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Abstract To study DNA vaccination directed against
human HER-2 in the HHD mouse Tg strain, we created a
novel HER-2-expressing syngeneic tumor transplantation
model. We found that a DNA vaccine encoding the full
length HER-2 DNA protected HHD mice from HER-2+

tumor challenge by a CTL independent mechanism. A more
eYcient approach to induce HLA-A2 restricted CTLs,
through immunization with a multi-epitope DNA vaccine
expressing the HLA-A2 restricted HER-2 369–377, 435–443
and 689–697 epitopes, resulted in high numbers of peptide
speciWc T cells but failed to induce tumor protection. Subse-
quently we discovered that HER-2 transfected tumor cells

down-regulated MHC class I antigen expression and exhib-
ited a series of defects in the antigen processing pathway
which impaired the capacity to produce and display MHC
class I peptide-ligands to speciWc CTLs. Our data demon-
strate that HER-2 transfection is associated with defects in
the MHC class I presentation pathway, which may be the
underlying mechanism behind the inability of CTLs to recog-
nize tumors in this HLA-A2 transgenic model. As defective
MHC class I presentation may be a common characteristic of
HER-2 expressing tumors, vaccines targeting HER-2 should
aim at inducing an integrated immune response where also
CD4+ T cells and antibodies are important components.
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Abbreviations
APM Antigen processing machinery
HER-2 ErbB-2
HHD HLA-A2-Db
ICCS Intra-cellular cytokine staining
MC Methylcholanthrene

Introduction

HER-2 is a 185-kDa glycoprotein member of the epidermal
growth factor receptor family of tyrosine kinases which is
over-expressed in 25–40% of all breast cancers and in a
variety of other tumors such as ovarian, gastric and colorec-
tal carcinomas. Due to the selective overexpression in
malignant tissue, HER-2 is considered one of the most
attractive targets for immunotherapeutic interventions [14].

DNA immunization is a powerful method to stimulate
tumor antigen-speciWc immune responses directed against
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tumor associated antigens [9]. DNA-based vaccines
directed against HER-2 have proven to be successful in the
prevention of tumor growth in transplantable tumor models
as well as in HER-2 transgenic mice [18, 24, 25, 33]. The
induction of an eVective HER-2 anti-tumor immunity
seems to rely on diVerent mechanisms depending on the
tumor model, and there is evidence that both antibodies and
CTLs play a role in HER-2 tumor protection after DNA
vaccination [18, 25].

HHD mice are a valuable tool to study speciWc HLA-A2-
restricted CTL responses, which may be relevant for human
vaccine development. CTL responses directed against
HER-2 have been analyzed in this model using peptide- or
DC-based vaccines [1, 4], and some of the epitopes used in
these studies have already been the research focus of sev-
eral clinical trials [15, 22]. Here we wanted to evaluate the
eVects of HER-2 DNA vaccination in the HHD mouse
model in terms of (1) generation of HER-2 speciWc CTLs
and (2) the nature of the mechanism of tumor protection.
For this purpose we generated a syngeneic HER-2-express-
ing tumor cell line which developed tumors in HHD mice,
thus providing a suitable model to test the eVect of HER-2
based tumor vaccines and allowing the analysis of HLA
class I restricted CTLs in the tumor protection. Our results
demonstrate that while a full length HER-2 pDNA vaccine
protected mice from tumor challenge via a CTL indepen-
dent, apparently antibody-mediated mechanism, a HER-2
“mini-gene” vaccine based on 3 HLA-A2 restricted HER-2
epitopes was unable to induce tumor protection, even when
high numbers of speciWc CTLs were induced. This result
argues strongly against a role for CTLs in tumor protection
and prompted us to analyze the MHC class I and APM
pathway in the syngeneic HHD mouse derived tumor cell
lines. We found that HER-2 expression induces down regu-
lation of MHC class I and APM components, as supported
by previous studies [3, 10]. Our data show the functional
consequences in vivo of HER-2-mediated down regulation
of MHC class I and APM components, demonstrating that
impaired processing and presentation of HLA-A2 peptide
complex prevents tumor recognition by speciWc CTLs.

These Wndings underline the importance of designing
vaccines which will induce both antibodies and CTLs to
overcome HER-2 induced tumor resistance to speciWc T
cell eVector mechanisms.

Materials and methods

Plasmids and peptides

pDNA encoding HER-2 (pCMV/E2) and pCMV vector
were kindly provided by Dr. Wei-Zen Wei (Karmanos
Cancer Center, Detroit, MI, USA).

The plasmid vector pVAX/HER-2 encoding the mutated
full length HER-2 was constructed as described [18]. The
multi-epitope DNA vaccine designed as HER-2/mini-gene
was constructed inserting into pVax (Invitrogen, Carlsbad,
CA, USA) between EcoRI and XhoI sites the following
DNA sequence: AA TTC GAG ATG GCG GCC GCT
AAA ATC TTT GGT TCC CTG GCG TTT CTG GCA
GCA GCA ATT CTG CAC AAT GGC GCC TAC TCG
CTA GCA GCA GCG AGA CTG CTC CAG GAA ACG
GAG CTC GTG GCG GCT GCG TTT CTG CCT TCT
GAC TTC TTT CCC AGC GTT TAG C. The sequence
translation is: M A A A K I F G S L A F L A A A I L H N
G A Y S L A A A R L L Q E T E L V A A A F L P S D F F
P S V and encodes for HER-2 369–377, 435–443, 689–697
epitopes, and an additional HBV core 18–27 control epi-
tope. The AAA spacer between the epitopes is to allow a
proper peptide processing [5]. E. coli (TOP10, Invitrogen)
were transformed with this construct and the recombinant
plasmid was extracted from the cultured bacteria using
Qiagen MiniPrep Kit (Qiagen GMBH, Hilden, Germany)
and sequenced.

In the Ub/HER-2 mini-gene, the sequence encoding for
ubiquitin was added at the EcoRI site before the start codon
of the sequence encoding the 4 epitopes. Plasmids needed
for all immunizations were extracted from E. coli cultured
in Luria-Bertani medium supplemented with 50 mg/l Kana-
mycin, using Qiagen GigaPrep Endofree Kit.

The HER-2-derived synthetic peptides 369–377 (KIFGS-
LAFL), 435–443 (ILHNGAYSL), 689–697 (RLLQETELV);
the HBV core-derived 18–27 (FLPSDFFPSV) and the HIV1-
gag derived 77–85 (SLYNTVATL) HLA-A2 restricted pep-
tides were purchased from GenScript Corporation (Piscataway,
NJ, USA). The peptides were dissolved in DMSO at 5 mM
and stored at ¡20°C.

Mice and cell lines

The homozygote HHD mice [21] were kindly provided by
Dr. F. A. Lemonnier. Mice were bred and maintained at the
animal facilities of the Microbiology and Tumor Biology
Center at the Karolinska Institute. All animal studies have
been reviewed and approved by the Swedish National
board for Laboratory Animals.

MC (methylcholanthrene) induced sarcomas generated
in HHD mice were isolated and passaged in vitro as
described previously [11]. The derived cell line, MC-2, was
co-transfected with full length HER-2 pDNA (pCMV/E2)
or pCMV and pCDNA3/neo, using Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer’s
instructions.

The TAP-defective HLA-A2.1 T2 cell line derived from
the human T cell leukemia/B cell LCL hybrid 174 was a
gift from Dr. P. Cresswell (Yale University School of
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Medicine, New Haven, CT, USA). Cell lines were main-
tained in IMDM supplemented with 10% heat-inactivated
FCS (GibcoBRL, Life Technologies, Grand Island, NY,
USA), 100 IU/ml penicillin and 100 �g/ml streptomycin
(complete medium). Selective antibiotic G418 (Sigma Ald-
rich, St. Louis, MO, USA) was added at 800 �g/ml to the
complete medium for the MC-2/HER-2 cell line culture.

DNA immunizations and tumor challenge

Six- to eight-week-old HHD mice received 2 immuniza-
tions at days 0 and 14 of full length HER-2 plasmid pVAX/
HER-2 or 1 immunization of HER-2 mini-gene plasmids.

Mice, anaesthetized with 4% isoXuorene, received 20 �g
pDNA dissolved in 20 �l of PBS in each Xank by intrader-
mal injections, using a 29-gauge insulin-grade syringe
(Micro-Fine U-100, BD Consumer Healthcare, Franklin
Lakes, NJ, USA). Immediately after DNA administration, a
needle array electrode was placed over the area of injection,
and two groups of pulses of diVerent voltages were applied
[28]. The electrode and the PA-4000S–Advanced PulseAg-
ile Rectangular Wave Electroporation System and software
were purchased from Cyto Pulse Sciences, Inc. (Glen Burnie,
MD, USA).

Challenges, blood sampling or spleen removal were per-
formed 13 days after immunization (HER-2 minigene
groups) or 2 weeks after the second immunization (pVAX/
HER-2 groups). Mice were challenged s.c. in the right Xank
with 70,000 MC-2 or MC-2/HER-2 tumor cells. Tumors
were measured twice a week by a caliper, and mean tumor
volume was calculated. Animals were sacriWced when
tumor volume reached 103 mm.

T cells depletion

To deplete CD8+ T cells, immunized mice were injected
i.p. with 200 �g of anti-CD8 TIB 105 antibody (Mabtech,
Nacka Strand, Sweden) 1 day before tumor challenge and
then every three days thereafter until the completion of the
experiment. SpeciWc depletion was conWrmed 10 days after
the Wrst injection by FACS analysis of splenocytes by stain-
ing with the CD8-� PE conjugated speciWc antibody (Becton
Dickinson, Sparks, MD, USA).

Ex vivo detection of peptide-speciWc CD8+ T cells

Blood samples from the tail vein were collected in the pres-
ence of CPD-A anticoagulant (Sigma-Aldrich). Red blood
cells were lysed with ACK buVer (0.15 M NH4Cl, 10 mM
KHCO3, 0.1 mM EDTA, pH 7.2–7.4). EVector cells (106/
well) were stimulated for 4 h in a V-bottom 96 wells plate
with MC-2 or MC-2/HER-2 cells (105/well), irrelevant or
relevant peptide (100 nm) and PMA/ionomycin (Sigma-

Aldrich) as positive control. SpeciWc CD8+ T cells were
quantiWed by ICCS for IFN-� using BD CytoWx/Cyto-
perm™ Fixation/Permeabilization Solution Kit with BD
GolgiPlug™ according to the manufacturer’s instructions.

The following antibodies were used for stainings: FITC-
labeled anti-mouse CD8� and PE-labeled anti-mouse IFN-�
(Becton Dickinson). PuriWed rat IgGs (Sigma-Aldrich)
diluted 1:10 in PBS were added before starting the staining
steps in order to block non-speciWc binding. The samples
were acquired with a FACSCalibur cytometer and analyzed
with CellQuest Pro software (both from Becton Dickinson).

In vitro restimulation of peptide-speciWc T cells

Splenocytes (42 £ 106/14 ml/T25 bottle) were cultured in
the presence of 1 �g/ml of peptides in complete medium
supplemented with 1 mM 2-mercaptoethanol, 1% non
essential amino acids and 1% sodium pyruvate for 5 days.
The T cells were harvested 5 days later and tested for pep-
tide or tumor speciWcity in ICCS as described above.

Cytotoxicity assays

Standard 4-h 51Cr-release assays were performed as previ-
ously described [31]. 51Cr-release in the supernatants was
measured by a �-counter (Wallac Sverige AB, Stockholm,
Sweden).

Flow cytometry analysis and antibody detection

The RPE-labeled HLA-ABC speciWc antibody W6/32 and
relevant isotype control (IgG2a) were obtained from
DAKOPATTS AB (Älvsjö, Sweden); the mouse monoclo-
nal anti HER-2 speciWc antibody conjugated to PE and the
IgG1-PE conjugated isotype control were purchased from
BD Biosciences Pharmingen (San Diego, CA, USA).

Cells were incubated with an excess of the relevant anti-
body or with isotype control for 30 min on ice, washed
twice and analyzed by Xow cytometry (Becton Dickinson,
Mountain View, CA, USA).

For the measurement of anti HER-2/neu antibodies in
mice sera, anti HER-2 IgG were measured by a Xow cytom-
etry assay. Serum samples were diluted 1:50, added to MC-2
or MC-2/HER-2 cells and left to incubate 30 min on ice.
Cells were washed and stained with FITC-conjugated rab-
bit anti-mouse IgG antibody and with FITC-conjugated
rabbit IgG1 isotype control (Becton-Dickinson). The MFI
was measured with a FACS-Calibur cytometer.

Western blot analysis

For Western blot analysis cell pellets were lysed in electro-
phoresis sample buVer. Aliquots of total cell lysates
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corresponding to 105 cells were separated by SDS-PAGE
followed by transfer onto nitro-cellulose membrane (Milli-
pore AB, Sweden). Membranes were blocked in PBS con-
taining 5% milk and 0.1% Tween-20 and probed with the
speciWc antibodies. The mouse mAb clone W6/32 [32]
directed against HLA ABC was purchased from Serotec
(Oxford, UK) and the mouse mAb HC10 recognizing HLA
class I heavy chains was a kind gift of Dr. Soldano Ferrone
(Hillman Cancer Center, Pittsburgh, USA). Rabbit anti-
mouse IgGs conjugated to horseradish peroxidase
(Amersham Pharmacia Biotech AB, Uppsala, Sweden) were
used as secondary antibodies. The reaction was visualized
by enhanced chemiluminescence according to the manufac-
turers protocol (Amersham Pharmacia Biotech AB, Uppsala,
Sweden).

RT-PCR analysis

Total cellular RNA from MC2 and MC2/Her-2 cells was
isolated using the Qiagen kit and then subjected to real time
RT-PCR using the following mouse primers: �-actin (5�

TCT GCT GGA AGG TGG ACA GT 3� and 5� CCT CTA
TGC CAA CAC AGT GC 3�; 187 bp), Tapasin (5� ACA
CTG CGA GAT GAG CCG CTT C 3� and 5� TGA GGA
CGG TCA GCA CCA CTG T 3�; 221 bp), TAP1 (5� TGC
CTA AGA AGC TGG GAA AA 3� and 5� GTA AGC CAA
GGC CTC CTT CT 3�; 202 bp), TAP2 (5� CGG TGC TAA
AGG AGA TCC AG 3� and 5� CCA TCA CCC TCC GTA
TGA CT 3�; 203 bp), PSX (5� TCC CAG ACG GTG AAG
AAA GT 3� and 5� CCC CAT GCC TTT GTA CTG AT 3�;
200 bp), PSY (5� TGA CCA AGG ACG AAT GTC TG 3�

and 5� CCT AAA ACA CCA GGC CTC AG 3�; 194 bp),
PSZ (5� GCA ACT GAA GGG ATG GTT GT 3� and 5�

ATC TGC TTC AGC ATC CGA TT 3�; 199 bp), LMP2 (5�

TCT TCT GTG CCC TCT CAG GT 3� and 5� TGG TCC
CAG CCA GCT ACT AT 3�; 193 bp), LMP7 (5� GGA
ACG CAT CTC CGT GTC TG 3� and 5� CTG CCG GTA
ACC ACT GTC CA 3�; 223 bp), LMP10 (5� ACC CAC
ATG GTT CCT ACA GC 3� and 5� GTG ATC ACA CAG
GCA TCC AC 3�; 196 bp), �2-microglobulin (5� GCC
GAA CAT ACT GAA CTG CT 3� and 5� GCC ATA CTG
GCA TGC TTA AC 3�; 207 bp), PA28-� (5� GGA GCC
AGC TCT CAA TGA AG 3� and 5� GTT GCA GGA GGA
CCA CAA TC 3�; 212 bp), PA28-� (5� CTT CTC AGA
ACG AGG GGA TG 3� and 5� TCG GGT TGA CGA TTT
TCT CT 3�; 190 bp), EERAP (5� CAC AGA AGG CTG
GGA TTT TC 3� and 5� GGG TTT CTG CCA ATG AGT
GT 3�; 194 bp), calnexin (5� GCC TGA AGA TTG GGA
TGA AA 3� and 5� CAA TCC TCT GGC TTC TCT GC 3�;
177 bp) and calreticulin (5� GGA AGA CTG GGA TGA
ACG AG 3� and 5� TCA ATT TGA CGT GGT TTC CA 3�;
194 bp).

Statistics

Comparison of data for statistical analysis was performed
with Single Factor ANOVA with a signiWcance level of at
least P · 0.05.

Results

A human HER-2 DNA vaccine protects HHD mice 
from HER-2 positive tumor challenge

To study the eVect of HER-2 speciWc DNA vaccination in
the HHD mouse strain, we generated a syngeneic HER-2
positive transplantable tumor which expresses both the chi-
meric HHD molecule and HER-2. To this end, a primary
MC-induced tumor was induced in HHD mice and the in
vitro derived MC cell line was transfected with a full length
HER-2 plasmid or with an “empty” vector plasmid. HER-2
expression in the MC-2/HER-2 cell line was conWrmed by
Xow cytometry (Fig. 1a). When naïve HHD mice were
given a s.c. tumor challenge of either MC-2 or MC-2/HER-
2 cells, the two tumors grew at the same rate in 100% of the
animals (Fig. 1b) which allowed us to test the eYcacy of
HER-2 DNA vaccines in this new HHD tumor model.
When HHD mice were immunized twice by i.d. injection of
a DNA plasmid encoding a non-transforming full length
human HER-2 vaccine (pVAX/HER-2) [18] followed by
electroporation and then challenged subcutaneously with
MC-2/HER-2 tumor cells, all mice were protected (Fig. 1c).
To examine whether the tumor protective immune response
was HER-2 speciWc, a group of HHD mice received the
same DNA vaccine before challenge with MC-2 or MC2/
HER-2 tumor cells. As shown in Fig. 1d, 80% of full length
HER-2 vaccinated mice were completely protected against
challenge with the HER-2 positive MC-2/HER-2 cell line
while no protection was observed in the group challenged
with MC-2. We therefore surmise that it is possible to
induce a speciWc and strong tumor protection in this new
HHD tumor model.

Tumor protection is independent of CTLs and associated 
with induction of HER-2 speciWc antibodies

We asked whether CTL responses speciWc for 3 HLA-A2
restricted HER-2 derived epitopes known to be naturally
processed on HER-2 expressing tumors (HER-2 369–377,
HER-2 435–443 and HER-2 689–697) [7, 13, 27] were
involved in the tumor protection of HHD HER-2 vacci-
nated mice. We did not detect signiWcant levels of IFN-�
secretion by CD8+ T cells upon restimulation with HER-2
speciWc peptides or tumor cells directly ex vivo (Fig. 2a).
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After 5 days of culture the number of peptide speciWc CD8+

T cells increased signiWcantly against all 3 HLA-A2-
restricted HER-2 peptides (Fig. 2b) in the pVAX/HER-2
vaccinated mice but not in the pVAX control mice. Thus
HER-2 vaccination appears to generate a T cell response
against these peptides, demonstrating that all 3 epitopes are
correctly processed and presented in vivo upon vaccination
with pVAX/HER-2. These T-cell cultures were however
not able to recognize the HER-2+-HLA-A2+ tumor cells
(Fig. 2b).

To further investigate the role of CD8+ T cells in our
tumor model, the pVAX/HER-2 vaccinated HHD mice
were depleted of CD8+ T cells 1 day before tumor chal-
lenge. Immune responses induced by tumor challenge in
pVAX/HER-2 immunized mice in the absence of CD8+ T
cells were as protective against tumor as those induced in
their presence, indicating that the tumor protection in this

model is not dependent on CTLs (Fig. 2c). The same result
was obtained after depletion of CD4+ T cells or NK cells
1 day before tumor challenge (data not shown) suggesting
that these T cell subsets is not involved in tumor protection
at the eVector stage. Taken together, these data indicate that
tumor protection after pVAX/HER-2 vaccination is inde-
pendent of CD8+ or CD4+ eVector T cells.

We then examined if vaccination induced HER-2 spe-
ciWc antibodies. Serum samples from pVAX/HER-2 vacci-
nated mice, but not from pVAX vaccinated ones, collected
2 weeks after the Wrst vaccination contained high levels of
anti-HER-2 speciWc antibodies (Fig. 2d). We therefore con-
clude that although vaccination with the full length HER-2
pDNA vaccine induces low levels of speciWc CTLs, these
appear not to be necessary for the tumor protection, and
that high levels of speciWc antibodies are induced in the
vaccinated mice.

Fig. 1 Tumor protection in-
duced by HER-2 plasmid vacci-
nation in the HHD syngeneic 
tumor transplantation model. 
a Surface HER-2 expression by 
the transplantable tumor cell 
lines MC-2 and MC-2/HER-2 
was measured by Xow cytometry 
using the HER-2 speciWc anti-
body or relevant isotype control. 
b HHD mice (n = 5/group) were 
given a s.c. tumor challenge with 
70.000 MC-2 or MC-2/HER-2 
cells, and animals were moni-
tored for the development of pal-
pable tumors. c HHD mice were 
immunized two times at 2-week 
intervals by i.d. injection and 
electroporation with HER-2 
plasmid (n = 12 mice/group) or 
pVAX control vector (n = 12 
mice/group). Fourteen days after 
the Wnal immunization, mice 
were challenged with 70.000 
MC-2/HER-2 cells s.c. in the 
right Xank. d HHD mice (n = 12/
group) vaccinated with HER-2 
plasmid or pVAX control were 
challenged with MC-2 or MC-2/
HER-2 tumor cells. The data 
shown are combined from two 
separate experiments
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A multi-epitope HER-2 DNA vaccine induces high 
numbers of HER-2 peptide-speciWc CTLs but fails to elicit 
tumor reactive CTLs in vitro and tumor protection in vivo

Since these data showed that a full length HER-2 DNA vac-
cine was unable to confer tumor protection in HHD mice by
a CTL dependent mechanism, we next asked if a more
eYcient approach of inducing HLA-A2 restricted CD8+ T
cell responses would be able to do so. To this end, we
designed a multi-epitope DNA vaccine encoding the amino

acid sequence of the 3 HLA-A2-restricted HER-2 derived
epitopes 369–377, 435–443 and 689–697 and additionally
encoding an HBV-derived HLA-A2 restricted epitope as a
positive control (HER-2 mini-gene). In order to improve
the processing of the translated DNA, we generated another
construct with the same sequence and in addition encoding
for Ubiquitin (Ub/HER-2 mini-gene) [17] (Fig. 3a). The
multi-epitope vaccine was administered once since in pre-
liminary experiments we have shown that the highest CTL
number is obtained after one vaccination (data not shown).

Fig. 2 CTLs do not contribute to tumor protection induced by HER-2
plasmid vaccination. HHD mice (n = 6/group) received two immuniza-
tions at 2-week intervals with pVAX control (grey square) or HER-2
plasmid (Wlled square) by i.d. injection and electroporation. a Fourteen
days after the second immunization blood was collected from individ-
ual mice and pooled. EVector cells were stimulated for 4 h either with
100 nM of peptides or with MC-2 and MC-2/HER-2 cells. The acti-
vated CD8+ T cells were quantiWed by intracellular cytokine staining
for IFN-� and analyzed by Xow cytometry. b Fourteen days after the
second immunization splenocytes from the same mice were re-stimu-
lated for 5 days in vitro with the diVerent HER-2-derived peptides.
Each CTL culture was tested against relevant-peptide, HIV-derived

irrelevant peptide and MC-2 or MC-2/HER-2 cells as described in A.
Mean § SD of three independent experiments is shown for a and b. c
HHD mice (n = 6/group) immunized twice with pVAX or HER-2 plas-
mid received anti-CD8 Ab (TIB 105) 1 day before and 2, 6, 9 and
12 days after challenge with MC-2/HER-2 tumor cells. d HHD mice
(n = 10/group) were immunized two times at 2-week intervals with
control vector or HER-2 DNA as indicated. Sera were collected after
the second vaccination and diluted 50-fold with PBS. Anti-HER-2 spe-
ciWc Abs were measured using a secondary Ab speciWc for murine IgG
by Xow cytometry using MC-2/HER-2 cells. Whole anti-HER-2 IgG
was detected. The amount of anti-HER-2 Abs in each group is
expressed as MFI (***P < 0.001)
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Immunization with this Ub/HER-2 mini-gene plasmid
eYciently induced peptide-speciWc CTL responses as
observed both ex vivo and in CTL cultures stimulated with
peptide for 5 days, whereas immunization with the corre-
sponding non-ubiquinated HER-2 construct was unable to
do so (Fig. 3b, c). The Ub/HER-2 construct elicited much
higher peptide-speciWc CD8+ T cell responses as compared
to the full length HER-2 DNA vaccine which did not
induce any ex vivo reactivity. Between 2 and 8% of CD8+

T cells in peripheral blood from the Ub/HER-2 immunized
mice were HER-2 peptide-speciWc after 4 h of peptide stim-

ulation and after 5 days of in vitro restimulation the fre-
quency increased to 25–80%. However, the same CD8+ T
cells were unable to recognize the MC-2/HER-2 tumor line
(Fig. 3b, c). Similar results were obtained when these in
vitro restimulated and HER-2 peptide speciWc CD8+ T cells
were tested in a 4-h cytotoxicity assay (Fig. 4).

The high eYciency by which the Ub/HER-2 mini-gene
induced peptide-speciWc CTLs compared to the ineYciency
of the non-ubiquitinated HER-2 clearly showed that ubiqui-
tin is an absolute requirement for eYcient generation of
CTL responses, probably by allowing correct processing of

Fig. 3 EVect of HER-2 and Ub/HER-2 mini-gene plasmids vaccina-
tion. a The multi-epitope HER-2 mini-genes were constructed insert-
ing into a pVAX vector, between EcoRI and XhoI sites, the sequences
encoding the three HER-2 CTL epitopes p369, p435, p689 and a HBV
dominant epitope, with (1) or without (2) an Ubiquitin coding sequence
at the 5� end. HHD mice (n = 6/group) received one immunization with
pVAX empty vector (open square), HER-2 mini-gene (grey square) or
Ub/HER-2 mini-gene (Wlled square) by i.d. injection and electropora-
tion. b Thirteen days after the immunization blood was collected from
individual mice and pooled. EVector cells were stimulated for 4 h with
100 nM of peptides or with MC-2 and MC-2/HER-2 cells. The acti-

vated CD8+ T cells were quantiWed by intracellular cytokine staining
for IFN-� and analyzed by Xow cytometry. c Fourteen days after the
immunization splenocytes from the same mice were re-stimulated for
5 days in vitro with the diVerent HER-2-derived peptides. Each CTL
culture was tested against relevant-peptide, irrelevant-peptide and MC-
2 or MC-2/HER-2 cells as described in b. Mean § SD of three inde-
pendent experiments is shown for b and c. d Plot of tumor-free survival
in HHD mice (n = 12/group) immunized as described in Materials and
methods and subsequently challenged with MC-2 or MC-2/HER-2
tumor cells. The data shown are combined from two separate experi-
ments
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the peptides. Despite the induction of high numbers of
CTLs speciWc for all three HLA-A2 restricted HER-2 pep-
tides, no tumor protection was observed after Ub/HER-2
mini-gene vaccination (Fig. 3d). When we tested serum
samples from HER-2 mini-gene or Ub/HER-2 mini-gene
vaccinated mice for the presence of HER-2 speciWc anti-
bodies they were negative (data not shown). Hence, also
vaccination with this “mini gene” vaccine demonstrates
that CTLs are not suYcient for tumor protection in this
HHD model.

The HER-2 transfected, but not the control transfected 
MC-2 tumor, displays multiple defects in the MHC 
class I pathway

The lack of recognition of the MC-2/HER-2 tumor even in
the presence of high numbers of peptide-speciWc T cells
lead us to ask whether this tumor had a decreased HLA
class I antigen expression, which may impair the display
of HLA-A2 restricted HER-2 epitopes. We found that MC-
2/HER-2 cells expressed very low levels of cell surface
and intracellular MHC class I antigen as measured by Xow
cytometry and Western Blot, respectively, compared to the

control transfectant MC-2 (Fig. 5a–c). In order to investi-
gate whether the deWcient MHC class I antigen surface
expression on MC-2/HER-2 cells would be associated
with down-regulation of diVerent components of the anti-
gen processing pathway, the MC-2/HER-2 transfectants
and the MC-2 were analyzed for the expression of the con-
stitutive and IFN-� inducible proteasome subunits and pro-
teasome activator PA28, the peptide transporters TAP1
and TAP2 as well as chaperones such as calnexin, calreti-
culin and tapasin, using real time RT-PCR analysis. As
demonstrated in Fig. 5d, HER-2 over-expression strongly
diminished the expression of the IFN-� inducible subunits,
LMP2, LMP7 and LMP10, and PA28� and �, whereas the
constitutive proteasome subunits (X, Y, Z) were not (Y, Z)
or much less (X) aVected. In addition, TAP1, TAP2, tapa-
sin (Tpn), calreticulin (Calr) and calnexin (Caln) were also
signiWcantly suppressed in these cells. Nevertheless, the
down-regulation of MHC class I and APM components
could be restored by IFN-� treatment, whereas the consti-
tutive proteasome subunits were not aVected upon treat-
ment (Fig. 5d). These Wndings conWrm our earlier
observations that HER-2 expression aVects MHC class I
and APM pathway [3, 10, 12]. We produced another tumor

Fig. 4 CTLs generated by Ub/
HER-2 mini-gene vaccination 
are cytolytic. CTL cultures were 
generated from splenocytes of 
Ub/HER-2 mini-gene immu-
nized mice restimulated 5 days 
in vitro with the diVerent HER-
2-derived peptides. Each CTL 
culture was tested against T2 
cells (a) or MC-2 cells (b) pre-
pulsed with relevant or irrele-
vant peptides or against MC-2 
and MC-2/HER-2 tumor cells 
(c). One representative experi-
ment out of three is shown, and 
mean § SD of the triplicates is 
indicated
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cell line from an independent HER-2 plasmid transfection.
Since this transfectant showed the same defects in MHC
class I and APM (data not shown), this argues against the
possibility of an artifact due to clonal selection upon
pDNA transfection.

Peptide-loaded MC-2/HER-2 tumor cells exhibit impaired 
ability to sensitize T-cells compared to MC-2 cells

We asked if the lower MHC class I antigen expression
could aVect the capacity of MC-2/HER-2 cells to present
exogenously loaded peptides. For this reason MC-2 or
MC-2/HER-2 cells pre-pulsed with the diVerent HLA-A2
HER-2 peptides were used as stimulators to induce IFN-�
production by splenocytes from Ub/HER-2 mini-gene
immunized mice. MC-2/HER-2 cells prepulsed with HER-
2 peptides were less eYcient in activation of T cells ex vivo
(Fig. 6a). The same results were obtained using MC-2 and

MC-2/HER-2 cells pre-pulsed with peptides for induction
of IFN-� production by 5 days peptide-restimulated CTL
cultures (Fig. 6b).

Discussion

Here we investigated the eVects of DNA vaccination in (1)
the generation of HLA-A2-restricted HER-2-speciWc CTL
responses and in (2) the induction of tumor protection in
HHD mice. The results, contrary to our initial expecta-
tions, demonstrate that protection in this model is indepen-
dent of CTLs. Furthermore, we conWrm our earlier
Wndings that HER-2 induces multiple defects in antigen
presentation.

Earlier results have demonstrated the contribution of
both humoral and cellular components induced by full-
length or truncated HER-2 pDNA vaccines, as analyzed in

Fig. 5 Down regulation of 
MHC class I and APM compo-
nents in MC-2/HER-2 cells. 
a MHC class I expression at the 
cell surface of MC-2 and MC-2/
HER-2 cells untreated or treated 
with 500 U/ml of IFN-� for 48 h 
was measured by staining with 
the W6/32 mAb and analyzed by 
Xow cytometry. One representa-
tive experiment out of three is 
shown. b MC-2/HER-2 MHC 
class I level is expressed as a 
percentage compared to MC-2 
class I expression considered as 
100%. Mean § SD of three 
independent experiments 
(*P < 0.01, **P < 0.001) is 
shown. c The expression of 
MHC class I in total cell lysates 
of MC-2 and MC-2/HER-2 cells 
was monitored by Western blot 
before and after IFN-� treatment. 
Expression of �-actin was used 
as a control for loading. d Total 
RNA from MC-2 (grey square) 
or MC-2/HER-2 (Wlled square) 
cells either untreated or treated 
with 500 U/ml IFN-� for 48 h 
was extracted and subjected to 
RT-PCR analysis using the 
APM-speciWc primers as de-
scribed in the section “Materials 
and methods”. Mean § SD of 
three independent experiments is 
shown (*P < 0.05, **P < 0.01, 
***P < 0.001)
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transgenic or orthotopic mouse tumor models [18, 24]. In
these models the evidence for MHC class I restricted CTLs
in protection is however scarce. Yet, HLA-A2-restricted
HER-2-derived T cell epitopes have been identiWed which
are naturally processed and presented by various tumor
types including ovarian, breast and renal cell carcinoma [2,
16, 30] and these epitopes can be eYciently recognized by
tumor speciWc-CTLs [2, 27]. Some of these epitopes have
been used for immunization of HHD mice in peptide, DC-
based, or DNA-based vaccines. Multiple immunizations
with DC pulsed with the 369–377 or 773–782 peptides in
the presence of IL-2 retarded tumor growth in HLA-
A2 £ neu tg mice [20]. Vaccination of HHD mice with a
HER-2-derived peptide 435–443 increased the frequency of
HER-2-peptide-speciWc CTLs and also induced protective
and therapeutic immunity against a transplantable tumor
cell line transfected to co-express HLA-A2 and HER-2 [8].
Vaccinating HHD mice with an anti-HER2 poly-epitope
DNA construct induced a broad CTL-based immune
response, which correlated with a delay in tumor onset
upon EL-4/HHD/ErbB2 thymoma tumor cell line challenge
[29].

In the current investigation, we have produced the Wrst
example of a syngeneic HER-2-expressing tumor in the
HHD mouse strain. To eYciently target a HER-2-speciWc
DNA vaccine into the MHC class I processing pathway we
adopted the poly-epitope mini-gene approach where single

T cell epitopes are linked together in a string-of-beads fash-
ion [17]. In our study we designed a plasmid encoding 3
HER-2 immunogenic peptides (p369, p435, p689) and a
second plasmid containing a ubiquitin monomer fused with
the sequence encoding the 3 HER-2 peptides to enhance
proteosomal delivery [26]. These 3 epitopes were chosen as
they were earlier shown to be immunodominant and natu-
rally processed in several diVerent human and mouse
tumors [14], and two of the epitopes (p369 and p689) were
used in the poly-epitope DNA vaccine used in the study by
Scardino et al. [29]. A high number of HER-2 peptide spe-
ciWc CTLs was induced by the ubiquitin containing version
of this construct, but not by the non-ubiquitinated one, yet
no tumor protection was observed.

We hypothesized that the HER-2 epitopes encoded for
by this vaccine may not have been eYciently processed on
the MC-2/HER-2 tumor cells. Several observations indicate
that HER-2 expression is associated with an immune
escape phenotype. Spontaneous mammary carcinomas
from transgenic animals expressing the rat HER-2/neu
proto-oncogene have lost or down-regulated MHC class I
antigen surface expression which could be corrected by
IFN-� treatment [19]. In line with these Wndings, murine
osteosarcoma tumor cell lines which expressed mouse
HER-2/neu were poorly recognized by CTLs, associated
with ineYcient antigen processing which could be
enhanced by IFN-� treatment [12]. Furthermore, HER-2

Fig. 6 Impaired presentation by 
MC-2/HER-2 cells of HLA-A2 
restricted epitopes. MC-2 (grey 
square) or MC-2/HER-2 (Wlled 
square) cells were pre-pulsed for 
1 h at 37°C with control HIV or 
relevant HER-2 peptides and 
subsequently used to stimulate 
for 4 h ex vivo isolated (a) or 
5 days in vitro peptide-re-stimu-
lated splenocytes (b) from Ub/
HER-2 mini-gene immunized 
HHD mice. The activated CD8+ 
T cells were quantiWed by intra-
cellular cytokine staining for 
IFN-� and analyzed by Xow 
cytometry. Mean § SD of three 
independent experiments is 
shown
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over-expression in murine Wbroblast lines resulted in
approximately 70% down-regulation of surface MHC class
I antigen expression, attributed to impaired functional
expression of TAP, tapasin, and the LMP proteasome sub-
units [10]. Also, a study by Choudhury et al. [3] showed
that silencing the HER-2 gene by siRNA in HER-2 + tumor
cell lines in vitro increases the expression of HLA class I.
When we, in the present study, analyzed MHC class I and
APM components in the HER-2 + tumor cell line compared
to the HER-2- one, we found a strong down regulation of
the APM components which could be restored by IFN-�
treatment. More signiWcantly, we show for the Wrst time
that the defects in APM components displayed by the HER-
2 positive tumor hamper the generation of HLA-A2-
restricted HER-2-derived epitopes, therefore preventing
recognition by speciWc T cells.

These Wndings may seem at odds with those where tumor
protective CTLs were induced against deWned HER-2
epitopes, as reviewed above, but several possible explana-
tions may account for these discrepant Wndings. The
eVects of HER-2 expression on antigen presentation may
vary between diVerent types of tumors. As an example,
we have failed to observe an eVect of HER-2 on MHC
class I antigen expression by the D2F2E2 mammary carci-
noma [33]. Also, the method of vaccination and the result-
ing quality of CTLs may be of importance. As the CTLs
induced by the ubiquitinated “mini gene” in the present
study were able to recognize peptides down to the nano-
molar concentration (data not shown), generation of low
avidity T cells is not likely to explain the failure of tumor
recognition.

We have recently found that the eVect on MHC class I
antigen presentation may be observed only when a critical
“threshold” of HER-2 is reached, while in tumor cell lines
which express HER-2 at intermediate levels, no or low
eVects on MHC class 1 are present (manuscript in prepara-
tion). The high levels of HER-2 in our MC-2/HER-2 cells
may therefore more eYciently have down-regulated anti-
gen presentation as compared to other published studies.

Seemingly discordant outcomes can be observed also
comparing results from clinical trials in which HER-2 pep-
tide-speciWc CTLs were obtained in patients upon vaccina-
tion. Peoples et al. [23] recently showed how they could
elicit p369-speciWc CTLs in previously treated, disease
free, nodule-positive breast cancer patients, and in turn
obtain a signiWcant increase in the disease-free survival.
These results are in contrast with a study by Zaks and
Rosenberg [34] where immunization of a group of HLA-
A2+ HER-2 overexpressing tumor patients with the HER-2
p369 leads to generation of peptide-speciWc cytotoxic T
cells that failed to recognize HER-2+ tumors. In this study
IFN-� treatment of the tumor cells failed to confer reactiv-
ity by p369-reactive-T cells.

In contrast, the full length HER-2 pDNA vaccine in our
study eYciently protected mice from tumor challenge,
arguing against the possibility that the MC-HER-2 tumor is
inherently resistant to immune rejection. Also this full
length HER-2 construct induced CTLs, but at considerably
lower level as compared to the “mini-gene” construct vac-
cine, demonstrating that a full-length HER-2 molecule is
naturally processed by the MHC class I pathway. Yet,
depletion of CTLs in vivo did not aVect tumor rejection,
proving that the protective mechanism is CTL independent.
All the immunized mice developed high levels of HER-2
speciWc antibodies, arguing for the possible involvement of
an antibody mediated mechanism in the protection. Since
mice with defects in B cells or Fc receptors are not avail-
able on the HHD mouse background, the importance of
antibodies could however not be Wnally evaluated.

Regardless of the underlying mechanism of HER-2
induced defects in antigen presentation, the present study
argues for the advantage of a HER-2 based vaccination
method that targets both MHC class I and II dependent
pathways, which will eYciently induce both a T cell and an
antibody response. Clinical trials based on longer HER-2
peptides which contain both MHC class I and II epitopes
[6] or HER-2 pDNA full length or truncated constructs may
therefore have an advantage as compared to administration
of short CTL peptide epitopes.
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