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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.  
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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). 
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Table 1 Position of the HBV regions, described in Figure 3. 

 

 

 

 

 

 

 

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 Protein s Molecular Weight

preCore 3.5 kb HBeAg 16 kDa

HBcAg 21 kDapgR NA 3.5 kb

Polymerase 90 kDa

preS1 2.4 kb LHBs 39kDa

MHBs 33 kDapreS2/S 2.1 kb

SHB s 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). 
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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.  
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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-Å 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  

 

 

 

 

 

 

 

 

The regions in bold have a particular immunodominant role (20). 
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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 10–5 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 (Y203M204D205D206) (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). 
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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 (ε), 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 

 

 

 

 

 

 

 

 

 

 

 

 

b) Synthesis of cccDNA, which serves as a template for synthesis of the five mRNAs.  
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c) 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. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

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 

C-U-

A
G
G
G

U
C
U
C

G A

U
C

A
G

G
C
U

G
G

C
C

A
A

U

G G

G
G
A
G
G

C
C
U
C
U

A A

U
C

A
G

U

U

U

U

U
G
G
A

A
C
U
U

G-A-A-A-U-

U
G-C-A-C-C-A

A

C
G
G
A
U
G

G
U
C
U
G
C

A
U
A
A A

U
U
G

U
U
U
C
U
G

G
G
A
G
G
C

G
U

A
U U

A

A
C
G

U
G
C

C C
A

U

1760

1740

1750

1730

1770

1780

1790

1800

1810

1820

1830

1840

preCore

AS
C

C
G

A
A

G
G

C
U

U

U

G
A

A
C

C
U

C
U

U
G

G
G

C

C

G

G

U

U

1870

1880

1890

2010

A
C
C 
C
U
G
U
A
C

U
G
G
G
G
C
A
U
G

C
U

G
U
U C

A
GU

G
U

A
C
A U-U-G-A-C-

U
U

A
A

C
C

G
A

U
A

U
U

A
U

A
G
A

-G-C

1850

1860

1990

2000 2020

Core

DR1

TA1

TA2

TA3 TA4

C-U-

A
G
G
G

U
C
U
C

G A

U
C

A
G

G
C
U

G
G

C
C

A
A

U

G G

G
G
A
G
G

C
C
U
C
U

A A

U
C

A
G

U

U

U

U

U
G
G
A

A
C
U
U

G-A-A-A-U-

U
G-C-A-C-C-A

A

C
G
G
A
U
G

G
U
C
U
G
C

A
U
A
A A

U
U
G

U
U
U
C
U
G

G
G
A
G
G
C

G
U

A
U U

A

A
C
G

U
G
C

C C
A

C-U-

A
G
G
G

U
C
U
C

G A

U
C

A
G

G
C
U

G
G

C
C

A
A

U

G G

G
G
A
G
G

C
C
U
C
U

A A

U
C

A
G

U

U

U

U

U
G
G
A

A
C
U
U

G-A-A-A-U-

U
G-C-A-C-C-A

A

C
G
G
A
U
G

G
U
C
U
G
C

A
U
A
A A

U
U
G

C
G
G
A
U
G

G
U
C
U
G
C

A
U
A
A A

U
U
G

U
U
U
C
U
G

G
G
A
G
G
C

G
U

A
U U

A

U
U
U
C
U
G

G
G
A
G
G
C

G
U

A
U U

A

U
U
U
C
U
G

G
G
A
G
G
C

G
U

A
U U

A

A
C
G

U
G
C

C C
A

A
C
G

U
G
C

C C
A

U

17601760

17401740

1750

17301730

1770
1770

1780
1780

17901790

18001800

1810
1810

18201820

18301830

18401840

preCore

AS
C

C
G

A
A

G
G

C
U

U

U

G
A

A
C

C
U

C
U

U
G

G
G

C

C

G

G

U

U

1870

1880

1890

2010

A
C
C 
C
U
G
U
A
C

U
G
G
G
G
C
A
U
G

C
U

G
U
U C

A
GU

G
U

A
C
A U-U-G-A-C-

U
U

A
A

C
C

G
A

U
A

U
U

A
U

A
G
A

-G-C

1850

1860

1990

2000 2020

Core

C
C

G
A

A

G
G

C
U

U

U

G
A

A
C

C
U

C
U

U
G

G
G

C

C

G

G

U

U

1870

1880

1890

2010

C
C

G
A

A

G
G

C
U

U

U

G
A

A
C

C
U

C
U

U
G

G
G

C

C

G

G

U

U

1870
1870

1880
1880

1890
1890

20102010

A
C
C 
C
U
G
U
A
C

U
G
G
G
G
C
A
U
G

C
U

G
U
U C

A
GU

G
U

A
C
A U-U-G-A-C-

U
U

A
A

C
C

G
A

U
A

U
U

A
U

A
G
A

-G-C

1850

1860

1990

2000 2020

Core

A
C
C 
C
U
G
U
A
C

U
G
G
G
G
C
A
U
G

C
U

G
U
U C

A
GU

G
U

A
C
A U-U-G-A-C-

U
U

A
A

C
C

G
A

U
A

U
U

A
U

A
G
A

-G-CU-U-G-A-C-

U
U

A
A

C
C

G
A

U
A

U
U

A
U

A
G
A

-G-C

1850
1850

1860
1860

19901990

20002000 20202020

Core

DR1

TA1

TA2

TA3 TA4



Introduction 

21 

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: TA1 (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 (ε). 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 ε is also highly conserved 

in other mammalian Hepadnaviruses, as well as HBV isolates, indicating the importance of 

these structures (55).  

The 5’ end ε 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 ε signal (see 

section 1.1.5.2, The preCore and Core Gene). The mutants abolishing HBeAg synthesis found in 

nature also maintain a stable ε 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 ε 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 ε 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 ε 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. 

a) The polymerase anneals to the bulgue of ε  
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f) Translocation of the (+) DNA to the 3’ end of the (-) strand 

 

 

g) Synthesis of the (+) DNA 

 

 

 

h) rc DNA genome conformation (3.2-kb) 

 

 

1.1.8 Viral variability: Quasispecies structure of HBV 
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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 



Introduction 

 

26 

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 I) 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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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 I, but also type II) 

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 α/β 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 I or II 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-α 

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). 

 

 

 

 

 

 

 

 

 

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 αnd 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.  

 
 

 

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 
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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-naïve 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.  

 

 

 

 

 

 

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 

rtM204I/V, which occurs within the YMDD motif of the reverse transcriptase region of the 

polymerase. Although viral strains with rtM204I/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 rtM204I mutations (but not rtM204V) has been observed (98). Furthermore, ETV 

resistance patterns include the simultaneous presence of LVD-resistance mutations (rt 

L180M+rtM204I/V, commonly known as “LVD signature”), linked to an additional mutation in 

positions rtT184G, rtS202I/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 naïve patients. Specifically, 25.4% of LVD-treated patients reselect 

mutations after 2 years under ADV (101). In addition, only 1% of naïve 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. 

 
 
 
 
 
 
 
 
 
 
 
 

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 I169T, 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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

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-mm×75-

mm plate is an optical device containing 1.6 million wells at a diameter of 29 µm 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). 

 

 

 

 

 

 

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.  

 

 

 

 

 

 

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.  
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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.  
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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 Av12 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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2.3 Complete manuscript 
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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 
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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 HindIII restriction enzyme specific 

target sequence at both 5´ ends of the sequences. After PCR, a 2.1-kb PCR product included 

the HindIII 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 HindIII 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 HindIII was required for synthesis of the circular construct. Therefore, 

HindIII 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-naïve) 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 
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b) Master sequence obtained by conventional sequencing of the circular construct. 

 

 

 

 

 

 

 

 

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. 

 

 

 

 

 

 

The nucleotide positions constituting the ε 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 ε for all sequences, 30.1 kcal/mol in genotype A2) and induced a 

“silent” change in codon 14 (TGT1855 and TGC1855, 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 M204I 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, 

rt204I was the main YMDD mutation detected in the initial sample (0.47%); however, rt204I 

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. 

 

 

 

 

 

 

 

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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Baseline 4 P D 99.33 0.08 0.47 0.12
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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 naïve 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 ε 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 ε signal variability revealed the essential role of ε 

structural motifs and possible involvement of some nucleotides in ε 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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3.3 Complete manuscript 
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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 

E64LMT67 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: I, 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%), 

I59 (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. 

a) 
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b) 

 

 

 

 

 

 

 

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 Huh7 

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 ≥1% (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. 
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c) 

 

 

 

 

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 E64LMT67, 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 (A to C, A to T, A to G, C to 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 III) 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 III 

was the restriction enzyme selected because it does not cut inside the HBV genome. After 

digestion of the amplicon with Hind III 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 III 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 III sequence 

(AAGCTT) was the internal control sequence to establish the error rate of the technique. To 

obtain the HBV circular construct, Hind III ligation of the ends was a unique, absolute 

requirement. In addition, ligation could not occur if the Hind III 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 “ε” 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 ε 

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 “ε” encapsidation signal is one of the main constraints for preCore variability and ε 

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 ε might reinforce the idea that structural rather than sequence constrictions are 

involved in conservation of the ε 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 ε structure through a direct 

interaction with eukaryotic translation initiation factor (eIF4E) (141). After initial ε-Pol binding, 

the apical stem loop of ε 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 1878TGT1880 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 T1878, G1879, and T1880 nucleotides was observed in our study, particularly G1879 

(extremely low variability, at the limit of the UDPS error rate), which suggests that they have a 

predominant role in the ε-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 ε-RT binding occurs by fitting the kinked shape of the apical stem into the palm 

domain of RT, involving U1889 (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 C1889 

functionality.  

Guarnieri et al (148) reported that G1899A does not significantly increase in vitro viral 

replication, despite a significant theoretical stabilization of the ε 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 ε, while the change in its paired 1899 position yielded an 

amino acid substitution (Gly to Asp). In addition, the change of 1855T:G1899 to 1855T:A1899 was 100 times 

more frequent than the 1855T:G1899 to 1855C:G1899 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 ε 

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 ε 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. 
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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 

E64LMT67 sequence, a common motif in T cell epitopes (65); thus, it is selected by the effect of 



Discussion 

 

111 

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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quasispecies 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).  
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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. 

 



 

117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 

 

 

 



Conclusions 

118 

6 Conclusions  

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

is concluded: 

  

1. 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). 

2. 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. 

3. 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.  

4. 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. 

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

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

6.  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. 

7. 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 Th64ELMT67 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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