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Persistent infection with hepatitis C virus (HCV) is among the
leading causes of chronic liver disease. Previous studies suggested
that genetic variation in hypervariable region 1 (HVR1) of the
second envelope protein, possibly in response to host immune
pressure, influences the outcome of HCV infection. In the present
study, a chimpanzee transfected intrahepatically with RNA tran-
scripts of an infectious HCV clone (pCV-H77C) from which HVR1
was deleted became infected; the AHVR1 virus was subsequently
transmitted to a second chimpanzee. Infection with AHVR1 virus
resulted in persistent infection in the former chimpanzee and in
acute resolving infection in the latter chimpanzee. Both chimpan-
zees developed hepatitis. The AHVR1 virus initially replicated to
low titers, but virus titer increased significantly after mutations
appeared in the viral genome. Thus, wild-type HCV without HVR1
was apparently attenuated, suggesting a functional role of HVR1.
However, our data indicate that HVR1 is not essential for the
viability of HCV, the resolution of infection, or the progression to
chronicity.

epatitis C virus (HCV) is a small, enveloped positive strand

RNA virus (Flaviviridae family) that is an important cause
of chronic liver disease worldwide (1-3). Three to four million
people in the United States and more that 100 million people
globally are infected with HCV. A key feature of HCV is its
capacity to persist in most infected individuals. About 80% of
acutely infected individuals become chronically infected, and
some develop chronic hepatitis, liver cirrhosis, and hepatocel-
lular carcinoma.

In an infected individual, HCV circulates as a heterogeneous
population (quasispecies). The envelope glycoproteins (E1 and
E2) exhibit the highest degree of genetic heterogeneity, espe-
cially in the 81 nucleotides comprising the hypervariable region
1 (HVR1) located at the N terminus of E2 (4-6). This region has
been extensively used to characterize the quasispecies nature of
HCV (7-10). It evolves rapidly in infected individuals, suggesting
that it is under strong immune pressure, and there is evidence
that the virus is able to escape the host immune response by
accumulating mutations in the HVRI1 region (11-14). Consistent
with these observations, the HVR1 has been shown to contain
at least one neutralization epitope (15, 16). In vitro, antibodies
to HVRI can inhibit the binding of recombinant E2 (17) or of
virus (18) to cells, and rabbit hyperimmune serum generated to
the carboxyl-terminal 21 amino acids of HVR1 can neutralize the
infectivity of HCV for chimpanzees (15, 16). In addition, a
correlation between the early appearance of anti-HVRI1 and
resolution of HCV infection in acutely infected patients was
reported (19-21). A recent study provided evidence that the
evolutionary dynamics of the HVR1 quasispecies during the
acute phase of hepatitis C can predict the outcome of the
infection (22). Also, it has been suggested that the HVR1 might
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be a decoy antigen, diverting the host immune response away
from more conserved neutralization epitopes of HCV (23) or
that variants of HVR1 might act as T cell receptor antagonists
for HCV-specific CD4" or CD8* T cells (24-26). These studies
all assume a central role of HVR1 in the natural history of HCV.

Despite the high degree of genetic variability of HVRI,
detailed sequence analysis has revealed that this region actually
may be structurally constrained. It contains highly conserved
amino acid positions, and even at variable positions, amino acid
substitutions do not follow a random pattern (10, 27, 28).
Furthermore, hydrophobicity plots are similar for highly diver-
gent HVR1 sequences (J.B., unpublished data). It remains
possible, therefore, that the HVR1 of HCV must maintain a
defined structure to preserve virus viability, as was described for
the V3 loop of HIV gp120 (29, 30). Deletion of the V3 loop does
not cause appreciable misfolding of gp120, but it is lethal for the
virus because V3 has a critical role in the binding of the virus to
its principal receptor, CD4 (29, 30).

The generation of infectious cDNA clones has made it possible
to study HCV with recombinant DNA technology. Because there
is not a reproducible cell culture system for HCV, infectivity
studies of molecular clones must be performed in chimpanzees
(31-36). In the present study, we inoculated chimpanzees with
HCV lacking HVR1 and studied whether this hypervariable
region plays an essential role for the natural history of this
important human pathogen.

Materials and Methods

Construction of Plasmids. Two HCV expression vectors were
constructed using pDisplay (Invitrogen) as described previously
(37). Plasmid pE1E2surf-715 encoded the E1 protein of HCV
followed by a truncated form of the E2 protein (amino acids
192-715). Plasmid pE1E2surf-715(AHVRI1) encoded the E1
protein (amino acids 192-383) and a truncated E2 protein
lacking the HVR1 region (amino acids 411-715). The sequence
of both clones was confirmed.

Construction of a deletion mutant of pCV-H77C lacking the
HVRI1 was performed by digestion of the expression vector
pE1E2surf(AHVR1) with MunI and cloning the resulting frag-
ment into the Munl-digested HCV cDNA clone H77C. A clone
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containing the correct insert was selected and retransformed,
and large-scale plasmid DNA was prepared as previously de-
scribed (32). The complete sequence of the HVRI1 deletion
mutant [pH77C(AHVR1)] was identical to pCV-H77C except
for the absence of the first 81 nucleotides (positions 1491 to 1571
of H77C) of E2.

In Vitro Protein Synthesis and Processing. Expression vectors
pE1E2surf-715 and pE1E2surf-715(AHVR1) were assayed for in
vitro protein synthesis and processing. Reactions were per-
formed in 25 ul of the TNT-coupled reticulocyte lysate system
(Promega) containing [>*S]methionine or [33S]cysteine, with or
without the addition of canine microsomal membranes at 30°C
for 90 min. Total translation products were separated by 12%
SDS/PAGE and identified by autoradiography.

Analysis of AHVR1 Mutant of HCV in Chimpanzees. The housing,
maintenance, and care of the two chimpanzees used in the
present study were in compliance with all relevant guidelines and
requirements. RNA was transcribed in vitro with T7 RNA
polymerase from 10 ug of pH77C(AHVR1) linearized with Xbal
as described previously (32). RNA transcripts from two tran-
scription mixtures were percutaneously injected into the liver of
a chimpanzee (#1590) under ultrasonographic control (36). A
second chimpanzee (#96A008) was inoculated intravenously
with 90 ml of plasma from chimpanzee 1590 taken 4 weeks after
transfection. Serum samples were collected weekly from both
chimpanzees and monitored for HCV-RNA [in-house RT-
nested PCR (38) and HCV Monitor test version 2.0 (Roche
Diagnostics)], HCV antibodies (second generation ELISA, Ab-
bott), and liver enzyme levels (alanine aminotransferase, Ani-
lytics). Liver biopsies were collected weekly and examined for
necroinflammatory changes.

The genome (ORF) of virus recovered from infected chim-
panzees was amplified by RT-PCR with primers specific for
HCV strain H77 and sequenced directly to obtain consensus
sequences (32, 38). For sequential analysis, genome regions with
mutations were amplified in RT-nested PCR assays with specific
primers and sequenced directly (38).

To examine the relative titers of HCV RNA in serum,
peripheral blood mononuclear cells (PBMC), and liver tissue in
an animal infected with the AHVR1 mutant, additional samples
were collected from chimpanzee 1590 at weeks 51 and 52
postinoculation (p.i.) PBMC were isolated with Ficoll-Paque
Plus (Amersham Pharmacia) from 10 ml of fresh whole blood
(collected in ACD tubes). More than 10° cells were isolated and
tested in total. Total RNA from PBMC, serum, and liver were
extracted in parallel by Trizol (GIBCO/BRL). RNA from
PBMC was tested for HCV RNA in RT-nested PCR (38). The
genome titer of the RNA extracted from serum or liver
was tested in parallel by Monitor 2.0 (Roche) in duplicate
experiments.

Cellular Immune Responses in Chimpanzees Infected with AHVR1
Mutant of HCV. PBMC were tested for HCV-specific proliferative
capacity with a panel of recombinant HCV proteins [C22 (core),
C33-c (NS3), c100 (NS3-NS4), and NS5]. The mean level of
thymidine incorporation, after 6 days of culture, in the antigen-
stimulated and control cultures was used to calculate the stim-
ulation index. A stimulation index value of >2 was considered
positive. The peripheral CD8" T cell response was tested by
stimulating PBMC with a large panel of HCV peptides corre-
sponding to CD8" T cell (CTL) epitopes located within the viral
structural and nonstructural proteins (39). Peptide-specific CTL
lines were tested by flow cytometry for peptide-specific inter-
feron—gamma production after 3 weeks of repetitive peptide
stimulation. To test for the intrahepatic CD4* T cell response,
liver-infiltrating lymphocytes were isolated from approximately
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0.5-1 cm of liver tissue obtained by needle biopsy (16-gauge
needle). The tissue was homogenized in 2-3 ml of PBS using a
Dounce tissue grinder. Cell suspensions were then incubated
with beads coupled to anti-CD4 antibodies (Dynabeads) for 20
min, and bound CD4" T cells were isolated using a particle
magnetic concentrator. Isolated intrahepatic CD4* T cells were
next plated into separate wells in 24-well plates in 1 ml of 10%
blood type AB serum, 100 units/ml IL2, and 0.04 ug/ml
anti-human CD3 monoclonal antibody as a stimulus to T cell
growth and 2 X 10 irradiated autologous PBMC as feeders (40).
After 2-3 weeks, the expanded T cells were tested for HCV-
specific proliferative responses as described above.

Results

In Vitro Processing of the HVR1 Deletion Mutant. We previously
reported that E2 protein lacking HVR1 appeared to be properly
folded since it could be targeted to the cell surface and could
bind to the large extracellular loop of CD81 (37), which was
recently proposed as the receptor for HCV (41). However, these
studies were done with E2 protein expressed by itself, whereas
the E2 protein is normally synthesized as part of a polyprotein.
Because HVRI is located immediately downstream from the
cleavage site between E1 and E2, it was important to determine
whether deletion of HVR1 would affect the host-mediated
processing of E1 and E2. Two expression vectors encoding E1
and E2, which were identical except that one lacked HVRI1, were
transcribed and translated in the TNT-coupled reticulolysate
system. When microsomal membranes were added to the mix-
ture, cleavage between E1 and E2 was observed for both
constructs; as expected for correct processing, the E1 protein of
each was the same size, but the E2 protein derived from the
expression vector lacking HVR1 was slightly smaller than its
counterpart (Fig. 1). These results suggested that deletion of
HVRI1 did not have major effects on the processing of the HCV
E2 protein.

Intrahepatic Transfection of a Chimpanzee with HCV RNA Lacking
HVR1. To determine whether an infectious clone of HCV (pCV-
H77C) (32) retained its viability after HVR1 was deleted
[pH77C(AHVR1)], we transcribed RNA from linearized
pH77C(AHVRY1) in vitro and inoculated it into the liver of a
naive chimpanzee (#1590). The virological and immunological
correlates of HCV infection following the transfection are shown
in Fig. 2. Serum HCV-RNA was detected by RT-nested PCR
(38) at week one p.i., and the animal remained HCV-RNA
positive throughout the entire follow-up period of 72 weeks.
Thus, this chimpanzee developed a chronic infection. The ge-
nome titer during the first 7 weeks was =10 genome equivalents
(GE)/ml, which was very low, compared with titers of 10° to 10°
GE/ml reported for the complete virus following transfection
(32). However, during weeks 8—14, the titer increased progres-
sively to ~10* GE/ml and remained at 10° to 10* GE/ml
throughout follow-up. The transfected chimpanzee became pos-
itive for antibodies to HCV (second generation ELISA) at week
37. Third generation RIBA (Chiron) confirmed the presence of
antibodies to C22 (core), C33-c (NS3), and c100 (NS3-NS4). An
HCV-specific proliferative CD4* T cell response to C22 (core),
C33-c (NS3), ¢100 (NS3-NS4), and/or NS5 antigens of HCV was
detected in the PBMC beginning at week one posttransfection
and throughout follow-up; at most weeks, however, we detected
only a monospecific response to core. Peripheral CTL responses
were tested at weeks 5, 9, 14, and 18 by an in vitro peptide
stimulation assay. CTL were detected with two NS4 peptides at
weeks 9 and 14 and with one of these at week 18. A transient and
monospecific (NS5) proliferative T cell response was detected in
the liver at weeks 14 and 15. Although serum liver enzyme values
remained normal during the entire follow-up, necroinflamma-
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Fig. 1. Proteolytic cleavage of an E1-E2 precursor lacking HVR1. Expression
vectors pE1E2surf-715 and pE1E2surf-715(AHVR1) were assayed for in vitro
protein synthesis and processing. Reactions were performed in the TNT -cou-
pled reticulocyte lysate system (Promega) containing [3°S]cysteine, with or
without the addition of canine microsomal membranes. Total translation
products were separated by 12% SDS/PAGE and identified by autoradiogra-
phy. The reaction of pE1E2surf-715(AHVR 1) without addition of canine mem-
branes is not shown. In both cases, cleavage between E1-E2 occurred in the
presence of microsomal membranes, yielding E1 glycoproteins of comparable
size; for pE1E2surf-715(AHVR1), an E2 protein of slightly smaller size was
generated. The presence of uncleaved, nonglycosylated E1E2 proteins is
indicated.

tory changes indicative of hepatitis were detected in liver biop-
sies during weeks 34—40.

We sequenced the genome of viruses recovered from chim-
panzee 1590 following transfection with clone H77C(AHVR1).
The consensus sequence of the entire ORF (8952 nucleotides
encoding 2984 amino acids) was determined at weeks 13 and
24 p.i. We confirmed that the recovered virus lacked the HVR1
region. Compared with the cDNA clone, six nucleotide substi-
tutions were identified in the virus, and five of these were
nonsynonymous (Table 1). The temporal occurrence of these six
mutations was determined by sequential analysis of the relevant
regions (Table 1). During weeks 4-7, mutations were not
detected. However, during weeks 8—14, and coinciding with the
increase in viral titer, we detected amino acid substitutions at
four positions (two in E2, one in NS3, and one in NS5B). The
NS3 mutation reverted to the wild-type sequence at week 18, but,
at the three other positions, the wild-type sequence was replaced
completely with the mutant sequence. An additional amino acid
substitution in NS3 appeared at week 18 p.i.

The relative genome titer of HCV lacking HVR1 was assessed
in serum, PBMC, and liver obtained from the transfected
chimpanzee at weeks 51 and 52 p.i. We did not detect HCV RNA
in PBMC. However, the HCV titers determined from liver
tissue (10*® GE/ml and 10** GE/ml at weeks 51 and 52 p.i.,
respectively) were higher than the titers determined from the
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Fig.2. Intrahepaticinoculation of chimpanzee 1590 with RNA transcripts of
pH77C (AHVR1). Serum samples were collected weekly from the chimpanzee
and monitored for HCV-RNA (In-house RT-nested PCR and HCV Monitor test
version 2.0; Roche), HCV antibodies (second generation ELISA, Abbott), and
liver enzyme levels (alanine aminotransferase, Anilytics). PBMCwere collected
weekly and tested for HCV-specific proliferative capacity (Peripheral CD4)
with a panel of recombinant HCV proteins [C22 (core), C33-c (NS3), C100
(NS3-NS4), and NS5]. The peripheral CTL was tested by stimulating PBMC with
a large panel of HCV peptides corresponding to known CTL epitopes. Ex-
panded T cells isolated from liver biopsy samples were tested for HCV-specific
proliferative responses (Intrahepatic CD4). +, positive; —, negative. Liver
biopsies were examined also for necroinflammatory changes (0, normal; 1+,
2+, 3+, 4+).

serum (10** GE/ml and 10*° GE/ml at weeks 51 and 52 p.i.,
respectively).

Transmission of HCV Lacking HVR1 to a Second Chimpanzee. To
investigate whether the HCV mutant lacking HVR1 was trans-
missible, we inoculated a naive chimpanzee (#96A008) intrave-
nously with plasma from the transfected chimpanzee (#1590).
As inoculum, we used 90 ml of plasma taken at week 4 from
chimpanzee 1590, before appearance of consensus mutations in
that chimpanzee (Table 1). The virological and immunological
correlates of HCV infection in chimpanzee 96A008 are shown in
Fig. 3. Serum HCV-RNA was first detected at week 2 p.i., with
a genome titer of 10! GE/ml, and the titer increased to peak
levels of 10* to 10° GE/ml during weeks 3-9. The infection was
resolved at week 18 p.i. Antibodies to HCV were not detected.
A peripheral monospecific proliferative CD4* T cell response
against core (C22) was detected during weeks 4-13 p..; a
multispecific response against NS3 (C33-c), NS3-NS4 (c100),
and NS5 was detected at week 18. The chimpanzee mounted an
early and multispecific peripheral CD8™" T cell response to a total
of seven different epitopes (representing core, NS3, NS4, and
NS5) at the weeks tested (weeks 4, 7, 11, 15, and 19). Finally, a
multispecific (C33-c, c100, and NS5) and sustained proliferative
CD4" T cell response was detected in the liver from week 8 p.i.
Liver enzyme values were marginally elevated during weeks
10-18 p.i., and necroinflammatory changes were detected in
liver biopsies during weeks 11-18 p.i.

Sequence analysis of the entire ORF of HCV recovered from
chimpanzee 96A008 at weeks 4 and 9 p.i. showed that the
transmitted virus lacked HVR1. Compared with the cDNA clone
of the mutant, four nucleotide substitutions were identified in
the virus, and all four mutations were nonsynonymous (Table 2).
Sequence analysis of regions encompassing the described mu-
tations showed that a mutation in E2 and NS3 each had replaced
the wild-type nucleotide by the time the virus was first detected
(week 2). An identical change in E2 had occurred in the
transfected chimpanzee (Table 1). A change in E1 appeared as
a quasispecies at week 2 but had replaced the wild-type nucle-
otide completely by week 3. The other mutation, in NS3,

Forns et al.



Table 1. Evolution of HCV lacking HVR1 in chimpanzee 1590

E2 NS3 NS5B
Titer Titer nt 1881 aa 514 nt2185 aa615 nt3769 aa 1143 nt4708 aa 1456 nt8234 aa 2631 nt8966 aa 2875
Week in-house* monitor® G \ T L G R C T G K A E
1 <1 Neg
2 <1 Neg
3 1 Neg
4 1 Neg T L G R
5 1 Neg G \% T L G R A E
6 1 Neg G \% T L G R A E
7 1 Neg G \% T L G R A E
8 2 Neg G \% T/A L/H G R A/t E/d
9 2 Neg G \% T/A L/H G/a R/h T/a D/e
10 2 2.08 G \% A/t H/I G/a R/h T/a D/e
11 3 2.88 G \% A H G/a R/h T D
12 3 2.83 G/a V/m A H G/A R/H T D
13 4 3.30 G/A V/M A H G/A R/H C T G/a K T D
14 4 3.50 G/A V/M G/A R/H C T G K
15 3 3.48
16 4 3.52 A/g M/v G/a R/h C T G/a K
17 4 3.29
18 3 3.72 A M G R C/t T/m G/A K
19 3 3.20
20 3 3.37 A M G R /T /M A/g K
21 3 4.04
22 4 3.94 A M G R /T /M A/g K
23 4 3.48
24 4 3.74 A M A H G R T/c M/t A K T D

We performed sequence analysis of the entire open reading frame of the virus recovered from chimpanzee 1590 at weeks 13 and 24 posttransfection. We
confirmed that the HVR1 region was not present and identified differences from the wild-type cDNA clone as indicated. Nucleotide (nt) and amino acid (aa)
positions of pCV-H77C (32). Sequence of H77C(AHVR1) cDNA is shown on top. Dominant sequences recovered from the chimpanzee are shown in capital letters.
Minor sequences recovered from the chimpanzee are shown in lower case letters.

*Logqo titer determined by RT-nested PCR on 10-fold serially diluted extracted RNA (38).
fLogq titer determined by second generation Monitor test (Roche).

appeared at week 3 and persisted as a quasispecies during weeks  transfected chimpanzee remained viremic with HCV lacking
3-10 and then reverted to wild-type. This latter mutation had ~ HVRI for more than 1 year, and the AHVRI virus was trans-

been seen also in the transfected chimpanzee (Table 1). mitted to a second chimpanzee. However, the virus kinetics were
. . different in chimpanzees infected with the AHVRI1 virus when
Discussion compared with chimpanzees transfected with the full-length

This study provides definitive evidence that the HVR1 region of ~ wild-type genome (31, 32) or inoculated intravenously with the
the E2 protein is not essential for the life cycle of HCV. A wild-type monoclonal virus (42). In particular, during the first
weeks of the infection, AHVR1 virus replicated at unusually low
levels, suggesting that the deletion mutant was attenuated.
However, some mutations apparently compensated for the re-

HCV-RNA
CONRRENRRRRRERRRRRQooOoOnO000000D moval of HVR1 because their appearance coincided with the
2 - initial increase in virus titers. All such mutations were coding,
Peripheral CD4 . . .
e R - suggesting that the virus was under strong selective pressure.
Peripheral CTL . . . . . .
intrahepaticCD4_ * * * Two amino acid substitutions were located within the ectodo-
Cver Histology @y~ 5t tYYT v oo TT main of E2. Both E2 mutations are at positions that are
©000000000011111211000000 5 1 conserved among HCV genotype reference strains (38), and one
B2 of these appeared in both chimpanzees (Tables 1 and 2). These
4 :'_—; §’ mutations are not within the regions believed to be involved in
5 383 binding to the putative HCV receptor, CD81 (43). A single
3 o amino acid substitution was found in E1 in one chimpanzee; this
g 252 mutation is at a position that is variable among HCV genotype
S 8 8 reference strains (38). The rapid appearance of mutations in the
[ . . . .
. o3 glycoproteins in the present study contrasted with the previously
o 5 10 15 20 25 30 reported absence of mutations within the structural region
Week Postinoculation during the first year following transfection with transcripts of the

Fig.3. Infection of chimpanzee 96A008 with HCV lacking HVR1. At week 0, Wllil-ttype pc'\t/h_'H7]:Z,f (4?/ Th]l;:;’ it 1str(?asonable to atssclllr;le tg?t
the chimpanzee was inoculated intravenously with 90 ml of plasma from mutations within and/or proteins compensated 1or the

chimpanzee 1590 (week 4 after transfection). At a titer of 10 GE/ml this absence of the HVR1 .and improved virus f.ltness. n th€.: chim-
represented an inoculum of approximately 900 genome equivalents of HCV. panzees. Once mutations were selected, infection with the
See also legend to Fig. 2. AHVRI1 virus resembled wild-type HCV infection, including
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Table 2. Evolution of HCV lacking HVR1 in chimpanzee 96A008

E1 E2 NS3
Titer Titer nt 1097 aa 252 nt 1881 aa 514 nt 3769 aa 1143 nt 4269 aa 1310
Week in-house* monitor® A K G \% G R T Y
1 Neg Neg
2 1 Neg A/T K/N A M G R C H
3 3 3.33 T N A M G/a R/h C H
4 4 4.00 T N A M G/a R/h C H
5 4 3.98 G/A R/H
6 5 4.25 G/A R/H
7 5 4.81 G/A R/H
8 5 4.51 G/A R/H
9 5 4.62 T N A M G/A R/H C H
10 4 3.30 G/a R/h
11 3 2.63
12 3 2.92 G R
13 2 Neg
14 2 3.14 G R
15 1 Neg
16 4 3.06 G R
17 1 Neg
18 Neg Neg
19 Neg Neg
20 Neg Neg

We performed sequence analysis of the entire open reading frame of the virus recovered from chimpanzee 96A008 at weeks 4 and 9 post-inoculation. We
confirmed that the HVR1 region was not present and identified differences from the wild-type cDNA clone as indicated. Nucleotide (nt) and amino acid (aa)
positions of pCV-H77C (32). Sequence of H77C(AHVR1) ¢cDNA is shown on top. Dominant sequences recovered from the chimpanzee are shown in capital letters.
Minor sequences recovered from the chimpanzee are shown in lower case letters.

*Logyo titer determined by RT-nested PCR on 10-fold serially diluted extracted RNA (38).

TLogo titer determined by second generation Monitor test (Roche).

development of hepatitis. Thus, whereas our study clearly dem-
onstrates that the HVR1 is nonessential, it does also suggest a
functional role of HVRI since the deletion mutant without
compensating mutations was impaired. Further studies are re-
quired to define the putative function of HVR1 in the HCV
infection cycle.

The primary replication site of HCV is the liver, but low-level
replication has also been reported in lymphocytes (1). If HVR1
played an important role in cell attachment or entry, it is possible
that deletion of this region would change its cell tropism.
However, this apparently was not the case. We did not detect the
AHVRI1 virus in lymphocytes but did detect it at higher levels in
the liver than in the serum of the chronically infected chimpan-
zee. More importantly, chimpanzees infected with the AHVR1
virus had histological evidence of viral hepatitis. Additionally, in
these chimpanzees, T cell responses were detected in the liver,
aswell as peripherally. These data indicate that lack of HVR1 did
not prevent HCV infectivity for hepatocytes.

Genetic variation within HVR1 is thought to play an essen-
tial role in determining whether patients have acute resolving
or chronic infection (22). At least 15% of acutely infected
individuals have spontaneous viral clearance, but the mecha-
nism for this is unknown. A role for HVR1 in viral persistence
through an immune escape mechanism was suggested in
numerous studies (7-10). Our study proves that a host immune
response to HVR1 is not essential for viral clearance since one
chimpanzee infected with the AHVRI1 virus cleared the virus
at week 18 of the infection. Antibodies to HCV, including
antibodies to E2 (data not shown), were not detected in this
chimpanzee. However, the clearance in the chimpanzee was
preceded by a strong, sustained, and multispecific intrahepatic
CD4* T cell response to HCV nonstructural proteins, as well
as by a peripheral multispecific CD8* T cell response to
multiple epitopes representing core and nonstructural pro-
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teins. In contrast, HCV persisted for more than 1 year in the
other chimpanzee infected with AHVRI1. This animal did
develop antibodies to structural and nonstructural proteins. In
this chimpanzee, the AHVRI virus persisted in the face of an
early peripheral, multispecific CD4* T cell response and a
transient monospecific intrahepatic CD4* T cell response as
well as a peripheral monospecific CD8" T cell response. Thus,
although HVRI1 contains a neutralization epitope, this region
is required neither for clearance nor persistence of HCV.
The outcome of infection in the chimpanzees studied might
have correlated with the quality of the cellular immune response
to HCV. Recent studies suggested an association of peripheral
CD4 or CD8" T cell responses and viral clearance in acutely
infected patients (45-48). In acutely infected chimpanzees, an
association of an intrahepatic CD8* T cell response and viral
clearance was reported (49). We did not observe an association
between the vigor of the peripheral CD4* T cell response and
the outcome of infection. However, our study suggested an
important role of the intrahepatic CD4* T cell response as well
as the peripheral CTL response. In the chimpanzee with acute
resolving infection, the proliferative CD4" response occurred in
the liver earlier and was much stronger, more broadly directed
and durable compared with the intrahepatic CD4* response in
the chimpanzee that developed a chronic infection. In addition,
in the chimpanzee with acute resolving infection, the peripheral
CTL response appeared earlier and was directed against several
additional epitopes compared with the CTL response in the
chimpanzee that developed a chronic infection. These data
suggest that the homing efficiency of the virus-specific T cells to
the liver and the breadth of the CTL response may play an
important role in the outcome of acute HCV infection. It was
recently reported that clearance of hepatitis B virus from liver
cells of experimentally infected chimpanzees occurs primarily
without destruction of the infected cells (50). In the present
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study, clearance of HCV in chimpanzee 96A008 was associated
with only marginally elevated transaminase levels even though
high titers of virus were eliminated. This observation implies that
noncytolytic mechanisms might play a role also for HCV clear-
ance. Detailed analysis of the T cell response to HCV in these
and other chimpanzees will be reported separately to address
further the role of the cellular immune response for viral
clearance during the early acute phase of HCV infection.

Our study challenges the concept that HVRI, located in the
envelope protein thought to promote attachment and entry into
host cells, has a pivotal role in the natural history of HCV. We
have shown that this region was not essential for the infection
cycle of HCV. However, our study did suggest a functional role
of HVRI1 since wild-type HCV without HVR1 was attenuated.
Removal of HVR1 did not restrict the outcome of the infection.
Although this does not necessarily mean that the HVR1 has no
influence on whether the disease is resolved or progresses
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following infections with wild-type virus, these data suggest that
other factors do play a role and need to be identified.
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