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Abstract. This study demonstrates the ability to generate
antigen-specific cytotoxic T cells (CTLs) against HER?2 using
a xenoantigenic immune stimulation strategy. Dendritic cells
(DCs) were transduced with an adenovirus vector incorporating
full-length cDNA for rat (xenoantigen) epidermal growth factor
receptor 2 (Adv-HER?2). Stimulation of autologous T cells with
Adv-HER? infected DCs led to enhanced HER2-specific reac-
tivity as assessed by quantitative real-time polymerase chain
reaction (QRT-PCR) for T cell IFN-y mRNA. In ELISPOT and
intracellular cytokine staining (ICS) assays, CD8* CTLs induced
by Adv-HER?2 transduced DCs released IFN-y following stimu-
lation with irradiated autologous DCs infected with Adv-HER2
or loaded with a human prostate cancer cell line (LNCaP) lysate.
DCs pulsed with HER2 peptides were less stimulatory than
Adv-HER?2 transduced DCs. HER2 DC induced CTL lysed
HER2* HLA-A2* tumor cells (MCF-7); significantly reduced
lysis occurred in HER2* HLA-A2" tumor cells (SKOV-3), and
the NK cell sensitive cell line K-562.

Introduction

Development of therapeutic cancer vaccines capable of
inducing an immune response against weakly immunogenic
tumor-associated antigens remains a challenge. Identification
of optimal tumor antigens recognized by host immune effector
cells is essential. Human epidermal growth factor receptor 2
(HER2), human telomerase reverse transcriptase (hnTERT) and
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carcinoembryonic antigen (CEA) are expressed in a variety of
cancers and may be effective targets for anti-cancer vaccine
therapies (1-5). HER2 is a transmembrane glycoprotein with
tyrosine kinase activity. HER2 is genetically amplified and
over-expressed in epithelial cancers including breast, ovarian,
lung, prostate and colorectal carcinoma (6). HER2 over-
expression contributes to cancer progression and is associated
with a poor prognosis in breast cancer patients (7,8). Pre-existent
antibodies and T cells reactive to HER2 have been observed
in this patient population (1,9). This reinforces the suitability
of HER?2 as a target for immunotherapeutic strategies and has
led to the investigation of HER?2 vaccination in clinical studies,
with many of these trials utilizing HER?2 peptide vaccines
(10). These early trials provide evidence that antigen-specific
immune responses can be generated. However, successful
CD8 T cell responses were often short-lived; for example
immunization with a HER2 HLA-A2 peptide (p369-377) with
GM-CSF as an adjuvant induced a low and transient CD8" T
cell response (11). In an effort to enhance the weak response to
immunization with MHC class I epitopes alone, vaccines incor-
porating HER?2 class II peptides have also been investigated
(12,13). Despite good evidence of immune response following
peptide vaccination, studies investigating peptide vaccines for
breast cancer therapy have demonstrated limited clinical effi-
cacy. An alternative strategy to the direct delivery of antigens
involves the ex vivo loading of antigen onto autologous DCs.
DCs take up antigen (Ag) and subsequently present processed
peptides on MHC class I and class I molecules to CD8* and
CD4* T cells, respectively (14,15). Strategies based upon the
activation of MHC class I restricted CD8* T cells by cellular
vaccines composed of autologous DCs loaded ex vivo with
tumor associated antigens have been investigated in clinical
studies (16-18). These studies utilized peptide-pulsed-DCs;
in an effort to increase the immunogenicity of DC vaccines
other groups have employed DCs transfected ex vivo with viral
vectors containing full-length genes coding for tumor anti-
gens. Using this approach measurable tumor specific immune
responses have been seen in preclinical and clinical studies
(19-22). It has been suggested that vaccination with a xenoanti-
genic form of the tumor antigen could be advantageous in that
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this could help to overcome self tolerance in patients (23,24). In
this study we demonstrate that autologous DCs that are trans-
duced with a novel Ad vector incorporating a xenoantigenic
(rat) form of HER?2 stimulate specific cytotoxic T cells from
HLA-A2* healthy donors that are able to recognize a variety of
HER?2* targets in vitro.

Materials and methods

Ethics statement. Blood samples were obtained from consenting
donors. Approval for this work was received from the McMaster
Research Ethics Board and the Sunnybrook Research Ethics
Board.

Normal donors and blood samples. Heparinized peripheral
blood samples were obtained from 14 normal healthy HLA-A2*
or HLA-A2 donors.

Cell separation. Peripheral blood mononuclear cells (PBMC)
were isolated by Ficoll Hypaque density gradient centrifugation
from peripheral blood samples (Pharmacia Biotech, NJ, USA).
CD14* monocytes were enriched using MACS (Miltenyi Biotech,
Germany) isolation kits according to the manufacturer's instruc-
tions (purity >95% CD14%). T cells were negatively selected
using a Rosettesep™ T cell enrichment kit as described by the
manufacturer (Stem Cell Technologies, Vancouver, Canada).
T cell purity was tested by flow cytometry (CD3*) using FITC
conjugated anti-CD3 monoclonal antibody and was consistently
>95%.

Generation of dendritic cells. Positively selected (CD14*) mono-
cytes were grown in DC growth and expansion medium (DC-3
Stemgenix, Buffalo, NY, USA) containing 10 xg/ml gentamicin
and glutamine with 100 ng/ml GM-CSF (Leukine, Immunex,
Richmond, CA) and 20 ng/ml IL-4 (Stem Cell Technologies).
On day 5, 10 ng/ml TNF-a (R&D, Minneapolis, MN) and
100 ng/ml IFN-y (Stem Cell Technologies) were added. On
day 7 DC cultures were infected with Adv-HER?2/d1-70-3 or
mock infected. After 24 h cells were harvested and assessed for
viability and expression of DC maturation markers and HER2
expression.

Tumor cell lines. MCF-7, SKOV-3, LNCaP and K562 (ATCC)
were cultured in RPMI-1640 or DMEM supplemented with
10% FBS (Sigma).

Recombinant adenovirus-HER2 transduction of DCs. Adv-
HER?2 is a recombinant type 5 human E1 substituted E3 deleted
adenovirus vector containing the full length sequence for rat
HER?2 (25). Adenovector d170-3 (26) was used as a control. DCs
were infected on day 7 of culture at a MOI of 200 and cultured
for an additional 24 h before harvest.

Flow cytometry analysis. FACS analysis was used to deter-
mine the purity of monocytes and T cells, to characterize the
DCs, and for the detection of IFN-y. The following monoclonal
antibodies (mAbs) were used: FITC-conjugated CD80, CD3,
CD8, CD14; PE-conjugated CD86, HLA-DR, CCR7, CD4,
IFN-y and PC5-conjugated CD83 (Becton-Dickinson, USA).
Cells were analyzed using FACScan (Becton-Dickinson).
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T cell co-cultures. CD3* autologous T cells from HLA-A2* or
HLA-A2 donors (1x10° cells/ml) were co-cultured with DCs
ataDCT cell ratio of 1:10 in RPMI-1640 medium supplemented
with 10% human AB serum (Biowhittaker, Walkersville, MD,
USA),25 mM HEPES, 2 mM L-glutamine, 100 U/ml penicillin,
100 peg/ml streptomycin (Invitrogen), and 5x10-° M 3-mercapto-
ethanol (BDH, UK). DCs were one of three types: i) DCs
transduced with Adv-HER2, ii) dI-70-3 infected DCs, or iii)
un-infected DCs. DCs were added to autologous T cells on
days 0 and 7. On day 2, 5 ng/ml IL-7 (Stem Cell Technologies,
Vancouver, Canada) and 50 U/ml IL-2 (Sigma-Aldrich, St. Louis,
MO) were added. On day 14, T-cells were harvested for 3'Cr
release, ELISPOT and intracellular staining, or were stimulated
with irradiated autologous Adv-HER2 DCs, Adv-dl70-3 DCs
or untransduced DCs for 3 h before RNA extraction.

IFN-y ELISPOT assay. Cytotoxic T cells generated in vitro using
Adv-HER2 DCs were added to anti-human IFN-y antibody
coated 96-well plates at a concentration of 2x10° cells/well.
(Human IFN-y ELISPOT kit, R&D Inc, USA). Autologous
irradiated Adv-HER2 DCs, Ad dI-70-3 DCs, and untransduced
DCs were added at a DC to T cell ratio of 1:10. A biotin-labeled
anti-human IFN-y antibody was used for detection. Spots were
counted after an incubation period of 36 h using an automated
reader (CTL-ImmunoSpot Analyzer, Cellular Technology Ltd.,
USA).

Intracellular cytokine staining (ICS) assay. Intracellular cyto-
kine staining was performed according to the manufacturer's
protocol. Day 4 DCs were pulsed with LNCaP tumor lysate at
37°C for 4 h followed by TNF-a and IFN-y for 24 h. DCs were
then washed and incubated at 1:10 ratio with Adv-HER2 DC
stimulated autologous T cells or un-transduced DC stimulated
T cells. After 3 h Brefeldin-A (10 pg/ml) was added with further
incubation for 6 h at 37°C. Cells were stained with FITC-labeled
anti-CD8 (BD Pharminogen) for 30 min at 4°C, washed and
fixed (BD Cytofix/Cytoperm™). After permeabilization (BD
Perm/Wash™) cells were stained with anti-IFN-y PE for 30 min
at 4°C and flow cytometry was performed using LSRII (Becton-
Dickinson).

Quantitative real-time PCR measurement of IFN-y. Total RNA
was extracted from T cells (3x10%) (RNeasy Protect Mini Kit
Qiagen Inc., Canada). DNA was digested using an RNAse-free
DNAse Kit (Qiagen Inc.). Purified RNA was analyzed using an
Agilent 2100 Bioanalyser (Agilent Technologies, Canada) and
reverse transcribed to cDNA (Sensiscript reverse transcription
kit, Qiagen Inc.). Quantitative real-time PCR (QRT-PCR) was
performed using gene specific TagMan probes and primers
on an ABI PRISM 7900 sequence detection system (Applied
Biosystems, Foster City, CA, USA) as described earlier (27).

Cytotoxicity assays. Standard *'Cr release assay was performed
as previously described (27). T cells harvested 5 days after
the last antigenic stimulation were used as effector cells in
a 4-h 'Cr release assay. Target cells were MCF-7, K-562 or
SKOV-3 tumor cells. Target cells were labeled with Na’'Cro,
(Amersham, Canada) (100 pCi/10° cells) washed, and incu-
bated with effector cells in duplicate at different effector: target
ratios, in v-bottomed 96-well plates for 4 h. A 25-ul volume
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Figure 1. Representative phenotypes of d-0 DC and d-7 transduced DCs. CD14* monocytes were expanded in serum-free medium containing GMCSF and IL-4,
followed by treatment with TNF-a and IFN-y. On d-7 mature DCs were transduced with Adv-HER?2 at a MOI of 200. After a 24-h incubation at 37°C DCs
were subjected to three color flow cytometry analysis as described in Materials and methods The density plots show fluorescence values on gated large cells
expressing DC related markers, CD14, HLA-DR, CCR-7,CD80, CD83 and CD86. Values of FL-1 height (upper left hand corner) F1 2 or FL 3 heights (lower right

hand corner) are shown from one representative experiment.
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Figure 2. Correlation between HER?2 specific T cell IFN-y/GAPDH mRNA ratio and ELISPOT. GAPDH normalized IFN-y mRNA/IFN-vy protein levels in
autologous T lymphocytes following stimulation with d-7 DCs transduced with Adv-HER2, dI-70-3 or un-transduced control DCs. DCs were co-cultured with
purified autologous T cells and q-RTPCR analysis (A) and ELISPOT IFN-y assay (B) was carried out as described in Materials and methods. Results represent
independent experiments from 5 healthy controls and values are the mean + SE of replicates.

of supernatant was counted (Packard TopCount NXT™ ) and
the specific lysis was calculated using the formula: % lysis =
(experimental release-spontaneous release/maximal release-
spontaneous release) x 100. Spontaneous and maximal release
were determined in the presence of RPMI medium or IN HCL,
respectively.

Results

Generation and maturation of DCs. Phenotypic analysis of
DCs included a complete immunophenotypic evaluation of
CD14, CD80, CD83, CD86, CCR7 and HLA-DR on days 0
and 8. Treatment of DCs with TNF-a and IFN-vy resulted in
the enhanced expression of co-stimulatory molecules. Markers
consistent with mature DCs (CD80, CD83, CD86, HLA-DR)

were homogeneously expressed by day 8, with concomitant
down-regulation in the expression of CD14 (Fig. 1).

Adv-HER? transduced DCs induced elevated levels of HER2
specific T cell IFN-y mRNA in HLA-A2/HLA-2* donors. We
investigated whether Adv-HER?2 transduced DCs were able
to induce HER?2 specific T cells in vitro. T cell derived IFN-y
specific mRNA induced by HER2 antigen was measured by real-
time qRT-PCR. T cells co-cultured with adv-HER?2 transduced
DC:s for 2 cycles were tested for HER?2 specific IFN-y mRNA
upon incubation for 3 h with irradiated autologous Adv-HER2
transduced DCs, d1-70-3 transduced DCs, un-transduced DCs,
or T cells alone. T cells stimulated with Adv-HER?2 transduced
DCs expressed significantly increased copies of IFN-y gene
transcripts than T cells stimulated with Ad dl-70-3 transduced
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Figure 3. HER2 specific -RTPCR T cell IFN-y response in HLA-A2* healthy
donors 3 and 5. GAPDH normalized IFN-y mRNA levels in autologous T lym-
phocytes following stimulation with day-7 DCs transduced with Ad-rat-HER?2,
peptide pulsed DCs, dI-70-3 or untransduced control DCs. DCs were cocul-
tured with purified autologous T cells and qRT-PCR analysis was carried out as
described in Materials and methods. Inhibition of T cell response followed by
blocking of HLA-A2 molecules on target cells is also shown. Results represent
independent experiments from 2 healthy controls and values are the mean of
replicates.

DCs or un-transduced DCs (3-9-fold increase, p<0.05 and
0.002 respectively) (Fig. 2A). No measurable IFN-y mRNA was
detected from unstimulated T cells.

Adv-HER? transduced DCs elicit HER? specific T cell IFN-y
protein in HLA-A2'/HLA-A2* donors. T cells induced by
Adv-HER?2 transduced DCs were able to release IFN-y on recall
stimulation in vitro. CD3* T cells stimulated with autologous
Adv-HER? transduced DCs for two 7-day cycles of stimulation
showed HER2 specific T cell IFN-y release on recall stimula-
tion with irradiated autologous Adv-HER?2 transduced DCs in
ELISPOT assay. As depicted in Fig. 2B, T cells from donors
released high levels of IFN-y upon stimulation with Adv-HER2
transduced DCs as compared to T cells stimulated with dl-70-3
transduced DCs or un-transduced DCs (p<0.05 and 0.002 respec-
tively). Moreover qRT-PCR T cell IFN-y results correlated with
the results of ELISPOT T cell IFN-y assay.

HER? specific T cell IFN-y mRNA transcription and protein
release were inhibited by blocking antibody BB7-2. HER2
specific CTL from one donor responded with a 9-fold increase
of specific IFN-y mRNA when challenged with Adv-HER2 DCs
ex vivo (Fig. 3). Adv-HER?2 DC induced elevated IFN-y mRNA
expression and protein release were completely inhibited by anti-
HLA-A2 monoclonal antibody BB7-2, indicating that HLA-A2
is the restriction element in this in vitro situation (Figs. 3 and 5A).

HER? specific T cells from HLA A2* donors lysed HLA matched
tumor cells expressing HER?2 protein. As shown in Figs. 4 and
5B, CTL induced by Adv-HER2 transduced DCs efficiently
lysed HER2* HLA-A2* MCF-7 tumor cells in a dose-dependent
manner. This cytolytic activity was abolished by treatment of
MCEF-7 target cells with blocking antibody BB7.2 (Fig. 5B). The
same effectors failed to lyse HER2 over-expressing HLA-A2-
SKOV-3 tumor cells (Fig. 4). The inability of the effector CTL
to lyse the NK cell sensitive K-562 targets demonstrates that
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Figure 4. HER2 specific CTL response from three HLA-A2* healthy controls
assessed by Chromium release assay. HER2 specific CTL were generated as
described in Materials and methods and cytolytic potential was tested against
HER?2 expressing tumor cells in a 4-h chromium release assay. Effector CTL
demonstrated low or negligible activity against HLA-A2 negative SKOV-3
tumor cells. Results represent independent experiments from 3 HLA-A2*
controls and values are the mean of replicates.

the CTL lacked natural killer activity (Fig. 5B). HER2 specific
IFN-y production by CTL from HLA-A2* donors correlated
with the cytolysis of MCF-7 targets assessed by the chromium
release cytotoxicity assay (Fig. 5).

Adv-HER? transduced DC stimulated T cells recognized LNCaP
lysate loaded DCs and produced IFN-y on recall stimulation.
We tested whether HER2 DC stimulated T cells would recog-
nize HER?2 antigen on LNCaP prostate cancer cells by recall
stimulation assay. Previously stimulated T cells were analyzed
for IFN-vy secretion in response to exposure to autologous DCs
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Figure 5. MHC restricted, HER?2 specific T cell IFN-vy response in HLA-A2" healthy donor quantitated by ELISPOT. Inhibition of T cell response followed by
blocking of HLA-A2 molecules on target cells is also shown. Values are the mean + SEM for triplicates (A). Dose-dependent cytolysis of MCF-7 tumor cells by
CTLs from the same donor as assessed by Chromium release assay. Non-reactivity with K-562 target cells and inhibition of HER2 specific cytolysis followed

by blocking of HLA-A2 molecules on the MCF-7 targets are also shown (B).
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Figure 6. Intracellular staining of IFN-vy in T cells stimulated with Adv-HER?2 transduced DCs. Autologous T cells were stimulated with Adv-HER2 DCs or
untransduced DCs for two cycles at a 7-day interval. Stimulated T cells were then analyzed for IFN-y production in response to encounter with LNCaP tumor
cell lysate loaded DCs as described in Materials and methods. T cells were then labeled with anti-CD8 FITC and anti-IFN-y PE monoclonal antibodies and
analyzed by flow cytometry. Values presented in the upper right quadrants represent the percentage of IFN-vy secreting T cells within the CD8* population.

loaded with LNCaP tumor cell lysate. The results of IFN-y secre-
tion assays from healthy volunteers are depicted in Fig. 6. The
frequency of IFN-y secreting CD8* T cells showed individual
variation and was in some cases as high as 4.9%. A non-CD8* T
cell population comprised of mainly CD4* T cells also elicited
a potent IFN-y response on recall stimulation. T cells stimulated
with untransduced DCs produced relatively low levels of IFN-y.
T cell IFN-vy production was abrogated when blocking antibody
was added to the DC T cell culture.

Discussion

Breast cancer is a relatively common malignancy in women
(28). Metastatic breast cancer is currently incurable with a
median survival of 18-24 months (29). New therapies such as
immunotherapy that have the potential to improve immune
responses without the toxicity associated with standard thera-
pies are of current clinical interest. The recognition of putative

epithelial cancer antigens, such as HER2, has prompted the
development of strategies for inductive and adoptive immuno-
therapy. Traditional direct or in vivo vaccination approaches
comprised of tumor antigen/peptide mixed with adjuvant have
generally not been effective (11,30,31). Another way of inducing
an immune response to specific TAA is to use DCs loaded with
tumor antigen delivered as peptide or as DNA via recombinant
viruses. The advantage of a therapeutic strategy using autolo-
gous DCs transduced by viral vectors is that DCs manipulated
in this way are capable of presenting a broad range of epitopes
which may lead to improved immunogenicity (32). Both pre-
clinical and pilot clinical studies suggest that HER2 can indeed
be immunogenic (33-35). Expression of an entire gene encoding
a tumor antigen obviates the need for identification of HLA
restricted CTL epitopes and allows endogenous processing of
all available epitopes for presentation on MHC molecules. DCs
transfected with Adv-HER?2 serve as an autologous endogenous
antigen presenting system which can stimulate both CD4* T
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cells and CD8* T cells. Pre-clinical studies have demonstrated
that vaccination with DCs modified with a recombinant
adenovirus (rAdv) or lentivirus to express HER2 and IL-12
conferred tumor protection in transplantable HER2 expressing
tumor models (25,36). Adenoviral vectors expressing xenogenic
human HER?2 proved capable of breaking immune tolerance in
a mouse model (37).

In the present study we demonstrate the ability of Adv-rat
HER?2 transduced DCs to induce HER?2 specific autologous
CTL response in healthy controls. In this case we have
explored whether a xenoantigen enhances reactivity. We used
highly sensitive qRT-PCR assay to quantify antigen specific
IFN-y transcripts levels in Adv-HER2 DC-induced T cells on
recall stimulation. The combination of qRT-PCR and other inde-
pendent functional assays like ELISPOT IFN-y and conventional
chromium release assay confirmed our results.

Adv-HER?2 transduced DC-stimulated T cells from donors
produced HER?2 specific T cell IFN-y protein or mRNA on recall
stimulation. Interestingly, Adv-HER2 DC-stimulated CD8* T
cells were also activated (i.e., produced IFN-v) following expo-
sure to DCs pulsed with a prostate cancer cell line LNCaP lysate.
A population of non-CD8* T cells also elicited a remarkably high
IFN-y response on recall stimulation. This response could be
attributed partly to CD4* T cells, or may represent non-specific
T cell activation. Earlier studies have demonstrated the role of
HER?2 in the development and progression of prostate cancer
(38) and it has been demonstrated that LNCaP cells express
significantly high amount of HER2 molecule on their surfaces
(38,39).

Our data indicate that rat HER2 transduced human DCs
induced specific CTL that were capable of lysing HER2
expressing MCF-7 cells in an HLA-A2 restricted manner,
demonstrating that this CTL epitope is naturally processed and
presented. It is speculated that vaccinating with Adv-HER?2
DCs could induce T cells of higher avidity, able to recognize
endogenously processed peptide epitopes and subsequently lyse
HER?2* tumor cells. The specificity displayed by the effector CTL
with respect to IFN-y mRNA as well as protein production was
confirmed by blocking HLA-A2 molecules on the target cells.
Our results suggest that HER2 specific CTL from HLA-A2*
donors did not lyse HLA-A2- HER2 over-expressing SKOV-3
cells in cytotoxicity assays. These results are in agreement with
results reported by others (18). Non-reactivity of the effector
CTL with K-562 targets rules out the involvement of NK or NKT
cells in the cytolysis of MCF-7 targets.

In conclusion, Adv-HER2-transduced DCs induced specific
cytotoxic T cells in healthy donors that can recognize and kill
HER?2* cell targets. Our studies indicate that DCs transduced with
a viral rat-HER2 may also be beneficial and can be considered
as a potential candidate for vaccination in patients with HER2
over-expressing tumors. Further studies to compare and contrast
preclinical efficacy of rat HER2 to human HER?2 are required.
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