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Using both a mass spectrometry-based method and the classical method of cloning and sequencing, we
demonstrated weekly changes in the hypervariable region 1 quasispecies of a chimpanzee infected with an
infectious clone, coinciding with neutralizing antibody emergence. We also used the mass spectrometry method
in the clinical follow-up of a chronically infected patient over a 5-year period.

The hepatitis C virus (HCV) exists within a host as a heter-
ogeneous population of closely related mutants, a “quasispe-
cies.” The most studied domain of the HCV genome, in term
of quasispecies, has been hypervariable region 1 (HVR1), con-
sisting of 27 amino acids amino terminal to the E2 glycopro-
tein. Mutations in HVRI1 often cause changes in the predicted
secondary structure (17). A high rate of mutation in HVR1
likely occurs in part because it is not essential (10) and, since
it contains neutralizing epitopes (8), because of immune selec-
tive pressure (13, 17, 19). Some HVRI variants have been
shown to be immune escape mutants (4, 5, 16). Studies have
shown that a decrease in the diversity of quasispecies in HVR1
at the amino acid level at the time of seroconversion was
predictive of viral eradication (7) and a decrease in diversity
during interferon treatment was predictive of a sustained re-
sponse (9). Among patients with progressive hepatitis, the rate
of nonsynonymous mutations in HVR1 was higher than among
patients with resolving hepatitis; synonymous mutation rates
were comparable (7). These observations highlight the signif-
icance of nonsynonymous mutations.

We previously described a method to assess the changes in
HVR1 amino acid sequences of mutants by in vitro translation
of the amplicon mix and analysis of the resulting peptide mix
by matrix-assisted laser desorption ionization—time of flight
(MALDI-TOF) mass spectrometry. This method is less costly
and faster than the classical method of cloning and sequencing
multiple clones (7, 9). Other rapid methods, such as single-
strand conformation polymorphism and heteroduplex assays,
may not distinguish between synonymous and nonsynonymous
mutations. In this study, we used the MALDI-TOF method to
follow HVR1 quasispecies evolution in an experimentally in-
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fected chimpanzee and applied it to the clinical follow-up of an

immunosuppressed patient with chronic hepatitis C virus.
Chimpanzee 1530 was infected by intrahepatic inoculation

of RNA transcripts from an infectious clone of HCV genotype

TABLE 1. Comparison of molecular masses calculated from
sequences and observed by mass spectrometry”

Predicted molecular mass Observed molecular

Wk (Da) (cloning frequency) mass (Da)

52 7,101.5 (50/50) A 7,102.85 = 1.60 A

54 7,101.5 (12/22) A 7,103.33 = 0.90 A
7,107.5 (3/22) B 7,075.26 =333 C
7,080.5 (2/22)
7,073.5(2/22) C
7,101.5 (2/22)
7,165.6 (1/22)

55 7,107.5 (4/19) B 7,106.98 = 2.77B
7,080.5 (3/19) 7,082.17 = 5.68 E
7,165.6 (3/19) D 7,166.30 = 2.38 D
7,110.5 (3/19) 7,048.26 = 5.03 F
7,085.5 (3/19) E
7,101.5 (1/19)
7,103.5 (1/19)
7,062.5 (1/19)

56 7,107.5 (6/11) B 7,107.14 = 2.08 B
7,080.5 (2/11) 7,083.99 =339E
7,085.5 (1/11) E 7,167.75 = 0.98 D
7,043.4 (1/11) F
7,165.6 (1/11) D

59 ND 7,111.46 = 2.58

7,085.44 + 299 E
7,047.31 = 398 F
7,168.73 = 2.03 D

“ For the calculation of molecular masses, the amino acid sequence in Fig. 1 was

used as well as the amino acid sequence encoded by the primers; posttranslational
modifications were taken into account. For details, see reference 1. For the observed
masses, three measurements were taken. Results are given as means * standard
deviations. Tentative associations between clones identified by the two methods are
indicated by the same letter, taking into account the precision of the MALDI-TOF
method (1) and the clone frequency. ND, not done.
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FIG. 1. Characterization of HVR1 quasispecies by cloning and sequencing of the amplicons in chimpanzee 1530. The amino acid sequences,
compared to that of the original clone, are displayed in the first column. The predicted secondary structures (calculated with the GOR IV method)
are displayed in the second column. H, helical (a-helix); E, extended (B-sheets); C, coil.

la strain H77 (20). The housing, maintenance, and care of the
chimpanzee met and exceeded all relevant guidelines and re-
quirements. Reverse transcription-PCR of HVRI1 for cloning
and sequencing analysis was carried out as described previ-
ously (3, 7). Reverse transcription-PCR and MALDI-TOF
analysis of HVR1 were done as described previously (1). Three
different in vitro translations were done for each PCR; the
molecular mass for each peptide was taken as the average =*
standard deviation. Secondary structures of HVR1 were cal-
culated from the sequences of HVRI1 and the E2 glycoprotein
(H77 strain) by using the Garnier-Osguthorpe-Robson (GOR)
method (12), version IV (11), as implemented for GOR sec-
ondary structure prediction (http://abs.cit.nih.gov/gor/).

The HCV population remained clonal for about 1 year.
Beginning at week 54, new sequences appeared and the HVR1
quasispecies changed very rapidly (Fig. 1). Weekly samples
collected during weeks 50 to 59 were analyzed by MALDI-
TOF (Fig. 2). By this method, it was found that the earliest
detectable changes occurred at week 54, and by week 55 and
onward, the original clone was no longer detectable (Fig. 1 and
2). In Table 1, the predicted molecular masses of the peptides,
calculated as described previously (1), are compared to the
observed masses. Previous estimates (1) showed that a mutant
must have a frequency of more than 5% to be identified by

MALDI-TOF. Because of stochastic variations, mutants present
at a low frequency may not be detected by both methods
(Table 1), although overall cloning and sequencing identified
more mutants. It is noteworthy that by both methods, HVR1
quasispecies, originally a monoclonal population, underwent a
rapid diversification, with disappearance of the original clone.
This occurred at a time when the viral load was in fact decreas-
ing (see Fig. 2A in reference 14). It is remarkable that the rapid
variation in HVRI1 quasispecies occurred exactly at the time
when an antibody response against the original HVR1 peptide
sequence was peaking (as measured by an enzyme immunoas-
say using a synthetic peptide corresponding to the original
HVRI sequence [14]). This anti-HVR1 response also coin-
cided with the appearance of neutralizing antibodies against
the original virus (14). These observations support the con-
cepts that some HVR1 mutants are immune escape mutants
and that quasispecies changes in HVR1 are one of the mech-
anisms by which HCV maintains a chronic infection. The
changes in the amino acid sequences were also associated with
significant changes in the predicted secondary structure in al-
most all mutants (Fig. 1). Changes in sequence and predicted
secondary structure have previously been reported in associa-
tion with immune escape mutants (17). The idea that the
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FIG. 2. Weekly changes in HVRI1 quasispecies in chimpanzee 1530 observed by mass spectrometry measurements of translated amplicons.

secondary structure is correlated with epitope recognition has
been invoked for other viruses e.g., parainfluenza virus 3 (18).

The MALDI-TOF method was also applied to the clinical
follow-up of a pediatric immunosuppressed patient chronically
infected with HCV genotype 1a (genotype determined as de-
scribed previously [2, 15]). The study was approved by the
Research Ethics Board of The Hospital for Sick Children, and
the patient and his legal guardians consented to the publica-
tion of the results. Longitudinal observations integrating HCV
viral load (measured using the bDNA assay Bayer VERSANT

HCV RNA 3.0), alanine aminotransferase (ALT) levels, and
quasispecies in HVRI1 are displayed in Fig. 3; the patient
underwent heart transplantation at week 0. The clinical evo-
lution initially showed a rise in viral load along with diversifi-
cation of an originally very homogeneous HCV population. A
first inflammatory flare-up, indicated by a rise in ALT levels,
around week 117 coincided with “pruning” of the quasispecies
and was followed by a decrease in viral load and the normal-
ization of ALT levels. A subsequent increase in viral load was
also accompanied by quasispecies diversification; a second
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flare-up in ALT levels was accompanied by a decrease in viral
load and a change in quasispecies, resulting in mutants not
previously observed. These findings are consistent with the
hypothesis that HVR1 diversification is followed by immune
reaction (presumably mostly humoral) targeted at new mu-
tants, resulting in inflammation and pruning of the quasispe-
cies. This is consistent with observations by Farci et al. (6), who
showed that among vertically infected children, elevated ALT
levels were associated with a mono- or oligoclonal viral popu-
lation, whereas in children with normal or slightly elevated
ALT levels, the viral quasispecies was shown to gradually di-
versify. In our patient, where the immune response is blunted,
the increase in viral replication may play a greater role in viral
evolution. Nonetheless, episodes of inflammation still coin-
cided with the elimination of some HVR1 mutants and a de-
crease in viral load. Currently, attempts at therapy for this
patient would not be justified, because treatment regimens that
include alpha interferon cannot be used in this clinical situa-
tion. In general, however, clinical monitoring of HVRI1 quasi-
species could help in choosing an optimal time for therapy
initiation. As noted by Farci et al., a reduction in diversity was
consistently associated with sustained viral clearance (9). It is
therefore tempting to speculate that initiating therapy at a time
of low diversity may further improve treatment efficacy. Be-
cause of its practicality, the MALDI-TOF-based method could
therefore play a helpful role in the monitoring and treatment
of patients.

This research was supported by a grant from the Canadian Institutes
of Health Research and by the Intramural Research Program of the
National Institutes of Health.
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