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Abstract Listeria monocytogenes-based vaccines for
HER-2/neu are capable of breaking tolerance in
FVB/N rat HER-2/neu transgenic mice. The growth of
implanted NT-2 tumors, derived from a spontaneously
occurring tumor in the FVB/N HER-2/neu transgenic
mouse, was signiWcantly slower in these mice following
vaccination with a series of L. monocytogenes-based
vaccines for HER-2/neu. Mechanisms of T cell toler-
ance that exist in these transgenic mice include the
absence of functional high avidity anti-HER-2/neu
CD8+ T cells and the presence of CD4+CD25+ regula-
tory T cells. The in vivo depletion of these regulatory T
cells resulted in the slowing in growth of tumors even
without the treatment of mice with an anti-HER-2/neu
vaccine. The average avidities of responsive CD8+ T
cells to six of the nine epitopes in HER-2/neu we exam-
ined, four of which were identiWed in this study, are
shown here to be of a lower average avidity in the trans-
genic mice versus wild type FVB/N mice. In contrast,
the average avidity of CD8+ T cells to three epitopes
that showed the lowest avidity in the wild-type mice did
not diVer between wild type and transgenic mice. This
study demonstrates the ability of L. monocytogenes-
based vaccines to impact upon tolerance to HER-2/neu
in FVB/N HER-2/neu transgenic mice and further deW-
nes some of the aspects of tolerance in these mice.
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Introduction

A drawback to many cancer immunotherapy studies in
animal models is the lack of applicability of these mod-
els to human cancers due to tolerance mechanisms,
which limit patients’ immune responses to their cancers
[1–3]. Tolerance allows for the growth of tumors, which
have gained the ability to divide very rapidly while
being resistant to death, because they are ignored by
the immune system.

There are several mechanisms that lead to the induc-
tion of tolerance. First, there is the deletion of self-
reactive cells in the thymus during T cell development
[4, 5]. The majority of cells that could target self-anti-
gens, in particular the high avidity T cells that target
self-antigens undergo negative selection in the thymus
to prevent the occurrence of autoimmune disease.
Another major mechanism of tolerance induction is the
action of CD4+CD25+ T cells, or regulatory T cells [6, 7].
These cells non-speciWcally induce tolerance by inhibit-
ing the action of cells, such as killer CD8+ T cells in their
vicinity. Anergy is yet another tolerance mechanism that
allows tumor cells to evade the immune system [1, 8].
In this case, CD8+ T cells engage speciWc-peptide MHC
complexes on tumor cells, but then are rendered unre-
sponsive due to a lack of co-stimulation (the second sig-
nal) that would lead to full activation [1].

In order for a cancer immunotherapeutic to be eVec-
tive, it will have to overcome these tolerance mecha-
nisms and activate self-reactive T cells to target the
tumor. Studying novel cancer immunotherapies in a
transplantable mouse model is a Wrst approach to eval-
uating the eVectiveness of a therapy. However, if wild
type mice are used as recipients, there may be little or
no tolerance unless a self-antigen is expressed by the
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tumor. A better test of cancer immunotherapies may
be to test them in tolerance models, such as transgenic
mouse models for cancer [9, 10]. EVective treatments
in animals that are tolerant to the tumor antigen will
theoretically have a greater chance of being eVective in
human clinical trials.

HER-2/neu is a self-antigen that is overexpressed in
15–40% of human breast cancers [11, 12]. As the tumor is
capable of growing in people with intact immune sys-
tems, this suggests that they may be tolerant to the anti-
gen. In addition, the immune response that patients do
generate against these tumors is not eVective in prevent-
ing the tumor from developing and growing [13–15]. As
the over expression of HER-2/neu in tumors is associated
with the poor prognosis of patients [16], it is an especially
important antigen to target with speciWc immunothera-
pies. The evaluation of therapies targeting HER-2/neu
has been aided by the development of mice transgenic
for the rat HER-2/neu proto-oncogene [17–20].

Although there are several transgenic mouse mod-
els, the one used in these studies is the HER-2/neu
transgenic mouse on the FVB/N background [17, 18].
These mice express the rat HER-2/neu proto-oncogene
under the control of the mouse mammary tumor virus
(MMTV) promoter [17, 18]. As such, the rat HER-2/
neu should be expressed in the thymus during devel-
opment and reactive cells deleted through negative
selection. This model has been very useful in immuno-
therapeutic studies because it closely resembles the
ontogeny and progression of human breast cancer.
Focal mammary tumors develop stochastically in
>90% of the female transgenic mice after a latency of
about 4–6 months and metastatic disease in the lung
occurs in many of the tumor bearing mice. In addition,
although the mouse HER-2/neu protein diVers from
the rat by <6% of amino acid residues, there is evi-
dence that rat HER-2/neu is immunogenic in the
mouse [21]. This implies that the rat HER-2/neu
expressing tumors commonly used to test immune
strategies may be immunogenic in wild type mice. Thus
rat HER-2/neu transgenic mice are a more stringent
model to test the ability of immunotherapy to break
tolerance against tumor antigens, such as HER-2/neu,
which are expressed at low levels in normal tissue.

We have previously described a series of Listeria
monocytogenes-based vaccines that express overlap-
ping fragments of HER-2/neu, which are equally capa-
ble of inducing stasis in the growth of transplanted NT-2
tumors in wild type FVB/N mice [22]. The NT-2 tumor
cell line was developed from a spontaneously occurring
mammary tumor in the FVB/N rat HER-2/neu trans-
genic mouse [23]. Three of these vaccines target the
extracellular domain [Lm-LLO (Listeriolysin O) -EC1,

-EC2, and -EC3] and two the intracellular domain
(Lm-LLO-IC1 and -IC2) of rat HER-2/neu.

Wild type FVB/N mice are not speciWcally tolerant
to the rat HER-2/neu gene product. However, the
mouse and rat HER-2/neu genes are greater than 90%
homologous [24], so some degree of tolerance is
expected. Although these sequences are extremely
homologous, there are diVerences in the degree of
homology in the fragments targeted by the diVerent
vaccine constructs. Lm-LLO-IC1 expresses a HER-2/
neu fragment that contains the highly conserved kinase
domain, which is 98% homologous to the mouse pro-
tein sequence, and this sequence shows the highest
level of homology among the Wve vaccine constructs.
Both the EC1 and EC2 regions are 94% homologous
with the corresponding mouse regions and the EC3 and
IC2 regions are 93% homologous. In all of the vaccines
excluding Lm-LLO-IC1, the amino acid diVerences are
spread throughout the entire fragment, while in IC1,
the diVerences Xank the kinase domain with only one
non-homologous amino acid in the kinase domain mak-
ing the kinase domain 99.6% homologous. Thus, in
order to impact on the growth of implanted tumors in
the transgenic mice, the vaccines will need to stimulate
an immune response that can overcome several levels
of tolerance. In addition to the tolerance of the mice to
rat HER-2/neu, the similarity of the rat and the mouse
proteins implies that the immune response may also
have to overcome tolerance to the mouse protein.

Here, we show that Lm-LLO-HER-2/neu vaccina-
tion can signiWcantly delay the growth of transplanted
NT-2 tumors in FVB/N HER-2/neu transgenic mice. In
addition, the CD8+ T cells speciWc for several HER-2/
neu epitopes in each of the Wve Lm-LLO-HER-2/neu
vaccines are of a lower avidity in the transgenic mice as
compared to the wild type mice. In order to measure
the average avidities of the polyclonal CD8+ T cells
arising in wild type versus transgenic mice vaccinated
with each of the Wve Lm-LLO-HER-2/neu vaccines we
identiWed several novel epitopes in the HER-2/neu for
the FVB mouse. This brings the number of known epi-
topes in HER-2/neu to 13 ([27, 31] Singh and Paterson,
manuscript submitted and this study).

Materials and methods

Mice

FVB/N HER-2/neu transgenic mice were housed and
bred at the Veterans’ Administration Hospital aYli-
ated with the University of Pennsylvania. Six to 8 week
old wild type female FVB/N mice were purchased from
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Charles River Laboratories (Wilmington, MA). All
experiments on mice were approved by and done in
accordance with regulations by the Institutional Ani-
mal Care and Use Committee (IACUC) of the Univer-
sity of Pennsylvania and the Veterans’ Administration.

Listeria vaccine strains

The L. monocytogenes strains used for these studies
are Lm-LLO-EC1, Lm-LLO-EC2, Lm-LLO-EC3, Lm-
LLO-IC1, and Lm-LLO-IC2 all of which contain a frag-
ment of rat HER-2/neu fused to a truncated form of the
listerial hly gene in an episomal expression system that
has been previously described by our lab [25, 26].
Their construction has been described previously [22].
The amino acid sequences contained in each HER-2/
neu fragment are 20–326 in Lm-LLO-EC1, 303–501 in
Lm-LLO-EC2, 479–655 in Lm-LLO-EC3, 690–1,081
in Lm-LLO-IC1, and 1,020–1,260 in Lm-LLO-IC2 [22].
A similarly constructed L. monocytogenes-based vac-
cine for NY-ESO-1 was kindly provided by Dr. Paulo
Maciag, University of Pennsylvania, and was used as a
control for antigen speciWcity in some experiments.
Bacteria were grown in brain heart infusion medium
(BD, Sparks, MD) with 50 �g/ml chloramphenicol and
frozen in 1 ml aliquots at ¡80°C. To inject mice, the
vaccines were thawed and washed twice with sterile
PBS prior to being resuspended in PBS.

Cell lines

The NT-2 tumor cell line was developed from a sponta-
neously occurring mammary tumor in an FVB/N HER-
2/neu transgenic mouse [27]. These cells constitutively
express low levels of rat HER-2/neu and were injected
into transgenic mice to form solid tumors. They were
also used as a feeder cell line as a source of antigen for
the restimulation of splenocytes in CTL assays. NT-2
cells were grown in RPMI 1640 medium supplemented
with 20% FCS, 10.2 ml HEPES, 2 mM L-glutamine,
100 �M nonessential amino acids, 1 mM sodium pyru-
vate, 50 U/ml penicillin G, 50 �g/ml streptomycin,
20 �g/ml insulin, and 2 �g/ml gentamycin. For the CTL
assays, the NIH 3T3 cells (3T3-wt) were cultured in
DMEM supplemented with 10% FCS, 2 mM L-gluta-
mine, 100 �M nonessential amino acids, 1 mM sodium
pyruvate, 50 U/ml penicillin G, and 50 �g/ml strepto-
mycin. All cells were grown at 37°C with 5% CO2.

Tumor regression

About 6–8 week old female FVB/N HER-2/neu trans-
genic mice were given 5 £ 105 NT-2 tumor cells s.c. on

the right Xank on day 0. Mice were vaccinated with
0.1 LD50 [22] of each vaccine or 200 �l PBS i.p. on days
7, 14, 21, 28, and 35. One week post-tumor inoculation
the tumors reached a palpable size at 4–5 mm. Each
treatment group consisted of eight mice.

For the tumor regression experiment in which
CD25+ T cells were depleted, groups of six 6–8 week
old female FVB/N HER-2/neu transgenic mice were
given NT-2 tumors s.c. in the right Xank on day 0. The
mice were then treated with either the PC-61 anti-
CD25 antibody (Bio Express, West Lebanon, NH) or a
control antibody on days 4 and 6 post tumor inocula-
tion. Mice were treated with 1 mg of antibody per
mouse i.v. The control depletion antibody was an iso-
type-matched rat antibody, GL117.41 that produces an
anti-E. coli �-galactosidase. The Lm-LLO-EC2 vaccine
was given on days 7, 14, 21, 28, and 35.

Tumors were measured every 2 days with calipers
spanning the shortest and longest surface diameters.
Plots show the mean of these two measurements as the
tumor size in millimeters versus time. Mice were sacri-
Wced when mean tumor diameter reached 20 mm and
tumor measurements for each time point are shown
only for the surviving mice.

For the tumor regression assay in which, Listeria-
based vaccines were co-injected with the anti-HER-2/
neu monoclonal antibody, eight 6–8 week old female
FVB/N HER-2/neu transgenic mice were given NT-2
tumors s.c. on the right Xank on day 0. Mice were
injected with 100 �g of the 7.21.2 anti-HER-2/neu anti-
body per mouse per week [28, 29] for a total of Wve
injections. The antibody injections were given at the
same time as the vaccine injections on days 7, 14, 21,
28, and 35. The control antibody was an isotype
matched antibody puriWed from ascites and the 7.21.2
antibody was produced from a hybridoma cell line
grown in a bioreactor (BD, San Jose, CA). Both anti-
bodies were aYnity puriWed on a Protein G Sepharose
column (Amersham Biosciences, Uppsala, Sweden).
Groups are shown as an average tumor size at each
time point.

Peptides

Peptides were synthesized as custom peptides by
EZBiolab, Inc. (WestWeld, IN). The sequences are as
follows: PDSLRDLSVF (420–429), PYNYLSTEV (302–
310), LFRNPHQALL (489–498), PGPTQCVNCS
(528–537), PNQAQMRIL (712–720), GSGAFGTVYK
(732–741), AFGTVYKGI (735–743), PYVSRLLGI
(785–793), and LQRYSEDPTL (1,114–1,123). The
peptides were all produced in a desalted form at a
greater than 70% purity.
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CTL assays

Six week old female HER-2/neu transgenic mice or
wild type FVB/N mice were vaccinated with 0.1 LD50
of one of the Listeria-based vaccines or 200 �l PBS. In
order to identify novel epitopes, spleens were har-
vested 9 days later and splenocytes were cultured in
vitro for 4 days with irradiated NT-2 tumor cells
(20,000 rads) at a ratio of 10 splenocytes to 1 tumor cell
with 20 U/ml IC-2. Splenocytes were then harvested
and used in a standard CTL assay with 3T3 target cells
loaded with the target peptides as previously described
[22, 30] at a peptide concentration of 1 �g/ml. Each
ratio was set up in triplicate. Total lysis of chromium
loaded target cells was stimulated by the addition of
2% Triton X. The percent speciWc lysis was calculated
as follows: % = 100 [(experimental lysis ¡ spontaneous
lysis)/(total lysis ¡ spontaneous lysis)].

For the peptide titration CTL assays, mice were
again treated once with 0.1 LD50 of a particular vaccine
of with PBS and 21 days later spleens were harvested
and splenocytes were cultured in vitro for 6 days with
irradiated NT-2 tumors cells (20,000 rads) at a ratio of
10 splenocytes to 1 tumor cell with 20 U/ml IL-2.
Spleens were harvested at 21 days based on previous
studies using this time frame to undertake studies of
T cell avidity [30]. The concentrations of peptides used
to load onto target cells were 1, 0.1, 0.01, 1, and 0.1 �g/
ml. Each ratio was set up in triplicate. Total lysis of
chromium loaded target cells was stimulated by the
addition of 2% Triton X. The percent speciWc lysis was
calculated as follows: % = 100 [(experimental lysis¡
spontaneous lysis)/(total lysis¡spontaneous lysis)].
Results are shown at an E:T ratio of 200:1.

Statistical analysis

The Student’s t test was done and signiWcance of
P < 0.05 is shown.

Results

NT-2 tumor growth slows after Lm-LLO-HER-2/neu 
vaccination of FVB/N HER-2/neu transgenic mice

Treatment of wild type NT-2 tumor bearing FVB/N
mice with the L. monocytogenes-based HER-2/neu
vaccines resulted in stasis in tumor growth for greater
than 100 days, and the eventual regression of a subset
of these tumors [22]. These mice are not considered to
be tolerant to the rat HER-2/neu protein and as such
were expected to mount an immune response targeting

the implanted tumors. However, due to the high
degree of similarity between the rat and mouse HER-
2/neu proteins, they should exhibit some tolerance to
rat HER-2/neu. Prior to beginning a tumor regression
study in the FVB/N HER-2/neu transgenic mice, we
undertook a tumor load study to determine the mini-
mum number of tumor cells needed to lead to the
growth of palpable tumors of 4–5 mm 1 week after
tumor implantation. As expected, these mice are toler-
ant to HER-2/neu, and tumors can be established by
fewer tumor cells in the transgenic mouse versus the
wild type FVB/N mouse (5 £ 105 versus 1 £ 106).

Transgenic mice were implanted with 5 £ 105 NT-2
tumor cells s.c. on the right Xank and when the tumors
were palpable on day 7, the Lm-LLO-HER-2/neu vac-
cinations were given. Instead of the three vaccinations
that were given to the wild type mice, Wve vaccinations,
one every week beginning on day 7, were given to the
transgenic mice. This was done in order to give a stron-
ger boost and to enhance the generation of antigen-
speciWc T cells since these mice are tolerant to rat
HER-2/neu. Treatment with each of the Wve Lm-LLO-
HER-2/neu vaccines leads to much slower tumor
growth than the control treated tumors (Fig. 1). The

Fig. 1 NT-2 tumor growth is signiWcantly slower after Lm-LLO-
HER-2/neu vaccination. NT-2 tumor cells were implanted s.c. on
the Xank of female HER-2/neu transgenic mice. The tumors in
control mice when vaccinated with PBS or Lm-LLO-NYESO-1
rapidly grew out by day 45. The tumors in all of the HER-2/neu
vaccinated mice grow much more slowly and on average do not
grow beyond 10 mm. There were no tumor measurements after
day 50 because each of the HER-2/neu vaccinated mice scratched
away her tumor. All of the Lm-LLO-HER-2/neu vaccines are sig-
niWcantly diVerent (P < 0.0001) from the control vaccines (PBS
and the Lm-LLO-NYESO-1 vaccines) on day 42 based on the
Student’s t test
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control tumors grow out to 20 mm by day 50 when the
mice are euthanized. In contrast, the tumors in the
HER-2/neu vaccinated groups do not grow beyond
10 mm on average. No tumor measurements could be
made after day 50 because each mouse in the Lm-
LLO-HER-2/neu vaccinated groups scratched away
her tumor and thus the size of the tumors was lost to
assessment. This was a very striking development as all
of these mice removed their tumors within the space of
2 days. This experiment was repeated three times with
the same consequences. We believe that immune cell
inWltrates in these tumors must make them very itchy
to the mice since the PBS and control vaccinated mice
did not scratch even the larger tumors that they car-
ried. We have, as yet, not fully characterized what
these cells are: we did not observe this phenomenon
when we performed similar experiments in the wild
type FVB mouse [22]. The majority of the mice were
euthanized after scratching away their tumors as the
scratching resulted in chronic open wounds. The few
mice for which the open wounds healed rapidly sur-
vived long term (observed for greater than 4 months)
with no evidence of further tumor growth (unpublished
observations).

IdentiWcation of new epitopes in the HER-2/neu 
fragments of EC2, EC3, IC1 and IC2

HER-2/neu epitopes have been identiWed in the EC2
fragment [27] and in the EC1 fragment [31]. We have

also recently identiWed seven epitopes in the IC1 frag-
ment (Singh and Paterson, manuscript submitted).
Since we wish to compare the avidity of CD8+ T cells
induced by the vaccines in the wild type versus the
HER-2/neu transgenic mouse, it was necessary to iden-
tify at least one CD8+ T cell epitope for all of the frag-
ments expressed by the Listeria vaccine.

We used the strategy that we have previously
described in which splenocytes from wild type FVB/N
mice immunized with each of the Wve vaccines were
used as eVector cells in 51Cr release CTL assays [22,
31]. First we used pools of overlapping 20-mer peptides
to pulse target cells for CTL assays to narrow down the
regions of HER-2/neu contained within each vaccine
that contain potential epitopes. For positive pools we
then tested individual 20-mer peptides in the pools to
identify the 20-mer that contained a CD8+ T cell epi-
tope. We then sought to identify the epitope in each of
these 20-mers. As we have previously discussed [31],
there are no predictive algorithms for the FVB/N
mouse, which is on the H-2q background. However,
Hansen and associates have shown that the H-2Dq and
H-2Lq genes are very similar to the H-2d genes [32, 33].
Using the “d” haplotype as a guide we analyzed the
sequence of positive 20-mers using the Rankpep algo-
rithm (http://www.mif.dfci.harvard.edu/Tools/rankpep.
html) and identiWed 9- and 10-mers that were likely to
bind to d, and thus to q, for each of the identiWed
20-mers. These were tested in CTL assays to identify
individual epitopes (Fig. 2).

Fig. 2 IdentiWcation of novel 
CD8+ T cell epitopes in the 
FVB/N HER-2/neu transgenic 
mouse. Novel epitopes in each 
of the Listeria monocytogenes 
vaccines have been identiWed 
through CTL analyses. Pep-
tides were used at a concen-
tration of 1 �g/ml each pulsed 
onto 3T3-wt target cells. The 
E:T ratios used were 200:1, 
100:1, 50:1, and 25:1, with 
splenocytes from PBS or Lm-
LLO-HER-2/neu vaccinated 
mice. The epitopes are as 
follows: a the EC2 epitope 
LFRNPHQALL, b the EC3 
epitope PGPTQCVNCS,
c the IC1 epitope PNQAQM-
RIL, d the IC2 epitope 
LQRYSEDPTL
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Following this, we went on to identify the MHC class
I restriction of each of the new epitopes and previously
identiWed epitopes as we have previously described [31].
The epitopes and their MHC class I restrictions are as
follows. The EC2 epitope LFRNPHQALL (489–498) is
H-2Kq, the EC3 epitope PGPTQCVNCS (528–537) is
H-2Dq, and the IC2 epitope LQRYSEDPTL (1,114–
1,123) is H-2Dq. The IC1 epitopes PNQAQMRIL
(712–720) and GSGAFGTVYK (732–741) are H-2Dq

whereas the AFGTVYKGI (735–743) and PYVSR
LLGI (785–793) are H-2Kq (data not shown). It should
be noted that we have not attempted to identify all of
the epitopes in the HER-2/neu molecule since our aim
was to identify at least one. Indeed, we believe that
there may be many others.

CD8+ T cells are of lower avidity in FVB/N HER-2/neu 
transgenic versus wild type mice

High avidity T cells to self-antigens are generally nega-
tively selected during thymic development to prevent
the development of autoimmunity [34]. We compared

the avidity of the T cells for each of the epitopes
through a series of peptide titration CTL analyses. A
measure of the avidity of CD8+ T cells can be obtained
by titrating down the concentration of the peptide used
to pulse target cells and observing at what concentra-
tion of peptide the lysis of the target cells is halved
compared to the maximum lysis obtained in the pres-
ence of excess peptide [30].

We next tested the avidities of the eight HER-2/neu
epitopes that we have mapped previously (31, Singh
and Paterson, manuscript submitted) and in this paper.
Since previous studies in the FVB/N HER-2/neu trans-
genic mouse have focused on the epitope, PDSL-
RDLSVF [35], we also sought to determine the avidity
of T cells speciWc for this epitope in order to compare
this to the epitopes we have mapped. The average
avidity of the PDSLRDLSVF speciWc T cells from Lm-
LLO-EC2 vaccinated transgenic mice is just over one
log lower than those induced in the Lm-LLO-EC2 vac-
cinated wild type mice (Fig. 3; Table 1).

Our Wndings are summarized in Table 1, and
reported as the peptide concentration at which the

Fig. 3 Some of the CD8+ T cells in the FVB/N HER-2/neu trans-
genic mouse are of lower avidity than the cells from wild type
FVB/N mice. CTL analysis of each of the epitopes using decreas-
ing concentrations of the peptide pulsed onto 3T3-wt target cells.
The concentrations used were 10¡6, 10¡7, 10¡8, 10¡9, 10¡10 M.

Wild type and transgenic mice are directly compared at a 200:1
E:T ratio. a PDSLRDLSVF, b PYNYLSTEV, c LFRNPHQALL,
d PGPTQCVNCS, e PNQAQMRIL, f GSGAFGTVYK, g AF-
GTVYKGI, h PYVSRLLGI, and i LQRYSEDPTL
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percent speciWc lysis drops 50% for each epitope
(Table 1). Two of the epitopes we have identiWed in
EC3: PGPTQCVNCS and IC1: PNQAQMRIL induce
T cells with similar avidity diVerences in wild type ver-
sus transgenic mice as the PDSLRDLSVF epitope, i.e.,
1.3–1.6 logs lower in the transgenic mice. Three of the
other epitopes, EC1: PYNYLSTEV, IC1: GSGAF-
GTVYK, and IC2: LQRYSEDPTL induce T cells that
are 1 log lower in avidity in the transgenic mice com-
pared to wild type mice. However, the CD8+ T cells
speciWc for the EC2 epitope LFRNPHQALL, and the
IC1 epitopes AFGTVYKGI and PYVSRLLGI are of
essentially similar avidities in both the wild type and
the transgenic mouse (Table 1).

CD4+CD25+ T cells limit the anti-tumor eYcacy 
of the Lm-LLO-HER-2/neu vaccinations

Table 1 indicates that high avidity CD8+ T cells are not
detected in the HER-2/neu transgenic mice after Lm-
LLO-HER-2/neu vaccination for all of the identiWed
epitopes (Table 1). We believe that these cells are not
detected because they have been deleted during thymic
development, but it is possible that they are present
but not responding due to the presence of CD4+CD25+

regulatory T cells which suppress their function. CD8+

T cell responses to the EC2 epitope, PDSLRDLSVF,
in the HER-2/neu transgenic mouse have been shown
to be dampened by the presence of CD4+CD25+ regu-
latory T cells [35]. To examine the eVect of regulatory
T cells on the function of anti-HER-2/neu T cells
induced by a Listeria vaccine, we set up an in vivo
depletion of CD4+CD25+ T cells in conjunction with a
tumor regression experiment in FVB/N HER-2/neu
transgenic mice using the Lm-LLO-EC2 vaccine. Reg-
ulatory T cells were depleted by the iv injection of the
anti-CD25 antibody, PC61, 4 and 6 days after tumor

implantation and then conWrmed 4 days after the sec-
ond antibody injection through FACs analysis of
spleen and peripheral blood. When no antibody is used
2.28% of the CD4+ cells are also CD25+, and similarly
when an isotype matched control depletion antibody is
used, 2.6% of the CD4+ cells are also CD25+ (data not
shown). After treatment with the anti-CD25 antibody
0.18% of the CD4+ cells are CD25+, demonstrating that
the CD4+CD25+ cells have been depleted and so can
no longer be detected (data not shown).

Depletion of regulatory T cells slows down the
growth of tumors in control Lm-LLO-NYESO-1-
treated and Lm-LLO-EC2 treated mice (Fig. 4). Injec-
tion of the irrelevant antibody had no eVect on the
growth of the tumors, as the growth of these tumors
was the same as the growth of the tumors treated with
no antibody (Fig. 4). The improvement in Lm-LLO-
EC2 vaccine eYcacy on depletion of CD25+ cells
appears marginal, but it is a signiWcant improvement
(P < 0.0001 on day 42). However, depletion of CD25+

T cells slowed NT-2 growth, much more dramatically,
in control-vaccinated mice (P < 0.0001), indicating that
Lm-LLO-EC2 can partially overcome tolerance medi-
ated by Tregs.

Treatment with an anti-HER-2/neu speciWc 
monoclonal antibody controls NT-2 tumor
growth in FVB/N HER-2/neu transgenic mice

Patients with cancers that over express HER-2/neu
exhibit immune tolerance regardless of the fact that
they have a detectable humoral immune response [13–
15, 36, 37]. One of the most eVective treatments in
recent years for HER-2/neu over expressing cancers
has been the development of Herceptin® (trast-
uzumab), a monoclonal antibody that targets HER-2/
neu expressed on cancerous cells [38]. Herceptin has

Table 1 Avidity of HER-2/neu speciWc CD8+ T cells in the FVB/N HER-2/neu transgenic mice versus wild type FVB/N mice

Each epitope is shown with the peptide concentration at which the percent speciWc lysis drops to a level 50% lower than initially seen
at a high peptide concentration of 1,000 nM. The epitopes are shown with the corresponding vaccine, the amino acid region that delin-
eates each epitope, the MHC class I restriction, and the log diVerence of the CD8+  T cells that respond to each epitope in the wild type
versus the transgenic mouse

Vaccine Epitope AA region MHC 
class I

Wild type 
mice (nM)

Transgenic 
mice (nM)

Log
diVerence

Lm-LLO-EC1 PYNYLSTEV 302–310 H-2Kq 1 8 0.9
Lm-LLO-EC2 PDSLRDLSVF 420–429 H-2 Dq 0.5 10 1.3

LFRNPHQALL 489–498 H-2Kq 5 7 0.15
Lm-LLO-EC3 PGPTQCVNCS 528–537 H-2Dq 1 30 1.48
Lm-LLO-IC1 PNQAQMRIL 712–720 H-2Dq 0.5 20 1.6

GSGAFGTVYK 732–741 H-2Dq 1 10 1
AFGTVYKGI 735–743 H-2Kq 5 8 0.2
PYVSRLLGI 785–793 H-2Kq 8 8 0

Lm-LLO-IC2 LQRYSEDPTL 1,114–1,123 H-2Dq 1 10 1
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been shown to be extremely eVective post-surgery and
chemotherapy in women with late-stage recurring
cancers. It is currently being tested in women with ear-
lier stages of cancer and has also shown some initial
eVectiveness in these cases [38, 39].

As none of the L. monocytogenes-based vaccines for
HER-2/neu induce a detectable antibody response in
either wild type or transgenic mice (data not shown),
we co-administered an anti-HER-2/neu speciWc
monoclonal antibody, 7.21.2 [40] with the vaccine to
tumor-bearing mice to determine whether supple-
menting the low avidity CD8+ T cells with humoral
immunity could improve the therapeutic outcome.
Antibody was administered weekly from day 7 to day
35 after tumor challenge. The administration of an
irrelevant isotype matched antibody had no eVect on
the growth of the tumors and resulted in mice vacci-
nated with the HER-2/neu vaccines scratching away
their tumors by day 49 post-tumor injection (Fig. 5a).
However, the injection of the anti-HER-2/neu speciWc
antibody had no discernable eVect on the growth of the
tumors in mice that were simultaneously treated with
the Listeria-based HER-2/neu vaccines until day 42
when the diVerences in tumor growth are signiWcantly
improved with the addition of the anti-HER-2/neu

speciWc antibody (P < 0.01) (Fig. 5b). Interestingly, the
control mice treated with the anti-HER-2/neu antibody
were able to control tumor growth until about 3 weeks
after the last dose of antibody was administered after
which the tumors rapidly grew out (Fig. 5b).

Discussion

Tolerance in the FVB/N HER-2/neu transgenic mouse
is mediated at least in part by CD4+CD25+ regulatory
T cells, as evidenced by the fact that when these cells
are depleted, mice treated with a control vaccine show
a dramatic slowing in the growth of their tumors
(Fig. 4). Other groups have previously shown that mice
can have large numbers of regulatory T cells, which can
limit the eVectiveness of cancer immunotherapies [35].
Recently it has been shown that the depletion of regu-
latory T cells also slows down the growth of autochtho-
nous HER-2/neu tumors in HER-2/neu transgenic
mice, supporting our study that tolerance in these mice
is mediated at least in part by CD4+CD25+ regulatory
T cells [41]. The regulatory T cells that are present, and
that limit immune responses to tumor antigens can
either always be present in the mouse or in some cases
may in fact be induced by an anti-tumor immunother-
apy [35, 42]. In a tolerance model such as the one
described here, an immunotherapeutic approach must
induce an immune response that is strong enough to
overcome the presence of the regulatory T cells, which
are in place to prevent the immune system from target-
ing self. However, there are clearly other mechanisms
of tolerance involved in limiting the immune response
to HER-2/neu as the depletion of these cells did not
lead to the complete regression of the NT-2 tumors in
Lm-LLO-EC2 vaccinated mice.

In addition to the presence of regulatory T cells lim-
iting the anti-tumor response to HER-2/neu, it is likely
that high avidity T cells responsive to HER-2/neu have
either been deleted or anergized. Previous studies have
shown that the CD8+ T cell repertoire present in the
HER-2/neu transgenic mice is of low avidity [43],
although these cells do have anti-tumor capabilities.
Similarly, we see that the speciWc epitopes that induce
higher avidity CD8+ T cells in the wild type mice after
Lm-LLO-HER-2/neu vaccination (PYNYSTLEV,
PDSLRDLSVF, PGPTQCVNCS, PNQAQMRIL,
GSGAFGTVYK, and LQRYSEDPTL) are not pres-
ent in the transgenic mice following vaccination. This
suggests that they have been deleted by central toler-
ance. However, CD8+ T cells to the epitopes
LFRNPHQALL, AFGTVYKGI, and PYVSRLLGI
generated by Lm-LLO-HER-2/neu vaccination are of

Fig. 4 Regression of NT-2 tumor cells in FVB/N HER-2/neu
transgenic mice following depletion of CD4+CD25+ regulatory T
cells. Mice were given tumors and then injected with no antibody,
a control antibody, or a CD25 depletion antibody and then ob-
served for the ability to induce the regression of tumors following
depletion of regulatory T cells. Both the Lm-LLO-NYESO-
1 + PC61 and the Lm-LLO-EC2 + PC61 groups are signiWcantly
diVerent (P < 0.0001) from the Lm-LLO-NYESO-1 + �-gal and
the Lm-LLO-EC2 + �-gal group on day 42 based on the Student’s
t test
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only moderate aYnity in the wild type mice and appear
not to be deleted in the transgenic mice (Table 1).
Thus, in the transgenic mice the CD8+ T cells induced
by Lm-LLO-HER-2/neu vaccination to these epitopes
appear to have a higher avidity than the T cells induced
to some of the epitopes (PGPTQCVNCS and
PNQAQMRIL) that are of higher avidity in the wild-
type mice.

There are two sources of HER-2/neu in the trans-
genic mouse, endogenous mouse HER-2/neu and
transgenic rat HER-2/neu whereas only mouse HER-2/
neu is present in the wild type mouse. Curiously, there
are no sequence diVerences between HER-2/neu in the
mouse or the rat for any of the epitopes shown in
Table 1, which suggests that the high avidity T cells
speciWc for these epitopes should have been deleted in
the thymi of both the wild type and the transgenic
mice. That they emerge in the wild type mice suggests
that mouse HER-2/neu is not very tolerogenic, possi-
bly because of its limited tissue expression. This does
appear to be the case for high avidity CD8+ T cells to
some of the epitopes in the transgenic mice. It is possi-
ble that these cells are being deleted in the transgenic
mice due to a higher expression of HER-2/neu driven

by the strong MMTV promoter [17, 18], but this has
not, as yet, been fully elucidated.

As patients with HER-2/neu over expressing can-
cers often produce antibodies targeting HER-2/neu,
we sought to determine whether the FVB/N HER-2/
neu transgenic mouse is capable of producing HER-2/
neu speciWc antibodies in response to the Lm-LLO-
HER-2/neu vaccines. B cells that are capable of pro-
ducing HER-2/neu speciWc antibodies appear to be
either not present, or non-functional in this transgenic
mouse model (data not shown). When exogenous anti-
HER-2/neu antibody is added, the control groups are
able to control tumor growth, until the antibody is no
longer administered, at which point the tumors grow
out (Fig. 5b). This phenomenon has previously been
seen with HER-2/neu over expressing tumors [40]. Our
results contrast the results obtained by Wolpoe et al.
[28] where the addition of anti-HER-2/neu antibodies
increased the survival of mice when given in addition
to a HER-2/neu speciWc vaccine therapy. There are
several diVerences between Wolpoe’s study and ours.
Wolpoe et al. did not directly measure tumor growth.
Instead they measured survival times of the mice and
observed modest improvements when the antibodies

Fig. 5 An anti-HER-2/neu 
speciWc monoclonal antibody 
is capable of controlling NT-2 
tumor growth in FVB/N 
HER-2/neu transgenic mice. 
Mice were given tumors and 
injected with both the Liste-
ria-based vaccines and either 
a control (a) or the 7.21.2 anti-
HER-2/neu antibody (b) on 
days 7, 14, 21, 28, and 35. 
Groups are shown as an aver-
age tumor size at each time 
point. Both the PBS and Lm-
LLO-NYESO-1, anti-HER-2/
neu antibody groups are sig-
niWcantly better at day 42 than 
the PBS and Lm-LLO-NY-
ESO-1 control antibody 
groups (P < 0.0001). Each of 
the Lm-LLO-HER-2/neu vac-
cine groups co-administered 
with the anti-HER-2/neu spe-
ciWc antibody is also signiW-
cantly better at day 42 than 
the vaccine groups with the 
control antibody (P < 0.01)
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were administered. We are unable to measure survival
time of the mice in the transgenic mice because of their
propensity to scratch away their tumors after which
they are lost to assessment. However, we do see an
increase of about 2 weeks in the time period during
which we can measure tumors in the vaccinated mice
that received the anti-HER-2/neu antibody treatment
(56 days) compared to control antibodies (42 days). In
addition, in agreement with other studies [28, 40] anti-
body treatment prolongs the survival of control-vacci-
nated mice (Fig. 5).

The Lm-LLO-HER-2/neu vaccines are capable of
breaking tolerance in the FVB/N HER-2/neu trans-
genic mouse as seen by the slowing in growth of trans-
planted tumors in these mice (Fig. 1). Immunotherapies
developed by other groups have also been shown to
impact on the growth of tumors in transgenic mice,
although these studies were often done by challenging
mice with a tumor following prophylactic treatment
with an immunotherapy [28, 44, 45]. A major diVerence
in the outcomes of immunotherapies developed by
other groups and the Lm-LLO-HER-2/neu vaccines is
the scratching away of tumors by the transgenic mice
after Lm-LLO-HER-2/neu vaccination. Delayed-type
hypersensitivity (DTH) reactions have been seen in
cancer patients, but these responses are generally lim-
ited to the site that the treatment was injected [46, 47].
If what we are observing is a DTH response, it is not
occurring at the site of injection and it is occurring
about 2 weeks after the Wfth and Wnal vaccine injection.
The response is speciWc to the site of the tumor, as the
Lm-LLO-HER-2/neu mice do not disWgure themselves
in any way other than to scratch and bite at the tumors
until they are completely gone. Mice that received no
vaccine or control vaccines do not display this behav-
ior. Once the tumors are gone, the mice are generally
euthanized as open wounds can get infected, although
a few of the mice have healed and have re-grown skin
and hair where the tumor used to be (unpublished
observations). As this is the case it is clear that there is
something speciWcally inWltrating these tumors and that
once the tumors have been removed, some mice are
capable of recovering fully. We are currently exploring
this phenomenon to determine the source of discom-
fort for the mice, which we may then be able to address
with adjunct therapy.

In the development of novel immunotherapies tar-
geting HER-2/neu it is necessary to keep in mind the
fact that the T cells that are present, to be stimulated in
response to immunization, are of a lower avidity. In
order to stimulate these low avidity cells, a very strong
stimulus is necessary, as they are not responsive to low
antigen concentrations [30]. Stimulating a larger popu-

lation of low avidity cells instead of those responsive to
a single epitope is likely to be a more eVective method
of inducing a potent anti-tumor immune response [48,
49]. In addition sub-dominant epitopes that induce low
avidity populations in the wild type mice may be a bet-
ter target for immunotherapy than immunodominant
epitopes since we show here that they do not appear to
be depleted in the transgenic mouse. There is also evi-
dence that altering the sequence of the immunodomi-
nant epitope (using mimotopes) stimulates a better
anti-tumor immune response than simply using the
native epitope sequence [50–52]. These altered epi-
topes will bind diVerently to the MHC, most likely with
a lower aYnity, leading to the stimulation of a diVerent
subset of T cells.

Lm-LLO-HER-2/neu vaccination leads to the slow-
ing in growth of implanted tumors in FVB/N HER-2/
neu transgenic mice even though the immune response
against these tumors is inhibited by the lack of high
avidity T cells and the presence of regulatory T cells.
The ultimate test of the anti-tumor eYcacy of the Lm-
LLO-HER-2/neu vaccines will be to determine if they
can prevent or delay the onset of spontaneous tumors
in FVB/N HER-2/neu transgenic mice.
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