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Abstract

The HLA class I-restricted cytotoxic T Iymphocyte (CTL)
response is a major defense mechanism in viral infections.
It has been suggested that the CTL response may contribute
to viral clearance and liver cell injury during hepatitis C
virus (HCV) infection. To test this hypothesis requires an
understanding of the characteristics of HCV-specific cyto-
toxic effector cells and identification of the target antigens
to which they respond. To begin this process we stimulated
peripheral blood mononuclear cells (PBMC) from a group
of HLA-A2 positive patients with chronic hepatitis C with
a panel of 130 HCV-derived peptides containing the HLA-
A2 binding motif. Effector cells were tested for their capac-
ity to lyse HLA-A2-matched target cells that were either
sensitized with peptide or infected with a vaccinia virus
construct containing HCVsequences. Using this approach
we have identified nine immunogenic peptides in HCV, three
of which are derived from the putative core protein, three
from the nonstructural (NS) 3 domain, two from NS4 and
one from NS5. Selected responses were shown to be HLA-
A2 restricted, mediated by CD8+ T cells and to recognize
endogenously synthesized viral antigen. Unexpectedly, pep-
tide-specific CTL responses could also be induced in sero-
negative individuals, suggesting in vitro activation of naive
CTL precursors. The precursor frequency of peptide-spe-
cific CTL was 10 to 100-fold higher in infected patients
compared to uninfected controls, and the responses were
greatly diminished by removal of CD45 RO+ (memory) T
cells. Further quantitative studies are clearly required to
establish whether a correlation exists between the HCV-
specific CTL response and the clinical course of this disease.
Definition of the molecular targets of the human CTL re-
sponse to HCVcreates this opportunity, and may also con-
tribute to the development of a T cell-based HCVvaccine.
(J. Clin. Invest. 1995. 95:521-530.) Key words: hepatitis C
virus * cytotoxic T lymphocytes * T cell epitope * HLA-A2
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Introduction

The hepatitis C virus (HCV)' is the major cause of non-A,
non-B viral hepatitis (1, 2, 3). The most striking feature of
HCVinduced liver disease is its tendency towards chronicity
and slowly progressive liver cell injury. The mechanisms re-
sponsible for tissue injury in acute and chronic HCVinfection
are not well understood and it is possible that both direct, virus
related, or indirect, i.e., immunologically mediated, mechanisms
may be involved.

While the CD4+ T cell response certainly plays a role in
viral resistance and immunopathology, its involvement at the
effector cell level is unclear since it is targeted primarily at
internalized extracellular antigens in the context of HLA class
II molecules, and because multiple, often antagonistic, functions
have been attributed to the different subsets of CD4+ T helper
cells (4). HLA class I-restricted cytotoxic T lymphocytes
(CTL), on the other hand, are widely acknowledged as a major
effector mechanism in viral infections. CTL-mediated lysis of
virus infected cells is thought to lead to clearance of the virus
or, if incomplete, to viral persistence and chronic tissue injury
(5). Virus-specific CTL have been demonstrated in the periph-
eral blood (6, 7, 8) and in the liver (9) during acute viral
hepatitis caused by the hepatitis B virus (HBV). Based on
these observations, and on parallels with other viral diseases,
immunologically mediated liver cell injury is thought to be
responsible for chronic hepatitis after infection with HCV(10).
The recent demonstration of HCV-specific CTL in the intrahe-
patic inflammatory infiltrates of patients with chronic hepatitis
C provide further support for this concept (11).

CD8+ CTL interact through their polymorphic T cell recep-
tors with HLA class I molecules containing endogenously syn-
thesized peptides of 8 to 11 residues (usually 9 or 10) on the
surface of infected cells (12). The peptide binding motifs of
many common HLA class I alleles such as A2.1, Aw68, B7,
B27, and HLA-C have been published (13-17). Because of
the high frequency of the HLA A2. 1 allele in most populations
(Caucasians: 46%; Japanese: 43%; Chinese: 55%; Africans:
27%), we have used HBVderived synthetic peptides containing
the HLA-A2.1 binding motif to identify and characterize the
HLA-A2-restricted CTL response in the peripheral blood dur-
ing acute HBV infection (6-8, 18, 19). Wenow report the
successful use of this approach for the detection of HCV-spe-
cific CTL in the peripheral blood of patients with chronic HCV
infection, and also (in lower numbers) in seronegative controls.

Methods

Patient population. All patients and normal subjects included in this
study were HLA-A2 positive. The diagnosis of HCV infection was

1. Abbreviations used in this paper: CTl, cytotoxic T lymphocyte;
HBV, hepatitis B virus; HCV, hepatitis C virus.
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Table L Characteristics of HCV-Positive Patients

Subject HCV-
(sex) HLA ALT PCR* Liver biopsy

C-l(m) A2,B44,Cw3 226 pos. CAH+ Ct
C-2(f) A2,A31,B7,B67,Cw7 99 pos. CAH
C-3(m) A2,A3,B44,Cw7 155 pos. CAH§
C-4(m) A2,A30,Bw48,Bw64,Cw3 79 pos. CAH
C-5(f) A2,A3,B65,B75,Cwl,Cw4 97 pos. CAH
C-6(f) A2,A24,B38,B60,Cw3 190 pos. CAH
C-7(m) A2,A24,B7,Bw62,Cw3 113 pos. CAH
C-8(f) A2,A24,B18,B67,Cw7 37 nd CAH
C-9(m) A2,A3,B67,B35,Cw4 244 nd CAH
C-10(m) A2,A24,B38,B50,C? 190 nd CAH
H-l(m) A2,Al,B8,B44,Cw5,Cw7 nl pos. ndil
H-2(f) A2,A68,B7 801,Cw6 nl pos. ndl

* The diagnosis of HCVinfection was based on standard serological
assays using the second-generation (c200/c22-3) Ortho HCVELISA
test system (Ortho Diagnostics, Inc., Raritan, NJ). HCVRNAwas de-
tected using a nested cDNApolymerase chain reaction assay with prim-
ers selected from the 5' noncoding region and subsequent hybridization
using an internal probe. * CAH= biopsy proven chronic active hepatitis
(CAH) with or without cirrhosis (C). t This subject was convalescent
from hepatitis B infection (HBsAg negative, anti-HBs positive, anti-
HBc positive, anti-HBe positive). 11 This subject had no history of
hepatitis and had normal liver enzymes, no biopsy was performed. I This
subject had an episode of acute hepatitis C three months previously, no
biopsy was performed.

based on standard clinical parameters and serological assays using the
second-generation (c200/c22-3) Ortho HCVELISA test system (Ortho
Diagnostics, Inc., Raritan, NJ). 10 patients had biopsy proven chronic
hepatitis (C-l to C-10) and two patients had anti-HCV antibodies with-
out signs of liver disease (H-1 and H-2). One of these patients (C-3)
also had a clinical history and serological evidence of acute HBVinfec-
tion 3 mobefore his entry into this study. The pertinent serological and
clinical parameters defining this group of patients are listed in Table I.
Additionally, six healthy subjects without clinical or serological evi-
dence of HBVor HCVinfection, designated N-1 (m, A2, Al, B8, B18,
Cw7), N-2 (f, A2, Al, B64, B35, Cw4, Cw7), N-3 (m, A2, B44, Cw7),
N4 (m, A2, A32, B18, B60, Cw3, Cw7), N-5 (f, A2, A3, B7, B60,
Cw3, Cw7), N-6 (f, A2, A25, B18, B62, Cw3) served as controls.
Four patients with chronic hepatitis B defined by standard clinical and
serological criteria, designated B-1 (m, A2, Al, B8, B8w58, Cw7), B-
2 (in, A2, A34, B8, B27, C7), B-3 (in, A2, A30, B44, Bl, C?), B4 (m,
A2, Aw68, Bw59, B44, Cw5, Cw7) were also included for comparison.
Concomitant infection with HIV was excluded serologically in all sub-
jects studied.

Synthetic peptides. A panel of 53 synthetic peptides (9-10 mers)
derived from the HCV-1 isolate (20) (Okamoto group I (21), Sim-
monds genotype la (22)) that contain the classical HLA-A2 binding
motif (i.e., a leucine in the second position and a valine at the carboxy
terminus) were selected for our initial studies. This panel contained two
peptides from the core region, two from El, 6 from E2/NS1, 9 from
NS2, nine from NS3, 10 from NS4, and 15 from NS5. An additional
77 peptides (panel 2) that contain an extended HLA-A2 motif (leucine,
methionine, isoleucine or valine in the second position and valine, leu-
cine or isoleucine at the carboxy-terminus) and are conserved in 100%
of the HCV-la genotype (22) sequences in the GenBank database was
subsequently studied. This panel contained 9 peptides from the core
region, 4 from El, 9 from E2/NS1, 18 from NS3, 12 from NS4, and
24 from NS5. Two peptides previously identified as CTL epitopes in
patients with acute hepatitis B, HBVcore 18-27 (FLPSDFFPSV) (6)
and HBVenv335-343 (WLSLLVPFV) (8), were used as controls. All

peptides were produced by Chiron Mimotopes (Clayton, Australia) and
contained free amine N-termini and free acid C-termini. Lyophilized
peptides were reconstituted at 20 mg/ml in DMSO(Malinckrodt, Paris,
KY) and diluted to 1 mg/ml with RPMI 1640 medium (GIBCO BRL,
Grand Island, NY).

PCRanalyses of patient samples. HCVRNAwas detected in sera
using a nested cDNA polymerase chain reaction assay with primers
selected from the 5' untranslated region and subsequent hybridization
using an internal probe as previously described (23). All seronegative
controls (N-l through N-6) as well as patients with chronic hepatitis B
infection (B-l through B4) had no detectable HCVRNAin the serum.

Stimulation of PBMCwith synthetic peptides and tetanus toxoid.
PBMCfrom donors were separated on Ficoll-Hypaque density gradients
(Sigma Chemical Co., St. Louis, MO), washed three times in Hanks
balanced salt solution (HBSS) (GIBCO BRL) resuspended in RPMI
1640 medium (GIBCO BRL) supplemented with L-glutamine (2 mM),
gentamicin (10 tzg/ml), penicillin (50 U/ml), streptomycin (50 jig/
ml), and Hepes (5 mM) containing 10% heat-inactivated human AB
serum (complete medium) and plated in 24-well plates at 4 x 106
cells/well. PBMCfrom patients C-1 through C-7, H-1 and H-2 were
stimulated individually with the synthetic peptides from panel 1 at a
final concentration of 10 ,g/ml. PBMCfrom patients C-8 and C-9 were
stimulated with pools of peptides from panel 2 containing four peptides
per pool at a final concentration of 2.5 ,Ag/ml per peptide. PBMCfrom
patients C-3, C-7, C-10, Bl4, and NI4 were stimulated with selected
individual HCVand HBV peptides as described above. In all cases,
tetanus toxoid (Connaught Laboratories, Swiftwater, PA) was added at
1 ,ug/ml during the first week of stimulation. On day 3, 1 ml of complete
medium supplemented with rIL2 (Hoffman-La Roche, Nutley, NJ) at
10 U/ml final concentration was added in each well. On day 7, the
cultures were restimulated with the original peptide (or peptide pool)
plus rIL2 and irradiated (3,000 rads) autologous feeder cells, and the
cultured PBMCwere tested for CTL activity against the stimulating
peptide (or pool) on day 14. Selected cultures that displayed peptide-
specific cytolytic activity after 2 wk of stimulation were expanded by
weekly restimulation with 1 X 106 irradiated (3,000 rads) autologous
PBMCin 1 ml of complete medium containing 10 ,g/ml peptide and
20 U/ml IL2, and tested against the stimulating peptide, or constituent
peptides (in the case of peptide pools) and against target cells infected
with recombinant HCV-vaccinia viruses (see below).

Cell separation. CD4- and CD8-positive T cells were purified by
panning using po sitive selection with anti-CD4 or anti-CD8 antibodies
and depletion of CD45 ROpositive cells was done using negative selec-
tion according the manufacturers instructions (AIS MicroCellectors,
Applied Immune Sciences, Inc. Menlo Park, CA) with the UCHL1
monoclonal antibody (Biodesign, Kennebunkport, ME).

Generation of HCV-specific CTL clones. CTL lines were cloned at
0.3, 1, 10, and 100 cells per well and then subcloned at 0.3 or 1 cell per
well in 96-well microtiter plates. The cells were plated in the presence of
peptide (1 /.sg/ml), PHA(1 ug/mi), rIL-2 (20 U/ml), irradiated (3,000
rads) allogeneic PBMC(105 cells/well). HCV-specific CTL clones
were expanded by restimulation in a 24-well plate as described above.

Target cells. Allogeneic and autologous EBV-transformed B lym-
phoblastoid cell lines (B-LCL) were either purchased from The Ameri-
can Society for Histocompatibility and Immunogenetics (Boston, MA)
or established from our own pool of patients and normal donors. The
most commonly used target cell line (JY) is HLA-A2, B7 and Cw7
positive. The cells were maintained in RPMI 1640 supplemented with
L-glutamine (2 mM), gentamicin (10 /Ag/ml), penicillin (50 U/ml),
streptomycin (50 gg/ml), Hepes (5 mM), and 10% (vol/vol) heat
inactivated FCS (GIBCO BRL).

Recombinant expression vectors. Recombinant vaccinia viruses that
express HCV-1 core/El (aa 1-339) and E2/NS2/NS3 (aa 364-1619)
were generated according to standard procedures as previously described
(24) and shown to express the appropriate HCVproteins by radioimmu-
noprecipitation (25) (and Q.-L. Choo and M. Houghton, unpublished
data). A vaccinia virus expressing only the E.coli fl-galactosidase gene
was used as a control (26). Vaccinia infected targets were prepared by
infection of 1 x 106 cells at a multiplicity of infection (MOI) of 10:1
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to 100:1 on a rocking platform at room temperature for one hour fol-
lowed by a single wash and overnight incubation at 370C.

Cytotoxicity assay. Target cells consisted of allogeneic HLA-
matched and mismatched B-LCL incubated overnight with synthetic
peptides at 10 Mg/ml. Target cells were labeled with 100 ASCi of 51Cr
(Amersham Corp., Arlington Heights, IL) for 1 h and washed three
times with HBSS. Cytolytic activity was determined in a standard 4-h
51Cr-release assay using U-bottom 96-well plates containing 5,000 tar-
gets per well. All assays were performed in duplicate. Percent cytotoxic-
ity was determined from the formula: 100 x [(experimental release
- spontaneous release)/(maximum release - spontaneous release)].
Maximum release was determined by lysis of targets with detergent
(1% Triton X-100; Sigma Chemical Co.). Spontaneous release was
< 25% of maximal release in all assays. A difference in the specific
lysis of peptide pulsed target cells and nonpulsed target cells of 15%
at an effector to target cells ratio between 40 and 80:1 in the initial
CTL assay performed after 2 wk of culture was arbitrarily considered
to represent a positive CTL response, and was confirmed by retesting
after additional rounds of restimulation and subsequent cloning. The
peptide-specific cytotoxicity observed against the HCVderived peptides
that were not found to be CTL epitopes was typically below 5% (range
0-12%).

Limiting dilution analysis. Three or four different responder cell
concentrations were set up in 24 replica cultures in complete medium
and peptide (10 Ag/ml) complemented with graded numbers of autolo-
gous irradiated PBMC(3,000 rads) to give a total cell number of 1
x 106 (1 ml cultures in 48-well plates) or 0.2 x 106 (0.2 ml cultures
in 96-well plates). A fixed number of 0.1 X 106 autologous irradiated
PBMCwas used for the CD45RO-depletion experiments (0.2 ml cul-
tures in 96-well plates) to prevent the introduction of an experimental
bias due to removal of CD45 RO+antigen presenting cells. On days 3
and 10 rIL2 at 10 U/ml final concentration was added in each well. On
day 7 and 14, the cultures were restimulated with the original peptide
plus rIL2 and irradiated (3,000 rads) autologous feeder cells (1 X 106/
ml) and on day 21 the individual cultures were split and tested for CTL
activity against JY target cells sensitized with the stimulating peptide
or with medium alone. The cutoff point to define a positive response
was calculated as the mean±2SD of peptide-specific killing of negative
wells. The test was initially developed for the quantitation of influenza
virus matrix peptide M58-68 (27) (Cerny et al. manuscript in prepara-
tion). The CTL precursor frequencies estimates and confidence intervals
were calculated using the ELIDA software by Carl Taswell (28).

Flow cytometry. Cells to be analyzed (0.5 x 106) were washed
once in PBS and then incubated with fluorescent probe-conjugated anti-
CD4and anti-CD8 monoclonal antibodies (Leu3a, Leu2a) and similarly
labeled control antibody (Becton Dickinson). After a 30-min incubation
at 4°C, cells were washed in PBS with 5%1 BSA and analyzed with a
FACScans flow cytometer (Becton Dickinson). Removal of CD45 RO
positive cells was checked using anti CD45 ROmonoclonal antibodies
(UCLHI) as a first step and a fluorescein labelled goat anti-mouse IgG
antibody as second step.

HLA typing. HLA typing of PBMCfrom patients and from normal
donors was determined by microcytotoxicity, using HLA typing trays
(One Lambda, Canoga Park, CA). The HLA haplotypes of patients
participating in this study are shown in Table I.

Results

Screening of HCVpeptide-specific responses. In this experi-
ment (Fig. 1) PBMCfrom eight HLA-A2 positive HCVin-
fected subjects were stimulated individually with the 53 pep-
tides from HCVpanel 1, and cultures were tested after 2 wk
of initial expansion for peptide-specific CTL activity. Peptide-
specific cytotoxic T cell activity was observed against seven of
the peptides (Table II). Three of the subjects studied (3/6 with
CAH) responded to at least one of the peptides. Subject C-2
responded to five peptides, two of which are derived from HCV
core, one from NS3, NS4 and NS5 respectively. Subject C-3

60C-1 Figure 1. PBMCfrom
40 eight HCV-positive pa-
20 tients were stimulated in-
60 2 dividually with each
40 member of a panel of 53
20 HCV-derived peptides

~~~~'C-3~~~~containing the HLA-
40 A2.1 binding motif.

. 20 After 2 wk of stimula-

____60______ tion, HCV-specific CTL
Is 0 - responses to 7 of these

20 peptides were observed
in 3 of the patients. The

C-S peptide specific cytotox-

*p" 20 icity observed with the
other 46 HCV-derived

C-6 peptides was < 15%UQ(range 0-12%) and it
20 was typically below 5%
60 H-1 (not shown). PBMC
40 from subjects C-I to C-6
20 (subjects with HCVas-

60 2 sociated liver disease),
40 and H-I and H-2
20 (healthy but positive for

antibody to HCV) were
1 2 3 4 5 6 7 expanded using the fol-

Peptide lowing HCV-derived
synthetic peptides: 1-

core 131-140; 2-core 178-187; 3-NS3 1169-1177; 4-NS3
1406-1415; 5-NS4 1789-1797; 6-NS4 1807-1816; 7-NS5
2252-2260. The peptide specific cytotoxicity after 2 wk of culture at
an effector to target cell ratio ranging from 40-80:1 is shown. HLA-
A2 matched JY EBV-BCL served as target cells. Percent specific lysis
represents the difference between the CTL-induced 5tCr release from
JY cells that had been previously pulsed with the corresponding peptide
and JY cells that had been pulsed with media in the absence of peptide.

responded to three peptides, including HCVcore 178-187 but
not HCVcore 131-140. Several of the peptides, especially NS3
1406-1415 were found to be stimulatory for more than one
patient, possibly reflecting a higher degree of immunogenicity.
It is notable that 46 of the 53 peptides were nonstimulatory to
these patients and that five of the patients (C-1, C-4, C-6, H-
1, H-2) did not respond to any of the peptides in the panel.
Restimulation of cultures yielding a marginal CTL response at
2 wk revealed additional responses in subject C-5 to HCVcore
131-140, C-3 to NS3 1169-1177 and H-1 to NS4 1789-1797.

To determine whether the in vitro expansion of CTL using
synthetic peptides reflects previous in vivo exposure, we ana-
lyzed the responses of four HCVinfected patients (C-3, C-7,
C-10, H-2), four patients with chronic HBVinfection (B-1 to
B-4), and four normal seronegative control subjects (N-I to N-
4) using four of the foregoing stimulatory HCVpeptides and
two known HBVepitopes (Fig. 2, Experiment I). Interestingly,
we observed CTL responses to the HCVpeptides in several
HCV-uninfected subjects after 2 wks of stimulation, while a
CTL response to the HBVpeptides was seen only in patient C-
3, who was recently convalescent from acute HBVinfection,
and patients B-2 and B-3, who were chronically infected by
HBV. This was confirmed by another smaller experiment (Fig.
2, Experiment II) using 2 HCVand one HBV-peptide for the
stimulation of PBMCderived from two patients with chronic
hepatitis C (C-3, C-7), two with chronic hepatitis B (B-3, B-
4), and two normal healthy controls (N-2, N4). The observed
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Table II. HCV-1 Derived Peptides Recognized by CTL and Their Representation among Known HCVSequences

HCVgroup*

HCV-region aa Residues Sequence I II i IV ND

Core 35-44 YLLPRRGPRL 31/31 6/8 3/3 2/2 5/8
Core 131-140 ADLMGYIPLVII 3/3 8/8 1/3 2/2 7/8
Core 178-187 LLALLSCLTV 3/3 1/11 0/3 2/2 2/8
NS3 1073-1081 CINGVCWTV 3/3 1/5 0/1 0/1 1/1
NS3 1169-1177 LLCPAGHAV 2/3 0/5 0/1 0/1 0/1
NS3 1406-1415 KLVALGINAV 4/5 0/5 0/1 0/1 0/1
NS4 1789- 1797 SLMAFTAAV 3/3 0/5 0/1 0/1 0/1
NS4 1807-1816 LLFNILGGWV 3/3 5/5 0/1 0/1 1/1
NS5 2252-2260 ILDSFDPLV 3/3 0/5 0/1 0/1 0/1

The single-letter code for amino acids is used: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asp; P,
Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. * HCVgroups as described by Okamoto et al. (21). ND, not determined. * Number
of sequences that show no amino acid substitutions within a given epitope. I Total number of sequences deposited in GenEMBLcovering a given
epitope. 11 This peptide sequence was inadvertently produced instead of same sequence without alanine 131, which would more precisely correspond
to the HLA A2.1 motif.

variability in some of the peptide-specific CTL responses in the
three experiments shown in Figs. 1 and 2 could be due to
the use of PBMCfrom different bleeding dates in the various
experiments containing different numbers of CTL precursors,
or to interassay variations. The finding that HCVpeptide-spe-
cific CTL can be detected in the PBMCof uninfected subjects
after 2 wk of peptide stimulation was surprising, and it raised
the possibility that the responses we previously observed in the
HCV-infected patients might reflect in vitro priming by the
peptides rather than in vivo priming by exposure to virus.

As an extension of the foregoing studies we tested the re-
sponsiveness of patients C3, C-8, and C-9 to 19 pools of 77
peptides from panel 2 (4-5 peptides per pool). These studies
led to the identification of two additional CTL epitopes (Core
35-44 and NS3 1073-1081) for which CTL lines could be estab-
lished, as shown in Table HI (Experiment B). The HCVderived
peptides recognized by CTL identified in this study as well as
their conservation among sequences derived from various HCV
isolates are summarized in Table H.

Characterization of HCVpeptide-specific CTL lines and
clones. To establish highly cytotoxic T cell lines for further
study and generation of CTL clones, we restimulated the respon-
sive cultures weekly with autologous irradiated PBMC, peptide
and IL-2. Fig. 3 shows an example of typical CTL lines, ob-
tained from patient C-3 after four weeks of peptide stimulation,
that are specific for HCVcore 178-187, NS3 1169-1177 and
NS3 1406-1415, and lyse HLA A2-matched peptide-pulsed
EBV-BCL in a dose-dependent fashion. For most of these lines
we generally observed a progressive increase of cytolytic activ-
ity after each round of peptide stimulation (Table III). Interest-
ingly, for the CTL response of subject C-2 to NS5 2252-2260
we observed 29% specific cytotoxic activity at an E/T of 84/
1 after 2 wk of stimulation in one blood sample, although we
could not detect any significant CTL activity after 2 or 3 wk
of stimulation of PBMCcollected two months later. Continuing
restimulation of PBMCfrom the later date revealed peptide-
specific CTL after 4 and 5 wk, however. While this may reflect
fluctuation of the CTL precursor frequency in the course of
HCV infection, it could also reflect the in vitro induction of
peptide-specific CTL. This was addressed in an additional ex-
periment (Table HI, Experiment C) comparing NS3 1406-1415

stimulated cultures derived from HCVinfected subject C-7 and
uninfected donor N-2. Whereas CTL were readily detectable in
patient C-7 after 2 wk of stimulation, 4 wk of repetitive stimula-
tion were required before peptide-specific CTL became detect-
able in subject N-2. As shown below, these differences correlate
with a lower peptide-specific CTL precursor frequency in C-7
as compared to N-2 (Fig. 6 B)

HLA restriction analysis. HLA class I restriction analysis
of the CTL response to two epitopes was performed as shown
in Fig. 4 and Table IV. This analysis was done using allogeneic
EBV-BCL that are partially matched with the effector cells at
class I. As shown in Fig. 4, the presence of the HLA-A2 allele
is both required and sufficient for recognition and lysis of target
cells by the CTL line specific for HCVcore 178-187 derived
from patient C-3. Similar results are shown for the response for
the HCVNS3 1406-1415 specific CTL response of subject C-
2 (Table IV, A). Since all of the peptides used in this study
contained the HLA-A2.1 binding motif, rigorous HLA-restric-
tion analysis such as this was not performed in all patients.
Since the EBV-BCL target cell most frequently used in our
study (JY) is HLA-A2, B7, and Cw7positive, it is theoretically
possible, that some of the CTL responses could be B7 or Cw7
restricted. We think that this is unlikely especially since the
binding motif for B7 and Cw7 have been elucidated recently
and they differ considerably from the A2.1 motif (16, 17).

Recognition of peptide-sensitized target cells: dose-re-
sponse and specificity analysis. Increasing concentrations of
HCVcore 178-187 peptide were used to sensitize target cells
for lysis by a peptide-specific CTL line derived from patient C-
2. As illustrated in Table IV (B), optimal target cell sensitiza-
tion occurred at a concentration of 1 MLM. Importantly, the cell
line did not recognize target cells sensitized with another HLA-
A2 binding peptide, HBVcore 18-27 (Table IV, C), confirming
the specificity of the response for the inducing peptide.

Cell surface phenotype. Positively selected CD4+ and CD8+
cells from an HCVcore 178-187 specific CTL line from patient
C-2 were tested for peptide-specific recognition and lysis of an
HLA-A2 matched EBV-BCL. Cytotoxic activity was limited to
the CD8+ subpopulation (Table IV, D). The analysis was fur-
ther extended to the clonal level and cytotoxic T cell clones
were derived from lines by cloning using limiting dilution. The
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Figure 2. HCVspecific CTL responses observed after 2 wk of in vitro
expansion with HCVderived synthetic peptides: 1 core 131-140;
2-core 178-187; 4-NS3 1406-1415; 5-NS4 1789-1797. Two
peptides previously identified as HLA-A2 restricted CTL epitopes were
used as controls: peptide 8-HBV core 18-27 (FLPSDFFPSV) and
peptide 9-HBV env335-343 (WLSLLVPFV). The peptide specific
cytotoxicity after 2 wk of culture at an effector to target cell ratio of
40/1 is shown. HLA-A2-matched JY EBV-BCL were used in all
cases as target cells. Experiment I: PBMCisolated from four HCV
infected patients (C-3, C-7, C-10 and H-2), four patients with chronic
hepatitis B (B-l to B-4) and four seronegative donors (N-1 to N-4)
were similarly stimulated with HCV- and HBV-derived synthetic pep-
tides. Experiment II: The PBMCof two HCVinfected patients (C-3
and C-7), two patients with chronic hepatitis B (B-3 and B-4) and
two seronegative donors (N-2 and N-4) were similarly stimulated with
a smaller set of HCVand HBVderived synthetic peptides. Note:
Patient C-3 was convalescent from acute hepatitis B at the time of this
study. nd, not done.

Table III. HCV-specific CTL Lines

2
weeks* 3 weeks 4 weeks 5 weeks

Subject Peptide E/T %t E/T % E/T % Err %

Experiment A
C-2 Core 131-140 52 61 25 50 72 76 30 76

24 71 10 78
8 43 3 51

C-2 Core 178-187 36 28 25 37 64 81 18 69
21 64 6 57

7 33 2 24
C-3 Core 178-187 75 19 40 18 33 60 30 76

11 37 10 52
4 20 3 35

C-2 NS3 1406-1415 40 24 25 11 56 60 22 29
19 30 7 14
6 14 2 7

NS5 2252-2260
C-2 Exp I 84 29 nt

NS5 2252-2260
Exp I 40 2 25 3 88 59 56 83

29 29 19 49
10 10 6 18

Experiment B
C-3 Core 35-44 nt 30 45 32 77 nt

10 11 11 68
3 1 4 36

C-8 Core 35-44 nt 50 20 40 44 nt
13 16

C-8 NS3 1073-1081 nt 50 17 48 31 nt
16 21

C-9 NS3 1073-1081 nt 50 26 40 48 84 62
13 68 28 42

9 19
Experiment C

C-7 NS3 1406-1415 40 57 40 87 40 73 40 72
N-2 NS3 1406-1415 40 0 40 1 40 43 40 35

* PBMCwere stimulated with the HCV-derived synthetic peptides and
restimulated weekly with autologous antigen presenting cells and pep-
tide. Cultures were tested initially after 2 wk, then at weekly intervals
for peptide specific CTL activity. t Peptide specific cytotoxic activity
at different numbers of effectors per target cell obtained in a 4-h 5'Cr-
release assay are shown. § The PBMCfor experiment I were collected
2 mo before experiment H. The patient did not receive any treatment
during this period. nt, not tested.

resulting six clones (Table V) were isolated from three donors
recognizing epitope core 131-140 and NS3 1406-1415. The
clones from patients C-2 and C-5 were analyzed by flow cytom-
etry and found to be CD8+.

Recognition of endogenously synthesized antigen. Fig. 5
illustrates the ability of a CTL line from Subject C-5 (panel A)
and a CD8+ clone (D55-3, panel B) derived from Subject C-3
(both specific for NS3 1406-1415) as well as a CTL line
derived from subject C-9 specific for NS3 1073-1081 (panel
C) to recognize endogenously synthesized antigen presented by
recombinant HCVE2/NS2/NS3 vaccinia virus infected EBV-
BCL as well as exogenously added peptide. In addition to these
results, a CTL line generated from subject C-8 specific for Core
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35-44 and a CTL line derived from subject C-2 specific for
Core 131-140 recognized endogenously synthesized antigen in
target cells infected by recombinant HCV core/El vaccinia
virus (Fig. 5, D and E). These results demonstrate that CTL
expanded in vitro with at least four of the HCVpeptides identi-
fied as epitopes in this study are able to recognize and lyse
virus infected target cells, suggesting that they may reflect the
native structure of the naturally processed CTL epitopes pro-
duced by infected cells in vivo. It is noteworthy that we have
consistently failed to demonstrate recognition of endogenous
antigen by core 178-187 specific CTL lines or clones (data not
shown). The NS3 1169-1177 specific effector cells have not
been tested. Wedid not examine the capacity of the NS4 and
NS5 specific CTL to recognize endogenously synthesized anti-
gen because the necessary expression vectors were not available
to us at the time this study was performed.

Analysis of peptide-specific CTL precursor frequency. To
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Figure 4. HLA class I restriction analysis. A CTL line specific for HCV
core 178-187 was derived from subject C-3 (HLA-A2, A3, B44, Cw7)
and tested for recognition and lysis of different peptide pulsed (closed
circles) and unpulsed (open circles) EBV-BCL that match the effector
cells for HLA-A2 and Cw7 (A), Cw7 (B), A-2 (C) and A-3 (D).

Figure 3. Cytotoxic activity of CTL lines specific
for HCVpeptides. CTL lines were obtained by
weekly restimulation with peptides and autolo-
gous feeder cells. A representative example of
CTL lines obtained from Subject C-3 is shown.
The CTL lines are specific for HCVcore 178-
187 (A), NS3 1169-1177 (B) and NS3 1406-
1415 (C) and had been stimulated with peptide

for four weeks prior to the CTL assay. Specific
lysis of peptide pulsed (closed circles) and un-
pulsed (open circles) HLA-A2 matched JY
EBV-BCL is shown.

quantitate the number of peptide-specific CTL precursors in the
peripheral blood we used a limiting dilution protocol and tested
for CTL activity after three weeks of in vitro stimulation. Using
this technique, the frequency of CTL precursors specific for an
influenza matrix peptide M58-68 in three normal HLA-A2+
donors was shown to be 2.7 CTL precursors per 106 PBMC
(95% confidence interval 1.6-3.8), 2.5/ 106 PBMC(95% con-
fidence interval 1.1-3.8) and 1/106 PBMC(95% confidence
interval 0.2-1.8), respectively. As illustrated in Fig. 6 A, donor
C-3, whose bulk cultures responded to NS3 1406-1415 (Figs.
1 and 2, Experiment I), displayed 10 to 100-fold more NS3
1406-1415 specific CTL precursors than normal donor N-5.
Similarly, as shown in B, donor C-7 displayed at least 100-fold

Table IV. Characterization of the HCV-specific CTL Response
of Subject C-2

Target cellst
Specific

Effector cells* Shared HLA Peptide ttM lysist

A
Unfractionated A2, B7, Cw7 NS3 1406-1415 10 52

A2 NS3 1406-1415 10 56
B
Unfractionated A2, B7, Cw7 Core 178-187 0.001 0

Core 178-187 0.01 12
Core 178-187 0.1 45
Core 178-187 1 93
Core 178-187 10 72

C
Unfractionated A2, B7, Cw7 Core 178-187 10 60

HBVCore 18-27 10 0
D
CD4+11 A2 Core 178-187 10 4
CD8+ A2 Core 178-187 10 72

* PBMCderived from subject C-2 were stimulated with HCV-derived
synthetic peptides and restimulated weekly with autologous antigen pre-
senting cells and peptide as described. $ EBV-BCL were used as target
cells matching effector cell class I allele expression as indicated. Target
cell sensitization was performed overnight using the peptides at the
concentrations shown. I Peptide specific cytotoxic activity using 25
effector cells per target cell obtained in a 4-h 5"Cr-release assay. 11 CD4+
and CD8+ cell populations were purified as described yielding 79%
CD4+ cells and 87% CD8+ cells respectively in the experiment shown.
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Table V. HCV-specific CTL Clones

Cytotoxicit9 Phenotype'

Subject Peptide Clone* E/T % CD4+ CD8+

C-2 Core 131-140 R15-115 3 67 1.4 83.6
1 42
0.3 27

C-5 Core 131-140 H15-17 128 90 2.4 84.3
43 97
14 94

C-5 Core 131-140 H15-26 68 84 3.9 99
22 89

7 76
C-S Core 131-140 H15-99 92 90 2.7 100

30 79
10 50

C-3 NS3 1406-1415 D55-3 0.9 44 nd nd
0.3 16
0.1 5

C-3 NS3 1406-1415 D55-10 18 69 nd nd
6 66
2 58

* PBMCwere stimulated with the indicated with the indicated HCV-
derived synthetic peptides and restimulated weekly with autologous
antigen presenting cells and peptide. Clones were derived from highly
cytotoxic CTL lines as described in the text. t Peptide specific cytoxic
activity at different numbers of effectors per target cell (JY; HLA-A2,
B7, Cw7) obtained in a 4-h 5"Cr-release assay are shown. § Determined
by flow cytometry as described in the text. nd, not done.

more NS3 1406-1415 specific CTL precursors than normal
donor N-2. In bulk cultures (Fig. 2, Experiments I and II) donor
C-7 responded to NS3 1406-1415 with 14% and 57% specific
killing, while normal donor N-2 did not respond (3% and 0%

A B
70-

30-0

10~

lysis, respectively). The experiment in Fig. 6 C demonstrates
that subject C-8 displayed at least 10-fold higher CTL precursor
frequency to HCVcore 131-140 than normal donor N4 dis-
played to the HBV core 18-27 epitope. The low precursor
frequency to the HBVepitope is in the same barely detectable
range as the CTL precursor frequency to HCVNS3 1406-
1415 in uninfected normal donors shown in the previous two

experiments. Finally, as illustrated in D, the CTL precursor
frequency to HBVcore 18-27 was shown to be 1/106 PBMC
in chronic hepatitis B patient B-3 who responded to this peptide
with 46% specific killing in bulk culture (Fig. 2, Experiment
I). In contrast, the CTL precursor frequency to this peptide was
at least 25-fold lower in normal donor N-6 who did not respond
in bulk culture in the same experiments (Fig. 2, Experiment I).

To further distinguish between in vitro and in vivo priming,
we compared the CTL precursor frequency to NS3 1406-1415
in unfractionated PBMCand CD45 RO-depleted PBMCfrom
donor C-7 who previously responded to this peptide in bulk
culture (Fig. 2, Experiment II) and in a previous LDA (Fig. 6
B) using an approach previously described by Merkenschlager
et al. (29). FACS analysis of unseparated PBMCrevealed
29.9% CD45 RO+ cells. Subsequent limiting dilution analysis
revealed a sevenfold reduction of peptide-specific CTL precur-
sors after removal of the CD45 RO+ memory T cell population
(Table VI) indicating that the majority of CTL precursors had
been primed in vivo. Similarly, we analyzed the CTL precursor
frequency to NS3 1406-1415 in unfractionated PBMCand
CD45 RO-depleted PBMCfrom donor C-3 who previously re-
sponded to this peptide in bulk culture (Fig. 1) and in a previous
LDA (Fig. 6 A) and found a fourfold reduction of peptide-
specific CTL precursors after removal of the CD45 RO+ mem-
ory T cell population (Table VI).

Discussion

Our results can be summarized as follows: (a) CTL responses
to nine HCVencoded peptides out of a selection of 130 peptides

11/1 411 1.2/1 9/1 3/1 V1 40W1 13/1 4/1 12/1 25/1

Effector/Target Cell Ratio

Figure 5. Recognition and lysis of target cells that synthesize viral antigen endogenously. Cytotoxicity analysis of CTL line from subject C-5 (A),
clone D55-3 derived from subject C-3 (B), both specific for NS3 1406-1415, CTL line from subject C-9 specific for NS3 1073-1081 (C), CTL
line from subject C-8 specific for HCVcore 35-40 (D) as well as a CTL line from subject C-2 specific for core 131-140 (E). Target cells were
HLA-A2-matched EBV-BCL that had been either pulsed with NS3 1406-1415 or NS3 1073-1081 peptide (closed circles) or medium alone
(open circles), or that had been infected with a recombinant vaccinia virus construct containing the HCVaa sequence 364-1619 (A-C) and 1-
339 (D and E), respectively (closed squares or bars) or with control vaccinia virus (open squares or bars).
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Figure 6. Analysis of the CTL
precursor frequency of selected
responses. Peptide specific CTL
precusor frequencies were deter-
mined by limiting dilution analy-
sis as described in four donor pairs
consisting of an uninfected donor
(N-5, N-4, N-2, N-6, open
squares) and an HCV-infected
(C-3, C-8, C-7) or HBV-infected
(B-3) subject. Each Panel dis-
plays the results of simultaneously
performed experiments. The re-
sults are shown as semilogarith-
mic plot of responder cell input
per well against the percentage of
negative wells, and also in tabular
form. CTLp f = CTL precursor
frequency expressed as number of
peptide specific CTL precursor in
106 PBMC. 95% CI = 95% con-
fidence intervals. na, no confi-
dence intervals 'could be calcu-
lated.

containing the HLA-A2.1 binding motif can be detected in the
peripheral blood of patients chronically infected with HCVafter
2 wk of in vitro stimulation. Three of the epitopes identified
are derived from HCVcore, three from NS3, two from NS4
and one from NS5. All are well conserved among HCVgroup
I isolates. In accord with our findings, Shirai et al. (30) recently
reported the identification of HLA-A2 restricted CTL specific
for an epitope between residues 132-140 using PBMCfrom
two patients with hepatitis C, using a similar stimulation proto-
col. (b) Selected CTL effector cells were found to be CD8+
and HLA-A2 restricted. (c) Effector celis-for four out of five
epitopes tested were capable of recognizing endogenously syn-
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thesized antigen. (d) Further analysis of the response to six of
these epitopes revealed the presence of CTL precursors in HCV
negative donors. (e) HCVinfected subjects had 10 to 100-fold
higher CTL precursor frequencies to the three teptides analyzed
by limiting dilution as compared to uninfected individuals and,
in the two patients studied, most of the CTL precursors to NS3
1406-1415 proved to be CD45ROpositive indicating that they
were "memory" CTL that had been primed in vivo. Finally,
the CTL precursor frequencies for HCVderived peptides in
HCVinfected subjects are in the same range as those specific
for influenza matrix peptide 58-68. Due to the cross-sectional
design of this study however, and because of the responsiveness



Table VI. Depletion of CD45 RO' Cells

Subject Peptide CD45RO+(%)* CTLp f 95% CIf

C-7 NS3 1406-1415 30 1.8 0.6-3
NS3 1406-1415 1.5 < 0.23 na§

C-3 NS3 1406-1415 24 1.3 0.2-2.3
NS3 1406-1415 1 0.27 0.2-0.7

* Depletion of CD45 RO' PBMCby negative selection was performed
as described and the percentage of CD45 RO' cells was determined
by FACS. * Peptide-specific CTL precursor frequencies were deter-
mined by limiting dilution analysis in CD45ROdepleted and undepleted
PBMCand the results given correspond to the number of peptide specific
CTL precursor per 106 PBMC. 95% CIf, 95% confidence intervals.
§ na, no confidence intervals could be calculated.

of uninfected individuals (albeit at much lower levels) it is
not possible to correlate the CTL response to the clinical or
virological status of the patients at this time.

The identification of CTL epitopes is an important step to
elucidate the role of CTL in the biology of human HCVinfec-
tion, as suggested by a large body of experimental data obtained
in diverse animal models. To draw valid conclusions however,
the effector cells recovered from the blood must represent those
present in the liver. Practical restrictions as to the availability
of large samples of liver tissue in patients with active chronic
liver disease make this a difficult task. Nonetheless, Koziel et
al. (11) have isolated HCV El and E2(NSl)/NS2 specific
class I restricted CTL clones from liver biopsies of patients in
whom they were unable to detect the same CTL response in
the peripheral blood. Importantly, however, these investigators
have recently identified HLA-A2 restricted intrahepatic CTL
specific for a peptide that contains the NS3 1073-1081 epitope
that we report herein to be recognized by CTL derived from
the PBMCof two HCV infected subjects (M. Koziel and B.
Walker, personal communication) suggesting that the peripheral
CTL response to this epitope probably reflect events occurring
within the infected liver. Correlative studies using the sensitive
quantitative approach described herein to follow epitope-spe-
cific CTL precursor frequency prospectively during the course
of hepatitis C infection will help elucidate this important ques-
tion.

Observations made during this study confirm and extend
previous reports from this laboratory about the CTL response
to HBV encoded epitopes in subjects with acute and chronic
HBVinfection (6-8). In those studies, HBV-specific CTL were
readily identified in the peripheral blood of patients with acute
hepatitis but were not detectable in patients with chronic hepati-
tis B or in uninfected normal subjects. In the current study,
however, 2 of the 4 chronic HBVpatients responded to one or
both of the HBV peptides we used (Figure 2). This suggests
that HBV-specific CTL precursors are indeed present in these
patients, albeit at low precursor frequencies (1/ 106 PBMC)and
that our original stimulation strategy failed to reveal them. This
unexpected observation suggests that quantitative analysis of
the CTL precursor frequency in patients with chronic HBV
infection may yield insight into the immunological basis for
variable and fluctuating disease severity, and, the spontaneous
or interferon-induced clearance of HBVin chronic carriers. It
is noteworthy that the HBVpeptides did not induce a in vitro
primary CTL response in any of the HBVuninfected donors in
this study, similar to our previous observations.

The reason why we could detect HBV-specific CTL re-
sponses in the two patients with chronic hepatitis B in the
current study, while we didn't in our previous reports is not
immediately evident. These patients were not included in any of
our previous reports, so they may simply represent a previously
undetected CTL responsive subset of patients with chronic HBV
infection. In our previous studies, however, we used recombi-
nant HBcAg as a source of T cell help, while in the current
report tetanus toxoid was used. Conceivably, the current re-
sponses to the HBV peptides in chronically infected patients,
and to the HCVpeptides by uninfected controls, may be related
to this difference, or it could be due to the longer in vitro
stimulation period we employed before the first CTL assay.
Obviously, additional studies will be required to clarify this
interesting issue.

Two lines of evidence suggest that at least some of the CTL
in the peripheral blood of HCV infected patients have been
primed in vivo. First, we showed that HCV peptide-specific
CTL precursors are present in higher numbers in HCVinfected
than in uninfected subjects. Second, we showed that, in the two
cases tested, they belong to the CD45 RO' "memory" T cell
subset. The HCV-specific CTL precursor frequencies we ob-
served in the peripheral blood are in the range of 1/105 to 106
PBMC. Assuming that 80% of PBMCare lymphocytes, 60%
of which are T cells, and that 20% the T cells are CD8+, the
CTL precursor frequencies translate to 1/30,000 to 1/300,000
CD8+ T cells. These relatively low frequencies are in part ex-
plained by the fact that our experimental system focuses on
single epitopes restricted by single restriction elements. Im-
portantly, comparable precursor frequencies were observed for
an HLA-A2 restricted epitope in the influenza matrix protein
when PBMCfrom presumably previously infected normal blood
donors were studied. Several groups have applied limiting dilu-
tion analysis to quantitate HIV-specific CTL precursors in the
peripheral blood in infected donors. In one study the gag p24
peptide-specific CTLp frequency was between 120-280/106
PBMCin asymptomatic HIV-I infected hemophiliacs (31). In
lymphoid tissue on the other hand, another group reported a
frequency of 1/105 to 1/106 CTL specific for a nef peptide
182-206 restricted by HLA-Al and B8 (32). These differences
are in accord with the finding that the cytotoxic response to
HIV is particularly vigorous, allowing the detection of effector
cells directly from the blood without prior in vitro expan-
sion (33).

Since we observed the primary in vitro induction of CTL
to all four of the HCVCTL epitopes we tested in normal individ-
uals (albeit at much lower precursor frequency), and since
additional experiments with HCVcore 35-44 and NS3 1073-
1081 also revealed the presence of CTL precursors in uninfected

subjects (Cerny et al. manuscript in preparation), the pathoge-
netic significance of the current observations is not immediately
evident. Our findings are clearly relevant, however, for vaccine
development and for adoptive immunotherapy. Epitopes from
conserved regions of the virus that are generated by the intracel-
lular processing of endogenously synthesized antigen are partic-
ularly good candidates for vaccine development. This informa-
tion, combined with the prevalence and degree of conservation
of a given epitope (Table II), can be used in the design of a
peptide-based HCVvaccine. Additionally, the in vitro genera-
tion of large numbers of biologically active, virus-specific ef-
fector cells is a prerequisite for adoptive immunotherapy. The
techniques described in this report permit detection and expan-
sion of naive peripheral blood CTL precursors to candidate viral
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peptides. The use of this simple culture system could make the
large scale ex vivo expansion of specific CTL possible.
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