
ORIGINAL ARTICLE

Natural CD8+ T-cell responses against MHC class I epitopes
of the HER-2/neu oncoprotein in patients with epithelial tumors

Received: 20 March 2003 / Accepted: 28 May 2003 / Published online: 10 September 2003
� Springer-Verlag 2003

Abstract HER-2/neu is an immunogenic protein eliciting
both humoral and cellular immune responses in patients
with HER-2/neu-positive (+) tumors. Preexisting cyto-
toxic T lymphocyte (CTL) immunity toHER-2/neu has so
far been mainly evaluated in terms of detection of CTL
precursor (CTLp) frequencies to the immunogenic HLA-
A2–binding nona-peptide 369-377 (HER-2(9369)). In the
present study, we examined patients with HER-2/neu+

breast, ovarian, lung, colorectal, and prostate cancers for
preexisting CTL immunity to four recently described
HER-2/neu–derived andHLA-A2–restricted ‘‘cytotoxic’’
peptides and to a novel one spanning amino acids 777–785
also with HLA-A2–binding motif. We utilized enzyme-
linked immunosorbent spot (ELISpot) assay, which al-
lows a quantitative and functional assessment of T cells
directed against specific peptides after only brief in vitro
incubation. CTL reactivity was determined with an

interferon c (IFN-c) ELISpot assay detecting T cells at the
single cell level secreting IFN-c. CTLp were defined as
peptide-specific precursors per 106 peripheral blood
mononuclear cells (PBMCs). Patients’ PBMCs with in-
creased CTLp were also tested against autologous tumor
targets and peptide-pulsed dendritic cells (DCs) in cyto-
toxicity assays. We also studied patients with HER-2/
neu-negative (-) tumors and healthy individuals. Of the
HER-2/neu+ patients examined, 31% had increased
CTLp to HER-2(9952), 19% to HER-2(9665), 16% to
HER-2(9689), and 12.5% HER-2(9435), whereas only 2 of
32 patients (6%) responded to HER-2(9777). The CTLp
recognizing HER-2(9952) were extremely high in two
patients with breast cancer, one with lung cancer, and one
with prostate cancer. None of the HER-2/neu- patients or
healthy donors exhibited increased CTLp to any of these
peptides. Besides IFN-c production, preexisting CTL
immunity to all five HER-2/neu peptides was also shown
in cytotoxicity assays where patients’ PBMCs with in-
creased CTLp specifically lysed autologous tumor targets
and autologous peptide-pulsed DCs. Our results demon-
strate for the first time that (1) preexisting immunity to
peptides HER-2(9435), HER-2(9952), HER-2(9689), HER-
2(9665), andHER-2(9777) is present in patients with HER-
2/neu+ tumors of distinct histology, (2) HER-2(9777) is a
naturally processed peptide expressed on the surface of
HER-2/neu+ tumors, as are the other four peptides, and
(3) HER-2/neu+ prostate tumor cells can be recognized
and lysed by autologous HER-2 peptide-specific CTL.
Our findings broaden the potential application ofHER-2/
neu-based immunotherapy.
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Introduction

The HER-2/neu gene encodes a 185-kDa transmem-
brane glycoprotein with tyrosine-specific kinase activity
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that has a similarity in structure and sequence to the
epidermal growth factor receptor [1, 9]. It has been re-
ported to be overexpressed in a large proportion of ag-
gresive breast and ovarian tumors and in other cancers
of epithelial origin [27, 38, 40, 41, 48]. The HER-2/neu
protein appears to be an ideal tumor-associated antigen
(TAA) for immunotherapy, because cytotoxic T-lym-
phocyte (CTL) responses specific for major histocom-
patibility complex (MHC) class I epitopes have been
observed in some cancer patients [12, 16, 26, 49]. Fur-
thermore, there is already evidence of the existence of
MHC class II T-lymphocyte responses to HER-2/neu:
first, some patients with HER-2/neu+ colorectal [47],
breast [11, 13], and prostate cancer [28] produce IgG
antibodies against HER-2/neu, suggesting that this
protein triggers CD4+ T-lymphocyte responses which
are essential for IgG class switching [11], and, second,
CD4+ T-lymphocytes have been demonstrated to pro-
liferate and produce IFN-c in an MHC class II–re-
stricted fashion in response to stimulation with HER-2/
neu–derived synthetic peptides [31, 43]. Finally, tumor-
reactive CTL responses have been induced in vitro using
various recently identified MHC class I–binding syn-
thetic peptides derived from the HER-2/neu sequence [5,
6, 16, 24, 37]. Regarding MHC class I–restricted cyto-
lytic responses, it is of particular interest that peptide-
specific CTLs will be able to recognize HER-2/neu+

tumor targets presenting in the context of the appro-
priate MHC class I allele the naturally processed rele-
vant peptide [5, 23, 37]. The identification of such MHC
class I–restricted HER-2/neu–specific CTL peptides will
allow the selection of the epitopes with the highest po-
tential for vaccination. Such epitopes must be highly
immunogenic and must be able to recruit a wide spec-
trum of functional CTLs, capable of generating effective
antitumor responses.

HER-2/neu epitopes spanning amino acids 435–443
(HER-2(9435)), 665–673 (HER-2(9665)), 689–697 (HER-
2(9689)), and 952–960 (HER-2(9952)) have been recently
demonstrated to bind with high or intermediate affinities
to human leukocyte antigen (HLA)-A2.1 molecules and
to elicit CTLs from tumor-associated lymphocytes of
patients with ovarian cancer [5, 37]. Such CTLs specifi-
cally killed peptide-sensitized target cells in an HLA-A2–
restricted manner and, most importantly, a HER-2/
neu–transfected cell line and HLA-A2+, HER-2/neu+

autologous tumor cells [37]. The HER-2(9689) epitope
was also found to be immunodominant in gastric cancer–
specific CTLs [23]. Most recently [5], we have found that,
besides classical CTLs, these HER-2/neu–derived pep-
tides can elicit NKT (natural killer T lymphocyte) cells
specifically recognizing their autologous HLA-A2+,
HER-2/neu+ ovarian tumors. The generation of both T
and NKT cytotoxic effectors specific for HER-2/neu
peptide epitopes may provide an effective means toward
HER-2/neu expressing tumor cell destruction in vivo
during cellular adoptive immunotherapy. In addition,
immunizing patients harboring HER-2/neu+ tumors
with peptide-based vaccines may also generate in vivo

CTL immunity. It is therefore important to know if and
to which levels CTL precursor (CTLp) frequencies spe-
cific for these HER-2/neu peptides exist in nonimmunized
patients. Quantification of HER-2/neu peptide-specific
CTLp in the peripheral blood of patients with HER-2/
neu+ tumors will be indicative of the immunodominance
of the respective HER-2/neu epitopes in vivo. This could
possibly assist in the selection of the appropriate peptides
to be included in the vaccination protocol.

In the present study, we quantified CTLp specific for
HER-2(9435), HER-2(9665), HER-2(9689), and HER-
2(9952) peptides by utilizing an interferon c (IFN-c) en-
zyme-linked immunosorbent spot (ELISpot) assay. In
addition, CTLp recognizing a novel HER-2/neu peptide
(HER-2(9777)) that also contains HLA-A2–binding
motifs were estimated. All estimations were performed
using peripheral blood mononuclear cells (PBMCs) from
patients with HER-2/neu+ or HER-2/neu- tumors of
distinct histology and from healthy donors. PBMCs
from patients with increased CTLp demonstrated spe-
cific lysis of autologous tumor cells suggesting that these
peptides are naturally processed and expressed by HER-
2/neu+ carcinomas. Our data are relevant to the use of
the above HER-2/neu–derived peptides in vaccination
studies with patients harboring HER-2/neu+ carcino-
mas.

Materials and methods

Patients

HLA-A2.1 patients with histologically confirmed breast, ovarian,
lung, colorectal, and prostate carcinomas were included in this
study (Tables 1 and 2). Tumor cells were isolated from pleural or
ascitic fluids collected during routine aspirations and from surgi-
cally excised tumor specimens. PBMCs were collected from
peripheral blood samples. Patients had not received any antineo-
plastic therapy during at least 4 months preceding the onset of the
study. TNM classification was used for patients’ tumor staging.
Biologic material was provided by the Breast Cancer Clinic of Saint
Savas Cancer Hospital and the Department of Pathophysiology,
Laikon General Hospital, under the Institutional Review Board of
both institutions. All volunteers provided informed consent before
entering these studies.

Isolation of tumor cells

Tumor cells were isolated either from malignant pleural or peri-
toneal fluids (breast, ovarian, colorectal, prostate, and lung cancer)
or from surgically excised solid tumor specimens (breast cancer).
Isolation of tumor cells from malignant effusions was performed as
described [3]. Briefly, fluids were spun at 400 g for 5 min to sedi-
ment cells, that were further placed on top of 75% Ficoll Separa-
tion Solution (Biochrom, Berlin, Germany) gradient, overlaid on
100% Ficoll Separation Solution, and spun at 700 g for 25 min.
Tumor cells were collected from the top of 75% Ficoll Separation
Solution and cryopreserved in liquid nitrogen until use. Tumor cell
isolation from solid tumor samples collected aseptically at the time
of operation was performed as described [3]. Briefly, necrotic areas
or any fat surrounding the tumor was carefully removed before the
preparation of cells. Single cell suspensions were prepared
mechanically using a scalpel and needle to tease apart the sample
and release the cells into suspension. Suspensions of recovered cells
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were washed in RPMI-1640 medium (Life Technologies, Gai-
thersburg, MD), passed through a sterile nylon mesh, washed, and
resuspended in RPMI-1640 medium. Cell viability exceeded 80%.

Tumor cells were cryopreserved in liquid nitrogen until use. At that
time, cells were carefully thawed, slowly diluted in RPMI-1640
medium, and washed. Tumor cells were incubated in RPMI-1640
medium supplemented with 10% fetal bovine serum, 2-mM L-glu-
tamine and 50 lg/ml gentamicin (all purchased from Life Tech-
nologies).

Isolation of PBMCs

PBMCs were isolated by density gradient centrifugation using Fi-
coll Separating Solution (Biochrom). Cells were washed twice with
phosphate-buffered saline (PBS) and used immediately or kept
frozen until use.

Peptide synthesis

All peptides used in this study [HER-2 (435–443) (ILHNG-
AYSL), HER-2 (665–673) (VVLGVVFGI), HER-2 (689–697)
(RLLQETELV), HER-2 (777–785) (GSPYVSRLL), HER-2 (952–
960) (YMIMVKCWM) as well as control HLA-A2.1–binding
peptide gp100 (154–162) (KTWGQYWQV)] were synthesized by
the solid phase method with an Ecosyn P peptide synthesizer
(Eppendorf-Biotronik, Hamburg, Germany) using the Fmoc
strategy and a 4-carboxybenzyl alcohol resin. Purification was
performed by high-performance liquid chromatography. Purity
was >95%. Quantitative and qualitative determination were
controlled by amino acid analysis and matrix-assisted laser
desorption mass spectrophotometry (Kratos Kompact Maldi II,
Kratos Analytical, Manchester, United Kingdom). Peptides were
lyophilized, dissolved in PBS, aliquoted at 2 mg/ml, and stored
frozen at )20�C until use.

These peptides bind to HLA-A2.1 allele with different binding
scores. A binding score is given in arbitrary units, and the intensity
of binding is determined by the number of main, secondary, and
auxiliary anchor residues for HLA-A2.1 [36]. Peptides with a
binding score >20 are considered as high binders and those with a
binding score <20 and >10 as intermediate binders. Accordingly,
HER-2(9435), HER-2(9665), and HER-2(9689) are high binders
(binding scores 27, 22, and 24, respectively), and HER-2(9952) and
HER-2(9777) are intermediate binders (binding scores 16 and 14,
respectively). Peptide gp100(9154) also binds with intermediate
affinity to HLA-A2.1 (binding score 18) [36].

Monoclonal Abs and immunophenotyping

Expression of HER-2/neu on patients’ tumor cells was determined
using the PE-conjugated anti–HER-2/neu monoclonal antibody
(mAb) (clone Neu 24.7), which recognizes the extracellular domain
of HER-2/neu (Becton Dickinson, Mountain View, CA). For DC-
typing anti-CD83 conjugated with phycoeryrthin (PE) mAb was
obtained from Caltag Laboratories (Burlingame, CA). All other
mAb including anti-CD16, anti-CD20, anti-CD40, and anti-CD80
conjugated with fluorescein isothiocyanate (FITC); anti-CD3,
anti-CD14, anti-CD86, and anti-DR conjugated with PE were
purchased from PharMingen (San Diego, CA). Cells to be immu-
nostained were washed twice with ice-cold PBS supplemented with
1% bovine serum albumin (BSA) followed by incubation with
saturating concentrations of the appropriate mAb for 20 min at
room temperature. Thereafter, cells were washed twice in ice-cold
PBS/1% BSA and fixed with 1% paraformaldehyde in PBS.
Expression of HLA-A2.1 subtype was determined by indirect
immunofluorescence using the BB7.2 mAb kindly provided by
Professor H.-G. Rammensee (Department of Immunology, Uni-
versity of Tubingen, Tubingen, Germany) and FITC-conjugated
rabbit antimouse Ig (DAKO, Glostrup, Denmark) as described [4].
Samples were analyzed using FACSCalibur (Becton Dickinson)
and CellQuest analysis software.

Table 1 HLA-A2 patients evaluated with HER-2/neu+ tumors. All
patients were heterozygous for HLA-A2.1, except patients No. 5, 7,
13, and 23, who were homozygous for this allele

Patient No. Age Sex Type of cancer Stage

1 62 F Breast III
2 53 M Prostate IV
3 75 M Lung IV
4 65 F Breast IV
5 47 F Breast III
6 56 F Ovarian IV
7 39 F Breast III
8 45 F Ovarian IV
9 32 F Ovarian III
10 75 M Lung IV
11 65 M Colorectal III
12 52 F Breast III
13 57 F Ovarian IV
14 39 M Lung III
15 47 F Ovarian IV
16 46 M Prostate IV
17 52 F Breast III
18 73 M Lung III
19 60 F Breast IV
20 54 F Breast IV
21 72 F Lung III
22 51 F Ovarian IV
23 37 M Prostate IV
24 59 F Lung III
25 45 M Colorectal IV
26 70 F Colorectal IV
27 63 F Breast III
28 52 F Ovarian IV
29 57 F Ovarian III
30 79 F Ovarian IV
31 72 F Breast IV
32 53 F Breast III

Table 2 HLA-A2 patients evaluated with HER-2/neu- tumors. All
patients were heterozygous for HLA-A2.1, except patients No. 3, 5,
17, and 20, who were homozygous for this allele

Patient No. Age Sex Type of cancer Stage

1 57 F Breast III
2 48 F Breast IV
3 75 M Lung III
4 63 F Ovarian IV
5 79 F Breast III
6 37 F Ovarian IV
7 45 F Breast IV
8 59 M Prostate IV
9 49 M Colorectal III
10 62 F Ovarian IV
11 73 F Breast III
12 60 M Lung III
13 35 F Breast IV
14 42 M Colorectal IV
15 70 F Breast III
16 62 M Prostate IV
17 63 F Lung IV
18 48 F Lung III
19 52 F Breast IV
20 57 F Ovarian III
21 64 F Ovarian III
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Generation of DCs

DCs were generated from CD14+ monocyte precursors purified
from PBMCs freshly isolated from 20-ml peripheral blood by po-
sitive immunoselection using an anti-CD14 mAb coupled onto
magnetic microbeads (Miltenyi Biotech, Auburn, CA) under the
manufacturer’s protocol. Monocyte differentiation in DCs was
performed as described [31]. In brief, the CD14+ cells were cul-
tured in 2-ml X-VIVO 15 medium (Life Technologies) supple-
mented with 1% autologous heat inactivated plasma, 1,000 IU/ml
interleukin 4 (IL-4) (R&D Systems, Europe) and 1,000 IU/ml
granulocyte-macrophage cell stimulating factor (GM-CSF) (Imm-
unex, Seattle, WA). Fresh medium (2 ml) with cytokines was added
on days 2 and 4. Tumor necrosis factor a (R&D Systems) was
added at 10 ng/ml on day 6. DCs were harvested on day 7 and used
as antigen-presenting cells (APCs) or cryopreserved for later use.
The percentage of mature DCs recorded was >50%, based on the
expression of a CD3-, CD14-, CD16-, CD20-, CD40+, CD80+,
CD83+, CD86+, and HLA-DR+ phenotype analyzed by flow
cytometry. DCs were used as APCs pretreated with 100 lg/ml
mitomycin C (Kyowa, Tokyo, Japan) for 45 min at 37�C. Fol-
lowing an extensive wash in Hank’s balanced salt solution (Life
Technologies), DCs were pulsed with 50 lg/ml of the peptide for
4 h at 37�C.

ELISpot assay

The ELISpot assay was used to determine CTLp specific to HER-
2/neu peptides and to tetanus toxoid (TT). On day 0, PBMCs from
every individual were plated at 500,000/well in quadruplicates in
96-well flat-bottom plates. Peptide-pulsed autologous DCs (50 lg/
ml) were added to PBMCs at a cell ratio of 1:10 in a total volume of
200 ll/well X-VIVO 15 medium supplemented with 1% autologous
heat inactivated plasma, 10 ng/ml interleukin 7 (IL-7) and 100 pg/
ml interleukin 12 (IL-12) (both purchased from R&D Systems).
Control cultures contained PBMCs stimulated with unpulsed DCs
or DCs pulsed with soluble TT (Ladecle Laboratories, Pearl River,
NY) at 0.1 flocculation units (LfU)/ml. Cultures were incubated at
37�C in a CO2 incubator. On day 3, 100 ll of the culture super-
natant was decanted and replaced by an equal volume of fresh
medium supplemented with 20 ng/ml IL-7 and 200 pg/ml IL-12.
Growing microcultures were restimulated on day 7 with DC pulsed
with the same concentration of the respective peptide. Twenty-four
hours later, IFN-c production was estimated using the Biosource
IFN-c ELISpot assay kit (Biosource International, Camarillo, CA)
under the manufacturer’s protocol. Spots were counted under ste-
reomicroscope (Zeiss, Germany) using Image ProPlus software
(Digital Image Analysis). Specific spots were calculated by sub-
tracting the mean number of spots obtained from the control cul-
tures (i.e., with unpulsed DCs) plus 2 SD, from the mean number
obtained in the experimental cultures (with peptide-pulsed DCs or
TT-pulsed DCs). Peptide-specific CTLp were also enumerated from
PBMCs from patients with HER-2/neu- tumors and healthy indi-
viduals. We considered responders those HER-2/neu+ patients
whose individual CTLp frequencies to HER-2/neu peptides were
higher compared with the highest CTLp frequencies to the same
peptide observed among HER-2/neu- patients and healthy indi-
viduals plus 2 SD (see also ‘‘Results’’). PBMC cultures from
responders with high CTLp were also tested in the cytotoxicity
assay.

Cytotoxicity assay

Cytotoxic activity of PBMC effectors was determined in a standard
4-h 51Cr-release assay against various targets including autologous
tumor cells and autologous DCs peptide-pulsed or unpulsed, as
previously described [32]. In brief, target cells were labeled with
100-lCi sodium [51Cr] chromate (Radiochemical Centre, Amer-
sham, UK) per 106 target cells for 1 h. Effector cells (E) were

incubated with target cells (T) at the indicated ratios. Spontaneous
51Cr release was measured by incubating target cells in the absence

of effector cells. Maximum 51Cr release was determined by adding
1% Triton X-100 (Sigma, St. Louis, MO). Spontaneous lysis did

not exceed 10% of the maximum release. The amount of 51Cr
released was measured in a c-counter (Packard, Downers Grove,
IL) and the percent lysis was calculated as follows: % specific
lysis = (experimental 51Cr release – spontaneous 51Cr release) /
(maximum 51Cr release – spontaneous 51Cr release) x 100. Cyto-
toxicity values were considered to indicate significant recognition of
a target when the differences between mean values (from triplicate
cultures) for percentage lysis of the particular target (i.e., autolo-
gous tumor targets or DCs pulsed with the relevant HER-2/neu
peptide) and unloaded DCs or DCs pulsed with irrelevant control
peptide were ‡10% at an E/T ratio of 50:1 and 25:1 [19]. Statistical
significance was at p<0.05.

Proliferation assay

Proliferative responses to phytohemagglutinin (PHA; Sigma) were
performed as previously described [2]. Data are presented as
stimulation index (i.e., counts per min [cpm]) from PBMC cultures
with PHA divided by cpm from PBMC cultures without PHA.

Statistical analysis

Significant differences between mean CTLp for each HER-2/neu
peptide and TT, as well as for the mean PHA stimulation index
were assessed by applying Students’ t-test. The same test was ap-
plied for assessing the significance of cytotoxic responses against
autologous tumor targets and DCs pulsed with the relevant HER-
2/neu peptide compared with those observed against unpulsed DCs
or DCs pulsed with the control gp100(9154) peptide.

Results

Enumeration of HER-2/neu peptide–specific CTL
precursors

HLA-A2.1 patients with HER-2/neu+ (n=32) or HER-
2/neu- (n=21) tumors were enrolled in this study
(Tables 1 and 2). The median time from last chemo-
therapy was 6 months (range 4–11).

Patients were initially examined for immunocompe-
tence by testing the capacity of their PBMCs to prolif-
erate upon stimulation with PHA and by evaluating
their precursor frequencies to whole TT using the IFN-c
ELISpot assay (Fig. 1). These values were compared
with those of 15 healthy HLA-A2.1 volunteers. The
mean PHA stimulation index of healthy donors was 94
(range 59–142) and of HER-2/neu+ and HER-2/neu-

patients was 90 (range 35–195) and 89 (range 49–135),
respectively. The mean TT-specific CTLp, defined as
TT-specific precursors / 106 PBMCs, of volunteer do-
nors, was 570 (range 190–920) and of patients was 550
(range 210–1,000) for HER-2/neu+ and 580 (range 230–
990) for HER-2/neu-. The mean values for PHA and TT
responses did not differ significantly from each other
(p=0.1).

Generation of CTLp to the nonamers HER-2(9435),
HER-2(9665), HER-2(9689), HER-2(9777), and HER-2(9952)
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was also evaluated in HER-2/neu+ and HER-2/neu-

patients and in healthy donors using the IFN-c–based
ELISpot assay, defined as peptide-specific CTLp / 106

(Fig. 2). Among the HER-2/neu+ patients examined,
responders were defined as those with CTLp higher than
the highest CTLp detected in HER-2/neu- patients and
healthy donors plus 2 SD. In these calculations, we
considered the highest SD value from mean CTLp
for each peptide from both groups (i.e., HER-2/neu-

patients and healthy donors). For example, for HER-
2(9435) the mean ± SD of CTLp for HER-2/neu- pa-
tients was 5.9±6.5 with highest CTLp 15/106 PBMCs
and for healthy donors the mean CTLp ± SD was
6.0±7.2 with highest CTLp 12/106 PBMCs. For this
particular peptide, responders were defined as those
having CTLp >15+(2x7.2) or CTLp >29.4. The
mean CTLp for the four HER-2/neu peptides, namely
HER-2(9435), HER-2(9665), HER-2(9689), and HER-
2(9952), was significantly higher in patients with HER-
2/neu+ tumors (17, 18, 14, and 40) than in HER-2/neu-

patients (5.9, 7.6, 5.7, and 10.2) and healthy donors (5,
6.5, 5.3, and 6.5) (p<0.01) (Fig. 2). No statistically
significant difference could be detected between the
mean CTLp among HER-2/neu- patients and healthy
donors. There were four responders to HER-2(9435)
(patients with ovarian, [n=1], breast [n=1], prostate
[n=1], and lung [n=1] cancer), six responders to HER-
2(9665) (2 breast cancer, 2 ovarian cancer, 1 prostate
cancer, and 1 lung cancer), five responders to HER-
2(9689) (1 breast cancer, 2 ovarian cancer, and 2 colo-
rectal cancer), and 10 responders to HER-2(9952)
(3 breast cancer, 2 ovarian cancer, 1 prostate cancer,
2 colorectal cancer, and 2 lung cancer). Only four
patients were defined as responders to more than one
peptide (i.e., HER-2(9952) / HER-2(9435) and HER-

Fig. 1 Assessment of immunocompetence of HER-2/neu+ and
HER-2/neu- patients. CTLp to TT were measured as IFN-c
ELISpot responses of total PBMCs to autologous TT-pulsed
DCs and expressed as the number of spots (precursors) /
106 PBMCs. Proliferative responses to PHA were expressed as
stimulation index (i.e., cpm with PHA divided by cpm without
PHA). Each closed symbol represents one single individual tested
(HER-2/neu+ patients, n=32; HER-2/neu- patients, n=21; healthy
donors, n=15). The solid lines indicate the mean CTLp frequencies
or the mean stimulation index for the group

Fig. 2 HER-2/neu peptide–specific CTLp in HLA-A2.1 patients
with HER-2/neu+ or HER-2/neu- tumors and healthy individuals.
Above the dotted line are shown responders to each single peptide.
The solid lines indicate the mean CTLp frequencies for the group.
Note that in groups there were some individual CTLp frequencies
which were significantly higher compared with the mean CTLp.
However, these according to the definition used in ‘‘Results’’ do not
belong to the group of ‘‘responders’’
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2(9952) / HER-2(9665), both breast cancer [No. 20 and
27]; HER-2(9952) / HER-2(9689) and HER-2(9435) /
HER-2(9665), both ovarian cancer [No. 6 and 29]).

In contrast to the above four HER-2/neu–derived
peptides, the mean CTLp to HER-2(9777) in patients
with HER-2/neu+ tumors did not statistically differ
from those observed with HER-2/neu- patients and
healthy donors (Fig. 2). In addition, only 2 of 32 pa-
tients were scored as responders to this peptide (both
with breast cancer).

Increased CTL precursor frequencies correlate
with autologous tumor-specific cytotoxicity

So far, peptide-specific CTLp were extrapolated from
the number of ex vivo stimulated T cells producing IFN-
c / 106 PBMCs. We next sought to examine whether
such CTLp express cytotoxicity against autologous DCs
pulsed with the relevant HER-2/neu peptide as well as
against their autologous tumor cells. To this end, cul-
tures with increased CTLp to one single peptide were
tested in cytotoxicity assays against the above targets
and also against autologous DCs unpulsed or pulsed
with an irrelavent HLA-A2.1 binding peptide, as con-
trols. As shown in Fig. 3, PBMCs from a breast cancer
patient (No. 17; Table 1) with 244/106 PBMC CTLp to
HER-2(9952) could lyse to relatively low, though signif-
icant levels, autologous tumor cells and autologous DCs
pulsed with the same peptide but not unpulsed DCs or
DCs pulsed with gp100(9154) (p<0.05 compared with
unpulsed DCs or gp100(9154)-pulsed DCs). This was also
the case with an ovarian cancer patient (No. 22) with 84/
106 PBMC CTLp to HER-2(9665), a patient with lung
cancer (No. 24) with 90/106 CTLp to HER-2(9435), and
a patient with prostate cancer (No. 16) with 69/
106 PBMC CTLp to HER-2(9689). PBMCs from one
patient (breast cancer, No. 19) responder to HER-
2(9777) proved to be also cytotoxic against their autol-
ogous tumor targets and peptide-pulsed DCs (Fig. 3).

In all cases, effector PBMCs from a single patient
with increased CTLp for one given HER-2/neu peptide

(e.g., HER-2(9952)) could not lyse autologous DCs
pulsed with any of the other four HER-2/neu peptides
(data not shown). This suggested that lysis of the
autologous tumor cells was mediated indeed by the rel-
evant CTLs (in this case, the HER-2(9952)–specific ones)
and not by CTLs specific to any of the other HER-2/neu
peptides existing at low frequencies within this particular
patient’s PBMCs.

Discussion

In this study, we used the ELISpot assay to evaluate
T-cell precursor frequencies in patients with HER-2/
neu+ or HER-2/neu- tumors of distinct histology and in
healthy individuals. We have determined that patients
whose tumors overexpressed HER-2/neu have increased
frequencies of T-cell precursors specific for peptides
HER-2(9952), HER-2(9453), HER-2(9665), and HER-
2(9689). Since these nonamers have been demonstrated to
be recognized by CTLs [5, 23, 37], it is reasonable to
assume that the lymphocytes within the total PBMC
population producing IFN-c in response to these pep-
tides in the ELISpot assay belong to this particular
T-lymphocyte subset. Furthermore, our study supports
the following points: It demonstrates for the first time
that (1) besides ovarian [5, 37] and gastric [23] cancers,
these HER-2/neu–derived peptides are immunogenic,
eliciting CTL responses also in breast, colorectal, lung,
and prostate HER-2/neu+ cancers; (2) patients’ CTLs
recognize these HER-2/neu–encoded epitopes presented
as naturally processed peptides on autologous tumor
cells, and (3) HER-2(9777) represents a novel immuno-
genic epitope also naturally processed and recognized by
CTLs on autologous tumor cells.

So far, preexisting immunity to HER-2/neu MHC
class I–restricted peptides recognized by CTLs has been
studied to some extent for HER-2(9369). CTLp to this
peptide within patients’ PBMCs could not be detected
[14] or were detected at very low frequencies [15, 20].
Nevertheless, vaccination with HER-2(9369) or with
longer HER-2/neu peptides encompassing HER-2(9369)

Fig. 3 Cytotoxic responses of
responder PBMCs (i.e., PBMCs
from patients with HER-2/
neu+ tumors with high peptide-
specific CTLp) against their
autologous tumors and their
DCs unpulsed or pulsed with
the relevant HER-2/neu peptide
or with the irrelevant HLA-
A2.1-binding gp100(9154)
peptide. Five representative
cases (one for each peptide) out
of 17 tested are shown
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increased the mean frequencies of CTLp specific to this
peptide. CTLp frequencies to HER-2(9689) were also
undetectable among nonimmunized HER-2/neu–over-
expressing breast and ovarian cancer patients [20]. Po-
stimmunization precursor frequencies in 4 of 15 patients,
after vaccination with a ‘‘helper’’ 15-amino acid HER-2/
neu vaccine (HER-2(15688)) which contained HER-
2(9689), were increased to an average of 25 per 106

PBMCs. In the present study, we could detect high levels
of preexisting immunity in 5 of 32 patients tested
(15.6%) to the same peptide with CTLp ranging from
55–78/106 PBMCs. Since an IFN-c ELISpot assay was
used to determine precursor frequencies of HER-
2(9689)–specific CTLs in both studies, we believe that
technical differences in our and their protocols may ac-
count for such quantitative discrepancies. First of all, we
must stress the fact that we estimated precursor fre-
quencies from PBMCs and not isolated CD8+ T cells, as
they also did. But since it is well established that HER-
2(9689) is recognized by MHC class I–restricted CD8+

CTLs [5, 23, 25] (as is the case with peptides consisting
of 8–10 amino acids) [5, 6, 16, 37], we can be sure that we
measured CD8+ CTLp frequencies. Regarding culture
conditions during the incubation period it is essential to
note that we used autologous DCs (instead of PBMCs)
as peptide-presenting cells in the presence of exoge-
nously added IL-7 and IL-12 (instead of IL-2) both of
which are known to support antigen-specific CD8+

T-cell responses [8, 44, 45]. In this way, we may have
established a more sensitive culture system for the
detection of preexisting CD8+ T cell–mediated re-
sponses. The sensitivity of our method may apply to the
provision of an optimal culture environment (i.e., be-
sides the exogenously added cytokines, also costimula-
tion plus cytokine production by DCs) for stimulating
CTLp with lower avidity T-cell receptors (TCRs) for the
bimolecular complex of peptide and HLA-A2.1 and/or
for reactivating CTLp being partially tolerated or sup-
pressed during tumor progression as a mechanism of
tumor escape from immunosurveillance [30].

HER-2(9952) proved to be the most immunodomi-
nant among those tested herein, existing at increased
CTLp frequencies in 10 of 32 patients with HER-2/
neu+ tumors tested. In 4 of these 10 responders the
CTLp were high, ranging from 103 to 244/106 PBMCs.
In the same patients, preexisting immunity to HER-
2(9665) and HER-2(9435) was at lower levels with six
and four responders (12.5% and 18.75%), respectively,
and with CTLp ranging from 64 to 84/106 PBMCs and
from 57 to 90/106 PBMCs. Rongcun et al. [37] were
the first to test the immunodominance of these HER-2/
neu peptides in vitro. By testing CTL clones developed
from patient-derived CTL lines stimulated solely with
autologous tumor cells, they found one CTL clone to
be specific for HER-2(9369), while two additional CTL
clones from the same donor also recognized HER-
2(9435) and HER-2(9689) epitopes. The HER-2(9689)
epitope was also recently found to be immunodomi-
nant in gastric cancer–specific CTLs [23]. In our recent

study [5], by stimulating patients’ PBMCs with DCs
pulsed with total peptide extracts from autologous
HER-2/neu+ tumor cells we could develop five CTL
lines, all of which recognized HER-2(9369) and HER-
2(9435), four of five recognised HER-2(9689), whereas
HER-2(9665) was recognized by one of them. In all
those studies, the CTL induction protocols included
repeated (4–5) stimulations over an extended period of
time (4–5 weeks), which, however, does not allow us to
draw conclusions regarding the immunodominance of
these epitopes in the tumor-specific CTL repertoire of
patients. Thus, prolonged in vitro restimulations may
favor the preferential outgrowth of T-cell clones spe-
cific for a given peptide, whose precursors should not
necessarily exist at high frequencies within freshly
isolated PBMCs or tumor material. For instance,
analysis of the TCR usage in tumor-infiltrating lym-
phocytes (TILs) from six patients with ovarian carci-
noma using repeated autologous tumor stimulation
showed strong accumulation of TCRBV-2+ and -6+

T-cell clones existing at very low levels in the freshly
isolated TILs [34]. Also in TILs from melanoma pa-
tient, analyses of the TCRVB-gene usage showed
critical differences before and after prolonged in vitro
expansion [17]. Therefore it is reasonable to propose
that comparison of epitope-specific CTLp frequencies
between cancer patients and healthy donors would
seem necessary to establish whether peripheral blood
or other sources of antitumor CTLs, do indeed contain
enhanced levels of tumor antigen–specific CTLp.

MHC class I–binding synthetic peptides derived from
the HER-2/neu sequence have been also demonstrated to
generate CTLs capable of recognizing autologous tumor
cells in breast, ovarian, and gastric cancer patients [5, 16,
23, 37]. In addition, HER-2/neu–specific CTLs have
been demonstrated to specifically lyse human colorectal
and lung adenocarcinomas [6, 35]. However, in these
latter studies there was no information available
regarding lysis of the autologous tumors by HER-2/neu–
specific CTLs. In the present study, we provide novel
information for increased CTLp within the PBMCs
specific to HER-2(9435), HER-2(9665), HER-2(9689), and
HER-2(9952) in four patients with HER-2/neu+ colo-
rectal and four patients with HER-2/neu+ lung cancer.
PBMCs from these patients containing CTLp at in-
creased frequencies could lyse autologous DCs, pulsed
with the relevant HER-2/neu peptide as well as autolo-
gous tumor targets, suggesting that these peptides are
naturally processed and expressed on the surface of such
carcinomas.

In prostate cancer several markers such as prostate-
specific antigen, prostatic acid phosphatase, prostate
stem cell antigen, and prostate-specific membrane anti-
gen, which are all preferentially expressed by prostatic
epithelial cells, have been demonstrated to serve as
substrate sources of immunogenic peptide epitopes rec-
ognized by CTLs [7, 10, 25, 33]. HER-2/neu has been
also identified to be expressed in prostate cancer cells
[38], but so far to our knowledge there is no report that
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supports its recognition by prostate cancer CTLs.
Herein, we show that patients with prostate cancer
developed increased CTLp for HER-2(9435), HER-
2(9665), and also HER-2(9952) and that such peptide-
specific CTLs could recognize and lyse the autologous
HER-2/neu+ tumor cells, suggesting that these epitopes
are also naturally processed and expressed on prostate
tumor cells. In general, the cytotoxic response against
autologous tumor targets, although significantly higher
compared with control groups, did not reach high levels
even at anE/T ratio of 100. Since such cytotoxic responses
were observed within only a short period of stimulation
(i.e., 8-day cultures) we believe that prolonged incubation
with repeated restimulations will considerably increase
the percentage cytotoxicity [4, 5, 6, 37].

By using a computer program that takes into account
the presence of main HLA-A2.1–specific anchor residues
and specific secondary anchor residues (SYFPEITHI)
we could identify sequence p777–785 (i.e., HER-2(9777))
that binds with intermediate affinity to HLA-A2.1. Two
patients with breast cancer were responders to this
peptide, exhibiting increased CTLp namely 40 and 84/
106 PBMC. Most importantly, such PBMCs could effi-
ciently lyse autologous DCs pulsed with HER-2(9777)
and also autologous tumor cells, supporting the con-
clusion that this peptide is also naturally processed and
presented in the context of HLA-A2.1. In this way, we
have been able to detect an additional MHC class
I–restricted HER-2 epitope that may be utilized in
peptide-based vaccination protocols. The fact that we
could not detect significant differences in the mean
CTLp for this particular peptide between HER-2/neu+

patients and HER-2/neu- patients or healthy donors,
does not exclude the possibility that upon immunization
with the same peptide or peptide mixtures also including
HER-2(9777), such CTLp will not be increased (as this
has already been shown to the case of both HER-2(9369)
and HER-2(9689) [15, 20]).

In summary, we have evaluated specific CTLp fre-
quencies to HER-2(9435), HER-2(9665), HER-2(9689),
HER-2(9952), and HER-2(9777) in patients with HER-2/
neu+ tumors. Patients with preexisting immunity to
these peptides have been scored in colorectal, lung, and
prostate cancer, in addition to breast and ovarian can-
cer. The fact that increased CTLp to HER-2(9952) could
be detected in almost 30% of our patient population
points to the potential use of this particular peptide
alone or in combination with any of the others in pep-
tide-based vaccinations.
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