technology
increases, enabling processing of samples from a large number of patients. At the
methodological level, the error rate of the complete system measured by the processing of a
clonal sequence (0.05%) was similar to that obtained in the second study (0.03%), measured by

an internal control sequence.
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5 Discussion

5.1 Methods for Studying HBV Variability And Quasispecies Composition

In individual infection, HBV circulates as a quasispecies, whose evolution results in selection of
different variants depending on the environmental situation. In chronic hepatitis B patients,
HBV infection is currently treated with antiviral therapy, and the presence of these drugs
represents an important factor for HBV evolution and selection of viral variants (127). The host
immune pressure developed during HBV infection can also change the quasispecies population

by inducing selection of variants able to escape the immune response (107).

The evolution of HBV at different time points can be studied at different levels, depending on
the percentage of the variant of interest in the viral population. For example, if a variant
comprises 20% of the population, conventional Sanger sequencing can detect it. However,
linkage analysis of mutants detected by conventional sequencing cannot be performed. For
example, the Sanger sequence of a 50:50 mixture of the variants TTTAGGGCA and TTTGGGACA
will result in the consensus sequence TTT(A/G)GG(A/G)CATG, and it will not be clear whether
G and A bases are present in the same strain. If the study were limited to a variant accounting
for 5% of the population, the InnoLipa method could detect it, but the variant would have to

be defined before detection and linkage analysis would not be possible in this case either.

Cloning and sequencing of viral fragments is the classic method for studying low-percentage
(minor) variants in viral quasispecies, and it also allows linkage study of the mutations.
However, cloning and sequencing is time consuming. For example, to detect variants in
percentages of 1%, at least 100 clones must be sequenced and one of them should contain the
mutation; however, it is assumed that multiple processing of single sequences is required.
Despite this limitation, classic clonal methods have enabled study of the quasispecies

composition of several viruses, such as HCV (128).

Since 2005, next-generation sequencing (NGS) technologies have represented an important
step ahead in the study of viral quasispecies, among other possible applications, such as
complete sequencing of human genome (129,130), identification of bacterial genomes,
improvements in cancer research (131) and the study of human microbiomes (132,133).

Nonetheless, as with all techniques, NGS has limitations, although it has been applied to study
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several viral types. Specifically, the 454 technology has been used to study HIV (134,135), and
HCV (136).

In the first study of the present thesis, the aim was to analyze the variability of the HBV Core
region by direct sequencing (ie, variants present as more than 20% of the quasispecies), and
compare the variability and selection of variants in sequentially obtained samples. To this end,
we studied the Core region by conventional Sanger sequencing technology. Of course, this
method presents limited sensitivity, but the cost is assumable and therefore, a large number of
samples can be included. Using conventional sequencing, we were able to study the HBV Core

gene in numerous samples (Results are discussed in section 5.2.2, Core gene variability).

While the first study was underway, our group had the opportunity to use 454 technology
(Roche) based on ultra-deep pyrosequencing (UDPS). Among all the NGS techniques, UDPS
enabled analysis of the longest DNA fragments (250 nt, when our studies were designed), and
was the method that best fitted our aim: to study HBV quasispecies variability at a deeper
level. Thanks to the availability of this method, the last two studies of the present thesis were
based on application of UDPS. For our requirements, UDPS presents three main limitations:
the cost, establishment of the error rate, and the length of the region analyzed (250 bp at the
time of the studies). We tried to bypass the first limitation by careful selection of the number
and the types of samples included. Regarding establishment of the error rate, we performed
several control experiments in each study. Taking advantage of the design of the second study,
we were able to include an internal control sequence (a restriction target sequence) within the
amplicon analyzed. This was a new strategy that had not been used in previously reported
UDPS studies. Conservation of this internal sequence was an absolute requirement for
development of the experiment and it was as susceptible to errors as the entire amplicon
sequence. Therefore after UDPS, any nucleotide difference observed in this sequence had to
be considered a sequencing error. This enabled definition of the UDPS error rate and
establishment of the cut-off value, which allowed us to define what percentage of variants

could be considered true members of the viral quasispecies.

To define the error rate of amplicons for the third study, we included a clone in the UDPS
experiments (131,134) and improved the clone error rate by developing a computational
filtering step. The filter was based on random Poisson distribution of errors, adjusted by an
array of values attending to the type of nucleotide substitution (Ato C,AtoT,Ato G, Cto A, C
to T, etc). Interestingly, despite the fact that two different strategies were used in the second

and third study, similar percentages were defined for the error rates of the technique, 0.03%
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and 0.05%, respectively, which were lower than any previously reported value for UDPS

analysis of viral quasispecies.

As was mentioned above, at the time of the study, the length of the amplicons for UPDS
analysis was 250 bp. For this reason, the third study was limited to two main epitopic regions,
Th50-69 and B74-84, representing a total of 210 bp. This length restriction to 250 bp was
especially relevant in the second study because we wanted to analyze two regions located at
more than 1-kb distance from each other in the same HBV genome, the preCore (ORF nt 1814-
2452) and the YMDD motif of the polymerase (nt positions 736-747). We circumvented this
limitation by designing a technique to obtain an HBV construct in which the two regions of
interest would be close enough to be studied by UDPS. To obtain this HBV construct, the
sequence of a restriction enzyme (Hind Ill) was added to the primers used for PCR
amplification. The primers designed were located near the regions of interest, so that the
amplified fragment contained the preCore at one end and the polymerase at the other. Hind llI
was the restriction enzyme selected because it does not cut inside the HBV genome. After
digestion of the amplicon with Hind Il and intramolecular ligation, both ends of the amplicon
came together in a new circular construct, separated by a short 42-bp fragment containing the
primer sequences (18-bp each primer) and the 6-pb Hind Ill sequence. Thus, in the new circular
HBV construct, the preCore and the YMDD motif of the polymerase of the same viral genome
were in close proximity. This molecule was the template for UDPS. The Hind Ill sequence
(AAGCTT) was the internal control sequence to establish the error rate of the technique. To
obtain the HBV circular construct, Hind Il ligation of the ends was a unique, absolute
requirement. In addition, ligation could not occur if the Hind Il sequence contained nucleotide
errors, because ligation of protuberant ends requires complementarity of the bases. For this
reason, all errors detected in this 6-bp sequence were considered errors sources from the

UDPS process and were eliminated.

Of particular interest, the technique designed for our second study can be applied to research
investigating simultaneous mutations in distanced regions of any genome. In addition, because
the circular construct included an internal sequence, the technique allows establishment of
the UDPS error rate. The only requirement for building the PCR construct is that the two
regions of interest and the region in between must be amplified by PCR; currently, the

maximum DNA length amplified by PCR is 5 kb (137).

The error rate from the HBV clone of the third study was set at 0.05%, similar to the 0.03%

obtained with the internal control sequence used in the circular preCore-Pol construct of the
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second study; therefore, the error rate of UDPS sequencing of a 250-bp amplicon was
established at <0.05%, regardless of the experimental approach used. With the use of UDPS
technology we were able to study the variability of the HBV quasispecies in the second and
third study. The results obtained in both studies clearly show that UDPS is a powerful tool for

analysis of the HBV quasispecies composition.

5.2 HBV Variability and Quasispecies Composition

5.2.1 Quasispecies distribution of the preCore region

The circular construct designed in the second study enabled analysis of the distanced preCore
and YMDD motif of the polymerase regions. We focused our interest on YMDD because it is
the main catalytic motif of the polymerase, and the region where the main polymerase
mutations resistant to LVD are clustered. LVD has been massively used as antiviral therapy, but
over time, patients present emergence of high rates of resistance mutations (38). We assumed
that if there was some restriction for the simultaneous presence of preCore and polymerase
mutations, this limitation would be confirmed by analysis of the YMDD polymerase and
preCore of the same viral genome. Nonetheless, the remainder of the polymerase was not

analyzed, and it may contain other interesting regions of interest for further studies.

The high percentages of viral populations with preCore and YMDD mutations observed in LVD-
resistant anti-HBe patients might indicate that mutations in these regions occur
simultaneously in the same genome. However, there has been little direct study of this
simultaneous presence (104,105). Lok et al. (104) examined a small number of clones from
HBeAg-negative patients treated with LVD for one year and found no correlation between
detection of LVD-resistant mutants and HBV genotype or presence (or not) of the preCore stop
codon. Another study that analyzed the entire HBV genome (105) showed no clear relationship
between preCore promoter mutations and selection of LVD-resistant polymerase mutations. It
must be kept in mind that only a small number of clones were analyzed in these studies,
mainly because a long fragment (>1 kb) must be cloned and sequenced, a difficult task. Cloning
of preCore-YMDD fragments from HBeAg-positive patients would be even more difficult
because any preCore mutants present would be in small populations and a large number of

cloned sequences would be required to detect them.
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The novel PCR-based technique designed in the second study supports the idea that
simultaneous mutations in the preCore region and YMDD Pol motif are common in the HBV
quasispecies in CHB patients, regardless of the viral genotype (A or D) or HBeAg status. This
hypothesis was supported by the simultaneous presence of preCore and YMDD mutations in
the two HBeAg-positive cases after LVD VBK, although they were detected in low proportions
(1.2% in patient 4 and 0.28% in patient 6). These variants would be extremely difficult to
detect by classic clonal and Sanger sequencing, where more than 200 clones longer than 1 kb
would be needed. In agreement with previous studies (44), the two HBeAg-positive cases
analyzed in the second study showed highly significant percentages of preCore HBeAg-
negative mutations (8.9% and 11.2%), which suggests possible selection of preCore mutations
when the host immune response increases during viral infection. Likewise, in HBeAg-negative
patients, wild-type preCore genomes were detected in lower, but significant percentages
(0.04%-0.29%). These variants could represent a reservoir in the HBeAg-positive cases prone to
be re-selected (seroreversion) without treatment or during LVD therapy, if HBeAg-positive
variants were more resistant to antiviral therapy than HBeAg-negative ones. In fact, this
seroreversion phenomenon has been frequently observed (106,107). In addition, in vitro
studies have shown that progeny DNA levels are restored in constructs with preCore and LVD
mutations (138,139). In relation to the hypothesis that HBeAg-negative variants are more
sensitive to antiviral therapy than preCore wild-type (HBeAg positive) sequences
(106,138,139), an HBeAg-positive patient from the second study (patient 4) was longitudinally
followed up, and the proportion of HBeAg-negative variants strongly decreased after LVD from
8.9% to 1.22%. This observation might support the hypothesis and would also explain the
common observation of reversion to wild type in codon 28 during LVD treatment (106,140).
The presence of these minor genomes in the HBV quasispecies of chronic hepatitis B patients

reflects the complexity of the HBV population during infection.

HBV pgRNA has redundant ends, and the “€” structural elements (coded by the preCore
sequence) are present twice in pgRNA, one near the 5’ terminus and the other at the 3’
terminus. The key event for HBV genome replication is binding of the viral polymerase to the €
stem loop of the encapsidation signal located at the 5 end of pgRNA (12,48,55). The
thermodynamic stability of this signal is reported to be essential for its function; in this sense,
correct base-pairing between positions 1896 (codon 28) and 1858 (codon 15) at the lower
stem of the “€” encapsidation signal is one of the main constraints for preCore variability and €
thermodynamic stability, as has been reported (12). The results obtained in the second study

highly reinforced the importance of base pairing between nucleotides constituting the
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encapsidation signal. We observed highly conserved positions and maintenance of correct
base-pairing in the upper stem. A change of T to C in positions 1884, 1885, and 1893 was found
in 0.15%, 0.14%, and 0.13% respectively, and interestingly, the complementary change of A to
G in their base-paired positions (1875, 1874, and 1867) showed very similar percentages
(0.13%, 0.1%, and 0.13%, respectively). Additionally, the low percentage (0.1%) of G to A
changes detected in position 1891 (which represents a new stop codon in the preCore
sequence) was also compensated by complementary A to G changes in a similar percentage
(0.09%) in the 1866 base-paired position. Observation of correct base-pairing of the apical and
upper stem of € might reinforce the idea that structural rather than sequence constrictions are
involved in conservation of the € encapsidation signal. Regarding HBV genotype, the main
preCore mutation (A1896G variant) was clearly predominant in genotype D, while in genotype
A, significant percentages of preCore mutation were located at codon 1 (observed in patients 2
and 6). This thermodynamic restriction between HBV genotypes corroborates results from

previous studies using clonal or direct sequencing techniques (12,55).

It has been suggested that HBV polymerase recognizes the € structure through a direct
interaction with eukaryotic translation initiation factor (elF4E) (141). After initial e-Pol binding,
the apical stem loop of € should be opened to form a primer synthesis-competent complex,
but the highly stable HBV upper stem represents a barrier for this process. The free energy to
overcome this barrier may come from interaction with RT and by capping the TGT apical
pseudo-triloop with capsid proteins (Figure 10) (142). The hexanucleotide sequence located at
the top of the apical stem (from 1877 to 1882) was found to be highly conserved among 1200
HBV strains (54). Magnetic Resonance analysis (143) has shown that the ...TGT.. sequence
folds in a pseudo-triloop, a structure correctly predicted by the RNA folding program used in
the second study (144,145). The pseudo-triloop is not needed for RT binding, but is required
for pgRNA encapsidation, suggesting its possible interaction with capsid proteins (54,146).
High conservation of T..,., G.., and T, nucleotides was observed in our study, particularly G..,
(extremely low variability, at the limit of the UDPS error rate), which suggests that they have a

predominant role in the e-capsid interaction (147).

In duck HBV, no specific nucleotide sequence seems to be necessary for RT binding, and base-
pairing stabilizing the apical stem abrogates RT binding. In contrast, thermodynamic studies
have shown that the HBV apical stem is more stable than duck HBV (146). It has been
postulated that e-RT binding occurs by fitting the kinked shape of the apical stem into the palm

domain of RT, involving U, (146). However, in the second study, a small but significant
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percentage of changes were observed in position 1889 (0.2%). Interestingly, this change
maintains the kinked shape of the apical stem and the thermodynamic stability of the epsilon
structure. Dynamic Magnetic Resonance experiments should be performed to test C..

functionality.

Guarnieri et al (148) reported that G1899A does not significantly increase in vitro viral
replication, despite a significant theoretical stabilization of the € structure. In our second
study, the G1899A plus G1896A mutation combination was frequently detected. It has been
postulated that the G1899A change might be associated with its juxtaposition to the Core
initiation codon in the Kozac sequence, resulting in an increase in HBcAg expression (148).
Interestingly, in our results, T1855 was highly conserved, whereas its paired position, 1899 was
highly variable. The reason why G1899A is a highly prevalent change, in contrast to the
conserved T1855C, remains unknown. This finding is even more surprising taking into account
that a T to C change in 1855 did not result in any amino acid substitution and
thermodynamically stabilized the €, while the change in its paired 1899 position yielded an
amino acid substitution (Gly to Asp). In addition, the change of ....T:G..., t0 ... T:A.... Was 100 times
more frequent than the ,..T:G... t0 ...C:G... change. Site-directed mutagenesis in position 1855
and the transfection experiments performed in the second study showed that the T1855C
mutation in both the 5’ and 3’ ends led to a slight, but systematic, reduction in HBsAg, HBeAg,
and HBV-DNA levels, supporting a possible essential nature of this nucleotide. Nonetheless,
the single study analyzing the T1855C change reported to date detected a replication rate
similar to that of the wild-type (148). The most striking results of our second study were that
chimerical (but not natural) constructs that only contained one 1855C mutation at the 5’ or 3’
end and evaluated in cell culture were associated with higher HBsAg, HBeAg, and HBV-DNA
levels than wild-type clones. Although the 5 and 3’ structures were found to have differing
functions in the singular HBV replication cycle, enhancement of viral replication activity in

chimerical constructs with a single mutation remains unexplained.

In the second study, analysis of nucleotide variability in the 4-nucleotide bulge primer (4NT
primer) used as the template for synthesis of the minus DNA strand and its corresponding
acceptor site (AS) in the DR1 region confirmed a high conservation of both regions. It has been
speculated that the 4NT primer is more essential than DR1 AS. The existence of alternative
acceptor sites has been suggested (149), as well as the idea that 3-nucleotide sequences would
be completely functional for minus strand DNA synthesis (148). Our results support these

concepts because the 4NT bulge primer was slightly more conserved than AS DR1 (99.5% vs
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98.9%). Abraham et al. (149) reported that sequences surrounding the normal AS would play
crucial roles in accurately placing the nascent minus DNA strand. As was expected, the €
structural motifs were strongly conserved in our study; very few cases (1.47%) had different
sequences in the 4NT primer and its canonical DR1 AS. However, 44% showed complete 4-
nucleotide homology with the putative acceptor site, AS3 (position 1849-1852), whereas the
remaining 56% showed only 3-nucleotide homology with canonical DR1 AS or with sequences
located in previously reported alternative acceptor sites . Therefore, our results seem to agree
with the existence of an alternative to the DR1 acceptor sites for the 4NT primer (149), mainly
located between positions 1849 and 1852. Analysis of the theoretical secondary structure of
the 3’ end € signal showed that the AS3 sequence has tighter Watson Crick pairing than
canonical DR1 AS. This fact could represent an energy barrier for 4NT annealing, and explain

the low prevalence of mutated bulge variants to enable correct annealing of 4NT with AS3.

5.2.2 Core gene variability

Study of the Core gene is of interest because (in contrast to the polymerase and surface) it
shows little overlapping with other HBV genes; this makes it the most useful HBV region for
analyzing the quasispecies structure (115). The variability of this region is also interesting
(variants present in percentages higher than 20%), because of its relation with the immune
response. As was described in the Introduction, the nucleocapsid is the most immunogenic of
all the HBV antigens (20) and because of this and the above characteristics; we focused on the
variability of this region. In the first study, we analyzed the Core gene by conventional

sequencing technologies, and we compared the variability detected in sequential samples.

An increase in the number of AA substitutions in HBcAg during chronic HBV disease has been
described, mainly clustering in the CD4+, CD8+, and B cell immunodominant epitopes (66,119).
Although these variants are associated with persistence of chronic infection and sensitivity to
IFN therapy, their real significance remains controversial (22-24,66,107,119,150), and their
distribution does not show specific patterns (66,151). Our first study investigated the natural
occurrence and selection of HBV Core variants in treatment-free CHB patients and those under
treatment (IFN, LVD, or ADV) as the external evolutionary factor. The effect of IFN has been
described previously (119,152), but when our study was performed, there were no reports
investigating Core variants in patients receiving nucleos(t)ide analogs. We examined HBV Core
substitutions while active viral replication was occurring. Hence, possible associations of Core

nucleotide changes with response to antiviral therapy were not determined. The study of Core
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variability focused on 3 epitopic regions, immunodominant Th50-69 and B74-84, and minor
Th28-47, as well as the region from AA1-11, described as conserved (122). The Th18-27
epitope (153,154), which is also located in the 760-bp preCore/Core region analyzed, was not

investigated because of the small number of changes detected (only 7 cases, data not shown).

5.2.2.1 Differing host immune response between chronic hepatitis B patients and inactive

carriers

One part of the first study included analysis of baseline and treatment-free samples from CHB
patients, and two sequential samples from inactive carriers. The baseline samples
corresponded to the first available sample from each patient following diagnosis of infection.
In a comparison with the corresponding master sequences of each genotype, several changes
were detected. A large number of changes were found in the baseline samples, suggesting an
intrinsic variability in samples from the same genotype. This variability was supposed to be
putative changes occurring in the natural evolution of HBV genomes. The changes were
particularly found in the main epitopic regions, Th50-69 and B74-84, coinciding with their role
in immune system stimulation (22,24-26,114). It is important to mention that although the
AA1-11 region has been described as a conserved region (Chain), some positions showed
remarkable variability in the present study, particularly codons 3 and 4. The fact that region
AA1-11 partially overlaps the Th CD4+ epitope 1-25 (26,114) suggested that there may be
some immunological pressure against this epitope, which we mainly observed after ADV
treatment (Discussion in section 5.2.2.2, Effect of antiviral treatments in Core gene). Regarding
HBeAg status, it was observed that HBeAg-negative patients presented higher variability in
Th50-69 than HBeAg-positive ones, indicating a possible relationship with HBeAg loss and Core
variability (detailed discussion in section 5.2.2.3, Core gene variability and possible relationship
with the HBeAg expression). We also found that patients with a larger number of changes in
the B74-84 epitope had higher HBV DNA levels. This result coincides with the findings of other
authors (155,156), but it contrasts with Sendi’s study in which AA substitutions were found
more often in patients with low HBV DNA replication and even in inactive carriers (154). Based
on our results, we postulated that the presence of AA changes enables HBV to evade immune
clearance, thereby lengthening the life of infected hepatocytes and increasing the viral
population. This mechanism could result in a higher probability of infecting additional

hepatocytes and ultimately, raising HBV DNA in serum.

108



[Discussion

The natural evolution of the HBV Core gene was evaluated in a group of samples from
treatment-free (TF) CHB patients. Higher conservation in the AA1-11 region was observed in all
TF samples. In addition, the highest variability was located in the main epitopic regions,
supporting host immune pressure on AA regions 50-69 and 74-84, defined as the main

epitopes.

In the first study, we also established a comparison between CHB patients and inactive carriers
(ICs). In the Mediterranean area, ICs are characterized by low rates of viral replication;
therefore, amplification of the Core gene was limited to the viral loads. Although 20 ICs were
initially selected for the first study, only four could ultimately be included. The low number of
IC patients included limited further analysis and definite interpretations. However, the
differences observed between the TF samples from CHB patients and the IC results were used
to suggest potential alternative mechanisms. The AA substitutions detected in epitopic regions
in both IC and TF samples indicated persistent immune activity and suggested viral escape
mechanisms (65,119), but the host response seemed to differ between these groups: the
percentage of changes in AA1-11, Th28-47 and B74-84 in ICs was higher than in the TF
samples. This larger number of changes in epitopes in ICs has been described in another study
(154). This observation led us to speculate that possible alternative mechanisms of variability

in the Core gene might develop in IC patients, as compared to untreated CHB patients.

Despite the small number of HBsAg-positive inactive carriers included in the first study, strong
selection of the E40D/Q change was found in most of the patients, at levels similar to those
observed at baseline in a recent study (154), suggesting differential immunological activity in
the development of inactive HBsAg-positive carrier status and CHB status: immune activity
specifically addressed to minor Th epitopes in cases of inactive HBsAg-positive carriers and
activity addressed to changes in immunodominant epitopes in CHB. However, this observation
must be viewed with caution because of the small number of inactive HBsAg-positive carriers

studied.

5.2.2.2 Effect of antiviral treatments in Core gene

Regarding the effect of antiviral therapy on Core gene variability, we observed a tendency to
conserve the AA1-11 region under treatment, although the variability was slightly higher than
in treatment- free or baseline samples. The highest percentage of changes in Th50-69 and B74-

84 was observed under IFN treatment, in keeping with its immune stimulating activity
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(119,157). Core gene variability under IFN has been described (119). In our first study,
however, a patient-by-patient analysis of a treatment-free sample and IFN sample was
performed and the effect of IFN on the main immunodominant epitopes was confirmed. One
important aspect to mention from our study was that most IFN-treated patients were anti-
HBeAg-positive, and seroconversion of HBeAg has been described to increase Core variability

(107). However, we did not find differences between HBeAg-positive and -negative patients.

Attending to the effect of NUCs, we expected no effect or a low effect on Core gene variability,
as no immune-stimulating activity has been described. Thus, we expected to detect variability
similar to that observed in the treatment-free samples. Surprisingly, the minor Th28-47
epitope was higher after NUC treatment than was seen in the untreated samples, suggesting
that this minor epitope might be stimulated under the effect of NUCs. To explain this possible
immunological stimulation, it should be remembered that NUCs inhibit reverse transcription of
pregenomic HBV RNA, but not messenger RNA expression. Therefore, viral protein synthesis
remains active and this could result in an excess of viral antigens such as HBcAg, which do not
form viral particles. This intracellular accumulation of HBcAg could stimulate proteasome
production of viral protein fragments, increasing antigen expression on the surface of infected
hepatocytes (the greater the expression of viral epitopes, the greater the probability that HLA
will bind to them). This sequence of events could potentially represent another type of
immune system stimulation, as an alternative to IFN-induced HLA stimulation. We suggest that
changes in Th28-47 of the Core region are selected during NUC treatment and could confer an
escape mechanism for immune pressure. However, the reason why this theoretical
phenomenon was more evident in the Th28-47 epitope than in the main epitopes remains

unexplained.

After IFN therapy, the most frequent AA substitutions were located in the immunodominant
regions, whereas after ADV, they were similarly distributed between the immunodominant
regions and minor Th28-47 region. In addition, specific changes in the minor Th28-47 epitope
(codons 41, 45, and 46) were seen more often after ADV therapy than in the treatment-free
period. Both these findings suggest differential immune stimulation during ADV, more
specifically associated with this minor epitope. Despite the fact that the substitution patterns
detected were nonspecific, some changes were especially interesting. The E64D substitution in
the Th50-69 region was notable, being observed in all the periods analyzed except after ADV.
This change significantly reduces T cell proliferation in vitro when linked to T67N, altering the

E.LMT,, sequence, a common motif in T cell epitopes (65); thus, it is selected by the effect of
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immune pressure. In our patients, the double E64D-N67T change was observed in 46% of

patients with an E64D substitution.

The main variants observed in the B74-84 region over the entire study were N74A/D and E77Q,
which were similarly distributed between the baseline and sequential groups, indicating that
their selection was not the result of specific evolutionary pressures. Both codons are highly
polymorphic (122), and their variants are often detected in CHB and IC cases
(22,26,114,119,152,158). However, changes in codon 77 have been associated with the HLA-
B*4001 allele (159) and may be involved in viral escape mechanisms. Large studies are needed
to determine the effect of these variants on immunologic reactivity against HBV. Interestingly,
the selection of changes in codon 84 (mainly L84Q) was associated with IFN therapy. Although
highly polymorphic positions, such as 74, 77, and 84 (122) have been observed in IFN therapy
(119,152), there are no studies investigating their status after other therapies or in the

absence of treatment.

5.2.2.3 Core gene variability and possible relationship with HBeAg expression (main

preCore mutation)

The samples analyzed in the first study by conventional sequencing technologies showed a
large number of changes in the Th50-69 region at baseline in HBeAg-negative patients. This
may indicate an enhanced immune response during HBeAg loss. It is known that HBeAg can
contribute to the outcome and pathogenesis of HBV infection, inducing tolerance in Core-
specific T cells and reducing their potential to kill HBV-infected cells (10). In addition, an
increased evolutionary rate has been described during the change from HBeAg-positive to
HBeAg-negative status (107). However, conventional sequencing of the Core gene has not

shown a specific a relationship with HBV genotype (160).

Surprisingly, after LVD therapy, numbers of AA substitutions in the immunodominant Th50-69
and B74-84 regions were higher in wild-type cases than in preCore mutant cases. This might be
due to preferential immune selection of preCore wild-type sequences because they have a
higher number of Core substitutions than sequences with preCore variants. In the sequentially
studied patient from the second study, we also observed a decrease in the viral population
containing preCore mutations. These findings from both studies could explain the reported
cases of reselection of wild-type sequences after LVD therapy (161). We postulate that

preCore mutants might be more sensitive to LVD treatment possibly associated with the fact
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that wild type preCore genomes accumulate more changes in the Core gene under LVD and

this might confer an alternative immune escape (as deduced in the first study).

5.2.2.4 Quasispecies variability of the main epitopic regions

In the third study, baseline variability of the main epitopic regions of the Core gene was also
examined by UDPS, and indirectly, we were able to evaluate the effect of host immune
pressure on the composition of the HBV quasispecies in 4 different CHB patients. An important
richness in variability of the quasispecies composition in the main HBV Core epitopic regions
was observed (Th50-69 and B74-84), and a possible relationship between quasispecies

variability and HBV genotype.

Four baseline samples were analyzed in the third study; two genotype A and two genotype D
cases. Due to the high cost of UDPS technology and the need to include a clone in the analysis,
we were only able to examine four baseline samples and two additional ones from an LVD-
treated patient. In the baseline study, the most variable codons (median baseline variability
>1%) were 40, 41, 55, 59, 64, 74, 77, 80, 92, and 93, all of which have been previously
described in an analysis of acute exacerbations in HBeAg-negative patients by classic clonal
methods (162). Furthermore, some of these highly variable codons (codon 64, 74, and 77)
were also detected as common changes in untreated chronic hepatitis B patients included in
the first study. The baseline variability of the 4 samples suggested differences between
genotypes A and D. Genotype A samples had fewer codons with variability >1%, and
consequently, lower average variability than genotype D samples. Furthermore the two
genotype D cases presented some highly variable codons located outside the main epitopes,
indicating that the immune response against the minor epitopes, Th28-47 and Th 82-101,
might be higher than in genotype A cases. The UDPS results on quasispecies variability of the
main epitopes indicates possible differences against the host immune response according to

HBV genotype.

HBV quasispecies evolution was evaluated in a single longitudinal case by analysis of a baseline
sample and 2 additional samples, one taken after a period without treatment and one taken
after LVD treatment. The highest variability, which was detected in the baseline sample,
dropped during the treatment-free period, suggesting a reduction in HBV quasispecies
composition due to immune pressure during the period without treatment, and coinciding

with an exacerbation (162). This dynamism in the composition of the viral quasispecies was
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also observed by linkage analysis, which detected a dramatic reduction in the number of viral
strains and their percentage within the total variants in the treatment-free and LVD samples
(less than 2% of the total sequences in both samples). Interestingly, one of the minor baseline
viral strains (variant 12, 1.31% at baseline) was strongly selected and became the master
sequence after the treatment-free and LVD periods. Hence, this variant can be labeled as an
escape mutant whose selection would be related to better fitness, regardless of its initial

frequency.

Based on these results, we postulated that the HBV quasispecies had achieved a kind of
“steady state” after the treatment-free period that did not change with LVD treatment,
suggesting that immune pressure might have decreased during treatment. The significant
differences in average variability in the two periods suggest that the quasispecies equilibrium
is dynamic. The structure of the HBV quasispecies in the 3 samples represents a complex
reservoir of different minor variants resulting from natural HBV evolution and likely affected

by antiviral treatment (63).

5.2.3 Peculiarities of the HBV quasispecies

5.2.3.1 The ELMT motif

The ELMT motif delimited in codons 64 to 67 of the Core gene showed considerable variability
in samples analyzed in the first and third study. ELMT is commonly recognized by T-cells and
the double mutation E64D and T67N, has been described to reduce T-cell proliferation in vitro

(65).

The E64D substitution was commonly detected in samples analyzed by Sanger sequencing in
the first study, except in samples under ADV treatment. The E64D and T67N double mutation
was observed in 46% of patients with E64D, indicating a possible advantage of this double

mutation under treatment or in treatment-free periods.

This motif also claimed our attention in the study of quasispecies composition of the main
Core epitopes (third study) because the ELMT region was included in the UDPS fragment
analyzed. Patient 1 of this study presented a sequence in codon 64 to 67 with complete
changes from ELMT to DVTN. In addition, this patient presented the lowest rates of variability
in the UDPS region analyzed. This leads us to speculate that mutations in this motif might

confer an immune escape mechanism (65), and therefore, additional changes in the
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guasispecies need not be selected. DVTN might suffice for immune escape and lead to the
temporary “steady state” situation, until further changes in immune system activation against

the new major variant occur and produce a new increase in quasispecies complexity.

Indeed, in the case report from the third study, the ELMT motif also presented peculiarities,
specifically in position 64. The escape variant detected in the baseline sample in a low
percentage (1.31%) and later selected as the major variant in the treatment-free and
lamivudine samples, had the E64D mutation. This could indicate that the mutation (in

combination with other Core gene mutations) was selected as an immune escape variant.

The importance of the ELMT motif was made patent in the work analyzing the Core gene (first
and third studies) and we speculated that it might be involved in immune escape; in particular,

position 64 might have an important role in evading the host immune response.

5.2.3.2 Codon 76 in the Core gene

The HBV Core sequence is involved in capsid conformation by interacting with the surface
antigens in viral particle assembly. However, the interaction between HBsAg and HBcAg in
virions is still unclear (18,163,164). The Core region analyzed by UDPS in the third study is part
of the assembly domain (amino acids 1-149); thus, the changes in the region analyzed could
potentially modify the shell conformation. Electrostatic interactions between Core and HBsAg
take place at the tip of the spike of the Core antigen (codons 74-84) coinciding with the
location of the main Th epitope and representing a constriction factor for the variability of this
epitope (16,125). Cryo-electron microscopy studies have shown that codons 78 and 79 are
within the contact area of Core with envelope proteins (17). This essential role might explain
the high level of conservation of these positions (especially codon 78, 0.05%) observed in the
third study. However, surprisingly, the most conserved codon of the main Core gene epitopes
on UDPS analysis of baseline and sequential samples was leucine at position 76. Interestingly,
leucine 76 is also located at the tip of the spike, next to the major immunodominant region
(MIR) and is a part of the B74-84 main epitope. This position has never been described as

essential, in contrast to the nearby positions 78 and 79 (17).

To our knowledge, few studies (163,164) have analyzed the effect of single Core amino acid
mutations on HBV replication in vitro. Only one such study conducted by Ponsel and Bruss
(164) evaluated the leucine 76 (L76) position (among others) by inducing a change to alanine;

no significant reduction in nucleocapsid or virion production was observed. In the present
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study, we induced changes in the hydrophobic characteristics of position 76 and determined
the effect on HBsAg, HBeAg, and HBV DNA production. In contrast to the results of Ponsel and
Bruss, we found a significant reduction in HBsAg production with both the L76V and L76P
changes, suggesting possible involvement of L76 of HBcAg in the HBsAg interaction. A
significant decrease in HBV replication in the presence of P76 was detected, leading us to
speculate that the hydrophobic characteristics of position 76, conferred by the presence of L or
V, are needed for HBV replication. We observed a surprising increase in HBeAg production in
the presence of the L76V mutation and no HBV DNA increase. This was a notable finding,
particularly because some authors have reported a correlation between HBeAg and HBV-DNA
levels (165). Nonetheless, this correlation was not found by other authors (166) and currently
remains controversial. We suggest that this unexpected HBeAg increase may indicate
alternative pathways between HBeAg and HBV replication, as has been indicated previously
(167). Based on our in vitro results, we postulate that the amino acid changes induced in the

Core sequence are not as important as the structure adopted by the capsid and HBeAg.

5.2.3.3 Core defective genomes

The construct analyzed in the second study included UDPS analysis of the first codon of the
Core gene. Significant percentages (clearly higher than the error rate) of genomes with
mutations in the ATG start codon of the Core gene were detected in all samples. The presence
of genomes without the Core antigen start codon suggests the existence of minor viral
populations that are defective for viral capsid production, and therefore defective for
producing viral progeny. The presence of these defective genomes in HBV infection may be
explained by possible collaboration between viruses from the same infection by a trans-
complementation mechanism: If wild-type and Core-defective genomes coinfect the same liver
cells, Core proteins produced by the wild-type viral genome might be used to encapsidate
Core-defective HBV genomes. It must be taken into account that HBsAg is produced in excess,
whereas HBcAg is detected in limited proportions (8). Therefore, the relative “consumption” of
HBcAg by encapsidation of these defective genomes could represent a possible reduction of
the HBV Core protein pool in the cytoplasm and a decrease in Core antigens expression in the

cell membrane, thus modulating host immune pressure and maintaining the infection.

Therefore, the presence of defective genomes might establish cooperation with wild-type
viruses and favor viral fitness. This mechanism of trans-complementation has been described

in in vitro studies analyzing defective HBV Core clones (148).

115



[Discussion

5.2.3.4 X gene deletions

The construct analyzed in the second study included analysis of the last 8 codons of the X
gene. We detected low percentages of sequences with mutations in the stop codon of the X

gene, which might cause an elongation of HbxAg by 51 amino acids.

The HBx gene plays a crucial role in HCC pathogenesis by interacting with cellular oncogenes,
although the carcinogenic mechanism currently remains unclear (39). HCC occurs in only a
small percentage of HBV-infected patients by an unknown event that triggers carcinogenic
cascades, such as COOH-terminal truncation of HBx during HBV integration into the host
genome (168). Ma et al. (169) proposed that the HBx gene contains two functional domains:
an oncogenic domain (in the N terminal through the middle peptide) and a proapoptotic
domain (in the COOH-terminal peptide). In HBV-infected hepatocytes, there is a balance
between these two functions, but when the proapoptotic domain is deleted, the balance is
broken and the oncogenic function becomes dominant, leading to HCC. According to this
hypothesis, the low percentage (0.17%) of sequences with an additional amino acid in the HBx
COOH-terminal peptide due to the mutation in the HBx stop codon might be associated with
the risk of developing HCC during HBV infection. A possible role of these minor HBx mutated

variants in modulating viral replication can also be postulated.
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6 Conclusions

From the present thesis, and attending to the aims defined in the three studies, the following

is concluded:

118

Ultra-deep pyrosequencing is a useful tool to study the composition of the HBV viral
quasispecies. However, a control to establish the error rate of the technique is needed

(an internal control sequence or a clone).

The simultaneous presence of mutations in the YMDD motif of the polymerase and
preCore region of the same HBV viral genome is not restricted, regardless of HBeAg

expression or the HBV genotype.

The variability of the preCore region is highly restricted, mainly because it contains the
epsilon encapsidation signal sequence. This restriction in variability is more limited to

the structural conformation of this signal than the sequence itself.

Selection of changes in the Core gene is mainly due to the immunomodulator effect of
interferon administration; however, the host immune response also induces evolutive
pressure. The variability induced by these two factors is mainly clustered in the main

Th50-69 and B74-84 epitopes.

Despite the fact that NUCs have no immunomodulator effect, administration of

Lamivudine or adefovir induces changes in the minor Th28-47 epitope.

Inactive HBV carriers (ICs) present alternative mechanisms of variability in the Core
gene relative to that seen in untreated chronic hepatitis B (CHB) patients. Immune
pressure in the CHB group is mainly directed against the main epitopes Th50-69 and
B74-84, whereas in the IC group, the immune system may act against minor epitopes,

such as Th28-47.

HBV variants within preCore mutants seems to be more sensitive to Lamivudine.
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8. Baseline variants in the Core epitopes, such as mutants of the Thg,ELMTs; motif, which
are able to evade the host immune system, are selected to maintain HBV infection in

the absence of antiviral treatment.

9. Ultra-deep sequencing technology enables study of highly conserved positions in the
HBV quasispecies to investigate possible essential roles. However, highly sensitive
sequencing methods have shown that the virus can select variability in these

potentially essential positions or motifs.

a. Correct annealing between the 4 NT primer of the bulge and the acceptor site
does not seem to be an absolute requirement for synthesis of the negative

DNA strand.

b. The presences of defective mutants (Core mutants in the initial codon or X
antigen elongation) in a low percentage in the quasispecies strongly suggest

cooperation between members of the HBV quasispecies.

10. Ultra-deep analysis of preCore/Core regions of HBV has revealed the high complexity

of the viral quasispecies.
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7 Appendix

7.1 Complete manuscript of the Third Study
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ABSTRACT

In this study, the varability of the main immunodominant matifs of hepatitis B virus (HBV) Core
gene are evalualed by ultira-deep pyrosequencing (UDPS). Four samples comesponding (o 4
naive patients wore sequenced to assess baseline variability. Two addiional samples were
sefecled lo sequentally analyze a lamwvedine-reated patent. Aller compuler liltenng ol UDFS
data, 108 403 baseling sequences ware analyzed Positions with highest variability rates wana
mainly located i lhe main Core epilopes, showed some relationship with HEY genotype, and
were parhiculatly assocled wilh the T-helper mobl, FLMT... Thus, mmune syslem pressue
is suggested to be the main cause of HBY Cone evalution. Conservation of essential codons 78
and T9 for Cora-HBsAg inleraction was confirmed Howewver, codon 76 was also highly
conserved, perhaps indicating a rode in HBsAg interactions, similar to codons 78 and 70, or
even in HBeAg conformabon. The dynamism of the HBY quasspeces lesled in one pabent
showed shiong selechon of one minor basehne vananl, coincding with a decrease i Core
varability during a treatment-free and lamivudine-treated pariod. The drop in vardability seemed
o result from a “sleady siale” siduation of the HBY quasispecies after selection of the vananl
with graatest finass LIDPS analysis & an optimal foal for determining the compasition of viral

QuasISPeCes,
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INTRODUCTION

Hepallis B wvirus [(HEV) infection is a global health problem. Around 350 milion people are
chronically affected with this pathogen, which confers a highar risk of developing liver diseass,
livier cimhoses, and hepatocellular carcinoma, The course of HBY infection is closely related to
thi host immune response and genetic factors ' and disease progression is related to
mutations in the HBV Core gene **.

HBY Core gene codes for two pamially collinear proteins, the hepatitis B "e” antigen (HBaAg)
and hepatiis B Core antigan (HBcAqg) Thesa proteins, together with the surface antigen
(HB=Ag) are important targets for antiviral immunity, but HEBcAgQ seems to be the most
IMmunNogenic * Savaral apitopes have bean idantified in the HBY Core gena. Among them, two
regions play a particularly important immunodominant role: the sequence from aming acid 50 to
65 which immunostimulatas C04+ T-halpar kmphaoyies (ThS0-A9) ® and the sequence from
amino acid 74 to 84, which stimulates B lymphocytes (B74.84) 7%,

Dwuring chrome HEY infection, a lerge number of amno acid substilutons are seen in the Core
gene, mainly clustered n epitopic regions. These amino acikd changes have been associated
with viral persistence because of ther impact on the host immune response and the natural
course of HBY infection ™ ™. The largest number of Core gene changes is associated with IFN
therapy "™, The effect of nucleosideinuciectide analogues has been little nvesligated,
although some variability in @ minor epitope (Th28-47) was recently reported ™' In another
recenl study, enlecavir and adefovir were assoctated with an enhanced immune response ™.
Sobection of amino acid changes in the Core gene might result in evasion of HBY from the host
immune system, thereby lengthening the life of infected hepatocytes. For this reason, Core
gene baselne voriability in chronic hepatitis B patients might be crucial for understanding the
evoluticn of the viral quasispecies in response 1o host IMMUne pressura.

Next-ganaration saquancing fechnologias anable deap assessmeant of gana varability and are
aspecially useful to study the dynamics of viral quasispecies "% Core gene variability can be
studied with this technology, specifically, the 454 FLX platform, which analyzes fragments of
250 1o 400 bp length. Although this length does nol permil complele analysis of the gene, ultra-
deap analysis of tha main immunadominant regions of Core protein (Th50-68 and BT4-84) is
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possible. The aim of this study was to analyze the variability of these main HBY Core epitopes

in chronic hepatitis B patients by ultra-deep pyrosequencing (UDPS).

METHODS

Patients and samples

Four chronic hepatitis B patients with complete clinical documentation were selected for the
study; baseline characteristics are indicated in Table 1. All patients were diagnosed with active
HBV replication and treated with lamivudine (LVD) 100 mag/day (Zeffix, Glaxo Wellcome UK).
After 18 to 24 months, they all presented mutations conferring resistance to treatment. Owing to
their similarities in LVD non-response, they were selected for inclusion in the study. To evaluate
baseline variability, a sample taken at the time of the diagnosis (hence, antiviral treatment-
naive) was selected for each patient. HBV DNA of all samples was retested by real time PCR
TagMan (Roche) technology, and all presented values higher than 5 log,, IU/mL.

Patient 4 was sequentially analyzed and 3 samples were selected for UDPS analysis. HBV-
DNA had been quantified using the branched-DNA (bDNA) technology available at that time,
but the samples selected were retested with TagMan technology for this study. At the time of
the diagnosis (baseline sample), high HBV-DNA levels were detected by bDNA (retesting with
TagMan, 7 logy, IU/mL). However, HBV-DNA spontaneously dropped below the limit of
detection of bDNA technology and the patient remained untreated, according to the guidelines
at that time. Some other samples obtained during this period without treatment were also
retested and showed 4 to 5 logs,; IU/mL. After 36 months (ireatment-free sample), bDNA
significantly increased (=8 logs,, IU/mL on TagMan retesting) and LVD was started. After an
initial suboptimal response (HBYV DNA decrease to 4 logs), viral breakthrough (7 logs,, HBV-
DNA) was observed after 18 months, and the riL180M and tM204V HBV polymerase variants

were selected (LVD non-response sample). Ultimately, adefovir was added to LVD.

Epitopic region amplification and UDPS amplicon preparation
All the samples included in this study had HBV viral loads higher than 6 logs IU/mL. HBV-DNA
was exiracted from serum by QlAamp microspin columns (QlAamp DNA Mini Kit, QIAGEN,

Hilden, Germany), according to the manufacturer’s instructions. To obtain optimal amplification
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115  of HEV DNA, the process was optimized with two PCRsS. To minimize the amor rate of the PCR
116 process (false nucleotide substitutions), high fidelty polymerase (Pfu Ura-ll, Stratagens, La
117 Jolla, USA) was used. Al the time the study was designed, the maxamal amplicon length that
118 could b analyzed by the FLX platform was 250 nucleotides; PCR primors wione selocted for
119 smpificaton of 8 specific 210-bp HBY fragment, which included main epitopic regions (ThS0-69
120  and B74-84). Tha first PCR primars were sense (position 1662-18681); 5
121 “HATAAGAGGACTCTTGGACT-3' and anli-sense prmers (position 2012.2031), 5%
122 TGTTCCCA,GAATA*-GGTGA-3. The nested pnmers mcluded the recogmition site for UDPS,
124 in italics. The soquence of the sense pnmer  (posiion  1997-2016) was  5-
124  GCCTCCCTOGCGCCATCAGACCGCCTCAGCTCT S TATCG-3, and the anti-sense primer
125 {posiion 2178-2208) was 5-GOCTTGCCAGCCCGC TCAGLCACAY LAGTTGCCTGA"Y HCTT-3'
126 PCR products were isolated from 0.9% agarose g, quantified using Quan-iT Picogreen sDNA
127 reagent (Imalrogen). Fror 1o the sequencng reaction, each amphcon was pooled 0 oblam a
128 concentration of 4x10* malecules of the HBV region. This working solution was enriched with
129  the caplure beads needed for sequencing. After optimal ennchment, clonal amplfication n
130 beads wes perfomed n foresed and reverse direchons (emPCH ks 1T and 11, 454 Lile
131 Sciences), UDPS was camed out in the Genome Sequencer FLX (454 Life Sciences). The HBY

132 region analyzed coverad aming ackds 40 to 85 of tha Cora ganae

134  Bicinformatics filter

135 A total of 133 813 sequences wera obtained. Reads were obtainad with forward and revarse
136  sequences and were aligned acconding to the primer sequence (designed by our group). Initial
137 raw dala filkering was performed as previously reported ' Briefly, reads with insertions and/or
|38 delations, reads in which the primer did not match the reference primer by at laast T5%, thosa
132 (hal did nol reach a hxed lenglh, and these contaming ambguous calls were excluded. The
140 remaining sequences were then fitered again with an R commander program, based on
141  previous studies """

142  UDPS sequence emor values were deterrmined by UDPS processing of a cONA clone m
143 friplicate. This strategy resulted in a multiparameter Poisson model ™ with the distribution of the

144 error rate per sibe (ug) of s clone represented in amays, according 1o the lype of nucleolde
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change (! and J indicate the nucdeotde at each site, and “r reters to the homopolymenc [r=1] or
non-homopolymeric [r=2] region) (Table 2).

Minor variants from our amplicons wera defined as the number of substitutions of an expected

nucleotide (nf) to an observed variant (m‘.j] in the number of reads (N) covering a site (),

represented by kj at each position. We calculated the probability at which that these minor
variants would occur if there were sequencing errors with the following equation:

-1 _;
et X

il
P=1-2—

i

in which A = g, = N, and N indicates the total number of sequences. After applying the equation,
variants with a p value of <0.05 wera included In the analysis.

The empirical distribution of mismatch errors determined by UCPS analysis of an HEV DNA
clonc from the same region yiclded an average of 0.006%; howeover in 8 positions, crrors were
higher than 0 02% but lower than 0 05% Therefore, the sensitivity of UDPS to detect mutations
was primarily limited by the highest mismatch error rate in the HEV DNA clone of 0.05%, which
is similar to the value recently obtained in UDFPS amplicons including an internal sequence as a
control **. The measurements and biological conclusions in this study are based only on

mutations present at this frequency.

Data analysis statistical tests

To obtain the percentage of amino acid variability in each sample, the total number of amino
acid substitutions was divided by the total number of amine acids analyzed. This value gave a
theoretical variability for each position, and was used to estimate the expected varability for the
studied regions (the theoretical variability was muliplied by the length of the epitope: 20 for
Th50-89, 11 for the B 74-84 and 2% for the remaining positions).

Fisher's exact test was used to evaluate a possible relatonship between the most vanable
codons (variability =1%) and their position in the epitopic region or other regions. The Wilcoxon

signed-rank test was used to compare the evolution of the codons in the sequential analysis.

Phenotyping, Mutagenesis. and Cell Culture
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Cloning of a more than full-length HBY genome * in pTriEx-mod vector was performed as
described by Durantel et al. . The influence on HBV viral replication of the most conserved
position observed in our study was analyzed by site-directed mutagenesis (Agilent
Technologies, Stratagene, USA) following the manufacturer's instructions. The most conserved
position observed after UDPS analysis, codon 76, (see Results) was selected for mutagenesis.
The wild-type clone had an L in codon 76, which was changed to V or P to test the effect of
maintaining or deeply altering the physical-chemical properties of Core codon 76. The
introduction of mutations was confirmed by direct sequencing, as previously described >

Huh7 human hepatoma cells were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% calf serum. Transfection of plasmids was performed as previously
described *° using Fugene-HD (Roche, Germany). The supematant was used to quantify
HBsAg (Architecht, Abbot), HBeAg (Viros, Johnson & Johnson), and HBY DNA
(CobasTagman, Roche) production. The results were statistically analyzed with the Student ¢
test. DNA was extracted from the supernatant (QiagenAMP DNA Mini Kit, Qiagen, Germany)
following the manufacturer's instructions and used to evaluate HBY DNA production. As has
been previously described **, to confirm that HBV-DNA detected after iransfection was the
result of HBV replication and not due to contamination from the HBV genome in the pTriEx-mod
vector of the transfection experiments, the supernatant extractions were used in 1/10, 1/10?,

1/10°, and 1/10°* dilutions and PCR amplification of HBY-DNA and pTriEx-mod was performed.

RESULTS

Baseline variability of main epitopic regions of HBV Core gene

The amplicon analyzed was limited to codons 40 to 95, which include the main Th50-69 and
B74-84 epitopes. A total of 122 814 sequences corresponding to 4 baseline samples were
analyzed, and among them, 108 403 were validated by bioinformatics and Poisson filtering. A
total of 61 499 were from genotype A samples and the remaining from genotype D. Variability
was analyzed attending to the percentage of changes in all codons of the amplicon, and the
resulis obtained for each position are shown in Table 3.

The two genotype A samples (patients 1 and 2) showed differences between their master
sequences in ten codons (41, 45, 59, 64, 65, 66, 67, 77, 84 and 87, Table 3), seven of which
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were located i Tha0-69 or Bfd-84. O parbculer nole, the mester sequence of the mobl
dehmited by codons B4 1o 67, commonly defined by EuLMT, and recognized by T-cells ™,
differed in patient 1. The sequence found, DeaVTNy, was completely different from the master
sequence of genotype A and 0. The vanabibity detected m patient 1 (0.1% average ammo acid
vanability), ranging from 0 69% 0 values under the cut-off (<005%), was the lowest n all 4
samples. In this patent, the man eplopic regions contiined 67.7% of the changes, a
percentage 1.2 times higher than would be expected by the lenglh of these regions, and the
changes were equally distributed between the two epitopes. In confrast, patient 2 had higher
vermebilily (0.35% average amino scd venability), parbcularly in codons 41 (7.54%), 59 (4. 75%),
and 63 (1.93%). Only 53.1% of these changes were located in epitopic regions, a rate similar to
the expected random percentage, but in the ThH0-69 apitope the substitulions were 1.3 times
hagher than would be expecled. Interestingly, two of the main substitubions delected m pabient 2,
S (A, T.51%) and V59 (1, 4.21%), coincided with the consensus sequence of pationt 1. The
thard main vanant positon was GE3 (v, 1.62%).

The two genotype D baseline samples (patients 3 and 4) had the same consensus sequence,
except in codans 64, 74, 80, and 93, which were also the most highly vanable in patient 4. In
pabent 3, fve codons with more than 1% varmability were delecled. A41 (1.58%), 158 (1.68%),
AT4 (2.1%), ETT (1.94%), and S87 (1.83%) (3 of them in epitopic regions). The average aming
acid vanability was 0.26%, and 57 8% of changes were located in the main epitopic regions,
Overall, this percentage was nol higher than expected, however, changes in B74-84 were 1.6
e hegher than the expected random percentage (31.6% vs 19.7/%). In pabent 4, vanatihly
was hegher than 1% in 8 codons. Q40 (38.27%), L55 (18.58%), D64 (29.96%), VT4 (13.72%),
EFT (3.02%), TBO (B.08%), T92 (18.93%), and VO3 (18.80%) (5 of them in epitopic regions).
Linkage analysis showed that some of the main vanants sean in this patient (S at codon 41, V
ol 59 N at 74, E st 77, and N &l codon 87) were located in the seme wiral straim (1.5% of
quasispacies) This obhservation sesms to indicale possible salection by the affect of immuna
pressure on the Core gene, Surprsingly, despdte the high tolal amino acid vanability detected in
pabent 4 (2.65%), only 49 8% of changes aflecled posiiions localed in mam eplopic regions, a
value lower than was expecled in both Th50-69 and B74-84.
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232 Median baseling frequencies were compared between the epitopic and other positions. Only
233 genotype A samples showed high variability approaching significance (p=0.07, sampla 1 and
234 p=0.05, sample 2) in epitopic positions. Regarding the median baseling vanability (Table 3), & of
235  the highast valuas ware lncated in positions within tha main apifopic regions (eodons 55, 58_ 64,
236 74, 77, and BO), and 4 posifions outsida the main epitopes (codons 40, 41, 92, and 93)
237 accumulated high percentages of changas. The variability in positions 40, 82, and 93 was dus
238 tochanges in patient 4, whereas the vanabilty of codon 41 (median 2.3% of changes) was due
238 o changes m pabenis 2 and 3. Inlerestingly, postions 64 and B8, comesponding lo the
240 Faul MT,; motif of Th50-60, showed significant variability in all 4 samples (0 68%, 0 5%, 041%,
241 and X0.96% in position 64 and 0.12%, 0.21%, 0.11%, and 0,11% in position 66},

242 Amending lo the conserved positions, 12 codans showead varability lower than the system arror
243 rate (<0.05%) (positions 44, 52, 57, 68, 70, 75, 76, 78, 81, 65, 86, and 89). The most highly
244 conserved was keuane in codon F8, with requences clearly below the system emmor rale
245 {0003%-0.02%) and a madian baseline ermor of 0.013% (Tabla 3). Based on this finding, codon

246 T was analyred by sita-directed mutagenasis anabysis

245  Case report

249 Patient 4 was selacted for sequantial analysis, and 3 samples wera procassad (Figure 1) a
250  baseline sample (also included in the Bassine Study), a sample following a treatmant-frea
251  period of 36 months, and a sampla following 18 months of LVD non-response  After application
251  of the bicinformatic fiter, 34 320 sequences from the troatment-free sample and 43 257
253 sequences from the LVD sample were oblained. The average aming acid vanability of the
254  baseline sample was higher than that of the freatment-free one (2.60% vs 0.34%, p=0.001) and
2535 (he aversge ammno acid varability of the reatmeni-free sample was lagher than that of the LVD
255  freatment sample (0234% ve 018% p=0001) The main variants datected by saquential
257 onalysis are represented in Figure 2. OF note, 8 of these 11 vanable posibions (codons 55, 57,
258 B4, 74, 7T, 80) were located in main Core epitopic regions.

239 Lmkage analysis was performed to analyze whether the most frequent amino acid substilutions
260  wara simultanecusly prasant in the sama viral sequance (Fiqura da) At basalina, 50 15% of

261 saquences in the positions studied were wild typa, and 28 88% ware mutated sequences in the
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mast variable positions (15 different mutated variants, Figure 2a); 10.97% showed mutations in
other positions. The mutated sequences in highly variable positions detected at baseline were
found to be decreased in the freatment-free pernod (1.85%, Figure 3b) and after LVD
breakthrough (1.24%, Figure 3c).

Attending to these variable positions, the most common strain at baseline (7.5%) had only one
mutated codon (C40Q), followed by a strain (6.04%) with 5 mutated codons (C40Q, DG4L,
V74G, TO2N, and VO3M) and another strain (545%) with 3 mutated codons (E40Q, L55I, and
DB4E). Surprisingly, the baseline strain that had been selected as master after the treatment-
free penod and mantained during LVD was a low-freguency baseline mutant strain (1.31%) with
the following substitutions: E40Q, L5351, D64E, TBOG, T92H, and VI3M (varant 12, Figure 3a).
The time period with an absence of therapy (between baseline and treatment-free sampling)
represented the complete time of HBV infection, and the HBV Core quasispecies showed a
tendency to decreased variability. This was reflected by a drop in the percentage of
accumulated variabilty from baseline (38.88%) to the treaiment-free sample (1.85%) and
coincided with the change in the master sequence belween the two samples, which could
indicate a possible alternative immune escape mechanism. No significant differences were
observed between samples from the treatment-free and LVD periods, which showed similar

composition and percentages of mutated variant strains (Figure 3)

Evaluation of the conserved position, leucine 76, by site-directed mutagenesis

As is described above, leucine (L) at codon 76 was the most highly conserved position in all the
samples analyzed (Table 3). Although there were other conserved positions (Q57, T70, D78,
and 581), codon 76 focused our interest because it was a leucine (one amino acid coded by 6
different codons), because of its location in the Core gene, and because il has never been
described as essential. L76 was even more conserved than D78 (0.05%) or P79 (0.09%), both
of which are reported to be involved in the Core-HBsAg interaction 2. Mutagenic studics of L76
were performed to evaluate a possible essential role of this amino acid. The experiments
included a change to valine (V), whose hydrophobicity is similar to that of L, and a change to

praline (P), whose physical-chemical properties differ from those of L.

11
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After transfoection, HBsAg, HBeAg, and HBY DA wore quantified in ooll culture supermatants,
Thi presence of P in position 76 significantly decreased production of HBEsAQ, HBaAg, and
HBY-DMNA in comparsen with the wild type (L78) (both, p=0.001). However, when V was in
posibion 76, B reducton was observed n HEsAgD levels (p<0.001), bul nol i HBV DNA.
Surprisingly, tha V' substitution resulted in four-fold increasa in HBeAn praduction in comparnison
with L76 (p-<0.001).

DISCUSEION

Several apitopic regions have been described in HBY Core gena. Cora reqgion variability undar
antiviral treatment has been extensively studied, particularly in relation to IFN therapy ™"
However, differing pattems of amina acid substifutions under the affect of nucleotida/nucleasida
analogues and during penods without treatment have been recently described ' Some studies
have used the classical clonal method 0 analyze the evolubion and composibon ol the enbre
HBY Core gene = including a recent study by Tang et al, which clonally analyzed the
complete HBY genome in redation to antiviral therapy © However. in all these reports, only a
small number af clonas ware processad (30 in Tang's study) and minor populations could not
be sludied. Thus, high-resolubon donal sludies are needed (o deeply analyze the composton
of tha HBY Core gane quasispacies. To this end, tha racenily developed UDPS tachnology
provides an opporfunity to bypass the restrictions of the classical donal method 1o determine
the compasition of viral quasispacies "*'7-"%*

When this study was designed, LDPS technology based on the 454 Life Science Platform (35-
FLX, Foche Apphed Scence) only alliowed analysis of amound 200 nucleolide sequences,
Because of lhis hmitation, the preseni work was focused onm analysis of the main
immunodommant M-terminal Core molils, The0-B% and B74-84 ®°. The high economic cost and
complex compuiing analysis of LIDPS strongly restrict the number of samples to ba processed
For this reason, we were only able o study six selected samples. four samples 0 evaluate the
baseline vanability and two more samples o sequentially analyze one patient,

To acheeve the man am of UDPS analyss, a paralkel analys:s was needed o define the cul-off
for analyzing tha UDPS data. In our previous repart of UDPS analysis of the HBY quasispecias
= inclusion of an intermal coniral sequance within the analyzed amplicon enabled estabBshmant
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of a cut-off percentage to define the imit of viral variability, which was set at 0.03%. In the
presant study, a Poisson computational model was applied based on a prévious study that used
a single parameter to define the probability of system eror (1) **. We approached the model by
using two 4x4 amays of emor values taking into account the type of nucleotide change and
whiather the region sequence was homopalymeric or non-homopolymefic ()1, By processing an
HBV-DINA clone, the percentage established to differentiate varability from LUDPS armor was sot
ol 0,05%, the highest mismatch ermor rate of the cone ond a value similar to the previcusly
establishad ane **

In the study of bascline HBY quasispecies, the most vanable codons (median baseling
varabilily =1%) were 40, 41, 55, 59, 64, 74, 77, 80, 92, and 93, all of which have been
previously descnbed in a study using clonal mathodology o analyze acule exacerbations n
HBeAg-negative patients *. Furthermone, some of these highly vaniable codons (codon 64, 74,
and 77) were previously described as common changes in untreated chronic hepatitis B ''. The
baseding varabilty of the 4 samples suggested diterences between genotypes A and D
Genolype A sequences showed fower codons with vanability =1% and, conseguently, lower
overall median vanabifity than genotype DU The statistical analysis of the median baseline
frequencies showed that genotype A samples had higher vanabilfy n epdopic positions,
approaching significance (p=0.07, samphz 1 and p=0.05, sample Z). In contrast, in genotype O
cases, no signiicant differences in vanability wenz observed between the epitopic and offwer
positions. These findings cowld be related to the high frequencies of mutations in codon 40, 87,
92, and 93 m genotype [ samples (patents 3 and 4), which might be mvolved in the minor
epilopic regions Th28-47 and ThEZ-101 """, These differences in HBY Core gene vanability
seem 10 indicate an mfluence of genotype on mmune activation,

Patent 1 showed the lowest vanability, but nterastingly, the consensus sequence of codons 64
lo 6f was delmed by lhe sequence LV IMg, winch 15 complelely diflerenl from the well
characlenzed EnlMTy moll, This moll s commonly recognized by T-cells, and the
simultaneous EB4D and TE7N change has been reported to reduce T-cell proliferation in vitro ™,
Hence, we suggest thal the changes observed in pabent 1 might be the resull of an alternalive
mechamsm o escape rom mmmung pressure over he Exl M1 mobl, which s located in the
mmmumodommant Tha0-69 region. In facl, the inding hal posibons 64 and 88 of this moul

13
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showed significant variability in all 4 samples suggests that the motif could be a cenfral target
for immune pressure in HBY infection ''. The low variability observed in sample 1 (0.1% of the
total amino acid variability) could reflect attainment of a kind of “steady state” in the viral
quasispecies, resulting from strong selection of an escape vanant with the mutated motif
DssVTNg; similar that observed in the longitudinal study of patient 4.

Evolution of the HBV quasispecies was evaluated in a case report, which involved a baseline
sample and 2 additional samples, one taken after a period without treatment and one taken
after LVD treatmeni. The highest varability, which was detected in the baseline sample,
dropped during the treatment-iree penod, suggesting a reduction in the composition of HBV
quasispecies as a consequence of immune pressure during the period without treatment, and
coinciding with an exacerbation **. This dynamism in the composition of the viral quasispecies
was also observed by linkage analysis, which detected a dramatic reduction in the number of
viral strains and their percentage among the total varianis in the treatmeni-free and LVD
samples (less than 2% of the total sequences in both samples). One of the low baseline viral
strains (variant 12, 1.31%, Figure 3) was strongly selected until it became the master of the
treatment-free and LVD samples. Hence, this variant can be labeled as an escape mutant,
whose selection could be related to better fiiness, regardless of its inifial frequency.

Based on these resulis, we postulated that the HBY quasispecies achieved a "steady state”
after the treatment-free period that did not change with LVD treatment, because immune
pressure could also be decreased during treatment. The significant differences in average
varability in the two penods suggest that the equilibrium is dynamic. The structure of the HBY
quasispecies in the 3 samples represents a complex reservoir of different minor variants,
resulting from natural HBV evolution and likely affected by antiviral treatment **.

Several codons in our region were found to be highly conserved (positions 57, 70, 76, 78 and
81). Position 76, located at the tip of the spike was of especial interest, being next to the major
immunodominant region (MIR) and part of the B 74-84 main epitope. Indeed, this position has
never been described as essential, in contrast to the nearby positions 78 and 79 **. The HBVY
Core sequence is involved in the process of capsid conformation by interacting with the surface
antigens in viral particle assembly. However, the interaction between HBsAg and HBcAg in

virions is still unclear **'. The Core region analyzed in the present study is part of the assembly
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domain (amino acids 1-149}); thus, the changes in the region analyzed might potentially modify
the shell conformation.

Electrostatic interactions between Core and HBsAg take place at the tip of the spike of the Core
antigen (codons 74-84) **_ Cryo-electron microscopy studies have shown that codon 78 and
79 are within the contact area of Core with envelope proteins. ** This essential role might
explain the high level of conservation of these positions (especially codon 78, 0.05%) observed
in our UDPS analysis. However, surprisingly, the most conserved codon of the HBV Core region
in baseline and sequential samples was leucine at position 76.

To our knowledge, few studies *™*' have analyzed the effect of single Core amino acid
mutations on HBV replication in vitro. Only one such study conducted by Ponsel and Bruss *'
evaluated the leucine 76 position (among others) by inducing a change to alanine; no significant
reduction in nucleocapsid or virion production was observed. In the present study, we induced
changes in the hydrophobic characternistics of position 76 and determined their effect on HBsAg,
HBeAg, and HBY DNA production. In contrast to the results of Ponsel and Bruss, we found a
significant reduction in HBsAg production with both the V and P changes, suggesting possible
involvement of L76 of HBcAg in the HBsAg interaction. A significant decrease in HBV replication
in the presence of P76 was detected, leading us to speculate that the hydrophobic
characteristics of position 76, conferred by the presence of L or V, are needed for HBY
replication. The increase in HBeAg production in the presence of the L76V mutation and the
absence of increasing HBY DNA we found are surprising, particularly because some authors
have reported a cormelation between HBeAg and HBV-DNA levels **. Nonetheless, this
correlation was not found by other authors®™ and currently remains controversial. We suggest
that this unexpected HBeAg increase may indicate alternative pathways between HBeAg and
HBV replication, as has been indicated previously **. Based on our in vitro results, we postulate
that the amino acid changes induced in the Core sequence are not as important as the structure
adopted by the capsid and HBeAg.

Our study is mainly limited by the high cost of the UDPS process. A larger number of samples,
additional sequential studies and duplicate UDPS experiments would have given more
information about sites in HBY Core potentially involved in quasispecies evolution, and related

to HBV chronic infection and to treatment non-response. In addition, at the time of the study, the

15
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411 available UDPS methodology only allowed analysis of sequences up to 250 bp. For this reason,
412 we himited the study 1o the widely described main epilopc regons included in the HBY Core,
413 previously studied by conventional methodologies 7'

414 In conclusion, thes sludy vabdales apphcation of UDPS methodology o sludy the vanability of
415 Ihe mam aplopas ol lhe HEV Core gens and substantinles the sigmiican] nchnass of tha HBY
416 baseling quasispecies Although other studies have analyzed the complate Core ragion, this s
417  Ihe frsi study analyang the HEBY Core gene by UDPS technology. The largest number of
418  varable codons was mainly detected in tha Th50-69 and B74-84 reqgions and a probahle
419 relationship with HEV genclype and Core varabilily was suggested. However, more extended
420  analyses with a larger numbar of samplas must be parformed to confirm this possibility. In
421  addiion, important variability was acsociated with well characterized Thocell matifs, such as
412  EulMlsy, suggesting thal the host immune syslem mighl be the mam factor responsible for
423 HBY Cora eavoluton. Furthamaore, UDPS showsd thal codons 78 and 79 wera highly
424 conserved, in keeping with their invalvemeant in the interaction betwean the HBY wvirlon capsid
425  and envelope. However, codon 76 was found fo be the most highly conserved, 1o an even
426 greater deqrea than codons T8 and 79 Thus, wa postulate possible invelvemeant of codon 76 in
4217 mlerachons with HEsAg or m HBeAy conformeabon. The dynamesm of the HBV quasispecies
425  was tested in one patient in whom detection of a strong selection of one of the minor vanants
429  present in the baseling quasispecies was seen, calnciding with a decrease in Caore varability
430 dunng a treatmeni-free penod and on lamivedineg reatment. This decrease seemed o be the
431 result of a “steady state” situation of the HBY quasispecies after selection of the most highly fit
432 vorant. We found that UDPS is a useful massive clonal method to deeply analyze viral
433 quasispeces that 1= manly limited by the current high cost of this lechnology. However,
434 becausa of the advantages of UDOPS in the study of viral quasispecies. cost will probably
435  decresse os apphcabon of s technology ncresses, enabling processmg of samples rom a
43¢  large number of patients.
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FIGURE LEGEND
Figure 1. Vanabiity of al codons analyzed from the 3 seguentiolly studied samples,
corraspanding to Patient 4. Parcentages higher than 2% are indicated at the top of the bars

Figure 2. Evolution of the most vanable codons of the Core region analyzed in the sequentially
studiad patiant Tha variable position and its comasponding master amino acid are shown on
the x-axis. The main mutated amino acids are indicated at tha top of the bars

Figure 3. Quasispecies composition of the HBY Core rogion in the 3 sequentially analyzed
somples. (a) Baseline vanonts (rom 1-15) in percentoges =1%, (b) Trealment-Tree vanabilily,
and {e) LVD sample variability of the most frequent amino acid substiutions defined n Figure 2.

Linkane analysic was alen performead attending thesa most variahle codons
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TAEBLES

Table 1. Basaline charactaristics of the four patients includad In the sfudy

ALT HEV DHA HBelg
Patiant Sex Age GRnotvpe

(ifmL) | (legen WimL) status
1 Male 45 167 T4 A s
2 Male 3 |95 T8 A +
2 ) a1 | 392 B3 D -
4 Female | 55 13T 75 ] F

Age at ihe time of sample collection. * Wild typs in main preCons mutatian
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500  Table 2. Arrays of p mismatch frequancias in homopolymerc (r=1) and non-homopalymearic
501 {r=2) regions generaled from averaga misincorporalion emors during PCR amplification and

5021  pyroseqguencing of 3 replicates from an HBY DNA clone

503
Homopolymeric =a FC =T FG
i=h 1 23 010" | 204 x10T | 3492107
i=c 489B IO | 1 4 56=10° | 185%10° |
=T 359 x10" [ 291 2107 [ 1 2.04 107
=G i50xi0” | 392x10" [ 440xi07 [
MNon-homopolymenc | =4 =c =T =G
i=a 1 203 %107 | 1.47x10° | 753 210"
= 4R3x10° |1 101 2107 | 320 %107
=T 1.21 2107 | 739107 |1 1.77 x10™
=G 423 %107 [ 141007 | 2891 2107 |1

504
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305 Table 3 Baselne vanability of all the codons analyzed. Subindexed numbers ndcate the
96 patient in whom the master amino acid (AA) was detected

Patient Pt1_ P12 Fta Fid Mediafo
Coden [Hsegs 39045 | 28254 27186 | 19748 | boseline
Master BA | % var | % var %, var 5. var variability
an E TEF] 0,00 0.27 36.27 518
41 A5z 004 |734 1.58 0,03 2.30
42 L 0.2 0.08 014 0.02 013
43 E 0.06 o.0o7 008 012 0.08
44 ] 0.03 Q.01 0.01 0.05 0.03
45 BiPaa 024 o.0or 010 009 o112
46 E 0.0% 0.05 0,06 0.08 0.06
ar H 00& .06 .04 0.0 0.0
4R C 00 018 0T 027 015
9 |s oo loo7  |oss |00t foos
a0 P o.or 0.04 ] 0.02 0.05
51 H 014 011 0.0 0.01 0.08
52 H ou0a 0.0 0.02 0.02 0.03
53 T 011 0.14 0.07 0.04 0.09
5l A 014 018 AT LRk oAar
55 L 0.03 0.05 0, 0e 18,68 468
=25 R 21 022 o144 010 0.7
&7 Q 005 0.048 003 000 003
=B A 015 0.18 0.04 0.04 0.12
59 liaafV 004 |478 1.88 0.0% 1.82
7] L 0.03 .02 0,03 0.06 0.04
G1 c 0.10 0.08 0.0 0.03 0.0%
B2 w D& 0.21 019 0.0 [ 1.1
53 G 0T 1.93 034 .18 0.65
E4 DheExn 065 0,50 mal 25,838 7.B8
65 Vol 0.08 Q.02 0,00 019 0.09
[} TolNaw o1z 021 11 0.1 014
&7 [V, 005 |0.06 0.06 0.04 0.05
B L 0.04 0.02 0.0 0.02 0.03
] A 005 012 0,10 009 0049
70 T 00% o.02 0.0z oo ooz
7 w o1 024 020 0T 018
72 v oor 012 oo7 003 0.07
| 73 L&} 0T 0. 28 0,19 11 0.19
T4 MealAav, 045 0.04 2.06 13.72 407
P M 001 0.0z 0.0 0.0 0oz
TE 0,00 0.01 0.02 0.02 0.01
s LCRRTI 8 L] 014 0,30 1.94 S0 1.5
7B D D.o3 0.08 003 o.08 D.os
79 F 016 0.10 007 003 oos
ED Az Ta R | o.Aar o112 8.08 2.12
a1 ] 0.04 0.03 0.01 0.00 0.02
B2 133 R 0.12 15 0.06 0.13
83 D 0,05 0,04 0,06 012 o.ar
8 |osge o2 Jos2  foi2  |o0s  |om
a5 v 0.02 0.01 0,03 0.01 002
Hh v ooz 0.03 .0 .04 oo3
ar M8 n.0s 0.03 1.5 0.02 0.51
&4 ¥ 0.08 0.03 0.04 0.05 0.05
BY v oot 0.00 0,02 0.03 ooz
S0 ] 0.02 0.02 0,05 0.00 0.03
/ T o.or 0.05 .02 003 D04
92 M 0.03 0.02 0,70 168593 482
53 Mixe R 000 [V £ 18,89 4.78
54 G 004 017 014 (] 010
05 L 0.03 0.02 0,15 0. 14 0.09
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Figure 1
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Figure 3

a)

b)
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