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Two chimpanzees (Ch1535 and Ch1536) became infected with hepatitis C virus (HCV) following intrahepatic
inoculation with RNA transcribed from a full-length cDNA clone of the virus. Both animals were persistently
infected and have been followed for 60 weeks. They showed similar responses to infection, with transient liver
enzyme elevations and liver inflammatory responses, which peaked at weeks 17 (Ch1535) and 12 (Ch1536)
postinoculation (p.i.). Antibody responses to structural and nonstructural proteins were first detected at weeks
13 (Ch1535) and 10 (Ch1536) p.i. Serum RNA titers increased steadily during the first 10 to 13 weeks but
decreased sharply in both animals following antibody and inflammatory responses. Despite direct evidence of
humoral immune responses to multiple viral antigens, including hypervariable region 1 (HVR1), both animals
remained chronically infected. Detailed sequence analysis of serum HCV RNA revealed no change in the
majority HVR1 sequence in Ch1535 and a single-amino-acid mutation in Ch1536, with very little clonal
variation in either animal. Full-length genome analysis at week 60 revealed several amino acid substitutions
localized to antigens E1, E2, p7, NS3, and NS5. Of these, 55.6 and 40% were present as the majority sequence
in serum RNA isolated at week 26 p.i. (Ch1535) and week 22 p.i. (Ch1536), respectively, and could represent
immune escape mutations. Mutations accumulated at a rate of 1.57 3 1023 and 1.48 3 1023 nucleotide
substitutions/site/year for Ch1535 and Ch1536, respectively. Taken together, these data indicate that estab-
lishment of a persistent HCV infection in these chimpanzees is not due to changes in HVR1; however, the
possibility remains that mutations arising in other parts of the genome contributed to this persistence.

Hepatitis C virus (HCV), first identified in 1989 (12), is the
major causative agent of parenterally transmitted non-A,
non-B hepatitis. Infection occurs primarily through blood or
blood-derived products but also through nonparenteral or in-
apparent parenteral exposure. It frequently leads to chronic
hepatitis and cirrhosis and is associated with the development
of hepatocellular carcinoma (50).

The viral particle consists of a nucleocapsid containing a
positive-sense, single-stranded RNA genome of approximately
9,500 nucleotides (nt) (13) surrounded by an envelope derived
from host membranes into which are inserted the virus-en-
coded glycoproteins (E1 and E2). The genome contains highly
conserved untranslated regions (UTR) at both the 59 and 39
termini (24, 34, 58, 59) which flank a large translational open
reading frame encoding a polyprotein of approximately 3,000
amino acids (13, 30, 57). This polyprotein is processed by both
cellular and viral proteases to produce the structural (core, E1,
and E2) and nonstructural (NS2, NS3, NS4A, NS4B, NS5A,
and NS5B) proteins of the virus (23, 26).

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 (8, 56), pro-
viding a reservoir of variants any one of which can become
dominant during the course of infection. This genetic variation
could lead to evasion of the host immune response through the

selection of neutralizing antibody or cytotoxic T-lymphocyte
(CTL) escape mutants and thereby to the establishment of
persistent infection. Both types of escape mutants have been
reported in HCV infections. One region showing a high degree
of variability, termed hypervariable region 1 (HVR1), is lo-
cated in the N terminus of the E2 protein, between amino acids
384 and 410 of the polyprotein (26, 31, 41, 64), and evidence
suggests that this region evolves more rapidly in vivo than the
rest of the viral genome (40, 46). Observations that antibody
recognizing this region changes in its specificity during the
course of a chronic infection (32, 52, 60, 66) and that HVR1
appears to contain a neutralizing epitope (19, 53, 54, 70) sug-
gest that HVR1 is subject to immune pressure and is important
in the maintenance of persistent infections. In addition to
antibodies, both circulating and liver-infiltrating CTLs directed
to multiple gene products have been detected in chronically
infected patients and chimpanzees (6, 16, 21, 27, 35–39, 49).
These CTLs recognize epitopes that lie mainly within relatively
conserved regions of the genome. However, escape variants
have been identified and in some cases are thought to be CTL
antagonists (10, 28, 63).

The quasispecies nature of infectious HCV inocula derived
primarily from patient sera has made it difficult to characterize
the effect of the host immune response on the molecular evo-
lution of the virus and its persistence. The question of whether
new dominant viral species that arise during infection are due
to advantageous mutations that occur naturally during virus
replication or are already present at a low level in the original
material has been impossible to address without pure virus
preparations consisting of a single clonal population.

We previously showed that HCV could be transmitted to
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chimpanzees and cause disease through intrahepatic inocula-
tion of RNA transcribed from a full-length cDNA clone (33).
The animals developed viremia, elevated liver transaminase
levels, and serological responses to HCV antigens. The pat-
terns of these responses were indistinguishable from those
arising in animals following infection by intravenous inocula-
tion of known infectious serum. The two chimpanzees origi-
nally transfected with the HCV RNA have both developed
persistent infections and have now been followed for 14
months (60 weeks). The disease progression, antibody re-
sponse, and viral evolution have been documented at the mo-
lecular and histological levels. In this study we have followed
these two chimpanzees by serial liver biopsies, serum alanine
amino transferase (ALT) levels; HCV-specific RNA levels;
antibody to several HCV antigens, including HVR1; and ex-
tensive sequence analysis of the genome, with particular em-
phasis on the sequence of HVR1. In this study, we provide the
first analysis of HCV evolution in vivo following inoculation
with a single viral sequence.

MATERIALS AND METHODS

Chimpanzees. Chimpanzees Ch1535 and Ch1536 were inoculated with full-
length uncapped RNA transcripts by direct intrahepatic injection (33). The
cDNA clone had been assembled by using early-acute-phase plasma, designated
H77, obtained in 1977 from patient H (46). Both Ch1535 and Ch1536 were
seronegative for all known hepatitis viruses, were negative for HCV RNA, and
had normal liver enzyme levels (33) prior to inoculation. Serum was collected
from these animals at weekly intervals until week 22 postinoculation (p.i.), after
which samples were collected monthly. Liver biopsy specimens were collected for
RNA extraction and histological analysis at weekly intervals until week 17 and
then four times over the next 8 months. The biopsy specimens were formalin
fixed and embedded in paraffin before being sectioned and were evaluated
semiquantitatively for inflammatory features on a scale from 0 to 4 (representing
none, minimal, mild, moderate, and marked). Peripheral blood mononuclear
cells (PBMCs) were collected at weeks 46 and 51 for RNA extraction.

Preparation of PBMCs. Ten milliliters of whole blood was mixed with an equal
volume of phosphate-buffered saline (PBS) and layered onto 15 ml of Ficoll-
Paque (Pharmacia, Uppsala, Sweden) in a 50-ml conical tube. Samples were
centrifuged in a Beckman GPKR centrifuge at 2,500 rpm for 30 min. The white
buffy coat was removed, and the PBMCs were washed three times in PBS. The
final pellet was resuspended in RPMI 1640 containing 7% dimethyl sulfoxide
(Sigma, St. Louis, Mo.) and stored at 280°C until use.

RNA extractions. Total RNA was prepared from 100 ml of serum, approxi-
mately 1 mm3 of liver biopsy specimen, or 106 PBMCs by using TRIzol (Life
Technologies, Gaithersburg, Md.) according to the manufacturer’s instructions.
The RNA pellets were resuspended in 10 ml of RNasin-dithiothreitol (DTT)
water (0.2 U of RNasin/ml, 10 mM DTT) (Promega, Madison, Wis.) and stored
at 280°C until use. Negative controls, in the form of serum from Ch1535 and
Ch1536 prior to inoculation or from uninoculated chimpanzees, were included in
all extractions.

RT-PCR. Reverse transcription (RT) of purified RNA was carried out with the
First-Strand cDNA synthesis kit (Pharmacia) according to the manufacturer’s
instructions and 10 pg of random hexamers in a 15- or 33-ml reaction volume.
Nested PCRs, consisting of 40 cycles each, were carried out on the RT products
with the Expand High Fidelity PCR system (Boehringer Mannheim, Indianap-
olis, Ind.). The 50-ml reaction mixtures contained 5 ml of RT reaction mixture;
300 mM (each) dATP, dCTP, dGTP, and dTTP; and 200 mM (each) forward and
reverse primers.

Amplification of HVR1 was carried out with the following forward and reverse
primers: outer sense primer E1/1314, AACTGGTCCCCTACGGCAGCGTTG
GTGGTA (nt 1314 to 1343); outer antisense primer E2/1754, AGGACAGCC
TGAAGAGTTGAATTTGTGGCG (nt 1754 to 1724); inner sense primer E1/
1345, CTCAGCTGCTCCGGATCCCACAAGCCATCA (nt 1345 to 1374); and
inner antisense primer E2/1680, ATTTGTGCTGATAGAAGAGCCCTGCTA
ACCAACCGGTGTT (nt 1680 to 1641). The HCV genome was amplified by
nested PCR as overlapping 400- to 1,500-bp fragments. The 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 (33).

Cloning and sequence analysis of PCR products. Following PCR, the samples
were analyzed by ethidium bromide-stained agarose gel electrophoresis. For
cloning, 2 ml of the 50-ml PCR mixture were ligated into the TA cloning vector
(Invitrogen Corporation, Carlsbad, Calif.) according to the manufacturer’s in-
structions. For sequencing, PCR products generated from serum RNA were
purified on Qiaquick purification columns (Qiagen Inc., Santa Clarita, Calif.).
Recombinant plasmids from bacterial transformants were prepared with the
Qiagen Qiawell 8 plasmid kit and sequenced. Sequence analysis was carried out

on PCR products and clones with the PRISM dye terminator sequencing kit and
the PRISM DNA sequencer (Perkin-Elmer [PE]-Applied Biosystems, Foster
City, Calif.) according to the manufacturer’s instructions.

RNA quantification with fluorogenic probe. RNA levels in serum samples were
quantified with the PRISM 7700 sequence detection system (PE-Applied Bio-
systems) (5, 22, 25). Duplicate RNA samples were amplified with the TaqMan
EZ RT-PCR kit and a TaqMan fluorogenic probe labeled with FAM (6-carboxy-
fluorescein) and TAMRA (6-carboxytetramethylrhodamine) (PE-Applied Bio-
systems) at the 59 and 39 ends, respectively. Reactions were performed with 50-ml
mixtures containing the following: 5 ml of template RNA; 10 ml of 53 TaqMan
EZ buffer; 2.5 mM Mn(OAc)2; 300 mM (each) dATP, dCTP, dGTP, and dTTP;
300 nM (each) primers TaqMan/243 and TaqMan/390; 100 nM fluorogenic
probe (TaqMan/336); and 5 U of recombinant Tth (rTth) DNA polymerase. The
primer and probe sequences were as follows: sense primer TaqMan/243, AAG
ACTGCTAGCCGAGTAGTGTT (melting temperature [Tm] 5 60°C) (nt 243 to
265); antisense primer TaqMan/390, GGTTGGTGTTACGTTTGGTTT (Tm 5
59°C) (nt 390 to 370); and probe TaqMan/336, TGCACCATGAGCACGAAT
CCTAAA (Tm 5 69°C) (nt 336 to 359). Primer and probe sequences and Tm
values were determined with Primer Express (PE-Applied Biosystems).

RNA standards, run in duplicate in every reaction, were prepared from RNA
transcripts produced with the RiboMAX T7 large-scale RNA production system
(Promega) and the p90 full-length plasmid linearized with BsmI. The 100-ml
reaction mixture, containing 20 ml of 53 T7 buffer; 7.5 mM (each) rATP, rCTP,
rGTP, and rUTP; 2 mg of DNA; and 10 ml of enzyme mixture was incubated at
37°C for 2 h and then treated with 10 U of RNase-free DNase (Promega) for 30
min at 37°C. Following TRIzol extraction, the washed RNA was resuspended in
RNasin-DTT water. The concentration was calculated by optical density readings
at 260 nm (OD260), and the RNA was stored in aliquots of 100 ng in liquid
nitrogen until use. Standards of 105, 104, 103, 102, 101, and 100 RNA copies/ml
were prepared by serial dilution of the stock RNA in RNasin-DTT water con-
taining 10 mg of tRNA/ml and stored at 280°C. The absence of DNA at these
dilutions was confirmed by performing control reactions omitting the RT step.

Enzyme-linked immunosorbent assay (ELISA) for E1E2-specific antibodies.
Recombinant HCV E1, E2, and p7 (amino acids 170 to 809) was produced by
cloning this region of the p90 consensus clone into a Sindbis virus expression
system (7). Proteins were purified from infected BHK cells by lectin-affinity
chromatography as previously described (51). Chimpanzee and human sera,
diluted 1:10 and 1:50, respectively, were tested for HCV-specific antibodies in
96-well plates (Maxisorp immunoplates; Nunc Inc., Naperville, Ill.) with 1 mg of
purified protein/well, as previously described (51). Mean OD values were ex-
pressed as P/N ratios calculated by dividing the OD405 for test sera by that
obtained for preimmune serum. The cutoff value was taken as a P/N value of 2.

Peptide ELISA for the detection of HVR1-specific antibodies. Biotinylated
peptides covering amino acids 384 to 410 of the HCV polyprotein were synthe-
sized on a Millipore 950 PepSynthesizer.

The ELISA was based upon that described by van Doorn et al. (61) with some
modifications. Specifically, sera were diluted 1:10 in blocking buffer (PBS con-
taining 5% nonfat milk, 0.05% Tween 20, and 4% goat serum). Following
incubation with horseradish peroxidase-labeled goat anti-human immunoglobu-
lin (KPL, Gaithersburg, Md.) diluted 1:1,000 in blocking buffer, samples were
developed with 100 ml of 2,29-azinobis(3-ethylbenzthiazolinesulfonic acid) per-
oxidase substrate (KPL, Gaithersburg, Md.) at room temperature. The reactions
were stopped by the addition of 1% sodium dodecyl sulfate, and the OD was read
at 405 nm. Mean OD values from duplicate samples were expressed as P/N
ratios, calculated by dividing the OD405 for test sera by that obtained for pre-
immune serum from the chimpanzee. The cutoff value was taken to be a P/N
value of 2.

Blocking HVR1 antibodies. Serum was incubated with 1 mg of either HVR1-
p90 or H8, a negative peptide, at 37°C for 60 min. The serum was then used in
a HVR1 or E1E2 antibody ELISA as described above.

RESULTS

Two chimpanzees, Ch1535 and Ch1536, were inoculated as
previously described to test the infectivity of RNA transcribed
in vitro from cloned HCV cDNA (33) generated from a patient
serum sample (designated H77) (2, 20). For the purposes of
this study the infectious cDNA clone will be referred to as p90.

Monitoring of chimpanzees. Analysis of ALT levels, liver
histology, and serum RNA copy number, using the PRISM
7700 sequence detection system, showed that both animals
developed similar and classical responses to HCV infection
(Fig. 1A and C). Serum RNA was detectable within 1 (Ch1535)
or 2 (Ch1536) weeks p.i., with titers beginning at between 104

and 105 copies/ml and reaching peaks of greater than 106

copies/ml at 14 (Ch1535) and 9 (Ch1536) weeks p.i. In both
animals the increase in ALT levels correlated with a decrease
in serum RNA. ALT levels returned to normal by week 21;
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liver enzymes were monitored throughout the study, but no
further elevations were observed.

Inflammatory changes observed in the liver biopsies gener-
ally followed the pattern of liver enzymes in terms of peak
severity and endurance (Fig. 1A and C). Early biopsies (at 2 to
3 weeks p.i.) showed focal apoptosis of liver cells and mitotic
activity without evidence of inflammation. Mild piecemeal ne-
crosis first appeared in Ch1535 at week 10 and in Ch1536 at
week 6, with maximum inflammatory responses between weeks
15 and 17 (Ch1535) and 11 and 12 (Ch1536). Inflammation in
Ch1535 never advanced beyond the mild level initially seen at
week 10, while that in Ch1536 was characterized by numerous
foci of lobular inflammation, frequent apoptotic hepatocytes,
and mild piecemeal necrosis in many portal areas (data not
shown). Similar to the ALT levels, inflammation in both ani-
mals had decreased by week 22 and was scored as minimal or
absent in subsequent biopsies.

Seroconversion, determined by commercial enzyme immu-
noassay (EIA) and E1E2 ELISA, took place at 13 to 15
(Ch1535) and 10 to 11 (Ch1536) weeks p.i. (Fig. 1B and D).
Initially anti-E1E2 antibody levels were comparable in both
animals. Whereas the level in Ch1535 began to decrease at
week 21, remaining at a P/N of 3, that in Ch1536 steadily
increased to a P/N of more than 8 at week 60 (Fig. 1B and D).
In spite of this elevation in serum antibody, Ch1536 remained
positive for HCV RNA, although at a level approximately
10-fold lower than that of Ch1535.

Despite a sharp decrease in serum HCV RNA levels follow-
ing the immune responses, neither Ch1535 nor Ch1536 com-

pletely cleared the infection but became persistently infected,
with RNA titers remaining at approximately 105 (Ch1535) and
104 (Ch1536) copies/ml until the end of the study at 60 weeks
p.i. This was in the presence of detectable humoral immune
responses to several HCV antigens determined by an anti-
E1E2 antibody ELISA and two commercial assays, HCV EIA
2.0 (Abbott Laboratories, Abbott Park, Ill.) and HCV 3.0
ELISA (Ortho Diagnostic Systems Inc., Raritan, N.J.) (Fig. 1B
and D). The Abbott and Ortho assays contain recombinant
proteins corresponding to regions of the HCV core, NS3, and
NS4 and to core, NS3, and NS5, respectively.

Antibody to HVR1. A peptide ELISA was developed to
assess the antibody response to HCV HVR1. We wished to
establish how antibody to this region correlated with antibody
responses to other viral antigens and how it might correlate
with the evolution of HVR1 or development of escape mu-
tants.

Figure 2A shows the antibody responses to the p90 HVR1
sequence measured for Ch1535 and Ch1536. The timing of the
responses to this epitope in both animals paralleled those to
full-length E1E2 and nonstructural proteins (Fig. 1B and D).
The first detectable antibody appeared 1 to 2 weeks after the
peak in serum RNA, with the response in Ch1536 preceding
that in Ch1535 by 3 weeks. HVR1 antibody levels decreased
during subsequent weeks in both animals, at some points drop-
ping below the cutoff P/N value of 2. Ch1536 began to show an
increase in HVR1-specific antibody at week 46; anti-HVR1
antibody in 1535 remained low or undetectable.

To determine whether the increased anti-E1E2 antibody

FIG. 1. Clinical, virologic, and serologic responses in Ch1535 (A and B) and Ch1536 (C and D) following inoculation with RNA transcripts representing the HCV
infectious clone. (A and C) Serum RNA, ALT, and inflammatory responses (numbers across the top of the graph), graded from 0 to 4 (representing none, minimal,
mild, moderate, and marked). (B and D) Antibody responses to recombinant E1E2 antigen (open squares) and positivity in commercial EIAs [EIA (1)]. Anti-E1E2
antibody responses are represented as P/N ratios, with the cutoff of 2 (twice the value of the preserum sample) indicated by the dotted line.
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titer in Ch1536 after week 46 was directed against epitopes
other than that represented by the HVR1-p90 peptide, a block-
ing experiment was performed with Ch1536 serum from week
60 and preimmune serum. Figure 2B shows that without pre-
incubation with peptide week 60 serum from Ch1536 reacted
strongly with both E1E2 antigen (Ag) and peptide HVR1-p90
but showed no cross-reaction with a negative peptide, H8.
Preincubation with peptide HVR1-p90 reduced the reactivity
to HVR1-p90 to almost background level, whereas the reac-
tivity to the E1E2 Ag was only minimally affected. Preincuba-
tion with peptide H8 had no effect on the reactivity of the
serum with either peptide HVR1-p90 or E1E2 Ag. Therefore,
even though the serum had been depleted of antibodies spe-
cific to HVR1-p90, there remained a significant titer of anti-
bodies to other E1E2 epitopes, which contributed to the ele-
vated E1E2 antibody levels observed in Ch1536.

Sequence analysis of HCV HVR1. Evidence suggests that
HVR1 is a target for neutralizing antibodies which drive se-
lection for new HVR1 sequences that represent immune es-
cape variants (32, 52, 53, 60, 66). Based on sequence analysis of
this region during chronic infections in humans and chimpan-
zees, it has been hypothesized that the emergence of such
HVR1 variants may be required for the establishment of per-
sistence (32, 60, 66). We analyzed variation in HVR1 in both

animals by sequencing a 233-bp RT-PCR product encompass-
ing the HVR1 sequence plus 60 to 80 59 and 39 flanking nu-
cleotides. In addition to examining the HVR1 sequences
present in HCV RNA from serum, we also analyzed RNA
obtained from liver biopsy specimens and PBMCs.

The predicted HVR1 amino acid sequences obtained from
serum-, liver-, and PBMC-derived RNAs from Ch1535 and
Ch1536 are shown in Fig. 3. This region of the genome was
amplified and sequenced for all serum samples from the ani-
mals; however, for clarity, the data shown are from approxi-
mately monthly intervals and represent the sequence obtained
from the PCR product. Surprisingly, there was very little
change in the overall HVR1 sequence in either chimpanzee.
Ch1535 had no substitutions in HVR1 either at the nucleotide
or the amino acid level, although two substitutions were de-
tected upstream of HVR1 in the E1 signal sequence at weeks
29 (V371A) and 41 (V373L) (Fig. 3A) which were maintained
throughout the remainder of the study. The wild-type sequence
was detected in Ch1536 until week 51 (Fig. 3B), at which point
a single-nucleotide mutation leading to a V400A substitution
was observed. Clonal analysis showed that this represented
63.6% (7 of 11) of the sequences; the remaining 36.4% (4 of
11) of the clones encoded the wild-type sequence. This muta-
tion persisted as the majority sequence, although the wild-type
HVR1 was still present in 30% of the clones analyzed at week
60. Sequence analysis of HVR1 PCR products obtained from
liver biopsy specimens and PBMCs correlated with the se-

FIG. 2. (A) HVR-1-specific antibody responses in Ch1535 and Ch1536 as
determined by peptide ELISA, with a 20-mer peptide representing the predicted
amino acid sequence encoded by the HCV infectious clone p90 (HVR1-p90).
The values are expressed as P/N, with the cutoff of 2 indicated by the dotted line.
The data are representative of three separate experiments. (B) ELISA blocking
assay. HVR1-specific antibodies were blocked in serum from Ch1536 obtained at
week 60 p.i. HVR1-p90 represents the sequence expressed by the infectious
clone. H8 represents a negative peptide that does not cross-react with antibody
to HVR1-p90 and is not recognized by serum from Ch1536. The data are
representative of three separate experiments. pre, preimmune serum.

FIG. 3. Predicted amino acid sequence of HVR1 in Ch1535 (A) and Ch1536
(B) serum, liver, and PBMCs at selected time points following inoculation with
the infectious clone. The sequence p90 corresponds to the predicted amino acid
sequence encoded by the RNA transcripts used for inoculations. HVR1 is un-
derlined. The sequence displayed is the majority sequence as determined by
analysis of purified PCR product. Dashes represent identical residues. aa, amino
acid.
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quences observed in the serum (Fig. 3A and B); no product
could be obtained for RNA isolated from the PBMCs of
Ch1535 at week 46.

The above data represents the majority sequence obtained
from PCR products. To determine the degree of heterogeneity
in this region, products amplified from serum RNA obtained
throughout the study were cloned and sequenced. Conditions
were used such that a minimum of 60 cDNA molecules were
amplified to ensure an adequate representation of sequences.
In all samples throughout the study there was little, if any,
variability. Point mutations at the nucleotide level, some of
which resulted in amino acid substitutions, were observed in
individual clones in both animals at various sample dates.
However, none of these were detected at more than one time
point and they were often located outside of the HVR1 coding
region. At week 60 p.i., 4 of 39 clones (10.3%) from Ch1535
contained five point mutations leading to amino acid se-
quences different from the majority sequence shown in Fig.
3A; three of these (E384K, A392T, and L403P) were located in
HVR1. All clones contained the new sequence at amino acids
371 and 373 which had emerged at weeks 29 and 41, respec-
tively (Fig. 3A). In Ch1536 the clonal variation was greater: 15
of 30 clones (50%) contained amino acid substitutions differ-
ent from the majority detected in serum RNA at week 60 p.i.
(Fig. 3B). However, 10 of these contained the wild-type V400

residue. Two clones contained a H386R substitution, and the
remaining mutations (T385A and A407V) were located in indi-
vidual clones. In the analysis of HVR1 no mutations common
to both animals were detected at either the amino acid or the
nucleotide level.

The V400A mutation observed in Ch1536 at week 51 fol-
lowed a sharp increase in HVR1-specific antibody (Fig. 2). To
determine whether this substitution created an antibody es-
cape mutant, the peptide representing amino acids 384 to 410
of this isolate (designated 1536-51) was synthesized and tested
against sera from Ch1535 and Ch1536. Although serum sam-
ples from Ch1536 taken throughout the study showed identical
reactivities to peptides 1536-51 and HVR1-p90 (data not
shown), the V400A mutation could have arisen early in infec-
tion, without detection in sequence analysis, and generated
specific antibody to this peptide. However, the reactivity of
serum from Ch1535 at week 17, in which the 1536-51 sequence
has never been detected, was also assessed and found to be
comparable for the two peptides (Fig. 4). These data suggest
that this is not an antibody escape mutant.

HCV genome sequence. The major HCV genome sequence
present in both animals at week 60 was determined from over-
lapping 400- to 1,500-bp fragments generated by RT-PCR. The
fragments were sequenced in the forward and reverse direc-
tions to provide data from nt 42 to 9418, terminating just prior
to the poly(U) tract in the 39 UTR. To safeguard against errors
incorporated by the polymerase used in PCR amplification
giving false mutations, this analysis was carried out twice on
each animal with separate preparations of RNA.

For both animals the calculated rates at which mutations
accumulated were similar, 1.57 3 1023 (Ch1535) and 1.48 3
1023 (Ch1536) nucleotide substitutions per site per year, which
compare with a value of ;1.92 3 1023 previously reported for
analysis of two patient samples taken 20 years apart (46). Of
the substitutions observed in Ch1535 and Ch1536, 52.9 (9 of
16) and 60% (9 of 15), respectively, resulted in nonsynonymous
mutations, none of which were located in the core or NS4
region of either animal. Table 1 shows a summary of the
number of amino acid substitutions compared to nucleotide
substitutions for each viral gene product and demonstrates that
not all regions accumulated mutations to the same degree in
both animals. Single, though different, amino acid mutations
were detected in the p7 regions of the virus isolated from both
animals despite its length of only 189 nt (63 amino acids).

The specific nucleotide and amino acid substitutions de-

FIG. 4. Reactivity of serum from Ch1535 at week 17 p.i. following serial
dilution with peptides p90, 1536-51, and H3 (negative or nonreactive peptide
sequence).

TABLE 1. Number of predicted amino acid substitutions compared to nucleotide substitutions at week 60 p.i.

HCV region

No. of changes/total for each region (%)

Ch1535 Ch1536

Nucleotide Amino Acid Nucleotide Amino acid

Core 1/573 (0.18) 0/191 0/573 0/191
E1 2/576 (0.35) 2/192 (1.04) 1/576 (0.17) 1/192 (0.52)
E2 3/1,089 (0.28) 2/363 (0.55) 3/1,089 (0.28) 2/363 (0.55)
p7 2/189 (1.06) 1/63 (1.59) 1/189 (0.53) 1/63 (1.59)
NS2 2/651 (0.31) 1/217 (0.46) 1/651 (0.15) 0/217
NS3 3/1,893 (0.16) 2/631 (0.32) 2/1,893 (0.11) 1/631 (0.16)
NS4A 0/164 0/54 0/164 0/54
NS4B 1/784 (0.13) 0/261 0/784 0/261
NS5A 1/1,343 (0.08) 0/448 3/1,343 (0.22) 2/448 (0.45)
NS5B 2/1,773 (0.11) 1/591 (0.17) 5/1,773 (0.85) 3/591 (0.51)

Totala 17/9,376 (0.18) 9/3,011 (0.3) 16/9,363 (0.17) 10/3,011 (0.33)

a Totals do not include silent mutations marking 59 and 39 variations.
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tected in the chimpanzees are shown in Table 2. No identical
mutations were found in both animals except for silent markers
included in the original inocula to distinguish 59 and 39 UTR
variants. The 59 UTR adaptations consisted of additional bases
at the extreme 59 termini; these clones were identified by an
A-to-T substitution at nt 518. The majority sequence at this site
was a T in both animals, indicating that these adaptations were
not lethal to viral replication. The low RNA titers in both
chimpanzees prevented any direct analysis of the 59 termini to
determine whether one or all of the four potential sequences
were viable.

The two types of 39 UTRs tested in the chimpanzee inocu-
lations contained a 75- or 133-base poly(U/UC) tract, distin-
guished by an A or G residue, respectively, at position 8054. At
week 60, the predominant RNA from Ch1535 contained the
marker for the 133-base clone while Ch1536 RNA contained
that for the 75-base clone (Table 2).

To assess whether any of the amino acid mutations listed in
Table 2 arose earlier rather than later in infection, the corre-
sponding regions from Ch1535 and Ch1536 serum RNA, iso-
lated at 26 and 22 weeks p.i., respectively, were amplified by
RT-PCR and sequenced. These sample dates were chosen
because they occurred at the point where serum RNA titers in
both animals had stopped decreasing and antibody, ALT, and
inflammatory responses had appeared to subside (Fig. 1). Of
the mutations observed in the animals at week 60, 55.6 and
40% were already present as the majority sequence in Ch1535
and Ch1536, respectively, at these earlier time points. In the
case of Ch1535, these amino acid substitutions were located in
E1 (V371A), E2 (S478G), p7 (V766A), and NS3 (A1533P and
V1635I), while those in Ch1536 were located in E1 (L265I), E2

(T463A), NS3 (R1181K), and NS5B (H2453N). These regions
could represent targets for antibody or CTL responses.

DISCUSSION

In this report, we show that two chimpanzees inoculated
with an infectious clone of HCV have remained persistently
infected over a period of more than 1 year. The disease pro-
gression was similar to that observed in animals inoculated
with infectious serum (17–19, 47, 55, 62) and was characterized
by detectable viremia from weeks 1 and 2 p.i., relatively rapid
viral replication leading to transient increases in ALT levels,
liver inflammation between weeks 9 and 20, and antibody re-
sponses to both structural and nonstructural gene products
from week 10 until the end of the study. The onset of these
responses was followed by a significant decrease in viremia, but
the virus was not cleared (Fig. 1A to F), leading to a persistent
infection in both animals. This may be a feature of the infec-
tious clone or mode of infection or a characteristic of the
chimpanzees used. Future experiments with other infectious
clones in different animals will provide the answers to these
questions.

Persistent HCV infection occurs in more than 85% of pa-
tients (3) and 30% of chimpanzees (4), even though they often
have both humoral and cellular immune responses to several
viral Ags. The mechanism by which HCV eludes the host
response is not well understood. Observations that HCV exists
as a heterogeneous population in natural infections and re-
ports of escape mutants at the antibody and CTL levels (10, 28,
53, 63, 66) provide evidence that immune escape may contrib-
ute to persistence either by repeated selection of preexisting

TABLE 2. Sequence changes in HCV genome at week 60 p.i.

HCV region

Ch1535 Ch1536

Nucleotide
position

Nucleotide
change

Amino acid
position

Amino acid
change

Nucleotide
position

Nucleotide
change

Amino acid
position

Amino acid
change

59 NCRa

Core 362 T-C 518b A-T
518b A-T

E1 1453 T-C 371 V-A 1134 C-A 265 L-I
1458 G-C 373 V-L

E2 1613 C-T 1540 T-C 400 V-A
1773 A-G 478 S-G 1728 A-G 463 T-A
2499 G-A 720 V-I 2468 C-T

p7 2603 C-T 2718 A-G 793 M-V
2638 T-C 766 V-A

NS2 2916 G-A 859 V-M 3047 T-C
3173 T-C

NS3 3632 C-G 3883 G-A 1181 R-K
4938 G-C 1533 A-P 5042 T-C
5244 G-A 1635 V-I

NS4A
NS4B 6104 C-T
NS5A 6947 G-A 7382 T-C

7386 A-G 2349 T-A
7575 G-A 2412 A-T

NS5B 7796 G-T 2485 Q-H 7698 C-A 2453 H-N
8624 G-A 7707 C-A 2456 L-M

8004 G-A 2555 D-N
8054c G-A
9135 C-T
9376 G-A TGA TAA

a NCR, noncoding region.
b Silent marker mutation for RNA transcripts from cDNA clones containing additional 59 bases.
c Silent marker mutation for RNA transcripts from cDNA clones with 75-base (A8054) versus 133-base (G8054) poly(U/UC) tracts in 39 UTR (33).
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viruses or by the incorporation of advantageous mutations to
generate new variants. The animals in this study were inocu-
lated with RNA transcribed from a cDNA clone representing
a single viral genomic sequence. The only potential source of
mutations would have been during in vitro transcription, with
T7 RNA polymerase, or in vivo during HCV replication. For
these variants to become dominant, both of these mechanisms
would need to generate replication-competent viruses with
some growth advantage over the wild type either through host
adaptation or immune escape.

The mechanisms involved in clearance of virus are also
poorly understood. A CD4 T-cell response to a conserved
epitope contained within the NS3 region has been detected in
a majority of patients with varied haplotypes who have re-
solved acute infections (14, 15). The epitope was shown to have
high binding affinity for several common HLA-DR alleles and
may play an important role in viral clearance. It has also been
suggested that low or late anti-envelope antibody responses
may correlate with chronicity while earlier responses, within 3
to 6 months of infection, are associated with resolution of
acute infections (1, 68, 69). This could also be true of cellular
responses. Ch1535 and Ch1536 developed detectable antibod-
ies to several viral antigens within 9 to 13 weeks p.i. (Fig. 1B
and D and 2) however, quantitative analyses of antibodies to
the E1E2 region and HVR1 indicated that the responses were
low during this time and therefore may not have been adequate
to clear the virus, even though serum RNA titers were reduced
significantly (Fig. 1A and C). Similarly, although the elevated
ALT levels and inflammatory responses are indicative of a
cellular response, this may also have been too weak to com-
pletely clear the virus.

There is evidence to suggest that the HCV HVR1 contains
an antibody neutralization epitope. When subjected to im-
mune pressure, new HVR1 sequences can be selected that
represent immune escape variants (32, 52, 53, 60, 66). Obser-
vations of humans and chimpanzees have shown that the dom-
inant sequence for this region changes during the course of an
infection, leading to the suggestion that the emergence of
HVR1 variants may be required for the establishment of per-
sistence (32, 60, 66). Our data clearly show that mutations in
HVR1 are not required for persistence of HCV in infected
chimpanzees and that, in this instance, HVR1 does not accu-
mulate mutations at an unusually high rate relative to the rest
of the viral genome. In one animal, Ch1535, after 60 weeks of
infection in the presence of specific antibody responses, the
dominant HVR1 sequence was still identical to that in the
original inoculum (Fig. 3A). Ch1536 incorporated a single-
amino-acid mutation in HVR1 (Fig. 3B) which did not appear
to represent an escape mutant. Virus persisted in this animal
without diminution of viremia despite a marked increase in
anti-E1E2, non-HVR1-reactive antibody. Analysis of multiple
clones at week 60 did not demonstrate any significant degree of
variability in either animal and certainly nothing similar to that
associated with natural isolates (44, 67).

It is possible that the anti-HVR1 antibody responses in
Ch1535 and Ch1536 were insufficient for the selection of
HVR1 variants or escape mutants during the course of this
infection. However, anti-HVR1 antibodies became elevated in
one animal, Ch1536, at week 51 p.i. and remained high until
the end of the study, but this did not result in significant
sequence heterogeneity nor in the selection of HVR1 escape
mutants. These data suggest that HVR1 escape mutants could
be, in natural infections, a selection of preexisting variants
which become dominant when the major species is suppressed
by the antibody response in the host. The possibility that this
principle would also apply in humans is supported by a recent

study examining the evolution of HVR1 in a cohort of patients
infected from a common source (42). The study suggested that
multiple sequences, or lineages, could coexist for long periods
during chronic infection and that variant sequences within
infected individuals had diverged many years before in previ-
ous hosts, not since the infection took place. In addition, the
amino acid substitutions in HVR1 were constrained in that
there appeared to be variable and nonvariable sites. At the
variable positions substitutions were confined to residues with
similar characteristics.

The mutations detected in the viral genome RNA isolated at
week 60 from both animals (Tables 1 and 2) were not evenly
distributed among the different gene products. Substitutions
were clustered within the envelope, NS2, NS3, and NS5 re-
gions, though the clustering differed in the two animals. The
function of the p7 protein is unidentified and it has yet to be
established whether it forms part of the viral envelope; how-
ever, despite the short length of this region, serum RNA from
both chimpanzees at week 60 carried mutations that resulted in
amino acid substitutions.

Only further vaccine or neutralization experiments with sin-
gle-sequence viruses will determine directly which, if any, of
the observed substitutions in Ch1535 and Ch1536 represent
escape mutations and therefore may have contributed to per-
sistent infection in these animals. The identification of anti-
body epitopes in the E1E2 region of HCV has been difficult
due to the conformational nature of these proteins. Linear
B-cell epitopes other than those in HVR1 have been identified
in E1 and E2 (11, 43, 48), although none of the mutations
observed in Ch1535 and Ch1536 were located within these
epitopes. Numerous reports have been published describing
major histocompatibility complex class I CTL-recognizing Ags
of HCV (6, 9, 16, 21, 29, 35–37, 39, 45, 49); taken together,
these reports show that CTLs to all viral proteins have been
detected. There is some evidence for the existence of CTL
escape variants in experimental chimpanzee infections (65)
and natural human infections (10), and an association has been
observed between the presence of peptide variants and CTL
responses, suggesting that some form of selection may take
place, although early in infection (10).

If the mutations observed in Ch1535 and Ch1536 arose early
in infection, shortly after the immune responses occurred,
there is a strong possibility that they represent escape mutants,
whereas if they arose late they are probably more a conse-
quence of persistence than the cause. Analysis of serum RNA
from earlier time points revealed that none of the mutations
detected at week 60 were present before the peaks in ALT.
However, several were present in both animals as the majority
sequence following the stabilization of ALT and viremia.
These mutations were located in regions that could be targets
for antibody or CTL responses. Although none of the muta-
tions, nor any of those detected at week 60 in either chimpan-
zee, were located in previously identified immune epitopes,
they could reflect adaptation to the animal-specific HCV im-
mune responses that enabled the virus to evade the host re-
sponse well enough to remain in circulation. The Patr alleles of
these animals are known to be different (49a), and further
characterization is under way, together with observation of B
and T cell responses, to determine whether any of the muta-
tions observed could represent immune escape variants.

The overall mutation rate for HCV was calculated as 1.57 3
1023 and 1.48 3 1023 nucleotide substitutions per site per year
for Ch1535 and Ch1536, respectively. This is similar to that
previously reported for samples taken 20 years apart from a
chronically infected patient (;1.9 3 1023 base substitutions
per genome site per year), although that study found a signif-
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icantly high rate of change in HVR1 (28.2% variation at the
nucleotide level [46]), probably due to preexisting variants. It
should be noted that these analyses are measuring the rates at
which mutations accumulate over time and are influenced not
only by mutation frequency during RNA replication but also by
the relative fitness of these mutations in vivo.

With the development of an infectious clone for HCV we
can begin to analyze the effects of the host immune response
on viral evolution and the role this plays in persistence. The use
of early-acute-phase serum from these transfected chimpan-
zees also provides an inoculum that, although it cannot be
guaranteed to consist of a single viral sequence, will have a
sequence variability as low as can be achieved with current
approaches and will therefore be invaluable in addressing fur-
ther the questions surrounding the mechanisms that allow per-
sistence and reinfection and the feasibility of an effective vac-
cine.
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