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Virus specific T cell responses play an important role in resolving acute hepatitis C virus (HCV) infections. Using the HLA-A2.1 tr
ouse model we investigated the potential of a liposomal peptide vaccine to prime a CD8+ T cell response against 10 different HCV epitop

elevant for human applications. We were able to demonstrate the induction of strong cytotoxic T cell responses and high number�-
ecreting cells, which persisted at high levels for at least 3 months. Co-integrating CpG oligonucleotides into liposomes further inc
umber of IFN-�-secreting cells by 2–10-fold for most epitopes tested. The frequency of specific cells was further analysed with
2 tetramers bearing the NS31073-1081 epitope and was estimated at 2–23% of the CD8+ T cell population. Importantly, mouse effec
ells, specific for this epitope, were also capable of lysing a human target cell line expressing HCV proteins. This finding and th
rotection observed in challenge experiments with recombinant vaccinia virus expressing HCV sequences emphasise the biologic
f the vaccine-induced immune response. In conclusion, such liposome formulations represent a safe and promising strategy to s
D8+ T cell against HCV.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The hepatitis C virus (HCV) was identified as the major
ause of non-A, non-B hepatitis in 1989[1] and transmission
outes were described to be mainly parenteral[2]. Worldwide
n estimated 170 million people are chronically infected[3]
nd the prevalence of HCV-related long-term complications
ontinues to increase[4]. HCV infection leads to viral per-
istence in 50–85% of the patients with progression to liver

∗ Corresponding author. Tel.: +41 91 811 60 46; fax: +41 91 811 60 45.
E-mail address:andreas.cerny@bluewin.ch (A. Cerny).

cirrhosis (20%) and liver cancer (1–5% per year)[4]. The
standard therapy with pegylated IFN-� and ribavirin has
limited success rate of 50–60% and can provoke signifi
side effects[2]. The HCV genotype 1 is particularly poo
susceptible to this treatment[5]. Thus, alternative treatme
strategies are urgently required.

The observation that 15–50% of acutely infected indi
uals can clear the virus without therapeutic intervention
lead to extensive studies investigating the parameters o
immune system correlating with viral elimination. One of
major difficulties in combatting HCV is the extremely hi
mutation rate of this RNA virus[6]. Although antibodies ar

264-410X/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2004.05.009



O.B. Engler et al. / Vaccine 23 (2004) 58–68 59

elicited during the infection, they do not seem to prevent pro-
gression to chronicity[7]. Viral clearance has been associated
with CD4+ T cell activation and, importantly, a strong and
sustained CD8+ T cell response against multiple viral epi-
topes[8,9]. The chronic state is characterised by a low fre-
quency of specific T cells[10] and reduced responsiveness
of the CD8+ T cells[11-14]. Based on this, we hypothesize
that a therapeutic vaccine should aim at reactivating T cell re-
sponsiveness or priming new CD8+ T cell responses specific
for multiple epitopes to effectively eliminate the virus.

This study combines the knowledge of many HLA-A2-
restricted HCV T cell epitopes that have been identified and
characterised with the availability of HLA-A2.1 transgenic
mice as a preclinical animal model. Our approach uses li-
posomes as an efficient and immunostimulatory mode to
deliver peptides to antigen-presenting cells (APC)[15,16].
Liposomes as well as peptides are produced from natural or
synthetic compounds at high purity and liposomal formu-
lations have been safely used in humans in several clinical
studies, such as in anti-cancer treatment[17,18].

We investigated the requirement of an extrinsic CD4+ T
cell epitope or the immune stimulatory molecule CpG for the
efficient priming of a CD8+ T cell response, concentrating
on the capacity of such vaccine formulations to stimulate spe-
cific cytotoxicity as well as IFN-� secretion and to mount a
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(MHC) class I and deficient for both H-2Db and murine�2-
microglobulin (�2m) [19] were used. HLA-2.1 tg mice were
bred by IFFA credo (L’Arbresle, France) with the permission
of F.A. Lemonnier (Institut Pasteur, Paris, France). During
the entire study, mice were kept at the animal care facili-
ties of the Department of Medicine, University of Bern, and
experiments were conducted according to the international
guidelines for animal experimentation.

2.2. Viruses and cell lines

Recombinant vaccinia virus vv9A, encoding the full-
length HCV core protein and part of the E1 protein (amino
acids [aa] 1–339 of genotype 1a sequence) was kindly pro-
vided by M. Houghton (Chiron, Emeryville, CA). The virus
was propagated and titrated in the osteosarcoma cell line
143 TK−−. As target cells for CTL assays we used EL-4
S3−−Rob HDD (H-2b) thymoma cells expressing HLA-A2
MHC class I molecules (kindly provided by G. Inchauspé,
BioMérieux, Lyon, France). In addition, T1/NS3-4A (clone
2F3), a human HLA-A2+B lymphoblastoid× T cell hybrid
cell line constitutively expressing the HCV NS3-4A complex
was used. This cell line will be described in detail elsewhere
(B. Wölk et al., manuscript in preparation).
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ndogenously processing HCV epitopes.

. Material and methods

.1. Mice

Six- to eight-week-old HDD mice, transgenic (
or HLA-A2.1 (A0201) major histocompatibility comple

able 1
LA-A2 restricted HCV epitopes

rotein Name aa residue

ore 35 35–44
132 132–140

2 614 614–622
686 686–694

S3 1073 1073–1082
1169 1169–1177
1406 1406–1416
1585 1585–1593

S4 1769 1769–1777
1851 1851–1859

mino acid sequence comparisons within viral genotype 1a and 1b. Se
rovided on the public HCV DB database (http://hcvpub.ibcp.fr/). Indicate
equences/total numbers of sequences found.
equence % Conservation in genotype

1a 1b

LPRRGPRL 95 (84/88) 96 (453/47
MGYIPLV 97 (86/88) 95 (452/474

WHYPCTI 82 (19/23) 2 (3/153)
STGLIHL 90 (20/22) 100 (148/14

INGVCWTV 100 (18/18) 26 (39/150
CPAGHAV 78 (14/18) 2 (3/141)
VALGINAV 83 (15/18) 0 (0/143)
VAYQATV 100 (18/18) 99 (144/145

MWNFISGI 94 (17/18) 95 (144/15
AGYGAGV 100 (18/18) 98 (149/151

e comparisons were made using HCV USP library and alignment tool
the calculated percentage of conserved sequences and numbers of

.3. Peptides and oligonucleotides

All peptides were purchased from Neosystem (S
ourg, France) at a purity of >95%. All peptide sequen
ere derived from the HCV 1a genotype. For CTL
ponses, we tested the HCV peptides listed inTable 1.
he T helper peptide, derived from the HBV nucleoc
id aa 128–140, (TPPATRPPNAPIL)[20], here after re
erred to as HBV, was included in some liposomal
ulations. The universal T helper epitope PADRE (aK

AAWTLKAa, where X is l-cyclohexylalanine and a isd-
lanine)[21] was integrated in liposomes or cross-link

o the liposome surface via a linker and a C ter

http://hcvpub.ibcp.fr/
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nal cystein (-AGSGGC). The immunostimulatory oligonu-
cleotide ODN1668 (5′-TCCATGACGTTCCTGATGCT-3′)
[22], referred to as CpG was synthesised by Microsynth (Bal-
gach, Switzerland).

2.4. Preparation of liposomes

Small unilamellar liposomes were prepared by freeze-
thawing followed by sequential filter extrusion. The ba-
sic composition of the liposomes used was 200 mg/ml soy
phophatidylcholine (SPC, L. Meyer GmbH, Hamburg, Ger-
many), 25 mg/ml cholesterol (Fluka, Buchs, Switzerland)
and 1.2 mg/mldl-�-tocopherol (Merck, Darmstadt, Ger-
many). The lipids were dissolved in methanol/methylene
chloride (1:1, v:v) and after removal by rotary evaporation,
the lipid mixture was solubilised with one of the HCV pep-
tides (4 mg/ml) in phosphate buffer (67 mM, pH 7.4). Some
formulations contained, in addition to the CD8+ T cell epi-
tope, a CD4+ T cell epitope (4 mg/ml) or CpG (250 nmol/ml).
The mixture was subjected to 3–5 freeze-thaw cycles, fol-
lowed by repetitive extrusion through Nuclepore (Sterico AG,
Dietikon, Switzerland) filters (0.8, 0.4 and 0.2�m pore size)
using a LipexTM Extruder (Lipex Biomembranes Inc., Van-
couver, Canada). Liposomes were filter sterilized and diluted
in BSS (balanced salt solution). Peptide encapsulation was
e revi-
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was determined from wells containing medium alone or after
lysis with 1N HCl, respectively. Lysis was calculated by the
formula: (release in assay− spontaneous release)/(maximum
release− spontaneous release)× 100. Peptide-specific lysis
was determined as the percentage of lysis obtained in pres-
ence or in absence of the peptide.

2.6. ELISPOT and ELISA assay

To quantify the frequency of epitope-specific IFN-�-
producing cells we used the IFN-� ELISPOT kit from U-
CyTech (Utrecht, Netherlands). Effector cells were restimu-
lated with peptide-pulsed, irradiated and repeatedly washed
splenocytes as described for CTL analysis. After overnight
stimulation 105 or 104 cells from the restimulation cul-
tures were transferred in duplicates to a precoated, albumin-
blocked IFN-� ELISPOT plate (U-CyTech) and incubated for
5 h at 37◦C to allow cytokine secretion. Spots were devel-
oped following the manufacturers instructions and counted
either by using a microscope or the Bioreader 3000 Pro
(Bio-Sys GmbH, Karben, Germany). The background level
was assessed in wells where effector cells were stimulated
with splenocytes pulsed with a control peptide. The num-
ber of peptide-specific spots was obtained by subtracting the
background from the number of spots induced after HLA-A2-
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stimated to range between 80 and 90% according to p
us determinations[16]. The thiol-modified PADRE peptid
as cross-linked to maleimide-functionalised liposomes

aining peptides as described by Console et al.[23].

.5. Immunisation and cytotoxicity assay

HLA-2.1 tg mice were immunised subcutaneously (s
t the base of the tail with 50�l of the liposome for
ulation (∼130�g peptide) and as negative control w
mpty liposomes or with a saline solution containing
ame peptides (130�g peptide). Mice received three
ections at a 2-week interval and the response was
sed 2 weeks after the last injection, or 3 months a
he last injection for the memory response experime
pleen cells (4× 106/well) from immunised mice wer

estimulated for 5 days in 24-well tissue culture pla
ith 2 × 106 irradiated (1500 rad) spleen cells that h
een pulsed with 10�g/ml peptide, in complete RPM
edium (Sigma–Aldrich) containing 2 mMl-Glutamine
00 U penicillin, 100�g/ml Streptomycin (Sigma Aldrich
mM HEPES, 10% FCS (Gibco BRL, Basel, Switzerla
nd 5× 10−5 M 2-mercaptoethanol at 37◦C and 5% CO2. On
ay 2, 5 U/ml IL-2 (EuroCetus B.V., Amsterdam, The Neth

ands) were added. Specific cytolytic activity was tested
tandard51Cr release assay against EL-4S3−−Rob HHD tar-
ets pulsed with 10�g/ml of the selected peptides or medi
s control. To determine the recognition of endogenously
essed epitopes we used the human HLA-A2 expressin
ine T1/NS3-4A. After 4 h incubation51Cr release was me
ured by using a�-counter. Spontaneous and maximal rele
eptide stimulation. ELISA assays were performed acc
ng to the manufacturer’s protocol (BD Bioscience, Ba
witzerland) using 100�l of supernatants from effector ce

estimulated for 2 days as described above.

.7. Magnetic cell sorting (MACS), tetramer staining
nd intracellular cytokine staining

The frequency of antigen-specific cells was determ
y tetramer staining ex vivo. Spleen cells from immun
ice were sorted on the Vario MACS using CD8� (Ly-2) Mi-

roBeads and LS columns according to the manufacture
ocol (Miltenyi Biotech, Gladbach Germany). The enric
D8+ T cell population was stained with anti-mouse CD�-
ITC antibodies (BD Bioscience, Basel, Switzerland)
E-labelled A-2Kb chimeric tetramer, specific for the e

ope 1073 (ProImmune, Oxford, UK), according to ma
acturers protocol. As a control, we used PE-labelled A-
himeric tetramers containing c132 (ProImmune). For
ntracellular cytokine staining splenocytes were restimul
ver night in 24 well plates (8× 106 splenocytes in cultur
edium) with 10�g/ml peptide (1073 or control peptid
ells were subsequently treated for 2.5 h with Brefeldi

Golgy Stop, BD Bioscience) and permeabilization/fixa
as performed with BD Cytoperm/Cytofix (BD Bioscien
ccording to manufacturer’s protocol. Surface CD8
tained with anti-mouse CD8�-FITC antibodies (BD Bio
cience) and IFN-� staining was performed with anti-mou
FN-�-PE antibodies or isotype control antibodies (BD B
cience). Fluorescence was analysed on a Coulter Epic
CL flow cytometer (Coulter Corp., Hialeah, FL, USA).



O.B. Engler et al. / Vaccine 23 (2004) 58–68 61

2.8. In vivo protection against recombinant vaccinia
virus expressing HCV proteins

Mice were immunised twice at an interval of 14 days with
liposome formulations containing CpG and the peptides 35
or 132. As negative controls, we used naı̈ve mice or mice
immunised with liposomes containing CpG and the peptide
1073, which is not present in the HCV sequence expressed by
the recombinant vaccinia virus. Eleven days after immunisa-
tion mice were challenged i.p. with 1× 107 pfu recombinant
vaccinia virus vv9A. Five days after vaccinia challenge, mice
were sacrificed and ovaries removed. After homogenisation
viral load was assessed by plating serial 10-fold dilutions of
samples on 24-well plates of confluent 143 TK−− cells. Af-
ter 2 days’ culture, cells were stained with crystal violet to
detect plaque formation. Groups were compared statistically
using the Wilcox–Ranks test for non-normally distributed
variables.

3. Results

3.1. Liposome-encapsulated CD8+ T cell epitopes do
not require the help of a CD4+ T cell epitope or immune
stimulatory molecules for the priming of CTL
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Fig. 1. Efficacy of the liposome formulations and the influence of the T cell
helper epitope PADRE and the oligonucleotides CpG on CTL induction. (A)
HLA-A2.1 tg mice (three per group; filled squares) were immunised with
liposome formulations containing exclusively the CTL epitope core 132 (Lip
132), the CTL epitope and PADRE encapsulated (Lip 132 + P), the CTL
epitope encapsulated and PADRE cross-linked to the liposome surface (Lip
132 + cP) or the CTL epitope encapsulated together with CpG (Lip + CpG).
A control group was injected with the peptide 132 in saline (open circles
representing the mean specific lysis of three control mice). Two weeks after
the final immunisation spleen cells were isolated and restimulated for 5 days.
Specific lysis was analysed in a standard51Cr release assay with peptide-
labelled target cells. In (B) the priming of PADRE-specific CD4+ T cells is
shown. Cell cultures from immunised mice were stimulated over night with
the epitope PADRE and IFN-� production was analysed by ELISPOT (�)
or by ELISA ( ).

measured the PADRE-specific IFN-� secretion by ELISPOT
assay and ELISA (Fig. 1B). Mice immunised with formu-
lations containing the helper epitope had a 10–20-fold in-
creased IFN-� production, suggesting the in vivo priming of
T helper cells. We found no significant difference between
integrated and cross-linked CD4+ T cell epitopes. The IL-2
secretion upon in vitro stimulation with PADRE was gener-
ally high, leading to PADRE-specific proliferation also in cell
cultures from näıve mice (stimulation index: 2–9). This may
explain the difficulty in demonstrating increased PADRE-
specific IL-2 secretion in vaccine-primed cells.

3.2. Induction of high-affinity CTL that recognise
endogenously processed epitopes and have the capacity
to mount a CD8+ T cell memory

The second set of experiments was performed to investi-
gate the recognition of endogenously processed protein by
cytotoxic T lymphocytes from liposome-vaccinated mice.
The first set of experiments aimed at characterising th
ciency of a liposome based peptide vaccine and the influ
f a helper epitope or CpG oligonucleotide on the induc
f a specific cytotoxic T cell response in HLA-A2.1 tg mi
s a model peptide in these first experiments we use
ell characterised and highly conserved CD8+ T cell epi-

ope 132 from the HCV core protein (Table 1), representin
ne of the most promising candidate epitopes for pep
ased HCV vaccines.Fig. 1A shows that encapsulating t
eptide 132 into liposomes was sufficient to induce a spe
nd strong CTL response against peptide-pulsed target
o specific cytotoxicity was detected in the negative c

rol formulations consisting of peptides solubilised in 0.
aCl (Fig. 1A) or empty liposomes (data not shown). T
ddition of the so-called universal T helper epitope PAD

21] integrated in liposomes or coupled to the surface
cystein-maleimide link could not further enhance the

ponse. In contrast, co-administration of immunostimula
pG molecules resulted in augmented target cell lysis,
ver, detectable mainly at low effector to target ratios
hese experiments CpG was co-integrated with the CD+ T
ell epitope and liposomes were not dialysed to remove
ntegrated CpG, as previous analysis had shown that rem
f external CpG by dialysis had no influence on the C

nduction (data not shown). In contrast to other studies[24]
e did not observe a CpG-related spleen enlargement
reased lymphocyte numbers in immunised mice.

To determine whether the CD4+ T cell epitope PADRE
as capable of eliciting a T helper response when

ntegrated in liposomes or cross-linked to the surface
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To this end we used as target the human HLA-A2+ cell
line T1/NS3-4A transfected with the NS3-4A gene sequence.
Since in previous experiments we could show that the epitope
1073 was processed and efficiently presented to human CTL
(data not shown), the following experiments, investigating the
recognition of endogenously processed proteins, were based
on this dominant NS3 epitope. Mice were injected three times
with liposomal formulations containing either exclusively the
epitope 1073 or combinations with the T helper epitope HBV
core 128 or with CpG. Two weeks after the immunisation we
found strong lysis of peptide pulsed target cells for all for-
mulations tested (Fig. 2A). Interestingly, the mouse effector

Lip 1073+HBVLip 1073 Lip 1073+CpG
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cells were also able to recognise and lyse the human target
cell line T1/NS3-4A, presenting the epitope upon endoge-
nous processing (Fig. 2B). However, the effector cells gener-
ated by liposomes with a co-integrated CD4+ T cell epitope
were very inefficient in lysing these transfected human target
cells. This observation was confirmed in three independent
experiments and may reflect the difficulty of these effector
cells to recognise target cells presenting only low numbers
of the epitope, as the addition of exogenous peptides com-
pletely restored the lysis of the T1/NS3-4A target cells (data
not shown). To investigate the capacity of liposomal formu-
lations to prime memory T cells, the CTL response was also
analysed 3 months after the last application (Fig. 2C). The
lysis of peptide pulsed target cells remained high and was
comparable between the different formulations tested. As
already described for the response analysed after 14 days,
the cell line T1/NS3-4A was efficiently lysed only by mem-
ory CTL induced by formulations containing exclusively the
CD8+ T cell epitope or, even more efficiently, when CpG
was co-integrated in the liposomes (Fig. 2D).

3.3. Liposomal peptide formulations prime and maintain
a high number of epitope-specific IFN-�-secreting T cells

IFN-� is a potent immunostimulatory and anti-viral cy-
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l
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ig. 2. Recognition of endogenously processed epitope 1073. HLA-A2.1
g mice (three per group) were immunised with liposomes containing the
TL epitope 1073 (Lip 1073), the CTL epitope plus the T helper epitope
BV core 128 (Lip 1073 + HBV) or the CTL epitope together with CpG

Lip 1073 + CpG). Specific lysis was analysed 14 days after three injections
A) using peptide pulsed EL-4S3−−Rob HDD target cells. Recognition of
ndogenously processed epitope 1073 was analysed by using a human HLA-
2.1+ target cell line stably transfected with the NS3-4A sequence (T1/NS3-
A) (B). The memory response induced with these liposomal formulations
as analysed 3 months after the final immunisation using peptide pulsed

arget cells (C) or T1/NS3-4A endogenously expressing 1073 (D). The filled
quares represent mice vaccinated with liposomal formulations and open
ircles stand for the mean specific lysis of three control mice immunised
ith peptide in saline. All experiments were performed 2–3 times.
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okine, which is thought to play a significant role in cont
ing HCV infection by inhibiting viral replication[25]. The
requency of specific IFN-�-secreting cells stimulated by
osomal formulations exclusively containing the CTL e

ope 1073 or combinations with the T helper epitope H
ore 128 and CpG, respectively, was evaluated by ELIS
ssay. Two weeks after three immunisations, we found
umbers of specific IFN-�-secreting cells (0.2–0.4% of t

al spleen cells) with comparable results for the diffe
iposomal formulations tested (Fig. 3A). The frequency o
pecific cells producing IFN-� persisted at high levels f
t least 3 months (0.1–0.2% of total spleen cells;Fig. 3B),
emonstrating the efficient priming of memory cells w

he capacity to secrete IFN-�. Interestingly, we repeated
ound that in mice immunised with liposomes contain
pG the IFN-�-secreting peptide-specific T cells seem

o have further expanded (0.5–0.6% of total spleen c
ig. 3B). By separating CD8+ and CD8− T cell populations
MACS) we could demonstrate that the specific IFN-� se-
retion was restricted to the CD8+ T cells (data not shown
he frequency of 1073 specific cells was further determ
x vivo by tetramer staining. Using the enriched CD8+ T
ell population we stained specific T cells with chimeric
Kb tetramers bearing the 1073 epitope (Fig. 3C). We show
esults from pooled CD8+ T cells derived from three m
mmunised either with liposome 1073 or with liposome 1
lus CpG, or from control immunised mice. The freque
f specific cells determined by tetramer staining 14 days

he last injection was 2% of the CD8+ T cells in mice im-
unised with liposomes containing only the peptide 1
hile mice immunised with liposomes containing CpG
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Fig. 3. Priming of IFN-�-secreting cells. The frequency of IFN-�-producing cells in mice immunised with liposomes containing only the CTL epitope 1073 (Lip
1073), the CTL epitope plus the T helper epitope HBV (Lip 1073 + HBV) or the CTL epitope together with CpG (Lip 1073 + CpG) was analysed by ELISPOT
assay 14 days after three immunisations (A) and 3 months after the last immunisation (B). Spleen cells were restimulated over night with 1073-peptidepulsed
and irradiated spleen cells. Cells (105 and 104) were transferred to precoated ELISPOT plates and spot formation analysed after 5 h. The results are presented as
specific spots (spots in presence of 1073—spots in presence of a control peptide) per 105 spleen cells. The means (+/− S.D.) of three mice are indicated. Part (C)
shows tetramer staining of 1073-specific cells from one experiment out of two. Pooled spleen cells from three mice per group, immunised with liposome 1073,
liposome 1073 plus CpG or peptide 1073 in saline were enriched for the CD8+ T cell population (MACS) immediately after splenocyte isolation and stained
with A-2Kb tetramer-PE specific for 1073 (upper panels) or the PE-labelled control tetramer (lower panels) and CD8-FITC. The gated CD8+ T cell population
was analysed for specific tetramer staining. Part (D) shows intracellular IFN-�-staining of splenocytes stimulated over night with specific peptide 1073 (upper
panel) or a control peptide (lower panel). Typical examples of a liposome 1073, liposome 1073 plus CpG or NaCl 1073 control immunised mice are shown.
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22% of tetramer positive CD8+ T cells. Furthermore, the fre-
quency of IFN-�-producing cells was analysed by intracellu-
lar cytokine staining upon over night stimulation with peptide
(Fig. 3D). The results indicate that in mice immunised with
liposomes containing only the peptide approximately 0.6%
of total splenocytes (corresponding to 11% of CD8+ T cells,
data not shown) produced IFN-� in response to peptide stim-
ulation, while in mice immunised with liposomes containing
1073 plus CpG approximately 5% of total splenocytes (corre-
sponding to 31% of CD8+ T cells, data not shown) produced
IFN-� upon specific stimulation. IFN-� production of CD8+
T cells derived from control immunised mice was always
around background levels (0.08%).

3.4. The potential of liposomal formulations to stimulate
cytotoxicity or IFN-� production depends on the peptide
sequence

Comparative studies of acutely infected and chronic HCV
patients indicate that an effective vaccine against HCV should
stimulate the response against multiple CD8+ T cell target
sequences. We thus determined the immunogenicity of poten-
tial candidate epitopes. Thereby we could confirm the find-
ings of others[26,27]showing that the extent of IFN-� secre-
tion strongly depends on the peptide sequence used and does
n xic
T uced
a r ex-
t 406
s rs
o e
m
2 y-
t
m ficial
i ld
i he
C . To
c
f ely
h as-
s ed by
d itro
r

3 l
v s

CV
i 8
T nge
i sing
H ated
t 132
a mal

Fig. 4. CTL response and IFN-� secretion of several different liposome en-
capsulated CD8+ T cell epitopes. Formulations containing the CTL epitope
alone or in combination with CpG were tested. Mice (three per group; indi-
cated by filled squares) were immunised three times with liposome formula-
tions or with peptide in saline (open circles, representing the mean specific
lysis of three control mice). Spleen cells were isolated 14 days after the
last injection and CTL response analysed, after 5 days restimulation against
peptide pulsed target cells (A). The frequency of specific IFN-� producing
cells was analysed by ELISPOT assay after over night stimulation of spleen
cells with the adequate peptide or a control peptide (B).

formulations containing the NS3 epitope 1073 (not present
in vv9a) and CpG. Five days after i.p. infection with 107 pfu of
recombinant vaccinia virus vv9a expressing the HCV core se-
quence, ovaries were removed and virus load assessed.Fig. 5
shows a significant reduction of mean viral load (1.5–2 logs)
in mice that were immunised with the formulation contain-
ing the epitope core 132 and CpG, compared to the control
immunised or näıve mice. In contrast, the immunisation with
ot always correlate with the potential to stimulate cytoto
cells. We found that the epitopes 686 and 1169 ind
rather strong cytotoxic T cell response and to a lesse

ent IFN-� secretion, while the peptides 35, 614 and 1
timulated only low cytotoxicity but relatively high numbe
f IFN-�-secreting cells (50–150 cells/105 spleen cells). Th
ost immunogenic HCV peptides 132 (Fig. 1), 1073 (Fig.

), 1585 and 1851 (Fig. 4) were able to stimulate a strong c
otoxic T cell response as well as a high IFN-� production. In
ost formulations the co-integration of CpG had a bene

nfluence on the IFN-� production, reflected by a 2–10-fo
ncreased number of IFN-� secreting cells. In contrast, t
TL induction was only moderately enhanced by CpG
ompensate for the low numbers of CD8+ T cells typically
ound in HLA-A2.1 tg mice (1–6% in the spleen) a relativ
igh effector to target cell ratio was applied for the CTL
ay. This allowed us to compare the responses induc
ifferent epitopes, without the need of an additional in v
estimulation step.

.5. Reduced viral load in mice immunised by liposoma
accines upon challenge with recombinant vaccinia viru

No small animal model has been established yet for H
nfection. One possibility to analyse the potency of the CD+

cells induced by a liposomal vaccine in vivo is to challe
mmunised mice with recombinant vaccinia virus expres
CV sequences (vv9a). To this end mice were vaccin

wice with liposomes containing the core epitope 35 or
nd CpG. A control group was immunised with liposo
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Fig. 5. Protection experiment with recombinant vaccinia virus vv9a express-
ing HCV core sequence. HLA-A2.1 tg mice (five per group) were immunised
two times with liposomes containing CpG and the core epitopes 35 or 132.
Näıve mice (5) and mice immunised with liposomes containing CpG and the
NS3 epitope 1073 (5) which is not contained within the sequence expressed
by vv9a, served as control groups. Eleven days after the immunisations, the
mice were infected i.p. with 107 pfu of vaccinia virus vv9a. Five days after
challenge, ovaries were extracted and the virus titrated in a plaque assay on
143 TK−− cells. The log of virus load/ovary is indicated on they-axis. The
significance of the difference between two groups was calculated using the
Wilcox–Ranks test (∗P < 0.05).

peptide 35, which was a poor inducer of CTL (Fig. 4), did not
lead to protective CTL induction. The 1.5–2 log reduction of
viral load in liposome 132 immunised mice was confirmed
in three independent experiments.

4. Discussion

This work presents a preclinical analysis of a liposomal
peptide vaccine against HCV using the HLA-A2.1 tg mouse
model [19]. We analysed the immunogenicity of 10 differ-
ent HLA-A2 restricted T cell epitopes with potential rele-
vance for a therapeutic vaccine in chronic HLA-A2+ HCV
patients. We found that the encapsulation of the peptides start-
ing with amino acid 132, 1073, 1585 and 1851 allowed the
stimulation of a specific cytotoxic T cell response as well as
high frequencies of IFN-�-secreting cells, while the peptides
35, 614 and 1406 induced preferentially IFN-� production.
Such formulations did not require the help of an extrinsic
CD4+ T cell epitope for the priming of CD8+ T response or
the maintenance of a T cell memory. Indeed, the addition of
the universal T helper epitope PADRE[21] co-integrated or
cross-linked to the liposome surface did not enhance the CTL
response, although a PADRE-specific T helper response was
induced by these formulations. In contrast the integration of
C flu-
e ber
o the
e

nse
w ipo-
s rom

infection with recombinant vaccinia virus expressing HCV
sequences. The rather small but significant reduction of vi-
ral load (1.5–2 logs in three independent experiments) may
be related to reduced numbers of CD8+ T cells (1–6% of
splenocytes) in this transgenic mouse model and is in line
with previously described results showing incomplete pro-
tection in a HLA-A2.1 transgenic mouse strain[28]. This is
further supported by the finding that identical liposomal for-
mulations containing the dominant epitope gp33 from the
lymphocytic choriomeningitis virus (LCMV) lead to com-
plete elimination of LCMV in immunised non-transgenic
(C57/BL6) mice[16]. In addition, the cytotoxic T lympho-
cytes induced in the HLA-A2.1 tg mouse were able to lyse
a HLA-A2.1+ human cell line endogenously processing the
HCV target epitope, which demonstrates the relevance of the
CTL response in a situation more closely mimicking the nat-
ural infection. Furthermore, the recognition of CTL across
species validates HLA-A2.1 tg mice as preclinical model for
the analysis of HLA-A2-restricted epitopes with relevance to
human applications.

What should a therapeutic HCV vaccine do? The genetic
heterogeneity of the virus, the tendency to infect liver cells
persistently and the possible suppression of the host immune
response may be the major factors responsible for the chronic-
ity of HCV. Viral clearance after acute hepatitis or after treat-
m oad
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t n to
pG oligonucleotides into liposomes had a significant in
nce on the CD8+ T cell response, increasing the num
f IFN-�-secreting cells approximately 2–10-fold, while
ffect on CTL induction was less pronounced.

The biological relevance of the induced CTL respo
as shown, by demonstrating that immunisation with l
omal peptide vaccines could confer partial protection f
ent with IFN-� is usually associated with strong and br
eripheral and intrahepatic CD4+ and CD8+ T cell response

9,13,29–31]. Since the cell-mediated immunity in patie
ith chronic HCV infection is generally of low vigour an
irected against a small number of epitopes[11,12], the aim
f a therapeutic vaccine should be to strengthen and bro

he T cell response. The frequency of specific CTL in
cute phase of a resolving infection was estimated at 1–
f CD8+ T cells for certain CTL epitopes[11,32]. Particu-

ar attention should be paid to the selection of the epito
hile viral proteins, such as E2 and NS5B were not a

iated with viral clearance, a recent study has correlate
mmune response against NS3 with viral resolution[9,33].
he finding that some epitopes might be more relevan
iral clearance than others could be related to their effic
rocessing and early presentation during viral replica
lternatively, the immune response to such epitopes ma

ess prone to viral escape by mutation or depend on
echanisms reviewed elsewhere[34]. Due to the high muta

ion rate of HCV, which accounts for its great heterogen
nd for the generation of escape variants, many of the

opes are not conserved within viral genotypes. Some o
ess variable epitopes may be involved in crucial functio
tructures of the protein and are therefore more sensit
ingle amino acid changes. Alternatively, conserved epit
ight represent sequences in protein structures that in
o or only low immune pressure during the course of

ection. Importantly, these so-called subdominant epit
ere shown to induce a strong immune response in the

ext of a peptide vaccine and represent an interesting o
o expand the pre-existing immune response. In additio
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the CTL response several studies have underlined the im-
portance of the IFN-� production as a strategy to inhibit viral
replication in absence of cytotoxic T cell-related liver pathol-
ogy [9,35]. In this respect the identification of epitopes in-
ducing substantial IFN-� secretion and no cytotoxicity has
gained importance and may influence the vaccine develop-
ment[36]. In particular, vaccines based on subunits, such as
peptides, allow the selection of defined epitopes according to
certain characteristics, thereby limiting the risk of potential
side effects. Studies on peptide-based vaccine strategies for
HCV have been recently reviewed by Hunziker et al.[37].
Several other immunization strategies have shown the induc-
tion of anti-viral humoral and cellular immune responses in
mice. This includes recombinant viral and bacterial vectors or
plasmid DNA expressing HCV sequences[26,36,38]. Prime-
boost regimens with plasmid DNA and replication-deficient
viral vectors or recombinant proteins combine the advantages
of different vaccine strategies[36,39]. HCV-derived virus-
like particles and recombinant proteins, although difficult to
produce at high purity and amounts, have also been shown to
induce strong humoral as well as cellular immune responses
in several mouse studies[28,40]. In contrast to recombinant
proteins or viral-like particles, HCV-derived peptides can be
produced synthetically in high amounts. As small peptides
consisting only of the CD8+ T cell epitope are generally
n ne
i ms
s s,
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studies and consecutive experimental infections with HCV
in chimpanzees seem to indicate that a vaccine will not be
able to confer complete protection, but will rather increase
the likelihood of a benign, self-limiting course of infection
[46]. Although chimpanzees are infectable with HCV, impor-
tant differences in infectivity and immunological response as
compared to humans have to be considered. The only vac-
cine trial in humans that entered clinical phase IIa is based
on the envelope E1 protein. According to study data re-
leased by Innogenetics the induction of high titer anti-E1
antibodies as well as an E1-specific proliferation and IFN-
� production could be demonstrated in healthy probands as
well as in chronic HCV patients. In many HCV patients sus-
tained and significant decline of serum alanin-transaminase
(ALT) and improvement of liver fibrosis scores were ob-
served[47]. This human trail is of great interest as it demon-
strates firstly that the immune response in chronic patients
is susceptible to stimulation, secondly that the enhanced im-
mune response does not necessarily lead to exacerbation of
immune-mediated liver pathology, and that it can even have
beneficial effects on liver fibrosis.

As liposomal peptide vaccines were efficiently tested in
the preclinical mouse model we now plan to investigate the
immunogenicity of a liposomal or virosomal vaccine in clin-
ical trails. Among the different strategies to deliver peptides
t able
i ively
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p of
l epi-
t in
L tory
m

e of
H sur-
f tim-
u V
e ents
w oad
i rs or
p ngly
f or-
m

in-
t the
a oven
s ould
d s in
v mice
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ot immunogenic in vivo, immunizations were mainly do
n combination with adjuvant or lipophilic delivery syste
uch as lipid tails or lipid vesicles[41,42]. Several studie
ainly conducted in Balb/c mice, have demonstrated th
uction of HCV-specific CD8+ and CD4+ T cell as well as

he production of antibodies against peptide mimitopes
ncreasing number of vaccine studies are now perform
LA-A2.1 tg mice. This permits advantage to be taken

he expanding number of CD8+ T cell epitopes identifie
nd characterised in HCV patients. A recently perfor
tudy has analysed different vaccine strategies (DNA,
oviral vector and peptides in incomplete Freund’s adjuv

n HLA-A2.1 tg mice for their potential to induce a respo
gainst several of the published HCV epitopes[36].

While peptide vaccines seem to induce a rather stron
ponse against single epitopes, this implies the need to e
he immune response to a larger number of different epito
n preliminary experiments, we demonstrated priming o
ells against four epitopes by co-injection of different lipo
al peptide formulations, although the response per ep
as reduced as compared to immunizations with a s
pitope (data not shown).

The chimpanzee model currently provides the only m
f studying the protective immunity against HCV by c
idate vaccines prior to human trails. Vaccine studies b
n E1/E2 (recombinant proteins or plasmid DNA encod

he proteins) were able to confer partial protection ag
ow-level infection with homologous and heterologous v
43]. Although immunised chimpanzees could be infe
ven with homologous monoclonal HCV, they often de
ped only a mild hepatitis[44,45]. In general, immunisatio
hrough the immunogenic route, liposomes are favour
n many aspects: firstly, they can be produced inexpens
rom completely synthetic compounds, secondly they
ect peptides from extracellular degradation and thirdly
ave been safely used in humans for many years in diff
linical applications[16-18]. The immunogenic effect of l
osome formulations is probably due to the efficient ant
elivery to dendritic cells (DC) and the activation of antig
resenting cells in the draining lymph nodes (LN). DC

iposome immunised mice were shown to present the
ope for at least 3 days and the in vivo activation of DC
N was demonstrated by the up-regulation of co-stimula
olecules[16].
In future experiments we will also investigate the us

CV protein sequences integrated or cross-linked to the
ace of liposomes. This may allow us to simultaneously s
late the CD4+ and CD8+ T cell responses against HC
pitopes. Furthermore, we consider prime-boost experim
ith plasmid DNA and viral vectors. Thereby the rather br

mmune response induced by recombinant viral vecto
lasmid DNA may be combined with the potent and stro

ocused CD8+ T cell response stimulated by liposomal f
ulations.
In conclusion, peptide-containing liposomes are an

eresting option for a therapeutic HCV vaccine, having
dvantage of convenient large-scale production and pr
afety in human applications. Using liposomes, we c
ocument the immunogenicity of several HCV epitope
ivo. The stimulated immune response in transgenic
as strong and focused on selected epitopes, inducing C

ather high affinity and elevated numbers of IFN-�-producing
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cells, which persisted for at least 3 months. Thus, this suc-
cessful immunisation protocol using HCV peptides and lipo-
somes may lead to the development of a phase I clinical trial
using combinations of CD8+ T cell epitopes and CpG.
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