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Abstract

AIM: To investigate the variability of the main immu-
nodominant motifs of hepatitis B virus (HBV) core gene
by ultra-deep-pyrosequencing (UDPS).

METHODS: Four samples (2 genotype A and 2 geno-
type D) from 4 treatment-naive patients were assessed
for baseline variability. Two additional samples from
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one patient (patient 4, genotype D) were selected for
analysis: one sample corresponded to a 36-mo treat-
ment-free period from baseline and the other to the
time of viral breakthrough after 18 mo of lamivudine
treatment. The HBV region analyzed covered amino
acids 40 to 95 of the core gene, and included the two
main epitopic regions, Th50-69 and B74-84. UDPS was
carried out in the Genome Sequencer FLX system (454
Life Sciences, Roche). After computer filtering of UDPS
data based on a Poisson statistical model, 122 813 se-
quences were analyzed. The most conserved position
detected by UDPS was analyzed by site-directed muta-
genesis and evaluated in cell culture.

RESULTS: Positions with highest variability rates were
mainly located in the main core epitopes, confirming
their role as immune-stimulating regions. In addition,
the distribution of variability showed a relationship with
HBV genotype. Patient 1 (genotype A) presented the
lowest variability rates and patient 2 (genotype A) had
3 codons with variability higher than 1%. Patient 3 and
4 (both genotype D) presented 5 and 8 codons with
variability higher than 1%, respectively. The median
baseline frequencies showed that genotype A samples
had higher variability in epitopic positions than in the
other positions analyzed, approaching significance (P
= 0.07, sample 1 and P = 0.05, sample 2). In contrast,
there were no significant differences in variability be-
tween the epitopic and other positions in genotype D
cases. Interestingly, patient 1 presented a completely
mutated motif from amino acid 64 to 67 (EssLMTs7),
which is commonly recognized by T helper cells. Ad-
ditionally, the variability observed in all 4 patients was
particularly associated with the EssLMTs7 motif. Codons
78 and 79 were highly conserved in all samples, in
keeping with their involvement in the interaction be-
tween the HBV virion capsid and the surface antigens
(HBsAg). Of note, codon 76 was even more conserved
than codons 78 and 79, suggesting a possible role in
HBsAg interactions or even in hepatitis B e antigen
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conformation. Sequential analysis of samples from pa-
tient 4 (genotype D) illustrated the dynamism of the
HBV quasispecies, with strong selection of one minor
baseline variant coinciding with a decrease in core
variability during the treatment-free and lamivudine-
treated period. The drop in variability seemed to result
from a “steady state” situation of the HBV quasispecies
after selection of the variant with greatest fitness.

CONCLUSION: Host immune pressure seems to be
the main cause of HBV core evolution. UDPS analysis
is a useful technique for studying viral quasispecies.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Hepeatitis B virus (HBV) infection is a global health prob-
lem. Around 350 million people are chronically affected
with this pathogen, which confers a higher risk of devel-
oping liver disease, liver cirrhosis, and hepatocellular car-
cinoma. The course of HBV infection is closely related
to the host immune response and genetic factors"), and
disease progression is related to mutations in the HBV
core gene[m.

HBYV core gene codes for two partially collinear pro-
teins, the hepatitis B e antigen (HBeAg) and hepatitis
B core antigen (HBcAg). These proteins, together with
the surface antigen (HBsAg) are important targets for
antiviral immunity, but HBcAg seems to be the most
immunogenic[S]. Several epitopes have been identified
in the HBV core gene. Among them, two regions play
a particularly important immunodominant role: the se-
quence from amino acid 50 to 69, which immunostimu-
lates CD4+ T-helper lymphocytes (T h50-69)"" and the
sequence from amino acid 74 to 84, which stimulates B
lymphocytes (B74-84)™".

During chronic HBV infection, a large number of
amino acid substitutions are seen in the core gene, main-
ly clustered in epitopic regions. These amino acid chang-
es have been associated with viral persistence because
of their impact on the host immune response and the
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M4 The largest num-

ber of core gene changes is associated with interferon
(IFN) therapymlz}, The effect of nucleoside/nucleotide
analogues on the core gene has been little investigated,
although some variability in a minor epitope (Th28-47)
was recently reported” . In another recent study, en-

natural course of HBV infection

tecavir and adefovir were associated with an enhanced
immune response“ﬂ. Selection of core gene amino acid
changes might result in evasion of HBV from the host
immune system, thereby lengthening the life of infected
hepatocytes. For this reason, core gene baseline vari-
ability in chronic hepatitis B patients might be crucial for
understanding the evolution of the viral quasispecies in
response to host immune pressure.

Next-generation sequencing technologies enable
deep assessment of gene variability and are especially
useful to study the dynamics of viral quasispecies'**".
Core gene variability can be studied with this technology,
specifically, the 454 FLX platform, which analyzes frag-
ments of 250- to 400-bp length. Although this length
does not permit complete analysis of the gene, ultra-
deep analysis of the main immunodominant regions of
the core protein (Th50-69 and B74-84) is possible. The
aim of this study was to analyze the variability of these
main HBV core epitopes in chronic hepatitis B patients
by ultra-deep pyrosequencing (UDPS).

MATERIALS AND METHODS

Patients and samples
Four chronic hepatitis B patients with complete clini-
cal documentation were selected for the study; baseline
characteristics are indicated in Table 1. All patients were
diagnosed with active HBV replication and treated with
lamivudine (LVD) 100 mg/d (Zeffix, Glaxo Welcome,
United Kingdom). After 18 to 24 mo, they all presented
mutations conferring resistance to treatment. Owing
to their similarities in LVD non-response, they were
selected for inclusion in the study. To evaluate baseline
variability, a sample taken at the time of the diagnosis
(antiviral treatment naive) was selected for each patient.
HBV DNA was retested in all samples by TagMan real-
time polymerase chain reaction (PCR) (Roche) technol-
ogy, and all presented values higher than 5 logio IU/mL..
Two sequential samples from patient 4 were addition-
ally selected for UDPS analysis. HBV-DNA had been
quantified using the branched-DNA (bDNA, limit of de-
tection 5 logs ITU/mL) technology available at that time,
but the samples selected were retested with TaqMan tech-
nology for this study. At the time of the diagnosis (baseline
sample), hich HBV-DNA levels were detected by bDNA
(retesting with TagMan, 7 logio IU/mL). However, HBV-
DNA spontaneously dropped below the limit of detec-
tion of bDNA technology and the patient remained
untreated, according to the guidelines at that time. After
36 mo (treatment-free sample), bDNA significantly in-
creased (> 8 logsio IU/mL on TagMan retesting) and
LVD was started. After an initial suboptimal response
(HBV DNA decrease to 4 logs), viral breakthrough (7
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. Age  ALT HBV DNA HBeAg
Patient  Sex '\ (U/mL) (log10 IU/mL) C€MOYPE (rrus
1 Male 46 167 7.4 A =
2 Male 39 95 7.8 A +
3 Male 31 392 83 D
4 Female 55 117 7.5 D

Age at the time of sample collection. 'Wild type in main precore mutation.
ALT: Alanine transaminase; HBeAg: Hepatitis B e antigen; HBV: Hepatitis
B virus.

logsio HBV-DNA) was observed after 18 mo, and the
rtL.180M and rtM204V HBYV polymerase variants were
selected. Ultimately, adefovir was added to LVD.

Epitopic region amplification and UDPS amplicon
preparation

All the samples included in this study had HBV viral loads
higher than 6 logs IU/mIL. HBV-DNA was extracted
from serum by QIAamp microspin columns (QIAamp
DNA Mini Kit, QIAGEN, Hilden, Germany), according
to the manufacturer’s instructions. To obtain optimal am-
plification of HBV DNA, the process was optimized with
two PCRs. To minimize the error rate of the PCR process
(false nucleotide substitutions), high fidelity polymerase
(Pfu Ultra-II, Stratagene, La Jolla, United States) was
used. At the time the study was designed, the maximal am-
plicon length that could be analyzed by the FLX platform
was 250 nucleotides; PCR primers were selected for am-
plification of a specific 210-bp HBV fragment, which in-
cluded main epitopic regions (Th50-69 and B74-84). The
first PCR primers were sense (position 1662-1681); 5’—C/
TATAAG AGGACTCTTGGACT-3’ and anti-sense prim-
ers (position 2912-2931); 5“TGTTCCCA"/cGAATA"/
1GGTGA-3. The nested primers included the recogni-
tion site for UDPS, in italics. The sequence of the sense
primer (position 1997-2016) was 5-GCCTCCCTCGC-
GCCATCAGACCGCCTCAGCTCT ©/rTAT CG-3’,
and the anti-sense primer (position 2178-2206) was 5’
-GCCTTGC CAGCCCGCTCAGCCACA"®/cAGTT-
GCCTGA"/cCTT-3". PCR products were isolated from
0.9% agarose gel and quantified using Quan-iT Picogreen
sDNA reagent (Invitrogen). Before the sequencing reac-
tion, each amplicon was pooled to obtain a concentration
of 4 x 10° molecules of the HBV region. This working
solution was enriched with the capture beads needed for
sequencing, After optimal enrichment, clonal amplifica-
tion in beads was performed in forward and reverse direc-
tions (emPCR kits II and I, 454 Life Sciences). UDPS
was cartied out in the Genome Sequencer FLX system (454
Life Sciences). The HBV region analyzed covered amino
acids 40 to 95 of the core gene.

Bioinformatics filter
A total of 122813 sequences was obtained. Reads were
acquired with forward and reverse sequences and were
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aligned according to the primer sequence (designed by
our group). Initial raw data filtering was performed as
previously reported!*"** %,

After applying the Poisson-based statistical filter vali-
dated in a study from our groupm, the empirical distri-
bution of mismatch errors determined by UDPS analysis
of an HBV DNA clone from the same region yielded an
average of 0.006%; however in 8 positions, errors were
higher than 0.02% but lower than 0.05%. Therefore, the
sensitivity of UDPS to detect mutations was primarily
limited by the highest mismatch error rate in the HBV
DNA clone of 0.05%, which is similar to the value re-
cently obtained in UDPS amplicons including an internal
sequence as a control®™. Thus, the measurements and
biological conclusions in this study are based only on
mutations present at a percentage above 0.05%.

Phenotyping, mutagenesis and cell culture

Cloning of a more than full-length HBV genome[zo] in
pTriEx-mod vector was performed as described by Du-
rantel ¢ al”’. The influence on HBV viral replication of
the most conserved position observed in UDPS analysis,
codon 76, was analyzed by site-directed mutagenesis
(Agilent Technologies, Stratagene, United States) accord-
ing to the manufacturer’s instructions. The wild-type
clone had an L in codon 76, which was changed to V
or P to test the effect of maintaining or deeply altering
the physical-chemical properties of core codon 76. The
introduction of mutations was confirmed by direct se-
quencing, as previously described™”.

Huh7 human hepatoma cells were cultured in Dul-
becco’s modified Eagle medium supplemented with 10%
calf serum. Transfection of plasmids was performed as
previously described™ using Fugene-HD (Roche, Ger-
many). The supernatant was used to quantify HBsAg (Ar-
chitect, Abbot), HBeAg (Vitros, Johnson and Johnson),
and HBV DNA (CobasTagqman, Roche) production.
The results were statistically analyzed with the Student #
test. DNA was extracted from the supernatant (Qiage-
nAMP DNA Mini Kit, Qiagen, Germany) following the
manufacturer’s instructions and used to evaluate HBV-
DNA production. As has been previously described™, to
confirm that HBV-DNA detected after transfection was
the result of HBV replication and not due to contamina-
tion from the HBV genome in the pTriEx-mod vector of
the transfection experiments, the supernatant extractions
were used in 1/10, 1/10°, 1/10’, and 1/10" dilutions and
PCR amplification of HBV-DNA and pTriEx-mod was
performed.

Statistical analysis

To obtain the percentage of amino acid variability in
each sample, the total number of amino acid substitu-
tions was divided by the total number of amino acids
analyzed. This value gave the theoretical variability for
each position, and was used to estimate the expected
variability for the regions studied (the theoretical vari-
ability was multiplied by the length of the epitope: 20
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Patient Pt 1 Pt 2 Pt3 Pt 4 Median
Codon N sequences 33245 28254 27156 19748 baseline
Master AA % var %var %var % var Vvariability

40 E 017 0.00 0.27 36.27 9.18
41 A134/S2 0.04 7.54 1.58 0.03 2.30
42 L 0.20 0.08 0.14 0.09 0.13
43 E 0.06 0.07 0.08 0.12 0.08
44 S 0.03 0.01 0.01 0.05 0.03
45 S1/P234 0.24 0.07 0.10 0.09 0.12
46 B 0.06 0.05 0.06 0.08 0.06
47 H 0.06 0.06 0.04 0.03 0.05
48 C 0.09 0.18 0.07 0.27 0.15
49 S 0.09 0.07 0.03 0.01 0.05
50 P 0.07 0.04 0.08 0.02 0.05
51 H 0.14 0.11 0.06 0.01 0.08
52 H 0.03 0.04 0.02 0.02 0.03
53 T 0.11 0.14 0.07 0.04 0.09
54 A 0.14 0.18 0.17 0.19 0.17
55 L 0.03 0.05 0.06 18.58 4.68
56 R 0.21 0.22 0.14 0.10 0.17
57 Q 0.05 0.05 0.03 0.00 0.03
58 A 0.15 0.18 0.09 0.04 0.12
59 1134/V2 0.04 4.75 1.68 0.03 1.62
60 L 0.03 0.02 0.03 0.06 0.04
61 C 0.10 0.08 0.04 0.03 0.06
62 W 0.15 0.21 0.19 0.09 0.16
63 G 0.17 1.93 0.34 0.18 0.65
64 D14/E23 0.69 0.50 0.41 29.96 7.89
65 V1/1234 0.08 0.02 0.09 0.19 0.09
66 T1/M234 0.12 0.21 0.11 0.11 0.14
67 N1/T234 0.05 0.06 0.06 0.04 0.05
68 L 0.04 0.02 0.03 0.02 0.03
69 A 0.05 0.12 0.10 0.09 0.09
70 T 0.05 0.02 0.02 0.01 0.02
71 w 0.11 0.24 0.20 0.17 0.18
72 \% 0.07 0.12 0.07 0.03 0.07
73 G 0.17 0.28 0.19 0.11 0.19
74 N12/A3/V4 046 0.04 2.06 13.72 4.07
75 N 0.01 0.02 0.02 0.02 0.02
76 L 0.00 0.01 0.02 0.02 0.01
77 G134/Q2 0.14 0.30 1.94 3.03 1.35
78 D 0.03 0.08 0.03 0.08 0.05
79 P 0.16 0.10 0.07 0.03 0.09
80 A123/T4 0.11 017 0.12 8.09 212
81 S 0.04 0.03 0.01 0.00 0.02
82 R 0.19 0.12 0.15 0.06 0.13
83 D 0.05 0.04 0.06 0.12 0.07
84 Q1/1.234 0.21 0.52 0.12 0.05 0.23
85 \Y% 0.02 0.01 0.03 0.01 0.02
86 \Y% 0.02 0.03 0.01 0.04 0.03
87 N1/S234 0.06 0.03 1.93 0.02 0.51
88 Y 0.08 0.03 0.04 0.05 0.05
89 \% 0.01 0.00 0.02 0.03 0.02
90 N 0.02 0.02 0.08 0.00 0.03
91 T 0.07 0.05 0.02 0.03 0.04
92 N 0.03 0.02 0.70 18.93 4.92
93 M123/V4 0.02 0.05 0.15 18.89 4.78
94 G 0.04 0.12 0.15 0.09 0.10
95 L 0.03 0.02 0.15 0.14 0.09

Italic numbers indicate the patient in whom the master amino acid (AA)
was detected.

for Th50-69, 11 for B 74-84, and 25 for the remaining
positions).
Fisher’s exact test was used to evaluate possible rela-
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tionships between the most variable codons (variability
= 1%) and their positions in the epitopic region or
other regions. The Wilcoxon signed-rank test was used
to compare the evolution of the codons in the sequential
analysis.

RESULTS

Baseline variability of main epitopic regions of HBV core
gene

The amplicon analyzed was limited to codons 40 to 95,
which include the main Th50-69 and B74-84 epitopes.
A total of 122814 sequences corresponding to 4 base-
line samples were analyzed, and 108403 of them were
validated by bioinformatics and Poisson filtering. A total
of 61499 sequences were from genotype A samples and
the remaining from genotype D. Variability was analyzed
attending to the percentage of changes in all codons of
the amplicon, and the results obtained for each position
are shown in Table 2.

In the two genotype A samples (patients 1 and 2),
differences between the master sequences were found
in ten codons (41, 45, 59, 64, 65, 66, 67, 77, 84 and 87,
Table 2), seven of which were located in Th50-69 or
B74-84. Of particular note, the master sequence of the
motif delimited by codons 64 to 67, commonly defined
by Es«LMTe7 and recognized by T-cells'”, differed in pa-
tient 1. The sequence found, DesVINe7, was completely
different from the consensus sequence of genotypes
A and D. The amino acid variability detected in patient
1 (average, 0.1%), which ranged from 0.69% to values
under the cut-off (< 0.05%), was the lowest in all 4 sam-
ples. In this patient, the main epitopic regions contained
67.7% of the changes, a percentage 1.2 times higher
than would be expected by the length of these regions,
and the changes were equally distributed between the
two epitopes. In contrast, patient 2 had higher variability
(average, 0.35%), particulatly in codons 41 (7.54%), 59
(4.75%) and 63 (1.93%). Only 53.1% of these changes
were located in epitopic regions, a rate similar to the ex-
pected random percentage, but in the Th50-69 epitope
the substitutions were 1.3 times higher than would be
expected. Interestingly, two of the main substitutions
detected in patient 2, S41 (A, 7.51%) and V59 (1, 4.21%),
coincided with the master sequence of patient 1. The
third main variant position was G63 (V, 1.62%).

The two genotype D baseline samples (patients 3 and
4) had the same master sequence, except in codons 64,
74, 80 and 93, which were also the most highly variable
in patient 4. In patient 3, five codons with more than
1% variability were detected: A41 (1.58%), 159 (1.68%),
AT74 (2.1%), E77 (1.94%) and S87 (1.93%) (3 of them
in epitopic regions). The average amino acid variability
was 0.26%, and 57.8% of changes were located in the
main epitopic regions. Overall, this percentage was not
higher than expected; however, changes in B74-84 were
1.6 times higher than the expected random percentage
(31.6% »s 19.7%). In patient 4, variability was higher
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Figure 1 Variability of all codons analyzed from the 3 sequentially studied samples, corresponding to patient 4. Percentages higher than 2% are indicated at
the top of the bars. 1: Master aminoacid different between treatment free and lamivudine samples.

than 1% in 8 codons - Q40 (36.27%), L55 (18.58%),
D64 (29.96%), V74 (13.72%), E77 (3.03%), T80 (8.08%),
T92 (18.93%) and V93 (18.89%) - 5 of which were in
epitopic regions. Linkage analysis showed that some of
the main variants seen in this patient (S at codon 41, V
at 59, N at 74, E at 77 and N at codon 87) were located
in the same viral strain (1.5% of quasispecies). This ob-
servation seems to indicate possible selection by the ef-
fect of immune pressure on the core gene. Surprisingly,
despite the high total amino acid variability detected in
patient 4 (2.69%), only 49.8% of changes affected posi-
tions located in main epitopic regions, a value lower than
was expected in both Th50-69 and B74-84.

Median baseline frequencies were compared be-
tween the epitopic and other positions. Only genotype A
samples showed high variability approaching significance
(P = 0.07, sample 1 and P = 0.05, sample 2) in epitopic
positions. Regarding the median baseline variability (Table
2), 6 of the highest values were located in positions
within the main epitopic regions (codons 55, 59, 64, 74,
77 and 80), and 4 positions outside the main epitopes
(codons 40, 41, 92 and 93) accumulated high percent-
ages of changes. The variability in positions 40, 92 and
93 was due to changes in patient 4, whereas the vari-
ability of codon 41 (median 2.3% of changes) was due
to changes in patients 2 and 3. Interestingly, positions
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64 and 66, corresponding to the E«LMTe motif of
Th50-69, showed significant variability in all 4 samples
(0.69%, 0.5%, 0.41% and 29.96% in position 64 and
0.12%, 0.21%, 0.11% and 0.11% in position 66).
Attending to the conserved positions, 12 codons showed
variability lower than the system error rate (< 0.05%):
positions 44, 52, 57, 68, 70, 75, 76, 78, 81, 85, 86 and
89. The most highly conserved was leucine in codon
76, with frequencies clearly below the system error rate
(0.003-0.02%) and a median baseline error of 0.013%
(Table 2). Based on this finding, codon 76 was analyzed by

site-directed mutagenesis analysis.

HBYV quasispecies dynamics: The sequentially studied
patient

Patient 4 was selected for sequential analysis, and 3 sam-
ples wete processed (Figure 1): a baseline sample (also
included in the Baseline Study), a sample following a treat-
ment-free petiod of 36 mo, and a sample following 18
mo of LVD non-response. After application of the bio-
informatic filter, 34 320 sequences from the treatment-
free sample and 43257 sequences from the LVD sample
were obtained. The average amino acid variability of the
baseline sample was higher than that of the treatment-
free one (2.69% wvs 0.34%, P = 0.001) and the average
amino acid variability of the treatment-free sample was
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higher than that of the LVD treatment sample (0.34%
5 0.18%, P = 0.001). The main variants detected by se-
quential analysis are represented in Figure 2. Of note, 6
of these 11 variable positions (codons 55, 57, 64, 74, 77,
80) were located in main core epitopic regions.

Linkage analysis was performed to determine whether
the most frequent amino acid substitutions were simulta-
neously present in the same viral sequence (Figure 3A).
At baseline, 50.15% of sequences in the positions stud-
ied were wild type, and 38.88% were mutated sequences
in the most variable positions (15 different mutated
variants, Figure 3A); 10.97% showed mutations in other
positions. The mutated sequences in highly variable posi-
tions detected at baseline were found to be decreased in
the treatment-free period (1.85%, Figure 3B) and after
LVD breakthrough (1.24%, Figure 3B).

Attending to these variable positions, the most com-
mon strain at baseline (7.5%) had only one mutated
codon (E40Q)), followed by a strain (6.84%) with 5 mu-
tated codons (E40Q, D64E, V74G, T92N and VI93M)
and another strain (5.45%) with 3 mutated codons (E40Q),
L551 and D64E). Surprisingly, the baseline strain that
had been selected as master after the treatment-free pe-
riod and maintained during LVD was a low-frequency
baseline mutant strain (1.31%) with the following sub-
stitutions: E40Q, L551, D64E, T80G, T92H and V93M
(variant 12, Figure 3A).

The time period with an absence of therapy (between
baseline and treatment-free sampling) represented the
complete time of HBV infection, and the HBV core
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quasispecies showed a tendency to decreased variability.
This was reflected by a drop in the percentage of accu-
mulated variability from baseline (38.88%) to the treat-
ment-free sample (1.85%) and coincided with the change
in the master sequence between the two samples, which
could indicate a possible alternative immune escape
mechanism. No significant differences were observed
between samples from the treatment-free and LVD peri-
ods, which showed similar composition and percentages
of mutated variant strains (Figure 3).

Evaluation of the conserved position, leucine 76, by
site-directed mutagenesis
As is desctibed above, leucine (L)) at codon 76 was the
most highly conserved position in all the samples ana-
lyzed (Table 2). Although there were other conserved
positions (Q57, T70, D78 and S81), codon 76 focused
our interest because it was a leucine (one amino acid
coded by 6 different codons), because of its location in
the core gene, and because it has never been described
as essential. .76 was even more conserved than D78
(0.05%) or P79 (0.09%), both of which are reported to
be involved in the core-HBsAg interaction™, Mutagenic
studies of .76 were performed to evaluate a possible es-
sential role of this amino acid. The experiments included
a change to valine (V), whose hydrophobicity is similar
to that of L, and a change to proline (P), whose physical-
chemical properties differ from those of L.

After transfection, HBsAg, HBeAg and HBV DNA
were quantified in cell culture supernatants. The presence
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A Baseline B

38.88%, mutated sequences

q°
0

AN

12 (1.31%)

Others
(10.97%)

Baseline composition:

M: E40-A41-L55-159-D64-V74-E77-T80-587-T92-V93

1: Q40-A41-L55-159-D64-V74-E77-T80-S87-T92-V93 7.5%
: Q40-A41-L55-159-E64-G74-E77-T80-S87-N92-M93 6.9%
: Q40-A41-155-159-E64-V74-E77-T80-587-T92-V93 5.5%

Treatment free C
1.89%, mutated sequences
0.53%, others

Lamivudine
1.22%, mutated sequences
0.41%, others

\_/

8: Q40-A41-E55-159-D64-V74-E77-T80-587-T92-V93 1.4%
9: Q40-A41-L55-159-E64-G74-E77-T80-S87-T92-V93 1.4%
10: Q40-A41-L55-159-D64-V74-D77-T80-587-N92-M93 1.4%
11: E40-A41-L55-159-E64-V74-E77-T80-S87-T92-V93 1.4%

[12: Q40-A41-155-159-E64-V74-E77-G80-587-H92-M93 1.3%)|

: Q40-A41-155-159-E64-V74-E77-G80-587-T92-V93 2.6%
: E40-A41-L55-159-D64-V74-E77-T80-587-N92-M93 1.8%

2
3
4: Q40-A41-155-159-D64-V74-E77-T80-587-T92-V93 2.9%
5
6
7. E40-A41-L55-159-E64-G74-E77-T80-S87-N92-M93 1.5%

13: E40-A41-155-159-E64-V74-E77-T80-587-T92-V93 1.3%
14: Q40-A41-155-159-E64-V74-E77-T80-S87-N92-M93 1%
15: E40-A41-L55-159-D64-V74-E77-G80-S87-T92-V93 1%

Figure 3 Quasispecies composition of the hepatitis B virus core region in the 3 sequentially analyzed samples. A: Baseline variants (1-15) in percentages =
1%; B: Treatment-free variability; C: Lamivudine sample variability of the most frequent amino acid substitutions defined in Figure 2. Linkage analysis was also per-

formed attending these most variable codons.

of P in position 76 significantly decreased production of
HBsAg, HBeAg and HBV-DNA in comparison with the
wild type (L76) (both, P < 0.001). However, when V was
in position 76, a reduction was observed in HBsAg levels
(P < 0.001), but not in HBV DNA. Surprisingly, the V
substitution resulted in a four-fold increase in HBeAg
production in comparison with 1.76 (P < 0.001).

DISCUSSION

Several epitopic regions have been described in HBV
core gene. Core region variability under antiviral treat-
ment has been extensively studied, particularly in rela-
tion to IFN therapy"™'?. However, differing patterns of
amino acid substitutions under the effect of nucleotide/
nucleoside analogues and during periods without treat-
ment have been recently described"". Some studies have
used the classical clonal method to analyze the evolu-
tion and composition of the entire HBV core gene™™’,
However, in all these reports, only a small number of
clones were processed and minor populations could not
be studied. Thus, high-resolution clonal studies are need-
ed to deeply analyze the composition of the HBV core
gene quasispecies. To this end, the recently developed
UDPS technology provides an opportunity to bypass the
restrictions of the classical clonal method to determine
the composition of viral quasispecies’ """,

When this study was designed, UDPS technology
based on the 454 Life Science Platform (GS-FLX, Roche
Applied Science) only allowed analysis of around 200
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nucleotide sequences. Because of this limitation, the
present work was focused on analysis of the main im-
munodominant core motifs, Th50-69 and B74-84%"
The high economic cost and complex computing analy-
sis of UDPS strongly restrict the number of samples
to be processed. For this reason, we were only able to
study six selected samples: four samples to evaluate the
baseline variability and two more samples to sequentially
analyze one patient.

To achieve the main aim of UDPS analysis, a parallel
analysis was needed to define the cut-off for analyzing
the UDPS data. In our previous report of UDPS analy-
sis of the HBV quasispecies™, inclusion of an internal
control sequence within the analyzed amplicon enabled
establishment of a cut-off percentage to define the limit
of viral variability, which was set at 0.03%. In the pres-
ent study, a Poisson computational model recently vali-
dated by our group was applied by processing an HBV-
DNA clone™: the percentage established to differentiate
variability from UDPS error was set at 0.05%"".

In the study of baseline HBV quasispecies, the most
vatiable codons (median baseline variability = 1%) were
40, 41, 55, 59, 64, 74, 77, 80, 92 and 93, all of which
have been previously described in a study using clonal
methodology to analyze acute exacerbations in HBeAg-
negative patients”. Furthermore, some of these highly
variable codons (codons 64, 74 and 77) were previously
described as common changes in untreated chronic hep-
atitis B"". Genotype A sequences showed fewer codons
with variability = 1% and, consequently, lower over-
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all median variability than genotype D. The statistical
analysis of the median baseline frequencies showed that
genotype A samples had higher variability in epitopic
positions, approaching significance (P = 0.07, sample 1
and P = 0.05, sample 2). In contrast, in genotype D cas-
es, no significant differences in variability were observed
between the epitopic and other positions. These findings
could be related to the high frequencies of mutations in
codon 40, 87, 92 and 93 in genotype D samples (patients
3 and 4), which might be involved in the minor epitopic
regions Th28-47 and Th82-101"". These differences in
HBYV core gene variability seem to indicate an influence
of genotype on immune activation.

Patient 1 showed the lowest variability, but interest-
ingly, the codon 64 to 67 master sequence was defined
by the sequence DeVTNe7, which is completely different
from the well-characterized Ec.MTs motif. This motif
is commonly recognized by T-cells, and the simultancous
E64D and T67N change has been reported to reduce
T-cell proliferation in vitrd™. Hence, we suggest that the
changes observed in patient 1 might be the result of an
alternative mechanism to escape from immune pressure,
over the Es«LMTe motif. In fact, the finding that posi-
tions 64 and 66 of this motif showed significant vari-
ability in all 4 samples suggests that the motif could be a
central target for immune pressure in HBV infection".
The low variability observed in sample 1 (0.1% of total
amino acid vatiability) could reflect attainment of a kind
of “steady state” in the viral quasispecies, resulting from
strong selection of an escape variant with the mutated
motif DeVTNe7, similar to that seen in the longitudinal
study of patient 4.

Evolution of the HBV quasispecies was evaluated
in a single patient and involved a baseline sample and
two additional samples, one taken after a period without
treatment and one taken after LVD treatment. During
the treatment-free period, a decrease in quasispecies vari-
ability was observed, with a reduction in the number of
viral strains. This change may have been a consequence
®1 One of the baseline viral
strains present in a small percentage (variant 12, 1.31%,

of host immune pressure

Figure 3) was strongly selected and became the master in
the treatment-free and LVD samples, a fact suggesting
that this variant might be an escape mutant, whose selec-
tion could be related to better fitness, regardless of its
initial frequency.

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

Several codons in our region were found to be highly
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conserved (positions 57, 70, 76, 78 and 81). Position 76,
located at the tip of the spike was of special interest, be-
ing next to the major immunodominant region and part
of the B74-84 main epitope. Indeed, this position has
never been described as essential, in contrast to the near-
by positions 78 and 79%. The HBV core sequence is
involved in the process of capsid conformation by inter-
acting with the surface antigens in viral particle assembly.
However, the interaction between HBsAg and HBcAg

#3 The core region analyzed in

in virions is still unclear
the present study is part of the assembly domain (amino
acids 1-149); thus, the changes in this region might po-
tentially modify the shell conformation.

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

To our knowledge, few studies”"" have analyzed the
effect of single core amino acid mutations on HBV rep-
lication i vitro. Only one such study conducted by Ponsel
et al’” evaluated the leucine 76 position (among others)
by inducing a change to alanine; no significant reduction
in nucleocapsid or virion production was observed. In
the present study, we induced changes in the hydropho-
bic characteristics of position 76 and determined their
effect on HBsAg, HBeAg and HBV DNA production.
In contrast to the results of Ponsel ¢z o/, we found a
significant reduction in HBsAg production with both the
V and P changes, suggesting possible involvement of
L76 of HBcAg in the HBsAg interaction. A significant
decrease in HBV replication in the presence of P76 was
detected, leading us to speculate that the hydrophobic
characteristics of position 76, conferred by the presence
of L or V, are needed for HBV replication. The increase
in HBeAg production in the presence of the V mutation
and the absence of increasing HBV DNA were surpris-
ing, particularly because some authors have reported a
correlation between HBeAg and HBV DNA levelsP".
Nonetheless, this correlation was not found by other au-
thors”™ and currently remains controversial. We suggest
that this unexpected HBeAg increase may indicate alter-
native pathways between HBeAg and HBV replication,
as has been indicated previously[%l. Based on our #n vitro
results, it can be postulated that the amino acid changes
induced in the core sequence are not as important as the
structure adopted by the capsid and HBeAg,

Our study is mainly limited by the high cost of the
UDPS process, which restricted the number of samples
studied and created a risk that some results could be
due to random chance. A larger number of samples, ad-
ditional sequential studies, and duplicate UDPS experi-
ments would have given more information about the
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HBV core sites involved in quasispecies evolution and
potentially related to HBV chronic infection and to treat-
ment non-response. In addition, at the time of the study,
the available UDPS methodology only allowed analysis
of sequences up to 250 bp. For this reason, we limited
the study to the widely described main epitopic regions
included in the HBV core, previously investigated by
conventional methodologies[6’7’11’251.

In conclusion, this study validates application of
UDPS to study the variability of the main core epitopes,
substantiates the significant richness of the HBV base-
line quasispecies, and suggests a relationship between
core variability and HBV genotype. The highest vari-
ability was mainly detected in Th50-69 and B74-84, sup-
porting their role as the main immune-stimulating core
regions. The significant variability associated with well-
characterized Th-cell motifs, such as Ec«LMT¢7, seems to
indicate that the host immune system may be the main
factor responsible for HBV core evolution. The relevant
conservation of codon 76 may be related to possible
interactions with the viral envelope. In the single longi-
tudinally analyzed patient, a minor variant present in the
baseline quasispecies was selected as the main variant in
the absence of treatment and was maintained after lami-
vudine. These findings indicate the utility of UDPS to
describe the dynamic behavior of the HBV quasispecies.
Morte extended analyses with a larger number of samples
must be performed to confirm the findings. The expect-
ed spread of this technology will probably allow a sig-
nificant decrease in the cost, enabling processing a large
number of samples. The UDPS application for diagnos-
tic and routine analysis might serve for the quantitative
estimation of the viral quasispecies, for defining mutant
variants or for establishing the quasispecies complexity.
All these parameters would be useful as prognostic fac-
tors for disease outcome or therapy efficacy.
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Background

Hepatitis B virus (HBV) infection is a global health problem, with more than 300
million HBV carriers. Viral distribution in individual infection is defined as a qua-
sispecies, which means that variability can be accumulated along the HBV ge-
nome. The core gene is the least overlapped gene of the HBV genome and core
antigen is the most immunogenic of all the viral peptides. Therefore, the region
encoding the main core epitopes is useful to study the effect of the host immune
response and to analyze the variability of HBV quasispecies composition.
Research frontiers

The distribution of viral infection as a quasispecies (in HBV, but also hepatitis
C virus and human immunodeficiency virus) is an important advantage for the
virus. It enables fast, easy establishment of infection and enables adaptation
against changes in the viral environment. The study of viral quasispecies has
been limited by the available methods, with which analysis of a significant
number of clonal sequences was extremely difficult. The possibility of obtain-
ing thousands of sequences in a single sample, provided by next-generation
sequencing methods such as ultra-deep-pyrosequencing (UDPS), will allow

(49

Boishidongs  WIG | www.wjgnet.com

more in-depth study of the viral quasispecies. In the present study, the authors
applied the UDPS to analyze HBV quasispecies variability and adaptability of
the virus in single patient.

Innovations and breakthroughs

To date, few studies have used UDPS to study the HBV quasispecies, likely
because of the current high cost of the technique for this purpose. However,
the results presented in these recently published studies have shown clear ad-
vantages of UDPS for viral quasispecies analysis. Most of these studies have
been mainly focused on the polymerase gene (treatment resistance variants).
The present study is the first work analyzing the core gene by this method, to
evaluate the effect of the host immune response and the variability of this little
overlapped region of the HBV genome.

Applications

This study illustrates the value of deep quantitative analysis of the HBV qua-
sispecies composition to investigate its clinical relevancy. The results provide
an indication of the role of HBV core gene quasispecies structure in the natural
host immune response and have prompted us to continue investigating HBV
variability by UDPS, particularly the precore and core regions because of their
relationship with the immune response.

Terminology

Viral quasispecies distribution in an infected patient refers to a group of viruses
that are different, but highly related. This distribution results in competition
between viruses from the same infection, but also confers plasticity and adapt-
ability to environmental changes.

Peer review

The authors analyzed the quasispecies of HBV core epitopic regions by UDPS.
They found that positions with highest variability rates, mainly clustered in the
main core epitopes, showed some relationship with HBV genotype, and were
particularly associated with the T-helper motif. The authors suggest that im-
mune system pressure is the main cause of HBV core evolution.
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