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Two chimpanzees, 1535 and 1536, became persistently infected following inoculation with RNA transcripts
from cDNA clones of hepatitis C virus (HCV). Analysis of the HCV genomes from both animals showed an
accumulation of amino acid substitutions over time. The appearance of substitutions in the envelope genes was
associated with increased antienvelope antibody titers. However, extensive mutations were not incorporated
into hypervariable region 1 (HVR1). A comparison of the nonsynonymous substitution rate/synonymous
substitution rate was made at various time points to analyze selective pressure. The highest level of selective
pressure occurred during the acute phase and decreased as the infection continued. The nonsynonymous
substitution rate was initially higher than the synonymous substitution rate but decreased over time from 3.3
� 10�3 (chimpanzee 1535) and 3.2 � 10�3 (chimpanzee 1536) substitutions/site/year at week 26 to 1.4 � 10�3

(chimpanzee 1535) and 1.7 � 10�3 (chimpanzee 1536) at week 216, while the synonymous substitution rate
remained steady at �1 � 10�3 substitutions/site/year. Analysis of PCR products using single-stranded con-
formational polymorphism indicated a low level of heterogeneity in the viral genome. The results of these
studies confirm that the persistence of infection is not solely due to changes in HVR1 or heterogeneity and that
the majority of variants observed in natural infections could not arise simply through mutation during the time
period most humans and chimpanzees are observed. These data also indicate that immune pressure and
selection continue throughout the chronic phase.

Hepatitis C virus (HCV) was first identified in 1989 (6) and
is the major causative agent of parenterally transmitted non-A,
non-B hepatitis. In general, chronic infections in chimpanzees
exhibit only very mild hepatitis, while a wide spectrum of dis-
ease is observed in humans, ranging from nonapparent to mild
to severe chronic active hepatitis or end-stage cirrhosis and,
potentially, hepatocellular carcinoma (25). However, the more
serious forms of chronic liver disease in association with HCV
in humans are usually not seen until at least the third decade
after infection. Very few chimpanzees have been monitored for
that length of time; therefore, similar long-range illnesses in
this animal model cannot be excluded.

The mechanisms leading to viral persistence, which is asso-
ciated with the more severe forms of liver disease, are as yet
undefined. Any single HCV isolate exists as a quasispecies with
sequence variability throughout the RNA genome (3, 27). This
variation could lead to evasion of the host immune response
through the selection of neutralizing antibody or cytotoxic T-
lymphocyte escape mutants and thereby the establishment of

persistent infection. Evidence for both types of escape mutants
have been reported in HCV infections (4, 7, 13, 31). Reports
have indicated that hypervariable region 1 (HVR1), located in
the N terminus of the E2 protein, evolves more rapidly in vivo
than the rest of the viral genome (15, 18) and that it plays a
major role in the maintenance of persistent infections (re-
viewed in reference 17). Previous studies have hypothesized
that a higher complexity of virus species provide an indicator of
progression to chronicity, particularly in HVR1 (8, 24). How-
ever, RNA transcribed from an infectious cDNA clone lacking
HVR1 caused a persistent infection in a chimpanzee, indicat-
ing that this region is not essential for infection or persistence
(10).

The quasispecies nature of natural isolates makes it impos-
sible to distinguish true de novo mutations. In this study, we
have examined the molecular evolution of HCV over a 4-year
period in two chimpanzees infected with a virus consisting of a
single sequence as the starting population. The predominant
circulating virus at different times after infection was analyzed
by direct sequencing of PCR amplicons. We have been able to
monitor the true accumulation of mutations in the HCV ge-
nome in chimpanzees over time relative to host responses and
viral kinetics. We propose that the majority of variant se-
quences observed during infections with quasispecies isolates,
particularly multiple substitutions observed in HVR1, arise
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primarily through selection of sequence variants already
present in the pool of quasispecies rather than by mutation
during the time period most humans and chimpanzees have
been observed. Our studies indicate that even over several
years only single-amino-acid mutations become fixed at distinct
sites and that many more years of infection would be required
before significant sequence changes would be achieved.

MATERIALS AND METHODS

Chimpanzees. The housing, maintenance, and care of the chimpanzees used in
this study met requirements for the humane use of animals in scientific research
as defined by the National Institutes of Health. Chimpanzee 1535 (Ch1535) and
chimpanzee 1536 (Ch1536) were inoculated with H77 RNA transcripts by direct
intrahepatic injection (14). Serum samples and liver biopsy samples were col-
lected from the animals for RNA extraction and enzyme-linked immunosorbent
assay testing.

RNA extractions and real-time RT-PCR. Total RNA was prepared from 100
�l of a serum sample or a section of a liver biopsy sample with an area of
approximately 1 mm3 using TRIzol (Life Technologies, Gaithersburg, Md.) as
previously described (16). RNA pellets were resuspended in 10-�l portions of
RNasin-dithiothreitol-water (0.2 U of RNasin per �l of water, 10 mM dithio-
threitol) (Promega, Madison, Wis.) and stored at �80°C until use. Negative
controls, in the form of serum samples from Ch1535 and Ch1536 prior to
inoculation or serum samples from uninoculated chimpanzees, were included in
all extractions. RNA levels in serum samples were quantified by real-time reverse
transcription-PCR (RT-PCR) (22).

RT-PCR. RT of purified RNA was performed using the first-strand cDNA
synthesis kit (Pharmacia, Uppsala, Sweden) according to the manufacturer’s
instructions, and 10 pg of random hexamers in a 15- or 33-�l reaction mixture
volume. Nested PCRs, consisting of 40 cycles each, were performed on RT
products using the Expand High Fidelity PCR system (Boehringer Mannheim,
Indianapolis, Ind.) as previously described (16). The HCV genome was amplified
as overlapping 400- to 1,100-bp fragments. Primer sequences were based on the
cDNA consensus clone (designated p90) used for the synthesis of the original
RNA transcripts inoculated into Ch1535 and Ch1536.

Sequence analysis of PCR products. Following PCR, specific fragments were
isolated from ethidium bromide-stained gels using Genelute agarose spin col-
umns (Sigma, St. Louis, Mo.) according to the manufacturer’s instructions. Se-
quencing reactions were performed by SeqWright (Houston, Tex.) using HCV-
specific primers, and the data were analyzed using the DNAstar (Madison, Wis.)
sequence analysis package.

Enzyme-linked immunosorbent assay for E1E2- and HVR1-specific antibod-
ies. Sera were tested for HCV-specific antibodies using purified E1E2 protein or
biotinylated peptides covering amino acids 384 (aa 384) to 410 of the HCV
polyprotein as previously described (16). Mean optical density (OD) values were
expressed as P/N ratios calculated by dividing the OD at 405 nm for test sera after
infection by that obtained for preimmune serum. The cutoff value was taken as
P/N � 2.

SSCP analysis of PCR products. Single-stranded conformational polymor-
phism (SSCP) analysis was performed using 20 ng (5 �l) of 164- to 176-bp PCR
products denatured with 5 �l of 95% formamide. Products were generated by
amplification of cDNA obtained by random-primed RT of viral RNA extracted
from serum. DNA was resolved on 8% polyacrylamide–1� Tris-borate-EDTA
gels (Novex; Invitrogen). Gels were prerun for 30 min at 100 V and 18°C, then
loaded, and run for an additional 2 h at 100 V. Bands were visualized by silver
staining.

RESULTS

Viral kinetics during persistence. Figure 1A and B show the
HCV titer and alanine transaminase (ALT) levels in Ch1535
and Ch1536, respectively, since infection in 1996. There was an
exponential increase in viral RNA in both animals following
infection, peaking at �106 RNA copies/ml within the first 10 to
12 weeks. ALT elevations, indicative of cellular immune re-
sponses in the liver, led to rapid decreases in RNA titers to
between 104 and 105 RNA copies/ml; however, both animals
developed persistent infections.

Serum RNA titers were measured periodically over a 4-year
period. The titers fluctuated during that time in both animals,
but the titers in Ch1535 consistently remained approximately
0.5 log10 unit higher than those in Ch1536. Greater fluctuations
in viral RNA titers seemed to correlate with greater fluctua-
tions in ALT levels, suggesting that cellular immune responses
were active in the liver during these time points. Despite indi-
cations of immune responses in both animals throughout the
infection, there was no clearance and viral titers remained at or
above 104 RNA copies/ml.

HCV genome analysis. The predominant circulating virus
from each animal was analyzed for mutations at 26 (Ch1535)
or 22 (Ch1536), 60, 130, and 216 weeks postinfection (p.i.).
Analysis of the viral genome sequence isolated from Ch1536 at
week 22 indicated no substitutions; therefore, a sample from
week 26 was analyzed from this animal. Overlapping fragments
were amplified by PCR and directly sequenced. The observed
nucleotide and amino acid changes are shown for each animal
in Tables 1 and 2.

All but two of the mutations observed at earlier time points
were maintained in the viral genomes at subsequent sample
dates. This maintenance of the majority of the amino acid
substitutions in the circulating virus genome over time con-
firms that these are not spontaneous PCR errors and that they
possibly confer a replicative advantage to the virus in these
hosts either through immune escape or adaptation specifically
to the chimpanzee. The observation that no mutations were
shared between the two animals during the early, presumably

FIG. 1. Clinical and virologic responses up to 216 weeks p.i. in
Ch1535 (A) and Ch1536 (B) after inoculation with RNA transcripts
representing the HCV infectious cDNA.
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adaptive, phase or that mutations did not become dominant
until more than 20 weeks into the infection argues more in
favor of immune selection or adaptation through regulation of
gene expression to maintain persistence.

Positive versus negative or random selection. The substitu-
tion rates per codon site per year after 60 weeks were calcu-
lated as 1.57 � 10�3 (Ch1535) and 1.48 � 10�3 (Ch1536)
substitutions/site at the nucleotide level and 2.59 � 10�3

TABLE 1. Nucleotide and amino substitutions observed in the predominant circulating virus from serum samples from Ch1535a

HCV region NT NT changeb AA AA changeb
Substitutionc at wk:

26 60 130 216

C 362 T-C x x x

E1 1199 T-C x x
E1 1339 T-C 333 V-A X
E1d 1453 T-C 371 V-A X X
E1d 1458 G-C 373 V-L X X X

E2 1512 A-G 391 S-G X X
E2 1613 C-T x x x
E2 1673 G-T 444 Q-H X X
E2 1773 A-G 478 S-G X X X
E2 1786 A-T 482 E-V X
E2 1997 T-C Mixede

E2 2351 A-G Mixede

E2 2402 C-T x x
E2 2499 G-A 720 V-I X X X

p7 2603 C-T x x x
p7 2629 A-G 763 H-R X X
p7 2638 T-C 766 V-A X X X X
p7 2693 C-T x x

NS2 2916 G-A 859 V-M X X X
NS2 3173 T-C x x x
NS2 3350 T-C x x

NS3 3431 G-T x x
NS3 3632 C-G x x x
NS3 3749 C-T x x
NS3 3764 C-T x x
NS3d 4672 T-A 1444 F-S X X
NS3 4703 C-T x x
NS3 4766 C-T x x
NS3 4938 G-C 1533 A-P X X X X
NS3d 5244 G-A 1635 V-I X X X X

NS4A 5440 T-C 1700 V-A X X

NS4B 5575 T-C 1745 V-A X X
NS4B 5742 C-T x x
NS4B 5870 A-G x
NS4B 5900 A-G x x
NS4B 6083 A-G x x
NS4B 6104 C-T x x x

NS5A 6687 A-G Mixede

NS5A 6802 A-T 2154 Y-F X
NS5A 6947 G-A x x x
NS5A 7028 T-C x x

NS5B 7796 G-T 2485 Q-H X X X
NS5B 7799 C-A 2486 D-E X
NS5B 8243 G-C x
NS5B 8552 C-T x x
NS5B 8624 G-A x x x
NS5B 9008 C-T x x
NS5B 9338 C-T x

a Nonsynonymous mutations are shown in boldface type. NT, nucleotide; AA, amino acid.
b NT and AA changes are shown with the original NT or AA before the hyphen and with the new NT or AA after the hyphen.
c Substitutions observed at weeks 26, 60, 130, and 216 p.i. The presence of a synonymous (x) or nonsynonymous (X) substitution is indicated.
d Located in previously identified human or chimpanzee T-cell epitopes.
e “Mixed” indicates that both the original and the new NT sequences were observed as mixed peaks on the electropherogram.
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(Ch1535) and 2.88 � 10�3 (Ch1536) substitutions/site at the
amino acid level. A method to distinguish positive selection
from random accumulation of mutations is to compare the
nonsynonymous (protein sequence-altering changes) substitu-
tion rate (dN) with the synonymous (silent) substitution rate
(dS). These comparisons are shown in Fig. 2A for each animal

at each sampling time point. It is significant that for both
animals the mutations observed early were 100% nonsynony-
mous, suggesting that the greatest level of selective pressure
occurs during this early phase. When the substitution rates
were calculated at the later time points, dN decreased steadily
(Fig. 2A) from 3.32 � 10�3 (Ch1535) and 3.14 � 10�3

TABLE 2. Nucleotide and amino substitutions observed in the predominant circulating virus from serum samples from Ch1536a

HCV region NT NT changeb AA AA changeb
Substitutionc at wk:

22 60 130 216

C 845 C-T Mixede

E1 1043 C-T x
E1 1134 C-A 265 L-I X X X X

E2 1540 T-C 400 V-A X X X
E2d 1548 C-T 403 L-F Mixede X X
E2 1673 G-C 444 Q-H X
E2d 1728 A-C 463 T-A X X X X
E2 1910 C-T Mixede

E2 1923 A-G 528 S-G X X
E2 1941 A-G 534 T-A X
E2 1997 T-C x
E2 2029 T-C 563 V-A X X
E2d 2067 A-G 576 N-D X
E2 2468 C-T x x x

p7d 2689 T-C 783 V-A X
p7 2718 G-A 793 M-V X X X

NS2 2843 T-C x
NS2 2927 C-T Mixede

NS2 2994 G-A 885 V-I X
NS2 3047 T-C x x x

NS3 3883 G-A 1181 R-K X X X X
NS3 4825 A-G 1495 K-R Mixede

NS3 4892 C-T Mixede

NS3 5042 T-C x x x

NS4A 5357 G-T Mixede

NS4A 5424 A-G 1695 I-V X

NS4B 5984 T-C x
NS4B 6245 T-C x

NS5A 6484 G-C 2048 G-A X
NS5A 6533 C-T x
NS5A 7083 A-G 2248 N-D X
NS5A 7382 T-C x x x
NS5A 7386 A-G 2349 T-A X X X
NS5A 7575 G-A 2412 A-T X X X

NS5B 7698 C-A 2453 H-N X X X X
NS5B 7707 C-A 2456 L-M X X X
NS5B 7715 T-C x
NS5B 8004 G-A 2555 D-N X X X
NS5B 8576 A-G x
NS5B 8846 T-C x
NS5B 9135 C-T x x x
NS5B 9193 G-A 2951 R-L X

STOP 9376 G-A TGA TAA x x x

a Nonsynonymous mutations are shown in boldface type. NT, nucleotide; AA, amino acid.
b NT and AA changes are shown with the original NT or AA before the hyphen and with the new NT or AA after the hyphen.
c Substitutions observed at weeks 22, 60, 130, and 216 p.i. The presence of a synonymous (x) or nonsynonymous (X) substitution is indicated.
d Located in previously identified human or chimpanzee T-cell epitopes.
e “Mixed” indicates that both the original and new NT sequences were observed as mixed peaks on the electropherogram.
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(Ch1536) substitutions/site/year to 1.36 � 10�3 (Ch1535) and
1.6 � 10�3 (Ch1536) substitutions/site/year. This indicates that
fewer amino acid substitutions were acquired and maintained
by the virus as the persistent infection progressed, possibly
because they no longer confer a replicative advantage due to
diminished immune pressure during the chronic phase.

The relationship between dN and dS differed somewhat be-
tween the animals. The dN/dS ratio for Ch1536 was �1
throughout the study period (Fig. 2B). This would suggest that
although the level of selective pressure decreased during chro-
nicity, positive selection was favored. For Ch1535, dN dropped
below that for dS from week 130, reflected by a decrease in the
ratio to approximately 0.5 (Fig. 2B). This would suggest a
significant reduction in positive selective pressure. The dN/dS

ratio for weeks 26 and 22 could not be calculated, as no syn-
onymous mutations were detected.

Envelope and HVR1 substitutions. Approximately 50% of
the amino acid substitutions were observed in the envelope
region; this proportion remained consistent throughout the
study period and was higher than for other regions of the
genome. The appearance of substitutions seemed to coincide
with increased anti-E1E2 antibody titers, suggesting a response
to immune pressure. Figure 3 shows antibody responses to the

p90 HVR1 peptide and to recombinant E1E2 antigen. The
antibody profiles against both antigens are very similar for each
animal, with an increase in antibody to HVR1 correlating with
an increase to the whole E1E2 protein. Ch1536 developed
higher levels of antibody to the envelope region than Ch1535.
This increase coincides with a higher amino acid substitution
rate in E2 for Ch1536, 6.61 � 10�3 and 4.65 � 10�3 substitu-
tions/site at weeks 130 and 216, respectively, versus 4.41 �
10�3 and 2.66 � 10�3 substitutions/site for the same dates in
Ch1535. The concomitant higher antibody level and the dN/dS

ratios of 6 and 3.5 at these time points for E2 substitutions in
Ch1536 suggest that selective immune pressure took place.

Although the envelope appeared to be a site for accumu-
lated mutations, HVR1 did not show extensive sequence di-
versity following persistent infection, despite increasing anti-
body to this region. Only one amino acid change, S391G, was
observed in virus isolated from Ch1535 at week 130 p.i. In
Ch1536, two substitutions were observed at week 60 (V400A)
and week 130 (L403F). HVR1 peptides representing the mu-
tated sequences in both animals from aa 391 to 410 were
equally well recognized by sera from both chimpanzees taken
from early and late time points p.i. (data not shown). These
results could indicate that none of these HVR1 substitutions
represent escape mutants or that they form part of a confor-
mational epitope.

Genome heterogeneity. It is possible that although the pre-
dominant circulating virus incorporates a low number of stable

FIG. 2. (A) Comparison of nonsynonymous and synonymous fixa-
tion of mutation rates for Ch1535 and Ch1536 at each sampling time
point during the course of the chronic infection. (B) Nonsynonymous
substitution rate/synonymous substitution rate ratios for Ch1535 and
Ch1536.

FIG. 3. Comparison of anti-E1E2 and anti-HVR1 antibody levels
in Ch1535 (A) and Ch1536 (B) after inoculation with RNA transcripts
representing the HCV infectious cDNA. Responses are represented as
P/N ratios with a cutoff value of 2.
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mutations over time, the overall population of viruses present
in serum shows a greater variation.

Figure 4 shows the results of SSCP analysis of specific re-
gions from the viral genomes of Ch1535 and Ch1536 compared
to the same regions amplified from the p90 cDNA clone and
from a 6-week p.i. plasma sample from Ch1397, an animal that
received H77 plasma. HVR1 and E2 regions amplified from
serum samples from Ch1397 show a more complex band pat-
tern than these same regions from the serum samples of
Ch1535 and Ch1536, suggesting a greater diversity of these
viral sequences in this animal. The NS3 regions show less
complexity for all animals, suggesting that these regions are not
areas of extensive heterogeneity even in natural isolates. The
different band patterns for Ch1535 and Ch1536 are reflective
of different viral sequences in these animals (Tables 1 and 2).
Analysis of cloned PCR fragments covering the E2 (including
HVR1), NS3, and NS5B regions of virus from Ch1535 and
Ch1536 and the H77 inoculum (ranging from 335 to 719 bp in
length) also confirmed this reduced heterogeneity in the ani-
mals that received the infectious clone (data not shown). Be-
tween 80 and 100% of the clones contained the mutations
observed from PCR sequencing; the clones that did not carry
the mutated nucleotide contained the wild-type sequence.
These data confirm a low level of sequence heterogeneity after
more than 4 years of HCV persistence in the sera of animals
that received clonal infectious RNA.

DISCUSSION

In this study, we were able to observe the accumulation of
fixed mutations in a viral genome over time. We demonstrated
that the viral genomes accumulated mutations over time in all
genes except the core region and that the HVR1 region re-
mained stable throughout, incorporating a minimal number of

mutations. There appeared to be a slowing of the mutation
rate at the amino acid level in both animals, suggesting lower
immune pressure, possibly due to weaker T-cell responses rel-
ative to those during the acute infection. This observation
suggests that persistent nonsynonymous mutations accumulate
due to selective pressure rather than simply as a consequence
of long-term HCV replication.

Although the virus isolated from the two animals in this
study have only one common mutation, several of the amino
acid changes are located in previously identified HCV epitopes
recognized by human or chimpanzee class I-restricted CD8� T
cells (reviewed in reference 22). There have been several re-
ports in the literature of viral immune escape at the neutral-
izing antibody and T-cell levels in both chimpanzees and hu-
mans (7, 11, 26, 30), giving weight to the argument that these
events play a major role in the establishment and maintenance
of persistent infections. The observation that higher antien-
velope antibody titers in Ch1536 correlated with a greater
number of amino acid substitutions in E2 and a higher dN/dS

ratio for this gene product suggests that escape from neutral-
izing antibody occurs during the chronic phase. The low anti-
envelope antibody levels during the first 20 to 30 weeks of
infection suggest that this mechanism occurs more often in the
chronic phase than in the acute phase. Antibody to the surface
proteins has been shown to have some neutralizing effect in
several studies (5, 9, 10, 21), and this hypothesis of escape can
now be addressed using the retrovirus pseudoparticle systems
recently developed (1, 12). Interestingly, two amino acid
changes within the E2 region (aa 403 and 444) occurring late in
infection (at week 130) lie within recently identified monoclo-
nal antibody epitopes shown to have potent neutralizing ability
using retrovirus pseudotype particles bearing HCV glycopro-
teins (12). The substitution at residue 444 was the only shared
mutation between both animals.

One pattern that is emerging from this and other studies is
that HVR1 does not accumulate mutations rapidly in the chim-
panzee even with high titers of HVR1 antibody (23). Previous
reports that show rapid change of HVR1 over time have used
infections that are initiated from quasispecies populations. We
consider these to represent selected changes in the dominant
sequence from the preexisting population as opposed to de
novo mutations. The changes that were incorporated into
HVR1 in the virus isolated from Ch1535 and Ch1536 did not
appear to represent antibody escape mutants and, given the
mutation rates in these two animals, substantially longer peri-
ods of time would be required to generate HVR1 regions that
are no longer recognized by preexisting antibody. It has been
previously suggested that the rate of HCV evolution in chim-
panzees and humans is different (23) with weaker positive
selection in chimpanzees. This may account for our observa-
tions, although other studies have shown higher rates of HCV
substitution in chimpanzees (19, 29). These discrepancies using
natural isolates in chimpanzees may be due to subtype differ-
ences or different levels of complexity. Infections in humans
usually result from higher doses of HCV than the �200 infec-
tious doses normally used in chimpanzee studies, which would
therefore result in a greater variant population for subsequent
selection.

It has been reported that there is a restricted pattern of
amino acid replacement within HVR1 (20, 28), with some

FIG. 4. SSCP analysis of HCV regions. The HCV regions were
amplified from the p90 cDNA clone (lanes 1), serum from Ch1535 at
week 216 (lanes 2), serum from Ch1536 at week 216 (lanes 3), and
Ch1397 that received H77 plasma (lanes 4). Arrowheads indicate ma-
jor bands observed in each sample.
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positions having little or no variation among all genotypes. The
substitutions observed in Ch1535 and Ch1536 follow these
previously identified patterns of constraint (28). In this study,
we also showed very little sequence heterogeneity of the virus
after more than 4 years of infection even in HVR1, which
would suggest further that there is no causal relationship be-
tween HVR1 variation and HCV persistence.

The comparisons between synonymous and nonsynonymous
mutations at different stages of disease have shown that the
early mutations arising immediately after control of virus rep-
lication during the acute phase are 100% nonsynonymous. This
result would suggest that the greatest level of immune pressure
occurs during this early phase. Analysis of the viral kinetics in
these two animals indicates that significant control of viral
replication occurs at weeks 10 to 15; this period coincides with
ALT elevations and seroconversion, indicators of induction of
the adaptive immune response. As the period of persistence
increases, the calculated dN/dS ratio becomes �1 for Ch1535
while remaining higher for Ch1536. This again suggests that
there is less immune pressure occurring later during the
chronic phase of Ch1535. The difference in dN/dS for Ch1535
and Ch1536 could be due to a slightly higher level of replica-
tion in Ch1535 (titers are approximately 0.5 log unit higher),
which would allow for the introduction of a greater number of
random mutations. Alternatively, the replication rate in
Ch1536 may be lower due to a relatively stronger immune
response, which would in turn result in more nonsynonymous
mutations due to selective pressure. This increase in synony-
mous mutations in Ch1535 was observed at week 130 p.i. after
an increase in viral replication of almost 2 log units (Fig. 1A).
This event would argue for a reduced or less effective immune
response in this animal that allowed higher levels of viral rep-
lication and in turn led to a higher incorporation of random
mutations.

Previous studies that have examined molecular evolution of
HCV have begun with natural isolates consisting of a quasi-
species population. Shifts in sequence due to mutations cannot
be differentiated from shifts in virus populations. It is possible
in any system that amino acid-changing substitutions can occur
by chance and confer no selective advantage or disadvantage to
the virus. Using infectious clones, the functional significance of
mutations can be more accurately studied. Such analyses are
currently being addressed using recently developed in vitro
systems such as retrovirus pseudotypes (12) or subgenomic
HCV replicons (2).

A steady-state level of virus titers in any persistent infection
suggests that virus is being produced and cleared at the same
rate, suggesting that some immune response is occurring in
these chimpanzees during the chronic phase to suppress the
virus, albeit less than that occurring during the acute phase.
This may be at the T-cell level and/or due to neutralizing
antibody production. The substitution data presented in this
study support this hypothesis, and exploitation of these im-
mune responses may be the key to combating persistent infec-
tions of HCV.
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