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Abstract

AIM: To investigate the evaluation of hepatitis C virus
(HCV) quasispecies in the envelope region and its
relationship with the outcome of acute hepatitis C.

METHODS: HCV quasispecies were characterized in
specimens collected every 2-6 mo from a cohort of acutely
HCV-infected subjects. We evaluated two individuals who
spontaneously cleared viremia and three individuals with
persistent viremia by cloning 33 1-kb amplicons that
spanned E1 and the 5’ half of E2, including hypervariable
region 1 (HVR1). To assess the quasispecies complexity
and to detect variants for sequencing, 33 cloned cDNAs
representing each specimen were assessed by a combined
method of analysis of a single-stranded conformational
polymorphism and heteroduplex analysis. The rates of
both synonymous and nonsynonymous substitutions
for the E1, HVR1 and E2 regions outside HVR1 were
analyzed.

RESULTS: Serum samples collected from chronic phase
of infection had higher quasispecies complexity than those
collected from acute phase of infection in all individuals
examined. The genetic diversity (genetic distance) within
HVR1 was consistently higher than that in the complete
E1 (0.0322+0.0068 vs-0.0020+0.0014, P<0.05) and E2
regions outside HVR1 (0.0322+0.0068 v50.0017+0.0011,
P<0.05) in individuals with persistent viremia, but did not
change markedly over time in those with clearance of
viremia. For individuals with persistent viremia, the rate
of nonsynonymous substitutions within the HVR1 region
(2.76x103£1.51x10%) predominated and gradually
increased, as compared with that in the E1 and E2 regions
outside HVR1 (0.23x103+0.15%103, 0.50x103+£0.10x1073).
By contrast, the rates of both nonsynonymous and
synonymous substitutions for the E1 and E2 regions
including HVR1 were consistently lower in individuals with
clearance of viremia.

CONCLUSION: HCV persistence is associated with a
complexity quasispecies and positive selection of HVR1
by the host immune system.
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INTRODUCTION

Hepatitis C virus (HCV), a member of the Faviviridae family,
is the major cause of chronic liver disease wotldwide!™. HCV
is a positive-sense single-strand RNA virus with a genome
that encodes one large polyprotein in which putative
structural proteins are located at the N-terminal end, and
the putative nonstructural proteins are located at the C-
terminal end?. One of the important charactetistics of HCV
is that its genome exhibits significant genetic heterogeneity
as a result of the accumulation of mutations during viral
replication. The genetic sequences of HCV variants are
very heterogeneous, varying by more than 30% across the
entire genome among the six major genotypes, 20% among
subtypes, and up to 10% within a subtypeP. Analogous to
other RNA viruses, HCV circulates in an infected individual
as a population of close-related, yet heterogencous,
sequences: the quasispeciest" . The quasispecies distribution
of HCV might have important biological consequences. It
has been proposed that this genetic heterogeneity allows
HCV to escape immune pressure and to establish chronic
infection. Furthermore, the existence of a heterogeneous
population of HCV may influence the outcome of antiviral
therapy; and resistance to treatment might result from
selection of minor viral populations during this therapy!'”.
Therefore, it is important to define accurately quasispecies
populations of HCV.

Many analyses of viral quasispecies of HCV have been
published. The majority of these studies have focused on
the most variable part of the HCV genome, hypervariable
region 1 (HVR1) of glycoprotein E2!"""%). Mutation of this
region of the genome is believed to be associated with viral
petsistence via immune escape mechanisms!!*". Tt is well
known that genetic heterogeneity of HCV extends
throughout the entire genome. However, it is still not known
whether significant mutation occurred in other regions of
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the HCV envelope genes during the chronic infection. In
addition, most studies assessing the diversity of HCV
quasispecies have been conducted by amplifying selected
portions of the genome by PCR, isolating individual
subgenomic fragments by a cloning product, and then
characterizing the nucleotide sequence of each clone!**"®.
Evaluating the diversity of HCV quasispecies in clinical
samples often requires the sequencing of a large number
of clones, but because of the effort and expense, published
studies have obtained sequence information from a small
number of colonies per subject.

Two recent developments enabled us to investigate
genetic variation of the HCV envelope genes and its
relationship with the outcome of acute hepatitis C. First,
we identified and characterized the long-term virologic
outcomes for five individuals with acute HCV infection.
Second, we developed a method for efficiently and
accurately chatacterizing the HCV quasispecies!"”*'l. In this
study, these resources were used to examine viral complexity
and distortion in amino acid sequences of subjects with
persistent viremia »s those with clearance of viremia.

MATERIALS AND METHODS

Patients and samples

From November 1998 to January 2002, 284 current
injection drug users (IDUs) totaling 125 HCV-infected
individuals have been monitored in Chongqing. Five
individuals were identified as HCV seroconverters when a
sample tested positive for antibody to HCV following at
least one negative result. After more than 3 years of
semiannual follow-up subsequent to seroconversion, two
distinct patterns of viremia were noted. For two subjects,
HCV RNA was undetectable for a minimum of 2 years in
at least two serum samples from each person. In contrast,
for three subjects, HCV RNA remained detectable in the
last sample tested. Clinical and virological backgrounds of
the subjects studied are summarized in Table 1.

Detection of serum virological parameters

These samples were tested for antibodies to HCV (HCV
EIA 2.0; Ortho Diagnostics Raritan, NJ) and, if these results
were positive, by a strip immunoblot assay (RIBA HCV
2.0; Chiron Corporation, Emeryville, CA). HCV RNA
was detected by a quantitative reverse transcriptase PCR
(RT-PCR) assay (AMPLICOR HCV MONITO, Roche
Diagnostic Systems, Branchburg, NJ), the linear range of
which was determined to be 500-500 000 copies/mlL of
serum by our and other laboratories™?. Liver tests,
including alanine aminotransferase (ALT) levels in serum,
were performed at the first clinical examination and repeated
during follow-up. Hepatitis B surface antigen, anti-HBc,
anti-HBe and anti-HIV IgM were negative in all subjects
detected by ELISA. HCV subtype was determined by the
RT-PCR-restriction fragment length polymorphism analysis
targeted to the 5’ non-coding region of the HCVP.

Envelope region amplification
HCV RNA characterization was based on examination of
33 cloned cDNAs spanning the 1 025-nucleotide (nt) region
thought to encode envelope protein E1 and a segment of E2,
including HVR1. Total RNA was extracted from 100 pL
serum using 500 pL of TRIzol LS Reagent (Life Technologies,
Gaithersburg, MD) at room temperature, followed by
chloroform extraction and isopropanol precipitation in the
presence of 20 pg of glycogen (Boehringer Mannheim,
Indianapolis, IN). The RNA pellet was washed with 75 mL/L
ethanol and then air dried briefly and redissolved in 50 pL.
of diethyl pyrocarbonate-treated water with 10 mmol/L
dithiothreitol (Promega, Madison, WI) and 5 U of RNasin
ribonuclease inhibitor (Promega). After incubation at 65 'C
for 5 min, 5 uL purified RNA was used to generate cDNA
in a 20-ul. reaction mixture at 37 ‘C for 1 h with 20 U of
Moloney murine leukemia virus reverse transcriptase
(Promega) and first-round PCR reverse primer.

The entire 20-uL. cDNA synthesis reaction mixture was

Table 1 Molecular, biochemical, and serological characterization of five HCV primary infections

Subjects Samples Age (yr) Duration of Genotype Loguo HCVRNA ALT level Result of
/sex infection (mo) [HCVRNA]* (nkat/L)? ELISA
A Al 30/M 0 3b 7.30 - 1833.70 -
A2 6 6.20 +++ 583.45 +
A3 14 5.30 +++ 616.79 +
B Bl 28/F 0 3b 7.50 - 1933.72 -
B2 6 6.40 +++ 1150.23 +
B3 12 6.90 +++ 1533.64 +
C C1 33/M 0 1b 6.41 +++ 683.47 +
2 24 5.25 +++ 383.41 +
a3 34 4.16 ++ 166.70 +
E El 20/M 0 la 6.80 +++ 4017.47 -
E2 3.5 4.20 ++ 766.82 +
E3 9 0 - 583.45 +
E4 24 0 - 400.08 -
F F1 28/M 0 1b 6.00 - 3 067.28 -
F2 2 5.60 +++ 1 066.88 +
E3 7 0 - 666.80 +
F4 18 0 - 483.43 -

"Number of HCV RNA molecules per milliliter plasma. Time zero is the time where the first sample was available; others indicate are times after time zero. ?Normal value,

<666.80 nkat/L.
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used for the first-round PCR in a 25-pLL reaction mixture
containing 0.75 U Expand HF polymerase mixture
(Boehringer Mannheim), 1.5 mmol/L. MgCl,, 0.2 mmol/L
concentration of deoxynucleoside triphosphates, and
500 pmol/L concentrations of primers. The mixed
oligonucleotides primers were used for RT-PCR (Table 1).
Degenerate bases are indicated with standard codes of the
International Union of Pure and Applied Chemistry.
Nucleotide positions were numbered according to the HCV-
J6 sequence. One microliter of the first-round reaction
mixture was added to the second-round PCR, which had
the same reagents as in the first round except for primers.
Thermal-cycling conditions for the inner and outer reactions
were pre-denaturation for 120 s at 94 “C, followed by 35
amplification cycles of 45 s at 94 'C, 45 s at 60 'C, and
120 s at 72 °C (during the last 25 cycles, the elongation
time was increased by 20 s per cycle).

Cloning of cDNA and complexity analysis of 33 cloned cDNAs
by gel shift
The 1-kb HCV ¢DNA product was ligated into vector pT-
adv and used to transform Escherichia coli TOP 10F’
competent cells (T'A Cloning kit; CLONTECH Laboratories,
Inc.). Transformants were detected according to the
manufacturer’s protocol, and cloning efficiency was >90%.
Then 80 g/L polyacrylamide gel electrophoresis was
cartied out with the addition of 150 g/L urea to increase
the resolution. For each subject, the gel shift patterns of 33
cloned cDNAs were examined by amplifying a 470-bp
sequence spanning E1 gene and 570-bp sequence including
HVRI, responsively, and by a nonradioactive method that
detected distinct variants within a sample by using a
combination of heteroduplex analysis (HDA) and single-
stranded conformational polymorphism (SSCP) on a single
gel (SSCP+HDA)!. Sequences obtained from the serial
passage wete analyzed by a divergent variant from the acute-
phase sample from each subject. A clonotype is defined as
two or more cloned cDNAs that have indistinguishable
patterns of electrophoretic migration by SSCP+HDA.
The complexity of the quasispecies was characterized
by the clonotype ratio, calculated as the number of
clonotypes divided by 33, the number of cloned cDNAs
examined™. The clonotype ratio therefore varied from
0.03 (homogenous) to 1.

Nucleotide sequencing

To examine each subject’s quasispecies for sighature sequences
(motifs uniquely shared by a group of sequences) and for
evaluations in the sensitivity of the SSCP+HDA method, a
subset of cloned cDNAs was identified. For each subject,
at least two cloned cDNAs were selected for sequencing
based on gel shift patterns: one from the majority clonotype,
another from each clonotype consisting of the cloned
cDNAs with the largest heteroduplex gel shift. Sequences
were positively determined from the M13 reverse primer
and negatively from T7 promoter binding sites of plasmid
clones by using a PRISM 377 DNA Sequencer (version
3.3; Applied Biosystems, Inc., Foster City, CA). Sequences
were assembled by using the ESEE3s program, and primer
sequences were removed prior to analysis.

Phylogenetic analysis
DNA distance matrices were calculated by using the
DNADIST program, maximum-likelihood, with a transition-
to-transversion ratio of 4.25%, and phylogenetic trees were
generated by the Neighbor-joining program with random
addition. Subtype reference sequences used for phylogenetic
analysis had the following GenBank accession numbers: 1a,
M62321; 1b, D10934; 2a, D00944; 2b, D10988; 3a,
D17763; 4a, Y11604; 5a, Y13184; 6a, Y12083.
Nonsynonymous substitutions per potential nonsynonymous
site (dN) and synonymous substitutions per potential
synonymous site (dS) were calculated by the method of
Nei and Gojobori?.

Statistical analysis

Quantitative values were compared using the Student’s
# test, the Kruskal-Wallis test or the analysis of the variance
when necessary. P values lower than 0.05 were considered
statistically significant. All statistical calculations were
performed by using the SPSS for Windows, version 8.0
software package.

RESULTS

Clonotypes detected by SSCP+HDA method
The SSCP+HDA used in this investigation showed that each
specimen contained a swarm of distinct but related variants
represented by clonotypes. The number of clonotypes within
the E1 region varied from 2 to 6 pet sample, and within the
E2/HVR1 region changed from 3 to 21 per sample. A
subset of clonotypes always persisted in E1 during serial
passages from each subject. In E2/HVR1 detived from
tive individuals, the subjects with self-limited viremia had
the persistence of clonotypes during serial passages, whereas
acute and chronic samples from persistent-infected cases
shared no clonotype (Figure 1).

The quasispecies complexity was examined by assessing
33 cDNA clones from each specimen using the clonotype
ratio of E2/HVR1. Serum samples collected from chronic
phase of infection had higher quasispecies complexity than
those collected from acute phase of infection (Figure 2),
but no trends were observed as clonotype ratio values changed
with the changes in circulating viral load (Figure 3).

Representative sequence analysis

Using SSCP+HDA to select representative cloned cDNAs,
we identified 26 distinct cloned cDNAs for sequencing
(Figure 4). The sequences of single variants from two
subjects (A and B) were 1 022 bp and the sequences from
two other subjects (C and F) were 1 021 bp, which had a
1-bp deletion, and those of subject E was 1 019 bp, which
had a 3-bp deletion. To determine the genetic identity of
cDNA clones of the same clonotype, two representative
sequences representing the majority clonotype were compared
for each specimen. No two-cloned cDNAs identified as
being distinct by SSCP+HDA analysis had identical
sequences, underscoring that the SSCP+HDA method was
both highly sensitive and specific in detecting differences
among cDNA clones, as previously reported. For each
majority clonotype, which of the two sequences was free
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Figure 1 Analysis by SSCP+HDA of the E2 region (including the HVR1) of HCV
in two HCV-positive IDUs. Clonotypes (groups of electrophoretically
indistinguishable cloned cDNAs) were assigned sequential letter designations
(a-p). As can be seen, the number of clonotypes in patient with clearance of
viremia (PA) E did not differ significantly after antibody seroconversion compared
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Figure 2 Clonotype ratio and outcome. Clonotype ratio values obtained for the
samples from five individuals at each time point were calculated as described
in Materials and methods.

of sporadic substitutions, one was used in all subsequent
analyses to represent that clonotype (Table 2).

Figure 5 displays a dendrogram illustrating E2 sequence
diversity in individuals from the two study groups. Sequences
from each individual tended to cluster tightly, segregated
away from clusters of sequences from other individuals in
the same genotype.

Genetic evolution of viral quasispecies and outcome of acute
infection
The genetic distances (genetic diversity) of the HCV

Table 2 Primers for amplification of E1 and E2 regions of HCV genome’
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with the pre-antibody seroconversion sample, and the clonotypes composition
remained largely unchanged during the follow-up. In contrast, the number of
clonotypes increased in patient with persistent viremia (PC) C, and the clonotypes
composition showed constant evolution during the follow-up.
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Figure 3 Correlation between HCV clonotype ratio and serum HCV RNA load.
No correlation was found between them (r = 0.2).

quasispecies were assessed by examining viral sequences
spanning the envelope genes both within and outside the
HVRI1 for intrahost evolutionary analysis (Table 3). Results
of these analyses revealed a difference in virus evolution
according to the outcome of the disease. During serial
passages, individuals who cleared viremia did not change
significantly in the genetic diversity, whereas those with
persistent viremia showed a marked increase in diversity.
When the genetic diversity both in the complete E1 and the
E2 regions outside HVR1, based on the analysis of 102
predicted amino acids, was analyzed, the viral diversity was

Region Designation Sequence 5to3 Position of 5
polarity base?
C/E2 P1 GCAACAGGGAAYYTDCCCGGITGCTC Outersense 837-862
P2 TTCATCCASGTRCAVCCRAACCA Outer antisense 2 020-1 998
P3 CCATGTGCTCYTTYTCTATCTTC Inner sense 855-874
P4 GTTTAAARCARTACACYGGRCCRCANAC Innerantisense 1882-1 857
C/E1 P3 CCATGTGCTCYTTYTCTATCTTC Sense 855-874
P5 GIRGGBGACCAGTTCATCATCAT Antisense 1333-1311
E2 P6 GGGAYATGATGATGAACTGGTC Sense 1306-1 327
P4 GTTTAAARCARTACACYGGRCCRCANAC Antisense 1 882-1 857

'Degenerate bases are indicated with standard codes of the international union of Pure and Applied Chemistry. Position of 5" base relative to the HCV genomic sequence

of the HCV J6 strain.
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Table 3 Comparison of changes in genetic diversity of viral strains in individuals with self -limited and persistent viremia'

Change in genetic diversity (x102)

Patient group Number of Time Interval
patients points? (wk) El HVR1 E2
Clearance 2 Bus A 3.7540.35 0.08+0.20 0.30+0.71 -0.37+0.04
Persistence 3 Bus A 12.67+9.86 -0.20£0.14 3.22+0.68° 0.1740.11
CusA 20.0+¢12.16 0.06+0.23 4.1042.35 0.21+0.39
BusC 7.3343.03 -0.26+0.11 -0.89+1.81 0.1540.71

!Genetic diversity was assessed by using the DNADIST program, maximum-likelihood. The data are represented as mean+SE. Negative values indicate a reduction in
genetic diversity of viral strains; positive values indicate an increase in genetic diversity of viral strains. ’The first time point (A) corresponds to the baseline, the second
(B) and the third (C) after antibody seroconversion.*P<0.05 time points B vs A of self-limited vs persistent viremia by unpaired Welch'’s  test.

Nucleotide sequences of envelope region at 3.5-mo serial samples from the subject £

El.1 855  ATGTGCTCTTTCTCTATCTTCCTCCTAGCCCTGCTTTCCTGCCTGACTGTGCCCGCTTCAGCCTACCAAGTGCGCAACTCCACGGGGCTTTATCATG 951 (26)
El.2 (4)
E2.1 (29)
E2.2 (3)
El.1 952 1 048 (26)
El.2 (4)
E2.1 (29)
£2.2 (3)
El.1 1 049 1 145 (26)
El.2 (4)
E2.1 (29)
E2.2 (3)
El.1 1 146 1 242 (26)
El.2 (4)
E2.1 (29)
E2.2 (3)
El.1 1 243 1 339 (26)
El.2 (4)
E2. 1 (29)
E2.2 (3)
El.1 1 340 1 436 (26)
El.2 (4)
E2. 1 (29)
E2.2 (3)
El.1 1 437 1 533 (26)
El.2 (4)
E2. 1 (29)
E2.2 (3)
El.1 1 534 CGAGACTCAGCAGACTGCTCTCACCGGGCGCAAAGCAGAATATCCAGCTGATCAACTCCAACGGCAGCTGGGACATCAATAGGACAGCCCTGAACTG 1 630 (26)
E1.2 -—G-————————- G O (4)
E2. 1 ——G-————————- G Cm—mmmm - (29)
E2.2 -G C (3)
El.1 1 631 TAACGACAGCCTCAACACCGGCTGGATAGCAGGGCTCTTTTACCACTACAAATTCAACTCTTCAGGCTGCCCCGAGAGAATGGCCAGCTGTCATCCT 1 727 (26)
El.2 (4)
E2. 1 (29)
E2.2 (3)
El.1 1 728 CTTACCGATTTTGCCCAGGGCTGGGGCCCTATCGGGTACGCCAATGGAAGCGGCCCCGACCATCGCCCCTACTGCTGGCACTACCCCCCAAGACCTT 1 824 (26)
El.2 (4)
E2. 1 T (29)
E2.2 (3)
El.1 1 825 GTGGTATTGTTCCGGCACAGAGTGTCTGTGGCCCGGTGTACTGTTTTAA 1 873 (26)

El.2 G G (4)

E2. 1 G G (29)

E2.2 G G G (3)

Nucleotide sequences of envelope region at 2-mo serial samples from the subject F
F1.1 855  ATGTGCTCTTTCTCTATCTTCCTTTTAGCCTTGCTATCCTGTTTGACCACCCCAGCTTCCGCTTACGAAGTGCGTAACGTGTCCGGGATATACCATG 951 (21)

T (2
T (23)
T (1
F1.1 952 TCACGAACGACTGCTCCAACTCAAGCATTGTGTATGAGGCAGCGGACCTGATCATGCATACCCCTGGGTGCGTGCCCTGCGTTCGGGAAGGCAACTC 1 048 (21)
T (2)
T T (23)
T T (1
FI.1 1 049 CTCCCGTTGCTGGGTAGCGCTCACTCCCACGCTCGCGGCCAGGAACGCCACGATCCCCACTGCGACAGTACGACGGCATGTCGATCTGCTCGTTGGG 1 145 (21)
T T T — (2)
T T (23)
T T (1
FI.1 1 146 GCGGCTGCTTTCTCTTCCGCCATGTACGTGGGGGATCTCTGCGGATCTGTTTTCCTTGTCTCTCAGCTGTTCACCTTCTCGCCTCGCCGGTATGAGA 1 242 (21)
T (2)
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F2.1 (23)
F2.2 (1)
F1.1 1 243 CAATACAGGACTGCAATTGCTCAATCTATCCCGGCCACGTAACAGGTCACCGCATGGCTTGGGATATGATGATGAACTGGTCGCCTACAACAGCTCT 1 339 (21)
F1.2 (2)
F2.1 (23)
F2.2 e (1)
F1.1 1 340 AGTGGTGTCGCAGTTACTCCGGATCCCTCAAGCCGTCATGGACATGGTGGTGGGGGCCCACTGGGGAGTCCTGGCGGGCCTTGCCTACTATGCCATG 1 436 (21)
F1.2 A (2)
F2.1 (23)
F2.2 (1)
F1.1 1 437 TCCATGGTGGGGAATTGGGCTAAGGTTTTGATTGTGATGCTACTCTTCGCCGGCGTTGATGGGGATACCTACGCGTCTGGGGGGGCGCAGGGCCGCT 1 533 (21)
F1.2 (2)
F2.1 (23)
F2.2 (1)
F1.1 1 534 1 630 (21)
F1.2 (2)
F2.1 (23)
F2.2 (1)
F1.1 1 631 1 727 (21)
F1.2 (2)
F2.1 (23)
F2.2 (1)
F1.1 1 728 CGCCCCATTGATACATTCGATCAGGGCTGGGGCCCCATCACTTATACTGAGCCAGATAGCTCGGACCAGAGGCCTTATTGCTGGCACTACGCGCCTC 1 824 (21)
F1.2 T (2)
F2.1 T (23)
F2.2 T (1)
F1.1 1 825 GAAAGTGCGGCATCGTACCTGCGTCGTGTGCGGTCCAGTGTATTCTTTTAA 1 875 (21)

F1.2 G (2)

F2.1 G (23)

F2.2 T G (1)

Nucleotide sequences of envelope region at 14-mo serial samples from the subject A

Al 1 855 ATGTGCTCCTTTTCTATCTTCCTCCTCGCTCTCTTCTCCTGCTTGACTTGCCCCGCGTCTGGTCTAGAGTACAGGAACACGTCCGGCCTATACATAC 951 (27)
Al 2 C (1)
A2.1 (15)
A2.2 (2)
A3. 1 (12)
A3.2 e (e (2)
Al 1 952 TTACCAACGACTGCTCTAACAAGAGCATTGTGTATGAGGCCGACGATGTAATCTTGCACTCACCCGGATGTGTGCCCTGCACCGCGACCGGCAACAA 1 048 (27)
ALL2 A - (1)
A2.1 e T A Cc- (15)
A2.2 e T A c- (2)
A3 1 e G C- (12)
A3.2 e e G A - (2)
Al.1 1 049 GACATCGTGCTGGACACCAGTGTCACCAACAGTGGCCGTCAGATATCCTGGCGCGACCACCGCATCGATCCGCGGTCACGTGGATATGCTGGTGGGC 1 145 (27)
8 T T (1)
3 T (15)
A2.2 T (2)
A3.1 e (e (12)
A3.2 e T O T G-—=T-——————~ (2)
Al.1 1 146 GCGGCCACGTTGTGCTCAGCACTATACGTCGGGGACCTCTGCGGGGCCGTGTTCCTTGTGGGGCAAGCATTCACCTTCAGGCCTCGCCGACACGCGA 1 242 (27)
8 (1)
A2.1 ¢ (15)
A2.2 A A ¢ (2)
A3.1 (12)
A3.2 (2)
Al.1 1 243 CTGTACAGACGTGCAACTGCTCAATCTACCCAGGCCACATTTCAGGACATCGTATGGCGTGGGATATGATGATGAACTGGTCTCCTGCAGTCGGGCT 1 339 (27)
Al.2 C (1)
A2.1 C C A (15)
A2.2 c c A (2)
A3.1 C--C-——-A (12)
A3.2 T C-—C——-A (2)
Al.1 1 340 GTTAATATCACACTTAATGCGGTTGCCCCAAACCTTCTTTGACCTGGTCACAGGGGCCCACTGGGGCGTAATGGCAGGCCTCGCCTATTTTTCCATG 1 436 (27)
AL 2 -——G -G (1)
A2. 1 G C-—--T G c--C (15)
A2.2 G T--C-——-T G c--C (2)
A3. 1 -——G G T G G c (12)
A3.2 G T G G c (2)
Al.1 1 437 CAAGGTAACCGGGCCAAGGTCGGCATCGTGCTGATCATGTTCTCGGGAGTGGATGCGGGCACGTACACCACTGGTGGCTCCGCGGCCCGCACTGCTT 1 533 (27)
Al 2 T T (1)
A2.1 T A A C-—-C-—-A T---CA-G-—— (15)
A2.2 -G T A A C—C——-A T-—CA-A——- (2)
A3. 1 T T T A A C———AA-AT-————— G———— (12)
A3.2 T T T AC———A G——C———AA—-T-———— GG———- (2)
Al.1 1 534 CCGGGCTTGTGGGCCTGTTCTCCTCGGGCCCGCAACAGAACCTGCACTTAGTGAATTCCAACGGGTCGTGGCACATCAATAGCACTGCCCTGAATTG 1 630 (27)
Al.2 T (1)
A2.1 AGC GG T C (15)
A2.2 AGC G——G T C (2)
A3. 1 G GG A-T A C T (12)
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A3.
Al.
Al.
A2.
A2.
A3.
A3.
Al.
Al.
A2.
A2.
A3.
A3.
Al.
Al.
A2.
A2.
A3.
A3.

R L e R R U (U R (CR I R )

1 631

1728

1 825

——————————— O e e e B O a T
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Figure 4 Alignment of nucleotide sequences of E1 and the 5" half of E2 including different samplings, while in the last column the numbers indicate the number of
HVR1 for the majority sequences and each sequence from each subject A, B, cloned cDNAs (out of 33 assessed for each sample) with SSCP+HD pattern.

C, E and F at different time points. In the first column, alphabetical labels indicate Dashes indicate identity to the nucleotide at the position in the first sequence.
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Figure 5 Unrooted tree showing the diversity of 384-nt E2 sequences from
subjects. Letters represent individuals who cleared viremia (e and f) and those
with persistent viremia (a-c), and lowercase numbers indicate the different
clones obtained. The number and line at the bottom denote the proportion of
nucleotides substituted for a given horizontal branch length. Dendrograms were
produced using the Neighbor-joining program.

consistently lower than within HVRI1 in individuals with
persistent viremia. To investigate whether the different
patterns of viral variation were due to positive selection,
dN and dS both within and outside HVR1 were measured
by comparing the sequences obtained at each time point
from each subject with the sequence of the first time point
(Figure 0). For individuals with persistent viremia, the mean
number of dN within HVR1 predominated and gradually
increased, compared to that in the E1 and E2 regions
outside HVR1. However, these differences did not reach
significance. By contrast, both dN and dS for the E1 and
E2 regions including HVR1 was consistently lower in
individuals with clearance of viremia. These data indicated
that HCV persistence was associated with genetic evolution
of the viral quasispecies and positive selection of HVR1
by the host immune system.

) 0-007 ]
s dN
@ 0.006 -
aQ ods
]
£ 0.005
& 0.004
3
© 0.003 -
c
£ 0.002
=
3 0.001 -
%0000,[ ~ Db LL
' E1 HVR1 E2 outside E1 HVR1 E2 outside
HVR1 HVR1

Figure 6 Nonsynonymous rate and synonymous rates of mutations for the E1,
HVR1 and E2 regions outside HVR1 from five individuals.

DISCUSSION

This study, using PCR clones derived from two regions of
the HCV envelope sequence E1, and E2/HVRI1, which
possessed different degrees of nucleotide sequence variability,
showed that the SSCP+HDA might be applicable to the
investigation of HCV genetic diversity at the intrahost level.
Sequence differences in a relatively large number of clones
from a subgenomic fragment (33 per sample) could be
screened during a single procedure. Clones yielding differing
gel migratory positions were rapidly identified to be processed
turther for nucleotide sequencing analyses if required. In
each individual there was a major variant (most commonly
observed) examined in E1, accompanied by minor variants,
which were neatly always found in subsequent specimens
in serial infection. The persistence of some variants through
serial passage might indicate that E1 had functional
constraints on genetic variation, such as RNA secondary
structure or binding sites factors that regulated replication
or translation?”. However, two different patterns of the
evolution of quasispecies in E2 emerged during the acute
phase of HCV infection: in subjects with clearance of
viremia, the number of viral variants within quasispecies
was reduced and the quasispecies composition remained
largely unchanged during the follow-up, while in subjects
with persistent viremia, the number of viral variants increased
during persistent infection and quasispecies showed constant
evolution thereafter, suggesting that the dynamics of viral
quasispecies during HCV primary infection might contribute
to the outcome of HCV infection. These data showed that
the interplay between different HCV strains and hosts might
resultin different, perhaps unique, quasispecies compositions.

The assessment of quasispecies diversity, as opposed to
complexity, requires sequencing procedures to be carried
out. These are particularly necessary to define sequence
changes in the minority variants. Sequencing of inserted
E1 and E2/HVR1 clones derived from all five subjects
showed that variation in sequences of the minority variants
involved single-nucleotide substitutions from majority
variant, accounting for the tight clustering of sequences
seen in a dendrogram. These data were consistent with
quasispecies evolution from a single HCV founder strain
and again pointed to the rarity of multiple HCV carriage in
IDUsP". Despite the vulnerability of IDUs to HCV multiple
transmission through a variety of unknown routes, we found
no evidence of mixed HCV genotype infection, neither did
we find higher quasispecies complexity nor genetic distance
values in the first samples from the subjects with persistent
viremia compared to the subjects with clearance of viremia.
These findings demonstrated that the multiple HCV
transmission events hypothesized to occur in IDUs, for
various reasons, might not be associated with an increase in
genetic complexity.

From a mechanistic perspective, variation with the
HCV genome is assumed to be caused by random mutation
and selection of variants, which are most fit to propagate
in a given host. For example, in the immunocompetent
host, antibodies directed against envelope gene product
appear to play an important role in shaping quasispecies
repertoires®*". However, in protein-coding regions,
multiple forces affect the balance between fixation of silent
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(synonymous) mutations »s those that alter amino acid
sequence (nonsynonymous). Synonymous mutations are often
thought to represent a molecular clock, independent of
external pressure and expected to occur at a rate proportional
to the organism’s reproductive rate, whereas nonsynonymous
mutations are selected by immune pressurel!. We also
evaluated the E1, HVR1, and E2 regions outside HVR1
for synonymous and nonsynonymous substitutions. As
shown in Figure 3, the rates of synonymous substitutions
predominated and increased over time in the E1 and E2
regions. In contrast to the rates of substitutions found
in the E1 and E2 regions outside HVR1, the rate of
nonsynonymous substitutions predominated in the HVR1
region. A higher accumulation rate of nonsynonymous
substitutions seen in individuals with persistent viremia was
correlated with the greater genetic diversity, being consistent
with a positive selection for change within HVR1. Published
data from acute hepatitis C showed that viral genetic diversity
in resolving patients was considerably less than in those
who progressed to chronic disease, and crucially, that
nonsynonymous substitutions in HVR1 were more common
in rapid and slow progressors, compared with the resolving
casesP’). The data of this study confirmed further that this
region might be under selective pressure by the host immune
system.

No correlation between the quasispecies complexity and
serum viral RNA levels demonstrated in this study does
not support the concept that viral quasispecies arise as a
consequence of the limited fidelity of HCV replication.
Although our data demonstrates the importance of immune
pressure in the evolution of HCV quasispecies, selection
of quasispecies in hepatocytes, both iz vivo and 7n vitro, may
result from the replication of a small subset of viruses due
either to random sampling or to selection of only a few fit
variants®**¥. Direct competition between virus strains,
resulting in interference preventing simultaneous continuous
infection by closely related variants, could also be possible.

In summary, the current study demonstrates the
adaptation of the SSCP+HDA method or characterizing
and tracking HCV quasispecies by analyzing multiple regions
of the HCV genome in individuals with different outcomes
of acute hepatitis C. This approach allows a larger number
of patients and a larger proportion of the HCV genome to
be analyzed than prior longitudinal studies of quasispecies
diversity. We conclude that HCV persistence may be
associated with a complexity of quasispecies and positive
selection of HVR1 by the host immune system, and we
postulate that both host and viral factors can play important
roles in the pathogenesis of chronic hepatitis C in human
populations. Further research is necessary to determine the
extent to which the observed results are due to a different
type of immune response in immunosuppressed patients
compared with the immunocompetent host, a replicative
advantage of quasispecies populations for certain HCV
subgenotypes, and/ ot tropism of quasispecies variants for
hepatic »s nonhepatic compartments.
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