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Abstract

Mechanisms by which hepatitis C virus (HCV) evades cellular immunity to establish persistence in chronically infected
individuals are not clear. Mutations in human leukocyte antigen (HLA) class I-restricted epitopes targeted by CD8* T cells are
associated with persistence, but the extent to which these mutations affect viral fitness is not fully understood. Previous
work showed that the HCV quasispecies in a persistently infected chimpanzee accumulated multiple mutations in
numerous class | epitopes over a period of 7 years. During the acute phase of infection, one representative epitope in the C-
terminal region of the NS3/4A helicase, NS31639.1637, displayed multiple serial amino acid substitutions in major
histocompatibility complex (MHC) anchor and T cell receptor (TCR) contact residues. Only one of these amino acid
substitutions at position 9 (P9) of the epitope was stable in the quasispecies. We therefore assessed the effect of each
mutation observed during in vivo infection on viral fitness and T cell responses using an HCV subgenomic replicon system
and a recently developed in vitro infectious virus cell culture model. Mutation of a position 7 (P7) TCR-contact residue,
11635T, expectedly ablated the T cell response without affecting viral RNA replication or virion production. In contrast, two
mutations at the P9 MHC-anchor residue abrogated antigen-specific T cell responses, but additionally decreased viral RNA
replication and virion production. The first escape mutation, L1637P, detected in vivo only transiently at 3 mo after infection,
decreased viral production, and reverted to the parental sequence in vitro. The second P9 variant, L1637S, which was stable
in vivo through 7 years of follow-up, evaded the antigen-specific T cell response and did not revert in vitro despite being
less optimal in virion production compared to the parental virus. These studies suggest that HCV escape mutants emerging
early in infection are not necessarily stable, but are eventually replaced with variants that achieve a balance between
immune evasion and fitness for replication.
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Introduction

Hepatitis C virus (HCV) currently infects an estimated 3% of
the world’s population (~170 million people) [1,2], causing a
myriad of health problems including fibrosis and cirrhosis of the
liver [3,4]. Infection considerably increases the probability of
hepatocellular carcinoma, and HCV-related hepatic disease has
become the leading cause of orthotopic liver transplantation in the
United States [5]. The majority of those infected with the virus are
unable to spontaneously resolve the infection despite the presence
of humoral and cellular immune responses that are at least
occasionally robust [6-8]. There have been many reasons
proposed as to why the immune system fails in the face of chronic
HCYV infection, including early T cell exhaustion, particularly of
the CD4+ helper subset [9,10], dendritic cell (DC) dysfunction
[11,12], impairment of effector cells [6,13,14], and cytotoxic T
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lymphocyte (C'TL) viral epitope escape [15—18]. Like most small
RNA viruses, HCV has an extremely high replication rate
(~10'-10"? virions/d, [19]), and the highly error prone NS5B
polymerase allows for robust production of minor viral variants
that may outpace cellular immune responses [6,20,21]. These
variants are under constant immune pressure in the infected host,
and Darwinian selection processes lead to domination of the viral
quasispecies by the most fit virus that can also evade immune
recognition.

Viremia varies widely in individuals with chronic HCV
infection with steady state values that range from a few thousand
to several million genomes per milliliter of plasma. Factors that
regulate virus load in persistent HCV infection are not known but
could conceivably influence the rate and severity of progressive
liver disease. CTL mutational escape could have positive or
negative effects on virus replication depending on the site and
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Author Summary

Hepatitis C virus (HCV)-associated liver disease is a leading
indication for liver transplantation in the United States.
With more than 170 million people infected with HCV
worldwide and more than 70% of those infected unable to
clear the virus, it is of paramount importance to elucidate
the factors leading to viral persistence. A well-character-
ized experimental chimpanzee chronically infected with
HCV was found to develop multiple viral sequence
variations over the course of 7 years. Serial mutations in
an HCV epitope that was originally immunogenic in the
host were observed during the course of infection, and we
sought to better understand how each mutation affected
viral persistence. We recreated the viral variants detected
in the chimpanzee and assessed the ability of each variant
to replicate, produce progeny virus, and evade the host
immune system. We found that certain HCV variants
present long after initial infection are able to avoid
recognition by host immune cells, but have reduced
replication fitness. Importantly, in the absence of immune
pressure, these viruses mutate back to variants better able
to replicate and produce new viral progeny. Our experi-
ments suggest that rapidly mutating viruses like HCV seek
a balance between replication efficiency and the ability to
evade the host immune system.

nature of the amino acid substitution(s) within structural or non-
structural HCV proteins. Some substitutions might be expected to
result in loss of immune control and thus higher levels of virus
production, but it is also plausible that mutations facilitating CTL
escape have negative consequences for replication if they impair
production, assembly, or release of virions. Impaired replicative
fitness as a result of escape mutation has been associated with
reduced viremia and slower disease progression in HIV-1-infected
humans and SIV-infected rhesus macaques [22-25]. Despite the
importance of CTL epitope viral mutation for immune evasion, in
HCV infection many highly targeted epitopes have a low mutation
frequency. Epitopes such as HLA-A2 restricted NS3,(75 1081 are
consistently targeted by CD8+ T cells, but amino acid mutations
facilitating immune evasion are rarely observed [26,27]. Since the
NS3 protein shares both protease and N'TPase-dependent helicase
functions, it has been proposed that mutations in these epitopes
may be lethal to the virus [28]. However, few studies have
examined how CTL escape directly correlates with HCV fitness.
Cell culture models of HCV replication utilizing viral replicons
have been valuable in identifying adaptive mutations that facilitate
robust replication in hepatocytes in vitro [29,30]. Using this tool
along with recently developed systems allowing actual infection
rather than just replication [31-34], we extend these models to
study the impact of CTL escape mutation on virus replication and
virion production. In this report, we assessed the evolution of a
dominant MHC class I epitope during the acute and chronic
phases of infection in a chimpanzee studied through seven years of
follow-up. A C-terminal epitope of the NS3 protein, NS3699 1637,
restricted by the chimpanzee Patr-B1701 molecule, has previously
been shown to serially acquire several distinct mutations in amino
acid residues that impair MHC binding or TCR recognition
[15,35,36]. The availability of longitudinal samples from this
chimpanzee facilitated a careful examination of epitope evolution
and an integrated assessment of the fitness of viral variants that
arose in vivo, as well as the host immune response directed against
these variants. Our results indicate that genomes encoding CTL
escape mutations that emerge early in infection are not necessarily
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optimized for replication and are eventually replaced by variants
that successfully balance escape from cellular immune pressure
and replicative fitness in the chronic phase of infection. We predict
that this could be an important factor influencing virus load in
HCV-infected chimpanzees and humans, with as yet unknown
consequences for liver disease progression.

Materials and Methods

Patr-B1701 plasmid, subgenomic replicon, and full-

length chimeric genome construction

Patr-B1701 plasmid. The Patr-B1701 sequence was cloned
into the pcDNAS3.1Zeo(-) plasmid (Invitrogen, Carlsbad, CA).
Briefly, the Patr-B1701 sequence was cloned from an EBV-
transformed B cell line generated from chimpanzee CH503,
linearized using Sall-EcoRI (1337 bp), and ligated to the multiple
cloning site (MCS) of pcDNAS3.1Zeo(-) cut with Xhol-EcoRI.
Ligations were transformed into DH5a cells (Invitrogen, Carlsbad,
CA), plated, and colonies picked and sequenced using the 17
forward and BGH reverse priming sequences (Macrogen, Korea).

Subgenomic replicons. Subgenomic replicons have been
previously described [29,30]. The original BB7 replicon backbone
containing a neomycin cassette under the control of the 5" HCV
internal ribosomal entry site (IRES) and the NS3-NS5B genes
under the control of an EMCV IRES was modified using site-
directed PCR mutagenesis and standard cloning procedures, as
described below.

JFHxJ6 Cp7 NS3 mutants. Plasmids pJFH1 (JFH) and pGND
(GND) have been previously described [33], and plasmid pJ6CF (J6)
is an autologous genotype 2a full-length clone that has been shown to
be infectious in chimpanzees [37]. Sequence homology for NS3
between the infecting HCV 1/910 strain and BB7 is 92.2% and
between HCV 1/910 and JFH/J6 1s 80%. Proper controls to assess
the effects of these differences at the epitope level were engineered
into the backbones of BB7 and Cp7, respectively. To create the full-
length chimeric JFHxJ6 Cp7 (Cp7) construct, two PCR products
were produced and fused to create junction points between Core-p7
of J6 and p7-NS5B of JFH, resulting in the JFHx]J6 Cp7 full-length
clone (described in [34]). NS3 629 1637 mutations were introduced in
the Cp7 clone as follows, using standard cloning procedures. A single
forward primer “039NS3Epi Forward” (5'-GATTCCCCTATC-
CTGCATCAAG-3') was used with four reverse primers
“040NS3EpiGAVONEITL” (5'-GTCAGCTTGCATGCATG-
TGGCGATGTACTTCGTCCCAGGGTGTGTGAGGGTAAT-
CTCATTTTGTACAGCGCCCAAACGGTACAGGAGAGG-3'),
“04INS3EpiGAVOQNEITP” (5'-GTCAGCTTGCATGCATGT-
GGCGATGTACTTCGTCCCAGGGTGTGTAGGGGTAAT-
CTCATTTTGTACAGCGCCCAAACGGTACAGGAGAGG-3'),
“042NS3EpiGAVQNEITS” (5'-GTCAGCTTGCATGCATGT-
GGCGATGTACTTCGTCCCAGGGTGTGTGCTGGTAAT-
CTCATTTTGTACAGCGCCCAAACGGTACAGGAGAGG-3'),
and “043NS3EpiGAVONETTL” (5'-GTCAGCTTGCATGC-
ATGTGGCGATGTACTTCGTCCCAGGGTGTGTGAGGG-
TGGTCTCATTTTGTACAGCGCCCAAACGGTACAGGAG-
AGG-3'), to amplify mutated NS3i699 1637 epitopes from the
Cp7 full-length genome. PCR fragments were gel purified, Nsil-
Sacl digested (819 bp fragment cut to a 737 bp fragment), and
a three-piece ligation performed; Nsil-Sacl epitope fragment+
Nsil-AvrIT Cp7+AvrlI-Sacl-BbvCI Cp7. All fragments generated
by PCR were verified by sequencing (Macrogen, Korea).

Peptides
Wild-type  (GAVQNEITL)
GAVOQNEITS, GAVQNETTL)

and mutant (GAVQNEITP,
NS31699-1637 peptides were
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synthesized by Genemed Biosynthesis (San Francisco, CA) and
purified by high-performance liquid chromatography (HPLC). All
peptides were stored at a concentration of 1 mg/ml at —20°C.

Cell lines and cell culture

Huh-7.5 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS,
Hyclone, Logan, UT) at 37°C in 5% CO,. The Huh-7.5/B1701
cell line was generated as follows. Huh-7.5 cells were trypsinized,
washed with DMEM-10 media, and 4x10° cells electroporated
with 2.5 pug pcDNA3.1Zeo(-)B1701 plasmid using the AMAXA T-
028 program (AMAXA, Gaithersburg, MD). Cells were resus-
pended in DMEM-10, plated in a p100 petri dish, and allowed to
rest for 24 h before addition of 300 pg/ml zeocin (Invitrogen,
Carlsbad, CA). Cell foci surviving selection were trypsinized,
transferred to a 24-well plate, and allowed to grow under selection
up to a pl150 petri dish. Huh-7.5/B1701 cells were stained with
20 wl of anti-human pan-HLA-A, B, C FITC-conjugated antibody
(BD Biosciences, San Jose, CA) in FACS buffer (0.5% (w/v) bovine
serum albumin+1% (v/v) of 10% sodium azide in PBS) in parallel
with untransfected Huh-7.5 cells, and visualized on a Becton
Dickinson FACScalibur flow cytometer. Huh-7.5 and Huh-7.5/
B1701 were transfected with replicons harboring wild-type or
mutated NS3;699 1637 epitopes as previously described [29,30].
The NS3 699 1637-specific CD8+ T cell clone has been previously
described [15], and was stimulated using «CD3 mAb (Immuno-
tech, Beckman Coulter, Fullerton, CA) in a ratio of 1 x10° CD8+
clone to 2x10° irradiated peripheral blood mononuclear feeder
cells (PBMC) and maintained in RPMI media supplemented with
10% FBS, Gentamicin (Gibco, Invitrogen, Carlsbad, CA),
Penicillin/Streptomycin (Lonza, Walkersville, MD), T-stim culture
supplement (human-no PHA, BD Biosciences, San Jose, CA) and
human recombinant IL-2 (rIL-2, Roche, Indianapolis, IN).
Autologous chimpanzee B cells were EBV-transformed following
established protocols using whole blood and conditioned medium
from the marmoset cell line B95-8 [38].

Western blots for intracellular HCV protein

Huh-7.5 cells and Huh-7.5/B1701 cells with or without
subgenomic replicons were lysed directly on 6-well plates using
150 pl lysis buffer (100 mM Tris pH 6.8, 20 mM dithiothreitol, 4%
(w/v) sodium dodecyl sulfate, 20% (v/v) glycerol, 0.2% (w/v)
bromophenol blue) and passed through a 9772 gauge needle 3-5
times before being stored at —80°C. Lysates were denatured at 92°C.
for 10 min, run on 5% stacking/8% resolving SDS-polyacrylamide
gels, and transferred to Immobilon-P membranes (Millipore
Corporation, Bedford, MA). Membranes were blocked with TBS-
T (20 mM Tris pH 7.4, 150 mM NaCl, 0.1% (v/v) Tween-20
(polyoxyethylene sorbitan monolaurate) plus 5% (w/v) non-fat dry
milk, and probed with antibodies against NS3 and NS5 (Virostat,
Portland, ME), or B-actin in the same buffer overnight at 4°C.
Membranes were washed 5 times with TBS-T, probed with HRP-
conjugated secondary antibodies for 1 h at room temperature,
washed 5 times, and detected using ECL Western detection reagents
(Amersham Biosciences, Piscataway, NJ).

Quantification of HCV RNA by real time gRT-PCR

Total RNA from 1x10° infected Huh-7.5 cells was isolated
using an RNeasy Mini Kit (QIAGEN, Valencia, CA). 80 ng of
total cellular RNA was used to perform Real-Time Quantitative
Reverse Transcription PCR using Tagman® One Step RT-PCR
Master Mix Reagents (Applied Biosystems, New Jersey, USA),
primers specific for the HCV 5" NTR (forward, 10 uM: 5'-
CTTCACGCAGAAAGCGCCTA-3" and reverse, 10 uM: 5'-
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CAAGCGCCCTATCAGGCAGT-3"), and a probe (10 uM: 6-
FAM-TATGAGTGTCGTACAGCCTC-MGB NFQ). Thermal
cycling conditions were designed as follows: 48°C for 30 min,
95°C for 10 min, and 40 cycles of 15 s at 95°C, followed by 1 min
at 60°C. All amplification reactions were carried out in duplicate.
A standard curve was similarly generated using 10-fold dilutions of
pJFH1 RNA transcripts generated by in vitro transcription,
DNAse treatment, purification by RNeasy Mini Kit and
quantification by spectrophotometry.

>1Cr-release assay

To determine lysis capability of the NS3 699 1637-specific CD8+
T cell clone, Huh-7.5/B1701 cells with or without subgenomic
replicons and EBV-transformed autologous B cells were spun at
1500 rpm for 5 min in a Beckman Coulter Allegra X-15R
centrifuge, media aspirated, and tubes vortexed to resuspend the
pellet. Cells were pulsed with >'Cr per standard protocol (NEN
Radiochemicals, Perkin Elmer, Waltham, MA) for 1 h, and cells not
harboring subgenomic replicons were simultaneously pulsed with
1 ug/ml wild-type NS3 609 1637 peptide resuspended in a total
volume of 100 pl RPMI-10. Pulsed cells were washed 5 times to
eliminate residual radiation and exogenous peptide, and mixed at
different effector (NS3699-1637-specific CD8+ T cell clone) to target
ratios in 200 pl RPMI-10 in a 96-well round-bottom plate. Lysis was
allowed to occur for 4 h at 37°C in 5% COy before transferring
100 pl of supernatant to a flat-bottom 96-well plate. Supernatants
were frozen at —80°C for at least 1 h to eliminate cellular carryover
before being counted using a 1450 Microbeta Wallac Trilux liquid
scintillation counter (Perkin Elmer, Waltham, MA).

Transfection and infection of human hepatoma cell lines

To transfect viral RNA, 20 ug of full-length JFHxJ6 Cp7
genomes with or without NS3 499 1637 mutations were linearized
by 4 h digestion with Xbal and subsequently blunt end-digested
with Mung Bean Nuclease (New England Biolabs, Ipswich, MA).
Linearized DNA was extracted twice with 25:24:1 phenol:chor-
oform:isoamyl alcohol pH5.2+0.2 and once with chloroform,
quantified by spectrophotometry, and 2 g of purified product was
RNA transcribed using a MEGAscript T7 High Yield Transcrip-
tion Kit (Ambion, Austin, TX). RNA was purified again using
phenol:chloroform:isoamyl alcohol followed by chloroform, and
integrity was checked on an agarose gel. After RNA quantification
by spectrophotometry, Huh-7.5 or Huh-7.5/B1701 cells were
trypsinized for exactly 3 min, washed twice with ice cold PBS, and
resuspended at 2x107 cells/ml. 10 pug of purified RNA was
electroporated into 8x10° cells with 5 pulses of 99 ps at 820 V
over 1.1 s in an ECM 830 electroporator using a 2 mm-gap
electroporation cuvette (BTX Genomics, Harvard Apparatus,
Holliston, MA). Cells were resuspended in DMEM-10 and plated
in 6-well plates. To infect Huh-7.5 or Huh-7.5/B1701 cells using
whole virus, cells were plated at 10-20% confluency in six-well
plates. Media was aspirated, and viral supernatants harvested from
transfected cells were added to the plates in a volume of at least
200 pl. Plates were placed on a rocker at 37°C and 5% CO, for
4 h before readdition of media.

Huh-7.5/B1701 cells as APCs and intracellular IFNy
release assay

Huh-7.5 and Huh-7.5/B1701 that had not been electroporated
(either with subgenomic replicons or full-length viral RNA) or
infected with whole virus were pulsed for 1 h with wild-type or
mutated NS3 4991637 peptides at decreasing concentrations as in
the *'Cr-release experiments. Cells harboring sugenomic replicons
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were harvested and used directly. Cells that had been transfected
with full-length viral RNA were harvested 4 d post-transfection,
and cells that had been infected with whole virus were harvested
5 d post-infection. Cocultures were established in a 24-well plate
using a 1:1 ratio of NS3;699 1637-specific CD8+ T cells to APCs,
and allowed to incubate overnight at 37°C in 5% COg in the
presence of GolgiStop (BD Pharmingen, San Jose, CA) at a
concentration of 1 pl/ml. After incubation, cells were harvested,
washed once in FACS buffer, and permeabilized using BD FACS
Permeabilizing Solution 2 (BD Biosciences, San Jose, CA). Cells
were stained with mouse anti-human monoclonal antibodies to
CD3 (APC-conjugated, BD Pharmingen, San Jose, CA), CD8
(PerCP-conjugated, BD Biosciences, San Jose, CA), and IFNy
(FITC-conjugated, BD Pharmingen, San Jose, CA), and visualized
on a Becton Dickinson FACScalibur flow cytometer. Data were
analyzed using Flow]Jo software (Tree Star, Inc).

Viral titration and immunohistochemical staining

96-well plates were coated with collagen for 1 h and allowed to
dry before plating 6x10° naive Huh-7.5 cells/well. Viral
supernatants from transfected or infected Huh-7.5 or Huh-7.5/
B1701 cells were collected, passaged through a 0.22 pm filter, and
used to inoculate cells at 10-fold dilutions. At 3 d post-infection,
cells were immunostained for NS5A as previously described [32].
Briefly, the inoculum was removed, and cells were washed twice
with PBS before fixation with methanol at —20°C.. Cells were then
washed twice with PBS, once with PBS+0.1% (v/v) Tween-20
(PBS-T) (normal wash), and blocked for 30 min at room
temperature with PBS-T+1% (w/v) BSA+0.2% non-fat dry milk,
followed by an endogenous peroxidase blocking step (3% HyOq
(v/v) in PBS) for 5 min at room temperature. Cells were washed
normally and stained overnight at 4°C with an anti-NS5A
antibody (9E10). Cells were washed normally, and incubated for
30 min at room temperature with a 1:3 dilution of ImmPRESS
goat anti-mouse HRP-conjugated antibody (Vector Laboratories,
Burlingame, CA). Cells were washed normally once more before
being developed using DAB substrate (Vector Laboratories,
Burlingame, CA). Titers were determined by calculating the tissue
culture infection dose at which 50% of wells were positive for
NS5A antigen [39].

Sequencing of viral clones

Huh-7.5/B1701 cells were infected using viral supernatants
from day 4 transfected cells. Post-infection, media was aspirated,
cells were washed twice with PBS and lysed using Buffer RLT
(QIAGEN, Valencia, CA)}+1% 2-mercaptoethanol (Fisher
Scientific, Pittsburgh, PA). Lysates were placed directly onto
QJAshredder columns, and total RNA isolated and purified
using an RNeasy kit (QJAGEN, Valencia, CA). RNA integrity
was quantified using a spectrophotometer, checked on an
agarose gel, and 2 pg used in a first-strand cDNA synthesis
reaction as follows. Briefly, RNA was incubated with random
hexamer primers and 10mM dNTPs at 65°C for 5 min, then
placed on ice. First-strand reverse transcriptase buffer, 0.1mM
DTT and RNase H (Invitrogen, Carlsbad, CA) were added to
each reaction and allowed to incubate at room temperature for
2 min before the addition of superscript II reverse transcriptase
(Invitrogen, Carlsbad, CA). The reaction was allowed to proceed
at 42°C for 2 h, and first-strand cDNA was used directly in an
NS31699 1637 epitope-specific PCR  reaction using primers
“211NS3EpiSeqInF” (5'-TCGCGTACCTAGTAGCCTAC-
CAAGC-3") and “212NS3EpiSeqInR” (5'-GCTGGTTGACG-
TGCAAGCGGCCGA-3') to generate a 323bp fragment con-
taining the epitope. PCR products were cleaned using a PCR
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cleanup kit (QIAGEN, Valencia, CA), cloned into ToplO
chemically competent cells using a TOPO TA kit (Invitrogen,
Carlsbad, CA), and individual clones were sent for sequencing
(Macrogen, Rockville, MD).

Polyclonal antigen-specific expansion of T cells and
intracellular cytokine staining

CD8+ T cells were positively isolated from frozen PBMC using
the Dynal CD8+ Positive Isolation Kit (Invitrogen Dynal AS,
Oslo, Norway) according to manufacturer instructions. Approx-
imately 360,000 CD8+ T cells were plated in one well of a 24-well
plate in 1 ml complete medium (RPMI 1640 containing 10% AB
human serum and 1% penicillin/streptomycin). To serve as APCs,
6 muillion irradiated autologous PBMC were pulsed for 2 h with
5 ng/ml of the GAVQNETTL peptide. After three washes, APCs
were resuspended in 1 ml complete medium and mixed with the
CD8+ T cells. Cells were incubated at 37°C in 7% COj. Every
3d, 1 ml of the culture medium was replaced with 1 ml of
complete medium containing 50 U/ml rIL-2. On day 20, CD8+ T
cells were plated in a 96-well plate in AIM-V medium (Aim-V
(Invitrogen, Carlsbad, CA) supplemented with 2% AB human
serum) and allowed to rest for 8 h. Irradiated EBV-transformed
autologous B cells were pulsed for 2 h with 10 pg/ml of peptide
for use as APCs. After three washes, APCs were resuspended in
Aim-V medium and mixed with CD8+ T cells at a 1:1 ratio with
1 ug/mkL of anti-CD28 and anti-CD49d antibodies (BD Pharmin-
gen, San Jose, CA). After 1 h, GolgiStop (BD Pharmingen, San
Jose, CA) was added at a concentration of 1 pl/ml and cells were
further incubated 16 h at 37°C in 7% CO,. After incubation, cells
were harvested and washed once in FACS buffer. Cells were
blocked with PBS-20% human serum and then stained with mouse
monoclonal antibodies to CD8 (APC-conjugated, BD Pharmin-
gen, San Jose, CA) and CD4 (Pacific Blue-conjugated, BioLegend).
After two washes with FACS buffer, cells were stained with Live/
Dead Fixable Blue Stain Kit (Invitrogen, Carlsbad, CA). Cells
were washed twice with FACS buffer and permeabilized using BD
Cytofix/Cytoperm solution (BD Biosciences, San Jose, CA). Cells
were then stained with mouse monoclonal antibodies to CD3
(PerCP-conjugated, BD Pharmingen, San Jose, CA) and IFNy
(PE-conjugated, BD Pharmingen, San Jose, CA) and visualized on
a Becton Dickinson LSR flow cytometer. Data were analyzed
using FlowJo software (Tree Star, Inc).

Results

CTL escape mutations affect subgenomic transduction
efficiency

It is well established that the Patr-B1701 restricted NS31699 1637
epitope 1s a dominant target of CD8+ T cells during HCV
infection in chimpanzees [15,36]. This epitope displayed a
complex pattern of evolution throughout the acute and chronic
phases of infection in the chimpanzee, and thus is valuable for the
study of viral epitope escape and fitness costs associated with
increased immune pressure. In chimpanzee CH503 infected with a
known inoculum of HCV1/910, sequence analysis over seven
years showed three distinct mutations at three separate timepoints
tested in the NS3499 1637 epitope [15]. The wild-type amino acid
sequence of this epitope in the input HCV1/910 inoculum was
GAVONEITL (and from here on referred to as the “parent”
epitope, NS3 699 1637), and three months post-infection a L1637P
variant was found in the animal. Ten months post-infection, this
variant had been replaced by two dominant species, 11635T and
L1637S, at P7 and P9 respectively. Eventually, L.L1637S became
fixed in this chimpanzee, and was the only variant recovered up to
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Figure 1. Construction of subgenomic replicons and HCV protein expression in transfected Huh-7.5 cells. (A) Schematic representation
of subgenomic (SG) replicons and their replication efficiency. Huh-7.5 cells were transfected with the indicated constructs and plated at decreasing
cell number concentrations under neomycin selection to determine transduction efficiency of each construct, with GDD™ serving as a negative
control. NS31629_1637 €pitopes are listed by month(s) first detected in an in vivo chimpanzee CH503 infection model. (B) Replication of SG HCV RNA
inside Huh-7.5 cells. Huh-7.5 cells were transfected with subgenomic replicons as in (A), and assayed for RNA replication 6 d post-transfection using a
real time qRT-PCR Tagman assay as described in Materials and Methods. The minimum sensitivity of detection was 1,000 HCV copies/ug RNA). (C)
Western blot of replicon-transfected Huh-7.5 cell lysates. The expression of HCV proteins NS3 and NS5A were detected post-transfection using anti-
NS3/anti-NS5A monoclonal Abs. Lysates from Huh-7.5 cells transfected with replicons containing the BB7 epitope served as a positive control,
untransfected Huh-7.5 cells were used as a negative control, and B-actin served as a positive control for input protein.

doi:10.1371/journal.ppat.1000143.g001

82 months post-infection (Figure 1A). There is one nucleotide
change from leucine to proline and one nucleotide change from
proline to serine and hence two changes to occur to change leucine
to serine; this perhaps provides mechanistic insight into the early
appearance of L1637P and its later replacement by L1637S. We
set out to test directly the fitness cost associated with the mutating
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NS31699-1637 variants by modeling the in vivo infection using the
HCV subgenomic replicon system [29,30]. Using site-directed
PCR mutagenesis, we engineered the mutants in the NS3 609 1637
region that had previously been observed in chimpanzees, starting
with the original HCV1/910 parental epitope sequence. The
mutated replicons on the BB7 backbone were transfected into
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Huh-7.5 cells, which were then plated under neomycin selection at
decreasing cell numbers to determine transduction efficiency
(Figure 1A). It is important to note that the original amino acid
sequence of NS3 609 1637 epitope present in the BB7 subgenomic
replicon is GAVONEVTT, and was modified to insert the
parental NS3;g99 1637 epitope of HCV1/910. Substitution of the
parental HCV1/910 NS3699 1637 epitope resulted in a slight
decrease of transduction efficiency in this replicon. The P9
mutations GAVQNEITP (L1637P) and GAVQNEITS (L16378S),
which show a 400-fold decrease in B1701 binding capacity [15],
showed increased susceptibility to neomycin, with L1637P
growing the least efficiently. The P7 GAVQNETTL (I1635T)
mutation was more resistant to selection than the HCV1/910
parental GAVONEITL NS3,699 1637 sequence. These results
suggest that mutations in this epitope at P9 severely hinder the
replicative capacity of the virus, while an isoleucine to threonine
substitution at P7 (I1635'T) has no apparent effect. Additionally, a
GND clone containing a mutation in the NS5B RNA-dependent
RNA polymerase GDD motif thus ablating HCV RNA replication
was used as a negative control. A real-time quantitative RT-PCR
assay was used to quantify the level of HCV RNA replication 6 d
post-transfection of Huh-7.5 cells using relevant transcribed
RNAs. As shown in Figure 1B, levels of viral RNA replication
correlated identically with the transduction efficiencies observed
between the different constructs shown in Figure 1A. NS3 and
NS5A protein expression for all constructs, including the original
HCV replicon BB7 epitope GAVONEVTT, was similar when
assayed by Western blot (Figure 1C). Similar non-structural
protein expression suggests that the NS3609 1637 mutations may
affect initiation of replication, with a steady-state accumulation of
protein expression occurring once replication has been established.
It has been shown that replicons under drug-induced selective
pressure, such as G418, display high levels of HCV replication
(1000-5000 positive strand RNA molecules), and therefore may
show similar levels of protein expression [40]. However, under
non-selective conditions, replicons having lower transduction
efficiencies are lost more rapidly than those with high transduction
efficiencies, and these differences may be reflected in viral protein
levels. Although the P9 L1637S mutation resulted in partially
reduced replicative capacity, the intermediate phenotype (between
L1637P and I1635T) suggests that this mutation represents a
balance between replicative fitness and CTL escape. This
observation is interesting as the P9 L1637S mutation became a
fixed quasispecies through 7 years of persistent replication in
animal CH503. It is also important to note that cells harboring
HCV replicons were additionally sequenced to ensure fidelity of
previously inserted mutations. Sequencing of at least six clones
from each subgenomic-bearing Huh-7.5/B1701 cell line (six, nine,
ten, and six clones for NS3ig99 1637, L1637P, L1637S, and
116357, respectively) showed no variation from expected amino
acid sequences. This sequencing was carried out on PCR
fragments spanning the inserted NS3;699 1637 epitope from total
cellular RNA.

Wild-type but not mutant NS3,650_1637 €pitope is
presented to NS3;629_1637-specific CTL on class | MHC
Patr-B1701

We next sought to determine the ability of parental or mutated
NS3699-1637 epitope to be presented by a cell line expressing the
appropriate chimpanzee MHC molecule. Patr-B1701 is a MHC
class I molecule expressed in CH503, and previous data
demonstrated that mutations at critical anchor residues in the
NS31699-1637 epitope (including P9) hindered peptide binding to
Patr-B1701 [15]. We first examined pan-class I surface expression
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on Huh-7.5 cells, and compared those levels to Huh-7.5 cells that
had been transfected with a plasmid containing Patr-B1701 under
zeocin selection (Huh-7.5/B1701, Figure 2A). It is important to
note that we are not able to specifically stain for the Patr-B1701
molecule since specific antibodies to this protein do not currently
exist. However, overall class I expression was similar in both cell
types when compared to the isotype control, which led us to test
the ability of Patr-B1701 expression to mediate wild-type NS3 699
1637 epitope-directed killing by a B1701-restricted CTL clone, 4A,
that had been previously isolated from CH503 11 weeks post-
infection with the HCV-1/910 virus stock [15]. When EBV-
transformed autologous B cells (B1701T) or Huh-7.5/B1701 cells
were pulsed with exogenous wild-type NS3 ;699 1637 peptide (1 pg/
ml) in a standard >l Cr-release assay, the NS3,699 1637-specific
CTL clone was able to lyse both antigen presenting target cell
populations with similar efficiency (Figure 2B). In contrast,
peptide-pulsed Huh-7.5 cells lacking the Patr-B1701 molecule
were not recognized by the CTL clone. In addition, we further
determined the magnitude of the T cell interferon response to both
the wild-type and mutated epitopes. To do so, we performed an
intracellular IFNy FACS analysis on the CTL clone cocultured
with various APCs that had been pulsed with various peptide
concentrations (Figure 2C). Huh-7.5/B1701 cells that had been
pulsed for 1 h with wild-type NS3 6991637 peptide elicited a robust
IFNYy response from the CTL clone. This response was not elicited
by the three mutant epitopes at concentrations up to 0.5 pg/ml.
Responses to each epitope could be seen at very high
concentrations indicating that the CD8+ T cell clone could be
stimulated to produce IFNy even with mutants that had previously
been shown to have lowered MHC-binding capacity [15] if the
mutant was present at high (but not biologically significant)
concentrations. These data collectively show that Huh-7.5 cells
stably transfected with the Patr-B1701 molecule efficiently present
exogenous wild-type peptide in vitro, and that an antigen-specific
T cell clone is able to respond by secreting IFNy and exerting its
cytotoxic effect. Conversely, this CTL clone is unable to efficiently
respond when Huh-7.5/B1701 cells present mutated exogenous
NS31699-1637 peptides reflective of in vivo viral species, containing
a threonine substitution at P7 or a proline or serine substitution at
P9, at physiologically relevant concentrations.

Huh-7.5/B1701 cells harboring subgenomic HCV
replicons present the NS3;429_1637 €pitope to NS3;629-
1637-Specific CTL

To determine whether Huh-7.5 cells expressing the Patr-B1701
expressed in CH503 could adequately process and present the
NS31699-1637 epitope during active viral replication for T cell
recognition, Huh-7.5/B1701 cells were stably transfected with
various HCV replicons containing the appropriate mutations
under neomycin selection as before (see Figure 1A). Cells
exhibiting zeocin resistance (confirming Patr-B1701 expression)
and neomycin resistance (confirming presence of replicons) were
used to determine protein expression as well as NS3;g99 1637-
specific CTL lysis and IFNy production. Huh-7.5/B1701 cells
harboring HCV replicons showed relatively similar levels of
protein  expression post-transfection and G418  selection
(Figure 3A). Small differences in HCV protein expression were
likely due to the stringency of dual selection (zeocin and G418)
placed on these cells to maintain both the Patr-B1701 plasmid and
the subgenomic construct. Protein expression was monitored to
ensure that the replicons containing the parental HCV 1/910
NS3)699-1637 epitope and the mutants were able to produce,
process and present similar levels of viral peptides to the CTL
clone. Huh-7.5/B1701 cells harboring subgenomic HCV replicons
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Figure 2. Expression and recognition of the chimpanzee Patr-B1701 molecule on the surface of Huh-7.5 cells. (A) Surface expression of
MHC class | on Huh-7.5 cells transfected with a plasmid containing the Patr-B1701 molecule and zeocin selection marker. No difference in surface
expression was observed when compared to untransfected Huh-7.5 cells. Isotype control is depicted in grey. (B) CTL lysis of transfected Huh-7.5 cells.
Huh-7.5 cells expressing the Patr-B1701 (Huh-7.5/B1701) molecule were pulsed with wild-type peptide and incubated with increasing amounts of CTL
clone 4A specific for the NS31459_1637 Wild-type epitope. Cells presenting this peptide on the Patr-B1701 molecule are lysed by CTLs as efficiently as
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EBV-transformed autologous B cells presenting peptide (B1701T). Untransfected Huh-7.5 cells served as a negative control. (C) CD8+ T cell clone IFNy
response to Huh-7.5/B1701 cells presenting exogenous peptide. Huh-7.5/B1701 cells were loaded with parent HCV1/910 NS3;629_1637 O mutant
NS3:620_1637 Peptide as in (B) and cocultured with a CD8+ T cell clone targeting the NS31¢629_1637 €pitope. Huh-7.5/B1701 cells presenting parent
HCV1/910 NS31420_1637 but not mutant peptide at concentrations of 0.5 pg/ml and lower could elicit an IFNy response from the CD8+ T clone.
Cocultures were stimulated with PHA as a positive control, and unpulsed Huh-7.5/B1701 cells or Huh-7.5 cells pulsed with parent HCV1/910 NS31459-
1637 peptide served as negative controls. Plots depicted are gated on CD3+ T cells.

doi:10.1371/journal.ppat.1000143.9002

were labeled with *'Cr, and cocultured with the NS31699 1637-
specific CTL clone to determine the ability of these cells to elicit
epitope-directed lysis. Cells replicating the wild-type NS3 609 1637
replicon were lysed by the C'TL clone, with ~3-fold less efficiency
than that seen using Huh-7.5/B1701 cells loaded with exogenous
peptide (Figure 3B), reflective of lower levels of physiologic peptide
generated in the replicon system. Cells harboring mutated
NS3699-1637 replicons elicited very low to undetectable levels of
lysis, even at the highest effector to target ratios. Additionally, we
assessed whether Huh-7.5/B1701 subgenomic cell lines replicating
HCV RNA could elicit an IFNYy response from the NS3;699 1637-
specific CTL clone. Similar to the pulsing experiment using low
amounts of exogenous peptide shown in Figure 2C, only Huh-7.5/
B1701 harboring the wild-type subgenomic replicon stimulated
the CTL clone to produce IFNy (Figure 3C).

Infectious HCV harboring the wild-type NS31629-1637
epitope but not escape mutants stimulate a functional T

cell response

To test the replication fitness and infectivity costs associated
with the mutations observed in the in vivo chimpanzee infection,
we utilized the Huh-7.5/B1701 cell lines in both transfection and
infection studies using full-length HCV constructs capable of
producing infectious virus. The full-length genotype 2a JIFH isolate
has previously been shown to both replicate RNA and produce
infectious virus in Huh-7 cells without acquiring adaptive
mutations [33,40]. To study robust replication and virion
production in vitro, a recombinant clone was created by
exchanging the core to p7 region of the genotype 2a JFH virus
with the genotype 2a J6 virus, and the resulting JFHxJ6 Cp7 (Cp7)
recombinant genome produces high titers of virus when used to
transfect naive Huh-7.5 cells (Figure 4C). As in the BB7 replicon
system, the corresponding NS3 1609 1637 epitope present in the JF'H
sequence of Cp7 was exchanged (using single-site PCR mutagen-
esis) with that of the parental HCV1/910, as well as the respective
mutations seen in CH503 at 3, 10, and 82 months post-infection
(Figure 5A). When RNA from parental NS3 991637 epitope and
mutant viruses was transfected into Huh-7.5/B1701 cells, no
major difference in protein expression was seen after 4 d as
compared to the Cp7 backbone recombinant construct (Figure 5B).
The GND transfected RNA expectedly did not produce any
protein. These results are consistent with other experiments
performed in both Huh-7.5/B1701 cells and Huh-7.5 cells in that
these mutations do not affect overall expression of NS3 protein,
but may affect initiation of replication (Figure 1C, 3A, 4A, 5B). To
determine the efficiency of viral epitope processing and presen-
tation by cells replicating full-length infectious HCV, the
NS31699 1637-specific CD8+ T cell clone was co-cultured with
Huh-7.5/B1701 cells transfected with the Cp7 backbone, parental
HCV1/910 NS3699 1637, and individual mutant infectious clones.
These T cells were then analyzed by flow cytometry to determine
levels of IFNYy produced by the CD8+ T cell clone 4A. CD8+ T
cells that had been stimulated by Huh-7.5/B1701 cells transfected
with full-length infectious virus containing the wild-type NS3699
1637 epitope had a robust intracellular IFNy response, while those
containing infectious virus with mutant epitopes were unable to
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elicit a T cell response (Figure 5C). To determine the level of
NS31699-1637 epitope presentation during actual viral infection,
supernatants from transfected Huh-7.5/B1701 cells were harvest-
ed after 4 d, passed through a 0.22 pum filter, and used to infect
naive Huh-7.5/B1701 cells for 5 d. These cells were then
cocultured with the NS3;699 1637-specific CD8+ T cell clone
overnight, and examined via flow cytometry for IFN7y release. As
previously shown with transfected cells, only Huh-7.5/B1701 cells
infected with virus containing the wild-type NS3629 1637 epitope
were able to stimulate a response from the CD8+ T cell clone
(Figure 5D).

L1637P and L1637S mutations in the P9 anchor residue
of NS34620_1637 €pitope impair viral fitness

Having previously established that mutations in the P7 and P9
residues of HCV NS3j499 1637 epitope ablate CD8+ T cell
responses, we sought to determine the effect of each mutation on
virion production. Cp7 backbone virus along with the parental
HCV1/910 NS3699 1637 and mutant viruses were transfected into
Huh-7.5 cells, and protein expression assessed via Western blotting
and virion production assessed using a TCID50/ml reinfection
assay up to 4 d post-tranfection. There was little difference in
protein expression between mutant, HCV1/910 NS3,499 1637,
and Cp7 backbone infectious viruses (Figure 4A). At the level of
RNA replication, as detected by a sensitive gRT-PCR Tagman
assay, the viral variant L1637P replicated 1-1.5 logs less efficiently
than parental virus (Figure 4B). Interestingly, L.L1637S replicated
with similar efficiency to parental virus, indicating that this variant
was competent in replication. However, several differences in
virion production were observed. The leucine to proline switch in
P9 of NS3 699 1637 epitope (L1637P) had a marked effect on the
amount of virus secreted into the supernatant. This virus
consistently produced 1.5-2 logs less virus than parental HCV1/
910 NS31629 1637 and Cp7 backbone virus (Figure 40) The P7
isoleucine to threonine substitution (I1635T) produced similar
levels of virus to the wild-type and Cp7 backbone, all secreting
approximately 10° TCID50/ml. However, the leucine to serine P9
substitution (L1637S) displayed increased virion production
compared to the L1637P mutation, producing approximately
10* TCID50/ml. The L1637S substitution of the parental HCV1/
910 NS31699 1637 epitope was found fixed in CH503 from month
10 post-infection up to 82 months post-infection (Figure 1A), and
the recovered virion production phenotype seen in vitro suggests
that LL1637S is a more fit clone than L1637P, able to survive with
mtermediate fitness but efficient escape from immune elimination.

L1637P reverts to the parental NS36,0_1637 €pitope
sequence while L1637S is stable in the absence of CD8+
T cell pressure

Having established the relative fitness of each full-length viral
clone, we wanted to determine what, if any, mutations arise in the
NS3699 1637 epitope during prolonged in vitro viral infection and
replication. Huh-7.5/B1701 cells were infected with parental
HCV1/910 NS3699 1637 and mutant viruses, and cell lysates were
used to obtain total cellular RNA up to 1 month post-infection.
After first-strand cDNA synthesis and viral epitope-specific PCR,
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Figure 3. Mutations in the NS3,6,9_1637 epitope abrogate CTL recognition in the replicon system. (A) Western blots of replicon-
transfected Patr-B1701-expressing Huh-7.5 cells. The expression of HCV proteins NS3 and NS5A were detected in Huh-7.5/B1701 cells harboring
subgenomic replicons. Lysates from Huh-7.5/B1701 cells transfected with replicons containing the BB7 epitope served as a positive control,
untransfected Huh-7.5/B1701 cells were used as a negative control, and B-actin served as a positive control for input protein. (B) CTLs are unable to
lyse Huh-7.5/B1701 cells transfected with subgenomic mutant replicons with the same efficiency as the parent HCV1/910 NS3;439_1637 SUbgenomic
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replicon. Huh-7.5/B1701 cells with or without parent HCV1/910 NS31659_1637 Peptide were used as a positive and negative control, respectively. (C)
CD8+ T cell IFNYy response to the mutated NS31659_1637 €pitope in the subgenomic system. CD8+ T cells specific for the wild-type NS31629_1637 €pitope
were incubated with Huh-7.5/B1701 cells transfected with either the parent HCV1/910 NS3,4,9_1637 Subgenomic replicon or the mutant subgenomic
replicons, stained for CD8 and IFNy, and analyzed by flow cytometry. CD8+ T cells secrete IFNy in response to the parent HCV1/910 NS31629_1637
subgenomic-transfected Huh-7.5/B1701 cells, but are unable to secrete IFNy when incubated with Huh-7.5/B1701 cells harboring the subgenomic
mutant replicons. Huh-7.5/B1701 cells were incubated with or without the parent HCV1/910 NS34629_1637 Peptide as a positive and negative control,

respectively.
doi:10.1371/journal.ppat.1000143.g003

individual clones were sequenced. In the absence of CD8+ T cell
selection pressure, we observed several amino acid mutations in
the NS3,699 1637 epitope 3 d post-infection. For the parental
NS3699 1637 virus, one out of eight clones possessed a glutamic
acid to glycine (E1634G) mutation at position 6 (Figure 6). This
identical mutation was also found in the .L1637S mutant virus 3 d
post-infection. However, the E1634G mutation was absent in both
the parental and L1637S viruses 23 d post-infection, indicating
that this clone perhaps was not dominant or stable (Figure 6). Four
out of eleven parental NS3699 1637 clones harbored an A1630D
mutation 23 d post-infection, which was unusual given the absence
of CD8+ T cell pressure and the fitness of this virus in both the
replicon (Figure 1A) and cell culture (Figure 4B,C) models. The
11635T mutant virus was stable over the infection course,
exhibiting no mutations on both 3 and 23 d post-infection.
Similarly, the L1637S mutant virus remained fixed 23 d post-
infection, demonstrating the stability of this viral variant in our in
vitro cell culture model. The stability of the L1637S mutant virus
in vitro mirrors that which was observed in vivo with a serine at P9
stable 7 years post infection. Interestingly, the L1637P mutant
virus was unchanged 3 d post-infection, but two variants were
found 23 d post-infection (Figure 6). One variant, VI631A, was
present at low frequency (1/15), while the other, P1637L,
represented a significant fraction of the total population (5/15
clones). The P1637L mutation is particularly interesting because it
represents reversion at position 9 in an unstable in vivo variant to
the parental NS3699 1637 epitope sequence in the absence of in
vitro CD8+ T cell selection pressure. These results demonstrate
that in vitro mutation of a CD8+ T cell epitope in hepatitis C virus
can occur, that particular amino acid substitutions are not
maintained over the course of in vitro infection, and that reversion
of less fit viral variants to parental HCV sequence can occur when
CD8+ T cell pressure is absent.

An antigen-specific memory CD8+ T cell response
prevents [1635T from becoming fixed in the viral
population

Variant 11635T was replication competent, escaped CTL
recognition, and did not revert to the parental NS3, 609 1637
sequence in the absence of selective pressure. Because the 11635T
variant possesses a mutation in a TCR-contact residue (P7) and
not an MHC-binding residue, we hypothesized that it may have
stimulated a novel CD8+ T cell response in vivo, resulting in
immune pressure preventing 11635T from becoming fixed in the
viral population. To test this hypothesis, CD8+ T cells were
isolated from frozen CH503 PBMC samples taken more than 7
years post-infection and stimulated with the I1635T peptide. Upon
stimulation with autologous EBV-transformed B cells pulsed with
11635T peptide, CD8+ T cells secreted IFNy (Figure 7). The
11635T antigen-specific CD8+ T cells did not respond to an
irrelevant (SIINFEKL) control peptide, or the parental NS3;g99-
1637 peptide (Figure 7). These results support the hypothesis that
although the 11635T variant replicated efficiently and escaped
from NS3699-1637-specific T cells, its persistence was hindered by
a de novo T cell response.
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Discussion

Growing evidence has shown that CD8+ T cell epitope
mutation and subsequent viral escape are associated with
persistence of viruses like HIV, SIV, and HCV [17,18,26,41—
47]. Indeed, the rate of non-synonymous mutation leading to
amino acid substitutions is statistically higher in MHC class 1
restricted epitopes than in non-restricted epitopes or flanking
regions, indicating that they are subject to Darwinian selection
pressure by CD8+ T cells [18,26,45,48-53]. With the develop-
ment of cell culture models that support HCV infection and
replication, it is now possible to model how changes to the genome
influence the rate of viral reproduction. In this study we have
exploited these in vitro replication models to better understand
how the potentially oppositional forces of immune evasion and
efficient viral replication shaped evolution of a well-characterized
dominant MHGC class I epitope that displayed iterative adaptive
mutations during establishment of HCV persistence in a
chimpanzee. Mutational analyses in the currently available in
vitro systems are limited by the necessity to study viral fitness and
virion production in the context of genotype 1b and 2a backbones,
respectively. However, even with the caveat that unpredictable
coordinated effects of introducing epitopes from varying isolates
may occur, the ability to study the consequences of single epitope
serial sequence mutation on viral fitness and virion production is
extremely valuable.

Generation of Huh-7.5 cells harboring subgenomic replicons
allowed for primary analysis of viral RNA replication, and helped
establish the initial fitness characteristics of each NS3 mutation
that had been observed in vivo (Figure 1A and 1B). Even single
amino acid changes in this epitope hindered transduction
eficiency, with functional consequences of mutation on specific
T cell responses. Interestingly, these changes did not seem to
greatly affect protein expression, either in the replicon system or in
the cell culture model (Figures 1C, 3A, 4A, and 5B). Similar non-
structural protein expression implies that the NS3i699 1637
mutations may affect initiation of replication (fewer G418 resistant
colonies per pg of RNA), but that once replication has been
established similar levels of steady-state replication/protein
accumulation would be observed. Similar protein expression levels
should result in similar levels of viral peptide production.

The inability of P9 mutations to generate a T cell response
could be overcome by high amounts of exogenous peptide but not
by more physiologic concentrations generated by replicating
subgenomic or full-length infectious viruses (Figures 3 and 5). By
engineering the NS3j409 1637 cpitope mutations into both a
subgenomic replicon system and a recombinant full-length clone
of Cp7 capable of robust virion production, a correlation between
viral fitness and immune escape was established. CD8+ T cell
recognition in transfected and infected Huh-7.5/B1701 cells
occurred only with HCV1/910 parental NS3699 1637 cpitope
(Figures 3B, 3C, 5C, and 5D), indicating that single amino acid
changes in this epitope abrogate T cell recognition. Each of the
single substitutions at P9 decreased virion production while the
virus containing the observed mutation at P7 (I1635T) was
unimpaired in virus production. Together with the observation
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Figure 4. In vitro analysis of the mutated NS3,459_1637 €pitope in a full-length viral genome system. (A) Short-term transfection Western
blots. Expression of NS3 protein in transfected Huh-7.5 cells is similar among the mutant constructs. Fl-neo cell lysates harboring the full-length HCV
genotype 1b replicon were used as a positive control, along with lysates from Huh-7.5 cells transfected with the Cp7 backbone construct.
Untransfected Huh-7.5 cells and Huh-7.5 cells transfected with the replication-defective GND construct were used as negative controls. (B) Infection of
naive Huh-7.5 cells and quantitation of HCV RNA replication. Supernatants of transfected Huh-7.5 cells were harvested and normalized to infect naive
Huh-7.5 cells over a 5-d period with identical multiplicity of infection doses. Every 24 h, total RNA was harvested from cells and HCV RNA levels were
measured using a qRT-PCR Tagman assay. Results are displayed as HCV copies/pg input RNA. The minimum sensitivity of detection (1,000 HCV
copies/|ig RNA) is displayed as a dashed line. (C) Short-term transfection viral titers. Supernatants of transfected Huh-7.5 cells were harvested up to
4 d post-transfection, and used to infect naive Huh-7.5 cells. NS5A monoclonal antibody (9E10) was used in an immunohistochemical assay to
determine TCID50/mL viral titers. Mean standard error bars from 4 separate experiments are displayed.

doi:10.1371/journal.ppat.1000143.9004
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Figure 5. CD8+ T cell response to the mutated NS3,¢,9_1637 epitope in an infectious system. (A) Schematic representation of the full-
length HCV genome used to produce infectious virus in vitro. The core to p7 region of the JFH backbone was replaced by the corresponding region
of the autologous genotype 2a J6 strain to create JFHxJ6 Cp7 (Cp7), and single-site PCR mutagenesis was used to alter the NS3,4,9.1637 €pitope. (B)
Western blot confirmation of NS3 protein expression 4 d post-transfection in the Huh-7.5/B1701 cell line. B-actin served as a control for input protein.
(C) Transfection and recognition of Huh-7.5/B1701 cells by 4A CD8+ T cell clone. Huh-7.5/B1701 cells were transfected with parent HCV1/910 NS31629_1637
or mutant full-length constructs, and cocultured (as in Figures 2C and 3C) with the NS3,4,9_1637 epitope-specific CD8+ T cell clone. The CD8+ clone was
only able to secrete IFNy in response to Huh-7.5/B1701 cells transfected with the parent HCV1/910 NS3,659_1637 construct. Huh-7.5/B1701 cells pulsed with
parent HCV1/910 NS3,6,0-1637 PEPtide served as a positive control (not shown). (D) Infection of naive Huh-7.5/B1701 cells with parent HCV1/910 NS3;650_
1637 but not mutant full-length constructs elicits an IFNy response. Supernatants were harvested from Huh-7.5/B1701 cells that had been transfected 4 d
earlier and used to infect naive Huh-7.5/B1701 cells. At 5 d post-infection, cells were harvested and cocultured with the CD8+ T cell clone to determine the
level of IFNy production produced by the 4A CD8+ T cell clone.

doi:10.1371/journal.ppat.1000143.g005
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Figure 7. 11635T-specific CD8+ T cells are present in PBMCs from CH503 more than 7 y after infection. At 20 d post-expansion, 5x10*
CD8+ T cells were cultured with 5x10* autologous EBV-transformed B cells pulsed with the indicated peptide, and the presence of peptide-specific
IFNy-secreting CD8+ T cells was assessed by intracellular cytokine staining. Cells are gated on live, CD3+ lymphocytes. The percent of CD8+ T cells
that stained positively for intracellular IFNy is displayed.
doi:10.1371/journal.ppat.1000143.9007
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that mutant L1637S was maintained over 7 years despite 11635T
having better viral fitness, these results suggest a balance between
efficient immune escape and virion production attained by
L1637S mutant virus. That is, since the mutant epitope 11635T,
with a threonine at T cell receptor contact residue P7, was
detected at month 10 but not later in infection it is possible that its
higher fitness and virion production allowed an additional T cell
response to be generated against the new epitope. The 11635T
mutation has been shown to bind well to Patr-B1701 [15], so that
generation of novel CD8+ T cell clones targeting the 11635T
epitope in vivo is plausible. In contrast, mutant L.1637S, which
abrogates MHC binding [15], may not select for a new T cell
response to develop while still producing sufficient levels of virions.
In fact in this study, using frozen PBMCs from CH503 from more
than seven years after infection, we were able to isolate T cells
specific for 11635T indicating that indeed, this otherwise “perfect”
mutation was subject to new immune pressure in vivo (Figure 7).
This de novo T cell response most likely prevented the 11635T
variant from becoming stable in the population. Additionally, it is
also possible that the P7 I1635T mutant isolated in vivo had fewer
compensatory mutations in other highly targeted epitopes,
allowing for recognition of the other epitopes by CD8+ T cells.
Our data are consistent with a previous human study demon-
strating that the variability of HCV sequences within immuno-
logical epitopes is limited by viral fitness [28], but extend these
observations by assessing the long-term longitudinal evolutionary
pattern of an immunologically and virologically important NS3
epitope.

It is noteworthy that the L1637P variant that appeared within 3
months of infection was least fit for replication in our cell culture
models and was replaced in the plasma of the chimpanzee seven
months later by two more fit variants. These results indicate that
escaped viruses (like L1637P) may readily revert to a more fit
sequence when transmitted from a recently infected donor to an
HLA-mismatched recipient. In HIV-1, a CD8+ T’ cell-mediated
escape mutation in the dominant HLA-B57 TWIO0 epitope
(TSTLOQEQIGW) within the capsid protein p24 has been shown
to impair viral replication in vitro [23]. Reversion of this mutation
following transmission to an HLA-mismatched host provided
evidence for the impaired fitness cost that was incurred in vivo
while escaping from CTL pressure [54]. Another study utilizing a
clonal SIV virus (SIV.c030) harboring CTL escape mutations
showed that escape can exact a severe replicative fitness cost, and
that many of these variant sequences would be unlikely to
propagate in HLA-diverse populations [51]. To date there are
only two published examples of apparent reversion of escaped
HCV epitopes in human subjects, and both involved viruses
transmitted from donors during the acute phase of infection
[18,46]. Ray et al. followed a group of women infected with a
common virus from a single acutely infected donor. When HCV
genomes from the recipients were compared with a consensus
HCV genome assembled from published sequences, mutations
trending away from consensus were observed in HLA-restricted
epitopes (representing possible emergence of recipient escape
variants) and toward consensus in non-restricted epitopes
(representing possible reversion of donor escape variants) [46].
That acute phase escape variants might revert to a more fit
sequence is also supported by a second detailed study of CD8+ T
cell immunity in a donor-recipient pair [18]. A CD8+ T cell
escape mutation that arose during the acute phase of infection in
the virus donor was quickly lost from the quasispecies upon
transmission to an HLA class I disparate recipient [18]. Our
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results suggest that this reversion may be less common when
mutations are optimized for immune escape and replication over
long periods of chronic infection. We hypothesize that variants like
L1637S that have been fine tuned by a process of iterative
mutation during months of persistent replication might be
considerably more stable upon transmission. We predict that
these amino acid substitutions will not readily revert upon
infection of a new host once escape from immunity has been
carefully balanced against replicative fitness, particularly if HCV
has a wide (though not limitless) tolerance for substitutions that
alter replication. In vitro, we infected naive Huh-7.5/B1701 cells
with parental NS3699 1637 and mutant viruses, and studied the
epitope evolution of individual clones. Interestingly, we found
mutations in numerous (5/15) clones of L1637P 23 d post-
infection, with the P9 proline mutating back to the parental
leucine (Figure 6). These results strengthen the hypothesis that the
L1637P mutant virus has diminished replicative fitness in vitro as
well as in vivo. Additionally, the absence of CD8+ T cell pressure
in these experiments suggests that transiently less fit viruses may
trend towards input parental sequence in HLA-diverse popula-
tions or upon transmission to HLA-mismatched hosts. Important-
ly, the L1637S and I1635T viruses were relatively stable,
confirming replication and virion production data (Figures 1A,
1B, 4B, and 4C). The stability of LL1637S suggests that this virus
has indeed struck a balance between replicative fitness and
immune pressure, and would not likely revert back to the parental
sequence upon transmission to a new host. These data correlate
with long term NS3i699 1637 epitope evolution in chimpanzees
with L1637S stable over a 7-year period, and demonstrate that
mutants arising in vivo can be recapitulated in vitro. We predict
that the L1637S sequence represents a viral variant that has
achieved balance between replicative capacity and immune
evasion and would be stable upon transfer to naive hosts regardless
of whether they express MHC molecules required for presentation
to CD8+ T cells.

The work reported here highlights the competing forces
influencing the interplay between the virus and the immune
system and the multiple varied effects of a single amino acid
change on T cell function and virus production. These
observations elucidate potential mechanisms by which viral
persistence is established. Consequences of stable integration of
escape mutations into viral genomes are not clear, but it is formally
possible that epitopes presented by the most prevalent MHC class
I molecules in human populations will eventually be lost or
become less dominant, an outcome that could have implications
for vaccine development. In light of the knowledge that HCV
mutates nearly one nucleotide per replication cycle, this work
provides sobering evidence that the anti-HCV CD8+ T cell
response faces daunting challenges for efficient and lasting control

of HCV.

Acknowledgements

The authors would like to thank the Grakoui lab members for helpful
discussions, and Christopher Ibegbu for technical expertise and reagent
support.

Author Contributions

Conceived and designed the experiments: HLH CMW AG. Performed the
experiments: LU JHH BC GM AG. Analyzed the data: CMR CMW AG.
Contributed reagents/materials/analysis tools: NHS CMR CMW AG.
Wrote the paper: LU HLH AG.

September 2008 | Volume 4 | Issue 9 | €1000143



References

1.

2.

6.

22.

23.

Wasley A, Alter MJ (2000) Epidemiology of hepatitis C: geographic differences
and temporal trends. Semin Liver Dis 20: 1-16.

(1999) Global surveillance and control of hepatitis C. Report of a WHO
Consultation organized in collaboration with the Viral Hepatitis Prevention
Board, Antwerp, Belgium. J Viral Hepat 6: 35-47.

. Alter MJ, Kruszon-Moran D, Nainan OV, McQuillan GM, Gao F, et al. (1999)

The prevalence of hepatitis C virus infection in the United States, 1988 through
1994. N Engl ] Med 341: 556-562.

. Alter MJ, Margolis HS, Krawczynski K, Judson FN, Mares A, et al. (1992) The

natural history of community-acquired hepatitis C in the United States. The
Sentinel Counties Chronic non-A, non-B Hepatitis Study Team. N Engl J Med
327: 1899-1905.

. Fishman JA, Rubin RH, Koziel MJ, Periera B] (1996) Hepatitis C virus and

organ transplantation. Transplantation 62: 147-154.
Thimme R, Oldach D, Chang KM, Steiger C, Ray SC, et al. (2001)
Determinants of viral clearance and persistence during acute hepatitis C virus

infection. J Exp Med 194: 1395-1406.

. Lechner F, Wong DK, Dunbar PR, Chapman R, Chung RT, et al. (2000)

Analysis of successful immune responses in persons infected with hepatitis C
virus. J Exp Med 191: 1499-1512.

. Diepolder HM, Zachoval R, Hoffmann RM, Wierenga EA, Santantonio T, et

al. (1995) Possible mechanism involving T-lymphocyte response to non-
structural protein 3 in viral clearance in acute hepatitis C virus infection.

Lancet 346: 1006-1007.

. Kantzanou M, Lucas M, Barnes E, Komatsu H, Dusheiko G, et al. (2003) Viral

escape and T cell exhaustion in hepatitis C virus infection analysed using Class I
peptide tetramers. Immunol Lett 85: 165-171.

. Radziewicz H, Uebelhoer L, Bengsch B, Grakoui A (2007) Memory CD8+ T

cell differentiation in viral infection: a cell for all seasons. World J Gastroenterol

13: 4848-4857.

. Bain C, Fatmi A, Zoulim F, Zarski JP, Trepo C, et al. (2001) Impaired

allostimulatory function of dendritic cells in chronic hepatitis C  infection.
Gastroenterology 120: 512-524.

. Kanto T, Hayashi N, Takehara T, Tatsumi T, Kuzushita N, et al. (1999)

Impaired allostimulatory capacity of peripheral blood dendritic cells recovered
from hepatitis C virus-infected individuals. J Immunol 162: 5584-5591.

. Wedemeyer H, He XS, Nascimbeni M, Davis AR, Greenberg HB, et al. (2002)

Impaired effector function of hepatitis C virus-specific CD8+ T cells in chronic
hepatitis C virus infection. ] Immunol 169: 3447-3458.

. Urbani S, Boni C, Missale G, Elia G, Cavallo C, et al. (2002) Virus-specific

CD8+ lymphocytes share the same effector-memory phenotype but exhibit
functional differences in acute hepatitis B and C. J Virol 76: 12423-12434.

. Erickson AL, Kimura Y, Igarashi S, Eichelberger J, Houghton M, et al. (2001)

The outcome of hepatitis C virus infection is predicted by escape mutations in
epitopes targeted by cytotoxic T lymphocytes. Immunity 15: 883-895.

. Guglietta S, Garbuglia AR, Pacciani V, Scotta C, Perrone MP, et al. (2005)

Positive selection of cytotoxic T lymphocyte escape variants during acute
hepatitis C virus infection. Eur J Immunol 35: 2627-2637.

. Tester I, Smyk-Pearson S, Wang P, Wertheimer A, Yao E, et al. (2005) Immune

evasion versus recovery after acute hepatitis C virus infection from a shared
source. J Exp Med 201: 1725-1731.

. Timm J, Lauer GM, Kavanagh DG, Sheridan I, Kim AY, et al. (2004) CD8

epitope escape and reversion in acute HCV infection. J Exp Med 200:
1593-1604.

. Neumann AU, Lam NP, Dahari H, Gretch DR, Wiley TE, et al. (1998)

Hepatitis C viral dynamics in vivo and the antiviral efficacy of interferon-alpha
therapy. Science 282: 103-107.

. Bukh J, Miller RH, Purcell RH (1995) Genetic heterogeneity of hepatitis C virus:

quasispecies and genotypes. Semin Liver Dis 15: 41-63.

. Thimme R, Bukh J, Spangenberg HC, Wieland S, Pemberton J, et al. (2002)

Viral and immunological determinants of hepatitis C virus clearance,
persistence, and disease. Proc Natl Acad Sci U S A 99: 15661-15668.
Brockman MA, Schneidewind A, Lahaie M, Schmidt A, Miura T, et al. (2007)
Escape and compensation from early HLA-B57-mediated cytotoxic T-
lymphocyte pressure on human immunodeficiency virus type 1 Gag alter capsid
interactions with cyclophilin A. J Virol 81: 12608-12618.

Martinez-Picado J, Prado JG, Fry EE, Pfafferott K, Leslic A, et al. (2006) Fitness
cost of escape mutations in p24 Gag in association with control of human

immunodeficiency virus type 1. J Virol 80: 3617-3623.

. Friedrich TC, Frye CA, Yant IJ, O’Connor DH, Kriewaldt NA, et al. (2004)

Extraepitopic compensatory substitutions partially restore fitness to simian
immunodeficiency virus variants that escape from an immunodominant
cytotoxic-T-lymphocyte response. J Virol 78: 2581-2585.

. Peyerl FW, Bazick HS, Newberg MH, Barouch DH, Sodroski J, et al. (2004)

Fitness costs limit viral escape from cytotoxic T lymphocytes at a structurally
constrained epitope. J Virol 78: 13901-13910.

. Chang KM, Rehermann B, McHutchison JG, Pasquinelli C, Southwood S, et al.

(1997) Immunological significance of cytotoxic T lymphocyte epitope variants in
patients chronically infected by the hepatitis C virus. J Clin Invest 100:
2376-2385.

@ PLoS Pathogens | www.plospathogens.org

15

27.

29.

30.

31.

33.

34.

36.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

T Cell Escape Mutation and Viral Fitness

Seifert U, Liermann H, Racanelli V, Halenius A, Wiese M, et al. (2004)
Hepatitis C virus mutation affects proteasomal epitope processing. J Clin Invest
114: 250-259.

Soderholm J, Ahlen G, Kaul A, Frelin L, Alheim M, et al. (2006) Relation
between viral fitness and immune escape within the hepatitis C virus protease.
Gut 55: 266-274.

Blight KJ, Kolykhalov AA, Rice CM (2000) Efficient initiation of HCV RNA
replication in cell culture. Science 290: 1972-1974.

Lohmann V, Korner F, Koch J, Herian U, Theilmann L, et al. (1999)
Replication of subgenomic hepatitis C virus RNAs in a hepatoma cell line.
Science 285: 110-113.

Zhong ], Gastaminza P, Cheng G, Kapadia S, Kato T, et al. (2005) Robust
hepatitis C virus infection in vitro. Proc Natl Acad Sci U S A 102: 9294-9299.

. Lindenbach BD, Evans MJ, Syder AJ, Wolk B, Tellinghuisen TL, et al. (2005)

Complete replication of hepatitis C virus in cell culture. Science 309: 623-626.
Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, et al. (2005)
Production of infectious hepatitis C virus in tissue culture from a cloned viral
genome. Nat Med 11: 791-796.

Mateu G, Donis RO, Wakita T, Bukh J, Grakoui A (2008) Intragenotypic JFH1
based recombinant hepatitis C virus produces high levels of infectious particles
but causes increased cell death. Virology 376: 397-407.

. Choo QL, Kuo G, Ralston R, Weiner A, Chien D, et al. (1994) Vaccination of

chimpanzees against infection by the hepatitis C virus. Proc Natl Acad Sci U S A
91: 1294-1298.

Cooper S, Erickson AL, Adams EJ, Kansopon J, Weiner AJ, et al. (1999)
Analysis of a successful immune response against hepatitis C virus. Immunity 10:
439-449.

. Yanagi M, Purcell RH, Emerson SU, Bukh J (1999) Hepatitis C virus: an

infectious molecular clone of a second major genotype (2a) and lack of viability
of intertypic la and 2a chimeras. Virology 262: 250-263.

. Darlington G (2006) Epstein-Barr Virus Transformation of Lymphoblasts.
. Reed L, Muench H (1938) A simple method of estimating fifty percent end

points. Am J Hyg. pp 493-497.

Kato T, Date T, Miyamoto M, Furusaka A, Tokushige K, et al. (2003) Efficient
replication of the genotype 2a hepatitis C virus subgenomic replicon.
Gastroenterology 125: 1808-1817.

Evans DT, O’Connor DH, Jing P, Dzuris JL, Sidney J, et al. (1999) Virus-
specific cytotoxic T-lymphocyte responses select for amino-acid variation in
simian immunodeficiency virus Env and Nef. Nat Med 5: 1270-1276.

Phillips RE, Rowland-Jones S, Nixon DF, Gotch FM, Edwards JP, ct al. (1991)
Human immunodeficiency virus genetic variation that can escape cytotoxic T
cell recognition. Nature 354: 453-459.

Borrow P, Lewicki H, Wei X, Horwitz MS, Peffer N, et al. (1997) Antiviral
pressure exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs) during
primary infection demonstrated by rapid selection of CTL escape virus. Nat
Med 3: 205-211.

Allen TM, O’Connor DH, Jing P, Dzuris JL, Mothe BR, et al. (2000) Tat-
specific cytotoxic T lymphocytes select for SIV escape variants during resolution
of primary viraemia. Nature 407: 386-390.

. Cox AL, Mosbruger T, Mao Q, Liu Z, Wang XH, et al. (2005) Cellular immune

selection with hepatitis C virus persistence in humans. J Exp Med 201:
1741-1752.

Ray SC, Fanning L, Wang XH, Netski DM, Kenny-Walsh E, et al. (2005)
Divergent and convergent evolution after a common-source outbreak of hepatitis
C virus. J Exp Med 201: 1753-1759.

Grakoui A (2004) Hepatitis C virus infection. How does the host respond?
Minerva Gastroenterol Dietol 50: 21-28.

Jones NA, Wei X, Flower DR, Wong M, Michor F, et al. (2004) Determinants of
human immunodeficiency virus type 1 escape from the primary CD8+ cytotoxic
T lymphocyte response. J Exp Med 200: 1243-1256.

Karlsson AC, Deeks SG, Barbour JD, Heiken BD, Younger SR, et al. (2003)
Dual pressure from antiretroviral therapy and cell-mediated immune response
on the human immunodeficiency virus type 1 protease gene. J Virol 77:
6743-6752.

Yang OO, Sarkis PT, Ali A, Harlow JD, Brander C, et al. (2003) Determinant of
HIV-1 mutational escape from cytotoxic T lymphocytes. J Exp Med 197:
1365-1375.

Friedrich TC, Dodds EJ, Yant L], Vojnov L, Rudersdorf R, et al. (2004)
Reversion of CTL escape-variant immunodeficiency viruses in vivo. Nat Med
10: 275-281.

Farci P, Shimoda A, Coiana A, Diaz G, Peddis G, et al. (2000) The outcome of
acute hepatitis C predicted by the evolution of the viral quasispecies. Science
288: 339-344.

Tsai SL, Chen YM, Chen MH, Huang CY, Sheen IS, et al. (1998) Hepatitis C
virus variants circumventing cytotoxic T lymphocyte activity as a mechanism of
chronicity. Gastroenterology 115: 954-965.

Leslie AJ, Pfafferott KJ, Chetty P, Draenert R, Addo MM, et al. (2004) HIV
evolution: CTL escape mutation and reversion after transmission. Nat Med 10:
282-289.

September 2008 | Volume 4 | Issue 9 | €1000143



