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Abstract

Hepatitis B virus (HBV) is a DNA virus with complex rep-
lication, and high replication and mutation rates, leading
to a heterogeneous viral population. The population is
comprised of genomes that are closely related, but not
identical; hence, HBV is considered a viral quasispecies.
Quasispecies variability may be somewhat limited by
the high degree of overlapping between the HBV cod-
ing regions, which is especially important in the P and S
gene overlapping regions, but is less significant in the X
and preCore/Core genes. Despite this restriction, several
clinically and pathologically relevant variants have been
characterized along the viral genome. Next-generation
sequencing (NGS) approaches enable high-throughput
analysis of thousands of clonally amplified regions and
are powerful tools for characterizing genetic diversity in
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viral strains. In the present review, we update the infor-
mation regarding HBV variability and present a summary
of the various NGS approaches available for research in
this virus. In addition, we provide an analysis of the clini-
cal implications of HBV variants and their study by NGS.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: We provide an update of hepatitis B virus (HBV)
virology, focusing on its complex replication cycle which
generates high genetic variability, which led HBV infec-
tion to evolve as viral quasispecies, complex distribu-
tions of variant populations that are closely related but
not identical. We also discuss the clinical and virological
implications of this population structure and the applica-
tion of different next-generation sequencing approaches,
which enable analysis of thousands of clonally amplified
regions, to study these heterogeneous viral populations.
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HEPATITIS B VIRUS INFECTION
HAS SINGULAR VIROLOGY: ISIT A

“"PSEUDORETROVIRUS"?

Human hepatitis B virus (HBV; Hepadnaviridae fam-
ily) causes acute and chronic infection in humans and
chimpanzees. HBV infection is distributed throughout
the world, and it is estimated that around 2000 million
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people worldwide have been in contact with this patho-
genic agent. Despite successful vaccination programs and
effective antiviral therapies, there are over 350 million
carriers of HBV surface antigen (HBsAg). Some 150 mil-
lion of them have active infection and a high risk of pro-
gression to cirrhosis or hepatocellular carcinoma (HCC).
HBV-infected individuals have a 30-fold higher risk of
developing HCC than the remainder of the population,
and it is estimated that 53% of liver cancers worldwide
are associated with HBV!".

HBYV consists of a spherical particle with a diameter
of 42 nm. The outer envelope is comprised of a phospho-
lipid/protein layer and the inner shell contains core antigen
(HBcAg) with the viral genome. Based on differences
in the nucleotide sequence of its genome, HBV virus is
currently classified into 10 genotypes (A-]) and multiple
subgenotypes, with characteristic ethnic/geographic dis-
tributions™ . The viral genome is 3.2 kb in length, and
within the double-shelled particle, the genome adopts the
conformation of a circula, partially double-stranded DNA
molecule (rcDNA), with a complete non-covalently closed
minus strand and an incomplete plus strand.

The HBV genome has four highly overlapping open
reading frames (ORFs) - S, P, C and X - that encode seven
proteins. The S ORF encodes three different-sized surface
antigens whose common region contains the main antigen-
ic loop, the “a” epitope (amino acids 124-147). The a epi-
tope is one of the main targets for neutralizing anti-HBs
antibodies. The S ORF is completely overlapped by the P
ORE, which encodes a polyprotein with different domains:
the reverse transcriptase (RT), the polymerase, RNase H,
and the terminal protein (IP). The catalytic center of RT
is located at the C domain and is defined by four amino
acids mapped at positions 203-206: tyrosine, methionine,
aspartate, and aspartate (203YMDDzos). The YMDD mo-
tif is highly conserved among viral polymerases/reverse
transcriptases. The 3’ region of C ORF is overlapped by
P ORF and contains two start (AT'G) codons. The region
between these codons is called the preCore region, while
the remaining region from the second ATG is known as
the Core gene. The two proteins translated from these two
ATG start codons are the viral capsid (HBcAg) and the e
antigen (HBeAg); the latter is a soluble antigen that acts as
an immunomodulatot. Finally, the 5’ end of the X ORF is
ovetlapped by the P ORF, and the 3’ end is ovetlapped by
part of the preCore. The X ORF encodes the x antigen
(HBxAg), which is a multifunctional transactivator protein.
Furthermore, the HBV genome contains various elements
that regulate replication. One important element is enhanc-
er I (ENHI), located in the X gene sequence, which
modulates the promoters of transcription of viral mRNA.

Viral cycle: a DNA virus with a retrotranscription step,
similar to a retrovirus

The HBV population is highly heterogeneous and is
comprised of genomes that are closely related, but not
identical; hence, it is considered a viral quasispecies, a
term commonly associated with RNA viruses. The com-
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plex viral replication cycle of HBV may be the cause of
this quasispecies nature.

HBYV replication occurs exclusively in hepatocytes,
but the specific and highly effective viral determinants
that direct HBV into hepatocytes are still unknown.
It has been hypothesized that HBV hepatotropism is
mediated through specific binding of the myristoylated
N-terminal preS1 domain of the large HBV surface pro-
tein to a hepatocyte-specific receptor that has not been
completely defined”. After interacting with the cellular
receptor, HBV particles enter the liver cell” and release
the outer envelope. HBcAg from the inner shell directs
the particle to the nucleus, where the rcDNA genome is
repaired by host and viral polymerases to a fully double-
stranded covalently closed circular genome (cccDNA).
This molecule remains in the nucleus of the infected
hepatocyte as a minichromosome until the cell dies!”.
cccDNA also acts as a template for synthesis of five dif-
ferent viral mRNAs: preCore mRNA, pre-S2 mRNA, X
mRNA, S1 mRNA, and the pregenomic RNA (pgRNA).
The largest of these, pgRNA, is 3.5 kb in length and con-
tains a redundant fragment of the preCore region at both
ends. pgRNA yields the polymerase and core transcripts.
In addition, the 5’ and 3’ ends of pgRNA adopt a hairpin
stem-loop structure, named epsilon. The epsilon signal at
the 5 end directly interacts with the polymerase and con-
stitutes the first step in initiation of reverse transcription.
The interaction induces recruitment of HBcAg mono-
mers around the polymerase/pgRNA complex. These
particles can be considered true previtions, with the HBV
genome in RNA conformation. Within these particles,
pgRNA serves as a template for reverse transcription to
the minus strand of HBV DNA, which acts as a template
for synthesis of the HBV DNA plus strand by the HBV
polymerase. The plus strand is incomplete and yields a
new particle with a new rcDNA genome',

Thus, the HBV viral cycle includes a transcription
and translation step, but also a reverse transctiption step
similar to what occurs in retroviruses, mediated by the
different activities of HBV polymeraselz’ﬂ. One potential
explanation for the quasispecies nature of the virus oc-
curs at the retrotranscription step: the viral enzyme lacks
proofreading activity and the new genomes are highly
prone to accumulate errors”. This fact, in addition to the
extremely high viral replication rate results in a remark-
ably heterogeneous viral population, referred to as a qua-
sispeciesm. In the section Variability only due to poor fidelity
of the viral polymerase? we discuss further potential sources
of the virus quasispecies formation.

Nonetheless, quasispecies variability may be some-
what limited by the high degree of overlap between the
HBV coding regions (67%)"". This restriction would
not be very important in the Core region because it is
not overlapped and contains variable epitopic domains
that play a central role in the immune response against
the virus'>". In contrast, the viral reverse transcriptase
is highly conserved, due to its important functions and
overlapping with the S ORF". Positions at or near the
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initiation site for synthesis of the first viral strand are also
highly conserved, and are homologous over 67 nucleo-
tides to the U5 region; a region comparable to retroviral
long terminal repeats' .

The Core is the most suitable region to study the nat-
ural evolution of the viral genome, keeping in mind that
the immune system is the main driver of evolutionary
pressure””, Certain specific mutations observed in viral
variants may have implications in the pathogenesis of vi-
ral disease. For example a G to A substitution at nucleo-
tide 1896 yields a de novo stop codon in the preCore re-
gion that is associated with HBeAg seroconversion and a
high risk of fulminant hepatic failure in acute infection"".
In conclusion, depending on the HBV region analyzed,

different features of the quasispecies will be examined.

Singular HBV virology: viral genome integration and
nuclear reinfection of nascent viral capsids

One peculiarity of hepadnaviruses is that their genome is
often found to be inserted in the hepatocyte genomem’lg},
a fact that could indicate a possible common origin with
retroviruses. These integrations can induce chromosome
changes, genome instability, or changes in the expression
of human genesm and have been found throughout the
different chromosomal sites in the host genome [e.g.,
near the telomerase reverse transcriptase gene (%rf) and
fibronectin gene (ﬁ17)][19’21’24]. Integrated HBV DNA se-
quences and episomal HBV genomes have been found
in 85%-90% of HBV-related cases of HCC"™*", Recent
studies using various genetic approaches and microar-
ray technology have reported that HBV-related HCC
displays higher rates of chromosomal abnormalities than
HCC due to other risk factors, and even generates chi-
meric oncogenic proteins[zs’%]. Ding ez al"™ analyzed 286
unique integration sites from 40 pairs of HBV-related
HCC and tumor-adjacent tissues by massive sequencing
on the Illumina platform [see next-generation sequenc-
ing (NGS) methods in later sections], and seven HBV
integrations per individual were detected. However, the
relationship between HBV integration and HCC has not
been completely elucidated.

Another peculiarity of viral replication is nuclear rein-
fection. The nascent capsids have the same structure and
conformation as those that originally infected the hepato-
cytes and released the outer envelope, and this similarity
enables nuclear reinfection. In this way, the new capsids
can increase the amount and diversity of nuclear cccD-
NA during viral replication[zvl. This leads to an increase in
the intracellular and intranuclear viral quasispecies.

Based on its singular virology, HBV can be consid-
ered a non-enveloped RNA virus at the intracellular level
and an enveloped DNA virus at the extracellular level.
In addition, it has “pseudoretroviral” behavior consisting
of an ability to integrate into the host cell genome, and a
highly variable genome that leads to a quasispecies nature.
In the next sections, the variability of the HBV genome
will be discussed in the light of data obtained by recently

developed massive sequencing technologies.
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TOOLS FOR VIRAL QUASISPECIES
STUDY: NGS TECHNOLOGIES AS A NEW
STRATEGY FOR A DEEP ANALYSIS

Study of HBV quasispecies evolution together with dis-
ease progression is important to clarify the pathogenesis
of this condition and improve the available treatment
strategies”™. This type of study can be performed by
standard methods ot by new, more powerful approaches.

Standard approaches to describe genomic variability
For the past 40 years, the most widely used method for
sequencing DNA has been Sanger sequencing, which is
based on a single sequencing reaction with fluorescent
dideoxynucleotides, which act as chain terminators™ ",
This produces a mixture of DNA fragments of different
sizes, all ending with one of four terminators, each of
which is marked with a different fluorochrome that can
be detected when the fragments are separated by size in
capillary electrophoresis-based sequencers. To obtain the
maximum amount of product to be analyzed, polymerase
chain reaction (PCR) is performed to amplify the region
of interest. Analysis of a complex genomic sample (eg., a
viral quasispecies) by Sanger sequencing yields the most
common nucleotide present in the quasispecies, known as
the consensus sequence, but individual sequences are not
obtained. Thus, analysis of the HBV RT domain C (puta-
tive active center) covering codons 202 to 206 can yield
positions with different nucleotides (A/GGCao2 TATz203
A/GTGz0 GAT20s GAT206), but it is uncertain whether
the changes are present in the same sequence or in two
different sequences, for example GGCao2. TAT203. AT Goos.
GAT205.GAT2006 or AGC202. TAT203.GTG204. GAT205.
GAT206. Minor nucleotide changes in the same position
can only be detected as “inner small peaks” when their
frequency is higher than 20% (eg., a clear G peak with
a small A peak inside in codon 202). Therefore, Sanger
sequencing of a complex genomic mixture presents two
main limitations: low sensitivity for minor variant detec-
tion and inability to perform haplotype analysis.

In addition to such direct sequencing methods, some
indirect molecular techniques, mainly focussed on detec-
tion of specific variants, have also been extensively used.
The most common is reverse hybridization in Line Probe
Assays format that can detect specific variants present
as at least 5% of the viral quasispecies[32’33]. Other, less
commonly used methods for detecting specific variants
include restriction fragment length polymorphism (RFLP)
analysis”* 5°-nuclease assays™, melting point analy-
is™ mass spectrometry[sg‘, DNA chip technologym]
and real-time PCR using mutation-specific primersm].
Although these methods can differentiate between popu-
lation mixtures'™", they do not allow simultaneous detec-
tion of different substitutions in the same viral genome.
Therefore, complex variants with two or more amino
acid changes, such as those related to entecavir resistance
or those causing a fitness increase during lamivudine

S
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treatment, cannot be propetly studied by these indirect
methods. Furthermore, they cannot be used to propetly
describe the composition of a quasispecies.

The traditional method used to analyze a heteroge-
neous genomic population, such as a viral quasispecies,
is cloning and sequencing, This is a costly, labor-intensive
process that requires multiple, complex experimental
steps, and provides limited resolution regarding the muta-
tion spectrum and frequencies. Analysis of a quasispecies
by cloning requires a large number of clones (> 100)
which significantly hampers its use.

NGS

The genome sequencing scenario is now changing, mainly
because of the development of NGS techniquesm]. NGS
approaches enable high-throughput analysis of thousands
of clonally amplified regions and are powerful tools for
characterizing genetic diversity in viral strains™,

The most widespread platforms available are the 454
FLX (Roche)™) the Solexa genome analyzer (Illumi-
n2)"** the SOLID system (Applied Biosystems)*", and
recently, the Ion Torrent system (Life Technologies)m].
These platforms apply different experimental strate-
gles (enzymological, chemical) and complex engineering
(high-resolution optics, hardware, and software), and
provide significant time saving and a minimal require-
ment for associated equipment in comparison to cloning;
NGS technologies seek amplification of single strands of
DNA with specific sequences (added by chemical bind-
ing or by specific PCR primers) and perform sequenc-
ing reactions on the amplified strands. The presence of
specific sequences enables selection of PCR-amplified
fragments without requiring a bacterial cloning step. The
yield of sequence reads and total bases per instrument
run is significantly higher than that produced in a capil-
lary sequencer run: from several hundred thousand reads
(454 FLX and Ion Torrent) to tens of millions of reads
(Illumina and SOLiD)™.,

FLX-454 pyrosequencing platform (Roche): The
454 technology is based on ultra-deep pyrosequenc-
ing (UDPS), a DNA sequencing method that relies on
chemiluminescent detection of pyrophosphate release
during polymerase-mediated dN'TPS incorporation. The
pyrophosphate is converted into ATP, which allows gen-
eration of light by the enzyme luciferase in amounts pro-
portional to the amount of ATP. UDPS is a fast method
that can detect and quantify small viral subpopulations
(present in < 5%) Ha, specifically, a recent study reported
detection of HBV subpopulations accounting for 2% of
the total viral population[so].

The 454 Sequencing System supports analysis of
samples from a wide variety of starting materials, includ-
ing genomic DNA, PCR products, artificial bacterial
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 emul-
sion 1s prepared to achieve oil drops with a diameter that
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accomodates only one bead and a single DNA molecule.
The oil drops act as microreactors for clonal PCR ampli-
fication. DNA-bound beads are placed on a PicoTiter-
Plate (PTP), together with a fiber optic chip and a mix of
enzymes such as DNA polymerase, ATP sulfurylase, and
luciferase. The PTP is then placed in the GS FLX system
for sequencing. The sequencing process is monitored by
the light flashes released once a nucleotide is incorporated.
However, the calibrated base calling cannot properly inter-
pret long stretches (> 6) of the same nucleotide and for
this reason, homopolymeric regions (defined as repeats
of = 4 identical bases) are prone to artifactual base in-
sertions and deletions. In contrast, as each incorporation
step is nucleotide-specific, substitution errors are rarely
encountered in Roche/454 sequence reads.

The raw reads are processed by the 454 analytical
software and then screened by various quality filters to
remove poor-quality sequences. Fragments > 400 nucleo-
tides can be sequenced (currently around 700 nucleotides),
allowing haplotypic analysis that would theoretically be
useful even for phylogenetic studies. UDPS is currently
the only platform for quantitative analysis of long clonal
sequences that allows detection of particular mutations as
well as combinations of mutations in the same sequence.
It is, therefore, highly useful as a high-throughput, massive
sequencing method to describe quasispecies.

Solexa (llumina): The single molecule amplification
step of the Illumina Genome Analyzer starts with an
Illumina-specific adapter library. This step automatically
takes place on the oligo-derivatized surface of a flow cell,
which is an eight-channel sealed glass microfabricated de-
vice that allows a special process, “bridge amplification”,
of fragments on its surface. This process uses DNA
polymerase to produce multiple DNA clusters, each rep-
resenting the single molecule that initiated the cluster am-
plification. Bridge amplification generates multiple copies
of a specific DNA molecule on an “oligo-decorated”
solid support. Each cluster contains approximately 1 mil-
lion copies of the original fragment.

The Illumina system utilizes a sequencing-by-synthe-
sis approach in which all four nucleotides and the DNA
polymerase are simultaneously added to flow cell chan-
nels for incorporation into the oligo-primed cluster frag-
ments"’, The nucleotides carry a unique base fluorescent
label in which the 3’-OH group is chemically blocked.
The DNA chains are then extended by one nucleotide,
and an image is taken. Subsequently, the 3' blocking
group is chemically removed to prepate each strand for
the next incotporation by DNA polymerase. This seties
of steps continues for a specific number of cycles, per-
mitting discrete read lengths of 50-250 nucleotides. How-
evet, this approach is not suitable for haplotypic analysis
or quasispecies studies.

SOLiD (Applied Biosystems/Life Technologies):
The SOLID platform, which is similar to that of other
NGS methods, uses an adapter-ligated fragment library
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and an emulsion PCR (similar to 454 technology)m.
However, it is based on the principle of “two-base en-
coding” and uses a DNA ligase as the enzyme. The
system has random 8-mer fluorescent probes with all 16
combinations of di-bases at the 3’ ends. Once one of
these fluorescent probes hybridizes over the sequence,
the probe is linked to the region of interest by ligase.
Each ligation step is followed by fluorescence detection
and removal of the ligated 8-mer. This method sequences
short fragments of 35-50 nucleotides and does not allow

haplotypic studies.

Ion torrent: ion semiconductor sequencing (Life
Technologies): This platform is similar to the FLX
454 method, but has a semiconductor-based detection
system™. The sequencing system is based on detection
of hydrogen ions (protons) released during DNA po-
lymerization, instead of the image capture used in other
sequencing systems. A microwell containing a DNA tem-
plate is flooded with a single type of nucleotide. If the
nucleotide introduced is complementary to the leading
template nucleotide, it will be incorporated into the grow-
ing complementary strand. This phenomenon releases
a hydrogen ion that triggers a hypersensitive ion sensor,
whose signal indicates that a reaction has occurred. If ho-
mopolymer repeats are present in the template sequence,
multiple nucleotides will be incorporated in a single cycle.
This leads to a corresponding number of released hydro-
gen molecules and a proportionately higher electronic
signal. In this sense, this method can be considered more
accurate than FLX-454 for homopolymeric sequences.
Currently, fragments up 200 nt can be sequenced, with
an approximation to haplotypic analysis. However, the
sequence length is too short for phylogenetic studies, and
the method is not useful to describe quasispecies.

NGS applications and limitations

NGS techniques have been used to study some quasispe-
cies, such as human immunodeficiency virus (HIV)*"
HBV™! and hepatitis C virus (HCV)""), The 454 plat-
form has been successful in analysis of HIV quasispecies,
exhibiting high sensitivity for detecting treatment-resis-
tant variants” " in describing HCV heterogeneitym’(’o],
and more recently, in HBV quasisepecies studies™ .
UDPS has been used in studies to quantify HBV minor-
ity variants carrying resistant mutations”>, and to detect
defective variants® . In addition, the UDPS NGS ap-
proach has enabled dynamic study of clonal evolution
in cancer cells, detecting somatic mutations in rare sub-
clones at a rate of 1 in 5000 copiesw.

Several factors should be remembered in relation to
NGS reads. First, the length of an NGS sequence read is
shorter than that of Sanger sequencing, and second, each
NGS platform has a unique error model that differs from
the error model established for capillary sequence reads.
In consequence, complex, accurate computational algo-
rithms are required to process the raw data from massive
parallel sequencing (background subtraction, base calling,

(49

Boishidongs  WIG | www.wjgnet.com

Rodriguez-Frias F et a/. Hepatitis B quasispecies

and quality assessment), and they should be specific for
each platform. Bioinformatic filtering has been the main
method developed to validate variants carrying substitu-
tions, but it has not been completely optimized for vari-
ants with insertions and deletions, which ate common in
HBY, especially in the X ORF and basic Core promoter,
mapped at the preCore region”**. Therefore, study of in-
sertion and deletion variants still requires classical cloning
analysis, and that is why they have been little investigated.

In addition, UDPS is associated with sequencing er-
rors in homopolymeric regions, although some of the
variants identified have been true variants previously
reported by cloning[(’g’m. Currently, it is uncertain how
natural insertion/deletion variants can be differentiated
from variants resulting from errors in UDPS processing;
therefore, the computational analysis of UDPS reads
must be improved. One possible approach could include
systematic analysis of forward and reverse reads in du-
plicate by NGS and in parallel with cloning. Another
strategy could be targeted searching for sequences with
known deletions and insertions, previously detected by
classical clonal analysism, or selection of insertions or
deletions that cause relevant changes, such as de #ovo stop
codons ™™,

The importance of investigating insertions and dele-
tions in the HBV quasispecies is underscored with the
G2091 deletion, described by Schories e 2/ and recently
detected by Ramirez ¢ /™. This deletion produces three
de novo stop codons: (wild type, 2086 TGG.GGG.GAA.
TTG.ATG.ACT.CTA.GCT, and the deleted variant,
206 TGG.GGG.AATTGA. TGA.CTC.TAG.CT), resulting
in an HBV “capsid-defective genome”. The presence of
potentially defective genomes in the HBV quasispecies
has been recently reported in the S ORF*™ in the HB-
cAg start codon, and even in the HBxAg stop codon in
studies using massive UDPS".,

Another factor that must be taken into account in
NGS data analysis is the possibility of recombination
events occurring during PCR ampliﬁcationm by different
mechanisms; for example, short incomplete amplicons
can act as primers for different sequences present in the
quasispecies, or crossing of amplified sequences can oc-
cut, similar to chromosome recombination events. These
phenomena may be a potential limitation of UDPS, but
they can also occur in classical cloning and any other
technique that includes a PCR amplification step. This
confounding factor questions the reliability of haplotype
analysis of the quasispecies, which requires minimiza-
tion of recombination events. Thus, the true impact of
these events should be carefully evaluated in the future by
UDPS analysis of 7» vitro mixtures from different clonal
sequences. It would be particularly interesting to know
the impact of recombination in order to derive conclu-
sions from linkage analysis of different relevant nucleo-
tide substitutions reported in the HBV polymerase and
preCore region by classical cloning”” and UDPS™ ™,

Lastly, the limit of detection of the UDPS approach
has not been established, and differences between studies
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from different groups must be taken into account when
viewing the results.

QUASISPECIES NATURE OF HBV

The term quasispecies was coined to refer to RNA vi-
ruses that genetically evolve as complex distributions

of variants that are closely related, but not identical™.
In quasispecies infection, the genome is not precisely
defined, and an average of different variants is used as
the consensus genome. Study of quasispecies dynamics
1s important to understand the adaptability, pathogenic
power, and persistence of viruses, and to design strate-
gies to prevent and treat the diseases they cause. A viral
quasispecies is seen as a swarm of variants in a host,
among which variants carrying a biological advantage
during replication are selected. When changes occur in
the environmental conditions of the virus, the quasispe-
cies structure responds by rebalancing its composition.
The predominant sequence (master sequence) may even
shift by selection of a variant that is better adapted to the
new environment, in the classic Darwinian process of

survival of the fittest””.

Variability only due to poor fidelity of the viral
polymerase?

The hepadnavirus family replicates by a reverse transcrip-
tase that lacks proofreading activity, and this fact seems
to justify their high mutation rate (3.2 X 10°-7.9 x 10°
nucleotide substitutions/replicative cycle); 100 times
higher than other DNA viruses”". The high mutation
rate, intense replicative activity (10" viral particles/d),
and small genome size of HBYV, results in approximately
10" point mutations being produced per day in indi-
viduals with active replication.

In addition, certain host factors are reported to be
associated with hypermutational activity. One example is
the innate antiviral defense mechanism that mediates host
enzymes belonging to the APOBECS3 cytidine deaminase
family, which cause extensive deamination of cytidine (C)
to uridine (U) bases in negative-stranded DNA™. This
activity results in a guanine (G) to adenine (A) hypermu-
tation in positive-stranded DNA™, APOBEC-mediated
G to A hypermutation was initially reported in HIV, but
it has also been described in HBV!"""”, other retroviruses,
and retrotransposonsm. In fact, several clinically relevant
HBV variants result from G to A mutations, such as
rtA181T (GCN to ACN) and rtM2041 (ATG to ATA),
interpreted as RT resistance mutations, and the G1896A
and G1899A main preCore variants (see next sections).

Thus, viral and host factors yield an HBV quasispe-
cies provided with plasticity and rapid adaptation to the
changing environmental conditions caused by the im-
mune response or antiviral treatments™®". In this line,
nascent HBV capsids can contain new mutations pro-
duced during reverse transcription or APOBEC activ-
ity; therefore, the genomes may differ from those that
previously infected the nucleus. This reinfection process
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generates a kind of intracellular quasispecies, in addition
to the circulating one, thereby increasing the complexity
of HBV. Another factor potentially responsible for caus-
ing variability is the fact that the same liver cell can be in-
fected by multiple virions simultaneously or sequentially
during its lifetime.

The versatility of the quasispecies structure may
include mechanisms to tolerate variants with changes in-
volving long fragments of the HBV genome, such as de-
letions reported by genome sp]jcingm’gz’sﬂ. This tolerance
might yield defective genomes that can be maintained by
transcomplementation mechanisms. For instance, HBsAg-
defective variants might be enveloped by functional sur-
face proteins encoded by other variants present in the
quasispeciesmw (see next sections). For this reason, viral
genomes that cannot self-replicate sufficiently may be
detected in the viral quasispecies populationm’ss’ss]. Such
defective genomes have been isolated from liver tissue of
infected patients[g()], and the proteins they encode, which
are known as hepatitis B spliced proteins, appear to con-
tribute to persistent replication in patients with Hcc,
This suggests that defective genomes may have modulato-
ry roles and provides evidence of regulatory mechanisms
directly associated with the HBV quasispecies structure.

These data seem to indicate that the quasispecies
nature of HBV can further increase the encoding capac-
ity of the virus, which is somewhat limited by the high
overlapping of its genome. ORF overlapping represents a
strategy to restrict the viral genome size and maximize its
coding capacity™™. An indication of gene overlapping
may be the presence of unusually strong constraints at
third codon positions[%’gzl. Hepadnaviruses are represen-
tative of this situation, and overlapping must be system-
atically taken into account when HBV viral infection is
investigated at the virological and clinical level.

As was discussed above, it is generally assumed that
the main source of quasispecies variability is the viral
polymerase lack of error correction. However, certain
characteristics of the target sequences themselves, such as
the presence of homopolymeric regions, may be associ-
ated with an increased risk of errors by polymerase “slid-
ing”. This phenomenon would result in errors by deletion
or insertion, giving rise to altered reading frame variants
and resulting in potentially deficient genomes[m’m. The
presence of these variants in the circulating viral qua-
sispecies would provide evidence of complementary
mechanisms whose effect on infection is unknown.

In this line, it cannot be excluded that truncated pro-
teins encoded by these variants may have some type of
regulatory function. For example, lengthening the life of
infected cells by changing cell apoptosis (carcinogenesis)
has been reported in association with truncated HBx pro-
teins” . To explain the existence of these truncated ver-
sions of HBx, it has been hypothesized that transcomple-
mentation could be achieved by using functional protein
encoded by competent variants. This process would po-
tentially modulate viral encapsidation and replication, with
direct effects on the clinical evolution of the infection.

November 7, 2013 | Volume 19 | Issue 41 |



Rodriguez-Frias F et a/. Hepatitis B quasispecies

L D Y Q G M L P L x > P G S 7T

107 110

TCTGGATTATCAAGGTATGTTGCCCGTTTGTCCTCTAATTCCAGGATCAACAACAACCAGTACGGGACCATGCAAANG

A HBV S region analyzed
(180 nts)
s140 s200
100 s124 s147 s170
181(s1) 407 (s226)
HBV S
HBV P
349 (rt1) 692 (rt344) 833
rt148 rt208
HBV P region
analyzed
(180 nts)
PCR amplified region (262 nts)
B 110 120 130 140
Ps ¢ .. s R Y VARTLSSNS SZ RTININNG GTYGTMMO QNTLUHDSC C SR O L

CTGCACGACTCCTGCTCAAGGCAACTC
S P C K T C T T P A Q G N s

100
150 160
Y vV S L M L L Jvx K T Y G L Y S H P I V L G F R K J
TATG Il I CCC I CATGT IGCTTACAARACCTACCO GO ACCTGTATTCCCATCCCATCGTCCTGGGCTTTCGC
M F P s ¢ ¢ c|JT K P T D T ¢ I P I P S S WA F A K Y I
140 150 69
18 ; 200
S P F L Flr |s A 1 R gi!F P H C L A F
AGTCCGTTTCTTECICAGTTJACYAGTGCCATTTGTTCAGTGEI TG TAG JTTCCCCCACTGTTTGGCTTTCR
V R F S Wk s L LV PP FV QWEFUVGEGL S P TV WL S
170 1 72 180 190
2142 217 220 230 3 240
A K S VQ HRE SL Y T AUVTNTFILIULSIULGTIHL K R W G Y
GCCAAGTCTGTACAGCATCOGTGAGTCCCTTTATACCGCTGTTACCAATTTTCTTTTGTCTCTGGGTATACATTT. CCTAACAAAACAAAAAGATGGGGTTAT
P S L Y S I VvV S P F I P L L P I FF CL W UV Y I =
210 220 226
R25( 260 270 280
S L N F G ¥ I I 6 S W GG T L P Q D H I V Q K I K H C F R K L P V N R
TCCCTAAACTTCRTYGGCTACATAATTGGAAGTTGGGGAACT TTGCCACAGGATCATATTGTACAAAAGATCAAACACTGTTTTAGAAAACTTCCTGTTAACAGG

Figure 1 Overlapping region of the polymerase and surface genes (A) and its corresponding sequence (B). Translation into amino acids is depicted in blue in
the P open reading frame (ORF) (above) and red in the S ORF (below). Most of the main codons related to nucleos(t)ide resistance (framed in blue), and the overlap-
ping codons in the S ORF that may give rise to immune escape or stop codons (framed in red) are located within the fragment analyzed in a previous study by our

group®™.

Furthermore, due to the extreme overlapping of HBV
coding regions, a nucleotide substitution in one ORF can
also induce changes in another ORF, such as the rtA181T
change in HBV polymerase, which results in a stop codon
in the surface ORF (Figure 1) and yields truncated ver-
sions of all envelope proteinslss’&H. P ORF mutations (e.g.,
rtA181T/sW172Stop) do not seem critical to the viral
envelope, perhaps because of the large excess of HBsAg
production during viral replication. However, the same
process could alter the viral cycle by affecting compo-
nents produced in more limited amounts such as Core or
polymerase proteins, whose defective variants have been
recently observed by massive sequencingl%’ssj.

In summary, HBV quasispecies dynamics involves
host factors (APOBEC3) and viral factors (lack proof-
reading of polymerase, high mutation rate, intense repli-
cative activity, errors in homopolymeric regions, small ge-
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nome size, and ORF overlapping). HBV variability makes
the quasispecies highly versatile and allows defective par-
ticles to be present in the viral population. These particles
may drive complementary regulatory mechanisms, which
remain to be completely defined.

Parameters to study quasispecies complexity

The complexity of the HBV viral population may theo-
retically be associated with differing courses of infection,
the probability of response to antiviral therapy, or sero-
conversion to antiHBe in HBeAg-positive chronic infec-
tion™. Shanon entropy is a useful parameter to study
quasispecies complexity as related to the patients’ clini-
cal evolution”". Several groups have studied the HBV
quasispecies using classical clonal methods and Shannon
entropy to determine its implications on the outcome of
infection and the effects of antiviral therapy™ ", Liu et
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Table 1 Main amino acid variants described in the hepatitis B virus genome and its effect

ORF Amino acid variant Effect
P A181T and M204 I/V (compensatory: L80I/V, T128N , R153Q, V173L L180M, A200V, LMYV resistance
V207T")

N236T (compensatory: A181 T/V/S. Low sensitivity: V84M, S85A, L217R, 1233V)
I1169T, T184S, S202C/1/G, M250L

ADV resistance
ETV resistance”

A194T" TDF resistance
S G145R W156Stop, W163Stop, W172Stop, W196Stop Immune therapy failure
D144A, P142S, K141E, Q129H, 1/ T126N, T1311, M133L HBsAg structural alterations

X 1130M, V1311, F132Y Contribution to HCC development
C

preCore A1762T and G1764A HBeAg negative forms

Core G1896A and G1899A Disease progression

P5H/L/T, D32N/H, C/E43K, cP50A/H/Y, E83D, 197F /L, L1001, A131G/N/P, HCC development

S181H/P and C/Q182K/stop

Regions 50-69 and 74-84

Immune scape variants

!Antiviral treatment resistances not completely defined®™; *Linked to lamivudine (LMV) signature (L180M + M204V). ORF: Open reading frames; ADV: Ad-
efovir; ETV: Entecavir; TDF: Tenofovir; HBsAg: Hepatitis B virus (HBV) surface antigen; HBeAg: HBV e antigen; HCC: Hepatocellular carcinoma.

al”™ analyzed a group of entecavir-treated patients and
found that responders presented a less complex quasispe-
cies than the group of partial responders, wheteas partial
and non-responders showed similar patterns of complex-
ity. A recent report based on a cloning method has shown
that viral diversity after lamivudine treatment was higher
in HBeAg-seroconverters than in non-seroconverters'”
Nonetheless, these studies have the limitation of a low
number of clones analyzed.

Nishijima ez a/”" applied UDPS to study quasispecies
complexity in a group of chronic hepatitis B patients,
comparing the viral genome sequences determined in liver
tissue with those in serum. Although the results cannot be
compared with those of the cloning studies, the authors
found no significant differences in the viral population
between liver and serum from the same individual. In
addition, they found no significant differences in viral
complexity at the HBV DNA level, or according to age
or degree of fibrosis. Nishijima e/ /" did not compare
quasispecies diversity in relation to nucleos(t)ide analog
(INUC) response or HBeAg seroconversion, but they ob-
served similar complexity between natve and NUC-treated
cases. A preliminary study by our group using UDPS and
Shannon entropy calculation indicated a decrease in quasi-
species complexity at the HBV preCore/Corte region after
NUC treatment failure, likely due to selection of specific
NUC-resistant variants. In contrast, diversity mainly in-
creased during the natural evolution of the virus, probably
because of immune system evolutive pressure. In this
sense, it should be remembered that the main HBV epit-
opic regions are located in the preCore/Core region””

CLINICALLY SIGNIFICANT HBV GENOMIC
VARIANTS: MASSIVE SEQUENCING

FOR A DETAILED DEPICTION OF THE
SITUATION

Several clinically and pathologically relevant variants have
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been characterized along the viral genome, despite the re-
striction resulting from the high degree of HBV genome
overlapping. This restriction is especially important in the
P and S gene overlapping regions, but is less significant
in the regions corresponding to the X and preCore/Core
genes. Therefore, the X and preCore/Cote genes may
be the most suitable for studying quasispecies variability,
even though they contain the major enhancer of the viral
genome (ENH II). The following sections will discuss
the major variants of each of the HBV genome regions (P,
S, X, preCote and Cote) and their clinical and pathologi-
cal implications, which are summarized in Table 1. Most
of the reported data were obtained by direct sequencing
ot short clonal studies, which means that the variants
were present in significant percentages. However, recent
results obtained by massive sequencing ate also included
to provide a more detailed picture.

P gene variability and its implications in antiviral
treatment

The polymerase gene (P ORFE, nucleotides 2307-1623),
the largest HBV gene, encodes the 90-kDa viral poly-
merase protein, a multifunctional enzyme involved in
DNA synthesis and pgRNA retrotranscription (RT do-
main), with additional priming [TP domain and RNAse
(RH) domain]| functions. The main genomic variants of
this region have been reported in the proper viral poly-
merase RT domain, which has both DNA polymerase
and retrotranscriptase activities (retrotranscribes pgRNA
to the minus DNA strand and synthesizes the incomplete
plus strand). RT activity is located between the non-
functional spacer region (Spc) and the RH domain. The
TP domain, which acts as a primer for synthesis of the
negative DNA strand is located at the N-terminal of the
P ORE. The Spc region, located next to TP, is dispens-
able for enzyme function and therefore, casily tolerates
mutations. The Spc region overlaps the preS region of
the envelope gene and accumulates important mutations,
such as long deletions™ """, The crystal structure of
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HBYV polymerase has not yet been reported, but the 3D
structure of HBV RT has been modeled, based on the
crystal structure of HIV-1 RT®"", The model shows
the common right-handed configuration of both poly-
merases and identifies seven different domains (A-G).
The catalytic center of RT activity (nucleotides 736-747)
corresponds to the YMDD sequence, identical to what is
observed in HIV-1""!, The YMDD motif contains two
of the three essential D (aspartate) residues of the poly-
merase. Attending to the specific nomenclature of the
RT region, position 348 of the polymerase gene corre-
sponds to the first amino acid of RT; hence, the catalytic
motif is located at positions 203-206 (Y203M204DD20sD206) ba
The RT region is highly conserved among retroviruses
and hepadnaviruses'”. In this putative structure, the
YMDD main catalytic motif is identified in the C do-
main, located in the palm region of the right-handed RT
structure!""™,

As in HIV, therapy for HBV infection is currently
based on the use of NUCs [lamivudine (LMV), adefovir
(ADV), emtricitabin (EMT), telbivudin (LdT), entecavir
(ETV), and tenofovir (TDF)], which are HBV RT inhibi-
tors. Among them ETV and TDF are usually recom-
mended as the first-line treatment option because of
their high potency and low resistance rates. NUCs and
host nucleotides, the natural polymerase substrates, bind
at the YMDD motif. NUCs act as competitive inhibitors
by blocking elongation of new HBV DNA strand. The
central role of HBV polymerase in the viral replication
cycle seems to justify the stability of its AA sequence
relative to the remaining HBV protein products. How-
ever, non-synonymous nucleotide changes that result in
amino acid substitutions have been reported in relation
to resistance to NUC therapies. The presence of these
drugs induces selection of HBV variants carrying amino
acid substitutions in the RT domain. These mutations
may cause structural changes in the polymerase, resulting
in a decrease of drug affinity and antiviral activity. Thus,
NUCs efficiently inhibit wild-type HBV variants pres-
ent in the viral quasispecies, whereas variants carrying
resistant mutations can maintain their replicative activity.
Under NUC treatment, the percentage of resistant vari-
ants in the quasispecies may increase and ultimately be
selected as the major variant, thereby causing treatment
failure, manifested as viral breakthrough (VBK).

Because they can confer resistance to oral antiviral
treatment, mutated strains are of great interest clinically.
The intensity of viral resistance is related to the type
of drug and the viral variant. The most commonly re-
ported variants, 1tM204V and rtM2041, are changes in the
YMDD motif to YVDD or YIDD (located in RT domain
C and analogous to the M184V/I LMV resistance muta-
tion of the HIV-1 RT) (Table 1). Both these variants show
low affinity for LMV, making them highly resistant to the
drug and easily selected during treatment (70% of patients
show resistance after 5 years of LMV therapy). These
variants are also resistant to other nucleoside therapies
such ETV and LdT, but with lower resistance rates than
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with LMV (e,g., 17% after 2 years of LdT treatment)""”.

The fitness of viruses with rtM204V and rtM2041
variants is markedly reduced in comparison to wild-
type“m], but they alone can replicate under LMV
therapy[ms’m]. Long-term LMYV therapy increases the
probability of new variants emerging, which will re-
store the replication capacity of the mutant and worsen
the outcome of infection"). The most common of
these additional, potentially compensatory mutations
is rtL.180M""” which is often detected together with
rtM204V and less often with rtM2041. Other mutations,
such as rtV173L and rtL.80I/V, do not alter the sensitivity
of HBV to LMYV, but instead, enhance its replication ef-
ﬁciency“m. The rtI.80I/V mutation (located in the RT A
domain) is associated with severe disease in HBV geno-
type C patients"'?, rtV173L (combined with rtI.180M
and rtM204V) is the second most commonly detected
compensatory mutant (19% of cases showing LMV resis-
tance)""”. Selection of compensatory mutants also occurs
with the 1tA200V/rtM2041 combination'” and with the
variants rtT128N or rtR153Q in combination with the
rtL.180M/M204V polymerase mutations' ' (Table 1).

The compensatory effect of additional variants has
been explained by molecular interactions between the
various substitutions that provide HBV polymerase with
a more efficient catalytic structure""”. The rtA181T vari-
ant has been associated with LMV resistance in less than
1% of cases and has also shown resistance to ADV treat-
ment®?. The rare rtA181S mutation, which is similar to
rtA181T, presents cross-resistance to LMV and ADV
treatment in combination with M2041"", Emergence
of resistance to ETV is uncommon in treatment-naive
patients (< 1% over 6 years), but in those with previ-
ous LMV failure, it increases dramatically to 40% after 4
years' "' In fact, ETV resistance seems to be associat-
ed with the concomitant presence of LMV resistant vari-
ants and mutations in other RT codons (169, 184, 202 or
250, with at least four different substitutions in the same
sequence), which confer decreased susceptibility to both
LMV and ETV" n vitro, explaining the high genetic
bartier of ETV.

The NUC ADV is active against HBV wild-type virus
and variants resistant to LMV, EMT, and LdT. Emergence
of ADV-resistant variants is less frequent than with LMV
therapy (29% at 5 years)'"®. ADV resistance has been as-
sociated with the A181T/V and rtN236T variants, and
less frequently, with 1233V, Interestingly, variant
A181T has also shown LMV resistance according to
vivo and iz vitro evidence; thus, rtA181T is cross resistant
to LMV and ADV™. Other amino acid changes have
been occasionally linked to resistance or low sensitivity
to ADV, such as rtV84M and rtS85A in the A domain
and rtl.217R; a natural polymorphism in the D domain
observed in subgenotype A2 HBV strains™"*""*. In addi-
tion to the main resistant variant, other minor variants are
selected after LMV or ADV failure!'™, and some of them
seem to be associated with the viral genotype (e.g., rtS85E,
rt.911, and C2456G associated with LMV resistance
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in HBV genotype D, or rtI53V, rtW153R and rtF221Y
associated with ADV resistance in HBV genotype A).
Of note, it seems that the main LMV resistant variants,
M204V and M2041, are also associated with viral genotype
(rtM2041 is not often detected in genotype A)"*,

TDF treatment, which is extensively used in HIV-1
infection, is also highly active against wild-type and
LMV-resistant HBV polymerase variants">"**'* TDF
is associated with high sustained viral response (SVR)
rates and a low rate of resistances: 0% after 6 years of
therapym(’]. However, the rtA194T variant observed in
some HIV/HBV coinfected patients has been related
with TDF resistance, and shows a reduced ## vitro replica-
tion rate in combination with the rtl.180M and rtM204V
LMV variants"”. Use of LMV, ETV, LdT, and ADV has
been largely replaced by the new potent NUCs, ETV and
TDF". However, extensive application of LMV and
the use of ADV as rescue therapy for LMV failure over
many years has resulted in a considerable percentage of
chronic HBV patients in whom resistance to these NUCs
has developed, and a quasispecies enriched in LMV-re-
sistant variants can be expected. These variants can limit
the response to new-generation NUCs. This is the case
of the rtLL180M + rtM204V combination (known as the
LMYV signature) in ETV therapy and rtN236T in TDF
treatment.

For all these reasons, early detection of RT resistant
variants by highly sensitive methods, even minor com-
ponents of the HBV quasispecies in treatment-naive
patients, could be highly useful for therapy purposes.
Detection of minor variants can easily be performed by
conventional techniques (reverse hybridization or clonal
sequencing) or by NGS methods®™ ™. An essential con-
sideration to bear in mind is the S and P gene overlap-
ping, which can lead to reciprocal consequences when
there is a nucleotide substitution in either ORF. For
example, the rtA181T and rtM204I polymerase variants
also produce a stop codon in the § gene (sW172stop and
sW196stop, respectively) (Figure 1). Therefore, antiviral
treatment pressure may cause selection of viral genomes
that are potentially defective for envelope proteins[ss’w.
Another relevant variant in this regard is rtW153Q), which
leads to the sG145R variant in the S OREF, associated with
failure of immunotherapy.

Complex variants with two or more amino acid
changes, such as those conferring ETV resistance or
causing a fitness increase during LMV treatment, cannot
be propetly studied by indirect methods (LiPa, RFLP,
5’-nuclease assays, melting points, mass spectrometry,
DNA chip technology, or real-time PCR), because they
do not allow simultaneous detection of different substi-
tutions in the same viral genome. Identification of these
substitutions requires clonal techniques, such as classical
clonal sequencing or the recent NGS methods. Specifi-
cally, UDPS enables simultaneous analysis of thousand
of clonally amplified long fragments (700 nucleotides),
and deeper and more sensitive detection of minor popu-
lations in complex mixtures; therefore, it may be the most
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suitable method for viral quasispecies studies.

As was mentioned above, the limit of detection of
UDPS remains to be resolved. To date, different studies
have achieved mixed results. Ijaz e al™? reported a lower
quantitation limit of 2% for minor HBV populations.
More recently, Mello ez a/™ reported values of 4%-17%
for LMV-resistant variants®’. Our group recently re-
ported a cut-off value of 0.03% that enabled detection
of extremely low percentages (0.04%-0.09%) of RT vari-
ants in treatment-naive patients. In another recent UDPS
study we detected RT variants in treatment-naive samples
at values of 0.1%-0.55%"". In the study by Nishijima e
al” in which drug-resistant mutants were investigated in
chronic-naive cases by Illumina, frequencies of 0.3%-30%

[56,58,59] as WCH

were reported. These three recent studies
as the previously reported ones”" have all shown that
resistant RT variants are present at baseline in treatment-
naive chronically HBV-infected individuals. This suggests
that a reservoir of RT variants may exist, which would
be prone to selection by the effect of antiviral therapies.
Furthermore, LMV-resistant variants (LMV signature)
linked to specific mutations responsible for ETV re-
sistance have been simultaneously detected with 454
UDPS™! (Figure 2). Moreover, Margeridon-Thermet
et al™ reported low-level persistence of LMV-resistant
variants even 1 year after LMV treatment discontinuation
using UDPS with a sensitivity level of 0.5%.

Nevertheless, the clinical significance of these minor
drug-resistant mutations remains uncertain. Nishijima ez
al” concluded that pre-existing drug-resistant mutants
(at naive status), such as low-abundance mutant clones,
may provide the opportunity to develop drug resistance
against NUCs through selection of dominant mutations.
However, a predictive cut-off value for baseline percent-
ages to define preferential selection after NUC treatment
has not been reported. Along this line, we found®™ that
after VBK on LMV treatment, the variants selected wetre
not the ones most frequently detected at baseline, sug-
gesting that the low percentages observed at baseline (<
1%) do not determine the vatiant selected at VBK. Inter-
estingly, we detected a small population of ETV-resistant
variants™ after LMV treatment in a patient who devel-
oped ETV resistance. See examples of UDPS haplotypic
study in Figure 2. Additional sequential studies with a
larger number of cases must be performed to define a
cut-off value for the baseline percentage of resistant RT
variants that can predict drug resistance. Hence, massive
sequencing has opened the door to a more profound
knowledge of the dynamic behavior of the HBV quasi-
species that may clarify the role of minor variants in the
HBV RT region on the outcome of infection™,

S gene variability and its implications in
immunoprophylaxis

As was discussed in the HBV virology section, the surface
ORF (nucleotides 2848-835) is completely overlapped
by the P gene (Figure 1). S ORF has three in-frame start
codons encoding the three types of surface antigens pres-
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@ BC = rt1691-173V-180L-181A-184T-
191V-202S-204M-207V

B 1 = rt180M-202G-204V-2071

0O 2=rt181T

O 3 =rt169T-173L-180M-204V

B 4 =rt181T-191I
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Bl 9 = rt180M-204V-2071

O 10 = rt181T-204V-2071

O 11 = rt173L-180M-204V

B 12 =rt191I

Figure 2 Changes in percentages of reverse transcriptase variants during follow-up of a patient included in one of our studies. Reproduced from Rodriguez-

Frias et al*®. BC: Baseline combination.

ent on the outer envelope: small (SHBS), middle (MHBs),
and large (LHBs, 39 kDa). SHBS, which is common to
all three, contains the main antigenic loop, also called the
“a” determinant (codons 124-147 within the major hydro-
philic region, which covers codons 100-170).

The antigenic loop activates the primary response of
the neutralizing antibodies in HBV infection. In the so-
called preS region, located in front of the SHBS start
(positions 2950 and 3125 of the HBV genome), there is
a highly variable sequence that is used to distinguish four
major HBV serotypes (adt, adw, ayr, and ayw). HBsAg
can self-assemble without containing the HBV genome,
and adopt non-infective structural spheres or filamen-
tous forms, which represent neatly the entire population
of HBV-related particles (> 99.9%)"*\. The preS region
ovetlaps the dispensable spacer domain of the P protein,
which allows high heterogeneity. In contrast, the SHBS
region (shared by all S-derived proteins) ovetlaps the
essential RT domain of the P protein, which strongly
restricts its variability. Deletions are the most relevant
vatiants in the preS region””; being the main cause of
the different genome lengths of the HBV genotypes and
affecting the balance between the various types of HB-
sAg proteins'™. Thus, it can be speculated that a partial
or complete HBsAg defect may decrease virion assembly
and secretion and lead to a parallel increase in the amount
of cccDNA by enhancement of the capsid recycling
pathway. An increase in preS deletions has been reported
in HBeAg-positive chronic cases (35% in the sixth decade
of infection), and has been related to a poor outcome
(detected in 60% of HCC patients)"™"*". The study of
Kao et al'™ has reported a significantly higher rate of
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preS deletions in HCC patients than in chronic carrtiers,
mainly clustered (> 70%) in the C-terminal preS1 and
N-terminal pre-S2 sequences. Interestingly, all these dele-
tions encompassed T and B cell epitopes, and functional
mapping showed that they affect the viral secretion site.
In addition, preS deletions can induce oxidative DNA
damage and genomic instability; upregulation of certain
genes, such as cyclooxygenase-2 and cyclin A, induces cell
cycle progression and hepatocyte proliferation - a phe-
nomenon linked to a high risk of developing HCC™". It
must be kept in mind that the S region encoding HBsAg
is completely overlapped with the HBV RT region. A
mutation in RT codon 153, selected as compensatory
after lengthy LMV therapy, causes an sG145R change
in the S region (Figure 1), which is strongly associated
with immunotherapy failure'"! (Table 1). Other relevant
examples are the rtA181T or rtM2041 RT variants, which
result in stop codons in envelope proteins (sW172stop
and sW196stop, Figure 1). In the shared S/P region, the
main variants have been described in the antigenic deter-
minant “a” (located the major hydrophilic region, amino
acids 100-170). These variants (mainly sG145R) were first
reported in an Italian boy, son of an HBsAg/HBeAg-
positive mother, who had HBsAg and anti-HBs in se-
rum despite receiving both active (vaccine) and passive
[hepatitis B immune globulin (HBIG)] immunization .,
The variant was not detected in his mother*", which
suggests that sSR145 presumably arose by immune selec-
tion pressure in the infant after HBV vaccination (vaccine
escape variant), selected from a very small population in
the mother’s HBV quasispecies. Most hepatitis B vaccines
contain the major surface protein, SHBS, which induces
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an immune response against the “a” determinant and
constitutes an evolutive factor for variant selection.
Other minor substitutions in the S gene include
sG145R (again, a G to A mutation in nucleotide 587),
followed by sD144A, sP142S, sK141E, sQ129H, sI/
T126N/A, sT1311, and sM133L (Table 1), all of which
strongly affect the HBsAg structure! ™Y The sR145
main variant seems to alter the projecting loop (aa
139-147) of the “a” determinant, inhibiting recognition
of induced neutralizing antibody" ™. This variant can
horizontally infect!™” and replicate for several years'
but at lower rate than the wild-type sG145 variant, prob-
ably because of a decrease in virion stability™. However,
the presence of anti-HBs (hepatitis B immunoglobulin
prophylaxis or vaccine-induced), which would block
the sG145 strain, may allow selection of sR145 when
it is present in the quasispecies as a minor variant. This
mechanism would ultimately establish infection with the
predominant presence of this variant in a clear mani-
festation of the adaptation capability of quasispecies
structures. Such immune selection from the quasispecies
would explain the strong association of this and other “a”
determinant variants with HBV vaccination failure.
Variants observed in low percentages under immu-
noprophylaxis escape are detected in low prevalence in
practically all the clinical stages of HBV infection>"”,
Longitudinal studies have reported their accumulation

140141 25 the major

during the course of chronic infection
cause (70% of cases) of the paradoxical coexistence of
HBsAg and anti-HBs"*. Variant sG145R in conjunc-
tion with other § mutations located in the HLA T T cell
epitope have been observed in fulminant HBV cases' !
However, unlike sG145R, other variants appearing after
vaccination often rapidly revert to the strain seen in the
mother!™*.

Vaccination at birth is an ideal situation for escape
variant selection, similar to administration of high-titer
anti-HBs preparations to prevent graft infection in liver
transplantation“45’147]. A screening program for school-
age children in Taiwan found a 0.7% prevalence of “a”
determinant mutants'*. Interestingly, the percentage
of HBsAg mutants increased from 8% to 25% over 10
years after introduction of a universal vaccination pro-
gram from 1984 to 1994, but remained stable (23%) in
1999. This study clearly suggests a role for HBV vaccine
in selecting HBsAg mutations. In a study in the United
States, only 0.8% of vaccinated children born to HBeAg-
positive mothers were infected with sG145R"™. The
prevalence of this variant in North Americans and in
Buropeans seems to be low™. However, some recent
studies have reported relevant new data about this type
of variant. Perinatal transmission of HBV has not been
fully controlled despite adequate immunoprophylaxis in
infants in Thailand, with escape mutants in the “a” deter-
minant region (residues 144 and 145) being observed in
14% of infected infants"". Shahmoradi ef /"™ reported
HBV-DNA activity in 28% of children born to HBsAg-
positive mothers, and 62% of these cases carried enve-
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lope variants, mainly (77%) the sG145R variant. In fact,
these variants seem to be present as minor populations in
9% of HBV carriers who have not been exposed to HBV
vaccination or HBIG prophylaxis*.

HBIG therapy is used to prevent recurrent HBV in-
fection after liver transplantation (LT) for end-stage HBV
liver disease. However, in some LT patients who become
HBsAg and HBV DNA-positive on HBIG therapy,
emergence of mutations in putative neutralizing epitopes
such as sG145R, similar to what occurs in vaccine fail-
ure, has been described™". A recent report found that
50% of reinfected LT recipients had mutations in the “a”
determinant region and flanking sequences; a fact sug-
gesting that quasispecies formation contributes to HBV
reinfection following LT"". Therefore, HBIG-associated
variants, like HBV vaccine-related variants, would arise
from a pre-existing, but extremely minor population.
Confirmation of this hypothesis would require applica-
tion of ultrasensitive NGS massive sequencing methods,
as has been used for other HBV regionsmsgl.

The longer the duration of HBIG therapy, the greater
likelihood that “a” determinant variants will arise. Dis-
continuation of HBIG often leads to reversion to the
pretransplant sequence*™"*?, thus providing further
evidence of HBV quasispecies dynamics and reinforcing
the idea that these variants are less replication-efficient
than the wild-type strain. HBIG-treated liver transplant
patients infected with “a” determinant escape variants in
positions 144 or 145 showed a poorer clinical outcome
than those infected with other variants or wild-type vi-
ruses’ . In order to decrease selection of these variants,
HBIG plus LMV combination therapy is used. This strat-
egy has drastically reduced recurrence rates from 35% to
less than 10%"*". However, it should be remembered that
there is a relationship between these variants and those
in the overlapping polymerase region that arise during
NUC therapy; especially the polymerase variant rtR153Q,
which partially restores the replication efficiency of
LMV-resistant variants such as rtM204V, and is associ-
ated with the main “a” determinant sG145R variant!"'.
Therefore, patients with pre-LT polymerase variants may
have a high risk of reinfection despite HBIG therapy“sg],
and patients with “a” determinant variants due to HBIG
therapy may develop polymerase variants, associated with
high viral replication and a poor outcome .

Currently, there are no available studies in which the S
OREF is analyzed by NGS techniques. However, because
of the complete overlapping between the S and P ORFs,
some NGS studies mainly focussing on P ORF variability
have reported interesting findings about the HBV qua-
sispecies in S ORF™. Our group performed massive
UDPS sequencing of samples from patients sequentially
treated with LMV and ADV (Figure 2), and found a high
frequency of rtAlSlT[Sgl; the substitution that causes
the sW172stop stop codon in S ORE The consequence
of this change is that two-thirds of all HBV particles
lacked 50 amino acids in HBsAg (in all types of envelope
proteins) including several essential codons (hot spots
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sS174 and sI.175, sV177, sQ181, sW191, sI.192, and
s1195 placed in the Core-Surface interphase and residues
sV184, s.186, sS187, and sW190 from the S-S interac-
tion interphase)m”. Therefore, it is suggested that HBsAg
carrying this stop codon may not be completely func-
tional. Moreover, despite this drastic alteration, samples
with a high prevalence of this defective variant showed
considerable replication, which suggests that the quasi-
species has some type of recourse to compensate for this
theoretical handicap. That mechanism could be trans-
complementation of the defective S protein genomes for
enveloping with complete S proteins encoded by other
quasispecies members. As has been suggested by Villet
et al™ existence of such a mechanism may be a require-
ment for emergence and maintenance of this incomplete
variant. Hence, this may be an example of cooperation
within the quasispeciesmz], as a relevant property that
fits in with the idea that this population structure has re-
markable plasticity. In our UDPS study[ss], other surface
positions showed de novo stop codons at frequencies of
0.13% to 0.17% (sW156stop, sW163stop, sW165stop,
and sW191stop); of note, sW156 is involved in HBV
infectivity"*”. These de novo stop codons accounted for
around 1.5% of the viral population in our study” and
between 1% and 2.8% in the study of Solmone ez a/™
both using UDPS. Therefore, UDPS has brought to light
what seems to be a systematic phenomenon in the HBV
quasispecies: the presence of defective genomes that pat-
ticipate in HBV virology. The pathological consequence
of this phenomenon must be defined in further studies.

X gene variability and its implications in HCC
The X gene (nucleotides 1374-1838) encodes the HBV X
protein (HBx). HBxAg is a 154-amino-acid protein with
an N-terminal negative regulatory domain and a C-termi-
nal transactivation/coactivation domain that plays a key
role in control of cell proliferation, viability, and trans-
formation!*""*. This protein has been detected in both
the cytoplasm and nuclei of infected hepatocyteswﬂ’mgl.
HBx is a regulatory protein that is not packaged in viri-
ons during assembly, but is expressed in the new host cell
to allow epigenetic control of HBV transcription from
cccDNA™™ In contrast to the other HBV genes, but
similar to retroviral oncogenes, Miller ez al'¥ reported that
HBx shows codon usage preference (third nucleotide in
degenerated codons), which is more related to the behav-
ior of eukaryotic genes than viral genes and suggests that
HBxAg is of eukaryotic origin. However, the X ORF
lacks homology to host protein[1 o

The high conservation of X gene in mammalian
hepadnavirus genomes strongly suggests that HBx is
essential to the viral life cycle. It has been reported that
HBx is required to initiate and maintain HBV replication,
making HBx the key regulator of the natural infection
processmo]. It is believed that HBx contributes to HBV
oncogenicitymj67’17“73] and it is reported to transform
SV40-immortalized murine hepatocytes, induce cell cycle
progression within the regenerating liver, and cause or
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. . . [174-177)
accelerate liver cancer in transgenic mouse models .

HBx expression affects several cellular functions in trans-
fected cells, such as cytoplasmic calcium regulation, cell
signaling, transcription, cell proliferation, DNA repair
and apoptosis“m’lmlgm.

To develop its functions, HBx interacts with many
cellular partners, such as nuclear proteins involved in
regulation of transcription and transcription factors' ™',
Furthermore, HBx interacts and cooperates with cAMP
response element binding (CREB)-binding protein/p300
to modify chromatin dynamics of target genes and to
synergistically enhance CREB activity",

HBx stimulates HBV replication 5-10-fold; likely by
enhancing transcription of pgRNA[W] by activating the
%2 1n this sense, HBx regions 61-69 and
105-140 seem to be essential for viral replication and

proteasome

expression. Paradoxically to its antiapoptotic capacity
related to inhibition of tumor suppressor genes, the HBx
68-104 region is associated with mitochondrial membrane
alterations that promote cell death""™. Multiple evidence
has related HBV infection with inhibition of the innate
antiviral immune response, such as inhibition of the Toll-
like receptor response“&ﬂ. HBx directly binds to intet-
feron promoter stimulator-1 factor and inhibits activation
of interferon B[WH, thereby inhibiting the innate antiviral
immune response; a pathway in common with other vi-
ruses, and even inhibiting signals through the mitochon-
drial proteins“ss]. These and other data clearly indicate
that HBx protein has a key role in HBV infection.

In liver tumor tissue, the X gene is often integrated
into the genome of infected hepatocytes while retaining
its functionality, especially antiapoptotic capability, medi-
ated by inhibition of p53 transcriptional activation”*"™"
or adenosylmethionine“sﬂ. HBx stimulates methyltrans-
ferases leading to hypermethylation, which is associated
with chromosomal instability[%]. HBx also activates cell
proliferation by repression of tumor suppressor genes,
such as melanoma inhibitory activity 2!"*"
ing [-catenin expression“ggl. HBx activity over nuclear

, or by increas-

factor kB has been associated with antitumor therapy
failure™™"""". HBx does not directly bind to DNA; it
acts through the activation process of various transduc-
tion signal cascades i "™, It seems that HBx binds to
the cccDNA HBV minichromosome histone-like tran-
scriptional complex, thus modifying epigenetic regulation
of this essential structure .

The multiple functions of HBx may indicate that nu-
cleotide substitutions in the X gene would have important
consequences in HBV infection. Several specific substitu-
tions have been reported in the region where X and ENH
I overlap (T1485, C1479, A1613, T1653, T1689, A1753,
T1766, A1768, and A1776)*"" " and some of them
seem to be related with the viral genotype“%]. These vari-
ants, which are found alone or in combination, can change
the regulatory function of basal core promotor (BCP)
motifs, thereby decreasing HBeAg expression and facilitat-
ing HBeAg seroconversion!” "™, Furthermore, some of
these vatiants, particulatly the T1762/A1764 double muta-
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tion, are strongly associated with cirrhosis and HCCP™,
Other variants, such as those detected in preCore region,
may also show this relationship and there may even be a
link with HBeAg status™>*". In one study, 40% of HCC
patients presented six or more of these mutations, while
they were present in only 2.7% of non-HCC patients, indi-
cating a predictive value of these variants for HCC similar
to that of (x—fetoprotein[zou. In another, more recent study
performed in India, the A1753 mutation was detected in
35% of cases of HBV-related liver cirthosis™".

Multiple X gene variants directly affect the HBx
amino acid sequence; these include xI130M, xV1311, and
xF132Y, which are associated with the main BCP variants
(Table 1). Mutations in amino acids 5, 130, and 131 may
contribute to HCC development and could be useful to
predict clinical outcome in patients with chronic HBV
infection™”. Some HBx amino acid variants are typically
located in the region between TATA boxes TA2 and TA3
of the BCP sequence (overlapping with the X gene). Our
group observed that the most common variants are 8-nu-
cleotide deletions-some of these (unpublished) deletions
in the quasispecies, obtained by UDPS are shown in Fig-
ure 3 - which result in frame shifting and often create a de
novo stop codon at position 134, resulting in a 20-amino-
acid truncation of the C terminus of the HBx proteinm
This could cause a huge change in the proapoptotic func-
tionality of this region[%] of in its transactivator role”™, X
gene deletions are commonly found in DNA integrated
in liver tumor tissue"™ and are strongly associated with
the development of HCC by multiple mechanisms, such
as deregulation of the centromeric protein AP regula-
tion of miRNA™ and loss of the proapoptotic effect”.

It is likely that the highly complex scenario of the
quasispecies in this extremely relevant region of the
HBV genome can be clarified by applying massive se-
quencing. However, no UDPS studies in this line have
been reported to date, probably because of the technical
difficulties associated with the presence of deletions. In
a recent UDPS study by our groupm, mainly focused
on the preCore region but including the last eight HBX
codons (positions 1814-1838), we found that around
3% of sequences carried the TAG amber stop codon
instead of the major TAA codon. Even more interest-
ing was the significant percentage of sequences (0.2%0)
in which a T1836C substitution changed the ochre stop
codon TAA to CAA (Q). After this substitution, the HBx
protein would be translated to the next in-frame stop
codon TAG at position 1992, inducing expression of 51
additional amino acids at the C terminus, which could
potentially alter HBx functionality. Thus, this preliminary
UDPS study revealed a minor HBV population with
highly relevant HBx changes (AA deletions or insertions)
whose significance in the HBV quasispecies and in the
outcome of infection requires a more systematic and ex-
tensive UDPS study of this region.

Variability in the preCore/Core regions
The Core gene (positions 1814-2548) has two in-frame
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start codons encoding two proteins: the component
of the viral capsid or Core (HBc, start codon at 1901),
and the preCore protein, the precursor of HBeAg (start
codon at position 1814). HBeAg protein is secreted by
infected hepatocytes and seems to have an immunomod-
ulatory function, establishing immune tolerance and pre-
disposing infants of HBV-infected mothers to develop
persistent infection. HBeAg promotes a Th2 response
that leads to suppression of the host immune response
against the virus, preventing clearance and allowing viral
persistence{zoﬂ. HBeAg-mediated 11.-1 activation may also
increase hepatocyte proliferation, inducing anti-apoptotic
genes and promoting hepatocarcinogenesis

In clinical practice, HBeAg expression differentiates
between chronic HBV carriers as HBeAg-positive and
HBeAg-negative; the latter are usually positive for the
corresponding antibody (anti-HBe). The anti-HBe sero-
conversion event is a crucial turning point in the natural
history of chronic hepatitis B. Anti-HBe seroconversion
is considered a favorable prognostic factor in the disease,
and sustained virological response in HBeAg-positive
% The factors involved in
HBeAg seroconversion have been extensively studied.

cases is a treatment endpoint

However, seroconversion is not always followed by estab-
lishment of HBV inactive carrier status. Some patients
show elevated transaminases and active viral replication
after seroconversion to anti-HBe, indicating that the dis-
ease continues to be active in the absence of HBeAg[ZOS].
In addition, significant differences in treatment response
have been seen between HBeAg-positive and -negative
status. In particular, HBeAg-negative patients present re-
sponse rates 10%-20% higher than HBeAg-positive ones;
even with the last generation antivirals ETV and TDE!",
This phenomenon may be associated with different
levels of viral replication between patients positive and
negative to HBeAgmﬁ]. However, other mechanisms as-
sociated with viral characteristics may also be implicated
in response rates, such as baseline quasispecies composi-
tion™ and differing sensitivities to antivirals of certain
HBV variants”™”. In fact, as described below, certain
preCore and BCP variants that prevent or significantly
decrease HBeAg expression (HBeAg-negative variants)
may promote the process of HBeAg seroconversion.
In many HBV cases from the Mediterranean area, the
disease remains active after seroconversion, and HBeAg-
negative preCore or BCP variants have been detected in
these patientspw’m]. Once these variants become detect-
able, they perpetuate the infection beyond seroconver-

[

. 211 .
sion”". Nonetheless, recent evidence seems to suggest

that some HBeAg-negative variants may be more sensti-
tive to antivirals®*"”,

Variants in the preCore region (between start co-
dons 1814 and 1901) are clinically important because
they abolish HBeAg expression. The most common
is G1896A (interestingly another G to A substitution),
which leads to premature termination of the preCore
protein (the HBeAg precursor) and creates a de novo in-
frame stop codon at codon 28 (TGG to TAG) in the pre-
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Core region (pcW28stop, Table 1). This change is located
in a region of four G residues that are prone to G to A
mutations*. G1896A abrogates HBeAg synthesis, does
not disturb HBcAg productionmz], and has been detected
in virtually all clinical stages of HBV infection, from ex-
tremely severe to the most benign forms™"**. Although
G1896A-containing strains are independently transmis-
sible] HBeAg-negative HBV carriers do not develop
chronic infection, but acute or fulminant hepatitis can
occur™**** This mutation shows a strong association
with viral genotype, and is commonly found in Mediter-
ranean and oriental anti-HBe-positive chronic HBV pa-
tients who show a high prevalence of genotypes D and B,
respectively.

In contrast, the mutation is notably less prevalent in
chronic HBV patients from Western Europe or North
America, where genotype A is more prevalent[zm. This
genotype association is clearly related to the overlapping
of the preCore and the encapsidation signal sequences of
&. In this essential pgRINA secondary structure, positions
1896 and 1858 are paired in the lower stem of the g stem
loop secondary structure’” "’ (Figure 4). The G1896A
substitution results in stabilization of the g structure in
genotypes B, D, E, G and H, and in C strains in which
there is a T in the paired position, 1858. In contrast, in
genotype A and I strains, there is a C in position 1858,
and the G1896A substitution would result in a loss of
thermodynamic stability of g, producing a decrease in
encapsidation and viral replicationmo’zzo’zzﬂ. This observa-
tion explains the frequent detection of G1896A in geno-
type D strains, but rarely in genotype A strains™. The
G1899A substitution (again, G to A) produces a pcG29D
change, is frequently associated with liver cirrhosis, and is
usually detected together with G1 896A,

A lack of HBeAg expression can also be the result
of mutations in any of the three nucleotides of the pre-
Core start codon. Although they are less common than
G1896A, these mutations represent a large percentage
of preCore defective variants”. Mutations in the pre-
Core start codon do not disturb the encapsidation pro-
cess, because they are located outside of the canonical
g signal sequence[m] and are not restricted by genotype.
preCore frameshift mutations due to insertions or dele-
tions are uncommon events occurring outside essential
regions, such as g or DR1 (eg., deletion in nt 1836-9)1"".
In contrast, the rare G1862T variant (pcV17F) affects the
g structure bulge and disrupts viral replication, but not
HBeAg expression.

The G1862T variant is found in the African Al sub-
genotype, 1s associated with lower viremia than European
A1% and is more common in HBeAg-positive than
-negative patients (37% s 11%)[2241. In addition to the
G1896A change, three other preCore stop codons have
been observed (positions 1817, 1874 and 1897), all of
which disrupt the secondary pgRINA structure (as deduced
by the secondary structure predicted by magnetic reso-
nance study)[m]. The 1817, 1874 and 1897 changes need
compensatory changes to stabilize the pgRNA structure, a
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fact that seems justify their low-frequency detection.

In HBeAg-positive patients (immunotolerance phase),
defective preCore variants are rarely found as minority
populations by conventional direct Sanger sequencing or
even by clonal analysis. However, these variants emerge
following activation of hepatitis, often associated with
anti-HBe seroconversion. In fact, the G1896A preCore
mutation and the double A1762T/G1764A BCP muta-
tion are associated with HBeAg seroconversion'”**,
These variants accumulate along seroconversion and are
the predominant viral population in anti-HBe-positive
patients[zzm. Whether HBeAg-defective preCore variants
are selected from the viral quasispecies in persistent infec-
tion is still uncertain. However, the host immune system
seems to be the main cause of emergence of preCore
variants.

Hypermutations in the B and T epitopes of the HB-
cAg sequence have been observed in the presence of
preCore mutations (HBeAg—negative)[zo()], allowing escape
of these variants. Some preCore variants, such as G1899A,
have been clearly associated with HCC progression in
HBeAg-positive patients, while G1896A plays a similar role
in HBeAg-negative cases™™. Therefore, early detection of
preCore variants seems to have predictive value for sponta-
neous ot interferon-induced seroconversion™*”.

Our group investigated the variability of the preCore
region and its relationship with g structure functionality
using UDPS at a sensitivity of 0.03%"". Minor popula-
tions of G1896A, G1899A variants, and preCore start
codon variants were observed, but these mutations
showed thermodynamic and structural restrictions in the
encapsidation signal. Minor percentages of preCore vari-
ants were also seen in HBeAg-positive patients, but not
in HBeAg-negative cases™. The study included a small
number of patients, however, and did not explain the
presence of a minor population of preCore variants in
the HBV quasispecies. Hence, NGS studies including a
large number of patients are needed to elucidate the sig-
nificance of these findings.

The C gene also encodes HBcAg, which forms the
HBV nucleocapsid. This protein is highly immunogenic,
whereas the envelope proteins have low immunogenicity.
Thus, HBV-infected individuals develop an eatly, intense
anti-HBc humoral response that remains after clinical re-
covery. Multiple epitopic regions in nearly the entire HBc
sequence have been described in relation with B cell and
T helper epitope response”*”. Among them, the region
flanked by codons 74 to 84 (B74-84) located at the tip
of the spike structures of the capsid and included in the
so-called major immunodominant region should be high-
lighted. This epitope is shared by HBc and HBeAg, hence
it constitutes the major epitope for B cells'**". Other
regions stimulate CD4" Th cells, the best known being
the immunodominant epitope flanked by amino acids 50
and 69 (TH50-69). Variability in these two regions has
been related with immune response escape, disease per-
sistence, and interferon therapy failure™", Furthermore,
amino acid variants in the C gene, specifically cE83D and

November 7, 2013 | Volume 19 | Issue 41 |



Rodriguez-Frias F et a/. Hepatitis B quasispecies

—~G
Apical loop f/ \0
Pl
/C‘\ (\; 1‘96’0
G /C
4-,C
v
o v
c\\GG
/S
Apical stem
1‘970\0 P P!
~Gl
4NT pri GCY; 8%
primer ~C
G g
/4/U/C ~¢
Ay
G< Bulge
U
C.
A—U
Codon 15__ ]FCodon 28
(C1858T) C:G (G1896A) Basal stem
Codon 29
preCore Codon 14 e(glg‘ZQA)
Codon 1 (T1855) |G~

U-A
A—U Core Codon 1
G

CAACUUUUUCACCUCUGCCUAAUCAUCUCUUGUA‘ -G

1850
B /A/A'A\U\
NS 1790-U u
e N \ /
P ® Ac-g®
Sy G G-U
4\6/0\0\/:@\ s ¢c
x) N — _
oo /0% A-U 1800 % oo o
s U U-G 2 | o
¢ A h/ \G C N, g / I
> C e CcACCAESY d 2
© < preCore / \6‘/ \1&
G-A-A-AU-U-A—A— I %
| |
1760 Q*C‘*1820 44\0\(\/(‘
- ¢
&y e
/ N\ Q
U u ¢ \OG‘
L - @ -
" N \
L 1 |AS Q¢
AN SN \C\
1750 —A A 4\0\ (A
NG—c’/ DR1 O £ 2
T 4 N\
6-¢ AR
A—U-1830 :
6 u
G—U Q
/ \ 2o/
SR a &y A~y
G NG
G—C ~
/U/ \U\ C\GG
1740 — A Uy 20‘10
(‘X‘K /A/ G\C A
A—Y v C-19900 £ G
_ ~ A
G—C1840 Z 4- A A
(< \A & U/ core T
A %€ A-U.
b - ‘
\i U\ /G u U
4 N ./
G-y G~ ¢ G
¢UGC U U\/q/LkU*GrA*C*C*A*G‘{

Figure 4 Secondary structures adopted at the 5’ and 3’ ends of hepatitis B virus pgRNA reported by our group. A: Stem-loop structure of the 5" with main struc-
tural motifs (loops and stems), main codons (1, 14, 15, 28, and 29 of preCore, and 1 of Core gene), and the location of 4-nt primer annealing in the 5'; B: Stem-loop
structure of the 3'. The acceptor site (AS), direct repeat region 1 (DR1), and preCore and Core start codons are indicated in the figure. Reproduced from Homs et af™.

cP50A/H/Y (Table 1), are associated with HCC*?., clustered in the major histocompatibility complex class I
In the report by Kim er 4l mutations in the C restricted region and significantly related to HCC. These
region were not randomly distributed, but were mainly included the main preCore variants G1896A (pcW28stop)
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and G1899A (pcG29D), and certain C variants (Table 1),
such as cP5H/L/T, cD32N/H, cC/E43K, cP50A/H/Y,
cE83D, cI97F/L, c.1001, cA131G/N/P, c¢S181H/P and
cC/Q182K/stop. In a recent study petformed in India,
single nucleotide substitutions such as C1914G were
found in 32% of HCC cases™.

In addition to amino acid substitutions, deletions
leading to truncated HBc proteins have been described,
such as the single G deletion in position 2090 in a group
of six Gs'”". It has been reported that these C-defective
genomes are unable to replicate, but they are always pres-
ent in the HBV quasispecies, regardless of the region
studied (S or €)™, Hence, their presence might indicate
that there are active transcomplementation mechanisms
in HBV infection that tolerate them. The natural tenden-
cy to maintain these defective particles may be because
they confer a benefit for viral evolution'™" although
they seem to be pootly represented in the baseline HBV
quasispecies, making them difficult to detect by conven-
tional sequencing technologies, even clonal analysis. In
contrast to what was previously thought, UDPS study
has brought to light the fact that these defective variants
can replicate and form minor populations in the HBV
quasispecies[5
quencing may help to establish whether their presence is

. Study of these variants by massive se-

only occasional and a mere side effect of the quasispecies
structure, or whether they are more prevalent and have
functions affecting the outcome of infection.

Significant changes in the immunodominant epitopes
of the viral capsid have been observed by direct Sanger
sequencing, mainly under the effect of antiviral treatment
with the immunomodulator interferon and even with
NUCs™". Similar results were obtained in a preliminary
study using massive sequencing{sﬂ. However, it should be
noted that HBeAg shares many epitopes of the HBc pro-
tein, and an association between the presence of preCore
HBeAg-negative variants and mutations in Core epitopes
has been reported[m]. This relationship shows that in the
absence of HBeAg, immune pressure stimulates selection
of some Core variants and provides further evidence that
the immune system is an evolutionary factor acting on
the HBV quasispecies[57’209].

The baseline presence of HBV RT variants resistant
to antiviral therapy has been reported in multiple studies
by conventional direct sequencing and cloning™”, and re-
cently by NGS methods™ ****". However, study of the
preCore region, which could help to understand the phe-
nomenon of anti-HBe seroconversion and its association
with SVR rates, has only been reported by our groupf56’57].
Highly sensitive methods are required to detect minor
variants in certain environmental situations, and evalu-
ate the evolution of these variants within the quasispe-
cies. We found strong selection of a minor member of
the quasispecies (around 1%) in the absence of antiviral
therapy in an HBeAg-negative case; possibly as a result
of immune pressure. In this case, variants carrying amino
acid substitutions were found in a motif commonly rec-
ognized by T helper cells (DesVT N7 instead of EelLMTe7,
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located in the main TH 50-69 epitope). To date, only one
preliminary study has analyzed epitope variability in the C
region of the viral capsid by massive sequencingm. The
results seem to confirm the dynamics of variant selection
in the major epitopes of the C region in the absence of
treatment, as well as some degree of simplification or de-
creased quasispecies diversity after antiviral treatment, as
evaluated by Shannon entropym. Study of the variability
of immunodominant epitopes might permit a redefini-
tion of these epitopic motifs (e.g., the B74-84 epitope
could include positions 71, 72 and 87 or putative new
immune-stimulating positions, such as 40, 41, 92 and 93).

The BCP region in preCore/Core controls expression
of the preCore mRNA (precursor of HBeAg) and pre-
genomic RNA. BCP is located between positions 1742
and 1842 and ovetlaps with the 3’ end of the X gene
and the 5" end of precore/Core. BCP contains 4 TATA
boxes (TA1-TA4) and includes a fragment of the 3’ ter-
minal region of ENH I, which is involved in controlling
S and X gene expression[m]. Despite its essential nature,
clinically relevant BCP variants have been detected. The
most common of these changes is the double mutation
A1762T/G1764A associated with significant dectreases in
HBeAg levels and in viral activity >4
liver discase” """,

The liver-specific activity of ENHII is regulated by
multiple liver-enriched transcription factors, specifically
nuclear receptor hepatocyte nuclear factor (HNF) 4 or
1, which span the TATA box-like sequence of the pre-C
promoter. A functional synergism between some nuclear
receptors (including HNF4) upregulates the liver-specific
activity of ENHII®*. The effect of BCP variants at
ENHII is associated with modification of specific sites
recognized by hepatic factors. For example, the HNF1-
binding site created by the A1762T/G1764A double
mutation is imperfect for a response to HNF1, which
results in suppression of preCore mRNA synthesis and

, and with severe

increases in pregenomic RNA. Both these actions seem
to explain the decrease in HBeAg (promoting serocon-
version) and the increase in viral activity in the presence
of the A1762T/G1764A mutation. In addition, this
double mutation is associated with HBx substitutions in
amino acids 130 and 131, which may contribute to HCC
developmentmﬂ. Other minor mutations in the BCP
region, such as C1740, C1753, and T/A1768, have been
associated with severe liver damagepm’zm’m}mﬂ and even
fulminant hepatitis[%’m]. The presence of BCP mutations
in inactive carriers is significantly lower than in patients
with active chronic infection and those with persistently
elevated ALT levels™”. Both BCP and preCore muta-
tions (e.g., A1762T/G1764A and G1896A stop codon)
are present in most cases of HBV reactivation in immu-
nosuppressed anti-HBc-positive individuals™"**., Early,
sensitive detection of BCP and/or preCore mutant pop-
ulations in the HBV quasispecies could reveal potential
predictors of seroconversion to anti-HBe or of evolution
of the disease™"”"*"*, Fortunately, quantification of
HBYV variants is currently possible by massive sequencing
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techniques”.

Due to the overlapping of BCP and X, BCP changes
can also cause changes in the 3’ region of the X genemﬂ.
Some such changes have been reported in the region im-
mediately preceding the precore start codon (positions -5,
-3 and -2 from 1814, the preCore start). This region cor-
responds to Kozak sequences, and associated nucleotide
changes have been found with effects similar to those
related to BCP mutations”"”. BCP variants between posi-
tions 1763 and 1779, which cause X gene deletions and
decrease HBeAg expression have been associated with
reactivation after chemotherapy and with disease sever-
ity[
replication varies depending on the specific deletion (e.g.,
deletion affecting TA3 1768-1775 causes a decrease in
pregenomic and preCore RNA with a concomitant de-
crease in viral activity) o568, Many BCP deletions produce
a frame shift that results in a 20-amino-acid truncation
of the HBx protein (amino acid 154 passes to 134) and
partial loss of the C-terminal region, which contains the

64,65 . .
I However the effect of these variants on viral

HBx transactivating activity. All these mutations have

enormous clinical-pathological interest and have been re-
lated to interferon failure™".

TREATMENT RESPONSE: VIRAL
VARIANTS AND GENOTYPE

BCP and precore variants

As was discussed above, HBeAg-negative variants result
from changes in the preCore and/or BCP regions, and
are observed in all clinical forms of HBV infection (from
asymptomatic to severe) and in all the viral genotypes.
However, their distribution and prevalence show impor-
tant differences”™"**’, PreCore mutations are more com-

mon in genotype D””#! and BCP mutations are more
frequent in genotype AP In Asia, where HBV infection
1s widespread, genotype C is associated with a higher
prevalence of BCP mutations, whereas genotype B shows
more preCore mutations” >, The pooter prognosis of
genotype C is probably associated with the prevalence
of BCP mutations®***"**", During seroconversion in
genotype C, BCP variants are selected before preCore
variants, whereas in genotype B the opposite occurs™,
BCP and preCore mutations are more prevalent in severe
forms of infection™**"*** in which BCP deletions are
particularly important®, Although the impact of HBV
genomic features during seroconversion is unknown, the
viral quasispecies structure and its qualitative and quanti-
tative composition is likely associated with this essential
phenomenon in natural infection™ and in the response
to antiviral therapy[gg]. In this sense, it has been reported
that the evolutionary pattern of the viral reverse tran-
scriptase region differs between responders and partial

responders during the initial phase of ETV treatment™,

Treatment of chronic HBV infection and its relationship
with variability: is the RT region the only one involved?
Chronic HBV infection is now primarily treated with
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NUCs, and these treatments are associated with a risk
of selecting resistant RT variants that cause treatment
failure. Currently, ETV or TDF are universally recom-
mended as first-line therapy'"”. Both treatments present
a small risk of resistance development (< 1% for ETV
and 0% for TDF after 6 years of treatment). In contrast,
LMYV has been associated with a high risk of emerging
resistance (> 80% at 5 years of treatment). LMV has
been widely used, and a large number of LMV-treated
patients have developed treatment-resistant variants. The
percentage of RT variants increases after LMV relative to
their baseline proportion. We looked into this situation by
UDPS study and found the following: the LMV resistant
variant L180M + M204V was undetectable in pre-LMV
samples, was selected during LMV therapy, remained in
significant percentages after ADV treatment, and was re-
selected after ETV treatment™. A recent UDPS study by
Margeridon-Thermet e a/”” also reported a high percent-
age of resistant RT variants after LMV treatment.

In general, HBeAg-negative patients (with preCore
variants) showing viral activity after seroconversion pres-
ent higher rates of SVR to NUCs than HBeAg-positive
patients“o
treatment differ: HBeAg-negative patients present lower
response rates than HBeAg-positive ones™**". These
differences seem to be related to viral genotype, because

6 .
| However, the response rates to interferon

significantly higher SVR rates have been found for geno-
type A, in which preCore variants are strongly restrict-
ed™ than for the remaining genotypes, especially geno-
type D. The reason for this genotype-dependent response
is not clear, but the diversity of the viral quasispecies may
play a role, as has been desctibed for HBeAg seroconver-
sion and treatment response[%].

In chronic LMV-treated HBV patients, major defec-
tive precore mutations occasionally revert to wild-type
forms, with reappearance of HBeAg[m’ZSQJ. This seems to
suggest that HBeAg-negative variants are more sensitive
to antiviral treatment than HBeAg-positive ones**,
In vitro studies indicate that defective preCore muta-
tions restore the replication efficacy of LMV-resistant
mutants™", In one UDPS study, we found that the per-
centage of HBeAg-negative G1896A preCore variants
in the quasispecies of HBeAg-positive cases (present
as minor populations and undetectable by conventional
sequencing) decreased after a period of treatment with
LMVP* This was also seen in BCP variants associated
with low HBeAg expression in a preliminary study™”.
These data suggest that these variants are more sensi-
tive to LMV treatment than HBeAg-positive variants,
and could explain the seroreversion phenomenon. In a
recent study using quantitative real-time PCR, Nishijima
et al™ reported that liver tissue of NUC-treated HBeAg-
negative cases showed low levels of the G1896A preCore
mutant (0.0%-1.1%). The authors also reported a signifi-
cant reduction in the percentage of this mutant following
treatment in 13 of 14 cases (92.9%). These results rein-
force the hypothesis that the G1896A preCore mutant is
highly sensitive to NUCs. A decline in the percentage of
HBeAg-negative variants (preCore and/or BCP muta-
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tions) and selection of HBeAg-positive variants (without
preCore or BCP mutations) after antiviral treatment”*”"”
seems to agree with the lower SVR rates in the presence
of HBeAg than in the absence of this antigen[m(’].
Interestingly, preCore mutations reappear after pro-
longed therapy, with return to HBeAg-negative status (se-
roconversion)”. Tt has also been reported that HBeAg-
negative preCore and BCP variants compensate for the
decreased replicative capacity of resistant RT variants”",
This observation, and the reappearance of HBeAg-neg-
ative variants after therapy continuation seem to be con-
tradictory and suggest that additional factors such qua-
sispecies complexity or adaptation to the host immune
system would be involved. The application of NGS to
analyze quasispecies dynamics in cases with seroreversion
after anti-HBe loss might elucidate this phenomenon.

CONCLUSION

In conclusion, HBV infection remains a major health
problem worldwide, despite the continuing advances in

treatment and development of effective vaccines. The
high incidence of HBV infection is mainly due to the
virological characteristics of this pathogen. HBV shows
high variability that characterizes it as a quasispecies in a
manner similar to other infectious agents such as HCV
and HIV, but with a much higher prevalence than these.
Detailed study of the viral population structure is es-
sential to combat these infections successfully, and this
type of study is now possible with NGS methods. These
techniques have contributed important data over recent
years, and they are expected to undergo spectacular de-
velopment in the medium term. NGS promises to be a
powerful resource that will help the scientific community
in the management of HBV and other infections, as well
as other key problems related to human health, such as
genetic and oncologic disease.
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