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The cellular immune response contributes to viral clearance as well as to liver injury in acute and chronic
hepatitis C virus (HCV) infection. An immunodominant determinant frequently recognized by liver-infiltrating
and circulating CD8" T cells of HCV-infected patients is the HCVyg;_147; peptide CVNGVCWTYV. Using a
sensitive in vitro technique with HCV peptides and multiple cytokines, we were able to expand cytotoxic T cells
specific for this determinant not only from the blood of 11 of 20 HCV-infected patients (55%) but also from the
blood of 9 of 15 HCV-negative blood donors (60%), while a second HCV NS3 determinant was recognized only
by HCV-infected patients and not by seronegative controls. The T-cell response of these healthy blood donors
was mediated by memory T cells, which cross-reacted with a novel T-cell determinant of the A/PR/8/34
influenza A virus (IV) that is endogenously processed from the neuraminidase (NA) protein. Both the HCV
NS3 and the IV NA peptide displayed a high degree of sequence homology, bound to the HLA-A2 molecule with
high affinity, and were recognized by cytotoxic T lymphocytes with similar affinity (10~® M). Using the
HLA-A2-transgenic mouse model, we then demonstrated directly that HCV-specific T cells could be induced in
vivo by IV infection. Splenocytes harvested from IV-infected mice at the peak of the primary response (day 7
effector cells) or following complete recovery (day 21 memory cells) recognized the HCV NS3 peptide, lysed
peptide-pulsed target cells, and produced gamma interferon. These results exemplify that host responses to an
infectious agent are influenced by cross-reactive memory cells induced by past exposure to heterologous
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viruses, which could have important consequences for vaccine development.

Recovery from acute hepatitis C virus (HCV) infection has
been associated with an early, multispecific helper and cyto-
toxic T lymphocyte (CTL) response (10, 26) that is maintained
for at least 2 decades after recovery and is significantly weaker
in chronically infected patients (40). Both viral and host factors
have been implicated in this differential cellular immune re-
sponse and outcome of infection.

Interestingly, it has recently been demonstrated that HCV-
specific CD8" T cells could also be expanded from the periph-
eral blood memory T-cell populations of some control persons
who were not HCV infected (6, 8). Several possibilities have
been discussed to explain this observation. First, these individ-
uals may have had a self-limited HCV infection in the distant
past and subsequently maintained cellular immune responses
in the absence of persisting humoral responses (40). Second,
healthy subjects may have been exposed to HCV occupation-
ally (21) or via infected family members (33) and generated
and maintained CD45RO™ memory T cells (33) in the absence
of any detectable viremia or disease. Third, a primary HCV-
specific CD8™" T-cell response may have been induced in vitro
by repetitive and prolonged stimulation with HCV-specific
peptides. While the last hypothesis might be compatible with
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the observation that HCV-specific CD8"* T cells could be ex-
panded with individual, but not all, peptides representing HCV
determinants, it does not readily explain the finding that HCV-
specific CD8™" T cells could be isolated from the blood of only
some and not all HCV-negative subjects (6, 8). Similar to
studies with HCV-infected patients (6), HCV peptide-specific
T-cell responses were eliminated when CD45RO™ memory
cells were depleted from peripheral blood mononuclear cells
(PBMC) of HCV-negative subjects without any history of prior
HCYV infection (33). This finding in humans as well as studies
with rodents (34) suggested that these T cells may represent
cross-reacting memory T cells that recognize other pathogens.

This study was designed to identify heterologous antigens
that induce cross-reactive CD8" T cells specific for an HLA-
A2-restricted, immunodominant HCV NS3 determinant and
to characterize the induction and effector function of these
cross-reactive T cells in vitro and in vivo.

MATERIALS AND METHODS

Patient population. Thirty-five HLA-A2-positive individuals were studied.
Twenty patients were chronically infected with HCV and had been HCV RNA
positive for at least 5 years. Fifteen HLA-A2-positive healthy blood donors
without a history of hepatitis B virus (HBV) or HCV infection served as normal
controls. None of the chronically infected patients had received antiviral therapy
for hepatitis C. All patients had been monitored for at least 5 years and were
seen twice a year in the Liver Diseases Section or the Department of Transfusion
Medicine at the National Institutes of Health (NIH), Bethesda, Md. All patients
and normal controls were tested for anti-HCV with a third-generation enzyme
immunoassay. Nested PCR for HCV RNA and genotyping were done as previ-
ously described (23, 40). Liver biopsies were performed for 13 chronically in-
fected patients within 3 months of lymphocyte collection for this study, and none
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TABLE 1. Patient characteristics and HCVyg3.1973 and HCV 31406 peptide-specific cytotoxic activity of T-cell lines derived
from PBMC of patients with chronic hepatitis C

Liver histology® Specific lysis (%) of€:

Patient HCV HCV RNA ALT* S
genotype (10° copies/ml) (U/ml) Inflammatory Fibrosis HCVys3.1075-10aded HCVys3.1406-10aded
score score target cells target cells
Chr-1 1b 30.9 25 7 0 48 29
Chr-2 2b 6.1 35 9 0 59 53
Chr-3 2b 4.7 14 ND“ ND 19 5
Chr-4 1b 0.4 18 5 0 6 2
Chr-5 2b 43 25 ND ND 43 8
Chr-6 la 7.0 27 3 0 0 0
Chr-7 UG 43.1 32 ND ND 3 4
Chr-8 1b 1.3 22 ND ND 27 7
Chr-9 1b 0.2 22 ND ND 44 12
Chr-10 2b 6.0 20 ND ND 2 21
Chr-11 la 0.3 60 6 0 42 42
Chr-12 la 21.1 59 8 1 44 36
Chr-13 la 1.2 55 6 0 9 43
Chr-14 la 6.4 40 5 0 2 5
Chr-15 1b 0.5 50 7 1 3 3
Chr-16 la 0.5 91 3 0 18 15
Chr-17 la 2.5 55 6 0 2 28
Chr-18 la 31.7 69 ND ND 3 16
Chr-19 la 6.8 51 7 1 38 0
Chr-20 la 14 49 7 0 48 26
No. of patients positive/total 11/20 (55) 11/20 (50)
(% positive)
Mean cytotoxicity’ = SD 39+ 12 29 =12

“ ALT, alanine aminotransferase.

b Liver biopsy specimens were scored according the HAI score introduced by Knodell et al. (19b). Inflammatory score, i.e., histological inflammatory activity score,
0 to 14; fibrosis score, 0 to 4. All liver biopsies were performed within 3 months of the immunologic analysis.

¢ The specific cytotoxic activity of peptide-stimulated cell lines was tested at an effector/target cell ratio of 30:1. Responses with a specific lysis of >10% were
considered to be positive and are shown in boldface. Cell lines tested for HCVyg3.1973-specific cytotoxicity had been stimulated with peptide HCVg3.1073; cell lines
tested for HCVg3.1406-specific cytotoxicity had been stimulated with peptide HCVyg3.1406-

4 ND, not done.
¢ UG, unable to genotype.
/The mean cytotoxicity of all positive T-cell lines was calculated.

displayed evidence of cirrhosis. Baseline characteristics, histological findings, and
virological and biochemical features for the patients are summarized in Table 1.
All patients were participants in studies of the natural history and therapy of
hepatitis and gave informed consent for participation in this study. The details of
the study were approved by the National Institute of Diabetes and Digestive and
Kidney Diseases, NIH, institutional review board.

Synthetic peptides. The HCVyg3_1973 peptide CVNGVCWTYV has previously
been identified as an HLA-A2-restricted CTL determinant (6, 20) and has been
used to investigate HCV-specific CD8" T-cell responses in several studies (6-8,
20, 31, 32, 40). Its sequence is conserved among HCV genotype 1B strains, the
most frequent HCV genotype in the United States. The sequence of the influ-
enza A virus (IV) peptide IVya .23y CVNGSCFTV is conserved between IV N1
strains and is included in vaccines. Importantly, HIN1 viruses also constituted
the predominant virus isolates of major IV outbreaks during the last several years
(1). The HPV | 3,5 peptide HNNGICWGN is derived from the human papillo-
mavirus (HPV) type 44 major capsid protein L1 (4). The WAGI,, peptide
CQONGACWTS is derived from the wheat protein agglutinin isolectin 1 precur-
sor (46). The cytomegalovirus pp65 peptide NLVPMVATV (45) and the IV
matrix peptide (IVy;.s5) GILGFVFTLT (42) were used as positive controls. All
peptides were synthesized at >80% purity at Research Genetics, Huntsville,
Ala., or at the Facility for Biotechnology Resources, Center for Biologics Eval-
uation and Research, Food and Drug Administration, Bethesda, Md.

Major histocompatibility complex (MHC) binding assay. Peptide binding
assays were performed as previously described (9) with the following modifica-
tion. T2 cells (transporter associated with antigen processing [TAP]-deficient
human lymphoid-derived cells) were cultured for 16 h at 26°C to enhance ex-
pression of peptide-receptive cell surface molecules. After addition of decreasing
amounts of synthetic peptides, cells were incubated at 37°C for 2 h to unfold
HLA-A2 molecules not stabilized by peptide binding. A final concentration of
200 pM dithiothreitol was maintained during this incubation step to avoid cys-
teinylation and dimerization of peptides with cysteine residues (9). Cells were

then washed and stained with fluorescein-conjugated anti-HLA-A2 antibody
(One Lambda Inc., Los Angeles, Calif.) and 1 pg of propidium iodide per ml.
Live cells were gated based on forward and side scatter and exclusion of pro-
pidium iodide-positive cells. Data were expressed as mean fluorescence intensity.

Stimulation of PBMC with synthetic peptides. PBMC were isolated from
blood and lymphopheresis samples by density gradient centrifugation and
washed thrice in phosphate-buffered saline (PBS) as previously described (31).
Peptide-specific T cells were expanded from PBMC in 96-well round-bottom
plates. Specifically, replicate cultures of 0.4 X 10° cells/100 wl/well were stimu-
lated with synthetic peptides (10 pg/ml), recombinant interleukin-7 (rIL-7) (10
ng/ml), and rIL-12 (100 pg/ml) (PeproTech Inc., Rocky Hill, N.J.) in RPMI 1640
(Gibco Laboratories, Grand Island, N.Y.) supplemented with 10% heat-inacti-
vated human AB serum, L-glutamine (2 mM), penicillin (100 U/ml), and strep-
tomycin (100 pg/ml). Cultures were restimulated with 10 pg of peptide per ml,
20 U of rIL-2 (Chiron Corp., Emeryville, Calif.) per ml, and 10° irradiated (3,000
rads) autologous PBMC as feeder cells in the presence of IL-7 on day 7 and in
the absence of IL-7 on day 14. On days 3, 10, and 18, 100 pl of RPMI with 10%
(vol/vol) human AB serum and rIL-2 at a 10-U/ml final concentration was added
to each well. In contrast to earlier studies that employed split-well CTL assays (7,
31, 32, 40), eight cultures were pooled on days 20 to 24 and tested for CTL
activity at a defined effector/target cell ratio of 30:1 to compensate for differences
in the expansion of specific T cells during culture.

Cytotoxicity analysis of HCV peptide-specific T cells expanded from
CD45RO™ and CD45RO™ T-cell subpopulations. To assess the HCV-specific
CTL activity from CD45RO™" and CD45RO ™ T-cell subsets, PBMC were stained
with phycoerythrin-labeled antibody against CD45RO (Becton Dickinson, San
Jose, Calif.) and sorted into CD45RO* and CD45RO™ subpopulations on a
Coulter flow cytometer. Purity was confirmed by analysis after sorting. CD45RO-
enriched, CD45RO-depleted, or unfractionated T cells (5 X 10%) were then
stimulated with 10° irradiated (3,000 rads) autologous PBMC, 10 pg of
HCVys3.1073 peptide per ml, 10 ng of IL-7 per ml, and 100 pg of IL-12 (Pepro-
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Tech) per ml. Cells were restimulated twice at 7-day intervals with irradiated
PBMC, 10 ng of IL-7 per ml, and 10 wg of HCVyg3.1073 per ml. One hundred
microliters of RPMI with 10% (vol/vol) human AB serum and rIL-2 at a 10-U/ml
final concentration was added on days 3, 10, and 18, and cultures were assayed
for cytotoxic activity after 20 to 24 days of culture.

Infection of HLA-A2-transgenic mice and mouse CTL cultures. Transgenic
mice expressing the a1 and a2 domains from the HLA-A2.1 molecule and the a3
domain from the murine H-2D¢ molecule (29), kindly provided by Victor En-
gelhard, University of Virginia, were bred in a specific-pathogen-free environ-
ment at the NIH animal facility. Mice were immunized intraperitoneally with
~500 hemagglutinating units of A/PuertoRico/8/34 (PR8) IV, 107 PFU of the
WR strain of vaccinia virus (VV), or 107 PFU of recombinant VV expressing the
HCV NS3 protein and amino acids 1007 to 1890 of the HCV NS4 protein
(NS3-VV; kindly provided by Ralf Bartenschlager, University of Mainz, Mainz,
Germany) (3). Splenocytes harvested on day 7 (effector cells) or on day 21
(memory cells) after infection were either tested directly ex vivo for cytotoxic
activity and gamma interferon (IFN-vy) production or cultured in T-25 flasks (3 X
107 cells/flask) for 7 days with synthetic peptide (10 pg/ml) in complete mouse
T-cell medium (a 1:1 mixture of RPMI 1640 and Eagle-Hanks’ amino acid
medium supplemented with 10% heat-inactivated fetal calf serum [Biowhittaker,
Walkersville, Md.], L-glutamine [2 mM], penicillin [100 U/ml], streptomycin [100
pg/ml], and 2-mercaptoethanol [50 pM]). Rat-T-stim (10%; Collaborative Bio-
medical Products, Bedford, Mass.) was added on day 2.

Cytotoxicity assay. C1R-A2 cells, i.e., the human lymphoblastoid cell line
HMYCIR transfected with HLA-A2.1 (38), were used as target cells for human
CTL lines. C1IR-AAD cells, i.e., HMYCIR cells transfected with MHC chimeric
molecules containing the a1 and a2 domains of the HLA-A2.1 molecule and the
«3 domain of the murine H-2D¢ molecule (29), were used as targets for murine
CTL lines. Both cell lines were kindly provided by J. A. Berzofsky, National
Cancer Institute. Target cells were incubated overnight with the indicated con-
centrations of synthetic peptide and labeled with 25 wCi of >'Cr (Amersham
Corp., Arlington Heights, IlL.) for 1 h. After three washes with PBS, targets were
plated at 3,000 cells/well in complete medium in round-bottom 96-well plates.
Unlabeled cold targets (60,000 cells/well) were added to reduce nonspecific lysis.
In contrast to earlier studies (7, 31, 32, 40), effector cells were added at defined
effector-to-target ratios to compensate for differences in the expansion of pep-
tide-specific T cells during culture. Percent cytotoxicity was determined from the
formula 100 X [(experimental release — spontaneous release)/(maximum re-
lease — spontaneous release)]. Maximum release was determined by lysis of
>1Cr-labeled targets with 5% Triton X-100 (Sigma Chemical Co., St. Louis, Mo.).
Spontaneous release was <15% of maximum release in all experiments. The
specific cytotoxic activity was calculated as [(cytotoxic activity in the presence of
peptide) — (cytotoxic activity in the absence of peptide)]. A specific cytotoxic
activity of >10% was considered to be positive.

Enzyme-linked immunospot (Elispot) assays. Ninety-six-well plates (Millititer;
Millipore, Bedford, Mass.) were coated with anti-human IFN-y (0.5 pg/ml;
Endogen, Woburn, Mass.) or anti-mouse IFN-y (3 pg/ml; Pharmingen, San
Diego, Calif.) at 4°C overnight and washed four times with sterile PBS. The
plates were blocked with RPMI-1% bovine serum albumin (Sigma) for 1 h at
25°C. Cryopreserved PBMC (3 X 10°) from the same blood sample used for the
CTL cultures were thawed and added in duplicate cultures in RPMI 1640-5%
AB serum—2 mM r-glutamine-10 pg of MHC class I-restricted HCV peptides
per ml. Mouse spleen cells were used either ex vivo, i.e., immediately after
isolation, or after 7 days of in vitro stimulation and plated in serial dilutions (3 X
10%, 1 X 105, 33 X 10% and 11 X 10° cells) with 10° irradiated CIR-AAD cells
and 10 pg of peptide per ml. After 30 h, the plates were washed seven times and
incubated overnight with 100 ul of the secondary antibody (biotin-conjugated
anti-human IFN-y [0.25 pg/ml; Endogen] or biotin-conjugated anti-mouse IFN-y
[2 pg/ml; Pharmingen]). After four washes, streptavidin-alkaline phosphatase
(1:2,000; DAKO, Glostrup, Denmark) was added and left for 2 h. Finally, the
plates were washed again four times with PBS and developed with freshly
prepared nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate solution
(Bio-Rad, Hercules, Calif.). The reaction was stopped by rinsing with distilled
water. The number of specific spots was determined by subtracting the number
of spots in the absence of antigen from the number of spots in the presence of
antigen. Responses were considered positive if more than 10 specific spots were
detected and if the number of spots in the presence of antigen was at least
twofold greater than the number of spots in the absence of antigen. Positive
controls consisted of cultures stimulated with phytohemagglutinin (1 pg/ml;
Murex Biotech Limited, Dartford, England) or the HLA-A2-restricted cytomeg-
alovirus pp65 determinant NLVPMVATYV (45).

J. VIROL.

TABLE 2. HCVs;.1073 and HCV s 1406 and HCV g 1406
peptide-specific cytotoxic activity of T-cell lines derived
from PBMC of HCV-negative, healthy blood donors

Specific lysis (%) of“:

HCV-negative blood donor

HCVys3.1073-loaded  HCVg3.1406-l0aded

target cells target cells

HD-1 40 13
HD-2 16 1
HD-3 2 0
HD-4 2 1
HD-5 43 0
HD-6 15 0
HD-7 38 0
HD-8 27 2
HD-9 20 5
HD-10 27 0
HD-11 1 2
HD-12 2 5
HD-13 46 3
HD-14 2 3
HD-15 6 1

No. of patients positive/ 9/15 (60) 1/15 (7)

total (% positive)
Mean cytotoxicity? + SD 30 =11 2*3

“ See Table 1, footnote c.
” See Table 1, footnote f.

HLA typing. HLA typing of PBMC from patients and control subjects was
performed by complement-dependent microcytotoxicity using HLA typing trays
purchased from One Lambda.

RESULTS

HCVyg3.1073-specific CTLs can be expanded from the blood
of healthy, uninfected blood donors. The HCV 45 (75 peptide
CVNGVCWTYV is an immunodominant, endogenously pro-
cessed determinant that is recognized by liver-infiltrating and
circulating CTLs of HCV-infected patients (20). T-cell re-
sponses to this determinant may play a special role in the
outcome of HCV infection, because it is the most frequently
recognized HLA-A2-restricted determinant during acute, self-
limited HCV infection (13, 25, 26) and one of only two
epitopes for which virus-encoded antagonist peptides have
been described for chronic hepatitis C (7, 44).

In contrast to our earlier studies, which did not detect sig-
nificant responses in healthy, uninfected control persons (31,
40), in the present study we used a modified, more sensitive
technique that is capable of expanding determinant-specific
CTLs of a frequency of less than one in 100,000 PBMC (H.
Wedemeyer and B. Rehermann, unpublished results). Specif-
ically, addition of IL-7 and IL-12 to the peptide-stimulated
T-cell cultures enriched determinant-specific CTLs to up to 20
to 40% at week 3 of the cell culture as assessed by analysis with
an HLA-A2 tetramer presenting the HCV NS3 determinant
(Wedemeyer and Rehermann, unpublished results). With this
technique, we were able to expand HCV 45_705-specific CTLs
not only from the blood of 11 of 20 HCV-infected patients
(55%) but also from the blood of 9 of 15 HCV-negative blood
donors (60%), which displayed a comparable cytotoxic activity
against peptide-pulsed target cells at a high effector/target ra-
tio of 60:1 (Tables 1 and 2). The T-cell response of HCV-
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FIG. 1. HCVyg3.1975-specific cytotoxicity is mediated by cells ex-
panded from the CD45RO™ memory T-cell pool.

negative controls was specific for this peptide, since a second
HCV NS3 CTL determinant, which is frequently recognized by
HCV-infected patients (Table 1) (6, 7, 8, 20, 25, 31, 32), tested
negative in this group of uninfected subjects (Table 2) and
since HCV s3.1973-specific T cells specifically recognized only
the HCVg3.1073 peptide and not unrelated HBV control pep-
tides, such as HBV_,,.15.., FLPSDFFPSV (not shown).

HCVys3.1073-specific T cells observed in a subgroup of
healthy, non-HCV-infected blood donors display the pheno-
type of memory cells. To determine whether the responding T
cells of these non-HCV-infected individuals resided in the
memory or naive subsets, PBMC were sorted into CD45RO™
T cells and CD45RA™ T cells and stimulated with the
HCVyss.1073 peptide. As demonstrated in Fig. 1, depletion of
CD45RO™ T cells prior to in vitro stimulation abolished the
peptide-specific T-cell response completely. In contrast, en-
richment of CD45RO™ T cells prior to in vitro stimulation
enhanced HCVq;.173-specific cytotoxicity. Thus, the T-cell
response of these healthy, HCV-negative blood donors, who
had been screened to respond to the HCV 451973 determi-
nant, was mediated by memory, not by in vitro-induced, T cells.

Identification of peptides with a high degree of sequence
homology to the HCVg;_ ;473 determinant. To identify cross-
reactive antigens, we searched the National Center for Bio-
technology Information GenBank database for peptides
displaying a high degree of sequence homology with the HLA-
A2-restricted HCV 451075 peptide. Three 9-mer peptides, de-
rived from the PR8 IV neuraminidase protein (designated
IVNao231), the HPV capsid protein (designated HPV| | s;5),
and the wheat agglutinin isolectin 1 protein (designated
WAG1g,), were identified (Table 3). None of these peptides
had previously been described as a T-cell determinant.

The highest degree of sequence homology is observed be-
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FIG. 2. MHC binding affinity. TAP-deficient T2 cells were cultured
for 16 h at 26°C to enhance expression of peptide-receptive cell surface
molecules and then incubated with various concentrations of individ-
ual peptides at 37°C for 2 h, washed, and stained with fluorescein-
conjugated anti-HLA-A2 antibody (One Lambda Inc.) and 1 pg of
propidium iodide per ml. Data express the mean fluorescence intensity
of live, propidium iodide-negative cells.

tween the HCV 431073 peptide and the IV neuraminidase pep-
tide. First, the IVa_»3; peptide differs from the HCVg5.1073
peptide in only two of nine amino acids, while the WAG1,,
peptide differs in three and the HPV,, 5,5 peptide differs in
four of nine amino acids. Second, the IV 4,5, peptide is the
only peptide with conserved amino acids in residues 2 and 9,
the residues critical for binding to the HLA-A2 molecule.
Finally, although two amino acids differed between the
IViaoss1 peptide and the HCV 454073 peptide, these amino
acids belong to the same group and share certain physicochem-
ical characteristics. Specifically, both valine and serine in po-
sition 5 are aliphatic, and both tryptophan and phenylalanine
in position 7 are aromatic, nonpolar amino acids. In contrast,
the amino acid residues in the HLA-A2 anchor positions 2 and
9 of peptide HPV| , 5,5 are polar acidic asparagines, while the
corresponding residues of the peptide HCVg3.1973 €pitope
are aliphatic valines. Similarly, position 2 of the WAG1,, pep-

TABLE 3. Peptides

Peptide Source Sequence” Reference GenBank accession no.
HCVys3.1073 HCV (genotype 1B) NS3 protein CVNGVCWTV 19a P26662
IViaas IV neuraminidase CVNGSCFTV 4a J02146
HPV| 55 HPV type 44 capsid protein L1 HNNGICWGN 4 P50816
WAGI, Wheat agglutinin Isolectin 1 CONGACWTS 38a P10968

“ Boldface indicates nonconserved amino acids.
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tide has an acidic glutamine, while in the HCV 45_,073 peptide,
there is an aliphatic valine.

As indicated in Fig. 2, both the HCV 451073 and the IV 4 531
peptides bound to the HLA-A2 molecule with high affinity, com-
parable to the binding of a known optimal control determinant
from the cytomegalovirus pp65 protein (45). In contrast, the two
peptides with amino acid substitutions in HLA-A2 binding resi-
dues (WAGg, and HPV , ,5,) displayed significantly lower bind-
ing affinities even at high peptide concentrations.

Direct ex vivo analysis demonstrates circulating I'V-specific
T cells in the blood of patients with HCV g;_,0-,3-Specific
CTLs. To determine whether those subjects from whom
HCVys3.1073-specific CTLs could be expanded also displayed im-
mune responses against the homologous peptides, we performed
direct ex vivo cytokine Elispot analysis of PBMC with the
IVaas, HPV) 515, and WAGI, peptides. As shown in Fig.
3A, blood donors were divided into two groups; the first group
(left panel of Fig. 3A) had HCV g3_;73-specific CTLs that could
be expanded in vitro, and the second group (right panel of Fig.
3A) did not. We then tested PBMC from each individual directly
ex vivo for production of IFN-y during a 30-h incubation with the
indicated peptide. While the HPV , 5,5 and WAG1,, peptides
were recognized neither by HCV-negative blood donors with
HCVys3.1073-specific CTL responses nor by those without such
responses, this was quite different for the IV, 3, peptide. Forty-
four percent of blood donors with HCVg;_;475-specific CTL
responses but none of those without HCV g5_1475-specific CTL
responses recognized the IV, 3, peptide in a direct ex vivo
IFN-vy Elispot assay. As an independent control for exposure to
IV, we also tested the ex vivo IFN-y response to a well-charac-
terized, immunodominant IV matrix peptide, the IV, 54 deter-
minant (42). In accordance with its higher degree of conservation
in IV strains, this peptide was even more frequently recognized by
blood donors with HCV g5 1975-specific CTL responses, evidenc-
ing exposure to IV. These results demonstrate that searching for
cross-reactive epitopes to HCV led to the identification of a novel
IV epitope.

In addition, we performed the same experiment for HCV-
infected patients (Fig. 3B). Direct ex vivo IFN-y responses
against the IV, .3, peptide were observed less frequently
than in the group of healthy, uninfected blood donors. Similar
to the results for healthy blood donors, however, IVya_3;-
specific responses were observed only in the subgroup of pa-
tients with HCVy g ;075-specific CTLs, and none of the
patients without HCV g5_,475-specific CTLs recognized the
IVya-231 peptide.

Recognition of HCV g3_1¢73 by CTL lines expanded with the
IVaa231, HPVy, 35, and WAG1, peptides. To assess whether
the heterologous peptides could in vitro expand CTLs that
recognized the HCVygs.,973 determinant, PBMC of five
healthy, HCV-negative blood donors were stimulated in vitro
with the IV a231, HPV| 3,5, or WAG],, peptide and tested
for specific lysis of target cells pulsed with the identical peptide
or HCVg3.1073 after 3 weeks of culture (Fig. 4). Stimulation of
PBMC with the IVy4.,3; peptide yielded IV-specific CTLs
from three of five healthy, uninfected controls. Importantly,
each of the three IV 4_,3;-specific CTL lines also recognized
HCVys3.1073 determinant-presenting target cells with a similar
cytotoxic activity. In contrast, no significant cytotoxicity against
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FIG. 3. (A) IFN-y production assessed by direct ex vivo Elispot
analysis of PBMC from healthy, HCV-negative blood donors. Blood
donors were divided into two groups, those with (left panel) and
without (right panel) HCVyg3.1975-specific CTLs. PBMC from each
individual were then tested directly ex vivo for production of IFN-y
during a 30-h incubation with the indicated peptide. Responses were
considered positive if more than 10 specific spots were detected and if
the number of spots in the presence of antigen was at least twofold
greater than the number of spots in the absence of antigen. (B) IFN-y
production assessed by direct ex vivo Elispot analysis of PBMC from
HCV-infected patients. HCV-infected patients were divided into two
groups, those with (left panel) and without (right panel) HCV g3.1073-
specific CTLs. PBMC from each individual were then tested directly ex
vivo for production of IFN-y during a 30-h incubation with the indi-
cated peptide. Responses were considered positive if more than 10
specific spots were detected and if the number of spots in the presence
of antigen was at least twofold greater than the number of spots in the
absence of antigen.

any of the peptides could be induced when PBMC were ex-
panded with either the HPV| | 5,5 or the WAG],, peptide.
The IVy,_»3; determinant expands cross-reactive, HCVyg;_1073-
specific CTLs that recognize both peptides with similar affin-
ity. To examine this further, we in vitro stimulated CTLs from
HCV-infected patient Chr-2 with each peptide. Figure 5A
demonstrates that IV, _,5;-stimulated CTLs recognized both
the IVya.»3; and the HCV5_1973 peptides with precisely the
same affinity (10~® M). In contrast, HCV \g;3_,¢-5-stimulated T
cells of the same patient recognized only the HCVg5.10973
determinant and not the IVya.»3; determinant (Fig. 5B).
Thus, both peptides were recognized with similar affinity by
HCVys3.1075-specific T cells, but only the IV .3, peptide
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FIG. 4. In vitro cross-reactivity. Cryopreserved PBMC of five HCV-seronegative, healthy controls were stimulated for 3 weeks in vitro in the
presence of IL-2, IL-7, IL-12, and 10 g of IVya31, HPVy3:5, or WAGy, peptide per ml. Each CTL line was tested in a 6-h *'Cr release assay
against C1R-A2 targets pulsed overnight with 10 wg of HCVyg3.1075 (W), IVNa31 (B), HPV 55 (), or WAG1,, ([J) per ml. The 10% cutoff

for a positive CTL assay is indicated by the horizontal line.

could expand cross-reactive CTLs. These findings suggest that,
at least for this individual, a heterogeneous T-cell population
exists that possesses different stimulation requirements for T-
cell expansion and cytotoxicity.

HCVyg3.1073- and IV, ,3;-specific T-cell lines recognize IV-
infected target cells that endogenously process IVy,_ ,3;- Be-

50%-
40%-
30%-
20%-

10%-

HCV,s3.1073 Specfiic Cytotoxicity >

0% +—

cause it is not known whether the IV ,_»3; peptide is endog-
enously processed and presented by IV-infected cells, an
HCVys3.1075-specific CTL line expanded from PBMC of pa-
tient Chr-5 and an IV ,5,-specific CTL line expanded from
PBMC of the healthy, HCV-negative blood donor HD-7 were
tested against target cells infected with PR8 IV. Figure 6A

B
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FIG. 5. T-cell receptor affinity. PBMC of patient Chr-2 were stimulated for 3 weeks in the presence of IL-7, IL-12, and 10 pg of peptide
IViaasi (A) or peptide HCV 31975 (B) per ml. CTL lines were tested in a 6-h >'Cr release assay against target cells pulsed with the indicated
concentrations of HCVg3.1073 or IV peptide.
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FIG. 6. (A) HCVys3.1073-specific CTLs recognize IV-infected tar-
get cells. IV PR8-infected C1R-A2 cells (filled circles) or uninfected
CI1R-A2 cells (open circles) were labeled with *'Cr for 1 h and used as
target cells in a standard 6-h >'Cr release assay with the HCVg3.1073
specific CTL line derived from patient Chr-5. (B) IVya_»3;-specific
CTL lines recognize IV-infected target cells. IV PR8-infected C1R-A2
cells (filled squares) or uninfected C1R-A2 cells (open squares) were
labeled with *'Cr for 1 h and used as target cells in a standard 6-h *'Cr
release assay with IV, .5 -specific CTL effectors derived from
healthy, HCV-negative blood donor HD-7. (C) Cytotoxic activity of an
HCVyss.1075-specific CTL line from patient Chr-5 against peptide-
pulsed or IV-infected target cells. The specific lysis at an effector/target
ratio of 33:1 is shown.

demonstrates that the HCVg5.1973-specific CTL line recog-
nized IV-infected target cells. In fact, the cytotoxicity of the
cross-reactive HCVg;_;075-specific CTL line was comparable
to that of an IV _»3;-specific CTL line (Fig. 6B). Target cells
that endogenously processed the IV determinant were also
recognized (Fig. 6C).

HCVyg3.1073-specific T cells can be induced by IV infection
of HLA-A2-transgenic mice. To directly demonstrate that IV
infection does indeed induce HCV-specific CTLs in vivo, we
infected HLA-A2-transgenic mice with IV. Splenocytes har-
vested at the peak of the primary response (day 7 effector cells)
or following recovery (day 21 memory cells) were analyzed for
IFN-y production by IFN-vy Elispot analysis and for cytotoxic-
ity after 1 week of in vitro stimulation with the respective
peptide. As demonstrated in Fig. 7, memory T cells induced by
IV recognized the cross-reactive HCV g3.1075 peptide follow-
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FIG. 7. Induction of HCVgs_1075-specific CTL by IV infection in
vivo. HLA-A2-transgenic mice were infected intraperitoneally with
~500 hemagglutinating units of PR8 IV, 107 PFU of wild-type WR
strain VV (Wt-VV), or 107 PFU of recombinant VV expressing HCV-
NS3 (NS3-VV). At 21 days following immunization, splenocytes were
stimulated in vitro for 7 days in the presence of 10 pg of the indicated
peptides per ml. (A) IFN-y production as assessed by Elispot analysis.
(B) Cytotoxicity tested in a standard 6-h 3!Cr release assay. Cytotox-
icity was tested against peptide-coated and noncoated target cells; the
specific cytotoxicity, i.e., cytotoxicity in the presence of peptide minus
cytotoxicity in the absence of peptide, is shown. Similar results for both
IFN-y production and the *'Cr release assay were observed for spleno-
cytes harvested 7 days after infection.

ing HCV 431975 stimulation in vitro better than the cross-
reactive Va3, peptide following IV .»3, stimulation as
measured by the number of IFN-y-producing cells (Fig. 7A) or
by lysis of peptide-coated target cells (Fig. 7B). The immuno-
dominant IV, sg peptide, used as a positive control for suc-
cessful induction of IV-specific immune responses, was also
recognized by all mice, although with varying strength. Similar
responses against the HCVy g3 1075 and IVya,3; peptides
could be generated by infection of mice with recombinant VV
expressing HCV NS3 sequences but not by infection of mice
with wild-type VV (Fig. 7).

DISCUSSION

The adaptive CD8" T-cell response to infectious pathogens
has been shown to target short, linear peptides of defined
sequences in the binding grooves of MHC class I molecules on
infected cells. Prospective studies with mice have demon-
strated that the frequency of CTL precursors that recognize
viral pathogens can remain stable for at least 2 years, even after
clearance of the virus (18, 24, 28). Similarly, patients who have
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cleared HCV possess virus-specific CD8" T cells in the blood
for at least 2 decades (40).

However, if each CD8" T cell recognized only a single
peptide of a given pathogen, this would require the number of
memory T cells to be larger than 10'2, the total number of
lymphocytes in humans. Thus, a certain flexibility and degen-
eracy in T-cell recognition has been proposed. Indeed, the
immune response towards a single determinant of HBV, for
example, can be extremely diverse at the level of T-cell recep-
tor fine specificity and beta-chain usage (19). Vice versa, it has
also been described that a single T-cell receptor of a given
T-cell clone can recognize quite disparate peptides (22, 27).

Our demonstration that HCV NS3-specific memory T cells
expanded from the blood of healthy, non-HCV-infected blood
donors recognize a determinant of the IV neuraminidase pro-
tein supports this theory of cross-reactive T cells that was first
developed by Selin et al. in studies with rodents (34, 36). In
fact, our study may even underestimate the extent of cross-
reactivity for at least two reasons. First, the cross-reactive pep-
tide was identified based on sequence homology, while cross-
reactivities at the level of T-cell recognition may not
necessarily depend on a conserved linear sequence of several
amino acids (16, 17). The fact that only 44% of HCV-negative
blood donors with HCVyq;_,075-specific CTL responses dis-
played cross-reactivity to this IV epitope suggests that addi-
tional cross-reactivities exist or that not all individuals had
been recently exposed to this particular I'V strain. Second, the
cross-reactive peptide was identified only by a search of known
sequences, and additional, yet-unidentified cross-reactive se-
quences may exist.

One of the factors that influence the number of cross-reac-
tive T cells may be the frequency of exposure to a given virus
and the sequence variability of that specific virus. Although
only a few reports describe cross-reactive T cells in humans,
most of them relate to IV-specific T cells. First, T-cell cross-
reactivity between different proteins of IV has been described.
Specifically, an H-2Kd-restricted I'V-specific CTL clone recog-
nized two distinct peptides of the IV HA and NS1 proteins
(22), and CTLs specific for the IV nucleoprotein lysed targets
sensitized with two different IV basic polymerase 2 peptides
(2). Second, a dissimilar IV matrix peptide induced HLA-A2-
restricted CTLs against the human rotavirus VP4 peptide (37).
Third, in the present study, we have directly shown the induc-
tion of HCV NS3-specific, HLA-A2-restricted CTLs following
IV infection of HLA-A2-transgenic mice. The generation of a
cross-reactive T-cell pool by IV infection may be facilitated by
the fact that infection with IV induces particularly large num-
bers of virus-specific cytotoxic T cells in the pulmonary tissue,
lymphoid organs, and peripheral blood in mice and humans
(11, 12, 14). Also, reexposure to variant IVs occurs frequently,
and in contrast to primary responses, secondary responses
against variant I'V strains are characterized by a lack of strain
specificity (15) and IV-specific immune responses of HCV-
infected patients have been shown to be comparable to those
of healthy controls (32). This may lead to a selective expansion
of a cross-reactive T-cell population. In addition, the cross-
reactive T cells that we have identified belong to the memory
T-cell pool, and memory T cells have been described to be
more susceptible to stimulation by a low-affinity T-cell antigen
or cytokines than naive T cells (30, 39, 41). This may be due to
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the fact that enhanced expression of adhesion molecules and
IL-2 receptors by memory cells is compatible with less strin-
gent activation requirements.

In regard to the in vivo role of the observed cross-reactivity,
we cannot yet assess its effects on protective immunity against
HCV and/or on immunopathology and liver disease. Both pos-
sibilities have been discussed with respect to other virus infec-
tions. In regard to the outcome of infection, it has been dem-
onstrated in the mouse model that memory immune responses
to one virus modulated future primary immune responses to
other viruses (35). Furthermore, heterologous virus infections
quantitatively delete and qualitatively alter the memory pool of
T cells specific for a previously encountered virus (34). In
regard to immunopathology, it has been shown that previous
infection with IV dramatically protects mice from respiratory
syncytial virus-induced immunopathology (43).

These hypotheses are particularly intriguing with regard to
the identified IV and HCV determinants, because immune
responses against the HCV 45475 determinant have been de-
scribed in all studies investigating HCV infection so far (5, 8,
13, 20, 25, 26, 31, 33) and because patients with acute self-
limited HCV infection (25) and recovered persons (40) display
a significantly stronger T-cell response to this CTL determi-
nant than chronically HCV-infected patients. Furthermore,
the HCVs3.1073 epitope is one of the two HCV CTL deter-
minants for which viral escape mutants have been demon-
strated (7, 44). However, it also has to be taken into account
that HCV-specific T-cell responses are characteristically tar-
geted against multiple determinants, and therefore, multiple
cross-reactivities must be considered. These may even reach
beyond the constraints of strict sequence homology. Notably,
they may extend to yet-unidentified, less conserved, and not
immunodominant T-cell determinants, such as the IV deter-
minant in this study, which was identified by searching for
cross-reactive epitopes. Thus, as demonstrated in the mouse
model (34, 36), the quality of the human immune response to
an infectious agent should be regarded as a function of all
previous infections and their influence on the memory T-cell
pool.
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