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Hepatitis C virus (HCV) clearance has been associated with reduced viral evolution in targeted cytotoxic
T-lymphocyte (CTL) epitopes, suggesting that HCV clearers may mount CTL responses with a superior ability
to recognize epitope variants and prevent viral immune escape. Here, 40 HCV-infected subjects were tested
with 406 10-mer peptides covering the vast majority of the sequence diversity spanning a 197-residue region of
the NS3 protein. HCV clearers mounted significantly broader CTL responses of higher functional avidity and
with wider variant cross-recognition capacity than nonclearers. These observations have important implications for vaccine approaches that may need to induce high-avidity responses in vivo.
were obtained from the HCV database at Los Alamos National
Laboratory (http://hcv.lanl.gov) and aligned with an additional
set of 73 genotype 1a sequences generated in our laboratory
(25). All unique 10-mer sequences that occurred in this alignment were determined (n ⫽ 2,050 individual 10-mers), and
those 10-mers that were present in at least 5% of the aligned
sequences were synthesized. This gave rise to a set of 406
10-mer peptides overlapping by 9 residues spanning the analyzed 197 amino acids of NS3 (Fig. 1). The 10-mer peptide
length was chosen to reduce the chance that responses to
multiple epitopes within the same test peptide would be detected and to increase the sensitivity for in vitro analyses over
that with longer peptide sets (9, 10).
A cohort of 40 HCV-infected subjects, of which 30 were
chronically infected and 10 were virus clearers, was tested. The
most common infecting genotype was genotype 1, with 16 subjects infected by genotype 1a (of which 4 subjects had cleared
the infection) and 11 individuals infected with genotype 1b (2
clearers). Additional subjects were infected with either HCV
genotype 2b (n ⫽ 2; one clearer) or 3a (n ⫽ 4; no clearer) or
by undetermined genotypes (n ⫽ 7; three clearers). Although
90% of subjects (36 out of the 40 tested individuals) were
coinfected with HIV, none had a CD4 T-cell count of below
250 cells/l, a threshold above which earlier studies have
shown maintenance of HCV-specific CD8 T-cell activity (14).
Peripheral blood mononuclear cells (PBMC) from all subjects
were stimulated with 4 different peptide pools, each containing
about 100 of the synthesized 406 peptides, and expanded for 2
weeks before being tested in gamma interferon enzyme-linked
immunospot (ELISPOT) assays. ELISPOT assays were carried
out using a matrix pool approach, as described in the past, with
subsequent deconvolution to identify each individually targeted peptide (2). This allowed us to determine the breadth of

Although broad and strong hepatitis C virus (HCV)-specific
T-cell responses are considered a key factor in the clearance of
HCV infection, the exact mechanisms mediating viral control
remain unclear (7, 18). Work comparing host (HLA) genetics
and viral sequence polymorphisms suggests that a substantial
proportion of all observed sequence changes in the first 6
months after HCV infection are likely driven by CD8 T-cellmediated immune pressure (4, 15). Furthermore, a number of
reports have associated increased viral evolution with the establishment of chronic infection, whereas conservation of Tcell epitope sequences has been observed for subjects eventually clearing HCV (3). These findings are substantiated by
studies using the chimpanzee model that have linked an improved disease outcome with the occurrence of fewer mutations in major histocompatibility complex class I-restricted Tcell epitopes (11, 28). Together, these studies suggest that the
induction of an effective CTL response shortly after acute
HCV infection may be able to control viral replication and
prevent chronic infection, especially if potentially occurring
T-cell epitope variants could be cross-recognized by the wildtype-specific CTL population.
To directly test if the ability of epitope-variant cross-recognition is indeed associated with viral clearance, we tested HCV
clearers and chronically infected subjects against an extensive
set of variant 10-mer peptides covering a region of 197 amino
acids in the moderately variable nonstructural protein 3 (NS3)
of HCV. Overall, 92 NS3 sequences of genotypes 1a and 1b
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each individual’s response and the number of variants that
were recognized among the 10-mers that spanned the same
protein stretch. As a control, six healthy HIV- and HCVnegative donors were screened, following the same protocol,
and showed only weak responses against two individual peptides (ALGINAVAYY and KLVALGINAV), which are different from the epitopes for which a frequent cross-reactivity
between HCV and influenza or self proteins has been described (13, 27).
Altogether, 174 responses were identified for the 40 subjects
tested and analyzed in two different ways, with or without

considering cross-reactivity among 10-mer variants. In a first
step, responses to the entire set of 406 individual peptides were
compared between chronically infected subjects and HCV
clearers, demonstrating that clearers mounted significantly
broader responses (median of 8 responses; range, 0 to 20) than
the chronically infected subjects (median, 1.5; range, 0 to 14;
P ⫽ 0.0148) (Fig. 2A). These data are in line with those of
earlier studies that have linked HCV clearance to the presence
of broadly directed virus-specific T-cell activities (7, 16, 18).
However, since responses to variants of individual 10-mer peptides were counted as independent events, the increased
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FIG. 1. Sequence variability in NS3/1259–1455 covered by 406-10-mer peptide set. A consensus sequence was derived from the 165 aligned
genotype 1a and 1b sequences spanning positions 1259 to 1455 of HCV NS3. Variable positions that were present in at least 5% of the aligned
sequences are indicated and were included in the synthesis of a 406-peptide set of overlapping peptides (OLP) of 10-amino-acid length overlapping
by 9 residues.
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breadth of responses for clearers may partly be due to a greater
rate of variant recognition for these subjects than for the
chronically infected individuals. To correct for this, the analysis
was repeated, this time counting responses to an individual
10-mer only once even if one or multiple variants of the specific
10-mer region were targeted. Still, the HCV clearers showed a
significantly greater breadth of responses (median ⫽ 5.5;
range, 0 to 11) than the chronics (median ⫽ 1.0; range, 0 to 10;
P ⫽ 0.0349) (Fig. 2B). These data indicate that after comprehensively testing HCV-specific responses to even a relatively
short stretch of the viral genome only, significantly broader

responses can be detected for subjects who cleared the virus
than for chronically infected individuals (8, 17, 20, 23, 24).
To more directly assess whether or not the response seen in
clearers targeted a greater proportion of variants than that of
nonclearers, the detected responses were further studied on an
individual 10-mer basis and the number of simultaneously recognized 10-mer variants was determined for each response.
This analysis is different from that described above, where
responses to one or multiple variant of the same 10-mer were
counted only once, and it was performed to answer the question of whether cells from HCV clearers had a superior ability
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FIG. 2. HCV clearers mount broader CTL responses with greater cross-reactivity potential and higher magnitude and functional avidity than
chronically infected individuals. CTL immunes responses to the 406 OLP were assessed by gamma interferon ELISPOT assay using in vitroexpanded PBMC (2). (A) Reacting peptides among the 406 OLP were counted individually, showing that cells from HCV clearers recognized
significantly more peptides than those from chronic subjects. (B) Given the variable number of peptide variants in a 10-mer stretch, only reactive
positions were taken into account, i.e., responses to a specific 10-mer window were scored only once without considering if or how many different
variant 10-mers were reactive, still showing statistically significantly broader responses in clearers. (C) Responses to each 10-mer region were also
analyzed individually and the level of variant cross-recognition determined. Even though cells from HCV clearers did not target regions of higher
variability than those from chronics (i.e., comparable numbers of variants per 10-mer region targeted were tested in either group), they recognized
more individual variant peptides than cells from chronically infected subjects. (D) Since the inclusion of different numbers of variants for a specific
10-mer region (i.e., entropy [29]) could have biased the analysis in favor of the HCV clearers, the number of 10-mer regions for which some level
of cross-reactive responses were seen was also compared between clearers and chronics, again showing a broader variant recognition by the HCV
clearer group. (E) The maximal magnitude of the responses, i.e., frequency of the maximal SFC per million input cells, was determined for 40 and
41 responses, respectively, and compared between HCV clearers and chronically infected subjects. (F) The peptide concentrations needed to elicit
half-maximal SFC (SD50) were compared between chronically infected subjects and HCV clearers, revealing responses of significantly higher
functional avidity for the latter (all Mann-Whitney test).
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sponses assessed after in vitro expansion of cells (P ⫽ 0.0034)
(Fig. 3A). However, in 9 of the 12 cases, the difference in SD50
was less than fivefold, and no statistically significant difference
was noted when comparing the “fold” increases in SD50 for
responses tested in PBMC from either clearers or chronically
infected individuals, suggesting that antigen-specific in vitro
culture generally drives expansion of high(er)-avidity cells, regardless of whether or not the cells were obtained from individuals with or without persisting viremia. Together, the
present data thus associate the increased breadth, magnitude,
and functional avidity of HCV-specific T-cell responses of
HCV clearers with a superior ability to cross-recognize epitope
variants compared to responses of chronically infected subjects. Of note, peptide titration analyses on six peptides and
their variants also showed that variant recognition was not
simply due to spurious variant reactivity at the highest peptide
concentration but indeed was mediated by high-avidity recognition of the peptide variants (Fig. 3B), further confirming that
functional avidity and variant epitope recognition may be crucial factors in the outcome of HCV infection.
Similar to the case of functional avidity, the observed magnitudes of responses may not directly reflect the in vivo frequency of these cells either, since the assays were performed
using in vitro-expanded PBMC. Thus, the observed differences
in the magnitudes may be a consequence of either a truly
higher frequency of the specific cells in vivo, an enhanced
ability of epitope-specific cells to proliferate upon antigen
stimulation, or, most probably, a combination of both. Although the ex vivo titration data suggest that chronically infected individuals can expand their most avid epitope-specific
cell populations, their reduced breadth of responses after in
vitro expansion may also reflect some missed responses that,
even after expansion, fell under the detection limit of the
ELISPOT assay. Testing this with directly ex vivo-isolated cells
could potentially help to discriminate between these different
mechanisms; however, with current techniques, such analyses
will likely still be biased toward the detection of strongest
responses, which in turn may be characterized by high avidity.
Regardless of this potential limitation and although recent
data showing that functional impairment of HCV-specific cells
in chronically infected subjects could impact the analysis of in
vitro-expanded cells, our data confirm earlier findings that
have linked higher-magnitude responses with cleared infection
(16). How these factors translate, for instance, into T-cell receptor breadth will require detailed T-cell receptor analyses of
the same responses in chronically infected subjects and in
HCV clearers. While this will be highly informative for vaccine
design and for the understanding of in vivo control of infections other than HCV, it will likely be complicated by the low
magnitude of ex vivo responses in the chronic group. Finally,

FIG. 3. Higher functional avidity after in vitro expansion and responses of high functional avidity to peptide variants. (A) The functional avidity
of responses elicited by cells tested directly ex vivo (gray lines) or after in vitro expansion (black lines) was assessed by peptide titration analyses.
Graph titles indicate subject identifier and, in parentheses, the peptide(s) tested. Subjects L807 and L829 are chronically infected individuals; the
remainder are HCV clearers. (B) Titration curves against peptides and their variants are shown for four individuals who showed responses to
consensus and variant peptides in the initial screening using highest peptide concentrations and from whom sufficient cells were available to test
for the full range of decreasing variant peptide concentrations. Numbers of spots per well represent averages for duplicate wells; black lines and
symbols show the 10-mer variant that was most common in the aligned sequences (consensus), and symbols and lines in gray show responses to
variant peptides.
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to recognize different variants of a targeted 10-mer compared
to those from chronically infected subjects. The data indeed
show that cells from clearers were able to recognize a significantly larger number of 10-mer variants (median ⫽ 3.0; range,
0 to 15) than those from the chronically infected individuals
(median ⫽ 0; range, 0 to 5; P ⫽ 0.0085) (Fig. 2C). However,
these results could theoretically be biased if cells of HCV
clearers preferentially targeted regions of higher variability
than did those of the chronically infected individuals. This
would have led us to test more variant peptides in the clearer
group, giving them an unfair advantage to react with more
variants. However, subsequent analyses showed that the 10mer regions targeted by cells from clearers overall did not
contain more variant sequences than the 10-mers targeted by
those from the chronically infected subjects (data not shown)
(P ⫽ 0.6875). In line with this, responses detected for HCV
clearers were generally more likely to react with at least one
other 10-mer variant (median, 1.5 cross-reactive responses per
subject; range, 0 to 6) than responses detected for chronically
infected subjects (median ⫽ 0; range 0 to 5; P ⫽ 0.0117)
(Fig. 2D).
A number of past studies with humans and animal models of
viral infections have suggested that control of viral replication
may be associated with the magnitude and functional avidity of
the epitope-specific T-cell population (5, 6, 21, 22). We thus
assessed whether the rate of variant cross-reactivity correlated
with the functional avidity of the detected responses and
whether responses in clearers were overall of higher magnitude
and avidity than those in chronics. Indeed, and although results
were potentially biased by the proliferative capacity of these
cells during the in vitro expansion, significantly stronger responses were seen for clearers (median, 1,715 spot-forming
cells [SFC] per million input cells; range, 70 to 3,125) than for
chronics (median, 290 SFC/106 PBMC; range, 50 to 2075; P ⬍
0.0001) (Fig. 2E). Similarly, when the functional avidity (referring to the peptide concentration [sensitizing dose] required to
elicit half-maximal response rates [SD50]) (1) for 81 of the 174
positive responses was determined and compared between the
two groups, cells from clearers elicited responses with overall
significantly higher functional avidity than those from chronically infected individuals (P ⫽ 0.0125) (Fig. 2F). As these data
were obtained with T-cell lines after antigen-specific in vitro
stimulation and expansion, the measured functional avidity
may have been biased toward the selective expansion of highavidity responses. Although such a bias would likely have affected SD50 determinations for both groups (chronics and
clearers), titration curves for 20 responses were repeated using
unexpanded PBMC samples. Indeed, the SD50 of the 12 responses that were detectable ex vivo was significantly increased
(i.e., had lower functional avidity) over that of the same re-
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although the relatively high peptide concentrations needed to
elicit some of these responses may call into question their
physiological relevance, the data are in line with those of earlier reports showing an overall low-avidity T-cell activity for
HCV-derived HLA class I-restricted CTL epitopes when compared, for instance, to HIV- or Epstein-Barr virus-specific CTL
responses (1, 26). Whether these low-avidity responses are
adequately effective in recognizing virally infected cells in the
solid tissue of an infected liver, and thus not necessarily directly comparable to responses to other viruses, remains to be
clarified in future studies.
Further complicating the analyses of protective immunity in
HCV infection is the uncertainty of whether or not the CTL
responses detected for clearers and chronically infected subjects corresponded to the first line of responses after acute
infection. In particular, the lower avidity of responses for
chronically infected subjects could reflect a gradual decrease in
affinity over time due to elimination of high-avidity T-cell populations in the presence of continuous antigenic stimulation.
While some evidence for such a scenario exists for HIV and
recent data in chronic HCV infection are in support of such an
interpretation as well, few data are available on direct ex vivo
analyses in acute HCV infection and on longitudinal samples
for chronics and HCV clearers (12, 19). The design of such
studies, with approaches sufficiently sensitive to allow for direct
ex vivo detection of even low-magnitude T-cell responses, are
thus urgently needed to further confirm our present findings
and to guide future HCV vaccine design. Aside from informing
vaccine design, however, the present data may also help in
interpreting earlier data that have associated sequence conservation within HCV-encoded CTL epitopes with viral clearance
(4). The present data suggest that epitope variant recognition
may be crucial early in infection to prevent the virus from
testing different CTL epitope variants that could mediate effective escape. Ultimately, detailed analyses of the sequence
and quasispecies distribution of the infecting viral population
will be required to determine whether the induction of highavidity responses with broad variant recognition capacity is the
cause of sequence conservation or whether the introduction of
particularly homogeneous or heterogeneous viral populations
could influence the variant recognition patterns observed. For
vaccine design, however, it appears critical to aim for the
induction of strong, highly avid responses that could possibly
protect from a challenge with heterologous virus showing sequence polymorphisms in the targeted epitope.
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