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Abstract Our aim is to develop peptide vaccines that
stimulate tumor antigen-speciWc T-lymphocyte responses
against frequently detected cancers. We describe herein a
novel HLA-A*0201-restricted epitope, encompassing
amino acids 828–836 (residues QIAKGMSYL), which is
naturally presented by various HER-2/neu+ tumor cell
lines. HER-2/neu(828-836), [HER-2(9828)], possesses two
anchor residues and stabilized HLA-A*0201 on T2 cells in
a concentration-dependent Class I binding assay. This pep-
tide was stable for 3.5 h in an oV-kinetic assay. HER-2(9828)
was found to be immunogenic in HLA-A*0201 transgenic
(HHD) mice inducing peptide-speciWc and functionally
potent CTL and long-lasting anti-tumor immunity. Most
important, using HLA-A*0201 pentamer analysis we could
detect increased ex vivo frequencies of CD8+ T-lympho-
cytes speciWcally recognizing HER-2(9828) in 8 out of 20

HLA-A*0201+ HER-2/neu+ breast cancer patients. More-
over, HER-2(9828)-speciWc human CTL recognized the
tumor cell line SKOV3.A2 as well as the primary
RS.A2.1.DR1 tumor cell line both expressing HER-2/neu
and HLA-A*0201. Finally, therapeutic vaccination with
HER-2(9828) in HHD mice was proven eVective against
established transplantable ALC.A2.1.HER tumors, induc-
ing complete tumor regression in 50% of mice. Our data
encourage further exploitation of HER-2(9828) as a promis-
ing candidate for peptide-based cancer vaccines.
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Introduction

It has long been established that small peptide products
derived from the proteolytic processing of proteins syn-
thesized by tumor cells, when bound to MHC Class I
molecules, can be recognized by speciWc cytotoxic
T-lymphocytes (CTL) [1, 2]. Tumor peptide-speciWc CTL,
adoptively transferred or in vivo activated by active immu-
nization, exert anti-tumor therapeutic activity which usually
results, at least as encountered in preclinical tumor models,
in regression of established tumors [3]. Thus, the develop-
ment of therapies aiming at cancer immunotherapy is criti-
cally dependent on the identiWcation of tumor-associated
antigens. The use of genetic approaches based on genomic
or cDNA expression libraries [4, 5] along with the utiliza-
tion of biochemical methods based on acid elution of MHC
Class I-bound peptides [6, 7], have enabled the identiWca-
tion of several immunodominant tumor protein-derived epi-
topes recognized by CTL [4–8]. However, an alternative
method for identifying tumor epitopes recognized by CTL
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is based mainly on algorithms predicting the binding of the
corresponding peptides on MHC Class I alleles [9, 10].
Nonetheless, in the search for identifying suitable tumor
peptide epitopes and notwithstanding the nature of the
methodology employed, it is the generation of peptide-spe-
ciWc CTL that has been proven to be critical in conWrming
the immunogenicity of the peptides in question [11, 12].

Overexpression of the HER-2/neu oncogene by a signiW-
cant number of human carcinomas has been associated with
more aggressive disease [13, 14]. Despite its high onco-
genic potential, HER-2/neu oncoprotein has been consid-
ered as a promising target for cancer therapeutics as it has
been proven to be immunogenic in vivo inducing speciWc
CTL and IgG responses in a considerable subset of patients
with HER-2/neu positive breast cancer [13]. Moreover, var-
ious MHC Class I- and Class II-binding peptides from the
HER-2/neu sequence were also able to elicit in vitro tumor-
reactive CTL and T helper (Th) responses, respectively
[14–18]. However, synthetic peptides corresponding to
HER-2/neu immunogenic epitopes have greatly failed to
function as therapeutic vaccines in phase I/II trials [13, 19–
22]. Due to the fact that HER-2/neu is a self protein, toler-
ance mechanisms may provide a serious obstacle toward
the development of eYcient anti-tumor responses in vivo
[23–25]. Therefore, we [26] and others [25, 27–30] have
invented and applied several approaches in preclinical
models to circumvent tolerance against the HER-2/neu pro-
tein, resulting in more persistent and eYcient anti-tumor
responses [16, 25–29]. However, in parallel with the studies
aiming at improving the eVectiveness of a vaccine, it has
been considered essential to identify novel immunogenic
CTL epitopes, aiming at providing insight into the design
of more eYcacious peptide-based treatment modalities.

In this study, by applying the data obtained by prediction
algorithms for MHC Class I ligands and proteasomal cleav-
age databases, we describe the identiWcation of an immuno-
genic nonamer from the human HER-2/neu sequence,
encompassing amino acids 828 to 836 (residues QIAKGM-
SYL), and reveal several features of the immune response
to this epitope as well as of its anti-tumor properties both
in vitro and in vivo. Our data clearly point to the fact that
HER-2(9828) could act as a potent cancer vaccine.

Materials and methods

Patients and healthy donors

Venous blood was drawn from HLA-A*0201+ (n = 20) and
HLA-A*0201¡ (n = 10) HER-2/neu+ breast cancer patients
and HLA-A*0201+ (n = 10) healthy volunteers. Using a
standard indirect immunoXuorescence assay, detection of
HLA-A*0201 on individuals’ PBMC was enabled when

staining with the BB7.2 mAb (a gift from Prof. H. G. Ram-
mensee, Department of Immunology, University of Tuebin-
gen, Tuebingen, Germany) along with a PE-conjugated
anti-mouse IgG (DakoCytomation, Glostrup, Denmark),
which was used as a second antibody. This investigation
received approval from the Institutional Ethics Committee
and a written informed consent from all individuals.

Mice

HHD mice are �2m¡/¡, Db¡/¡, and express a HLA-A*0201
monochain composed of a chimeric H chain (�1 and �2
domains of HLA-A*0201 and the �3 intracellular domain
of Db) linked by its NH2 terminus to the COOH terminus of
the human �2m [31]. HHD mice were provided by Prof.
Francois Lemonnier (Unite d’Immunite Cellulaire Antivi-
rale, Institut Pasteur, Paris, France). Mice were maintained
in pathogen-free conditions in the animal facilities of our
center. All protocols were reviewed by the St. Savas Cancer
Hospital competent authority in compliance with the Greek
and European regulations on Animal Welfare and with
Public Health Service recommendations.

Cell lines

The HER-2/neu overexpressing ovarian cancer cell line
SKOV3 (donated by C. G. Ioannides, Department of Gyne-
cologic Oncology and Immunology, University of Texas,
Austin, TX and M.D. Anderson Cancer Center, Houston,
TX) was maintained in culture in Alpha MEM medium
(Biochrom AG, Germany) supplemented with 10% FCS
(Biochrom AG, Germany), with the addition of 2 mM L-
Glutamine (Biochrom AG, Germany), 100 �g/ml gentami-
cin and 2.5 mM 2-mercapthoethanol (Promega, Madison,
WI, USA). The murine ALC lymphoma cell line was pro-
vided by Prof. R. Kiessling (Microbiology and Tumor Biol-
ogy Center, Karolinska Institute, Stockholm, Sweden). This
was grown in vivo as ascites by serial passages in C57BL/6
syngeneic mice. HLA-A*0201 transfectants of SKOV3
(SKOV3.A2), and HLA-A*0201 and human HER-2/neu
transfectants of ALC (ALC.A2.1.HER) were produced as
recently described [26]. RS.A2.1.DR1 is a breast cancer
cell line developed in our laboratory from primary tumor
cells of a surgically excised HLA-A*0201+ HLA-DR1+

HER-2/neu+ tumor. This was grown in vitro in Dubellco’s
MEM (Gibco, Carlsbad, CA, USA) medium supplemented
with 10% FCS, 10% NCTC 109 medium (Gibco, Carlsbad,
CA, USA), 2 mM L-Glutamine (Biochrom AG, Germany),
100 �g/ml gentamicin, 0.1 mM MEM non-essential amino
acids (Gibco, Carlsbad, CA, USA), 0.5 mM sodium bicar-
bonate (Gibco, Carlsbad, CA, USA), 2.5 mM 2-mercaptho-
ethanol (Promega, Madison, WI, USA), and 100 IU/ml
human insulin. In all transfected cell lines, expression of
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the transgene was maintained with the addition of 500 �g/
ml Geneticin (Biochrom AG, Germany) in the culture
medium.

Epitope prediction

Epitope prediction was done as described by isolating
potential HLA-A*0201 ligands from the sequence of
HER-2/neu using a matrix pattern suitable for calculation
of peptides Wtting to the HLA-A*0201 motif [10]. Such
motif predictions are available at http://www.syfpeithi.de. Epi-
tope prediction was combined with PAProC (http://www.
paproc.de/) [32], which is a prediction tool for cleavages by
human proteasomes, and peptide sequence alignment was
performed using Blastp database (http://www.blast.ncbi.
nlm.nih.gov/Blast.cgi).

Peptide synthesis

Peptides HER-2(9828), HER-2(9657), HER-2(9369), and
HER-2(9767), derived from the human HER-2/neu
sequence, as well as the gp100-derived peptide gp(154-
162) [gp(9154)] and the inXuenza matrix peptide Xu(58-66)
were purchased from EZBiolab (EZ Biolab, Carmel, USA).
Peptides were synthesized by standard solid-phase chemis-
try and analyzed by mass spectrometry. Peptide purity was
>95% as analyzed by reverse-phase HPLC.

T2 binding assay

HER-2(9828) was tested for dose-dependent binding to T2
cells in a HLA-A*0201 stabilization assay, as described
recently [18, 26]. In brief, T2 cells were incubated over-
night in serum-free RPMI 1640 (Biochrom AG, Germany)
in the presence of 100 ng/ml �2-microglobulin (Sigma–
Aldrich, Saint Louis, MO, USA) without peptides (back-
ground immunoXuorescence) or with peptides [HER-
2(9828), HER-2(9369), HER-2(9767), Xu(58-66)] over a range
of concentrations from 1 nmol/L to 10 �mol/L. Stability of
HLA-A*0201 was assayed by Xow cytometry after staining
the cells with the BB7.2 mAb and PE-conjugated anti-
mouse IgG (DakoCytomation, Glostrup, Denmark). Results
are expressed as fold of increase of mean Xuorescence
intensities (MFI) in the presence of peptide relative to MFI
without peptide.

Measurement of peptide/HLA-A*0201 complex stability

The oV-kinetics assay has been reported recently [18]. In
brief, T2 cells were incubated overnight at 37°C without
peptide or with 10 �mol/L of peptides [HER-2(9828), HER-
2(9369), HER-2(9767), Xu(58-66)] in serum-free RPMI 1640
(Biochrom AG, Germany) supplemented with �2-micro-

globulin at 100 ng/ml. Next, cells were incubated with Bre-
feldin A (10 �g/ml; Applichem GmbH, Germany) for 1 h,
washed, and further incubated for 0, 2, 4, and 6 h. Subse-
quently, cells were stained with BB7.2 mAb followed by
staining with a PE-conjugated anti-mouse IgG (DakoCyto-
mation, Glostrup, Denmark). MFI measured at 0 h was con-
sidered as 100%. MFI measured at all other time-points are
expressed relative to MFI at 0 h and calculated as follows:
[MFI (0 h) ¡ MFI (2 h, 4 h, or 6 h)/MFI (0 h)] £ 100.

In vivo generation of HER-2(9828)-speciWc CTL

In vivo generation of HER-2(9828)-speciWc CTL was tested
in HHD mice by applying a protocol similar to that recently
published by us [18]. BrieXy, 6 to 8-week-old mice were
injected thrice with H�R-2(9828) peptide (100 �g per injec-
tion emulsiWed in 100 �l Incomplete Freund’s adjuvant
subcutaneously at the base of the tail) every 5 days (i.e.,
days 0, 5, and 10). On the same days, GM-CSF was admin-
istered intraperitoneally at 100 ng per mouse in 100 �l PBS.
Pooled splenic CD8+ T cells from the immunized mice
were used as eVectors/responders in the following assays.

ELIspot assay

CD8+ T cells were isolated from total immune HHD
splenocytes (collected from killed animals one day or
30 days after the last injection) by negative selection using
the CD8+ T-cell isolation kit (Miltenyi Biotec, Auburn, CA,
USA) [18]. Cells were pooled and plated in ordinary 96-U
bottom plates at 0.5 £ 105 cells/well in quadruplicates for
24 h at 37°C. Irradiated (3,000 rad) stimulatory-target cells
were added to the CD8+ T-cell responders at a cell ratio of
1:1 in a total volume of 200 �l/well RPMI 1640 culture
medium, supplemented with 10% FCS. The next day, well
contents were transferred into the 96-well Xat-bottomed
PVDF ELIspot plate and incubated for another 24 h. Wash-
ing steps as well as the visualization of spots were per-
formed according to the manufacturer’s protocol (BD
Biosciences, San Jose, CA, USA). IFN� production was
estimated by counting spots in the automated 4-plate ELI-
spot reader (Eli.Expert; A.EL.VIS GmbH, Germany) using
the Eli.Analyse Software (Version V5.0) of the same com-
pany. SpeciWc spots were calculated by subtracting the
mean number of spots obtained in the control cultures (i.e.,
those set up in the absence of stimulatory cells) from the
mean number of spots in each experimental group.

Flow cytometric degranulation assay

CD8+ T cells were isolated from total immune HHD spleno-
cytes (collected from killed animals one day after the last
injection) by negative selection using the CD8+ T-cell isolation
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kit [18]. Cells were pooled, resuspended in fresh RPMI
1640 culture medium (supplemented with 10% FCS) and
plated in 96-U-bottom plates at 0.5 £ 105 cells/well together
with an equal amount of the cancer cell line targets
(E:T = 1:1). A 10 �l mix of FITC-labeled anti-mouse
CD107a (clone 1D4B; BD Biosciences, San Jose, CA,
USA) and anti-mouse CD107b (clone ABL-93; BD Biosci-
ences, San Jose, CA, USA) mAb was also added to half of
the wells. One hour after the start of stimulation, 10 �g/ml of
Brefeldin A (Applichem GmbH, Germany) and 2 �M of
Monensin (eBioscience, San Diego, CA, USA) were added
to each well. Following a 6-h stimulation in a CO2 incubator,
cells were washed in 2 ml of wash buVer (2% FBS, 0.1%
sodium azide in PBS), resuspended in residual liquid and
stained with an APC-labeled anti-mouse CD8a mAb (clone
53-6.7; eBioscience, San Diego, CA, USA) for 20 min at
4°C. Cells were then Wxed and permeabilized using the BD
CytoWx/Cytopem™ Fixation/Permeabilization Kit (BD Bio-
sciences, San Jose, CA, USA), according to the protocol
provided by the manufacturer and intracellularly stained
with a PE-conjugated anti-mouse IFN� mAb (Clone
XMG1.2; eBioscience, San Diego, USA). Flow cytometric
analysis of eVector IFN�+/CD107+/CD8+ cells was per-
formed on a FACSCalibur Flow Cytometer (BD Biosci-
ences, San Jose, CA, USA) using CellQuest software.

CFSE-based in vivo cytotoxicity assay

In vivo cytotoxicity assay was done as described recently
with a few modiWcations [25]. BrieXy, a single-cell suspen-
sion of 20 £ 106 naive HHD splenocytes per 600 �l was
labeled with two concentrations, 0.5 (CFSElow) or 5.0 �mol/
L (CFSEhigh), of the Xuorescent dye CFSE (Molecular
Probes, Leiden, the Netherlands) for 10 min at 37°C. The
reaction was stopped by the addition of equal volume of
FBS followed by a 30 min incubation at room temperature.
Splenocytes labeled with the highest concentration of
5.0 �mol/L (CFSEhigh) were pulsed either with the HER-
2(9828) or with the HER-2(9657) peptide for 1 h at room tem-
perature. The two splenocyte populations (CFSEhigh and
CFSElow cells) were mixed together in equal amounts and a
total of 15 £ 106 splenocytes were injected intravenously
into each vaccinated HHD mouse. Mice were killed 48 h
later, and single-cell suspensions from spleens were pro-
cessed individually to evaluate the presence of CFSEhigh and
CFSElow cells. The speciWc cytolytic activity was calculated
as 100 £ (percentage CFSElow cells ¡ percentage CFSEhigh

cells)/percentage CFSElow cells.

In vivo therapeutic mouse model

Following a similar vaccination protocol as previously
described [18], 6–8 week-old sex-matched HHD mice were

inoculated subcutaneously with 5 £ 104 ALC.A2.1.HER
cells. As much as 10–12 days later, once palpable tumors
were established, mice were vaccinated thrice with a 5-day
interval subcutaneously at the base of the tail with either
100 �g of the HER-2(9828) peptide [or peptide gp(9154)]
emulsiWed in IFA or IFA alone. On the same days as above,
GM-CSF was also administered intraperitoneally at 100 ng
per mouse. Mice were observed for survival for >60 days.
Tumor size was monitored every 4 days and was expressed
as the product of the perpendicular diameters of individual
tumors (in mm2). The observation was terminated with
euthanasia when tumor mass grew more than 250 mm2 in
size.

Ex vivo analysis of HER-2(9828)-speciWc T cells

Heparinized peripheral blood samples were collected from
each patient or healthy donor and PBMC were isolated by
density gradient centrifugation using Ficoll-Hypaque (Bio-
chrom AG, Germany). PE-labeled HLA-A*0201 pentamer
(PENT) presenting the HER-2(9828) epitope was provided
by Proimmune (The Magdalen Centre, Oxford Science,
Oxford, U.K.). The cellular staining protocol followed was
provided by the manufacturer. BrieXy, 1–2 £ 106 PBMC
were washed in 2 ml of wash buVer (0.1% sodium azide,
0.1% BSA in PBS), spun down (500g for 5 min), and resus-
pended in residual liquid (�50 �l). One test (10 �l) of PENT
peptide was added to the cells and was mixed by pipetting.
After incubation at room temperature for 10 min, cells were
washed in 2 ml wash buVer, resuspended in residual liquid
(50 �l), and further incubated for 20 min on ice with FITC-
labeled CD45 (clone 2D1; BD Biosciences, San Jose, CA,
USA) and APC-labeled anti-CD8 mAb (clone SK1; BD
Biosciences, San Jose, CA, USA). Dead cell exclusion was
performed by staining 10 min before analysis with the Xuo-
rescent dye 7-Amino-actinomycin D (7-AAD) (BD Pharmi-
gen, San Jose, CA, USA). PENT+/CD8+ cells were
analyzed on a FACSCalibur Flow Cytometer with the use
of the CellQuest software.

In vitro generation of �ER-2(9828)-speciWc CTL

CD4+CD25+ Treg cell-depleted PBMC from two HER-2/
neu+, HLA-A*0201+ breast cancer patients (Patient 1 and
2) exhibiting the highest ex vivo HER-2(9828)-PENT+/
CD8+ frequencies (0.030 and 0.045%, respectively) were
used for the generation of HER-2(9828)-speciWc CTL.
CD4+CD25+ Treg cells were depleted from PBMC prior to
cell culture in a two-step procedure as described recently
[18]. BrieXy, PBMC were initially labeled with anti-CD25-
PE mAb (clone 2A3) (BD Biosciences) following the
depletion of CD25+ cells among PBMC using goat-anti-
mouse IgG microbeads (Miltenyi Biotec, Bergish-Gladbach,
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Germany). Phenotype studies showed that PBMC were
totally devoid of CD4+CD25high cells (data not shown).
In vitro stimulation of Treg cell-depleted PBMC with HER-
2(9828) was performed as recently described [18]. As much
as 5–7 days after the last re-stimulation, cells were assessed
for cytotoxic activity by standard chromium release assay,
as described recently [18]. BrieXy, in vitro-generated CTL
were resuspended in 100 �l of fresh RPMI medium supple-
mented with 10% FCS and plated on 96-well-U-bottomed
plates (Costar, Cambridge, MA). Tumor cell targets were
labeled with sodium chromate (Radiochemical Centre,
Amersham, The Netherlands), resuspended at a concentra-
tion of 0.3 £ 105 cells/ml and added to eVectors at the
indicated ratios (E:T = 10:1, 20:1, 40:1). For peptide recog-
nition, T2 cells were pulsed with either 20 �g/ml of the
HER-2(9828) or the HER-2(9657) control peptide, washed
and then labeled. After a 6 h incubation in a CO2 incubator,
% cytotoxicity was determined according to the following
formula: % lysis = 100 £ (test 51Cr release ¡ spontaneous
51Cr)/(maximum 51Cr release ¡ spontaneous 51Cr).

Statistics

All experimental data were evaluated using Student’s t test
at 95% conWdence interval to determine the statistical sig-
niWcance of diVerences between groups, with P < 0.05
being considered signiWcant.

Results

Binding of HER-2(9828) to HLA-A*0201 molecules

Binding prediction of the candidate 9-mer epitope [HER-
2(9828)] (QIAKGMSYL, spanning residues 828–836 from
the HER-2/neu oncoprotein) to HLA-A*0201 allele, was
performed using the SYFPEITHI algorithm. Based on the
presence of the amino acids isoleucin (I) at position 2 and
leucin (L) at position 9, HER-2(9828) has a binding score of
22 for HLA-A*0201. In addition, according to the PAProC
algorithm, this peptide has sites for proteasomal cleavages
that allow its natural processing (proteasome type III
cleaves HER-2/neu at positions 828 and 836). The capacity
of HER-2(9828) to bind to HLA*0201 and form stable
HLA-A*0201/Peptide complexes was tested in standard
functional T2 binding and MHC/peptide stability assays,
respectively. As shown in Fig. 1a and b, this peptide exhib-
ited a rather intermediate binding aYnity and MHC/peptide
complex stability, as compared with peptides displaying
high binding aYnity for HLA-A*0201 molecules, such as
HER-2(9369) and inXuenza (58-66) [26, 33, 34] and pep-
tides deWned as intermediate binders to the HLA-A*0201
molecule [i.e., HER-2(9767)] [12].

Generation of HER-2(9828)-speciWc CTL in HHD mice

We next sought to investigate whether active immunization
with HER-2(9828) could generate CD8+ T cells speciWcally
recognizing this peptide as naturally processed and
expressed on tumor cell lines. For this purpose, we immu-
nized HHD mice with HER-2(9828) in IFA plus GM-CSF,
according to the protocol described in Sect. “Materials and
methods”. CD8+ T cells isolated from total immune spleno-
cytes were subsequently used as responders in IFN�-based

Fig. 1 a Binding of HER-2(9828) to HLA-A*0201 molecules on T2
cells. Fold increase of MFI for HLA-A2.1 expression in the presence
of peptides at the indicated concentrations over MFI observed after
overnight incubation of T2 cells in plain medium. Control peptides
Xu(58-66) and HER-2(9369) bind with high-aYnity to HLA-A2.1 and
HER-2(9767) is an intermediate binder. One representative experiment
of three performed is shown. b Stabilization of HLA-A*0201/peptide
complexes on T2 cells. T2 cells were incubated with peptides
(10 �mol/L) overnight, then washed, treated over 1 h with brefeldin A
washed and subsequently incubated for the indicated times at 37°C.
MFI are expressed relative to those observed in the initial labeling
experiment, which was done after the treatment with brefeldin A (0 h)
(considered as 100% of MFI). Mean values § SD from three experi-
ments are shown
123
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ELIspot assays in vitro against various targets. As shown in
Fig. 2a, such responders eYciently recognized the HER-2/
neu overexpressing human tumor cell line SKOV3, trans-
fected to express HLA-A*0201 (i.e., SKOV3.A2), as well
as the mouse lymphoma cell line ALC.A2.1.HER, a double

transfectant of HER-2/neu and HLA-A*0201 [18]. SigniW-
cantly lower IFN� responses were observed when the non-
transfectants of the above cell lines (i.e., SKOV3 and ALC)
were used as stimulators (P < 0.001 in both cases; Fig. 2a),
which were comparable to those mediated by CD8+ T-cell
responders from control mice immunized with adjuvants
(i.e., IFA plus GM-CSF) in the absence of peptide. Statisti-
cally signiWcant diVerences between the peptide-immunized
and non-peptide immunized HHD mice were also obtained
against the human HER-2/neu+, HLA-A*0201+, HLA-
DR1+ RS.A2.1.DR1 cancer cell line (P < 0.001; Fig. 2a).
Overall, these results suggest that HER-2(9828) peptide is
immunogenic in vivo and that this epitope is naturally
expressed by HER-2/neu+, HLA-A*0201+ tumor cell lines.

To evaluate the capacity of peptide vaccination to induce
a long-lasting tumor-speciWc immune response, CD8+

eVector T cells were isolated from the spleens of HHD mice
30 days after immunization with HER-2(9828) peptide and
tested as in Fig. 2a. A similar pattern of IFN� responses
were observed in the ELIspot assay (Fig. 2b) as with CTL
eVectors collected just one day after immunization with
HER-2(9828) demonstrating that this peptide is capable of
inducing memory anti-tumor CTL immunity lasting at least
30 days.

Similar results regarding the capacity of HER-2(9828) to
generate functionally active CD8+ CTL can be deduced
from the Xow cytometric degranulation assay. In this assay,
the potential for granule-dependent perforin/granzyme-
mediated target cell killing was determined. Using Xow
cytometry, we were able to measure the cumulative expo-
sure of granular membrane proteins CD107a/b on the cell
surface of CTL, characterized as positive markers of
degranulation, with the simultaneous staining of intracellu-
lar IFN� secreted by CTLs [18, 35]. CD8+ T cells from
HHD immunized mice exhibited high levels of intracellular
IFN� and a high potential of granule-dependent perforin/
granzyme-mediated target cell killing as detected by the
increased surface expression of the granular membrane
protein CD107 upon recognition of ALC.A2.1.HER,
SKOV3.A2, and RS.A2.1.DR1 cancer cell lines (Fig. 3).
Vaccination of HHD mice with IFA and GM-CSF in the
absence of the peptide elicited a signiWcantly weaker
response as characterized by a low percentage of IFN�+/
CD107+ cells among the isolated splenic CD8+ T cells upon
encountering the ALC.A2.1.HER and SKOV3.A2 targets
(P < 0.05 and P < 0.001, respectively; Fig. 3). Statistically
signiWcant diVerences among the two vaccinated groups of
mice were also observed against the RS.A2.1.DR1 cell line,
although at a lesser degree (P < 0.05; Fig. 3).

The relatively high background responses observed against
certain stimulatory cell lines (e.g., ALC, RS.A2.1.DR1)
in the above assays (Figs. 2, 3) may be attributed to an
IFA plus GM-CSF induced non-speciWc activation of

Fig. 2 Vaccination with HER-2(9828) in IFA plus GM-CSF generates
CTL in HHD mice recognizing HER-2/neu+ HLA-A*0201+ tumor cell
lines. a One day after the last vaccination, CD8+ splenic T cells from
immunized HHD mice were tested as responders against stimulatory
cell lines transfected to express both HER-2/neu and/or HLA-A*0201
(i.e., ALC.A2.1.HER and SKOV3.A2,) or non-transfected [i.e., ALC
(HER-2/neu¡, HLA-A*0201¡) and SKOV3 (HER-2/neu+, HLA-
A*0201¡)]. The HER-2/neu+, HLA-A*0201+, RS.A2.1.DR1 cell line
was also used as a stimulator. CD8+ splenic T cells were plated in ELI-
spot plates with the indicated stimulatory cells at an E:T = 1:1 ratio.
Following a 48 h incubation, spots indicative of IFN�-producing CD8+

T cells were counted. Five mice were vaccinated for each group and the
mean § SD values from the pooled data are shown. b Vaccination with
HER-2(9828) in IFA plus GM-CSF generates long-lasting immunity in
HHD mice. As much as 30 days after the last vaccination, CD8+ splen-
ic T cells were plated in ELIspot plates with the same stimulatory cell
lines as in (a), at a 1:1 ratio. After a 48 h incubation, spots indicative of
IFN�-producing CD8+ T cells were counted. Five animals per group
were vaccinated and the mean values § SD from the pooled data are
shown. *P < 0.05, **P < 0.01, ***P < 0.001
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responder CD8+ T cells cross-reacting with protein epitopes
expressed by these cell lines.

Moreover, using a CFSE staining protocol we were able to
track the peptide-speciWc CTL function in vivo by monitor-
ing the presence and lysis of the peptide-pulsed target synge-
neic splenocytes. HER-2(9828)-pulsed or HER-2(9657) control
peptide-pulsed (both groups labeled with a high concentra-
tion of CFSE; CFSEhigh) and unpulsed (labeled with a low
concentration of CFSE; CFSElow) target HHD splenocytes
were co-administered to HHD mice previously immunized
with HER-2(9828). As shown in Fig. 4a, HHD mice (n = 4)
vaccinated with HER-2(9828) exhibited high levels of in vivo
cytotoxic responses against HER-2(9828)-pulsed syngeneic
splenocytes, the mean cytotoxic response being 50.2 §
19.2% (range 28.15% to 74.43%). The speciWcity of this
response was shown by the signiWcantly lower levels of cyto-
toxicity (mean cytotoxic response was 10.7 § 6.9%) observed
against inoculated HER-2(9657) control peptide-pulsed syn-
geneic splenocytes (Fig. 4b; P < 0.01). In a second control
experiment, by vaccinating HHD mice with IFA plus GM-
CSF alone, we observed low levels of induced in vivo cytotox-
icity against HER-2(9828)-pulsed syngeneic splenocytes (mean
cytotoxic response of 8 § 6.9%) (Fig. 4c; P < 0.01).

In vivo therapeutic mouse model

Furthermore, we explored the therapeutic eYcacy of HER-
2(9828) in the potential treatment of established tumors.

According to the protocol described in Sect. “Materials and
methods”, HHD mice were inoculated with syngeneic
ALC.A2.1.HER tumor cells and, once tumors were palpa-
ble, mice were injected thrice with HER-2(9828) in IFA and
GM-CSF [18]. As shown in Fig. 5d, a highly pronounced
delay of tumor growth was observed when mice were
treated this way. Three out of six (50%) mice receiving the
HER-2(9828) plus IFA vaccine co-administered with GM-
CSF were completely cured, whereas tumor growth in the
remainders was signiWcantly delayed compared to
untreated mice (Fig. 5a, P < 0.05) or mice treated only with
IFA (Fig. 5b, P < 0.01) or with the control peptide gp(9154)
in the presence of GM-CSF (Fig. 5c, P < 0.05).

Ex vivo detection of HER-2(9828) reactive T cells 
in patients with breast cancer

To verify recognition of the HER-2(9828) epitope by human
speciWc CD8+ T cells, PBMC from HLA-A*0201+ breast
cancer patients the tumors of which expressed HER-2/neu
were tested ex vivo for recognition of HER-2(9828) syn-
thetic peptide, using Xow cytometric HLA-A*0201+ penta-
mer analysis. Among the HER-2/neu+ HLA-A*0201+

patients examined (n = 20), positive were deWned as those
with ex vivo frequencies higher than 0.015% which is cal-
culated from the highest frequency detected in healthy
donors’ CD8+ T cells (i.e., 0.009%) plus 2 SD of the mean
value for this group (i.e., 2 £ 0.003%) (Fig. 6a). Out of the
20 patients tested, 12 were considered negative having
fewer than 0.015% PENT+/CD8+ cells while the percentage
of HER-2(9828) PENT+/CD8+ in the positive ones (n = 8)
ranged from 0.02% to 0.045% (Fig. 6a). In contrast, the fre-
quencies of HER-2(9828) PENT+/CD8+ cells among all
HER-2/neu+, HLA-A*0201¡ breast cancer patients (n = 10)
and HLA-A*0201+ healthy donors (n = 10) tested, were
equal or below 0.014% and 0.009%, respectively (Fig. 6a).
Figure 6b shows one representative dot plot from the
ex vivo analysis of PENT+/CD8+ T cells in each group of
examined individuals.

In vitro generation of HER-2(9828)-speciWc CTL 
from PBMC

To assess whether HER-2(9828) was also capable of gener-
ating CTL responses in humans, we applied an in vitro sen-
sitization protocol recently published by us [18] using �reg
(CD4+CD25+)-depleted PBMC from patients who had been
scored as positive in the previous Wgure (Fig. 6a). As evi-
dent from previous studies [18, 36, 37], depletion of Tregs
was proven necessary so as to obtain increased frequencies
of tumor-peptide speciWc CTL. Data from Fig. 6c signify
the capacity of patients’ CTLs, generated after in vitro
stimulation as described in Sect. “Materials and methods”,

Fig. 3 Functional characterization of CD8+ eVectors from vaccinated
HHD mice. CD8+ splenic T cells freshly isolated from HHD animals
vaccinated with HER-2(9828) plus IFA and GM-CSF were incubated
for 6 h with each of the indicated stimulators at an E:T = 1:1 ratio in
the presence of an anti-CD107a/b-FITC mAb mix. The intracellular
staining protocol for IFN� is described in Sect. “Materials and meth-
ods”. Five mice (n = 5) were immunized per group and the mean
values § SD from the pooled data are shown.*P < 0.05, *** P < 0.001
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to eVectively lyse HER-2(9828)-pulsed T2 cells (up to
46.34% for patient 1 and 45% for patient 2) as opposed to a
minimal lysing eVect against T2 cells loaded with the con-
trol HER-2(9657) peptide (up to 4.73% for patient 1 and
10.75% for patient 2) (P < 0.05 in both cases). Moreover,
the same CTLs also lysed HER-2/neu overexpressing
human tumor cell line transfected to express HLA-A*0201
(SKOV3.A2) (cytotoxicity levels raising up to 46.38% for
patient 1 and 27.4% for patient 2), but not its non-transfec-
tant (SKOV3) (speciWc lysis up to 12.73% for patient 1 and
11% for patient 2) (P < 0.05 in both cases). Finally, upon
encounter of the CTL with the RS.A2.1.DR1 primary cell
line, cytotoxicity levels raised up to 41.62% for patient 1
and up to 51% for patient 2. This strongly suggests that
HER-2(9828) was not only recognized by in vitro sensitized
CTLs, but these CTLs could also bring about the killing of

primary tumor cells. The above Wndings are in accordance
with previous data (Fig. 2a, b) regarding natural expression
of this peptide epitope on the surface of HER-2/neu+ HLA-
A*0201+ tumor cell lines.

Discussion

The search for new CTL epitopes derived from the amino
acid sequence of well-identiWed tumor antigens through the
utilization of algorithm-based databases predicting binding
to MHC Class I alleles has led to the identiWcation of
numerous T-cell epitopes, most of them restricted to
HLA-A*0201. Combining the information obtained by this
approach together with that gained by proteasomal
digestion pattern analysis we could identify a new HLA-

Fig. 4 In vivo cytotoxicity of HHD mice immunized with HER-
2(9828). a, b Individual histograms from HHD mice immunized with
HER-2(9828) peptide and injected i.v. with a mix of 15 £ 106 syngeneic
splenocytes that consisted of 7.5 £ 106 unpulsed cells which were
stained with 0.5 �mol/L CFSE (CFSElow cells) and (a) 7.5 £ 106 HER-
2(9828)-pulsed cells or (b) 7.5 £ 106 HER-2(9657)-pulsed cells both
stained with 5 �mol/L CFSE (CFSEhigh cells). Histograms of individ-
ual animals vaccinated with IFA plus GM-CSF, but in the absence of

peptide, are shown (c). 48 h after injections, splenocytes were isolated
and immunoXuorescence was evaluated by Xow cytometry. The per-
centage of cytotoxicity for CFSE-labeled splenocytes for each animal
was calculated as follows: 100 £ (percentage CFSElow cells –
percentage CFSEhigh cells)/percentage CFSElow cells. M1 and M2

markers refer to CFSElow and CFSEhigh cells, respectively. P < 0.01 in
all cases
123



Cancer Immunol Immunother (2010) 59:715–727 723
A*0201-binding epitope derived from the tumor antigen
HER-2/neu, namely HER-2(9828). Through a series of
in vivo and in vitro assays we could demonstrate that HER-
2(9828) is an immunogenic and naturally processed and
expressed epitope on various HLA-A*0201+ and HER-2/
neu-expressing tumor cell lines, capable of generating pep-
tide-speciWc and functionally potent CTL in HHD trans-
genic mice. HER-2(9828)-speciWc CTL were also generated
in HLA-A*0201+ HER-2/neu+ breast cancer patients with
pre-existing immunity to this peptide.

When tested in functional assays, the aYnity of HER-
2(9828) for binding to HLA-A*0201 molecule as well as its
capacity to form stable MHC/peptide complexes was inter-
mediate compared to that of HER-2(9369), which has been
classiWed as a good binder due to its high-aYnity for bind-
ing to HLA molecules and its strong immunogenicity [33,
34]. Moreover, similarities in the kinetic proWles of HER-
2(9828) and HER-2(9767), the latter being already attributed
properties of an intermediate binder [12], reinforce the clas-
siWcation of HER-2(9828) as an intermediate binder with the
HLA-A*0201 molecule. Slow release from its anchor
amino acids maybe a signiWcant factor inXuencing the
immunogenicity of a peptide. To this end, Vertuani et al.
[34] found that the high biological activity of a peptide ana-
log of HER-2(9369) was associated with a slower dissocia-
tion proWle compared to the native HER-2(9369) peptide,
resulting in an epitope with greater HLA-A*0201 stability.

Moreover, the dissociation rate of peptide gp100(9209)
modiWed at an HLA-A*0201 anchor residue was signiW-
cantly slower compared to the native peptide, resulting in
robust anti-tumor responses in melanoma patients vacci-
nated with the modiWed peptide [38, 39]. However,
high-aYnity binding of tumor peptides to MHC Class I
molecules does not always coincide with increased peptide
immunogenicity and generation of robust anti-tumor
responses. To support this, Andersen et al. [40] reported
that even the strongest immunogenic peptides from overex-
pressed tumor (self) proteins on p53¡/¡ mice displayed an
intermediate MHC Class I-binding and stabilization capac-
ity. The authors explained their Wndings by postulating the
absence of tolerance toward MHC Class I-restricted self
peptides having an intermediate aYnity for MHC Class I
alleles. In another study, Mc Mahan et al. [41], through a
series of experiments, attempted to determine the optimal
binding requirements for mimotopes of the gp70 peptide
aiming at a more eVective anti-tumor immunity. In this
study, it was shown that MHC/peptide complexes that
formed a high-aYnity interaction with TCR elicited the
generation of T cells that were not functional in vivo and
failed to enhance anti-tumor immunity. In contrast, vacci-
nation with mimotopes exhibiting an intermediate aYnity
range, elicited functional T cells and provided protection
against tumor growth in vivo. Thus, the immunogenicity of
HER-2(9828) might be explained by its ability to remain

Fig. 5 Active immunization 
with HER-2(9828) induces strong 
antitumor activity in mice. HHD 
mice were inoculated s.c. with 
5 £ 104 ALC.A2.1.HER trans-
plantable tumor cells and 10–
12 days later when tumor was 
palpable these were vaccinated 
as described in Sect. “Materials 
and methods” either with HER-
2(9828) in IFA plus GM-CSF (d), 
or with control peptide gp(9154) 
in IFA plus GM-CSF (c), or with 
IFA and GM-CSF alone (b), or 
left untreated (a). Tumor growth 
thereafter was observed regu-
larly every 4 days. Curves indi-
vidual mice. P < 0.05 in all cases
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bound to MHC Class I molecules on APC long enough to
allow an increased stability of the TCR/MHC/peptide
complex [42]. This in turn would result in a robust signal-
ing downstream the nucleus with stronger activation of the
peptide-speciWc T cells.

In animal studies, we could deduce that immunization of
HHD transgenic mice with HER-2(9828) resulted in the gen-
eration of peptide-speciWc and functionally active CTL. We

have used the HHD model which is mostly relevant at iden-
tifying HLA-A*0201-restricted peptides as vaccine candi-
dates. The ALC.A2.1.HER is a fast growing tumor in HHD
mice and therefore represents a powerful tool for assessing
the eYciency of HLA-A*0201-restricted HER-2/neu pep-
tide-based vaccines [18, 26]. According to our active
immunization results, 50% of HHD mice therapeutically
vaccinated with HER-2(9828) rejected its ALC.A2.1.HER

Fig. 6 Ex vivo identiWcation of PENT+/CD8+ T-cell frequencies in
HER-2/neu+ and HLA-A*0201+ or HLA-A*0201¡ breast cancer
patients and HLA-A*0201+ healthy donors using Xow cytometry (a).
Frequencies were detected by staining with PE-labeled HLA-A*0201
pentamer presenting the HER-2 (9828) epitope as described in
Sect. “Materials and Methods” (*P < 0.05, **P < 0.01). b Indicative
dot plots of the HER-2(9828)-PENT+/CD8+ frequencies in the PBMCs
of the above mentioned groups using HLA-A*0201 pentamer binding
analysis. c Immunogenicity of the HER-2(9828) epitope in vitro. HER-

2(9828)-speciWc CTL were generated from patients’ PBMC after CD4+

CD25+ regulatory T-cell depletion and stimulation with peptide HER-
2(9828), as described in Sect. “Materials and methods”. EVector CTL
were used thereafter in a standard 51Cr release cytotoxicity assay and
eVectively lysed HER-2(9828)-pulsed T2 cells and the human HER-2/
neu+ HLA-A*0201+ cell lines SKOV3.A2 and RS.A2.1.DR1. Each
point represents the mean value from triplicates. SD was negligible and
thus omitted. P < 0.05 in all cases
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tumors and became long-term survivors, whereas the sur-
vival of the remainders was signiWcantly prolonged.

Furthermore, in humans, HER-2(9828) exhibited high
spontaneous immunogenicity as it was recognized by 8 out
of 20 HLA-A*0201+ HER-2/neu+ breast cancer patients.
Pre-existent immunity in these patients to HER-2(9828)
could be a result of autovaccination, induced by the release
of tumor antigen by the dying apoptotic/necrotic tumor
cells during or after chemotherapy [18]. Accordingly, the
degree of response to chemotherapy may have an impact on
the frequency levels of HER-2(9828)-speciWc CTL in vivo
[18]. Another possibility would be that detectable peptide-
speciWc CTL expansions are controlled by regulatory T
cells (Tregs) the percentages of which may diVer among
patients, as this has been shown in various types of cancer
[43–49]. Thus, the genetic background of the patients (i.e.,
HLA-DR alleles) represents also an important parameter
inXuencing the ex vivo frequencies of tumor peptide-spe-
ciWc CTL, since inducible Tregs generated after recognition
of tumor peptides have been demonstrated in experimental
tumor models [50–52] and patients with melanoma [53,
54]. Most importantly, in vitro generated peptide-speciWc
CTL from two HLA-A*0201+ HER-2/neu+ breast cancer
patients exhibiting pre-existent immunity to HER-2(9828)
were able to recognize the peptide in vitro and exhibited
potent cytotoxic properties upon encountering the HER-2/
neu+ HLA-A*0201+ SKOV3.A2 tumor targets as well as
the primary RS.A2.1.DR1 tumor cell line, reinforcing the
statement that HER-2(9828) is a naturally expressed epitope
on the surface of these HER-2/neu+ HLA-A*0201+ cell
lines.

Nonetheless, irrespective of the nature of underlying
mechanisms, our data point to the fact that HER-2(9828) is
an immunodominant peptide, which, combined with its
ability to induce a substantially long-lasting anti-tumor
immunity can be considered as a preferable vaccine candi-
date. This is greatly supported by recent data demonstrating
that patients who have pre-existent peptide-speciWc
immune response, detectable at the time of vaccination,
achieve higher levels of tumor-speciWc T-cell immunity
overall most likely due to the boosting of the memory
response [55]. The inclusion of HER-2(9828) in multipep-
tide vaccines [for example together with HER-2(9369) and
HER-2(9654) both of which are already in clinical trials [56,
57] or with HER-2(1085) which has been recently reported
by us [18] or with immunogenic peptides from other tumor
proteins expressed on breast tumor cells (i.e., MUC1)]
oVers another possibility for its potential use in peptide-
based vaccination protocols.
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