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Abstract
Immune escape driven by selection pressure from virus-specific CD8 T cells has been demonstrated
in both chimpanzees and humans infected with the hepatitis C virus (HCV). Although escape
mutations have also been characterized in major histocompatibility complex (MHC) class II–
restricted HCV epitopes, it is unknown whether selection-driven immune escape by CD4 T cell
epitopes is a significant factor in the failure of these responses or contributes to persistent infection.
To address this issue, evolution of MHC class I– and class II–restricted HCV epitopes was compared
in four chimpanzees persistently infected with the virus for more than 10 years. We identified an
amino acid change in a CD4 epitope of the HCV NS3 protein in one of the chimpanzees 3 years after
infection. This mutation resulted in diminished activation, cytokine production (interferon-γ and
interleukin-2), and proliferation by an epitope-specific CD4 T cell line. We expanded our analysis
to determine if mutations were common in multiple CD4 versus CD8 T cell epitopes in the four
chronically infected animals. Whereas we observed mutations in over 75% of CD8 T cell epitopes
analyzed in this study, only 18% of CD4 T cell epitopes analyzed showed amino acid changes. The
frequency of changes in class II epitopes was not different from flanking regions, so CD4 T cells
rarely exert selection pressure against the HCV genome.

Conclusion—Apparent mutational escape can occur in MHC class II–restricted epitopes, but this
is uncommon when compared with class I–restricted epitopes in the same individual. This indicates
that other mechanisms for silencing CD4 T cells are dominant in persistent HCV infections.

Studies of hepatitis C virus (HCV) infection in humans and chimpanzees, the only animal
model of natural HCV infection, have documented a critical role of T cell responses in
preventing persistent lifelong viremia. In the minority of individuals developing self-limiting
infection, control of acute phase virus replication is critically dependent on the expansion of
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HCV-specific CD4 and CD8 T cells.1–7 In contrast, the establishment of a persistent infection
is associated with an impaired virus-specific CD8 T cell response and failure to sustain virus-
specific CD4 T cells past the point of apparent control of virus replication.7–11

The failure of CD8 T cell responses directed against HCV epitopes in persistent hepatitis C is
likely the result of multiple factors. Functional anergy, including the loss of proliferative
capacity, impaired cytokine production, and diminished cytotoxicity, has been shown to be
mediated in part by signaling through the inhibitory coreceptors programmed cell death-1 and
cytotoxic T lymphocyte antigen-4.12–16 Additionally, due to the low fidelity of the viral
polymerase, HCV genomes display a high rate of mutation, and CD8 T cell–mediated immune
selection pressure has been demonstrated in both humans and chimpanzees to drive the
accumulation of escape mutations, which can subvert the immune response and contribute to
viral persistence.6,17–20 These mechanisms are also potentially linked, as demonstrated in a
recent study that showed decreased coinhibitory receptor expression on HCV-specific CD8 T
cells that recognize mutated versus intact viral epitopes.16

In contrast, much less is known regarding the mechanisms driving virus-specific CD4 T cell
failure in chronic HCV infection. Comparisons of HCV-specific CD4 T cell responses in
chronic versus resolved HCV infections have shown that an inability to control viral replication
is associated with early failure of CD4 T cell help.7–11 Although HCV-specific CD4 T cells
have been detected in both the blood and liver during chronic infection, these responses are
generally greatly attenuated in breadth, proliferative capacity, and production of T helper 1
cytokines.7,8,10,20,21 Several reports have documented amino acid changes arising in well-
characterized major histocompatibility complex (MHC) class II–restricted epitopes of HCV,
with some conferring escape from the CD4 T cell response, or skewing it toward a T helper 2
profile of cytokine secretion.7,22–24 These data would suggest the hypothesis that HCV-
specific CD4 T cells exert immune selection pressure similar to CD8 T cell responses to HCV,
thus driving HCV escape mutations and promoting viral persistence. Nevertheless, no
comprehensive analysis has yet been performed to explore how common such CD4 T cell
escape mutations are, or to compare their frequency with escape mutations in CD8 T cell
epitopes.

To determine if HCV immune escape from CD4 T cells was a significant factor in driving the
failure of these virus-specific cells, we analyzed the sequences of multiple CD4 and CD8 T
cell HCV epitopes for mutations in the circulating virus of four persistently infected
chimpanzees. The input genotype 1a HCV strain (HCV-1/910) was used for comparison, and
mutational frequencies in MHC class I– and II–restricted epitopes and nonepitope flanking
regions were assessed. We report here that HCV CD4 T cell epitopes exhibit far fewer amino
acid changes than CD8 T cell epitopes. Although we identified a mutation in a single CD4 T
cell epitope in the NS3 protein that impaired activation of a specific CD4 T cell clone, the late
emergence of this mutation makes it unlikely to have been a factor in initial establishment of
viral persistence. Finally, we confirmed that amino acid changes occur at elevated frequencies
in restricted CD8 T cell epitopes during persistent HCV infection, whereas amino acid
replacements in restricted CD4 epitopes occur no more frequently than in nonrestricted
epitopes or flanking regions, consistent with the hypothesis that CD8 T cells exert significant
selection pressure on HCV to drive immune escape, whereas CD4 T cells do not.

Materials and Methods
Animals

Chimpanzees (Pan troglodytes) were maintained at the University of Louisiana at Lafayette
New Iberia Research Center (New Iberia, LA) under standard conditions for humane care and
in compliance with National Institutes of Health guidelines. Chimpanzees CBO603, CBO609,
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and CH-503 were infected with the HCV-1/910 virus in 1992 and developed persistent viremia.
Chimpanzee NM1238 developed a chronic infection after challenge with the HCV-1/910 strain
in 1982 and had an average viral load of 2.09 × 106 genome equivalents/mL plasma over the
20-month span of this study. Virologic and clinical data for these animals during the acute
phase of infection are unknown.

Isolation of Viral RNA and Sequencing of Targeted Epitopes
Complementary DNA was prepared from HCV viral RNA isolated from blood collected in
EDTA then subsequently amplified and sequenced as described.25 Sequence data are available
through GenBank (accession nos. GQ848648-GQ848872, GQ870457-GQ870618).

Intracellular Cytokine Staining, Proliferation, and Phosphorylation Assays
Intracellular Cytokine Staining—The chimpanzee 4x0287 CD4 T cell clone 3D,26

specific for the NS31376 epitope YGKAIPLEVI, was analyzed for interferon-γ (IFN-γ) and
interleukin-2 (IL-2) production by intracellular cytokine staining as described.26,27 Cells were
stimulated with either the NS31376 wild-type (WT) (YGKAIPLEVI) peptide or with one of the
following mutated peptides at various concentrations as indicated for each experiment:
NS31376 M1 (YGKAIPLAAI), NS31376 M2 (YGKAIPLAVI), or NS31376 M3
(YGKAIPLEAI) (Genemed Synthesis, Inc., San Antonio, TX). Cells were stained with anti–
CD4-PerCP, anti–CD3-APC, anti–IFN-γ –PE, and anti–IL-2–FITC antibodies (BD
Biosciences).

Extracellular Signal-Regulated Kinase (ERK) 1/2 Phosphorylation Assay—Clone
3D cells were stimulated at 37°C for 15 minutes with autologous Epstein-Barr virus–
transformed B-lymphoblastoid cells (BLCL) pulsed for 2 hours with 10-fold dilutions from 1
μg/mL to 0.001 μg/mL of the NS31376 WT peptide or the NS31376 M1 peptide. Cells were then
stained with anti–CD4-PerCP and anti–CD19-phycoerythrin (BD Biosciences) antibodies in
FACS, followed by intracellular staining with anti–phospho-p44/42 mitogen-activated protein
kinase (ERK 1/2)–APC (Cell Signaling Technology, Boston, MA) as described above.

Proliferation Assay—The CD4 T cell clone 3D was labeled with 5-(and 6-)
carboxyfluorescein diacetate succinimidyl ester (CFSE) (3 μM), then stimulated with either
the NS31376 WT peptide or the NS31376 M1 peptide (0.01 μg/mL). Cells were harvested on
days 3, 4, or 5 and stained with anti–CD3-APC and anti–CD4-PE antibodies in FACS wash,
then counterstained with pro-pidium iodide to exclude dead populations from analysis.

All flow cytometric analyses were performed on a FACSCalibur instrument using CellQuest
(BD Biosciences) software.

Statistical Analyses
The rates of synonymous nucleotide substitutions (dS) and nonsynonymous nucleotide
substitutions (dN) were calculated in the four study animals for MHC class I– and class II–
restricted epitopes, along with nonepitope flanking regions approximately 200 nucleotides
upstream and downstream of the epitopes, essentially as described.17,28

Results
Identification of a Mutation in an MHC Class II–Restricted HCV Epitope

To address the impact of CD4 T cell selection pressure on immune escape in HCV infection,
we initially looked for mutations in a dominant well-characterized DRB5*0310-restricted
MHC class II epitope26 in viruses from CH-503, a persistently infected animal expressing this
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allele documented to have escape mutations in multiple MHC class I–restricted epitopes.17

Circulating virus was sequenced from 10 months to 9 years after infection, and the Patr-
DRB5*0310-restricted NS31376 epitope was monitored for the emergence of mutations (Table
1). An amino acid substitution at P9 (V to A) in the NS31376 epitope was first detected as a
minor variant at 23 months, but became nearly fully fixed in the quasispecies 9 years after
infection (15/16). A second substitution at P8 of the epitope (E to A) was not observed until 3
years after infection. This substitution was also initially present as a minor population in the
viral quasi-species at year 3, but became fully established at 9 years after infection. Despite
the emergence of these mutations in the class II–restricted epitope late in infection, NS31376-
specific CD4 T cells were still detectable by way of MHC class II tetramer staining at very low
frequencies in the peripheral blood, lymph nodes, and liver more than 10 years after infection
in chimpanzee CH-503 (data not shown).

It was unclear whether the amino acid substitutions observed in the NS31376 epitope conferred
escape from the CD4 T cell response. To address this, we evaluated the impact of both amino
acid changes, individually or combined, for their ability to stimulate various functional
activities in an NS31376-specific CD4 T cell clone, 3D, isolated from a Patr-DRB5*0310 –
positive animal.26 Three different synthetic peptides were generated expressing each of the
mutations alone or in combination with each other. The two peptides that contained the P8 E
to A mutation, either alone (peptide NS31376 M2) or in combination with the P9 V to A mutation
(peptide NS31376 M1), both diminished IL-2 production compared with cells stimulated with
the WT peptide, resulting in an increased IFN-γ+/IL-2lo population as compared with the
response generated with the NS31376 WT peptide (Fig. 1A). In contrast, when the CD4 clone
3D was stimulated with a peptide that contained the P9 V to A mutation alone (NS31376 M3),
the majority of cytokine-producing CD4 T cells coproduced both IFN-γ and IL-2 at levels
similar to those generated by the NS31376 WT peptide, suggesting that the E to A mutation at
P8, but not the V to A mutation at P9, is an escape mutation. Responses to both the NS31376
WT and NS31376 M1 peptides over a 5-log range of concentrations revealed a preferential
stepwise and progressive loss of cytokine production at decreasing concentrations, beginning
first with impaired IL-2 production (Fig. 1B).

Consistent with the observed impairment of cytokine production, levels of phosphorylation of
the mitogen-activated protein kinase ERK 1/2, a downstream signaling molecule in the T cell
activation pathway, were also reduced following stimulation with the M1 mutant peptide
compared with the WT (Fig. 2A). Phosphorylation of ERK 1/2 was observed following
stimulation of clone 3D with the NS31376 WT peptide even at concentrations as low as 0.001
μg/mL. In comparison, even at the highest concentration used (1 μg/mL), the NS31376 M1
peptide induced less phosphorylated ERK 1/2 than did the WT peptide and failed to induce
phosphorylation at lower concentrations (Fig. 2A). Phosphorylation induced by the mutant
peptide was also not increased when the incubation was increased to 30 minutes (data not
shown). Impaired capacity of the mutant M1 peptide to stimulate T cell activation was also
reflected in reduced proliferation following in vitro stimulation of clone 3D with the
NS31376 M1 peptide when compared with the NS31376 WT peptide, as measured by CFSE
dilution (Fig. 2B). By day 3, more than 10% of cells stimulated with the WT peptide had
undergone one cell division, and at day 4 the majority of these cells (>60%) had undergone at
least one cell division, with approximately one-quarter undergoing two or more divisions. In
contrast, stimulation with the mutant peptide did not drive significant cell division until day 5,
at which time more than half of the cells had still failed to divide, and those that had divided
had predominantly undergone only one round of division (Fig. 2B).

Our analysis was next expanded to look for escape of this epitope in other persistently infected
animals that did or did not express the restricting MHC class II allele (Fig. 3). Chimpanzee
CB0609 was also DRB5*0310-positive, and the viral sequence from this animal displayed a
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V to A mutation at P9, but not the E to A mutation at P8. Interestingly, chimpanzee CB0603
also possessed the P9 V to A mutation, but did not express the restricting MHC allele, and the
other DRB5*0310-negative chimpanzee (NM1238) possessed neither of these mutations.
These data further suggest that the E to A mutation at P8 is, in fact, an escape mutation
potentially driven by immune selection pressure, whereas the V to A mutation at P9 is not.

Higher Frequency of Mutations in CD8 Epitopes than in CD4 Epitopes in Persistent HCV
Infection of Chimpanzees

Observations in CH-503 and in other studies7,23,29 suggest that escape in MHC class II–
restricted epitopes can occur in HCV infection; however, the frequency of such events has not
been studied. To address this question, we broadened our analysis to look for escape in multiple
CD4 T cell epitopes throughout the HCV polyprotein in four animals persistently infected with
HCV.

Ten additional MHC class II–restricted HCV epitopes26,27 (unpublished data) were analyzed
in four animals with chronic infection (Fig. 4). In addition to the mutations observed in the
NS31376 epitope in animal CH-503, an I to V amino acid change was found in P8 of the
NS41842 epitope in chimpanzees CBO603 and CBO609. However, whereas CBO603 expresses
the MHC class II allele that presents this epitope, CBO609 does not, suggesting that this
mutation was not driven by immune selection pressure. A change from K to R was observed
at P13 of the NS31387 epitope in chimpanzee CBO603, and although the epitope would be
restricted in this animal, the mutation is not present in the dominant quasispecies after more
than 10 years of chronic infection, suggesting that selection pressure is not a dominant factor.
Other mutations in the dominant viral quasispecies were observed for the CD4 T cell epitopes
NS41825 and NS5a2079, and in the minority quasispecies in the NS41912 epitope, but only in
animals that did not express the MHC class II allele that presented the epitopes. We cannot
rule out the possibility that these represent mutations in as yet undefined CD8 T cell epitopes
in these animals.

Previously, we described escape mutations in MHC class I–restricted epitopes from three
animals included in this study.17 In the present study, we extended that analysis to additional
recently defined class I epitopes (unpublished data) and incorporated a fourth animal with
chronic HCV infection (Fig. 5). Of the six defined epitopes located in structural proteins, there
were five mutations in the dominant viral quasispecies for four epitopes in chimpanzees with
the appropriate allele, and one mutation in the dominant viral quasispecies of an epitope in an
animal without the appropriate allele (Fig. 5A). For epitopes in nonstructural proteins, 15
mutations were identified in the dominant viral quasispecies in 10 of the 12 epitopes in animals
with the appropriate allele, whereas there were three mutations in the dominant viral
quasispecies in three of the 12 epitopes in animals without the appropriate restricting allele
(Fig. 5B). In total, over 75% of restricted CD8 T cell epitopes analyzed in this study contained
amino acid sequences different from the input HCV-1/910 strain, consistent with our previous
findings. In contrast, only 18% of restricted CD4 T cell epitopes showed any amino acid
variances from the HCV-1/910 strain used to infect the animals. However, of the three amino
acid changes we observed in two different CD4 T cell epitopes, only one was exclusive to an
animal with the necessary MHC class II allele to present the epitope.

Comparison of Nonsynonymous Mutation Rates Between CD4 and CD8 Epitopes
Previously, we reported that CD8 T cell selection pressure on MHC class I–restricted HCV
epitopes facilitated escape and was predictive of a failure to resolve infection.17 Whether a
similar mechanism was at play with HCV CD4 T cell responses was next assessed by a similar
statistical analysis of mutational frequencies, comparing amino acid changes in CD4 versus
CD8 T cell epitopes.
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Sequences of both CD4 and CD8 T cell epitopes from the circulating virus of the four
chimpanzees were compared with the sequences of multiple molecular clones of the input
HCV-1/910 strain of virus to calculate the rates of nonsynonymous nucleotide substitutions
(dN) and synonymous nucleotide substitutions (dS). This provides a direct comparison between
not only restricted and non-restricted epitopes, but also between CD4 and CD8 T cell epitopes.
dS and dN were also calculated for upstream and downstream flanking regions, where positive
selection pressure exerted by T cells should be absent. Synonymous nucleotide substitutions
do not result in a change in the encoded amino acid, whereas nonsynonymous nucleotide
substitutions result in amino acid substitutions and can potentially impact overall viral fitness.
In the absence of selection pressure, it is predicted that the dS/dN ratio will be relatively high,
reflective of the principle that synonymous mutations are neutral to viral fitness.

Consistent with our previous analysis, we confirmed that MHC class I–restricted CD8 T cell
responses exert positive selection pressure on the virus (Fig. 6).17 The median dN for presented
CD8 T cell epitopes (0.0431) was significantly higher than for nonpresented epitopes (0.0077;
P < 0.001) or flanking regions (0.0089; P < 0.01). In contrast, there was no significant
difference between median dN in restricted CD4 T cell epitopes and flanking regions (0.0046
and 0.0089, respectively; P < 0.05). Whereas median dS values for both presented CD4 and
CD8 T cell epitopes were similar (0.0610 and 0.0578, respectively), the median dN value for
presented CD8 T cell epitopes was nearly 10-fold higher than for presented CD4 T cell epitopes
(0.0431 versus 0.0046). These data are consistent with the hypothesis that HCV-specific CD4
T cells do not exert significant selection pressure to drive amino acid changes in the virus.

Discussion
Although several studies have explored the phenomenon of immune escape in MHC class II–
restricted HCV epitopes during persistent infection, they have often focused on a limited set
of CD4 T cell epitopes or viral proteins.7,22–24,29 In particular, where CD4 T cell escape was
analyzed in humans with persistent hepatitis C, the input strain that initially infected the
subjects was unknown, complicating the analysis of virus evolution.

In the present study, our goal was to determine the frequency of mutations in HCV CD4 T cell
epitopes by comparing amino acid changes in multiple CD4 and CD8 T cell epitopes within
the same subject. In this report, we confirmed and extended our previous findings,17

specifically that mutational escape in HCV CD8 T cell epitopes is common, occurring in over
75% of the epitopes analyzed. Reports of humans persistently infected with HCV have also
documented similarly high frequencies of mutations arising in CD8 viral epitopes, with as low
as 45% and as high as 75% of the analyzed epitopes accumulating mutations.18,19 In contrast,
our comparison of mutations in CD8 and CD4 T cell epitopes in the same animals revealed
that nonsynonymous mutations were far less common in the latter (18% of epitopes analyzed),
and, importantly, occurred no more frequently than in nonepitope flanking regions. A similar
unpublished study has also documented that CD4 T cell epitopes of HCV are highly conserved
in persistently infected humans. Additionally, of the four observed amino acid changes in
restricted HCV CD4 T cell epitopes that we described, only one is likely to cause escape from
immune recognition (NS31376).

Although MHC class II–restricted epitope mutation in HCV has been documented in persistent
infection, it has not been universally observed,22,29 and our study demonstrates that it is not
common. The low frequency of mutations in CD4 T cell epitopes, especially compared with
the high frequency of mutations reported for CD8 T cell epitopes within the same individual,
suggests that CD4 T cell HCV epitopes are relatively stable. Although CD4 T cell epitope
escape has also been described for HIV,30 another virus subject to high mutation rates, CD4
T cell epitope escape in viral infection has been rarely reported. However, the correlation of
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broad, functional HCV-specific CD4 T cell responses with infection resolution, and of impaired
virus-specific CD4 T cell responses with persistent hepatitis C, suggests that these cells play
an essential role in controlling infection and thus may be able to exert selection pressure on
the virus. Although CD4 T cells generally lack cytotoxic capabilities, they can produce
cytokines such as IFN-γ that contribute to the antiviral state in the host, which may be one
potential mechanism for selection pressure. However, this is not likely to be as direct and
immediate an influence on viral evolution as cytotoxic activity by CD8 T cells or antibody-
mediated neutralization.6 That the CD4 response to HCV wanes very rapidly as acute infection
is not controlled also suggests that any pressure to select for mutated CD4 T cell epitopes might
be only early and fleeting.7–11,20,31

Although mutational escape in CD4 T cell epitopes of HCV is much less likely than in CD8
T cell epitopes, such mutations do in fact occur, as evidenced by the mutation we observed in
the NS31376 epitope and documented mutations reported by others.7,23,24,32 The observed
mutation in the NS31376 epitope diminished activation, proliferation, and cytokine production
in a cognate CD4 T cell clone. Interestingly, decreased cytokine production was marked by a
pattern observed in persistent lymphocytic choriomeningitis virus infection of mice, as well as
chronic HCV and HIV infection in humans—namely, a preferential loss of IL-2 production
over IFN-γ production in virus-specific CD4 T cells (Fig. 1).33–36 In HIV infection, virus-
specific CD4 T cells producing IFN-γ, but not IL-2, had impaired proliferative capacity and
were short-lived. The late emergence of the NS31376 CD4 T cell epitope mutation, however,
suggests that other mechanisms drive the early loss of CD4 responses in persistent HCV
infection.

Boosting HCV-specific CD4 T cell responses by vaccination could improve the ability of the
host immune response to control infection while simultaneously exerting greater selection
pressure on the virus. In a study by Puig et al.7 in which a chimpanzee was immunized against
the HCV non-structural proteins prior to challenge, escape mutations in two separate CD4 T
cell epitopes, located in the NS3 and NS5a proteins, emerged as viral control was lost and
persistence was established. Interestingly, chimpanzee CH-503, the animal in which the
NS31376 mutation was originally identified, had received a therapeutic vaccination against the
Core, E1, E2, NS3, and NS4 HCV proteins 4 years after infection (M. Houghton, personal
communication). However, the NS31376 mutation was already observed as a minor population
in the viral quasispecies at 3 years after infection, 1 year prior to the therapeutic vaccination.
However, infrequent sampling before and after the therapeutic vaccination makes it difficult
to completely rule out a role for therapeutic vaccination in further driving this escape mutation.

In this study, we demonstrate that, within the same individual, mutations in HCV CD4 T cell
epitopes occur much less frequently than in CD8 T cell epitopes. These data suggest that, unlike
HCV-specific CD8 T cells, CD4 T cell selection pressure to drive escape mutations is not a
significant factor in the failure of these responses and the establishment of viral persistence.
Whether such mutations might play a role in maintaining viral persistence, or promoting
persistence if transmitted to a new host, remains unclear.
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Abbreviations

CFSE 5-(and 6-)carboxyfluorescein diacetate succinimidyl ester

dN rate of nonsynonymous nucleotide substitution

dS rate of synonymous nucleotide substitution

ERK extracellular signal-regulated kinase

HCV hepatitis C virus

IFN-γ interferon-γ

IL-2 interleukin-2

MHC major histocompatibility complex

WT wild-type
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Fig. 1.
P8 V to A mutation in the NS31376 epitope impairs IL-2 production in a cognate CD4 T cell
clone. (A) Using an overnight intracellular cytokine staining assay, the E to A and V to A amino
acid changes at positions P8 and P9, respectively, of the NS31376 (YGKAIPLEVI) epitope
were analyzed both separately and in combination for their ability to stimulate IFN-γ and IL-2
production in a CD4 T cell clone specific for the epitope. Representative flow cytometry data
are shown, and values in the lower left, upper left, and upper right quadrants represent
percentages of gated CD3+CD4+ cells that are IFN-γ−/IL-2−, IFN-γ+/IL-2−, or IFN-γ+/IL-2+,
respectively. (B) Titrated concentrations of the NS31376 WT and double mutant NS31376 M1
peptides were analyzed for their ability to stimulate the CD4 T cell clone 3D to produce IFN-
γ and IL-2 in an overnight intracellular cytokine staining assay. Representative results are
shown. Values in the lower left, upper left, and upper right quadrants represent percentages of
gated CD3+CD4+ cells that are IFN-γ−/IL-2−, IFN-γ+/IL-2−, or IFN-γ+/IL-2+, respectively.
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Fig. 2.
Mutation in the NS31376 epitope stimulates impaired activation and proliferation in a cognate
CD4 T cell clone. (A) Activation of the NS31376-specific CD4 T cell clone 3D was assessed
by intracellular staining for the phosphorylated form of the mitogen-activated protein kinase
ERK 1/2 following a 15-minute stimulation with various concentrations of the NS31376 WT
or NS31376 M1 peptides. Representative histograms are shown. White histograms show
phosphorylated ERK 1/2 staining levels in unstimulated control cells; levels in stimulated test
cells are depicted by gray histograms. (B) CFSE-labeled CD4 T cell clone 3D cells were
stimulated with either the NS31376 WT or NS31376 M1 peptides (0.01 μg/mL) and proliferation,
measured as CFSE dilution by way of flow cytometric analysis, was determined on day 3, 4,
or 5. Representative plots show gated live CD3+CD4+ cells with frequencies of cells that either
remained undivided (CFSEhi) or had undergone up to four rounds of division as indicated above
each plot.
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Fig. 3.
Comparison of the NS31376 epitope in animals with and without the restricting MHC class II
allele. Viral RNA was isolated from the serum of four persistently infected chimpanzees
(CB0603, CB0609, CH-503, and NM1238) and amplified by PCR. Subsequent molecular
cloning and sequencing were then performed to assess the sequence of the NS31376 epitope in
two DRB5*0310-positive chimpanzees (CB0609 and CH-503; highlighted) and two
chimpanzees (NM1238 and CB0603) that did not express this restricting MHC class II allele.
The frequencies of each identified sequence are indicated on the right.
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Fig. 4.
Infrequent sequence variation in MHC class II–restricted HCV epitopes in persistently infected
chimpanzees. HCV RNA isolated from the serum of four persistently infected animals
(CBO603, CBO609, CH-503, and NM1238) was amplified by way of PCR, and multiple
molecular clones were sequenced to identify amino acid changes in 10 CD4 T cell epitopes
compared with a consensus sequence of the infecting genotype 1a 1/910 strain. The frequency
of each sequence is indicated to the right in each box. Viral sequences from animals expressing
the restricting class II MHC allele are highlighted.
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Fig. 5.
Amino acid changes in CD8 T cell–targeted epitopes of HCV proteins in persistently infected
chimpanzees. Multiple clonal sequences of class I MHC-restricted epitopes in HCV structural
(A) and nonstructural (B) genes were compared from the four persistently infected
chimpanzees to the consensus HCV-1/910 sequence. Epitopes in animals that express the
appropriate restricting MHC class I allele are highlighted, and frequencies for the different
sequences are shown on the right side of each box.
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Fig. 6.
HCV-specific CD8 T cells, but not CD4 T cells, exert significant pressure to drive increased
nonsynonymous mutation rates. Median rates of synonymous substitutions per synonymous
site (dS) and of nonsynonymous substitutions per nonsynonymous site (dN) were computed
separately for nonepitope regions, and for CD4 and CD8 T cell epitopes both in animals that
express the specific restricting MHC alleles and in animals that lack the necessary MHC allele
to present the epitope to specific CD4 or CD8 T cells (data not shown). Tests of the hypotheses
that (1) the median dS is equal to the median dN and (2) an individual dS or dN value in
presented epitopes equals that in nonpresented epitopes were performed using the Wilcoxon
signed-rank test. Tests of the hypothesis that an individual dS or dN value in epitopes equals
that in nonepitope regions were performed using the Mann-Whitney test.
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Table 1

Evolution of Epitope NS31376 in Chimpanzee CH-503

Time Point After Infection NS31376 (DRB5*0310-Restricted)

10 months YGKAIPLEVI

---------- (16/16)

23 months YGKAIPLEVI

---------- (14/15)

---------- A- (1/15)

3 years YGKAIPLEVI

---------- (11/15)

---------- A- (2/15)

---------- A-- (2/15)

9 years YGKAIPLEVI

---------- AA- (15/16)
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